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ABSTRACT

Context. Modeling the formation of Uranus and Neptune is a long-f@stiroblem in planetary science. Due to the gas-drag, colli-
sional damping, and resonant shepherding, the planetdoyyesrepel the planetesimals away from their reach andttieysstop
growing. This problem persists independently of whetheratcretion took place at the current locations of ice giantdoser to the
Sun.

Aims. Instead of trying to push the runawaligarchic growth of planetary embryos up to-1I5 Earth masses, we envision the
possibility that the planetesimal disk could generate sesyf planetary embryos of only-B Earth masses. Then we investigate
whether these embryos could have collided with each otteegeswn enough to reach the masses of current Uranus and iéeptu
Methods. We perform several series of numerical simulations. Theadyins of a considered set of embryos is influenced by the
presence of Jupiter and Saturn, assumed to be fully formedhatheir mutual 2:3 resonance, and gravitational intéoastwith the
disk of gas.

Results. Our results point to two major problems. First, there is¢gfliy a large diference in mass between the first and the second
most massive planet. Second, the final planetary systeroatjypihas more than two planets, beside Jupiter and Saturnsioh-
ulations suggest that it is ficult to grow major planets without having, at the end, a credvglanetary system. The growth of a
major planet from a system of embryos requires strong dagngireccentricities and inclinations from the disk of gast Buong
damping also favors embryos and planets to find a stable aes@onfiguration, so that systems with more surviving piaaee
found. In addition to these problems, it is necessary toraeghat the surface density of the gas was several timesrtighe that

of the minimum-mass solar nebula, in order to have substamtitual accretion among embryos. However this contragts tive
common idea that Uranus and Neptune formed in a gas-stagiskgwhich is suggested by the relatively small amount afrbgen
and helium contained in the atmospheres of these planets.

Conclusions. None of our simulations successfully reproduced the atreabf the outer Solar System. However, our work has the
merit to point out non-trivial problems that cannot be igggband have to be addressed in future work.

Key words. planetary systems —planets and satellites: formationrepdaand satellites: individual: Uranus, Neptune — pretopltary
disks

1. Introduction is no longer necessary to construct a model capable of explai

) . . ing the formation of Uranus and Neptune at their currentatem
The accretion of Uranus and Neptune is a long-standing pragcations.
lem in planetary science. Safronov (1969) was the first tatpoi . .
out that the accretion of these two planets from a planetdsim Forming Uranus and Neptune within 425AU from the
disk at their current locations would have taken implaysitthg  SUN is in principle easier than forming them at-30 AU be-
timescales. This problem was confirmedby Levison & Stewdf@use the density of solid material was probably higher and
(2001) using modern numerical simulations. Goldreich et 4N€ dynamical timescale (i.e. the orbital period) was sort
(20044,b) claimed that the in-situ formation of Uranus arfdowever, forming 16815 Earth mass (M) cores from a plan-
Neptune could have been possible in a planetesimal diskgi{ro etesimal disk turns out to befticult atany location. In fact,
dominated by collisional damping. This claim, however, @& n'Levison etal. [(2010) showed that, when planetary embryos
correct because, as showed [by Levison & Morbidélli (2007§chieve a mass of-BMs, they tend to scatter the remaining
planetary cores in a disk with strong collisional damping-si planetesimals away rather than accreting them. With thp hel

ply open gaps in the planetesimal distribution around tein  Of gas-drag, collisional damping and resonant shephertiieg
orbits and stop accreting. embryos repel the planetesimals away from their reach aral th

There is now a consolidated view that the giant planets Wetpeey stop growing.

closer to each other in the past (probably all within 12 AU In this paper we explore another possible venue for the for-
from the Sun) and that they moved to their current orbits afation of Uranus and Neptune. Instead of trying to push the ru
ter their formationl(Fernandez &/Ip 1984; Malhatra 1993059 awayoligarchic growth of planetary embryos up to-115 Mg,
Hahn & Malhotral 1999] Thommes et al. 1999; Tsiganis et ake envision the possibility that the planetesimal disk dagén-
2005; Morbidelli et all 2007; Batygin & Brown 2010). Thus, iterate a system of planetary embryos of onh8Ms; then we
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investigate with numerical simulations whether these gobr cess of the latter and (b) whatever mechanism allowed the for
could have collided with each other because they convergedvaation of Jupiter (obviously not the presence of a pre-igst
specific orbital radii where their radial migration in thesgdisk giant planet!), it did not work for Uranus and Neptune, other
was stopped by the presence of Jupiter and Saturn. wise they would have formed nearly at the same time as Jupiter

More specifically, our scenario is based on the consider- The second caveatis that, because our model is based on mi-
ation that Jupiter and Saturn presumably got caught in theimation of planets and embryos in a gas-disk, the study ghoul
mutual 2:3 mean motion resonance (MMR), which preventdi performed with hydro-dynamical simulations. These smu
them from migrating further towards the Sun. Instead, afions, though, are too slow to treat the evolution of tensoafibs
ter being trapped in the 2:3 MMR, Jupiter and Saturn eier a few millions of years, as we need to perform in this study
ther migrated outwards or stayed roughly at steady locahe paper by Morbidelli et al. (2008) is, to date, the onlgaupt
tions (Masset & Snellgrove 2001; Morbidelli & Crida_2007to study the accretion of the cores of giant planets usingdyyd
Morbidelli et al.. 2007| Pierens & Nelson 2008) To date, tlsis idynamical simulations, and it shows all the limitations loist
the only explanation we have for why our giant planets did ntechnique. Thus, for this study we use N-body simulatiorith w
migrate permanently into the inner Solar System. artificial forces exerted onto the embryos to mimic the ntigra

The presence of Jupiter and Saturn on orbits not migratiagd tidal damping forces exerted from the disk. This apgroac
towards the Sun would have acted as an obstacle againstthealao has its own limitations as it does not account for irdire
ward Type-I migration of the planetary embryos from the outenutual perturbations that the embryos may exert onto edmdr ot
Solar System. More precisely, any planetary embryo miggatithrough the modifications that they induce in the densityridis
towards the Sun would have been, sooner or later, trapped &uigion of the gas-disk.
halted in a mean motion resonance with Saturn. Then, the accu The structure of this paper is as follows. In Sect. 2, we ex-
mulation of embryos in these resonances could in princialeh plain our simulation methods. In Sect. 3 we illustrate some b
boosted their mutual accretion. This paper aims at invatitig sic ingredients of the dynamics of embryos and giant planets
this possibility with numerical simulations. In particular, we discuss the concept of resonance trappitig

We are aware of the new result according to which thgaturn, resonanttrapping in mutual embryo-embryo restsn
real migration of planetary embryos is veryffdrent from resonance loading, onset of a global dynamical instabulitgl
the classical Type-l migration envisioned in ideal, isothepossible mutual accretion. Just for illustrative purppses do
mal disks [(Paardekooper & Melleta 2006; Baruteau & Masdéis by introducing one embryo at the time at a large distance
2008; | Paardekooper & Papaloizou 2008; Kley & Crida_2008:0m Saturn, even though this is NOT how we think the real
Paardekooper etlal. 2011) In particular, in disks with stigli €evolution proceeded. Then, in Sect. 4 we move to more “real-
cooling times, migration is expected to be outward in the ifstic” simulations, where multiple 3 Membryos are introduced
ner part of the disk and inward in its outer part (Lyra et aht the beginning of the simulation over the-Bb AU range. We
2009). This generates a region in between the inner and the otest the dependence of the results on the total amount ofhgas i
parts of the disk where Type-1 migration is basically inkei. the disk, the inward migration rate and the total number of em
Planetary embryos are expected to elose this no-migration bryos. Having realized that several embryos are lost byrigavi
zone, which seems to invalidate our assumption that embrya@se encounters with Jupiter and Saturn which either #ject
migrated towards the giant planets until they got captuneds- onto distant orbits or inject them into the inner Solar Syst
onances. Sect. 5 we show how the coorbital corotation torque exerted a

However| Walsh et al[ (20111), from constraints provided bjie edge of Saturn's gap can act like a planet trap (Massét et a
the terrestrial planet system and the asteroid belt, arstnengly 2006; Pierens & Nelson 2008) and prevent mass loss. In Sect. 6
that Jupiter and Saturn migrated outwards over a range of s@ discuss how the results depend on the initial mass of the em
eral AUs. What is important for our purposes is the relatige mbryos. In Sect. 7 we address the role of turbulence in the disk
tion of JupitefSaturn and the embryos. It does not really magnd Sect. 8 collects the conclusions and considerationswha
ter whether JupitéBaturn are on fixed orbits and the embryogerive from this study.
tend to migrate towards the Sun, or the embryos do not migrate We anticipate that our study is not “successful”, in the sens
while JupitefSaturn move outwards. In fact, in both cases tH8at our simulations do not typically lead to the formatiéooly
embryos approach the giant planets until they are capturedwo planets with masses close to those of Uranus and Neptune.
MMRs, which may act like a privileged site for embryo clusterHowever it shows interesting dynamical mechanisms and in-
ing and mutual accretion. Thus, in our simulations, for diaily ~ triguing consequences that will need to be addressed iif geta
we assume that Jupif&aturn are on non-migrating resonant orfuture studies, most likely using hydro-dynamical simigias.
bits while the embryos areffected by inward migration, with
different migration speeds from one simulation to another. Trﬂ's
migration speed can be interpreted as an actual inward tiggra
speed of the embryos (most likely reduced relative to thestla For our simulations, we use the integration softw@yenbade-
cal Type-I migration speed in iso-thermal disks), or thenastl veloped in_Duncan et al. (1998), that we modified in order to
migration speed of JupitSaturn or a combination of the two. take into account the planet-gas gravitational interastio

Two caveats related to our work need to be stated up-front. The gas density profile that we consider is taken from
First, our study assumes that Jupiter and Saturn are fullydd, the hydro-dynamical simulations lof Morbidelli & Crida (21)Q
while the accretion of these planets is by itself an unsolvedhich accounted for Jupiter and Saturn in their mutual 2s3 re
problem that we don’t address here. This may sound strangaance; it is shown in Fifll 1 (red curve). Notice the gap ogene
However, there is a consensus that Uranus and Neptune forragalind the position of Jupiter atAU and the “plateau” at the
after Jupiter and Saturn, because they did not accreteyresarl right hand-side of the gap, which is due to the presence ofSat
much of gas. This leads to two considerations: (a) Jupitdr aat ~7 AU. The figure also compares this density profile to those
Saturn existed already when Uranus and Neptune formed,addhree classicaMinimal Mass Solar NebulgvIMSN). In the
that the former shoufdhay have influenced the accretion pro10-35 AU range, the surface densities are comparable, within an

Simulation Methods
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10000 — ——— However, in Secf.]5, we use a more sophisticated formula for
WeF.,de"nZ'c:%jfnhlg': iggi the radial migration torquE, which accounts for the radial gra-
ollack et al., - . 1~
dient of the surface density (Paardekooper &t al.|2010; ¢tved.
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Wl e wherel'y = (M/h)?Zr*Q?, M is the mass of the embryo relative
N AT~ to the Sunhis the scale-height of the disk,stands for the local
’/ surface density, an@ is the orbital frequency. I {1)
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L N/ ) whereT is the local temperature of gas.
! - 10 The radial migration torque in_Cresswell & Nelson (2008) ,
at zero order in eccentricity and inclination, correspoted§l)
Fig.1. Gas surface densities according tdfelient works. The for 8 = 1 ande = 0, i.e. it is valid for a flat disk with constant
red curve shows the result of a hydro-dynamical simulatipn Bcale height. The inclusion of thedependence ifi{1) stops in-
Morbidelli & Crida (2007), with Jupiter and Saturn in the muward migration wherer = —1.75, that is where there is a steep
tual 2:3 resonance. This is the profile that we assume in tiyssitive radial gradient of the surface density. With thefae
paper, possibly scaled by a factéy. The blue line is from density profile shown in Fig.]1, this happens-~dt0 AU. This
Weidenschillingl(1977) and is proportional tor1IThe greenline |ocation acts like a planet trap_(Masset el al. 2006): an gmbr
from|Hayashil(1981) and is proportional tgr¥2. The magenta migrating inwards from the outer disk, if not trapped in a mea
curve reports the amount of gas required.in Pollack et aB@19 motion resonance with Saturn, is ultimately trapped atltda-
model of giant planet accretion. tion.
In the simulations that mimic turbulent disks (see Segct. 7),
we simply apply stochastic torques to the embryos following
order of magnitude. In particular, our surface densitysfallbe- the recipe extensively described [in_Ogihara étlal. (200&¢; s
tween the estimates from Weidenschilling (1977) and Hayaspect. 2.2 of that paper). The onlyfidirence is that the total num-
(1981). Instead, inside of the orbit of Jupiter, the radiafiie  ber of Fourier modes in the torque spectrum ismet 50, as in
of our surface density is flat and significantly lower thans#no Ogihara et al. (2007), but i® = 50/ log 4 x log(rout/Tin) Which,
expected from the authors above. This is because the peeséngjivenr,,; = 24 AU andri, = 8 AU in our case, makes = 40.
Jupiter opens a partial cavity inside its orbit, by limitithge flow  This functional form fom(ro, rin) iS Necessary in order to make
of gas from the outer part of the disk (see Crida €t al. 200V). the results independent of the simulated size of the distadi
Morbidelli & Crida (2007) the considered disk was narrowttwi if one used a fixed number of Fourier modes, tie@ of turbu-
an outer boundary at 35 AU. Here, we extend its surface dendénce would be stronger in a narrow disk than in an extended
profile beyond 35 AU assumingra®? radial decay. disk. With our recipe for the number of modes, the stochas-
The concept of MMSN was historically introduced assuntic migration of planetesimals observed in the full MRI siatu
ing that giant planet formation was 100%ieient. In reality, tions of Nelson & Gressel (2010) is reproduced with a “tuelml
there is growing evidence that much more mass is neededstrength” parametey (see eq. 6 in_ Ogihara etlal. (2007)) equal
grow the giant planets, even in the most optimistic scesaritn 3x 107°.
(Thommes et al. 2003).Therefore, in our simulations we mul- A final technical note concerns the treatment that we re-
tiply the assumed initial surface density profile by a fadigr serve to Jupiter and Saturn. The migration of these two plan-
which will be specified from simulation to simulation. Morew, ets is a two-planet Type-lI-like process (Masset & Snelgro
at each time stegt the surface density is multiplied by a facto200.;! Morbidelli & Cridal 2007), and therefore cannot be de-
(1 - dt/7), so that the density at any point in space decays ssribed with the Type-| torques reported above. As stated in
exp(-t/7). Unless otherwise specified, we assume that co the Introduction, we assume that the disk parameters ate suc
during the first 5 My (so that there is no time-decay of the 'diskthat Jupiter and Saturn do not migrate (see Morbidelli & €rid
surface density over this period), then we assaraed.5 My, i.e.  (2007), for the identification of the required conditions).
a fast time-decay. This is in agreement with observationdl aConsequently, one could think that we should apply no faigi
theoretical results arguing that the photo-evaporatiodisks forces to these planets. However, if we did so, the systenidvou
starts after several millions of years, but then proceedg védbecome unstable. In fact, as soon as an embryo is trapped in
quickly (Alexander et al. 2006a,b). a resonance with Saturn, it would push Saturn inwards and in
In our code, the surface density profile of the gas is uséarn also Jupiter (because Jupiter and Saturn are lockesba r
to compute the migration and damping forces acting onto thance). This would also increase the orbital eccentricidfehe
embryos, namely the so-called “type-l torques”. The amalyttwo major planets. This behavior is obviously artificialchase
formulae that we use are those reported.in Cresswell & Nelsae do not consider the forces exerted by the gas onto Jupiter
(2008); they depend on the local surface density of the disk aand Saturn, which would stabilize these planets againgtehe
on the embryos’ eccentricities and inclinations. Becans@&aid turbations from the much smaller embryo. To circumvent this
migration can be significantly slower in realistic diskstwi- problem, we apply damping forces to Jupiter and Saturn do tha
diative transfer than in ideal, isothermal disks, we giveselves de/e = di/i = 107°/y, together with a torque that tends to restore
the possibility of multiplying the forces acting on the emss  the initial semi major axes of their orbits in%gears. Tests show
semi major axes by a factoy f,, which will be specified below that, with this recipe, Jupiter and Saturn are stable urigeet-
for each simulation. fect of embryos piling up in resonances and pushing inwards.
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genta dotted line). It is not trapped in any MMR, so that it e@m
down to~12 AU and starts to have close encounters with the
cyan embryo. The system becomes unstable. The ecceesiciti
and inclinations of the embryos become very large, up te@.B

and 10 degrees respectively. The cyan embryo has even close
encounters with Saturn and Jupiter. It is clear that thisplod
violent scattering is not very favorable for embryo-embaye

15

a (AU)
10

of 8 cretion.
0 510° i0° =T We then present another simulation, where we increase the
me () ._ gas surface density by a factor of twfy & 2), which has the ef-

fect of increasing both the eccentrigityclination damping and
the radial migration by the same factor. However, we also as-

e | sumef, = 2, so that the migration rate of the semi major axis is

‘ in fact the same as in the previous simulation. The resuhisf t
- 1 new simulation is illustrated in the bottom panel of [Elg. 3.¢ve
‘ can see, the magenta embryo is now trapped in resonance with
the cyan embryo (precisely, the 4.5 MMR). So, it also stops mi
grating and a stable four-planet configuration is achie@een
that the only diference with respect to the previous simulation is
the eccentricity damping, this illustrates the cruciakrof this
Fig.2. Simulations of the dynamical evolution of embryos irparameter on the dynamics.
the disk outside of Saturn’s orbit. Top: a case with pararsete A third embryo (yellow) is introduced at= 1.6 My. It also
fa = fi = 1. Bottom, a case witly = f; = 2. The green and blue migrates until it stops, trapped in the 6:7 MMR with the cyan
curves at-5.4 and~7.3 AU show the semi major axis eVO|uti0nembryo_ The fully resonant system is, again, stable.
of Jupiter and Saturn, respectively. The other curves dbuar A fourth embryo is then released at= 2.3 My (orange).
colors illustrate the evolution of the semi major axes oféh®  Now there are too many embryos to form a stable, resonant sys-
bryos. See text for a description of the dynamical evolutiod  tem. So, when the orange embryo comes in, resonance losking i
the accretion events. broken. All embryos move inward and start to have encounters
with each other. Because of the stronger damping from the dis
the eccentricities and inclinations do not become as lasga a
the previous experiment. Thus, the conditions are morerfavo
able for mutual accretion. In fact, ait 2.64 My the yellow and

. . cyan embryos accrete each other. Arbitrarily, we assuntdtiba
face density of the gas is reduced by a factor axpfg)/ 7], we the yellow embryo that survives, with twice its original masd

also reduce the damping and restoring torques that act dgtedu :
and Saturn by the same amount. This is necessary to avoip.[r:]ae cyan embryo disappears. The system of embryos, however,

byl . . . i€l too excited to be stable. It stabilizes only aftez tjection
artificial secular change of the orbits of the giant planeisrd) - ;
the gas-dissipation phase. of the magenta embryo at= 2.9 My. The system is now made

of two embryos, the yellow and orange ones, in their mutual 6:
MMR. The yellow embryo is in the 2:3 MMR with Saturn.
3. Basic dynamical mechanisms in mutual We proceed the experiment by introducing a new embryo
: : : (green) which, after a short phase of instability, ends &4tb
migration of embryos and giant planets MMR with the orange embryo and forces the orange and yel-
To illustrate the interplay between migration, resonanagding low embryos to go to smaller heliocentric distances: théoyel
and mutual scattering, in this section we do simple expartsje embryo ends in the 5:7 MMR with Saturn. Given the high-order
where we introduce in the system one embryo at the time. Tresonances involved, the system is close to an instability.
time-span between the introduction of two successive eadisy Thus, when the next embryo (black) is introduced and moves
not fixed: we let the system relax to a stable configurationteef inwards, the system becomes unstable. The new crisis isgolv
introducing a new embryo in the simulation. Each embryo hasth the yellow embryo accreting the black one. At the endhef t
initially 3M . instability phase, the yellow embryo is back into the 2:3 MMR
We start by assuming the nominal values of the paramet&h Saturn and the three surviving embryos are in resonance
(fag = 1, fi = 1). The top panel of Fid.]2 shows the evolutionwith each other.
The first embryo is introduced at the beginning of the simula- The final embryo is introduced at®My (black again).
tion at 15 AU. It migrates inwards (cyan dotted curve) uritil iGiven the illustrative purpose of this experiment, we keepco
is trapped in resonance with Saturn (precisely the 1:2 MMRJso beyond 5 My, so that the surface density of the gas ddes no
att ~ 150 000y. Thus, it stops migrating. Resonance trappirgyolve. The new embryo generates a new phase of instability
converts the force acting onto the semi major axis into aerecc during which it first collides with the orange embryo, thee th
tricity excitation. Thus, the eccentricity of the embrymgss to  orange embryo accretes also the green one. Thereforeirthis s
about 0.07 but then it stops (not shown in figure). This happeunlation ends with two embryos, each with a mass of9
because a balance is reached between the eccentricitgtéxtit a stable resonant configuration: the yellow embryo is in tie 2
from the resonance and the direct damping from the disk. ThiMR with Saturn and in the 6:5 MMR with the orange one.
the three-planet system (Jupiter, Saturn and the embrgiohes These experiments, as well as other similar ones that we do
a stable, invariant configuration at about 200 000y. not present for brevity (witlq = f| = 3,5 andfq = 1, f| = 3),
At 't = 750 000y we introduce a second embryo in the syshow well the importance of mutual resonances in the evmiuti
tem, initially at 18 AU. This embryo also migrates inward maof the embryos. For individual masses equal to 3 Embryos

15

a (AU)

10

. . . . .
S 2x10°® 3x10° 4x10° 5x10° 6x10°

.
0 10
time (My)

Moreover the eccentricities of Jupiter and Saturn attaitefiout
non-zero limit values.
In the final part of the simulatiort (~ 5 My) when the sur-
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are easily trapped in mutual resonanced, if> 2. If the em- Table 1. Summary of the simulations starting with 14 planetary
bryos are smallerf, needs to be larger, because the mutual resmbryos. In addition tdfy and f;, the table reports the three
onant torques are weaker. A system of several embryos, alldngest massesn,ax ever achieved during the simulation, and
resonance with each other, can be stable; if this is the case, the massesnsi,, and semi-major axes;in, of the embryos sur-
tual accretion is not possible. However, when the embryes aiiving at the end of simulation.

too numerous, resonances cannot continue to hold the esbryo

on orbits well separated from each other. The system eventiNo. f; 1, Mmnax Min afin
ally has to become unstable; collisions or ejections thetuoc ™ A1 1 1 3, -, - 3,3 9.6, 165
Finally, when the number of embryos is reduced, a new, sta-A2 1 4 §,3,- &3 0.82,1.1,1.5
ble resonant configuration is achieved again. This sequefhce 9.5, 11.5,
events (resonance loading, global dynamical instabiitgre- 11.5,13.3
tion or ejection) can repeat cyclically, as long as massdeddo ﬁi % 18 162’36'_3 5233 18'3, 329'4iég.0
the system. Eccentricity and inclination damping from tiekd A5 2 4 1263 3 12 063 9.9
also plays a pivotal role in the evolution of the system. lingia Y 6.3 99 125
ing is weak, eccentricities and inclinations can becongeland o 2 10 9,3 - 39,3 082100 131
scattering dominates over mutual accretion; eventuallyrgos A7 3 1 15,63 15,6 0.30, 9.1
encounter Jupiter or Saturn and are ejected from the system. A8 3 4 15,6,3 15,6, 3 0.22,9.9,11.3
damping is large, the most likely end-state of a dynamicalin A9 3 10 6,3,- 3,6,6, 0.63, 9.4, 9.4,
stability is the mutual accretion of embryos, which lead¢hi® 6,3 10.5,11.4
growth of massive planets. Al0 4 1 18,6,3 6 0.63

Of course, the experiments presented in this section are n6fl 4 4 9,63 96'63’ 90'0561’01'42’
realistic, as embryos are introduced one by one. They ate ju§\12 4 10 18.12 6 6 1812 063 84 9.8
intended to illustrate the basic dynamical mechanismsagt pi e 3 3 1'1_4: 125

the next section, we present more realistic simulationt) ali
embryos simultaneously present from 0.

it is beyond Saturn. Notice that the injection of embryos in-
4. A first attempt to form Uranus and Neptune side the orbit of Jupiter (which happens in most simulatises
Table[1) is probably inconsistent with the current struetaf
We present a series of simulations with 14 embryos originalihe Solar System, but might explain the structure of someext
distributed in semi-major axis from 10 to 35 AU. The initial 0 solar planetary systems, particularly those with a hot Nept
bits have low eccentricitiese(~ 107%) and inclinationsi( ~ and a more distant giant planet like HD 215497. Similarlg th
102 rad) relative to the common invariable plane of the systemjection of embryos onto distant, long-period orbits (agein
The initial mass of each embryo is assumed to be,3Md the sims. Nos. Al and A4) might find one day an analog in the extra-
mutual orbital separation among embryos is 5 Hill radii. \We r solar planet catalogues.
simulations withfy = 1, 2, 3, and 4, which progressively in-  The simulations withfy = 1 result, on average, in smaller fi-
crease the féects of eccentricitynclination damping. As well, nal embryos than those witlh = 2 and the latter result in smaller
we divide the speed of Type-I migration, by the facfpe 1, 4  final masses than those with= 3. However, this increase in the
or 10. Every simulation is run for 8 My. After this period, thas final masses does not continue figr= 4. Similarly, the simula-
is practically gone and surviving embryos move on quasiteta tions with f; = 1 and 4 suggest a broad correlation between the
orbits. total final mass and the reduction factor for Type-l mignatio
The results of these simulations are summarized in TdbleAgain, this trend does not continue in simulations with= 10.
In the environment with the standard magnitude of gas densithe simulations withf; = 1 and 4 also suggest a correlation be-
(i.e. fy = 1) there are no merging events leading to relativetyveen the number of surviving embryos afadin fact, while the
massive embryos on quasi-stable orbits. The masses of alnmag&rage number of surviving embryos is 2 fpe= 1, it becomes
all embryos surviving at the end of the simulations have not i4-5 for f, = 4. But the final number of bodies remaiagt if the
creased above the initial value. Merging events formingemoreduction factorf; = 10 is applied.
massive objects occur in a denser environments, fyith 2 and The large number of surviving embryos per simulation is
3. Unfortunately, the simulations (with the exception dd flist at odds with the current structure of the outer Solar System,
one labelled A12) do not produce more than one body withvéhich has only Uranus and Neptune beside Jupiter and Saturn.
final mass of 12 to 15M comparable to the current mass ofn principle, some rogue embryos could have been eliminated
Uranus or Neptune. The masses of the other surviving embryfifing the dynamical instability that characterizes the kvo-
remain equal to the initial value or grow infigiently. lution of the outer Solar System in the so-called “Nice mbdel
In few simulations, one or two large embryos, with a mag&omes et al. 2005), but this has never been demonstrated. In
comparable to that of Uranus or Neptune, are formed, but theyr accretion simulations, the existence of multiple erobrig
are lost before the end of simulation. For example, embryiths wa generic outcome, and is related to the fact that resonaaces
masses 12 and 6Mare formed in sim. A3 (see valuesf.x easily stabilize a system with more than two embryos, as show
in Table[1), none of these two objects survives at 8 My. in the previous section. Among the resonant configurations i
In all simulations, a large fraction of the initial mass inwhich our final embryos are locked into, the 1:1 resonancetis n
embryos (42 M) is lost. Embryos are accreted by Jupiter andncommon (see sims. A2, A4, A5, or A9).
Saturn, moved to the interior of Jupiter’s orbit, or ejecteam Let us now discuss some specific simulations. The standard
the system. At the end, the total mass of survivors typicaligitial conditions are assumed in simulation A1, with= f, =
varies from 6 to 27 M. Only in a single simulation, A12, the 1. The dynamical evolution of bodies in this simulation iswh
entire initial mass of 42 M is conserved, although not all ofin Fig.[3. We can see a very chaotic evolution of the system in
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In sims. A5, A6, Al11, and Al12, one (two in A12) embryo

160} i

, with the mass equal or larger than @ Mburvives beyond Saturn
A (see Tablgll). In sim. A5, this embryo, with a mass of 12 M
5 1400 b / y in a horseshoe orbit with another embryo of §.Mhere are two
< q100f redundant 3N embryos, the first beyond the two more mas-
% 100l | sive ones and the second interior to Jupiter’s orbit. Sim.lAss,
5 again, a 3M embryo interior of Jupiter; the 3 Mformed be-
g 801 yond Saturn is accompanied by a second embryo in an outer
£ 60} mean motion resonance, preserving its initial mass. Twa- rel
o tive massive surviving embryos (9 and g Meyond Saturn are
40 the result of sim. A11. However, also two embryos in teriabtr
20 S 1 planet-type orbits survive, one of them quite massive (.M
o [ e , , Two embryos beyond Saturn with masses 18 and 12 M
o 1 2 3 4 5 6 7 8 which are comparable to the current Uranus and Neptuner occu
time [My] only in sim. A12. The evolution of semi-major axes of bodies i

this simulation is shown in Fi§l]l 4. Unfortunately, few prefsls
Fig. 3. The evolution semi-major axes of bodies in simulation Atccur also in this simulation. A massive, GMmbryo reaches a
(see Tabl€ll). 0.63 AU orbit and another two redundant embryos survive at the
end in the outer region. This simulation is interesting bseall
the initial mass survives in the full 8 My simulation. Howeyve
the resulting system is too compact and becomes unstable in a
\ continuation of the simulation beyond this time.
25| 1 One could think that our inability to produce objects as mas-
sive as Uranus and Neptune is due to an fiisient total mass
in embryos in the disk beyond Saturn. To investigate if tRis i
true, we performed another series of simulations with mare e
bryos and, therefore, a higher initial total mass. Spedificae
consider 26 or 37 embryos distributed in the range of hetiece
tric distances from 8 to 33 AU. The initial mass of each embryo
is assumed to be 3M again. With this set-up, the orbital sepa-
ration between embryos is on average smaller than 5 Hill.radi
So, the embryos are on orbits which are closer to each otaer th
0 - . . : : : : predicted by the theory of runawajigarchic growth. We nev-
ertheless assume such initial configurations in order tdoegp
time [My] the dependence of the results on the total initial mass.
30 , , , , , , , The masses and semi major axes of the surviving objects
\ in this series of simulations after 8 My (a short time aftez th
o5 | | gas is gone), are given in Taljle 2, PART A. These states can be
compared to those given in Talile 1. Despite having more mass,
on average we do not get more massive objects beyond Saturn.
Increasing the initial mass, we basically just increasentiass
loss. Notice that here we consider also the embryos injaénted
side Jupiter’s orbit as “lost planets”. In fact, the new dedim-
ulations produce more numerous and more massive planets in-
§ jected into the inner Solar System. Several “hot Neptunes” o
gl | super-Earths are formed.
‘ Moreover, as in the initial series of runs, there are in gen-
- , , , , , eral too many surviving planets beyond Saturn. Severakazise
o 1 2 3 4 5 6 7 8 embryos moving in horseshoe orbits are observed.
time [My] Despite most simulations not providing good results, Sims.
B7, B8 and, to a lesser extent, B8b, look encouraging. Inethes
Fig.4. The evolution of perihelion distance (upper plot) andimulations at 8 My, there is one embryo with massl2 Mg
semi-major axis (down plot) of bodies in simulation A12 (seend another with mass 9 Mg beyond the orbit of Saturn. In
Tablel). sim. B8, the most massive embryos in this region have masses
18 and 15 M, which mimic the masses of Uranus and Neptune
exceptionally well. These simulations are characterizggd
rametersfy = 2 andf, = 4,10 respectively, which stresses the
an early era, characterized by migration and close encmjntémportance of enhancing damping and reducing migratioedpe
which is typical of all our simulations. Here this chaoticaglke to achieve significant accretion. On the other hand, in aidio
is protracted for 4 My. No single merging event happens. Altotthe main “major” planets described above, there are sesaral
of 12 embryos are ejected from the system. Two remain in thizing embryos in all these relatively “successful” sinidas.
end, one of which on an orbit wita = 165 AU. Obviously, in As in the previous series of runs, a large valud,odppears to
this simulation the damping is too low and type-l migration t favor a larger number of surviving embryos. This is not siskpr
strong. This is consistent with what we illustrated in S8ct. ing: when the embryos are forced to migrate faster (i.e. lsmal

30

20 £ |
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perihelion distance [AU]

semi-major axis [AU]
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Table 2. The same as Table |, but for the simulations starting withentban 14 embryos. Here, the second column reports the
numberN of initial embryos.

No N s f Mmax Mtin afin
PART A — in 8 My

B1 26 1 1 6,3, - 43 9.5, 9.6, 35.0, 58.1
Bilb 25 1 1 6,3, - 3,3 0.63, 27.8
B2 26 1 2 9,6,3 3,9336,3,3 0.82,9.5,11.1,11.1,12.48,1%.1
B3 26 1 4 6,3, - 53 0.82,11.7,13.6,17.4,19.7
B4 26 1 10 12,6, 3 3,12, 3, 3,6, 6x38 2.2,10.2,12.8, 13.7, 16.3, 18.4, 20.8, 23.0, 25.3, 27.8

10x3 17.8, 19.8, 21.6, 24.3, 27.5, 30.2, 33.9
B5 26 2 1 9,3, - 93,3 0.33, 8.8, 10.0
B6 26 2 2 15,6, 3 15,6, 3 0.33,9.5,11.1
B7 26 2 4 15,9, 6 3,15,6,6,9,3 2.2,9.5,95,11.6, 13.1, 14.8
B8 26 2 10 18,15,6 18, 153 9.9,12.1, 13.6,15.1, 16.2, 18.3, 20.1, 21.7
B8b 25 2 10 12,6, 3 3,12,12, 6x3 2.8,9.5,11.6, 14.0, 15.6, 17.2, 18.9, 20.9
B9 26 3 1 18,9, 6 6,3,6 0.63,9.5,9.5
B10 26 3 2 21,6,3 21,3 0.30, 13.6:H9)
B11 26 3 4 15,12,6 12, 15, 6,6 0.63, 8.8, 10.3, 11.7
B12b 25 3 10 15,12,6 15, 12x8 9.2,12.1,13.9, 14.9, 16.2, 17.7 20.8
B13 26 4 1 27,6,3 27,6,3,3 0.22,9.8,9.8, 10.9
B14 26 4 2 24,6, 3 24, 3,3 0.22,1.0,10.1
B15 26 4 4 15,9, 6 9,6,6,3,3 0.12,9.9,10.0,11.1,12.1
B16 26 4 10 12,9, 6 3,3,12,9, 6,653 0.82, 8.6, 8.6, 10.0, 10.9, 12.1, 13.5, 13.5, 14.4, 15.1,; 1#+S)
B17 37 1 10 96,3 6,3,3,909, 0.82,2.2,2.6,9.8,11.6, 14M,16.2, 18,4,

6, 3, 6, %3 20.1, 22.0, 24.7, 28.1, 30.9, 34.5, 38.0, 41.7
B18 37 2 10 9,6,3 93,96,6, 3,6, 663 0.82,1.7,10.0, 11.6, 13.0, 15.1, 15.2,17.8, 19.4, 2B4,26.1
B19 37 3 10 12,9, 6 3,3,6,12,9, 63 0.82,10.7,10.7,10.7,12.4, 14.0, 16.3, 16.3, 17.8, 19.7
B20 37 4 10 36,15,6 36, 3XB, 3,6 0.33,9.9, 12.0, 13.4, 14.6, 16.2, 17.8
ART B — in 50 My

Bl 26 1 1 6,3, - 43 9.5,9.6,16.4,47.8
B2 26 1 2 12,6, 3 3,12,3 0.82,11.7, 14.2
B3 26 1 4 6,3, - 53 0.82,11.7,13.8,17.5,19.7
B4 26 1 10 12,6, 3 3,12,3,6,6,3,3,6 1.8, 10.5, 12.5, 15.5,P2.1, 22.4, 28.2
B5 26 2 1 96,3 9,6 0.33,9.3
B6 26 2 2 15,6, 3 15, 6, 3 0.33,9.6,11.1
B7 26 2 4 15,9, 6 3,15,6,9,6,3 1.1,9.9,9.9,12.2, 13.9, 16.3
B8 26 2 10 21,15,6 15,6 15.5, 31.7
B9 26 3 1 18,9, 6 6,6, 3 0.63,9.9,9.9
B10 26 3 2 21,6,3 21,3 0.30, 13.6:H9)
B11 26 3 4 15,12,6 12,15, 6,6 0.63,9.1, 10.5,12.5
B13 26 4 1 27,6,3 27,6 0.21,11.4
B14 26 4 2 24,6, 3 24, 3,3 0.22,1.0,10.2
B15 26 4 4 15,9, 6 9,6,6,3,3 0.12,10.0,10.0,11.1,12.1
B16 26 4 10 21,9,6 3,21,9, 6x3 0.82, 8.5, 10.0, 12.0, 13.6, 15.9, 17.9:§)
B17 37 1 10 96,3 3,3,9,3,6,6,3,3, %3 22 125,15.7,18.9, 22.2, 23.0, 23.3, 25.4, 33.7, 54.3, ®5.5
B18 37 2 10 96,3 9,36,996,3,3 0.82,1.7,10.9,12.5, P14, 25.5, 28.5
B19 37 3 10 12,9, 6 3,3,12,6,9, 63 0.82,10.7,10.7,10.7, 12.5, 14.0, 16.4, 16.4, 18.0, 20.0
B20 37 4 10 39,15,9 39, 9XB 0.28, 10.7, 14.3, 18.1, 22.6

Notes. (J+S) — Jupiter and Saturn merged.

f), they are less stable, therefore they encounter each aiger vive. Therefore, the formation and survival of too many plan
merge more easily; if the migration torques that they feel aseems to be a persisting problem. Notice that the embryos re-
weaker (i.e. largd|) they can more easily achieve a stable resoroved in late instabilities are not necessarily the leastsiva
nant configuration. ones. For instance, in sim. B8, the most massive embryofs los
during a late instability and therefore also this simulatyen-

The embryos in sim. B8 move in low-eccentric orbits withyally does not satisfactorily reproduce the formation oéiis
semi-major axes from 9.9 to Z1AU, i.e. in a narrow range of and Neptune.

heliocentric distance. Consequently, one may wonder veneth

the system would remain stable on a long time scale. In princi

ple, a later instability may reduce the total number of erobry g a “planet trap” at the edge of Saturn’s gap

in better agreement with our outer Solar System. To test this

hypothesis, we extended all simulations listed in Table 2aup In the previous section we have seen that a large fraction of
50 My. The final configurations at this time are summarized the initial embryo population is lost due to migration inteet
PART B of this table. In general, the number of surviving emdupiter-Saturn region. Most of the embryos that come toseclo
bryos is reduced, as expected, but still too many embryas star the giant planets are eliminated because of collisiorth wi
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Table 3. Summary of the simulations accounting for a “planet <[
Trap” at ~10 AU. N is the initial number of embryos, each of ~
3 M.
No. N {4 Min atin
Cl 10 3 12,6,3,3 10.6, 9.8, 11.8,12.9 o
c2 10 5 9,6,3,3,3 10.0,11.1,11.2,11.2,12.2
C3 10 10 2,9,6,3 11.1,9.9,9.9,9.9 i ]
C4 15 3 21,3,3 10.4,11.5,12.6
C5 15 5 18,6,3,3,3,3 10.1,12.1, 10.1,
11.7,11.7,12.7 ok 1 ]
cé6 15 10 18,9,3,3,3,3 10.2,11.4,11.4, I I I !
10.2,10.2,10.2 0 10° 2x10° 0 0.5 1 1.5

time (My) Log[M/Mearth]

Fig.5. The evolution of the semi major axes of the embryos in
simulation C3. Each color represents #@ealient embryo. The
Jupiter and Saturn, ejection onto hyperbolic orbits ordtijgn  system stabilizes ir200,000y. The panel on the right shows
into the inner Solar System. the final mass of the produced planets, as a function of thgii s
This result may be due to the fact that the migration torqueajor axes. It highlights the existence of planets in catalb
that we implemented (from_Cresswell & Nelson_(2008) se@sonance with each other.
Sect. 2), does not take into account the so-called cooduta-
tation torque [(Masset 2001). This torque would stop inward- ]
migrating embryos at a “planet trap” just inwards of the out@lanets are not as big as the real planets because the tatsl ma
edge of the gap opened in the disk of gas by Jupiter and Satigflistributed among 4 or 5 objects. _
(Masset et al., 2006). The planet trap would prevent the em- TO test _how these results would change with the t_ota_l mass
bryos from coming too close to the giant planets. To test whidnitially available in embryos, we ran a series of three &ddal
effects this would have on planetary accretion and evolutiofimulations starting with 15 embryos of 3MThe orbits of the
we have done simulations implementing a new formula frogfnbryos were initially separated by 5 mutual Hill radii anekes
Paardekooper etlal. (2010), which accounts for the codairbiglistributed from 10 to 35 AU. Again, we assumggd= 3, 5 and
corotation torque, as explained in Sect. 2. 10. The end-states are reported in the last three lines d¢é[Bab
We have first performed a series of three simulations. Affe find significantly more mass growth for the largest planet
started with a system of 10 embryos of 3Mbriginally dis- beyond Saturn which, in the end, achieves a mass of 18 o,21 M
tributed from 11 to 34 AU, with a mutual orbital separation of!OWeVer, the second planet does not grow nearly as muchy;, neve

7 Hill radii. The simulations dfered by the value ofy we as- ©€x¢€eding 9 M. Again, numerous embryos survive at the end of
sumed: 3, 5 and 10. In all simulatioris = 1 because, in prin- the simulations, protected from collisions in MMRs. Theref,

ciple, there is no need to reduce Type-I migration speed a@lso this series of runs are not successful in reproducinguker
automatically decreases to zero approachihf AU. Solar System.

The results are summarized in the first three lines of Table 3,
while an example of evolution is shown in Fid. 5, for the sim i
ulation with fy = 10. After an initial phase of fast migration,G' The initial mass of the embryos
all embryos come into the 302 AU region where, thanks to All the simulations presented up to this point in the papartst
the strong eccentricity and inclination damping providgdiie from a system of embryos of individual mass equal tog3
high disk surface density, theffieiently accrete with each other.this section we study the influence of the individual massef t
Four planets are produced at the end. The most massive o@ebryos on the final results. Following the structure of thjegy,
have 12 and 9 and have distinct orbits, in resonance witlwe first present a series of simulations which do not accamt f
each other. The two remaining bodies, of 6 andg3d\le all in the presence of a planet trap at the edge of JyBiadurn’s gap,
the 1:1 MMR with the 9\ planet, forming a stable resonanthen we focus on the impact of the planet trap.
configuration. No mass is lost in this run: the initial 3Q Mf
material are all sequestered into the final four planets.

The runs with reduced gas densitly & 3, 5) show a qual-
itative similar behavior. As there is less damping exertetbo |n this new series of simulations, we reduced the initial $rafs
the embryos, two embryos are lost in each of the simulations.embryos from 3 to 5 M. However, we increased the number of
three out of four cases, an embryo was ejected beygd@IAU.  embryos from 14 to 23, thus basically preserving the totadsna
The remaining lost embryo was scattered into the inner Solsfrthe system. The embryos are initially located in the-35-
System. In these simulations, respectively 4 and 5 plarrets AU interval with mutual orbital separations of 5 Hill radii.
produced in the end, the two most massive ones a bit smaller The final states, at 8 My, of the simulations are summarized
than in thefy = 10 case. in Table[d. Although the number of merging events is slightly

Overall, these experiments show that the planet trap is vdrigher, as expected given that more bodies are in the system,
effective in reducing the loss of mass during the embryo’s evthte final masses of surviving embryos are, generally, loten t
lution. Still, the final results are not in good agreemenhwifite those with higher initial masses. In several cases, mores mas
structure of the Solar System. In fact, there are too mamgtéa is lost than in the runs starting with 14 embryos of 3.Mhis
protected from mutual collisions by resonances. Consétylenis probably because the damping of eccentricity and inttbna
despite initially we have a total mass comparable to the cosufered from the disk is proportional to the individual mass of
bined mass of Uranus and Neptune, at the end the most mas#iaeembryo; therefore small embryos can more easily acquire

6.1. Without a planet trap
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Table 4. Summary of simulations starting with 23 planetary enifable 5. Like Table[3, but for the simulations starting from 36
bryos, each of 5 Mg. The final states are giventat 8 My. The embryos of 1 M each.
effect of the planet trap is not taken into account.

No. N fd Mgin Afin
No. fq f Mmax Min Afin El 36 3 12,2 10.3,11.7
DI 1 1 3,15,- %15 11.4,12.3, 17.8, E2 36 5 14,1,1,1,1 10.3,11.6,11.6,11.6,12.9
18.0, 27.9, E3 36 10 17,4,2,1,1 10.3,11.3,10.3,10.3,11.3
51.7, 68.0
D2 1 4 6,453 3,4.5,1.5, 2.2,9.6,11.1,
3,15 11.2,12.9 dynamically excited orbits that eventually intersect thigits of
3, 5x1.5, 152,154, 16.9, Only in two simulations, Nos. D9 and D12, an embryo with
4.5 18.6,23.4, a mass equal or larger than QN& created and survives at 8 My
27.8,83.3 - - . - .
DA 2 1 315, - 315 3 0.30. 9.9, 10.0, beyond Saturn. Simulation D9 gives a picture unlike to odaSo
15,15 121, 188 System, since another two embryos, each with the mass @f 3 M
D5 2 4 75,453 75,3, 0.30, 9.6, are present at the end, the first is situated in the innermewia
15,3 10.6, 19.8 the second far beyond the present planetary region (sefoFma
D6 2 10 75,6,3 75,1515 11.0, 14.0,14.8 axis equals-100AU). In sim. D12 (FiglB), there are no redun-
D7 3 1 15, - %1.5 0.63, 9.5, 9.5, dant embryos. However, the masses of both surviving embryos
9.5, 185 are significantly lower than the mass of Uranus or Neptures; th
D8 3 4 75315 1.5, 1.5, 0.62, 8.9, mass of the first has risen to 9 and that of the second to only
75,15 9.0, 10.5 3 Ms.
D9 3 10 105,75,3 3,105,3 0.59, 15.6, 98.5
D10 4 1 9,315 315 8.8, 8.9, 228
D11 4 4 6,4515 6, 4.5, 0.33,9.4,10.7, 6.2, With a planet trap
3x1.5 10.7,11.5
D12 4 10 9,45,3 9,3 10.9,12.3 We did a series of three simulations, starting from 36 em$yryo
each of 1 M. They are initially distributed from 9 to 35 AU, with
a mutual orbital separation of 4.5 Hill radii. Like in Secltte
30 values of the parametdyg are 3, 5 and 10, whereds= 1 in all
runs. Tabléb summarizes the final states of the systems.
5 The results are significantly fiérent from those of the runs
< starting from more massive individual embryos. Only on@pta
“g’ is grown with masses of 12 Mor more. However, the second
g most massive planet is very small. With the exception of &mu
© tion E1, more than 2 bodies survive at the end on stable, agton
S orbits. More mass is lost in these simulations than in theesor
2 sponding simulations starting from more massive embryas. A
o said above, this is probably because the forces dampingcthe e
centricities and inclinations of the embryos are weaker.
0 1 2 3 4 5 6 7 8 7. The effect of turbulence in the disk
time [My] The problems that we experienced in the previous sectioas du
. to embryos and proto-planets being protected by resonances
70 | from mutual collisions suggests that some level of turbeden
:1 in the disk might promote accretion. In fact, turbulencevmtes
= 801 stochastic torques onto the bodies, inducing a random walk o
L o5l their semi major axe$ (Nelson & Gressel 2010). If these tesqu
% | are strong enough, the bodies may be dislodged from mutstal re
s 40r onances, which in turn would allow them to have mutual close
g encounters and collisions.
& The problem is that it is not known a priori how strong tur-
@ bulence should be in the region of the disk where giant ptanet

time [My]

form. The strength of turbulence depends on the level ofepni
tion of the disk, and it is possible that in the massive regioh
the disk where giant planets form the ionization of the gagiy

low because the radiation from the star(s) cannot penetoate

to the midplane. Several formation models, therefore,athat

the planets form in a “dead zone” where, in absence of ioniza-

Fig.6. The evolution of perihelion distance (upper plot) antion, there is no turbulence driven by the magneto-rotation
semi-major axis (down plot) of bodies in simulation D12 (sestability. This justifies the assumption that we made up i® th
Table[4).

point in the paper that the disk is laminar.
For sake of completeness, though, we test in this section how
the results change if strong or weak turbulence is assumbe in
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The middle panel of Fid.]7 shows the evolution in a simu-
lation with fy = 3 and 30 M, in the disk , buty decreased to
] ] 3 x 10™*. Now turbulence is not strong enough to dislodge the
14 . last cores from the resonances. But it is strong enough radt to
] ] low 1/1 resonant objects and the survival of too many cores in
general. So, the end-state is a system of only two planetsoky
Saturn, which is a good result given the structure of theroute
Solar System. However, only one of the two planets is massive
enough (15 M) to reproduce Uranus or Neptune; the second one
is a left-over embryo (3 ). This is because, again, almost 50%

w ' ‘ : ‘ T N of the mass is lost despite of the planet trap mechanism.
0 10° 2x10° o o5 1 15 Seeking for a more massive second planet, we ran a third
time (My) Log[M/Mearth] simulation, with the same value ¢f but an initial embryo pop-

20

‘ T ulation for a total of 45 M. The result of this simulation is de-
picted in the bottom panel of Figl 7. The mass of the most mas-
] ] sive planet increases to 24MHowever, there is no significant

1 1 growth for the second planet. Instead, three embryos with-or

1 1 nal masses survive at the end.

We conclude from these tests that weak turbulence may be
helpful to break the isolation of planets and to avoid the for
mation of a too crowded planetary system beyond Jupiter and
Saturn. However, the formation of two massive planets, with
left-over embryos seems to be still a distant goal.

n i n n n n n n n n n n PRI B ST U B R
o 10° 2x10° 0 0.5 1 1.5

, 8. Conclusions and Discussions

time (My) Log[M/Mearth]

T ‘ AERRRRRRRRAN The formation of Uranus and Neptune by runayadigarchic

growth from a disk of planetesimals is venyfitiult. The accre-

] ] tion rate is not large enough; moreover the accretion stdikn

4 1 the major bodies achieve a few Earth masses (Safronov 1969;
] Levison & Stewart 2001; Levison & Morbidelli 2007).

In this paper, we have explored a mechanism for the for-
mation of Uranus and Neptune that igfdrent from those ex-
plored before. We assume that runayedigarchic growth from
a planetesimal disk generated a system of embryos-& 1
Earth masses, but not larger, in agreement with the restilts o

20

oF B - —7—‘ o ‘; Levison et al.|(2010). Then, we follow the dynamical evalati
0 108 2x10° o 05 1 15 of such a system of embryos, accounting for their mutual in-
time (My) Log[M/Mearth] teractions, their interaction with a disk of gas and the g@mnes

of fully formed Jupiter and Saturn on resonant, hon-migiati
rbits. Because of computation speed, we do not perform the
imulations with an hydro-dynamical code. Instead, we uUse a
®ody code, and we apply fictitious forces to the embryos that
mimic the orbital damping and migration torques that thé dis
exerts on the embryos. We use two prescriptions for the migra
tion torque: one that ignores the co-orbital corotationt@and
one that takes it into account. With the second prescripdion
“planet trap” (Masset et al. 2006) appears at about 10 AU, jus
inward of the outer edge of the gap opened by Jupiter andrsatur
disk. The experiments are conducted in the framework of tiiethe disk of gas.
planet trap case with 3 Membryos (see Sell 5), for a total of  Our results show that the idea works in principle. In many
30 and 45 M in disk of solids. runs, particularly those accounting for a disk a few timeseno
The top panel of Fid.]7 shows the result of a simulation witmassive than the MMSN and in those accounting for the pres-
fq = 3, 30 My in the disk and/ = 3x 1073, This value toy corre- ence of the planet trap, there is a significant mass growth. In
sponds to strong turbulence with no dead zone. As one can ghese cases, the major planet beyond Saturn exceeds 10 Earth
in this case there is no permanent resonant trapping. A eniquasses. These results highlight the importance of the ticape
planet is formed with 15 M. Thus 50% of the mass is lost afterand of the dampingféect that the gas-disk has on the orbital
close encounters with Jupiter or Saturn. Notice that, eve@nw eccentricities and inclinations of planetary embryos.
the surviving planet is alone in the system (i.e. after 2.4 Ny None of our simulations, though, successfully reproducest
semi major axis is not steady, but has wide random fluctuatiatructure of the outer Solar System. Our results point teastl
as a result of the stochastic torques provided by the tunbele two major problems. The firstis that there is typically a &adif-
A similar simulation, run withfy = 5, gave no planets beyondference in mass between the first and the second most massive
Saturn in the end. This highlights the disruptive role obsty planet, particularly in the simulations showing the mostcsp
turbulence on planet formation. tacular mass growth. This contrasts with Uranus and Neptune

Fig.7. The evolution of the semi major axes of the embryos i
the simulations withfg = 3 and accounting for a planet trap an
turbulence in the disk. The top panel is for a disk of embry
with a total masMr = 30M; andy = 3 x 1073, The middle
panel is forM = 30 My andy = 3x 107*. The bottom panel if
for My = 45M, andy = 3x 1074
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having comparable masses. The second problem is that thevfisset, F. & Sneligrove, M. 2001, MNRAS, 320, L55

nal planetary system typically has many more than two plaiasset, F. S. 2001, ApJ, 558, 453 .

ets, beside Jupiter and Saturn. Several original embryqmre Masset F. S., Morbidelii, A, Crida, A., & Ferreira, J. 2004, 642, 478

. . . Morbidelli, A. & Crida, A. 2007, Icarus, 191, 158

tially grown planets, survive at the end on stable, resooRS. o rmigelli. A, Crida, A., Masset, F., & Nelson, R. P. 2008%A, 478, 929
The simulations accounting for the planet trap are thoddehd  Morbidelli, A., Tsiganis, K., Crida, A., Levison, H. F., & Gues, R. 2007, AJ,
to the formation of the most complex, but stable planetagy sy 134, 1790

tems. In these systems, many bodies are in coorbital resena@glii(;?éRl\.ﬂplIfiLaGrSeSz‘ell\’/loor.bizc?:II(i),x,\goA?S'Iﬁg?L;sﬁ?’l%S 529

with each other. Thisis in st_rlklng contrast with the outeta® Paardekoopér, $-3. Baruteau, C.. Crida, A.. & kley, W.QROINRAS, 401,
System, where there are no intermediate-mass planets paeom 1959

nying Uranus and Neptune. It might be possible that these adehardekooper, S.-J., Baruteau, C., & Kley, W. 2011, MNRAI, 293
tional planets have been removed during a late dynamict-ing®aardekooper, S.-J. & Mellema, G. 2006, A&A, 459, L17

i leali ; Paardekooper, S.-J. & Papaloizou, J. C. B. 2008, A&A, 483, 87
bility of the planetary system, but the likelihood of thiopess Pierens, A. & Nelson, R. P. 2008, A&A, 483, 633

remains t? be p_roven. L. . . Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 19@@érulis, 124, 62

Our simulations suggest that it isfiicult to grow major safronov, V.V. 1969, in Evolution of the Protoplanetary @land Formation of
planets without having a crowded planetary system at the endthe Earth and Planets (Nauka, Moscow)
In fact, the growth of a major planet from a system of embryd§rauem, C. & Papaloizou, J. C. B. 2002, MNRAS, 332, L39

- . P T . Thommes, E. W., Duncan, M. J., & Levison, H. F. 1999, Natuf®,435
requires strong damping of eccentricities and inclinatitom mmes. E. W, Duncan. M. J.. & Levison. H. F. 2003, lcar6, %31

the disk of gas. But strong damping also favors embryos afglganis, k., Gomes, R., Morbidelli, A., & Levison, H. F. Z)Nature, 435, 459
planets to find a stable resonant configuration, so that megstewalsh, K. J., Morbidelli, A., Raymond, S., O'Brien, D. P. & Mdell, A. M.
with more surviving planets are found. Accounting for weakt 2011, Nature, in press
bulence in the disk alleviates this problem. However, tighoe \Weidenschilling, S.J. 1977, Ap&SS, 51, 153
reduces theféiciency of the accretion process. If the mass of the
disk is increased to compensate for this, we find again tooyman
bodies surviving in the end beyond Saturn, with a too largesma
ratio between the most massive one and the others.
In addition to the problems mentioned above, there is amothe
intriguing aspect suggested by the results of our model. &/e h
seen that, in order to have substantial accretion amongnthe e
bryos, it is necessary that the paramdtgis large, namely that
the surface density of the gas is several time higher tharotha
the MMSN. However this contrasts with the common idea that
Uranus and Neptune formed in a gas-starving disk, whichgs su
gested by the small amount of hydrogen and helium contained
in the atmospheres of these planets compared to those ¢édupi
and Saturn. How to solve this conundrum is not clear to us.
In summary, our work does not bring solutions to the prob-
lem of the origin of Uranus and Neptune. However, it has the
merit to point out non-trivial problems that cannot be igebr
and have to be addressed in future work.
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