The formation of Jupiter by hybrid pebble-planetesimal accretion
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The standard model for giant planet formation is based on the accretion of solids by a
growing planetary embryo, followed by rapid gas accretion once the planet exceeds a so-
called critical mass!. The dominant size of the accreted solids (cm-size particles named
pebbles or km to hundred km-size bodies named planetesimals) is, however, unknown'2,
Recently, high-precision measurements of isotopes in meteorites provided evidence for the
existence of two reservoirs in the early Solar System3. These reservoirs remained separated
from ~1 until ~ 3 Myr after the beginning of the Solar System's formation. This separation
is interpreted as resulting from Jupiter growing and becoming a barrier for material
transport. In this framework, Jupiter reached ~20 Earth masses (Mg) within ~1 Myr and
slowly grew to ~50 Mg in the subsequent 2 Myr before reaching its present-day mass®. The
evidence that Jupiter slowed down its growth after reaching 20 Mg for at least 2 Myr is
puzzling because a planet of this mass is expected to trigger fast runaway gas accretion*>.
Here, we use theoretical models to describe the conditions allowing for such a slow
accretion and show that Jupiter grew in three distinct phases. First, rapid pebble accretion
brought the major part of Jupiter's core mass. Second, slow planetesimal accretion
provided the energy required to hinder runaway gas accretion during 2 Myr. Third,
runaway gas accretion proceeded. Both pebbles and planetesimals therefore have an
important role in Jupiter's formation.



High-precision measurements of isotopes (Mo, W and Pt) in meteorites have recently been
used to temporally and spatially constrain the early Solar System, by combining two main
cosmochemical observations (see Methods). First, cosmochemical data of the youngest
inclusions (named chondrules) in primitive meteorites constrain their accretion age. Second,
distinct nucleosynthetic isotope compositions (e.g. in Mo or W) that were imprinted in dust
accreted by growing bodies allow to identify regions in the protoplanetary disk with distinct dust
compositions. Based on these data, the existence of two main reservoirs of small bodies that
existed in the early Solar System can be infered®’8. These reservoirs remained well-separated for
a period of about ~2 Myr, likely because of the formation of Jupiter’. These cosmochemical
evidence, which were never included in Jupiter’s growth models, place severe constraints on
planetary formation models.

We simulate Jupiter's growth by solid and gas accretion using state-of-the art planet
formation models® to determine the time required for Jupiter to reach 50 Mg , assuming Jupiter
formed in situ. We consider different values for the mass of Jupiter at 1 Myr, and for the average
accretion rate of solids after 1 Myr. As the opacity and the composition of Jupiter's envelope are
not precisely known, we ran models using a large range of assumptions (low or large opacity,
pure Hydrogen-Helium or envelope enriched in heavier elements). Model results show that the
cosmochemical constraints are met, but only with a planet mass at 1 Myr between ~5 and 16 Mg
depending on the assumed conditions (Fig. 1). Therefore, the minimum mass of the forming
Jupiter that is required to prevent the transport of pebbles (the so-called pebble isolation mass), is
somehow smaller than the 20 Mg quoted above. Note that the precise value of the pebble
isolation mass and the mass that Jupiter should have attained at time ~3 Myr after the beginning
of the Solar System are not directly derived from cosmochemical studies, but result from
theoretical interpretation’.

Our models also show that a relatively high solid accretion rate (at least 10 Mg/yr) is
required to prevent rapid gas accretion after 1 Myr. Indeed, slow gas accretion is only possible
through a significant thermal support of the gas-dominated envelope that can counteract the
strong gravity of the planetary core. We find that the dissipation of the kinetic energy from in-
falling solids thermally supports the envelope and inhibits high gas accretion rates. We checked
that the ranges of values of pebble isolation mass and solid accretion rates are very robust and
insensitive to the envelope composition and/or the opacity values, planet's location, and disk
properties (see Supplementary figures 1 and 2 in Supplementary Information).

Since Jupiter reached the pebble isolation mass around ~1 Myr, maintaining a high solid
accretion rate beyond this time must result from the accretion of planetesimals, which do not feel
the isolating effect of the planet as pebble do (see Supplementary Information). During the first
Myr the solid accretion rate needs to be as high as ~ 10> Mg/yr in order for Jupiter to reach a
mass of ~5 to 16 Mg in only one Myr. This accretion rate is too high to result from the accretion
of planetesimals, and must result from the accretion of pebbles (see Supplementary Information).
On the other hand, a rate of at least 10® Mg/ yr in planetesimal accretion is required to stall gas
runaway accretion and keep the planetary mass below 50 Mg for the next 2 Myr. Hence,
fulfilling the cosmochemical time constraints® in a Jupiter formation scenario is only possible



through a hybrid accretion process, where, first, pebbles provide high accretion rates and grow a
large core (~5 to 16 Mg), and second, significant planetesimal accretion sets in afterwards. This
planetesimal accretion, which occurs after 1 Myr, supplies the energy required for delaying rapid
gas accretion, and only modestly contributes to the core’s mass.

The derived accretion rate of planetesimals onto Jupiter represents a significant flux of
infalling solids. Such high accretion rates cannot be sustained by large (hundreds of km in size)
planetesimals given the excitation they experience from the gravitational interaction with a
growing planetary embryo and the inability of gas drag to damp the eccentricity and inclination
of such big objects'®!!. Thus, our results suggest that a significant mass of small planetesimals
(km in size) was present in the Solar Nebula at 1 Myr (see Fig. 2 and Supplementary
Information) in apparent contradiction to recent studies suggesting the existence of large
primordial planetesimals!?!3, These smaller objects would, therefore, be second-generation
planetesimals, resulting from the fragmentation of larger primordial objects!'4. Indeed, the
presence of a planet of a few Mg leads to collisions that are violent enough to disrupt primordial
planetesimals'4. Moreover, the collision timescale among large planetesimals is short enough to
allow the formation of small ones by fragmentation in less than 1 Myr (see Supplementary
Information). In this way, the initial growth of Jupiter by pebble accretion during the first Myr
provided the conditions to fragment large primordial planetesimals into small second-generation
objects in a timely manner.

Our formation scenario also provides a solution to the problem of timing of pebble
accretion. Indeed, pebble accretion is so efficient that objects become quickly more massive than
Jupiter unless accretion starts shortly before the dispersal of the protoplanetary disk!>!¢. This
timing is inconsistent with detailed models of pebble growth, which conclude that pebbles form
and accrete early!”. In the hybrid pebble-planetesimal scenario, the formation of Jupiter-mass
planets is stretched over a few Myrs, comparable to the typical lifetimes of circumstellar
disks'®. In this case, it is possible that pebbles are accreted in the early phases of the
protoplanetary disk evolution, without leading necessarily to the formation of massive planets.

We conclude that Jupiter formed in a 3-step process (Fig. 3): (1) Jupiter's core grew by
pebble accretion. The contribution of primordial large planetesimals to the solid accretion was
negligible. As Jupiter's core became more massive, large primordial planetesimals dynamically
heated up, collided and formed second generation smaller sized planetesimals. (2) Pebble
accretion ceased (Jupiter reached the pebble isolation mass) and the protoplanet grew more
slowly by accretion of small planetesimals. The solid accretion rate remained high enough to
provide sufficient thermal support to the gas envelope and to prevent rapid gas accretion. (3)
The critical mass for gas accretion was reached, gas rapidly accreted and Jupiter reached its
present-day mass. During this last phase, further solids may have been accreted increasing the
final heavy-element content in Jupiter'®.

Our simulations show that the total heavy-element mass in Jupiter (core and envelope) prior
to runaway gas accretion (accounting for both pebble and planetesimal accretion) ranges from 6
to 20 Mg. This value can be compared with the Jupiter's heavy-element mass as derived from
structure models, which ranges from 23.6 to 46.2 Mg?. This comparison implies that Jupiter



accreted up to ~25 Mg during runaway gas accretion or at a later stage!®. Heavy elements that
accreted late do not necessarily reach the core. They can dissolve in the envelope?!, leading to
envelope enrichment and the formation of heavy element gradients®2.

In this new hybrid pebble-planetesimal scenario, the time a protoplanet spends in the mass
range of 15-50 Mg extends over a few Myr before rapid gas accretion takes place. Since the final
mass of a planet is determined by the dissipation of the protoplanetary disk, our new formation
scenario increases the likelithood of forming intermediate-mass planets, and this provides a
natural explanation for the formation of Uranus and Neptune!-23.
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Fig. 1. Time to reach 50 Mg as a function of the core mass at 1 Myr and the solid
accretion rate (in Earth masses per year, log scale). The yellow region delimits the part of the
diagram where the core growth is too slow, whereas the black region delimits the part of the
diagram where the runaway gas accretion occurs too early (either because the initial core mass
is too large or because the heating by incoming planetesimals is too small). The dots with colors
between purple and orange indicate the region that is compatible with the growth timescale of
Jupiter as obtained from cosmochemical studies®. Upper left: non-enriched envelope and ISM
opacity*?. Upper right: non-enriched envelope and opacity reduced by a factor 10 compared to
ISM one. Lower left: enriched envelope and ISM opacity. Lower right: enriched envelope and
reduced opacity. Note that in all cases the parameter space that is consistent with the
cosmochemical constraints? is rather small.





















	1

