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ABSTRACT

Pebble accretion is an efficient mechanism that is able to build up the core of the giant planets within the lifetime of the protoplanetary
disc gas-phase. The core grows via this process until the protoplanet reaches its pebble isolation mass and starts to accrete gas. During
the growth, the protoplanet undergoes a rapid, large-scale, inward migration due to the interactions with the gaseous protoplanetary
disc. In this work, we have investigated how this early migration would have affected the minor body populations in our solar system.
In particular, we focus on the Jupiter Trojan asteroids (bodies in the coorbital resonance 1:1 with Jupiter, librating around the L4 and
Ls Lagrangian points called, respectively, the leading and the trailing swarm) and the Hilda asteroids. We characterised their orbital
parameter distributions after the disc dispersal and their formation location and compare them to the same populations produced in a
classical in situ growth model. We find that a massive and eccentric Hilda group is captured during the migration from a region between
5 and 8 au and subsequently depleted during the late instability of the giant planets. Our simulations also show that inward migration
of the giant planets always produces a Jupiter Trojans’ leading swarm more populated than the trailing one, with a ratio comparable
to the current observed Trojan asymmetry ratio. The in situ formation of Jupiter, on the other hand, produces symmetric swarms. The
reason for the asymmetry is the relative drift between the migrating planet and the particles in the coorbital resonance. The capture
happens during the growth of Jupiter’s core and Trojan asteroids are afterwards carried along during the giant planet’s migration to
their final orbits. The asymmetry and eccentricity of the captured Trojans correspond well to observations, but their inclinations are
near zero and their total mass is three to four orders of magnitude higher than the current population. Future modelling will be needed
to understand whether the dynamical evolution of the Trojans over billions of years will raise the inclinations and deplete the masses

to observed values.
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1. Introduction

In the framework of the formation and growth of massive
planets, the core accretion theory (Pollack et al. 1996) assumes
that the envelopes of gas giants are accreted after the formation
of a massive core. However, to build up a core of roughly 10 Mg
from small dust grains is not trivial. Millimetre—centimetre
sized pebbles can grow from micrometre sized dust particles
by coagulation or condensation (Brauer et al. 2008; Zsom
et al. 2010; Birnstiel et al. 2012; Ros & Johansen 2013;
Schoonenberg & Ormel 2017). When solid particles grow
to millimetre—centimetre sizes, further growth by sticking
collisions is inhibited by the “bouncing barrier” because they do
not stick and accrete anymore, but start to bounce off each other
(Giittler et al. 2010; Zsom et al. 2010). Moreover, because solid
particles are not supported by the pressure gradient as is the gas,
their motion is affected by a headwind that causes them to lose
angular momentum and hence to drift rapidly toward the central
star (Weidenschilling 1977). Differently sized particles drift with
different velocities and this leads to high relative speeds and
disruptive collisions and the establishment of a “fragmentation
barrier” (Blum & Miinch 1993). Even without any “bouncing”
or “fragmentation barrier”, particles would quickly drift towards
the central star before they can grow above a size where the
radial drift is less efficient. Hence, growing grains must find a
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way to grow very quickly in order to overcome the ‘“radial-drift
barrier” (Weidenschilling 1977), also called “metre-size barrier”
because, in standard disc models, the drifting velocity has a
maximum for metre-sized objects.

Beyond the snow line, however, icy particles tend to form
high porosity aggregates that are more resistant to collisions and
are less affected by the radial drift (Wada et al. 2009; Okuzumi
et al. 2012). Windmark et al. (2012a,b) show that if a small
number of particles are lucky enough to overcome the “bounc-
ing barrier” and grow up to centimetre sizes, they can sweep
up the smaller particles still affected by the barrier and grow
to planetesimals. Another possibility is the streaming instability:
when solid particles cluster in the gas, the back reaction from the
dust on the gas reduces the headwind felt by the pebbles locally,
allowing the cluster to orbit faster and undergo less inward drift;
the cluster can then be joined by other pebbles that are still drift-
ing faster and the local solid density keeps increasing, further
reducing radial drift, and leading to an exponential growth of
the initial cluster; these clumps quickly collapse via gravitational
instability and form planetesimals of characteristic size 100 km
(Youdin & Goodman 2005; Johansen & Youdin 2007; Johansen
et al. 2015; Simon et al. 2016).

Once planetesimals of that size are able to form, they need
to grow in order to reach the mass of the giant planets’ cores.
This phase must happen before the gaseous disc dissipates, in
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order to allow giant planets to accrete the still-available gas after
the core has grown. Considering only planetesimal accretion,
it is challenging to grow giant planets’ cores within the life-
time of the disc (Pollack et al. 1996; Rafikov 2004; Levison
et al. 2010). However, small solids observed in protoplanetary
discs (Testi et al. 2003; Wilner et al. 2005) have become a bet-
ter candidate to be the main source of accretion for the growth
of the giant planets’ cores. The numerous embryos growing
by pebble accretion gravitationally interact with one another
so that the largest ones scatter the smaller ones out of the
disc of pebbles, halting their growth and avoiding the pro-
duction of too many Earth-mass objects (Levison et al. 2015).
Therefore, the rapid and efficient pebble accretion significantly
reduces the time scale of the growth of the core (Johansen &
Lacerda 2010; Ormel & Klahr 2010; Lambrechts & Johansen
2012; Ida et al. 2016; Johansen & Lambrechts 2017) that becomes
consistent with the lifetime of the gas-phase of the protoplan-
etary disc and forms only a few large cores rather than many
smaller ones, consistently with what we observe in our solar
system.

While the core is growing, it can become massive enough
to retain an atmosphere in hydrostatic equilibrium because the
heat generated by the accretion of pebbles and planetesimals
prevents the contraction of the atmosphere (Lambrechts et al.
2014; Venturini & Helled 2017). Once the accretion of pebbles
onto the core stops, at the so-called “pebble isolation mass”
(Lambrechts & Johansen 2014), the atmosphere is no longer sus-
tained by accretion energy and it contracts starting a phase of
rapid gas accretion (Pollack et al. 1996). This process continues
until the planet becomes massive enough to open a gap in the
protoplanetary disc, thus slowing down the rate of gas supply, or
until the protoplanetary disc photoevaporates.

During the whole growth of the giant planet, interactions
with the gaseous protoplanetary disc forces the protoplanet to
migrate through the disc (Ward 1997). Low mass planets are
affected by the rapid Type-I migration, but once the planet
becomes massive enough to open a gap in the disc, it migrates
with a slower Type-II migration (Lin & Papaloizou 1986).

In this paper, we use giant planets’ growth tracks of a solar
system analogue, generated similarly to Bitsch et al. (2015; here-
after BLJ15). In BLJ15, the pebble flux, M peb> Was overestimated
and the correction highlighted the fact that the drift-limited peb-
ble growth model in an evolving protoplanetary disc was an
inadequate description (Bitsch et al. 2018). We here use the
Ida et al. (2016) disc model with @ = 0.001 (which reduces
type-II migration compared to BLJ15) to generate the growth
tracks of the solar system planets, which yields results very
similar to the original growth tracks presented in BLJ15. We
implemented them into the MERCURY N-body code (Chambers
1999) to analyse which consequences a large-scale migration, as
the one predicted in BLJ15, could have on the minor bodies pop-
ulations of our solar system. We will focus on the Jupiter Trojan
asteroids and the Hilda asteroids that are the largest known
populations in the Jovian mean motion resonances. The stabil-
ity of these asteroid populations and their features are directly
connected to the orbital configuration of the giant planets and
because of this, they are sensitive to a possible migration. There-
fore, the characteristics of the currently observed asteroids in
resonance with Jupiter can contain information about the early
evolution of the giant planets.

The paper is organised as follows: in Sect. 2 we sum-
marise the characteristics of the Jupiter Trojan and Hilda minor
body populations and the main hypothesis about their origin; in
Sect. 3 we describe the methodology used in our simulations
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and the different scenarios we tested; in Sect. 4 we present our
results about the Jupiter Trojans and their asymmetry ratio, the
Hilda group and the asteroid belt contamination; in Sect. 5 we
explore, after the early migration, the effects of a rearrangement
of the semimajor axes of the giant planets into their current
ones. Finally, in Sect. 6 we summarise our results and their
implications for planet formation and migration.

2. Characteristics of the Trojan and Hilda
populations

2.1. The Jupiter Trojan asteroids

The Jupiter Trojan asteroids are bodies in the coorbital 1:1
resonance with Jupiter, librating around the two triangular equi-
librium points in the Sun—Jupiter system, that is the Lagrangian
points L4 and Ls. The population that librates around L, repre-
sents the leading group, being located 60° ahead of Jupiter along
its orbit, called the “Greek camp”; the population that librates
around Ls, located at about 60° behind Jupiter along its orbit, is
the trailing group, called the “Trojan camp”. Our two gas giants
are close to their 5:2 resonance and studies about the long term
dynamical stability of the Jupiter Trojan asteroids showed that
their orbits are not indefinitely stable because of the gravitational
interactions between Jupiter and Saturn, as a result of which they
are slowly dispersing (Levison et al. 1997).

The number of detected Jupiter Trojans in the Minor Planet
Center database (MPC hereafter), updated on the 30th of
May 2018, is 7180'. The estimated total number of Trojans
larger than 2 km in diameter is about 10° asteroids (Nakamura &
Yoshida 2008). As regards the total mass, it is estimated to be
107> Mg (Vinogradova & Chernetenko 2015). We can sum-
marise the main characteristics of the Jupiter Trojan asteroids as
follows:

— The leading group is observed to be more populated than
the trailing group. Grav et al. (2011), with a sample detected by
NEOWISE/WISE with sizes larger than 10 km, found a ratio of
1.4 £ 0.2 between the number of Trojans in L4 and Ls. According
to the Sloan Digital Sky Survey Moving Object Catalogue, in a
kinematically selected sample of candidate Jovian Trojan aster-
oids with H < 13.8™ (approximately corresponding to 10km
diameter), there are 1.6 = 0.1 more objects in the leading than
in the trailing swarm (Szab¢ et al. 2007). Nakamura & Yoshida
(2008), using the observed sky number densities of L4 and Ls
swarms with the Subaru telescope, estimated an asymmetry ratio
of about 1.8 + 0.57 for Trojans with sizes larger than D > 2km.
Finally, Vinogradova & Chernetenko (2015) estimated an asym-
metry ratio of about 2.0 for Trojans with absolute magnitude
H < 19™ (sizes larger than D > 1km). We also analysed the
Trojans in the MPC? with H <12 (complete sample according
to Szabd et al. 2007). In the list there are 330 L4 objects and 229
Ls objects. As in Nesvorny et al. (2013), we excluded 9 Eury-
bates family members from L, finding an asymmetry ratio of
about 1.4 + 0.1, consistent with the Grav et al. (2011) constraint.

— Jupiter Trojans are characterised by high inclinations, up to
40°, and their distribution differs between the L4 and L5 swarms.
The Ls population shows a significantly wider slope distribution
with a plateau in the range from 5° to 17° and a weak maximum
at 27°. The distribution of Trojans in L4 shows a sharp maximum
at 7°, after which the number of Trojans exponentially decreases
(Slyusarev & Belskaya 2014).

I https://minorplanetcenter.net/iau/lists/Trojans.html
2 https://minorplanetcenter.net/iau/lists/
t_jupitertrojans.html
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— The Trojan population is more homogeneous than the
asteroid belt population. They are very dark, mainly P and D
type asteroids (DeMeo & Carry 2014), and they have a feature-
less, red-sloped spectra at visible and near-infrared wavelengths
(Barucci et al. 2002). Trojan asteroids with high inclination tend
to be redder in a similar way for both swarms, but there is no cor-
relation between the colour of the asteroid and the object’s size
(Szabo et al. 2007). Moreover, the optical colour distributions
of the Jovian and Neptunian Trojans are indistinguishable from
each other, but they are statistically different from the Kuiper belt
populations (Jewitt 2018).

Regarding the origin of the Jupiter Trojans, it is still a matter
of debate. The main hypotheses are as follows:

(i) Collisions of primordial planetesimals that can inject
fragments into Trojans orbits (Shoemaker et al. 1989).

(i) Drift into the Trojan regions due to the action of a dissi-
pative forces like gas drag or the Yarkovsky effect (Yoder 1979;
Peale 1993; Kary & Lissauer 1995).

(iii) An in situ capture of the Trojans from the feeding zone
by a growing proto-Jupiter (Shoemaker et al. 1989; Pollack et al.
1996; Marzari & Scholl 1998a,b; Fleming & Hamilton 2000).

(iv) A capture of bodies originally formed in the outer solar
system and injected in the inner regions during a possible late
instability of the giant planets. The capture can happen during
the crossing of the 2:1 resonance between Jupiter and Saturn,
while they are undergoing a divergent migration, in a process
called “chaotic capture” (Morbidelli et al. 2005).

(v) A “jump capture” (Nesvorny et al. 2013). Trojans are cap-

tured after Jupiter suffered a close encounter with an ice giant.
As a result, the semimajor axis of Jupiter “jumps” and radially
displaces the L4 and Ls regions, losing the existing Trojans and
capturing new bodies with semimajor axis similar to the new
position of Jupiter.
Hypotheses (i)—(iii) cannot reproduce the high inclinations, the
asymmetry and other observational constraints (Marzari et al.
2002). That is why the last two hypotheses are the most accepted
ones today: hypothesis (iv) offers an explanation for the incli-
nation distribution and for the outer solar system origin of the
Trojans, though the capture probability is very low (Lykawka &
Horner 2010) and the model cannot explain the asymmetry ratio
between the two Trojan swarms; hypothesis (v) reproduces the
orbital distribution of the Trojans and it is also potentially capa-
ble of explaining the asymmetry ratio of the Trojans in case
the extra ice giant involved in the planet—planet scattering with
Jupiter traverses one of the Lagrange swarms and scatters cap-
tured bodies, depleting the swarm. In this scenario, even if
the extra ice giant traverses the correct swarm, the asymme-
try found in Nesvorny et al. (2013) cannot rule out symmetric
swarms within 1o. Also, the low capture probability could still
be considered as a weakness. Our model, for the first time, sup-
plies a natural explanation for the Trojan asymmetry and their
photometric colour.

2.2. The Hilda asteroids

The Hilda asteroids are in the 3:2 orbital mean motion reso-
nance with Jupiter. They move along orbits with a semimajor
axis between 3.7 and 4.2 au with eccentricities up to 0.3 and
inclinations up to 20°. Currently (May 2018), the MPC database
contains 4008 objects with an Hilda asteroid orbit type®. The
total number of the Hilda population larger than 2 km in diameter

3 https://minorplanetcenter.net/db_search/show_by_
orbit_type?utf8=%E2%9C%93&orbit_type=8

is estimated to be ~1 x 10* based on the size distribution (Terai &
Yoshida 2018). Regarding their stability, Hilda asteroids are in a
mean motion resonance and even if many of their orbits are defi-
nitely chaotic because of this, the resulting escape times does not
conflict with their presence today (Franklin et al. 1993).

— As the Jupiter Trojan asteroids, Hildas’ surface photometric
colours often correspond to the low-albedo D-type and P-type. In
contrast, the asteroid belt is dominated by C-type asteroids, but a
small fraction of D/P types is also present in the belt (DeMeo &
Carry 2014).

— An analysis of the near-infrared spectra of 25 Hilda asteroid
reveals that red Hildas and Trojans have nearly identical spectra,
whereas the less-red Hilda asteroids are significantly redder than
less-red Trojans in the near-infrared (Wong & Brown 2017). The
authors suggested that the discrepancy between less-red Hilda
and Trojan spectra derives from the present-day temperature gra-
dient between the Hilda and Trojan regions, while red spectral
types are not sensitive to this gradient.

— The size distributions of Hilda and Jupiter Trojan aster-

oids are very similar to each other within the range of diameter
2 < D < 10km, while these distributions are distinguishable
from that of main belt asteroids, suggesting a common origin
and a different formation environment from main-belt asteroids
(Terai & Yoshida 2018).
One of the hypothesis for the origin of the Hilda asteroids is, as
for the Trojan asteroids, the “chaotic capture” of bodies from the
external region of the solar system after a late instability of the
giant planets (Morbidelli et al. 2005). Simulations have shown
that the primordial Hilda population was destabilised and lost
during the late instability and then replaced with planetesimals
scattered inward from the external region of the solar system
(Gomes et al. 2005; Roig & Nesvorny 2015). It is also possi-
ble that, in the scenario where there were originally five giant
planets (Nesvorny 2011), planetesimals from the outer solar sys-
tem are captured in the inner, central and outer asteroid belt,
as well as Cybele, and the resonant Hilda and Thule regions
(Vokrouhlicky et al. 2016). Another hypothesis involves a cap-
ture of field asteroids if Jupiter has migrated sunward by about
0.45 au (Franklin et al. 2004). The authors pointed out that a
migration of Aa > 0.45 leads to a poor match of the average
eccentricity of the Hildas and an high percentage of Hilda aster-
oids with eccentricity e > 0.2 compared to the observed one.
However, this study is confined to Jupiter and Saturn in their
current ratio of periods or in their 5:2 resonance and with their
current masses. No gas drag to mimic the presence of the proto-
planetary disc is taken into account, as well as no primordial
Hilda population and no possible rearrangement of the giant
planets after the gaseous disc disperses, which we all include
here.

3. Methods

In our simulations, we used a parallelised version of the
MERCURY N-body code (Chambers 1999) and we selected
its hybrid symplectic integrator because it is faster than con-
ventional N-body algorithms by about one order of magni-
tude (Wisdom & Holman 1991) and it is particularly suitable
for our simulations that involve timescales on the order of
105—10° yr. We used a time step of 50 days which is about
1/20 of the orbital period of particle orbiting at 2 au (Duncan
et al. 1998). Even if we populate our solar system from 4 au
and beyond, with this time step we also correctly reproduce the
dynamical evolution of particles that could end up in the asteroid
belt region. We modified the code so that the giant planets grow
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Fig. 1. Growth tracks for our nominal model. Jupiter (red line), Saturn
(orange line), Uranus (green line) and Neptune (blue line) grow and
migrate through the disc ending up in a more compact configuration
compared to the current one. The solid lines indicate the core accretion
phase, the dashed lines indicate the gas accretion phase.

and migrate following the growth tracks generated similarly to
BLJ15, as will be discussed in Sect. 3.1. Moreover, our version
of the code includes aerodynamic gas drag effects on the small
particles and tidal gas drag effects on the planetary cores (see
Appendixes A and B, respectively) to mimic the presence of a
gaseous protoplanetary disc with a lifetime of 3 Myr.

3.1. Migration model for the giant planets

As mentioned in Sect. 1, we generated growth tracks similar to
the ones in BLJ15 where the giant planets of our solar system
grow and migrate through the disc ending up in a more compact
final configuration, as predicted by many hydrodynamical and
N-body simulations (Masset & Snellgrove 2001; Kley et al.
2004; Morbidelli et al. 2007; Pierens & Nelson 2008). The
protoplanetary disc model used for the growth tracks, for
the aerodynamic gas drag disc parameters (Appendix A) and for
the tidal gas drag (Appendix B) disc parameters, is the Ida et al.
(2016) disc model. This empirical disc model includes both vis-
cous heating and stellar irradiation assuming a steady accretion
disc with a constant a-viscosity parameter (that we set to 0.001)
and analytical formulas for the pebble accretion rate onto plane-
tary embryos. As in BLJ15, we considered the evolution of the
disc in time so the accretion rate M is not constant, but changes
following the empirical law in Hartmann et al. (1998):

M t
1 =-8.00-1.401 . 1
Og(M@yrl) 8.00 0 Og(IOf’yr) (D)

Finally, for the gas accretion and planetary migration, we
followed the prescriptions in BLJ15.

Growth tracks of the giant planets for our nominal model are
shown in Fig. 1. Giant planet seeds, with masses of the order
of 1072 Mg, are implanted in the disc at about 18, 21, 23, and
24 au, in order to get the current masses and a more compact
orbital configuration at the end of the migration similar to the ini-
tial conditions in Malhotra (1995) and Morbidelli et al. (2010).
Jupiter, Saturn, Uranus and Neptune start to grow and migrate
att ~ 231, ¢t~ 256,t~ 270 and ¢t ~ 2.70 Myr, respectively,
embedded in the gaseous protoplanetary disc that photoevapo-
rates at t = 3 Myr, that is when the accretion rate becomes lower
than M < 2 x 107 Mg yr~'. The giant planet cores initially grow
with relatively little migration, accreting pebbles (solid line in
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the Fig. 1). While growing, the protoplanets become massive
enough to be affected by Type I migration. When the gravity of
the core is able to create a pressure bump that traps particles
outside the accretion radius, the solid accretion halts and the
core reaches its so-called “pebble isolation mass” and it starts
to accrete gas (dashed line in the Fig. 1). If the mass of the
envelope becomes larger than the core mass, the planet under-
goes a runaway accretion of gas and, in case it becomes massive
enough to open a gap in the protoplanetary disc, it experiences
a slower Type-II migration. Eventually, when the disc dissipates
at t = 3 Myr, the four giant planets have reached masses similar
to the current ones and they are orbiting within 5 and 20 au from
the central star.

We populate annular regions of width 0.5 au with 1000 mass-
less particles each. The same amount of particles in each annular
region means a surface density proportional to r~! for this com-
ponent consistent with the Z, (column density of the gas) slope
in the outer disc in the Ida et al. (2016) disc model. We performed
a first set of 10 simulations involving 44 000 small bodies from
just outside the main asteroid belt to the region affected by the
orbit of the last protoplanet, that are, in our nominal model, 4 and
26 au, respectively. In each simulation the growth tracks are kept
the same, but we randomised the small body eccentricities in the
interval [0, 0.01], the inclinations in the interval [0°,0.01°] and
the semimajor axes in every Aa = 0.5 au annular region, in order
to get more robust results. As shown in Fig. 2 planetary cores
and small particles started with low eccentricities and low incli-
nations. The region between 0 and 4 au is left completely empty,
that is no small body populates the terrestrial planet and the main
asteroid belt regions and the black line inside this inner region,
roughly delimits the actual main belt region. It is important to
notice that, even if we have chosen not to populate the aster-
oid belt for computational time reasons, we do not consider this
region empty. Indeed, the main belt is populated with “virtual”
stony (silicaceous) objects and carbonaceous objects (S-type and
C-type asteroids, respectively) and, taking into account the Min-
imum Mass Solar Nebula (Weidenschilling 1977; Hayashi 1981),
the total mass of the belt is about 1 Mg,

In the MERCURY N-body code, the planets are treated
as massive bodies, so they perturb and interact with all the
other bodies during the integration. The other particles, called
small bodies, are set as massless, so they are perturbed by the
massive bodies but cannot affect each other nor the massive
bodies. The growing protoplanets, in our modified version of
the MERCURY N-body code, are affected by the tidal gas drag,
as described in Appendix B. The small bodies are affected by
the aerodynamic gas drag until the gaseous disc photoevaporates
at t = 3 Myr. Since they are massless, we assign them a radius
rp = 50km and a density p, = 1.0 gcm™ when computing the
effect of the aerodynamic gas drag, as explained in Appendix A.

3.2. In situ growth simulations

As a comparison to the nominal model we want to test, we also
simulate the in situ growth of the gas giants. In this particular
case, Jupiter and Saturn seeds are implanted at 5.4 and 8.6 au,
respectively (Table 1), in order to approximately match the same
final configuration of our nominal model, so we can compare
the results. We initially tested the inclusion of the ice giants
in the in situ simulations and concluded that their contribution
to Trojan and Hilda asteroids is negligible, therefore we opted
just for the presence of the gas giants. The growth rate is kept
the same as in the nominal model: Jupiter and Saturn start to
grow at t ~ 2.31 Myr and ¢ ~ 2.56 Myr, respectively, and stop
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Fig. 2. Initial configuration of the solar system in the nominal model.
The plot shows colour-coded small bodies, from 4 to 26 au, starting
with eccentricities in the [0 : 0.01] range. We used different colours
for the small particles to easily track them during the simulations. The
black filled dots at 18 (Jupiter), 21 (Saturn), 22 (Uranus) and 24 au
(Neptune) are the giant planets seeds. The black line roughly delim-
its the actual main belt region, from 2 to 3.4 au, with a cut for perihelion
distances smaller than 1.7 (particles strongly affected by the presence
of Mars) and a cut for aphelion distances greater than 4.5 (particles
strongly affected by the presence of Jupiter).

Table 1. Initial semimajor axis of Jupiter and Saturn’s seeds for the
different migration rate.

(Migration rate
times the nominal
migration rate)

Starting semimajor axis
of the giant planets

ajy as
In situ 5.4 8.6
x0.15 7.1 10.45
x0.25 8.8 11.9
x0.50 11.7 14.6
x0.75 15.0 18.0
x1.00 18.4 21.3
x1.25 22.2 25.5
x1.50 25.6 28.9
x2.00 32.3 35.5

at t = 3Myr when the disc dissipates. They are not forced to
migrate. Small bodies starting eccentricities and inclinations are
the same as in the nominal model, randomised in each of the 10
runs. Aerodynamic and tidal gas drag are taken into account as
well.

3.3. Different migration rate simulations

To further explore the effects of planetary migration, we tested
different migration rates for the growth tracks. For this subset of
simulations we took into account only Jupiter and Saturn. The
two gas giants start to migrate at the same time as the growth
tracks in the nominal model and stop at t = 3 Myr as well, there-
fore the growth rates of the planets are kept the same. Faster
migration rates mean implanting Jupiter and Saturn’s seeds fur-
ther away in the outer solar system compared to the nominal
model. Slow migration rates mean implanting the two giant plan-
ets’ seeds closer to the central star than in the nominal model.
Hence, these growth tracks are just a contraction or expansion
of the nominal model growth tracks and they represent just a
simplification. A plot of the different growth tracks with different
migration rates for Jupiter is shown in Fig. 3. We tested the

Different rate of migration for Jupiter's growth track
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Fig. 3. Different rates of migration for Jupiter growth tracks compared
to the nominal migration rate (green line). The brown, red, orange and
yellow curves are associated with slower migration rates: 0.15, 0.25,
0.50 and 0.75 times the nominal rate of migration, respectively. The
blue, dark blue and violet curves are associated with faster migration
rates: 1.25, 1.50 and 2.00 times the nominal migration rate, respectively.
The solid lines indicate the core accretion phase and the dashed lines
indicate the gas accretion phase. Due to interactions between the gas
giants during the migration, Jupiter does not exactly end up with the
same semimajor axis for each migration rate.

following slower migration rates: 0.15, 0.25, 0.50 and 0.75 times
the original rate of migration and the following faster migration
rates: 1.25, 1.50 and 2.00 times the original migration rate. Initial
semimajor axes of Jupiter and Saturn’s seeds for different migra-
tion rates are listed in Table 1. For each migration rate, we ran
ten simulations randomising the initial semimajor axes in every
Aa, the eccentricities and the inclinations of the small bodies, as
we did in the nominal model simulations and the in situ model
simulations.

4. Results

In our nominal model, Jupiter, Saturn, Uranus and Neptune start
to grow and migrate at t = 2.31 Myr, t = 2.56 Myr, ¢t = 2.70 Myr
and ¢ = 2.70 Myr, respectively. At r = 3 Myr, the planets are fully
grown and have migrated to their final positions. Figures 4 and
5 show time-snapshots of their eccentricity versus semimajor
axis and inclination versus semimajor axis, respectively, of the
same simulation. The black line roughly delimits the actual main
belt region, but shifted 0.2 au inward, since Jupiter ended up at
about 5.0 au. The plots clearly show that the large scale migra-
tion deeply shapes the solar system and that the small particles
are strongly affected by the passage of the giant planets. The
main consequences of this early migration are:

—a fraction of bodies that were initially placed between 4 and
16 au, are injected in the asteroid belt or possess enough eccen-
tricity to cross the terrestrial planet region, contaminating the
inner solar system;

— all four giant planets captured Trojans from the feeding
zone of their cores and carried them along during the migration;

— particles are captured in the first order resonances 2:1, 3:2
and 4:3 with Jupiter and in the second order resonance 5:3 as
showed in Fig. 6;

— a centaur population orbits between Saturn and Uranus.

4.1. Characterisation of the Jupiter Trojan asteroids

During planetary growth and migration, each giant planet cap-
tured and preserved a population of asteroids in their 1:1
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Fig. 4. Eight time-snapshots of eccentricity versus semimajor axis of one of the nominal model simulations. The black line roughly delimits the
main belt region. At t = 2.31 Myr, t = 2.56 Myr, ¢t = 2.70 Myr and ¢ = 2.70 Myr, Jupiter, Saturn, Uranus and Neptune (black filled dots) start to
grow and to migrate inward and stop at r = 3 Myr. A fraction of bodies that were initially placed between 4 and 16 au, are injected in the asteroid
belt or possess enough eccentricity to cross the terrestrial planet region. Trojan asteroids are captured in the feeding zone of the planets’ cores
and carried along during the migration. Each of the four planets captured Trojans, but, after £ = 400 Myr, Saturn’s, Uranus’s and Neptune’s are
drastically reduced because of planetary interactions. Particles clump in the resonance 3:2 (the Hilda asteroids at roughly 4 au) and other populated
resonances are shown in Fig. 6. A small population of centaurs orbits between Jupiter and Neptune.
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Fig. 5. As Fig. 4, eight time-snapshots of inclination versus semimajor axis of one of the nominal model simulations are shown. The black line
roughly delimits the main belt region. At = 2.31 Myr, ¢t = 2.56 Myr, t = 2.70 Myr and ¢ = 2.70 Myr, Jupiter, Saturn, Uranus and Neptune (black
filled dots) start to grow and to migrate inward and stop at t = 3 Myr. A fraction of bodies that were initially placed between 4 and 16 au, are injected
in the asteroid belt region. Trojan asteroids are captured in the feeding zone of the planet’s cores and carried along during the migration. As can
be noted, particles grouped in the resonance 3:2 (the Hilda asteroids at roughly 4 au), gain their inclination because of Saturn migrating towards
Jupiter. A small population of centaurs orbits between Jupiter and Neptune.
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Particles in resonances at t=400Myr
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Fig. 6. Zoom in of the region between 3 and 5 au in Fig. 4. It is possible
to distinguish different resonant populations. From the left to the right in
the plot: the Hecuba-gap group in the 2:1 mean motion resonance with
Jupiter (3-3.25 au); a population in the second order 5:3 resonance with
Jupiter (3.5 au); the Hilda asteroids in the 3:2 mean motion resonance
with Jupiter (3.75 au); the Thule group in the 4:3 resonance (4.1 au). The
black line roughly delimits the main belt region. We note that in this
nominal case, due to interactions with the other planets, the final semi-
major axis of Jupiter is about 5 au and the location of the resonances are
slightly shifted inward.

Table 2. Mean quantities of the Jupiter Trojans in the nominal model.

Time (Myr) Niot Ni,/Ni,
5 240+9 1.80+0.26
10 231+8 1.85+0.28
50 222+7 1.88+0.28
100 218+7 1.90+0.27
200 214+8 1.92+0.29

coorbital resonance, even if not all of them showed a long term
stability as the Jupiter’s Trojans. Indeed, as shown in Figs. 4
and 5, after + = 400 Myr Saturn, Uranus and Neptune Trojan
asteroids are drastically reduced in number because of planetary
interactions.

4.1.1. Trojan asymmetry

In our nominal model, the Jupiter Trojan asteroids found in all
the 10 simulations are always characterised by a certain ratio of
asymmetry between the number of Trojan asteroids in the lead-
ing group and the trailing group, with the L4 swarm always more
populated than the Ls swarm. In Table 2, we report the mean
total number of Trojans and the asymmetry ratio between the
number of particles in the L4 and Ls swarms at different times.
We computed the arithmetic mean of the values found in the 10
simulations and the uncertainty is represented by the unbiased
standard deviation. For the asymmetry ratio error, a propagation
of the uncertainty is applied.

Figure 7 shows an example of the evolution of the number
of the Trojans (top plot) and the asymmetry ratio (bottom plot)
in the first 10 Myr of one of the 10 simulations of our nominal
model. We consider as Trojans all those particles that have
aphelion and perihelion within +2.5 Jupiter Hill radii from
the planet semimajor axis. This way we include almost all the
main coorbital resonances: tadpole orbits (Trojans, that librate
around +60°), horseshoe orbits (objects that librate around 180°
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Fig. 7. Evolution of the number of Trojan asteroids (top plot) and the
asymmetry ratio between the L, and Ls swarms (bottom plot). The
migration of Jupiter starts at t ~ 2.3 Myr and stops at ¢ = 3 Myr, when
the protoplanetary disc photoevaporates. The green shaded region repre-
sents the observed values of the Trojan asymmetry found by Grav et al.
(2011), the yellow shaded region represents the observed values of the
Trojan asymmetry found by Szabd et al. (2007) and the red line repre-
sents the asymmetry ratio estimated in Nakamura & Yoshida (2008). In
this latter case the shaded region has not been overplotted to keep the
figure readable, but the uncertainty is indicated in the legend.

encompassing L4 and Ls) and, occasionally, quasi-satellite orbits
(asteroids that librate around 0°, i.e. around Jupiter’s position),
excluding interlopers with high eccentricity. Following the
growth tracks, Jupiter undergoes the migration and grows at
the same time. While the migration destabilises the Trojans,
the rapid growth expands the stability regions around L, and
Ls and reduces the libration angles of the Trojans as found in
Marzari & Scholl (1998a) and Fleming & Hamilton (2000), so
initial horseshoe orbits become L, or Ls tadpole orbits. Just
after + = 2.31 Myr the destabilising effect of the migration is
completely suppressed by the growth of the planet that permits
to capture and keep stable almost 7 times more Trojans than the
ones present in the pre-migration phase. However, Jupiter stops
trapping Trojans while migrating inward likely because the
interior mean motion resonances pump up the eccentricities of
possible Trojans above the Hill eccentricity, leading to a capture
inefficiency. At 2.7 Myr, the number of Trojans declines towards
a total number that is 5 times more than the pre-migration one.
At t = 3.2 Myr the number of Trojans has eventually stabilised
against the effect of the migration and growth, but keeps slowly
decaying due to fact that Jupiter and Saturn are in their 1:2 reso-
nance and it is an unstable configuration particularly for Saturn


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833713&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833713&pdf_id=0

S. Pirani et al.: Consequences of planetary migration on the minor bodies of the early solar system

Table 3. Mean quantities of the Trojans at t = 5 Myr, with different
migration rate of the giant planets.

Migration rate Niot Ni, /N1,
In situ 51+8 0.94 +£0.35
x0.15 82+9 1.23 £ 0.40
x0.25 106 = 11 1.60 + 0.44
x0.50 165+ 11 1.63 £0.29
x0.75 216 £9 1.73+0.29
%x1.00 240+ 9 1.80 £0.26
x1.25 289 + 12 1.44 +£0.15
x1.50 361 + 13 1.63 +0.21
%x2.00 419 + 21 1.77 £0.27
Observed asymmetry ratios
Grav et al. (2011) 1.4+0.2
Szabé et al. (2007) 1.6 £ 0.1

Estimated asymmetry ratio
Nakamura & Yoshida (2008) 1.85 +0.57

Trojans, but also for Jupiter ones (Gomes 1998). Figure 7,
bottom plot, also shows that the asymmetry ratio slightly
increases after the dispersal of the gas, this means that the 1:2
resonance between the giant planets configuration preferentially
destabilises the Ls swarm (see also Table 2).

As introduced in Sect. 3.2, we ran additional simulations
with an in situ growth of the giant planets. The resulting mean
total number of Trojan captured and their asymmetry ratio are
listed in Table 3. The capture of the Trojans in the in situ model
is less efficient by roughly a factor 4 and, more important, the
in situ growth produced Trojans with no asymmetry between the
number of bodies populating the two swarms. Moreover, roughly
half of the simulations ended up with an asymmetry ratio oppo-
site to the observed one, that is with the L4 swarm less populated
than the L5 swarm.

In addition to the nominal and the in situ model, we decided
to vary the migration rate of the giant planets to check how
the number of Trojans and their asymmetry ratio change due
to a faster or a slower migration. The results are shown in
Table 3. The faster the migration, the more Trojans are captured.
The increase in the number of Trojans captured with increas-
ing migration rate is likely due to the larger Hill sphere at larger
starting semimajor axis. Indeed, we fit N a''13, close to the lin-
ear scaling expected purely from growth of the Hill sphere. As
shown in Fig. 8, each migration rate produces a certain degree of
asymmetry between the number of Trojans in the two swarms,
with the L4 group always more populated than the Ls group.
However, the ratio of the asymmetry decreases abruptly for the
slower migration rate, that is for short-scale migration of about
3au or less. The ratio of the asymmetry for the other different
migration rates remain of the same order within the errors. The
origin of the Trojan asymmetry will be discussed in Sect. 4.2.

4.1.2. Mass of the Trojan asteroids

With our simulations, we can also make a crude estimate of
the mass captured as Trojans with each different migration
rate. If we take into account the Minimum Mass Solar Nebula
(Weidenschilling 1977; Hayashi 1981), in each annular region of
1 au, we expect a mass of roughly 1 Mg. We started with 2000
particles every 1au, hence each particle carries 5 x 107 M.

Leading/trailing ratio with different migration rates
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Fig. 8. Asymmetry ratio, at r = 5 Myr, for different migration rates of
the giant planets, plus the in situ scenario. The yellow shaded region
highlights the observed asymmetry ratio of 1.6 + 0.1 found by Szabd
et al. (2007) and the green shaded region represents the observed asym-
metry ratio of 1.4 +0.2 found by Grav et al. (2011). The red line indicates
the estimated asymmetry ratio of 1.85 + 0.57 found by Nakamura &
Yoshida (2008). In this latter case the shaded region has not been over-
plotted to keep the figure readable, but the uncertainty is indicated in
the legend. Above each asymmetry ratio it is noted the corresponding
migration Aa that Jupiter undergoes.

At t = 5 Myr, that is 2 Myr after the early migration has ceased,
the mass captured as Trojans is on the order of 1072 My, for the
slowest migration rate tested and for the in situ scenario and
on the order of 10~ My, for the different non-zero migration
rates. Nowadays the Jupiter Trojans mass is roughly 107> Mg
(Vinogradova & Chernetenko 2015), hence the population has
to undergo an heavy mass depletion, likely imputable to plane-
tary interactions between Jupiter and Saturn, to a possible late
instability of the giant planets and/or to the presence of massive
embryos in the swarms. In Sect. 5, we tested a possible instabil-
ity of the giant planets after the disc dispersal and analysed the
Trojan mass depletion that it causes.

4.1.3. Eccentricity and inclination distributions of the Trojans

Figure 9 shows the osculating eccentricity (top panel) and the
inclination (bottom panel) distributions of the Jupiter Trojans
at t = 5Myr, that is after 2 Myr the migration and growth has
stopped. The overplotted grey histograms represent the distribu-
tion of eccentricities and inclinations of the Jupiter’s Trojans in
the MPC database. Comparing the results to the current distri-
bution of eccentricities and inclinations of the Trojans, we see
a moderate agreement for the eccentricities, but as regards the
inclinations, we obtained a completely flat Trojan population,
even if their values increased from the initial values of the order
of 1073 degrees to values on the order of 107'-1072 degrees
post-migration. This inclination issue is consistent with previ-
ous works about the in situ capture of Trojans from a growing
proto-Jupiter presented in Sect. 2. In the in situ model, both
eccentricities and inclinations of the captured Trojans remain on
the order of the initial 1073—10"* degrees. When we tested dif-
ferent migration rates, the resulting eccentricity and inclination
distributions are very similar to the nominal case (Fig. 9).

4.1.4. Capture region of the Trojans

The origin of the asteroids that ended up captured as Jupiter
Trojans is shown in Fig. 10. Almost all the Trojan asteroids were
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Eccentricities of the Jupiter Trojans at t=5Myr
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Fig. 9. Jupiter’s Trojans osculating eccentricities (fop panel) and incli-
nations (bottom panel) at t = 5 Myr in the nominal model simulations
are shown as blue histograms. The overplotted grey histograms rep-
resent the distribution of eccentricities and inclinations of the Jupiter
Trojans in the MPC database.
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Fig. 10. Jupiter Trojans (blue histogram) and Neptune trojans (red his-
togram) origin in the nominal model simulations. Almost all the Jupiter
Trojans are captured in the formation region of Jupiter’s core at about
a ~ 18 au. Neptune Trojans are mainly particles from Neptune’s core
feeding zone, but also particles scattered because of the earlier growth
of Jupiter and Saturn.

captured in the feeding zone of Jupiter’s core, at about a~18 au.
Only few of them are from regions closer to the star. This result
differ from the current hypothesis on the origin of the Jupiter
Trojans, where they are thought to be captured in situ (close to
a~ 5 au) or to be Kuiper Belt Objects (KBOs) implanted into the
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Fig. 11. Number of particles in the leading and trailing side of the horse-
shoe orbits during the nominal model migration and growth of Jupiter.
The blue line is the number of particles in the L4 side of the horseshoe
orbit (leading side) versus time and the green line is the number of par-
ticles in the Ls side of the horseshoe orbit (trailing side) versus time.
Horseshoe orbit encompass both L, and L4, hence an excess of leading
particles means that particles spend more time in the leading part of the
orbit. Dashed lines indicate the time frame where Jupiter is growing and

migrating.

Trojans regions during the late instability of the giant planets.
Our new scenario could explain the new results by Jewitt (2018):
the colour distribution of Neptune Trojans is statistically indis-
tinguishable from that of the Jovian Trojans but different from
the KBO’s one. Indeed, in our nominal model, Jupiter’s core
feeding zone (~18 au) is very close to Neptune’s core feeding
zone (~24 au) and both of them are in a region different from
the source region of KBOs. In the in situ model all the Jupiter
Trojans condensed very close to their current location, that is
between 4.5 and 5au. With different migration rates, the for-
mation region of Jupiter’s core varies as shown in Fig. 3 (and
listed in Table 1) and so does the original formation region of
the Jupiter Trojan asteroids.

4.2. Origin of asymmetry

The reason why Jupiter Trojans ended up with the L, region
more populated than the Ls region is caused by the relative drift
between the planet and the Trojans that acts like a drag force
on the asteroids. The effects of a drag force on particles in an
horseshoe orbits of a planet or a satellite have been studied in
many papers (Dermott 1984; Murray 1994; Murray & Dermott
1999; Sicardy & Dubois 2003; Ogilvie & Lubow 2006). Inward
migration modifies the horseshoe orbits, increasing the width of
the path of the particles in the L4 side of the horseshoe orbit and
decreasing the width of the particles path in the Ls side of the
horseshoe orbit (Sicardy & Dubois 2003). Because of this, parti-
cles spend more time on the L4 side of the horseshoe orbit during
the migration. This excess of L4 particles becomes important
when the mass growth of the planet becomes efficient in shrink-
ing the horseshoe orbits into stable tadpole orbits (Fleming &
Hamilton 2000). Analysing Fig. 11, before the migration starts
(At = 0-2.3 Myr), the horseshoe orbits are symmetric. Indeed,
the number of particles in each side of the horseshoe orbit fluc-
tuate around 50, leading to a symmetric ratio equal to 1, as also
showed in Fig. 7, bottom plot. During the migration and growth
(dashed lines), there is an excess of particles orbiting in the Ly
side of the horseshoe orbit because of the path of the particles
in the leading side is wider than that in the trailing side and
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Capture of Jupiter Trojans in the outward migration
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Fig. 12. Number of particles in the leading and trailing side of the horse-
shoe orbits during the outward migration and growth of Jupiter from
5 to 18 au. The blue line is the number of particles in the L, side of
the horseshoe orbit (leading side) versus time and the green line is the
number of particles in the Ls side of the horseshoe orbit (trailing side)
versus time. As expected, in the case of outward migration, particles
spend more time in the trailing part of the orbit, because the path of
the particles is wider on that side. Dashed lines indicate the time frame
where Jupiter is growing and migrating.

particles spend more time there. Contemporarily, the growth of
the planet shrinks the horseshoe orbits into stable tadpole orbits
and the asymmetry ratio is preserved. This is exactly what we
found in our simulations for the Jupiter Trojans: when the migra-
tion stops, Jupiter has grown enough to be left with just tadpole
orbits that preserved the asymmetry.

If the migration rate is too high Ls can merge with L3 or
even disappear, but as shown in Fig. 11, Ls is never completely
unstable and preserved a certain amount of Trojans even when
the rate of migration is doubled. So the fact that Jupiter fails to
trap Trojans while migrating can not be attributed to the defor-
mation and disappearance of one of the Trojan regions but, as we
already anticipated in Sect. 4.1.1, it is more likely that the sweep-
ing of the resonances ahead of Jupiter excited the eccentricity of
the bodies above the Hill eccentricity leading to an inefficient
capture.

In order to confirm the mechanism behind the asymme-
try ratio of the Trojans, we repeated the simulations without
applying any gas drag to the resonant particles and we obtained
the same asymmetry, suggesting that the relative drift between
the planet and the resonant particle is indeed the cause of
asymmetry.

We made a test to further confirm the mechanism just
described: we set a simulation with Jupiter’s seed at 5au that
grows and migrates until 18 au, that is we tested an outward
migration of Jupiter during its growth. In this case the defor-
mation of the stable regions should be the opposite: in the Ly
side of the horseshoe orbit, particles width path will be smaller
and in the Ls side it will be wider, with particles spending more
time in the trailing side of the horseshoe orbit. Then when the
mass growth will shrink the horseshoe orbits in stable tadpole
orbits we should find an opposite asymmetry, i.e. N, /Np, < 1.
The results of the outward migration confirm this scenario: as
shown in Fig. 12, we found an asymmetry ratio of N, /Ny, ~ 0.6
that is opposite to the one found in the inward migration.

The fact that for slower migration rates we found that the
asymmetry ratio abruptly decreases can be a consequence of a
low relative drift between the planet and the Trojans, that is a
weak drag force applied to the particles. We can make an attempt
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Fig. 13. Migration rates for the nominal model (blue line), the growth
track 2 times faster than the nominal one (violet line) and the growth
tracks 0.25 and 0.15 times the nominal one (green and red line, respec-
tively). The black dashed line represents the critical migration rate at
which L; and L, start to merge and disappear vy, = 1.45¢Qr (Ogilvie &
Lubow 2006). The black dash-dotted line represents the lower limit
for the migration rate to get an asymmetry comparable with the one
observed and estimated in our simulations, that is vy, = 0.17¢Qr.

to constrain the migration rate necessary to get an asymmetry
ratio comparable to the one observed and estimated. With the
current growth rate, when the core is 1 Mg, a migration rate
21 auMyr! is needed to produce asymmetry (Fig. 13), that cor-
responds to the migration rate of the growth track 0.25 times
the nominal model, when the asymmetry ratio starts to decrease.
An upper limit for the migration rate is provided by Ogilvie &
Lubow (2006) where v = 1.45gQr represents the migration
rate at which L3 and L4 start to merge and disappear (black
dashed line in Fig. 13). g is the mass ratio between the planet
and the Sun, Q is the Keplerian angular velocity, r is the radial
distance from the Sun. With our simulations, we can define a
lower limit for the migration rate of the planet in order to get
an asymmetry comparable with the one observed and estimated.
This limit is in between the slower migration rates 0.25 and 0.15
times the nominal one, where the asymmetry decreases abruptly
and is estimated to be vy, =~ 0.17¢gQr (black dash-dotted line in
Fig. 13)

Regarding Neptune Trojans, the relative drift between the
planet migrating and the Trojans produces the same excess of
bodies in the L4 side of the horseshoe orbits that we found for
the Jupiter Trojans, as shown in Fig. 14. The difference, in this
case, is that the mass growth of Neptune is not enough to shrink
the horseshoe orbits into stable tadpole orbits as it happens
for Jupiter and hence the asymmetry is not imprinted in the
Trojan population. When the migration stops, particles still have
horseshoe orbits and the excess in the L4 side of the horseshoe
orbit disappears because the path of the particles return to
have a symmetric geometry. After a long term evolution,
horseshoe particles are lost because of planetary interactions
and Neptune is left with few original tadpole orbits that were
not affected by the asymmetric capture of horseshoe particles.
Our simulations clearly predict no asymmetry for the Neptune
Trojans.

4.3. Characterisation of the Hildas

In the large-scale migration, because of the sweeping of Jupiter’s
resonances, asteroids are trapped in the 3:2 resonance with
Jupiter (the Hilda asteroids) and in other first and second order
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Fig. 14. Number of particles in the leading and trailing side of the horse-
shoe orbits during the nominal model migration and growth of Neptune.
The blue line is the number of particles in the L4 side of the horseshoe
orbit (leading side) versus time and the green line is the number of par-
ticles in the Ls side of the horseshoe orbit (trailing side) versus time.
We can clearly see an excess of leading particles during the growth and
migration due to the deformations of the horseshoe orbit, but Neptune
has not grown enough to shrink the orbits to stable tadpole orbits in
order to preserve the asymmetry. Then when the migration stops the
excess simply disappears because the horseshoe orbits are back sym-
metric. Dashed lines indicate the time frame where Neptune is growing
and migrating.

Table 4. Mean number of Hilda asteroids in the nominal model and in
the in situ model simulations.

Time (Myr)  Nyijigas(migration)  Npjgas (in situ)
5 1682 + 37 181 11
10 1315 £ 46 174 + 11
50 1034 + 51 170 = 11
100 948 + 54 166 = 11
200 858 + 64 156 + 12

Table 5. Mean quantities of the Hilda asteroids at ¢+ = 5Myr, with
different migration rate of the giant planets.

Migration rate Niot
No migration 181 £ 11
x0.15 1465 + 13
x0.25 3822 + 13
x0.50 2551 +£40
x0.75 1762 + 27
x1.00 1682 + 37
x1.25 1843 + 41
x1.50 1140 + 40
x2.00 375+ 16

resonances as shown in Fig. 6. In our nominal model, the evo-
lution of the mean number of Hilda asteroids trapped in the 3:2
resonance is listed in Table 4 and, as expected for the Hildas,
their number slowly decays because the orbits are chaotic.
Table 5 shows the number of Hilda asteroids trapped in the in situ
growth of Jupiter and with different migration rates at t = 5 Myr,
that is after 2 yr that the growth and the migration of the giant
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Fig. 15. Osculating eccentricities (fop panel) and inclinations (bottom
panel) of the Hilda asteroids at ¢ = 5 Myr with Jupiter and Saturn that
end locked in the 1:2 resonance.

planets has ceased. The capture efficiency has a maximum for the
slower migration rates and decreases for faster migration rates.

4.3.1. Mass of the Hildas

To estimate the mass that ends up in the 3:2 resonance with
Jupiter, we can use the same method used to compute the mass
of the Jupiter Trojans. Taking into account the Minimum Mass
Solar Nebula, each particle carries 5 X 10™* M. The mass cap-
tured in the 3:2 resonance is on the order of 1 My, for the nominal
model, with a maximum for the migration rate 0.25 times slower
that trapped almost 2 Mg, in the resonance and a minimum for the
fastest migration rate (X2) with roughly 0.2 Mg, captured in the
resonance. In the in situ growth model, roughly 0.1 Mg ended up
in the 3:2 resonance. As for the Jupiter Trojans case, the Hilda
group needs to undergo a heavy mass depletion in order to match
the current mass likely because of unstable chaotic orbits in the
resonance and because of a possible late instability of the giant
planets as discussed in Sect. 5.

4.3.2. Eccentricity and inclination distributions of the Hildas

Figure 15 shows the osculating eccentricities of the Hilda aster-
oids (top panel) after the nominal model migration with Jupiter
and Saturn ending in their 1:2 resonance. The Hilda asteroids are
characterised by a high eccentricity with a peak between e = 0.3
and 0.4, with a lack of low-eccentricity bodies and by inclina-
tions up to 18° as shown in the bottom histogram of Fig. 15.
Implications of the high eccentricities of the Hildas in this phase
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Fig. 16. The green histogram indicates the osculating inclination dis-
tribution of the Hilda asteroids in the in situ growth model. The grey
histogram indicates the osculating inclination distribution of the Hildas
in the MPC database.
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Fig. 17. Original formation regions of the bodies trapped in the 3:2
mean-motion resonance with Jupiter.

will be discussed in Sect. 5. As we can see from the time snap-
shots in Fig. 5, the inclinations of the Hildas are excited by the
migration of Saturn relative to Jupiter, hence we expect that
in the in situ scenario inclinations are not excited. Results are
shown in Fig. 16: in the in situ model, Hildas have lower eccen-
tricities (less then 0.1) and a very flat inclination distribution.
We also found a completely flat distribution of the inclinations
for slow migration rates (0.50, 0.25 and 0.15 times slower than
the nominal model) because Saturn starts too close to Jupiter
and for faster migration rates (1.50, 2.00 faster than the nomi-
nal model) because Saturn migrates too fast and the passage of
Saturn’s resonances have no time to excite the Hilda asteroids.
The subsequent evolution of the inclinations and eccentricities
of the Hilda asteroids is discussed in Sect. 5.

4.3.3. Capture region of the Hildas

Figure 17 shows the origin of the objects trapped in the 3:2 res-
onance in our nominal model: the Hilda asteroids are roughly
formed between 5 to 8 au, with a peak around 7 au. However,
depending on the specific rate of migration, Hilda asteroids are
captured in slightly different locations as shown in Fig. 18. With
the faster migration rates, the histogram is just displaced towards
larger semimajor axes by about 1.5 au and the peak moves from
7 to 8au. If the migration rate is slower, the peak moves from
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Fig. 18. Origin of the Hilda asteroids with different migration rates.
The yellow histogram is referred to the in situ growth model, the red
histogram corresponds to a migration rate 0.5 times slower than the
nominal one. The green one is the result for the nominal model and
the purple one corresponds to a migration rate 2 times faster than the
nominal model.

7 to 5 au, with the extreme case of the in situ growth where the
bodies all come from the 4 to 4.5 au annular region.

4.4. The asteroid belt

In our nominal model simulations, we found that particles that
originally formed from 4 to 16 au are implanted in the inner
solar system. Part of them ended up in the asteroid belt and
part of them ended up in the terrestrial planet region or posses
eccentricity values high enough to cross the terrestrial planets
region anyway. These results have important implications for the
delivery of water to the asteroid belt and on Earth, as also sug-
gested by previous studies focusing on the in situ formation or a
more limited migration of the giant planets (Turrini et al. 2011;
Turrini & Svetsov 2014; Grazier et al. 2014). Raymond & Izidoro
(2017a) simulated both an in situ growth and a large scale migra-
tion of the giant planets including gas drag. They found that a
fraction of objects from beyond the current position of Jupiter are
implanted in the main asteroid belt during the growth of the giant
planets, generating a large-scale mixing of the small bodies. The
source region of implanted asteroids was from 4 to 9 au in the in
situ scenario, identified as the precursors of the C-type asteroids,
and from 4 to 15 when migration was taken into account.

In our migration model, we also found implanted bodies
from 4 to 16 au in the asteroid belt, but most of them, 96.6%,
come from 4 to 5 au region (that end up piled up in the 2:1 res-
onance with Jupiter at about 3 au as shown in Figs. 4 and 5)
and just 3.4% of them come from 6 to 16 au. Differently from
Raymond & Izidoro (2017a), we did not simulate the preexisting
asteroid belt for computational time reasons, but we can anal-
yse our results considering a preexisting “virtual” asteroid belt
composed by S- and C- type asteroids, with the S-type dom-
inating the inner belt and C-types more common in the outer
belt. Taking into account the Minimum Mass Solar Nebula, the
asteroid belt mass is about 1 Mg. From the same assumption, a
particle in our simulations carries 5 X 107 Mg, and thus we can
make a crude estimation of the mass that is injected in the aster-
oid belt. From the 5 Myr snapshots we counted the particles that
ended up in the asteroid belt. The results are that in the nomi-
nal model, roughly 1 Mg of outer solar system planetesimals are
injected into the asteroid belt. This number is to be compared to
the amount of mass in the primordial asteroid belt, that is roughly
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1 M. Hence, after the migration, about 50% of the belt is com-
posed of outer solar system planetesimals. The nominal model
is the most efficient in injecting bodies into the asteroid belt
and the least efficient ones are the in situ model and the growth
tracks 2.0 times faster than the nominal model, both inject only
~0.2 M.

It is important to notice that, in this model, 96.6% of the
mass injected in the belt resides in the 2:1 resonance and a sub-
sequent instability of the giant planets after the disc dispersal
can affect dramatically this resonant region, depleting it almost
completely. We will show this result in Sect. 5. This will reduce
drastically the contamination of the belt, leaving just 1072 Mg of
P and D type asteroids in the belt to be compared with the 1 Mg
preexisting belt.

Even though the contamination is not so important in terms
of mass, secular erosion of the mass of the asteroid belt only
accounts for 50% of the its mass loss (Minton & Malhotra 2010).
In order to match its current mass, the asteroid belt has to lose
another 99.9%. This is a longstanding problem in the solar sys-
tem field and many mechanisms has been proposed in order to
explain the low mass of the asteroid belt, such as the presence of
planetary embryos in the belt (Wetherill 1992; Petit et al. 1998,
2001; Chambers & Wetherill 2001; Bottke et al. 2005; O’Brien
et al. 2007), the Grand Tack scenario (Walsh et al. 2011) and the
empty asteroid belt hypothesis (Raymond & Izidoro 2017b). We
are not going to explore further this issue since we did not sim-
ulate the inner part of the solar system and to solve it is beyond
the scope of this paper.

As regards the implantation efficiency and the final distri-
bution of implanted bodies in the asteroid belt and terrestrial
planet region, they depend on the aerodynamical gas drag that
damps particle eccentricities and inclinations and hence on the
disc parameters (Raymond & Izidoro 2017a).

5. After the disc dispersal

Despite the fact that the common outcome of hydrodynami-
cal and N-body simulations of growing and migrating planets
through protoplanetary discs is to end up with planets in res-
onances or in chains of resonance, nowadays, our giant planets
are not in resonance. Studies about the resonant Trans Neptunian
Objects (Malhotra 1993, 1995) suggested that Neptune could
have migrated outwards for several au. Moreover, the shape of
the gaps in the asteroid belt is consistent with the sweeping of
gravitational resonances during a possible gas giants’ migration
(Minton & Malhotra 2009). These works suggest that it is likely
that a possible rearrangement of the semimajor axes of the giant
planets has occurred after their early migration and growth, prob-
ably just after the disc disperses, when the damping effect of the
gas is gone.

A possible instability of the giant planets has been studied by
many authors (Fernandez & Ip 1984; Minton & Malhotra 2009;
Gomes et al. 2005; Morbidelli et al. 2005, 2010; Tsiganis et al.
2005; Levison et al. 2011; Nesvorny 2011) and it can involve
different mechanisms such as planetesimal driven migration and
planet—planet scattering.

Our aim is to investigate what effects an instability of the
giant planets could have had on our Trojan and Hilda asteroids.
In order to do so, we followed the approach adopted in Pirani &
Turrini (2016) and, just after the disc dispersal ( = 3 Myr), we
let Jupiter and Saturn migrate following the exponential law
provided by Minton & Malhotra (2009):

a(t) = ap + Aa[l — exp(-t/7)], 2)
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where q is the initial semimajor axis, Aa is the final displace-
ment. We placed Jupiter and Saturn’s seeds in our nominal model
in order that after the early inward migration we get a com-
pact configuration where a; ~ 5.4 and as ~ 8.6, respectively.
The final displacement for the subsequent instability was set to
Aay = —0.2 for Jupiter and Aas = 0.9 for Saturn, in order for
the gas giants to reach roughly their current semimajor axis. 7 is
the migration e-folding time. We are interested in the surviv-
ability of the Trojans and the Hildas, so we explore different
scenarios for the instability after the disc dispersal. In order
to do so, we tested T = 0.5Myr (Minton & Malhotra 2009)
to mimic a planetesimal-driven migration, though the model
has some issues in reproducing the orbital properties of the
main belt, as discussed in Morbidelli et al. (2010) and Pirani &
Turrini (2016). We also used 7 = 5 kyr (that is a very short
time-scale) to mimic a planet—planet scattering migration such
as the one simulated in Morbidelli et al. (2010). While planet—
planet scattering is not associated with a smooth migration, due
to the adopted short time scale the exponential law in Eq. (2)
should be a reasonable first-order approximation. As Jupiter’s
semimajor axis, in a planet—planet scattering, evolves in dis-
crete steps, to be sure about the survivability of the Trojans,
we also simulated the extreme case of a single sudden dis-
placement of Jupiter’s semimajor axis of 0.2 au (eccentricity and
inclination also acquire instantaneously their current values).
The real behaviour will be something in between the very fast
smooth migration with 7 = 5 kyr and the large instantaneous
jump.

Since we know that Trojans and Hildas come from narrow
regions of the disc, we conducted separate simulations, popu-
lating just the region around Jupiter’s core for the Trojans and
the region between 4 and 9au for the Hildas, in order to per-
form shorter integrations without losing any information. For the
eccentricities and inclinations, in the case of smooth migrations,
we adopted analogous laws:

e(t) = ey + Ae[1 — exp(—-t/T)], 3)
i(t) = iy + Ai[1 — exp(—t/7)], 4)

where ¢y and iy are the eccentricities and the inclinations at
t = 3 Myr, when the disc disperses. Ae and Ai are their differ-
ences from the current values.

We found that in all the migration models, the asymme-
try ratio does not change significantly. The number of Jupiter
Trojans keeps slowly decaying without any drastic change in the
rate in case of smooth migrations, even with a very short time
scale. In the extreme case of a single jump, the survivability of
the Trojans depends on the displacement of Jupiter’s semimajor
axis. We tested Aa = 0.16 au where 39.9% of the Trojans sur-
vived and Aa = 0.23 au where 20.1% of the Trojans survived.
This is an expected result because the Trojans librate in regions
that are as wide as about 2 Jupiter’s Hill radii (roughly 0.7 au)
and, in order to lose all the Trojans, Jupiter’s has to jump, in a
single event, a large fraction of 1 au. This is an important result,
because it means that the asymmetry ratio is primordial and has
a direct link with the migration rate of Jupiter’s core while it is
growing.

In all the migration model tested, we found the same results
in terms of the shapes of the eccentricity and inclination dis-
tributions of the Hilda and the Trojan asteroids. The resulting
eccentricity and inclination distribution of the Trojans after
t = 600 Myr for 7 = 0.5Myr is shown in Fig. 19. While the
eccentricity distribution is compatible with the current one, the
inclinations of the Trojans increased from values on the order of
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Fig. 19. Osculating eccentricities (fop panel) and inclinations (bottom
panel) of the Trojan asteroids at ¢+ = 600 Myr for 7 = 0.5 Myr when
Jupiter and Saturn experience an instability after the disc disperses at
t = 3Myr.

10711072 to around 1°, but maintained a very flat distribution
compared to the current one.

The resulting eccentricity and inclination distributions of the
Hildas after t = 1 Gyr for 7 = 0.5 Myr is shown in Fig. 20 and
they are very similar to the current ones.

We also analysed the survival of the resonant groups we
found in Fig. 6. Since in these new simulations, after the early
migration, Jupiter end up at 5.4 au we highlighted the new loca-
tions of the resonant groups in Fig. 21, top plot. The asteroid
belt region (black line) is properly set based on Jupiter semi-
major axis. The 2:1 and 3:2 clumps are very massive as they
were in Fig. 6; 5:3 and 4:3 resonant group are not distinguish-
able in the figure, because at ¢+ = 3 Myr Jupiter has just stopped
migrating and the region is not cleared yet from unstable aster-
oids. The location of the resonances are indicated with dashed
vertical lines. Once Jupiter and Saturn migrated following the
instability with a characteristic time scale of 7 = 0.5 Myr, the
resonant groups are shown in Fig. 21, bottom plot. The snap-
shot has been taken at  ~ 150 Myr. The figure clearly show that
resonant populations are drastically affected by the sweeping of
the resonances. 5:3 and 4:3 are completely empty and the 2:1
is almost empty. The Hildas have suffered an important deple-
tion, but the population survives the instability. In the smooth
migration model 6% of the Hilda survives and in the single
large jump of Jupiter’s semimajor axis (Aa = 0.16), only 1%
of the Hildas survives. This finding can be a way to solve the
conflict between the fact that nowadays the collision probability
for the Jupiter Trojans is higher than for the Hildas, but Trojans

06 Eccentricities of the Hildas at t=1Gyr
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Fig. 20. Osculating eccentricities (top panel) and inclinations (bottom
panel) of the Hilda asteroids at # = 1 Gyr in a model where Jupiter
and Saturn, after their growth and early migration where they ended
up in the 2:1 resonance, subsequently migrate to their final orbits on a
characteristic time scale of 7 = 0.5 Myr.

are considered to be less collisionally evolved than Hilda aster-
oids (Wong & Brown 2017; Terai & Yoshida 2018). From our
simulations, after the early migration, we found that Hilda aster-
oids eccentricities were higher than nowadays and the number
of asteroids in the population was larger (Figs. 15 and 21). This
imply probably an higher collision probabilities for the Hildas
in this phase. After the instability of the giant planets Hildas
are severely depleted and eccentricities are lower. In this picture,
it is reasonable that nowadays Hilda asteroids are more colli-
sionally evolved than Trojans even if they have lower collision
probabilities.

6. Discussions and conclusions

In this paper, we simulated the mass growth and migration of the
giant planets of our solar system according to the core accretion
model boosted by pebble accretion in order to allow the cores
of the giant planets to grow before the disc disperses. Given the
rapid Type I and Type II migration of the forming giant planets
through the disc, the planets’ seeds were implanted in the outer
solar system, with Jupiter’s seed starting at about 18 au in our
nominal model. We were mainly interested on the effects such
large-scale migration could have on the small body populations
of our solar system in the first-order resonances with Jupiter,
such as the Hilda asteroids and the Trojan asteroids. Our main
findings are as follows:
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Fig. 21. Top plot: resonant groups after the early inward migration of
the giant planets at # = 3 Myr. Vertical dashed lines indicate roughly the
positions of the resonances and the solid black line delimits the aster-
oid belt region. Bottom plot: fate of the resonant populations after the
instability of the giant planets with a characteristic time scale of 7 =
0.5 Myr, at t ~ 150 Myr. The resonance positions and the asteroid belt
region are shifted in the bottom plot because Jupiter migrated from 5.4
to 5.2 au.

(a) After the migration and growth of Jupiter, its Trojan aster-
oids are characterised by an asymmetry ratio between the leading
L4 and the trailing Ls swarms, with the L4 group always more
populated than the Ls group. The asymmetry found is compa-
rable with the one observed in the Jupiter Trojan population.
The asymmetry is due to an excess of particles orbiting in the
L, side of the horseshoe orbit while the mass growth of Jupiter
shrinks those orbits into stable tadpole orbits. The reason of
the excess of particles in the L4 side of the horseshoe orbit is
because these orbit are deformed by the relative drift between
the migrating planet and the particles in the coorbital resonance
(Sicardy & Dubois 2003; Ogilvie & Lubow 2006). In case of
inward migration the width of the path of the particles in the
L4 side of the horseshoe is wider and hence the particles spend
more time there, producing the excess. The in situ growth of
the giant planets leads to a symmetric ratio of the number of
Trojans between the two swarms. In this case, indeed the horse-
shoe orbits are symmetric because they are not deformed by any
relative drift. Moreover, we found that in order to get an asymme-
try ratio comparable to the observed and estimated one, Jupiter
needs to migrate inwards at least 3.5 au, that is it must migrate
fast in order to get enough relative drift when the core is grow-
ing and keep the excess in L4 until the mass growth shrinks the
horseshoe orbits.
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(b) Outward migration while Jupiter is growing leads to an
opposite asymmetry ratio between the leading L, and the trailing
Ls swarms compared to the observed one.

(c) For the Neptune Trojans we predict no asymmetry. Indeed
the mass growth of Neptune in our simulation is not enough to
shrink the horseshoe orbits into stable tadpole orbits while there
is the excess ahead of the planet. Therefore, when the relative
drift stops, the horseshoe orbits return to a symmetric geometry
and the excess in L4 disappears.

(d) Jupiter Trojans are captured from Jupiter’s core feeding
zone at about 18 au. Neptune Trojans are bodies from Neptune’s
core feeding zone at about 24 au, but also scattered bodies from
the formation locations of the other planets (17-25au). This
is consistent with new results about the colour of the Jupiter
Trojans being indistinguishable from the Neptune Trojans, but
statistically different from the hot KBOs (Jewitt 2018). The Hilda
asteroids, instead, are trapped from a region between 5 and 8 au.
Even in this case, this result could be consistent with the simi-
larities of these asteroids with the Jupiter Trojans and the slight
difference in their less-red fraction of the populations. The fact
that the optical colour distribution of the Jupiter Trojans is indis-
tinguishable from the Neptune Trojans one is a suggestion that
Jupiter formed more likely in the outer solar system, closer to
the formation region of Neptune than closer to the Hilda aster-
oids formation region. In the in situ model, Jupiter Trojans and
Hildas are from the same narrow region between 4 and 5 au and
this could be in conflict with the discrepancies in their spectra
(Wong & Brown 2017).

(e) In our scenario explored here, the Jupiter Trojans are a
primordial population in which Jupiter’s core formed. Therefore,
they hold precious information about the building blocks of our
giant planets’ cores.

(f) Jupiter Trojans and their asymmetry survive a possi-
ble instability of the giant planets after the disc dispersal, both
in case of smooth planetesimal-driven migration and Jumping
Jupiter-like migration.

(g) The growth and the migration of the giant planets injected
bodies formed in the region 4—-16 au into the asteroid belt and
into the terrestrial planet region and this may have important
implications for water delivery to the inner solar system.

(h) The eccentricity distribution of Jupiter Trojans is found
to be very similar to the observed one, but the inclinations show
an almost completely flat distribution, even after we triggered
an instability of the giant planets. Their initial values increase
of a couple of orders of magnitude, but the distribution remains
very flat in contrast with the observed one, where the inclina-
tions are up to 40°. The excitation of the Trojan inclinations
and the depletion of the swarms will be the topic of our next
upcoming publication where we will study the effect of embryos
embedded in the swarms and follow the dynamical evolution of
the Trojans over billions of years. Since we find in our simula-
tions a very massive Trojan population (3—4 order of magnitude
higher than the current one) the primordial Trojans could have
contained also massive planetesimals or even planetary embryos
(107#=1073 Mg). Such embryos could have been responsible for
depleting the swarms and raising the inclinations of the Trojans.

(1) The eccentricity and the inclination distributions of the
Hilda asteroids completely agree with the current ones after we
triggered the dynamical instability. Other populations in res-
onance with Jupiter, such as 2:1, 5:3 and 4:3 are populated
before the primordial large scale migration, but they are emp-
tied during the late instability. Moreover, the fact that before the
instability the Hilda group was more populated and more eccen-
tric could be an explanation why nowadays Hilda asteroids are
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more collisionally evolved than Trojans even if they have lower
collision probabilities.

The large scale migration predicted in the core accretion model
via pebble accretion offers a new possibility to explain the early
history of our solar system. Moreover, with NASA’s upcoming
Lucy mission (Levison & Lucy Science Team 2016) we will have
the chance to open a window on the primordial population from
which Jupiter’s core formed, getting important information about
the building material of Jupiter’s core that is preserved in the
Trojan population.
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Appendix A: Aerodynamic gas drag

The aerodynamic gas drag is the frictional force between gas

and planetesimals. In our simulations we wanted to mimic the

presence of a gaseous protoplanetary disc by modifying the

MERCURY N-body code to include the effects of the gas drag.
As defined in Adachi et al. (1976), the drag force is

F = Apgusv’, (A1)
where pg,, is the volume gas density, vy is the relative velocity
between a planetesimal and the gas. A is a function of the dimen-
sionless drag coefficient (Cp) and the radius and the mass of the
planetesimal (7, and m,):

CDﬂ'r;
A= ) (A.2)
2m,

The characteristic timescale for the drag force is

1 ny,

Ap 'gas Ukepl

8ppr;
= S = 2P (A3)
nCp 5P gasVkepl 3 Cngas Ukep

70

where p,, is the density of the planetesimal, vy, is the Keplerian
orbital velocity.

In general, Cp depends on the ratio between the mean free
path of the gas atoms or molecules (L) and the radius of the
planetesimal, called Knudsen number (K), on the relative veloc-
ity of the particle compared to the sound speed, that is the Mach
number, (M) and on the Reynolds number, defined as

200asUrel

gasUrel’p

Re = —9
v

(A4)

where v is the viscosity of the gas.

In our simulations, we assign to all the small bodies involved
aradius r, = 50 km and a density p, = 1.0 gcm™. In this limit,
where L <2r, and R, > 103, Cp is not a function of any of K, M
and R, and has a constant value of 0.44 (Whipple 1972).

The approximated formulas found by Adachi et al. (1976)
of the time evolution (averaged over a Keplerian period) of the
eccentricity e, the inclination i and the semimajor axis a, are:
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n represents the deviation of the gas velocity v, from the
Keplerian velocity vgep due to the radial pressure gradient in the
gaseous disc and is defined as:

(A.8)

bl 1(H)2c91nP
Ukep 2

- r) dlnr’
where H/r = c/uvyep is the aspect ratio and dIn P/dInr is the
pressure gradient of the disc.

The aerodynamic gas drag affects our small particles until
the gaseous disc dissipates, that is until ¢t = 3 Myr.

Appendix B: Tidal gas drag

The tidal gas drag is the loss of orbital energy due to angular
momentum transfer with the protoplanetary disc and affects bod-
ies that are large enough to create density enhancements in the
gas of the disc, but are below the mass limit required to initi-
ate large scale gas accretion. In our simulations, we modified the
MERCURY N-body code such as it includes the tidal gas drag
effects on the giant planets cores.

The eccentricity and the inclination damping, due to the tidal
gas drag, are given by these fits to the simulations in Cresswell &
Nelson (2008):

. 2 3
S R 0'78[1 —0.14(i) +o.06(i)
€ [tidal twave H/ r H / r
o . (B.1)
l e
*0'18(H—/r) (ﬁ)] :
. . 2 . 3
4 — 0'544[1 —0.30(L) +o.24(L)
[ idal Fwave H/r H/r
(B.2)

e \20 i\
+014(—1| [—1| ,
() ()
where e and i are respectively the eccentricity and the inclina-
tion of the planetary cores, H/r is the local disc aspect ratio

and fyaye 1 the damping time scale derived by Tanaka & Ward
(2004):

(B.3)

Twave =

M?  (Hy
QCmCZCag (7)
where M., is the mass of the central star, m. and a. are the mass
and the semimajor axis of the planetary core, X, is the local disc
surface density and €. is the orbital angular velocity.

In our simulations, the tidal gas drag affects our protoplanets
while they have a mass below 30 Mg and until the gaseous disc
dissipates, that is until t = 3 Myr.
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