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ABSTRACT

Context. Observational evidence indicates that the orbits of extrasolar planets are more various than the circular and coplanar ones
of the solar system. Planet-planet interactions during migration in the protoplanetary disc have been invoked to explain the formation
of these eccentric and inclined orbits. However, our companion paper (Paper I) on the planet-disc interactions of highly inclined and
eccentric massive planets has shown that the damping induced by the disc is significant for a massive planet, leading the planet back
to the midplane with its eccentricity possibly increasing over time.
Aims. We aim to investigate the influence of the eccentricity and inclination damping due to planet-disc interactions on the final
configurations of the systems, generalizing previous studies on the combined action of the gas disc and planet-planet scattering during
the disc phase.
Methods. Instead of the simplistic K-prescription, our N-body simulations adopt the damping formulae for eccentricity and inclination
provided by the hydrodynamical simulations of our companion paper. We follow the orbital evolution of 11 000 numerical experiments
of three giant planets in the late stage of the gas disc, exploring different initial configurations, planetary mass ratios and disc masses.
Results. The dynamical evolutions of the planetary systems are studied along the simulations, with a particular emphasis on the res-
onance captures and inclination-growth mechanisms. Most of the systems are found with small inclinations (≤10◦) at the dispersal of
the disc. Even though many systems enter an inclination-type resonance during the migration, the disc usually damps the inclinations
on a short timescale. Although the majority of the multiple systems in our simulations are quasi-coplanar, ∼5% of them end up with
high mutual inclinations (≥10◦). Half of these highly mutually inclined systems result from two- or three-body mean-motion reso-
nance captures, the other half being produced by orbital instability and/or planet-planet scattering. When considering the long-term
evolution over 100 Myr, destabilization of the resonant systems is common, and the percentage of highly mutually inclined systems
still evolving in resonance drops to 30%. Finally, the parameters of the final system configurations are in very good agreement with
the semi-major axis and eccentricity distributions in the observations, showing that planet-planet interactions during the disc phase
could have played an important role in sculpting planetary systems.

Key words. planets and satellites: formation – planet-disk interactions – planets and satellites: dynamical evolution and stability

1. Introduction

The surprising diversity of the orbital parameters of exoplanets
shows that the architecture of many extrasolar systems is re-
markably different from that of the solar system and sets new
constraints on planet formation theories (see Winn & Fabrycky
2015 for a review). The broader eccentricity distribution of the
detected planets, the existence of giant planets very close to their
parent star (“hot Jupiters”) and the strong spin-orbit misalign-
ment of a significant fraction (∼40%) of them (Albrecht et al.
2012) are several characteristics that appear to be at odds with
the formation of the solar system. Furthermore, some evidence
of mutually inclined planetary orbits exists; for instance, the
planets υ Andromedae c and d whose mutual inclination is esti-
mated to 30◦ (Deitrick et al. 2015).

It seems that the interactions between the planets and their
natal protoplanetary disc, at the early stages of formation, play
an important role in sculpting a planetary system. The an-
gular momentum exchange between the newborn planets (or

planetary embryos) and the gaseous disc tends to shrink the
semi-major axis and keeps them on coplanar and near-circular
orbits (Cresswell et al. 2007; Bitsch & Kley 2010, 2011). If the
planets are massive enough to carve a gap and push the ma-
terial away from their orbit, they migrate, generally inwards,
with a timescale comparable to the viscous accretion rate of
the gas towards the star, a phenomenon referred to as Type-II
migration (Lin & Papaloizou 1986; Kley 2000; Nelson et al.
2000; and Baruteau et al. 2014 for a review). The gas also af-
fects the eccentricities and inclinations of the embedded plan-
ets (Goldreich & Tremaine 1980; Xiang-Gruess & Papaloizou
2013; Bitsch et al. 2013).

Several authors, using analytical prescriptions, have in-
vestigated the impact of the planet-disc interactions on
the orbital arrangement of planetary systems through three-
dimensional (3D) N-body simulations. Studies in the con-
text of Type-II migration have been performed for two-
planet systems (Thommes & Lissauer 2003; Libert & Tsiganis
2009; Teyssandier & Terquem 2014) and three-planet systems
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(Libert & Tsiganis 2011b). A notable outcome of these works
is that, during convergent migration, the system can enter an
inclination-type resonance that pumps the mutual inclination of
the planetary orbits.

After the dispersal of the disc, dynamical instabili-
ties among the planets can result in planet-planet scatter-
ing and a subsequent excitation of eccentricities and incli-
nations (Weidenschilling & Marzari 1996; Rasio & Ford 1996;
Lin & Ida 1997). Such a mechanism has been proposed to
explain the eccentricity distribution of giant extrasolar plan-
ets (Marzari & Weidenschilling 2002; Chatterjee et al. 2008;
Jurić & Tremaine 2008; Ford & Rasio 2008; Petrovich et al.
2014). The planet-planet scattering model is based on unstable
initial conditions that do not take into account the imprint of the
disc era (Lega et al. 2013).

More realistic approaches study the combined action of both
previous mechanisms (Type-II migration and scattering). Para-
metric explorations via N-body simulations (Adams & Laughlin
2003; Moorhead & Adams 2005; Matsumura et al. 2010;
Libert & Tsiganis 2011a) have shown that dynamical instabili-
ties can occur during the disc phase.

In N-body simulations, a damping prescription depending
on a scaling factor is commonly used to mimic the influence
of the disc on the eccentricities of the planets, which is usu-
ally a first-order approximation for the eccentricity damping
timescale (ė/e = −K| ȧ/a|). The considered K-factor, currently
not well determined but usually estimated in the range 1−100,
determines the final eccentricity and inclination distributions
(see discussion in Sect. 2.3). Moreover, no damping on the
planet inclination is generally included in these studies (e.g.
Thommes & Lissauer 2003; Libert & Tsiganis 2009, 2011a). On
the other hand, hydrodynamical simulations accurately mod-
elize planet-disc interactions. Several works have investigated
the evolution of the eccentricities of giant planets in discs using
two-dimensional (2D) hydrodynamical codes (e.g. Marzari et al.
2010; Moeckel & Armitage 2012; Lega et al. 2013). The influ-
ence of the disc on planetary inclinations has been studied in our
accompanying paper (Bitsch et al. 2013, hereafter denoted Pa-
per I), where we performed 3D hydrodynamical numerical sim-
ulations of protoplanetary discs with embedded high mass plan-
ets, above 1 MJup, computing the averaged torques acting on the
planet over every orbit. As there is a prohibitive computational
cost to following the orbital evolution for timescales compara-
ble with the disc’s lifetime (∼1−10 Myr) and, as a consequence,
to generating large statistical studies, we have derived an ex-
plicit formula for eccentricity and inclination damping, suitable
for N-body simulations, as a function of eccentricity, inclination,
planetary mass, and disc mass.

In this paper, we aim to improve the previous N-body stud-
ies combining planet-disc interactions and planet-planet inter-
actions by adopting the damping formulae of Paper I. In other
words, we combine the speed and efficiency of an N-body inte-
gration with a symplectic scheme, and an improved modelization
of the gas effect promoted by hydrodynamical simulations. More
specifically, we extend the work of Libert & Tsiganis (2011a),
focusing on the orbital evolution of three giant planets in the late
stage of the gas disc. In particular, we add inclination damping,
which was not taken into account in their previous work; thus,
comparing our results with theirs allows us to highlight the role
of this phenomenon. We have performed 11 000 numerical simu-
lations, exploring different initial configurations, planetary mass
ratios and disc masses. Our goal is to investigate the influence of
the eccentricity and inclination damping due to planet-disc in-
teractions on the final configurations of planetary systems and

their inclination distribution. Through our parametric analysis,
we also discuss the most common three-body resonance captures
occuring during the migration of the planets, as well as the most
frequent mechanisms producing inclination increase.

The paper is organized as follows. In Sect. 2, we describe the
set-up of our numerical experiments. Typical dynamical evolu-
tions of planetary systems during the disc phase are analyzed in
detail in Sect. 3, while the orbital parameters and resonance con-
figurations of our set of planetary systems at the dispersal of the
disc are presented in Sect. 4. In Sect. 5, we address the question
of the stability of the planetary systems formed in our simula-
tions, by analyzing the effect of the long-term evolution on the
architecture of the systems. Finally, our conclusions are given in
Sect. 6.

2. Set-up of the N-body simulations

2.1. Physical modeling

In this work, we analyze the evolution of three-planet systems
embedded in a protoplanetary disc and evolving around a solar-
mass star. We consider systems with three fully formed gaseous
giant planets that do not accrete any more material from the disc
as they migrate inwards, towards the star. We use the symplec-
tic integrator SyMBA (Duncan et al. 1998), which allows us to
handle close encounters between the bodies by using a multiple
time-step technique. Moreover, due to the interaction with the
disc and the subsequent migration, some systems end up in a
compact stable configuration very close to the star. In these sys-
tems, planets might have either low or high eccentricity values.
For this reason, we adopt a symplectic algorithm that also has
the desirable property of being able to integrate close perihelion
passages with the parent star (Levison & Duncan 2000). In order
to ensure high resolution for close-in orbits, we set the time-step
of our simulations at dt = 0.001 yr.

The migration of the planets in Type-II migration, due to
angular momentum exchange with the disc, is on a similar
timescale as the viscous accretion time, tν ∼ r2

pl/ν, where ν is the
kinematic viscosity and rpl is the radius of the planetary orbit.
However, when the mass of the planet is comparable to the mass
of the material in its vicinity, the migration rate scales with the
ratio of the planetary mass over the local disc mass (Ivanov et al.
1999; Nelson et al. 2000; Crida & Morbidelli 2007). Thus, the
rate for Type-II regime consists of two different cases, the disc-
dominated case and the planet-dominated case:

τII =
2
3
α−1h−2Ω−1

pl ×max

1, Mp

(4π/3)Σ(rpl)r2
pl

 , (1)

where α is the Shakura-Sunyaev viscosity parameter
(Shakura & Sunyaev 1973), h the disc aspect ratio, Ω the
orbital frequency of the planet and (4π/3)Σ(rpl)r2

pl is the local
mass of the disc. The rate of Type-II is still under debate and
may depart from the viscous time (Hasegawa & Ida 2013;
Duffell et al. 2014; Dürmann & Kley 2015). However, the scope
of the present paper is not to study the Type-II regime (which
would require hydrodynamical simulations), but planet-planet
interactions during planetary migration. Teyssandier & Terquem
(2014) have pointed out that the eccentricity and inclination
evolution (which is of interest for us here) of migrating giant
planets in the 2:1 MMR is not affected by the Type-II timescale.
Therefore, we always use Eq. (1) (like most previous similar
studies), independent of e and i of the planets.
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The disc parameters are set to the classical values α = 0.005
and h = 0.05. Four values of disc mass are considered in this
study, being 4, 8, 16 and 32 MJup, in order to verify the robustness
of our results. The initial surface density profile is Σ ∝ r−0.5 and
the disc’s inner and outer edges are set to Rin = 0.05 AU and
Rout = 30 AU. We apply a smooth transition in the gas-free inner
cavity, following Matsumoto et al. (2012), by using a hyperbolic
tangent function, tanh (r−Rin)

∆r , where ∆r = 0.001 AU. Following
Libert & Tsiganis (2011a), we apply an inward migration to the
outer planet only. We start the evolution of the system with fully
formed planets and consider that there is not enough gas to drive
migration between them1. To fully mimic the interactions with
the disc, we use the damping formulae of Paper I for eccentricity
and inclination (see Sects. 2.2 and 2.3 for their full description).

The effects of orbital migration, eccentricity, and inclina-
tion damping are added to the acceleration of the planets, as in
Papaloizou & Larwood (2000):

adisc = −
u

τII
− 2

(u · r)r
r2τecc

− 2
(u · k)k
τinc

, (2)

where τecc and τinc denote the timescales for eccentricity and
inclination damping, respectively (see Eqs. (3) and (4)). These
rates are computed in every step of the integration and depend
on the local surface density of the disc, the mass of the planet,
and the eccentricity and inclination of the planet at the consid-
ered time. The damping forces were implemented in SyMBA in
the same way as in Lee & Peale (2002; see their appendix for a
detailed description of the method), such that it keeps the sym-
metry of the symplectic algorithm.

The decrease of the gas disc is implemented in two ways.
In the constant-mass model (hereafter denoted CM), the mass of
the circumstellar disc is kept constant for 0.8 Myr, then the gas is
instantly removed. We use this approach to understand, through
statistical analyses, whether the inclination damping has a strong
impact on the final configurations of planetary systems. A more
realistic modelization of protoplanetary disc is the decreasing-
mass model (DM), where we decrease its mass exponentially
through the evolution of the system, with a dispersal time of
∼1 Myr (e.g., Mamajek 2009). More specifically, we neglect the
interaction with the disc when dMDisc/dt < 10−9 Mstar/yr. As a
consequence, the surface density also evolves with time in the
DM model.

During the evolution of a system, close encounters between
the bodies can lead to planet-planet collisions, ejections from
the system and collisions with the parent star. We treat a possi-
ble merge between two bodies as a totally plastic collision, when
their distance becomes less than the sum of the radii of the plan-
ets. We assume Jupiter’s density here when computing the radius
from the mass. The boundary value for planet accretion onto the
star is 0.02 AU and the one for ejection from the system, 100 AU.

In our simulations, gas giant planets are initially on coplanar
and quasi-circular orbits (e ∈ [0.001, 0.01] and i ∈ [0.01◦, 0.1◦]).
The initial semi-major axis of the inner body is fixed to 3 AU and
the middle and outer ones follow uniform distributions in the in-
tervals a2 ∈ [4.3, 6.5] AU and a3 ∈ [8, 16] AU, respectively.
These initial semi-major axis distributions provide a wide range
of possible resonance captures. We choose randomly initial plan-
etary masses from a log-uniform distribution that approximately

1 When all the planets migrate and do not share a common gap, the
rate for Type-II regime given by Eq. (1) leads to divergent migration
(instead of convergent migration like in the present work) and the same
phenomenons of resonance capture and eccentricity/inclination excita-
tion are only temporarily observed (see e.g. Libert & Tsiganis 2011b).
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Fig. 1. Normalized initial and final mass distributions of our simulations
compared with the mass-distribution (in the range [0.65, 10] MJup) of the
observed giant planets with a > 0.1.

Table 1. Initial disc mass, integration time, and number of simulations
for each disc modelization.

Model MDisc [MJ] NSystems tstop [yr]

CM 4 600 1.2 × 106

8 600 1.2 × 106

16 2000 1.2 × 106

32 800 1.2 × 106

DM 4 1000 1.4 × 106

8 1000 1.4 × 106

16 2400 1.4 × 106

32 1400 1.4 × 106

8 400 1.0 × 108

16 800 1.0 × 108

fits with the observational data2 in the interval [0.65, 10] MJup
(black and blue curves in Fig. 1). In Table 1, we describe the
different sets of simulations we performed for both disc mod-
elizations and different disc masses. In total, 4000 simulations
were realized for the CM model and 7000 for the DM model.
The computational effort required for our investigation was
∼1.8 × 105 computational hours.

2.2. Eccentricity and inclination damping formulae

The damping rates for eccentricity and inclination used in the
present work originate from the accompanying Paper I, where
the evolutions of the eccentricity and inclination of massive plan-
ets (≥1 MJup) in isothermal protoplanetary discs have been stud-
ied with the explicit/implicit hydrodynamical code NIRVANA
in 3D. The forces from the disc, acting onto the planet kept on a
fixed orbit, were calculated, and a change of de/dt and di/dt was
thereby determined.

Eccentricity and inclination are mostly damped by the in-
teractions with the disc. For highly inclined massive planets, the
damping of i occurs on smaller timescales than the damping of e.
The only exception is low-inclination planets with a sufficient
mass (≥4−5 MJup), for which the interactions of the planet with
the disc result in an increase of the planet eccentricity. As a re-
sult, for single-planet systems, the dynamics tend to damp the
planet towards the midplane of the disc, in a circular orbit in the

2 http://exoplanetarchive.ipac.caltech.edu/
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case of a low-mass planet and in an orbit whose eccentricity in-
creases over time due to the interactions with the disc in the case
of a high-mass planet and a sufficiently massive gas disc. The
increase of the planetary eccentricity for massive planets may
appear surprising, but it is a well-established phenomenon, fur-
ther discussed in Sect. 2.3.

The damping formulae depend on the planet mass MP (in
Jupiter masses), the eccentricity eP and the inclination iP (in de-
grees). The eccentricity damping function is given by

de
dt

(MP, eP, iP) = −
Mdisc

0.01 M?

(
a(iP + iD)−2b + ci−2d

P

)−1/2

+ 12.65
MPMdisc

M2
?

eP exp

− (
(iP/1◦)

Mp

)2 , (3)

where iD = Mp/3 degrees, M? is the mass of the star in solar
mass, and with coefficients

ae(MP, eP) = 80 e−2
P exp

(
−e2

PMp/0.26
)

15Mp
(
20 + 11Mp − M2

p

)
be(MP) = 0.3Mp

ce(MP) = 450 + 2Mp

de(MP) = −1.4 +
√

Mp/6.

The damping function for inclination is given, in degrees per
orbit, by

di
dt

(MP, eP, iP) = −
Mdisc

0.01 M?

[
ai

( iP
1◦

)−2bi

exp(−(iP/gi)2/2)

+ ci

( iP
40◦

)−2di
]−1/2

, (4)

with coefficients

ai(MP, eP) = 1.5 × 104(2 − 3eP)Mp
3

bi(MP, eP) = 1 + Mpe2
P/10

ci(MP, eP) = 1.2 × 106/
[
(2 − 3eP)(5 + e2

P(Mp + 2)3)
]

di(eP) = −3 + 2eP

gi(MP, eP) =

√
3Mp/(eP + 0.001) × 1◦.

Let us highlight the limitations of the implemented formulae.
These expressions have been derived from fitting the results of
hydrodynamical simulations for planets between 1 and 10 MJup
(to cover the range of giant planets) with an eccentricity smaller
than 0.65 (the expression for coefficient ci is clearly not valid
for eP > 2/3). Practically, when the eccentricity of a planet ex-
ceeds the limit value during the integration, the square root of a
negative number must be computed, so we instead give a small
number (10−5) to the problematic factor (2 − 3eP) of the inclina-
tion damping formula. Moreover, systems with an overly mas-
sive planet (>10 MJup), and following a merging event, will be
disregarded from our parametric analysis.

An additional limitation concerning the planetary incli-
nations is that it is rather unclear if an inclined planet
will continue to migrate on a viscous accretion timescale.
Thommes & Lissauer (2003) stated that the interaction of a
planet away from the midplane with the gas disc is highly un-
certain. Furthermore, it has been shown that Kozai oscillations
with the disc govern the long-term evolution of highly inclined
planets (e.g., Terquem & Ajmia 2010; Teyssandier et al. 2013;
Paper I), which makes it hard to predict the exact movement of
the planet and its orbital parameters at the dispersal of the disc.

We note that the study of the exact Type-II timescales due to
planet-disc interactions is beyond the scope of the present work;
therefore, for simplicity and despite these limitations, the vis-
cous accretion timescale is adopted independently of the plane-
tary inclination in our simulations. However, as we will see in
Sects. 4.3 and 4.7, reaching such high inclination during the disc
phase is rather occasional, starting from a coplanar system in in-
teraction with the disc. We note also that no inclination damping
is applied for planets with inclinations below 0.5◦.

In Eqs. (3) and (4), the damping (and excitation) formulae
scale with the mass of the disc. It should be noted that the to-
tal mass of the disc is actually an irrelevant parameter: what-
ever the power law chosen, the integration of Σ(r) from r = 0
to +∞ diverges. Hence, the total mass in the grid actually de-
pends at least as much on the boundaries as on the local sur-
face density. But the damping is done locally by the disc in
the neighborhood of the planet. Therefore, the Mdisc parameter
in Eqs. (3) and (4) is actually the disc mass between 0.2 and
2.5 aJup. It should be noted that this was not the total mass of gas
included in the grid, because the grid was extended to 4.2 aJup.
In the present paper, for convenience, the notation MDisc refers
to the total mass of the disc, instead of the local one. There-
fore, we have scaled the damping formulae accordingly, taking
Mdisc = MDisc × (2.5/4.2)3/2 = 0.4 MDisc.

The previous formulae have been derived from hydrodynam-
ical simulations with fixed disc parameters; for instance, the
shape of the density profile, the viscosity, and the aspect ra-
tio. A change of values of these parameters in the present study
would not be consistent. We do not aim to realize an exhaustive
study of the free parameters of the hydrodynamical simulations,
but, with realistic parameters, analyze in detail the dynamical
interactions between the planets in the disc.

The final state of single-planet systems in a protoplanetary
disc has been studied in detail in Paper I. In the present work,
we consider systems of multiple planets that excite each other’s
inclination during the migration in the gas disc while suffering
from the strong damping influence of the disc. When two planets
share a common gap (i.e., mutual distance <4 RHill), we reduce
the effect of the damping by a factor of 2, because each planet
only interacts with either the inner or the outer disc, that is half
the mass of gas a single planet would interact with. For refer-
ence, this applies for a long time scale in only 2% of our sim-
ulations, since the planets are initially on well-separated orbits
and never evolve in a resonance with close enough orbital sepa-
ration to share a common gap according to our criterion. When
three planets share a gap (which applies for a long time scale in
only <1% of our simulations), the middle one is hardly in con-
tact with the gas disc; therefore, we reduce the damping rates by
a factor of 100 for the middle planet. Choosing 100 is relatively
arbitrary, but the basic idea is that the middle planet’s eccentric-
ity and inclination are almost not damped by the inner and outer
disc because they are too far away, and the gas density inside the
gap is at most a hundredth of the unperturbed surface density.
Taking 50 or 500 would not significantly change the evolution of
the system: the middle planet is excited freely by the two others.

2.3. Discussion on damping timescales

We stress that the final results of our simulations depend on the
recipe chosen for the damping of the eccentricity and inclination
of the planets. Here we review the benefits and limitations of the
K-prescription and the prescription of Paper I.

A70, page 4 of 13
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In N-body simulations, a K-prescription for the eccentricity
damping timescale,

ė
e

= −K
∣∣∣∣∣ ȧ

a

∣∣∣∣∣ , (5)

is commonly used to mimic the influence of the disc on the
eccentricities of the planets. For instance, Lee & Peale (2002)
reproduced the GJ 876 system using a fixed ratio K = 100
when migration and eccentricity damping are applied to the outer
planet only, and K = 10 when applied to the two planets. Con-
cerning the formation of inclined systems, Thommes & Lissauer
(2003), Libert & Tsiganis (2009), and Teyssandier & Terquem
(2014) performed extensive parametric studies for different
K values and orbital parameters of the planets. They showed
that planets captured in a mean-motion resonance during Type-II
migration can undergo an inclination-type resonance, if eccen-
tricity damping is not too efficient. Libert & Tsiganis (2011a,b)
generalized these results to three-planet systems, studying the
establishment of three-planet resonances (similar to the Laplace
resonance in the Galilean satellites) and their effects on the mu-
tual inclinations of the orbital planes of the planets. These works
concluded that the higher the value of K, the smaller the final ec-
centricities and the less the number of mutually inclined systems.

However, since the actual value of K is estimated in the wide
range 1−100, no eccentricity or inclination distributions can be
inferred from these studies, the final system configurations being
strongly dependent on the value of K considered in the simula-
tions. Moreover, the K-prescription approach is too simplistic,
as highlighted in several works. For instance, Crida et al. (2008)
showed that for gap opening planets, the ratio K is not constant,
but depends on the eccentricity of the planet (see their Fig. 3,
fourth panel). Note also that the K-prescription has been devel-
oped by Tanaka & Ward (2004), using first-order, linear calcula-
tions which apply to low-mass planets only. For giant planets, it
appears more appropriate to use another recipe for eccentricity
damping, such as the one provided in Paper I, based on hydro-
dynamical simulations.

In hydrodynamical simulations (included in Paper I), plane-
tary eccentricity growth has sometimes been observed. This is a
result of the disc becoming eccentric, and is a long-term effect.
The simulations of Kley & Dirksen (2006) stated that a 3-Jupiter
mass planet can excite the eccentricity of the disc. Reciprocally,
planetary eccentricities could be excited by the disc in some
circumstances (Papaloizou et al. 2001; Goldreich & Sari 2003;
Ogilvie & Lubow 2003). Simulations by D’Angelo et al. (2006)
investigated the long-term evolution of Jupiter-like planets in
protoplanetary discs and found eccentricity growth for planets
even smaller than 3-Jupiter masses on timescales of several thou-
sand orbits. The growth of the eccentricity happens when the
2:4, 3:5, or 4:6 outer Lindblad resonance becomes dominant
(Teyssandier & Ogilvie 2016; Duffell & Chiang 2015). This pro-
cess therefore depends on the depth and width of the gap in the
disc caused by the planet, hence on the planet mass and disc pa-
rameters (e.g., Crida et al. 2006). Duffell & Chiang (2015) com-
puted a gap opening parameter K = q2/(h5α) from works of
different authors, including Paper I, and showed that in all these
studies, eccentricity damping is similarly observed for K < 103

and eccentricity growth for K > 104 (their Fig. 9).
The formulae for eccentricity and inclination damping de-

rived in Paper I and used in the present work depend on
the eccentricity, inclination, and mass of the planet, as well
as on the migration rate via the surface density profile Σ
(local mass disc Mdisc in Eqs. (3) and (4)). Previous works

using the K-prescription argued that the final system con-
figurations are strongly related to the damping chosen (e.g.,
Thommes & Lissauer 2003; Libert & Tsiganis 2009, 2011b;
Teyssandier & Terquem 2014). Instead of the K-factor depen-
dency, the key parameter of the formulae used in this work
is MDisc. To check the robustness of our results, we consider
four different disc masses in our simulations, being 4, 8, 16, and
32 MJup, or equivalently four different migration timescales (see
Eq. (1)).

For consistency, let us give an evaluation of the (initial)
ratio of the migration timescale to the eccentricity damping
timescale (τII/τecc) observed in our simulations. The eccentric-
ity damping is in the order of 104−105 yr (depending on the
mass of the planet, see Fig. 4 of Paper I), while Type-II mi-
gration timescale is of the order of 105 yr (see Eq. (1)), which
would result in a K value of 1−10. This is smaller than the
K value assumed in Lee & Peale (2002), but in good agreement
with measures by Crida et al. (2008). Note that a preliminary
study, with a similar three-planet initial set-up as in the present
work but making use of the K-prescription for the eccentricity
damping (no inclination damping considered), was achieved in
Libert & Tsiganis (2011b) for this range of K values. Inclination
damping timescale τinc is in the same range as τecc, depending
again on the mass of the planet. So the ratio τII/τinc is in the
range 1−10 throughout the evolution of the system.

Furthermore, let us note that while the damping on the incli-
nations is either not considered or chosen in an arbitrary way in
previous N-body studies, the formulae for eccentricity and incli-
nation damping used in this work have been derived consistently.
In particular, it means that no additional free parameter has to be
introduced for the inclination damping (as it would be the case
for the K-prescription where two K-factors should be consid-
ered). For this reason, the formulae of Paper I are appropriate for
a study of the impact of the inclination damping on the formation
of non-coplanar systems. In the following sections, we identify
the dynamical mechanisms producing inclination increase and
describe the eccentricity and inclination distributions of plane-
tary systems obtained when adopting these damping formulae.

3. Typical dynamical evolutions

This section shows two typical evolutions of our simulations in
the DM model, characterized by inclination excitation. They il-
lustrate well the constant competition between the planet-planet
interactions that excite the eccentricity and inclination of giant
planets on initially circular and coplanar orbits, and the planet-
disc interactions that damp the same quantities. Two dynami-
cal mechanisms producing inclination increase during the disc
phase are discussed in the following: planet-planet scattering and
inclination-type resonance. The frequency of these dynamical
mechanisms will be discussed in Sect. 4.7.

The planet-planet scattering mechanism for planetary masses
of m1 = 1.98, m2 = 8.35 and m3 = 3.8 MJup is illus-
trated in Fig. 2. While the outer planet migrates, m2 and m3
are captured in a 1:3 mean-motion resonance, at approximately
2 × 105 yr, as indicated by the libration of both resonant angles
θ1 = λ2 − 3λ3 + 2ω2 and θ2 = λ2 − 3λ3 + 2ω3, with λ being the
mean longitude and ω the argument of the pericenter. Following
the resonance capture, the eccentricities are excited and the two
planets migrate as a pair. When m2 approaches a 3:7 commensu-
rability with the inner planet, the whole system is destabilized,
leading to planet-planet scattering. Indeed, heavy planets usu-
ally lead to dynamical instability before the establishment of a
three-body mean-motion resonance (Libert & Tsiganis 2011b).
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Fig. 2. Inclination excitation due to planet-planet scattering
(DM model). After the hyperbolic ejection of the inner planet,
the system consists of two planets with a large orbital separation, large
eccentricities and slightly inclined orbits. The planetary masses are
m1 = 1.98, m2 = 8.35, m3 = 3.8 MJup.

The inner less massive body is then ejected from the system at
4 × 105 yr, leaving the remaining planets in (slightly) inclined
orbits with large eccentricity variations and large orbital separa-
tion. As shown here, an excitation in inclinations can result from
the planet-planet scattering phase. Let us note here that only dur-
ing the brief chaotic phase before the ejection of the inner planet,
did all the bodies share a common gap, and a reduced rate for ec-
centricity and inclination damping was applied (see Sect. 2.2).

Figure 3 shows an example of the establishment of a three-
body resonance and the subsequent inclination excitation. In
this example, the three planetary masses are m1 = 2.66 MJup,
m2 = 1.44 MJup and m3 = 0.73 MJup. The two inner plan-
ets are initially in a 1:2 mean-motion resonance. The conver-
gent migration of the outer planet leads to the establishment of a
three-body mean-motion resonance, the Laplace 1:2:4 resonance
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Fig. 3. Inclination excitation due to inclination-type resonance in a
Laplace 1:2:4 mean-motion resonance (DM model). The planetary
masses are m1 = 2.66, m2 = 1.44 and m3 = 0.73 MJup.

(since n2:n1 = 1:2 and n3:n2 = 1:2, the multiple-planet reso-
nance is labeled as n3:n2:n1 = 1:2:4), at approximately 2×104 yr.
The libration of the resonant angle φL = λ1 − 3λ2 + 2λ3 is shown
in the bottom panel of Fig. 3. From then on, the three planets
migrate together while in resonance (they never share a com-
mon gap) and their eccentricities rapidly increase (up to 0.4 for
e2), despite the damping exerted by the disc. Let us recall that
there is no eccentricity excitation from the disc for low-mass
planets. When the eccentricities are high enough, the system en-
ters an inclination-type resonance, at approximately 1 × 105 yr:
the angles θi21

= 2λ1 − 4λ2 + 2Ω1 and θi23
= 2λ2 − 4λ3 + 2Ω2

(where Ω is the longitude of the ascending node) start to librate
and a rapid growth of the inclinations is observed. However, the
strong damping exerted by the disc on the planets leads the plan-
ets back to the midplane and the system is temporarily outside
the inclination-type resonance. On the other hand, the eccentrici-
ties of the planets keep increasing as migration continues, in such
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a way that the system re-enters the inclination-type resonance at
∼3 × 105 yr, with both critical angles θi21

and θi23
in libration and

a new sudden increase in inclination. This time the inclination
values is maintained for a long time, since the damping exerted
by the gas disc is weaker due to the exponential decay of the disc
mass. On the contrary, the weak inclination damping contributes
in an appropriate way to the long-term stability of the planetary
system by keeping the eccentricity and inclination values con-
stant. This example shows that resonant dynamical interactions
between the planets during the disc phase can also form non-
coplanar planetary systems. However, when the capture in the
inclination-type resonance happens very rapidly, the gas disc is
so massive (disc-dominated case) that it forces the planet to get
back to the midplane in a very short timescale (∼5×104 yr). This
is the case for the large majority of our simulations (see Sect. 5).

4. Parameter distributions and resonance
configurations at the dispersal of the disc

This section describes the main characteristics of the systems
formed by our scenario combining migration in the disc and
planet-planet interactions. On the one hand, we aim to see
whether or not the parameters of the systems formed in our simu-
lations are consistent with the observations, showing how impor-
tant the role of planet-planet interactions during the disc phase
is in the formation of planetary systems. On the other hand, our
objective is to study the impact of the inclination damping on
the final configurations (Sects. 4.1 and 4.2), especially on the
formation of non-coplanar systems and the resonance captures
(Sects. 4.3–4.6).

The systems are followed on a timescale slightly longer than
the disc’s lifetime, that is 1.2 × 106 yr for the 4000 simulations
of the CM model and 1.4 × 106 yr for 5800 simulations of the
DM model (see Table 1). This timescale is appropriate for the
study of the influence of the disc-planet and planet-planet inter-
actions during the disc phase. The systems emerging from the
disc phase would most probably experience orbital rearrange-
ment in the future due to planet-planet interactions. The issue
of the long-term evolution and stability of the systems will be
addressed in Sect. 5.

Let us begin with an overview of our simulations. As the
eccentricities of the planets increase due to resonance capture,
most of the systems evolve towards close encounters between the
bodies, leading to ejections, mergings and/or accretions on the
star. The percentages of these three possible outcomes are given
in Table 2, for both disc models. In the DM model, ejections are
preferred over collisions among the planets and with the central
star.

Table 3 shows the final number of planets at the end of the
integration time. The constant-mass model preferably forms sys-
tems with a small number of planets, since migration is effi-
cient during all the simulations (disc-dominated case favored)
and pushes the planets closer to one another and closer to the par-
ent star. However, the more realistic decreasing-mass scenario
shows that systems with two or three planets are the most usual
outcomes: 50% of our systems consist of two planets at the end
of the integration time and 40% of the systems are still composed
of three planets.

Hereafter, we describe the orbital characteristics of the plan-
etary systems formed by our mechanism. Semi-major axes,
eccentricities, and inclinations are discussed in Sects. 4.1–
4.3, respectively. Section 4.5 analyzes the mutual Hill separa-
tion of the orbits, while three-body resonances are studied in

Table 2. Percentages of discard events for both disc models at the dis-
persal of the disc.

Model Ejection Merging Accretion on star
CM 43% 48% 9%
DM 61% 38% 1%

Table 3. Number of planets in the systems of our simulations at the end
of the integration time, for both disc models.

Model 0 planet 1 planet 2 planets 3 planets
CM 1% 25% 47% 24%
DM – 1.4 × 106 yr 0% 7% 50% 40%
DM – 1.0 × 108 yr 0% 7% 50% 40%

Notes. The columns show the percentage of systems with 0, 1, 2, and
3 planets, respectively. 3% of the simulations are excluded in each mod-
elization, because the final systems consist of (at least) one overly mas-
sive planet (>∼10 MJup, see Sect. 2).
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Fig. 4. Normalized semi-major axis distributions in both disc mod-
elizations for all the initial disc masses (blue and green lines), and
in the observed giant planet population (with a > 0.1 AU and
Mp ∈ [0.65, 10] MJup, black line). The bin size is ∆ log(a) = 0.2.

Sect. 4.6. Unless otherwise stated, our analysis relates to the
planetary systems of the DM model with a > 0.1 AU (because
tidal/relativistic effects are not included in our work) and mass
in the interval [0.65, 10] MJup, as they emerge from the disc
phase (at 1.4 × 106 yr), namely 13 036 planets in 5644 systems.
Comparisons are made with the exoplanets of the observational
data that suffer from the same limitations in semi-major axis and
mass.

4.1. Semi-major axes

We first investigate the effect of the gas disc on the final distri-
bution of semi-major axis. Figure 4 shows the normalized semi-
major axis distribution (in logarithmic scale), for all the systems
of the DM model as they emerge from the gas phase (green
dashed line). For completeness, the CM model is also added
to the plot (blue dashed line) in order to evaluate the efficiency
of the orbital migration. Indeed, the efficiency of the migration
mechanism depends on the amount of surrounding gas in the
vicinity of the planet, and the planets end up with smaller semi-
major axis in the CM modelization, as expected. The black solid
line represents the observed giant planet population (we have
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Fig. 5. Same as Fig. 4 for the different initial disc masses.

excluded the planets with a < 0.1 AU and mass out of the inter-
val [0.65, 10] MJup). Unlike the CM model, the DM semi-major
axis distribution and the one of the observations follow a similar
trend.

We further analyze the DM model semi-major axis distribu-
tion, investigating the influence of the initial disc mass in Fig. 5.
The different panels present the normalized semi-major axes dis-
tribution (in logarithmic scale) for initial disc mass of 4, 8, 16,
and 32 MJup, respectively. For more massive discs, the migration
mechanism is more efficient and the planets evolve closer to the
parent star. Let us note that the best agreement between the sim-
ulated and observed distributions is obtained for the 16 MJup disc
(bottom left panel of Fig. 5).

4.2. Eccentricities

We find good agreement between the eccentricities of the plane-
tary systems obtained by our simulations and the detected ones,
as shown in Fig. 6, where both cumulative eccentricity distri-
butions are displayed (top panel). We see that the eccentricities
observed in our simulations are well diversified and present the
same general pattern as the observed eccentricities. In particular,
the similarity of the curves for eccentricities smaller than 0.35
is impressive. However, our model underproduces highly eccen-
tric orbits: only ∼9.7% of the planets have an eccentricity higher
than 0.5 in our simulations. We highlight that the modelization
of the damping formulae is not accurate for e > 2/3 (Sect. 2).
Also, the orbital elements of our systems are considered imme-
diately after the dispersal of the disc (1.4 × 106 yr) and we show
in Sect. 5 that orbital adjustments due to planet-planet interac-
tions can still come into play afterwards.

Furthermore, it is well known that part of the high eccen-
tricities reported in the observations could originate from addi-
tional mechanisms not considered here, such as the gravitational
interactions with a distant companion (binary star or massive gi-
ant planet). These highly eccentric planets are mostly in single
planet systems, at least in the observational data for a distance
of 30 AU from the star. For this reason, in the bottom panel of
Fig. 6, we focus on the eccentricities of (final) multi-planetary
systems only. We first observe that removing the single-planet
systems reduces the disagreement at high eccentricities, in par-
ticular from 0.35 up to 0.55, higher eccentricities not being cor-
rectly modelized by our study.
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the initial disc mass.

The cumulative eccentricity distributions for the four initial
disc masses considered in this study are also shown in the bot-
tom panel of Fig. 6 (dashed lines). The lower the mass of the
disc, the lower the eccentricities of the multi-planetary config-
urations observed in the simulations. The initial disc mass of
16 MJup gives the best approximation of the observational distri-
bution. To put this in perspective, let us add that the mean value
of the total mass of the planetary systems at the beginning of the
simulations is 10.5 MJup. Since our approximation well matches
the observations for small and medium eccentricities, this would
imply that the observed extrasolar systems are consistent with
an initial disc mass comparable to the total mass of the planets
initially formed in the disc.

The correlation between semi-major axis and eccentricity is
examined in the left panel of Fig. 7. In this analysis, we consider
the 16 MJup disc simulations, since the previous figures suggest
that this initial disc mass presents the best curve fittings for both
the semi-major axis and the eccentricity independently. The left
panel of Fig. 7 shows the matching between our simulations and
the observations in the semi-major axis vs. eccentricity graph.
The results are in agreement with the study of Matsumura et al.
(2010), combining N-body dynamics with hydrodynamical disc
evolution.
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Finally, the mean eccentricity for each system that ends up
in a multi-planetary configuration in our simulations is shown in
the right panel of Fig. 7 as a function of the total mass of the
system. For the systems consisting of two planets at the disper-
sal of the disc, the higher the total mass of the system, the higher
the mean eccentricity. Indeed, the eccentricities are excited by
mean-motion resonance capture, planet-planet scattering and in-
teractions with the disc. These mechanisms are more efficient
for massive planets. In particular, concerning the last one, the
disc, instead of damping the planetary eccentricities, can induce
eccentricity excitation (Papaloizou et al. 2001; D’Angelo et al.
2006) for high-mass planets (Mp >∼ 5.5 MJup). This feature is
included in the damping formulae derived in Paper I. For the
three-planet systems, the mean eccentricities are smaller, since
planet-planet scattering did not take place and only the other two
mechanisms operated.

We do not discuss here the eccentricities of the CM model as
no significant difference was observed. The same holds true for
the inclinations.

4.3. Inclinations

In Fig. 8 we present the normalized inclination distribution
(black solid line), as a function of the initial disc mass (top
panel), and the number of planets in the (final) systems (bot-
tom panel). Only the planets with i > 1◦ are represented. A clear
outcome from the top panel is that the smaller the initial disc
mass, the larger the fraction of planets with higher inclinations
in the timescale of disc’s lifetime. For a 4 MJup disc, ∼24% of
the planets have i > 1◦, while this percentage drops dramatically
to approximately 7% for a 32 MJup disc. It is simply explained
by the fact that a more massive disc exerts a stronger damping
on the inclination of the planet.

The normalized inclination distribution (when i > 1◦) also
strongly depends on the final number of bodies in the system
after the gas phase, as shown in the bottom panel of Fig. 8. As
expected, higher inclinations are typically found for two-planet
systems, since these systems have undergone a scattering event
during the gas phase. Moreover, regarding the mutual inclination
of two-planet systems, there is no correlation between the total
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scale) as a function of the total mass of the planets in the system for
the four different disc masses.

mass of the system and the mutual inclination of the planetary
orbits. In Fig. 9 we show that, for the four disc masses considered
here, mutual inclinations can be pumped regardless of the total
mass of the systems.

4.4. Hot Jupiters

Concerning hot Jupiters, ∼2% of the planets are found with
semi-major axes in the range [0.02, 0.2] AU after the dispersal
of the disc. We remind the reader that our model is not accu-
rate for planets with a < 0.1 AU, since we do not consider
tidal/relativistic effects. However, our simulations seem to indi-
cate that planet-planet interactions during migration in the proto-
planetary disc can produce hot Jupiters on eccentric orbits while
the migration of single planets would leave them circular. In
our results, ∼24% of these close-in planets have eccentricities
higher than 0.2. This suggests that planetary migration, includ-
ing planet-planet interactions, is a valid mechanism to produce
both circular and eccentric hot Jupiters.
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Fig. 10. Initial and final Hill neighbor separation normalized distribu-
tions (DHill = (∆ai, j)/RHill,ai ,a j ) of the systems of our simulations. The
left column displays the two-planet systems and the right column the
inner and outer pairs of the three-planet systems. Each panel represents
a different initial disc mass. The bin size is ∆DHill = 1.2.

Moreover, it appears difficult to excite their inclinations
larger than 10◦ with respect to the midplane of the disc (only
∼12% of them reach inclination higher than 1◦ in our simu-
lations). In this frame, the observed misalignment of approxi-
mately half of the hot Jupiters with respect to the stellar equa-
tor could be the result of a misalignment between the old
disc midplane and the present stellar equator (see for instance
Crida & Batygin 2014).

4.5. Mutual Hill separation

The mutual Hill radius of two planets is defined, by Gladman
(1993), as:

RHill,ai,a j =

(
mi + m j

3Mstar

)1/3 (ai + a j

2

)
, (6)

and we express the Hill neighbor separation of two planetary or-
bits as DHill = (a j − ai)/RHill,ai,a j . In Fig. 10, we show the initial
and final Hill neighbor separations of the systems of our simula-
tions. Systems ending up with two-planets are shown in the left
column, while the right column shows both inner and outer pairs
of the three-planet systems with different colored dashed lines.
Each panel corresponds to a different initial value of the mass of
the disc.

It is clear that the three-planet configurations are more com-
pact compared with systems that suffered scattering events. Also,
the distribution of the inner pair is slightly wider than the one of
the outer pair since only the outer planet is migrating inwards
due to the interaction with the disc in our simulations. Concern-
ing the Hill neighbor separation distribution of the two-planet
systems, we see that the higher the initial disc mass, the larger
the mean separation.

4.6. Three-body resonances

As previously mentioned, 40% of the systems (in our DM model
simulations) end up in a three-planet configuration (Table 3).
Depending on the initial separation of the planets, the systems
are generally captured in two- or three-body mean-motion reso-
nances during the migration phase. These resonances can either

Table 4. Three-body mean-motion resonances at the dispersal of the
disc for both disc modelizations.

Resonance CM model DM model
1:2:4 49% 54%
1:3:6 23% 19%
1:2:6 6.5% 3%

2:5:10 17% 20%
2:5:15 1.5% 1.5%

other 3% 2.5%

Table 5. Dynamical history of highly mutually inclined systems. The
first column shows all the possible outcomes.

Dynamical history # 1.4 × 106 yr 1.0 × 108 yr
Ejection/collision 2 38% 45%
Ejection/collision + MMR 2 20% 16%
3-B reso + ejection/collision 2 5% 17%
Orb. instability 3 9% 8%
Orb. instability + 3-B reso 3 17% 8%
3-B reso 3 10% 6%
3-B reso + orb. instability 3 1% 0%

Notes. For two-planet systems, ejection/collision induced by planet-
planet scattering, ejection or collision followed by an inclination-type
resonance and ejection/collision after a three-body resonance are the
possible scenarios. For three-planet systems, orbital re-arrangement fol-
lowed or not by a three-body resonance, three-body resonance and or-
bital re-arrangement after capture in three-body resonance are the four
scenarios. The second column gives the number of planets at the end of
simulation. The last two columns give the percentages of each scenario
for different integration times.

survive until the end of the disc phase or be disrupted in an
instability phase. For the systems consisting of three planets
at the end of the disc phase, ∼10% of them are not in mean-
motion resonance, ∼25% are in a two-body mean-motion res-
onance and ∼65% are in a three-body mean-motion resonance.
This high percentage (∼90%) of resonant systems is also ob-
served in Matsumura et al. (2010). Table 4 shows that half of the
three-body resonant systems are in a 1:2:4 Laplace configura-
tion. The n3:n2:n1 = 1:3:6 and n3:n2:n1 = 2:5:10 resonances are
the second most common configurations. These percentages be-
ing the same in both disc modelizations shows that unlike the
semi-major axis distribution, the establishment of the resonant
three-body configurations is not affected by the decrease of the
gas disc.

4.7. Dynamical history of highly mutually inclined systems

Here we focus on systems formed on highly mutually inclined
orbits (≥10◦), which represent ∼3% of our simulations at the dis-
persal of the disc. Mechanisms producing inclination increase
have been identified in Sect. 3, namely inclination-type reso-
nance and planet-planet scattering. We now aim at understand-
ing the frequency of each mechanism, keeping in mind that the
occurrence of both mechanims is possible during the long-term
evolution in the disc phase.

By carefully studying the dynamical evolution of the highly
mutually inclined systems formed in our simulations, we have
found seven possible dynamical histories and the frequency of
each one is given in Table 5 (third column). Concerning the
systems finally composed of two planets at the dispersal of the
disc (1.4 × 106 yr), three scenarios could have happened: either
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Fig. 11. Examples of several scenarios producing mutual inclination excitation: a) planet-planet scattering followed by mean-motion resonance;
b) orbital instability; c) orbital instability followed by three-body resonance; and d) three-body resonance followed by orbital instability.

planet-planet scattering induces the ejection/collision of a planet
and excites the mutual inclinations of the remaining planets
(similarly to Fig. 2), the inclinations produced by an ejec-
tion/collision of a body due to planet-planet scattering are
rapidly damped by the disc and a mean-motion resonance cap-
ture of the two bodies induces the increase of the inclinations
(Fig. 11, panel a), or a three-body inclination-type resonance
excites the inclinations and consequently leads to planet-planet
scattering and the ejection of a planet (similarly to Fig. 12). Mu-
tual inclination is always observed in three-body systems fol-
lowing four different histories: either inclination increase is pro-
duced by orbital instability of the orbits (without planet ejection)
(Fig. 11, panel b), the orbital elements excited by orbital insta-
bility are damped until a three-body resonance capture and a
resonant excitation of the inclinations (Fig. 11, panel c), the sys-
tem evolves smoothly in a three-body inclination-type resonance
(similarly to Fig. 3), or the phase of three-body inclination-type
resonance is followed by a destabilization of the orbits (Fig. 11,
panel d).

Considering the last mechanism as the source of the inclina-
tion excitation, we see that half of the highly mutually inclined
systems of our simulations result from two- or three-body mean-
motion resonance captures, the other half being produced by or-
bital instability and/or planet-planet scattering. This emphasizes
the importance of mean-motion resonance captures during the
disc phase, on the final 3D configurations of planetary systems.

5. Long-term evolution

Section 4 focuses on the distributions of the orbital elements of
the planetary systems considered immediately after the dispersal
of the disc. As previously discussed, orbital adjustments due to
planet-planet interactions can occur on a longer timescale. An
example is given in Fig. 12, showing the destabilization of a sys-
tem in a 1:2:6 resonance at the end of the disc phase. At ∼38 Myr,
the middle planet is ejected from the system and the two surviv-
ing bodies are left in well-separated and stable orbits.

In this section, we aim to investigate whether or not the
long-term evolution of planetary systems produces significant
changes on the final distribution of the orbital elements discussed
hereabove. To study the long-term evolution of planetary sys-
tems, we ran two additional sets of simulations for 100 Myr:
400 systems for an initial disc mass of 8 MJup and 800 systems
for 16 MJup, both with an exponential decay of the mass disc
(DM model, with the same dispersal time of ∼1 Myr). As ex-
pected, many systems of our long-term simulations are destabi-
lized after millions of years, and the percentages given by Table 3
on the number of planets in the final configurations have changed
significantly. There is a clear tendency towards systems with
fewer planets on a long timescale.

Figure 13 shows no significant change on the semi-major
axis and eccentricity distributions on the 100 Myr timescale.
However, the inclinations have considerably increased on a
longer timescale, as appears clearly in Fig. 14. Just after the disc
phase, ∼10% of the planets have inclinations higher than 1◦ and
this percentage has almost doubled at 100 Myr (∼25% for the
8 MJup and ∼17% for the 16 MJup).

Concerning the mutual inclinations, ∼3% of the three-planet
systems are highly mutually inclined (Imut > 10◦) at 1.4× 106 yr
and this percentage remains approximately the same for the
long-term simulations. The situation is quite different for the
two-planet systems. There are approximately 2% of highly mu-
tually inclined systems at the dispersal of the gas disc and ∼7%
at 100 Myr. As a result, ∼5% of the multiple systems of our sim-
ulations have high mutual inclinations (Imut > 10◦).

The destabilization of highly mutually inclined systems is
also common when considering the long-term evolution on
100 Myr. The same observation has recently been pointed out
by Barnes et al. (2015), concerning planetary systems in mean-
motion resonance with mutual inclinations. Referring to Table 5
(fourth column), we see that the percentage of highly mutually
inclined systems still evolving in resonance drops to 30% (in-
stead of 50% at the dispersal of the disc).
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Fig. 12. Destabilization of a three-body resonance on a long timescale.
While the system is locked in a 1:2:6 resonance at the dispersal of the
gas disc, a planet-planet scattering event finally takes place and the mid-
dle planet is ejected from the system at ∼38 Myr. The planetary masses
are m1 = 0.87, m2 = 1.39 and m3 = 8.43 MJup. The initial mass of the
disc is 16 MJup.

6. Conclusions

In this study we followed the orbital evolution of three gi-
ant planets in the late stage of the gas disc. Our scenario for
the formation of planetary systems combines Type-II migration,
with the consistent eccentricity and inclination damping of Pa-
per I (Bitsch et al. 2013), and planet-planet scattering. The re-
sults shown in this work are naturally attached to the disc pa-
rameters of the hydrodynamical simulations of Paper I from
which the damping formulae are issued. Our parametric exper-
iments consisted of 11 000 numerical simulations, considering
a variety of initial configurations, planet mass ratios, and disc
masses. Moreover, two modelizations of the gas disc were taken
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into account: the constant-mass model (no gas dissipation dur-
ing 0.8 Myr) and the decreasing-mass model (gas exponential
decay with an e-folding timescale of 1 Myr). The first case leads
to more merging, more migration, and less ejections of planets.

We focused on the impact of eccentricity and inclination
damping on the final configuration of planetary systems. We
have shown that the eccentricities are already well-diversified
at the dispersal of the disc, despite the strong eccentricity damp-
ing exerted by the gas disc, and subsequent inclination increase
is possible. Concerning the inclinations, in contrast with previ-
ous works that did not include inclination damping, we found
that most of the planets end up in the midplane of the disc (i.e.,
in quasi-coplanar orbits with i < 1◦), showing the efficiency of
the inclination damping. One should keep in mind that planets
formed in the disc midplane could appear inclined with respect
to the stellar equatorial plane if these two planes differ. Needless
to say, the higher the initial disc mass, the smaller the inclina-
tions of the planets at the dispersal of the disc. Nevertheless, in
multiple systems, inclination-type resonance and planet-planet
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scattering events during/after the gas phase can produce inclina-
tion excitation of the inclinations. Approximately 5% of highly
mutually inclined systems (Imut > 10◦) have been formed in our
scenario. In future observations, this percentage could help to
discriminate between the formation scenarios.

The dynamical mechanisms producing inclination increase
were identified, namely inclination-type resonance, orbital insta-
bility, and/or planet-planet scattering. We have shown that reso-
nance captures play an important role in the formation of mu-
tually inclined systems. Indeed, half of these systems originate
from two- or three-body mean-motion resonance captures. The
long-term evolution of the systems was been investigated, show-
ing that destabilization of the resonant systems is common. How-
ever, 30% of the systems still evolve in resonance after 100 Myr.

As a by-product of our study, we found a very good agree-
ment between our simulations and the observed population of
extrasolar systems, in particular for the semi-major axis and ec-
centricity distributions. Although a full exploration of the pa-
rameter space and a real population synthesis study are far be-
yond the scope of this paper, this agreement suggests strongly
that planet-planet interactions during the migration inside the
protoplanetary disc could account for most of the eccentricity
excitation observed among exoplanets.
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