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The formation of super-Earths, the most abundant planets in the Galaxy,
remains elusive. These planets have masses that typically exceed that of
the Earth by afactor of a few, appear to be predominantly rocky, although

often surrounded by H/He atmospheres, and frequently occur in multiples.
Moreover, planets that encircle the same star tend to have similar masses
and radii, whereas those belonging to different systems exhibit remarkable
overall diversity. Here we advance a theoretical picture for rocky planet
formation that satisfies the aforementioned constraints: building upon
recent work, which has demonstrated that planetesimals can form rapidly
atdiscrete locations in the disk, we propose that super-Earths originate
inside rings of silicate-rich planetesimals at approximately -1 au. Within
the context of this picture, we show that planets grow primarily through
pairwise collisions among rocky planetesimals until they achieve terminal
masses that are regulated by isolation and orbital migration. We quantify
our model with numerical simulations and demonstrate that our synthetic
planetary systems bear a close resemblance to compact, multi-resonant
progenitors of the observed population of short-period extrasolar planets.

It has long been known that the genesis of planets begins through the
coalescence of solids within protoplanetary nebulae, and models of
planet formation have traditionally assumed that dust within circum-
stellar disksis smoothly distributed. Despite being common, this sim-
plifying assumption may be unfounded. Several lines of evidence have
recently beenmarshalled in support of the notion that rather than aris-
ing fromasmooth gradient of solids, planetesimal formation unfolds
inasmallnumber of discrete rings'®. In this vein, the work reportedin
ref. 3 has proposed that protoplanetary nebulae generally originate as
decretion disks that spread radially from tenths of an au, facilitating
the condensation of outward-diffusing silicate vapour into rocky dust
grains at the disk’s primordial silicate sublimation line. Importantly,
this process naturally leads to the formation of rocky planetesimals
at a stellocentric distance comparable to the Earth’s orbital radius
(as well as the generation of more distant icy bodies close to Jupiter’s
present-day orbit) through gravito-hydrodynamic instabilities”. Such
amodel further yields a self-consistent explanation for the isotopic
dichotomy of carbonaceous and non-carbonaceousiron meteorites, as
well as the physical origins of the Solar System’s broader architecture®®.

Within the framework of the aforementioned disk model, the
mass budget of silicate material that forms at the rock line is distinc-
tively variable (Extended Data Fig. 1). That is, depending on the spe-
cific combination of disk viscosity and metallicity, the cumulative
mass of rocky planetesimals entrained within the silicate annulus
residing at an orbital radius of r=1au can readily reach tens of Earth
masses (although we note that it can also be null if the threshold for
planetesimal formation through gravitational collapse is not met).
Moreover, numerical modelling indicates that planetesimal formation
is expected to occur over arelatively short temporal burst, such that
dustis incorporated into planetary building blocks over a timescale
of -10° years.

Adopting the ringed planetesimal formation paradigm as a plat-
form, akey goal of our work is to consider the possibility that a typical
system of extrasolar super-Earths originates within such a radially
confined annulus of rocky material. As we describe below, the process
of planetary conglomeration withinanarrow ring of silicate-rich plan-
etesimals naturally yields a characteristic multi-Mg mass scale of the
resulting planets, and the simultaneous operation of accretion and
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Fig.1|Diagram of the planet formation scenario considered in this

work, in chronological order from top to bottom. In the top image,
aprotoplanetary nebula, represented by a yellow cone, originates from infall
of gas and dust (shown with a vertical blue arrow). Viscous heating and stellar
irradiation regulate the temperature of the gas, T, which in turn determines
the disk’s geometric aspect ratio, h/r. Owing to strong magnetic braking, the
centrifugal radius of the infalling material remains at a few tenths of an au.
Driven by turbulent viscosity (which is parameterized by the Shakura-Sunayev
aparameter), the disk spreads outwards to large stellocentric distances,
transporting vapour and minute dust grains outwards. Silicate vapour entrained
within the gas continues to be carried outwards with a velocity v, (solid blue
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arrows). Beyond the r =1 ausilicate condensation front, however, dust grains
grow and drift inwards due to the sub-Keplerian azimuthal flow of the gas, v,.
Inthe middleimage, the resulting accumulation of rocky material at the

silicate condensation line facilitates the formation of ~100 km planetesimals
through gravito-hydrodynamic instabilities. In the bottom image, pairwise
collisions among planetesimals generate multi-M, objects (brown sphere) that
experience substantial orbital decay. Depletion of the local supply of solids as
well as the removal of the planets from the planetesimal ring through disk-driven
migration regulate the terminal planetary mass, leading to the emergence of
intra-system uniformity.

orbital migration regulates the emergence of uniformity among the
growing planetary embryos (Fig. 1).

Results

The starting point of our calculation corresponds to the epoch of
large-scale planetesimal formation within a protoplanetary disk.
For definitiveness, here we adopt disk conditions derived from the
simulations reported inref. 3, although we note that for the purposes
of our calculations, any ringed planetesimal formation scenario is
likely to lead to similar results. Our fiducial disk model is initialized
with a gas surface density of ,=2,500 g cm™2at 1 au, a correspond-
ing peak dust surface density of £.=500 g cm™ and a dust-grain
radius of s, =1 mm, consistent with fragmentation-limited growth’.
Owing primarily to viscous energy dissipation, the disk maintains an
appreciable aspect ratio of scale height to orbital radius of h/r = 0.05
throughout the planetesimal formation epoch. While the gas sur-
face density is taken to dissipate exponentially with a time constant
of 74 = 1.5 Myr, the dust surface density decays much more rapidly,
owing to the fact that pebbles get incorporated into a planetesimal
swarm of mass M,;,, = 20 M, over an -10° year timescale. The specific
functional parameterizations of these quantities are delineated
inMethods.

As clouds of dust within the r = 1ausilicate ring consolidate into
planetary building blocks by means of gravitational collapse, their
continued growth can proceed through two distinct channels: pair-
wise mergers among planetesimals and pebble accretion. The effi-
ciency of planetesimal accretion is controlled by the extent to which
gravitational focusing can increase the collisional cross-section of
protoplanetary embryos. Pebble accretion, onthe other hand, depends
critically on whether the capture of dust proceeds in the two- or
three-dimensional (3D) regimes, a determination that is sensitive to
the characteristic size of dust particles. Generically speaking, the pro-
cess of collisional fragmentation inhibits the growth of silicate grains
beyond the millimetre-scale within protoplanetary disks, ensuring that
even in relatively quiescent nebulae, turbulent stirring can maintain
the dust sub-disk’s aspect ratio at an inflated level. Correspondingly,
pebbleaccretion proceedsin the comparatively inefficient 3D regime,
contributing very little to the planetary conglomeration process dur-
ing the planetesimal formation epoch. We further find that leftover
dust that is not incorporated into planetary building blocks through
gravito-hydrodynamic instabilities rapidly flows away from the plan-
etesimal ring as the nebula matures into an accretion disk, and our
estimates (‘Planetary growth’ section in Methods) indicate that any
auxiliary exterior flux of pebbles plays a negligible role in driving the
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formation of rocky super-Earths (we confirm these expectations with
numerical simulations below).

Analytical estimates

Incontrast with the relative inefficiency of pebble accretionintheinner
regions of a protoplanetary disk, the efficacy of planetesimal accretion
within a narrow annulus of rocky planetesimalsis strongly enhanced.
Thereasons for this are two-fold. First, by concentrating tens of Earth
masses of solids into aradially confined ring of planetesimals, the rate
of collisions among the constituent bodies is strongly amplified.
Second, the combined action of aerodynamic drag and inelastic colli-
sions among planetesimals constitutes a fast-acting damping mecha-
nism for the planetesimal velocity dispersion, magnifying the effect
of gravitational focusing. Inthis regime, the associated mass-accretion
rate of a planetary embryo can be deduced from an n-o-vrelation
(where nisthe number density, gis the cross-sectionand vis the veloc-
ity dispersion), and the resultis well-known": M ~ X, 7 R? 2 (1 + ©),
where 2, = X.isthe planetesimal surface density, Ris the physical radius,
Qis the orbital frequency and O = (U../(v),,)* is the Safronov number
(thatis, the ratio of the square of the escape velocity to the square of
the planetesimal velocity dispersion®®). Moreover, under the simplify-
ing assumption of strong and time-invariant gravitational focusing,
itis straightforward to show thata crude estimate for the timescale for
an Earth-mass body to emerge within the ring of rocky planetesimals
is given by 7, ~ pRg/(Zp £20) (ref. 14), where p ~ 3gcc is the
embryo’s density. If we adopt the fiducial parameters of our model and
assume that the escape velocity of the planetary embryo exceeds the
planetesimal velocity dispersion by a factor of a few (corresponding
to ©=10), J; canbe as short as -10° years.

No matter the dominantgrowthmode, planetary accretion cannot
proceed without bounds. For the problem at hand, two distinct pro-
cesses constitute natural termination mechanisms for planetary con-
glomeration, the first being isolation. Isolation occurs due to the
depletion of planetesimals from the local feeding zone of the embryo.
The expression for the isolation scale is easily obtained by equating
the cumulative mass of planetesimals within the feeding zone (approxi-
mately two Hill radii, Ry;;, within a heavily dissipated disk) and the
planetary massitself, toyield M ~ 8 72 3/ r3/\[3M,, where M, rep-
resents the host star’'smass. Given our fiducial parameters, theisolation
mass within the planetesimal ring evaluates to M =3 M,,.

A second growth-limiting process that ensues in our model is
gas-driven orbital migration. As a growing planet becomes massive
enough to raise a substantial wake within the gaseous nebula, the
gravitational back-reaction of the wake upon the planet drives an
exchange of energy and angular momentum between the planet and
the disk, which in turn expels the planet from the planetesimal ring
altogether. Thus, within the framework of our theoretical picture, an
approximate equivalence between the mass-doubling timescale
Tmass ~ 3MV3 5?7 /(5,2 6) and the migration timescale' 7y, ~
(4/Q)(M /M) (M. /2,r*)(h/r)?yields an estimate for the mass of planets
that are expected to emerge from the rocky annulus of planetesimals.
Auspiciously, for the aforementioned nominal parameters, the
planetary mass scale that comes out from this relation also evaluates
toM=3 M.

Because the isolation and accretion-migration terminal mass
scales are similar, the process of planetary conglomerationis unlikely
to depend sensitively on the detailed character of type-I torques, and
the envisioned fiducial picture is expected to hold evenin a scenario
where inward migration is initially suppressed or even directed out-
ward. And while these mass-limiting mechanisms operate simultane-
ously, it is nevertheless important to note that they scale differently
with the planetesimal surface density. Crucially, this scaling is
superlinear (M « 52?) and sub-linear (M « £**) for isolation and
migration-regulatedJ growth, respectively, meaning that migration is
expected to act as the primary accretion-quenching mechanism for

massive systems (thatyield M = 3 M planets), while isolation regulates
the formation of planets in lower-mass rings.

Beyond yielding a mass scale that is broadly consistent with the
observational sample of extrasolar super-Earths'®”, the scenario
described above entails the emergence of a pattern of intra-system
uniformity among the forming bodies' 2. That is, while parameters
suchasthe surface density, disk aspect ratio and so on may differ from
system to system, the masses of planets that form within a given disk
are likely to be similar, since they are largely determined by the isola-
tion and accretion-migration relations. We further remark that this
paradigmis not specific to circumstellar nebulae: the standard model
for the formation of giant planet satellites'* follows an analogous
narrative, suggesting that architectural similarities between extrasolar
multi-planet systems and the Galilean moons are not coincidental.

Numerical simulations

The analytical estimates quoted above provide a useful reference point
for the planetary growth sequence that is expected to ensue within a
ringed disk. Nevertheless, the chaotic intricacy of planet formation
cannot be captured with such considerations alone. Accordingly,
we have simulated the formation of super-Earths within an annulus
of rocky planetesimals employing a full-fledged numerical model.
Our simulations build upon an N-body framework and augment the
self-consistent treatment of gravitational dynamics of planetesimals
and planetary embryos with the effects of aerodynamic drag exerted
on planetesimals by the gas, collisional damping, disk-driven (type-I)
migrationand pebbleaccretion, in a parameterized manner. The details
of ourimplementation are provided in Methods.

In our numerical experiments, the ring of rocky planetesimals
is modelled as a population of N, =1,000 super-particles that forma
Gaussian distribution of solid material centred on 1 au, with an initial
radial spread of 4, = 0.1 au. Along with N, =10 lunar-mass planetary
embryos, the planetesimals were introduced into the simulation gradu-
ally over a course of 10° years, while the ambient surface density of
solid dustisreducedin concert. Our numerical experiments followed
the conventional ‘big-small’ categorization of bodies, wherein plan-
etesimals could accrete onto the embryos but not onto each other.
We further note that although the total number of particles in our
simulations is limited by computational cost, we have also found that
increasing the number of planetary seeds beyond 10 does not yield
materially different results, and can even diminish the realism of our
simulations by over-exaggerating the effects of dynamical heating (see
Methods for a discussion). Cumulatively, we carried out our calcula-
tions over a time span of 3 Myr, in agreement with typical lifetimes of
protoplanetary disks.

Allin all, our numerical experiments follow a similar narrative
to that outlined by the analytic estimates, and a typical formation
sequence observedinour fiducial simulation suiteis depicted in Fig.2.
As dustis converted into planetary building blocks over the course of
the first 100,000 years, planetary embryos experience rapid growth.
Simultaneously, the initially narrow ring of solid material spreads
radially due to gravitational stirring within the system. As such, asmall
number of separated massive objects emerge even before the epoch of
large-scale planetesimal formationis complete. Over the following -10°
years, achaotic phase of impacts ensues, generating super-Earth-class
objects. As collisional accretion wanes and the embryos dynamically
isolate themselves within the planetesimal swarm, the planets enter
aprolonged period of inward migration. In due course, the planetary
orbits lock into a multi-resonant chain and stabilize near the disk’s
assumed inner edge at radii spanning tenths of an au, where they even-
tually become observable by photometric surveys.

Discussion
The degree of intra-system mass uniformity within our modelized
planetary systems is keenly reminiscent of that observed in the data.
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Fig.2| The formation sequence of a mass-uniform exoplanetary system.

a-h, Orbital eccentricities as a function of semi-major axes. Inclinations are
delineated with the grey, orange, red, green and blue colour code ina. Over the
course of the first 100,000 years (¢ =5 (a), 25 (b), 50 (c), 75 (d) and 100 (e) kyr),

D =100 km super-planetesimals (points) and lunar-mass planetary embryos
(purplecircles), comprising M,;,, = 20 Mg in total, are gradually introduced into
the simulation domain. These objects originate with eccentricities and
inclinations of (e) = (i) = 0.01, across a radial range spanned by the horizontal line
shownina. Growth of planetary embryos is driven primarily by accretion of
planetesimals, with aerodynamic drag and collisional damping facilitating

enhanced gravitational focusing (c-e). Injection of new material into the system
terminates at the ¢ = 10° year mark (e), and over the course of the following few
hundred thousand years, multi-M, planets emerge, with the conglomeration
process largely completed within the first 0.5 Myr (f,g). Over the course of the
remaining lifetime of the disk, the formed planets migrate inwards, lockinginto a
mass-uniform multi-resonant chain (h). Recent work?*** has shown that tightly
packed multi-resonant planetary configurations serve as ideal initial conditions
for reproducing both the period-ratio distribution of observed extrasolar planets
aswell as their inferred degree of mass uniformity.

As aspecificexample, the final results of the simulation shown in Fig. 2
are characterized by a normalized mass dispersion of D,,/(M) = 0.13.
We have also carried out a variant of the same numerical experiment
where the phase of long-range inward migration is delayed until after
the principal phase of planetary growth is complete and obtained com-
parable average mass of (M) = 2 Mg and a normalized dispersion of
Dy/(M) = 0.42. While these numbers are low, they are not anomalous:
anormalized mass dispersion of D,,/(M) < 0.5is anexpected outcome
of our proposed formation scenario. To this end, we have run a series
of 12 numerical experiments akin to that depicted in Fig. 2, each time
randomizing the initial conditions and varying the mass of the plan-
etesimal ring from 5to 40 M,

The census of the generated systemsis depicted in Fig. 3. Overall,
these numerical experiments confirm thatin M,;,, > 20 M systems, the
typical planetary mass scales as the -3/4th power of the initial planetesi-
malsurface density, asis expected from the accretion-migration time-
scale balance. Conversely, for planets generated within M,;,, <20 M,
rings, this dependence is slightly superlinear (-8/7 index), signalling
the increasingly important role of isolation for lower-mass systems.
Regardless of the relevant scaling, the generated sample of synthetic

systems conforms to a clear pattern of mass (and presumably radius)
homogeneity. In agreement with recent observational determina-
tions?, however, our model also predicts that this ‘peas-in-a-pod’ pat-
tern is limited to short-period orbits and does not extend beyond
r=0.5au. Conversely, larger stellocentric distances are primarily
occupied by stranded low-mass planetary objects. Finally, beyond
reproducing the rocky composition of the planets themselves, the
orbital architectures of our synthetic planetary systems are mark-
edly resonant, and require post-nebular dynamical instabilities
to generate the observed period-ratio distribution of the Galactic
Planetary Census>*,

We have not simulated the onset of such post-nebular instabili-
ties here because the terminal point of our model corresponds to the
epochofnebulardissipation. Nevertheless, abroad array of dynamical
pathways through which short-period resonant chains of planets can
become unstable, including mass-loss through photo-evaporation
as well as interactions with a fading quadrupolar moment of the host
star’, has been well-documented in the literature, and large-scale
operation of such instabilities has already been shown to be likely?’.
It is further worth noting that destabilization of resonant chains of
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Fig.3 | Architectures of exoplanetary systems at time of disk dispersal,
generated within the framework of our model. Each circle represents a planet,
and its size represents the planetary mass. The formation and evolution of the
system highlighted with alight-blue-green rectangle is depicted in Fig. 2.

As the mass of the planetesimal ring is increased from M,;,, = 5 My t0 40 M,

both the number of embryos that achieve the planetary mass scale, as well

as their average massitself, (M), increase. Within the numerical model, radial
migration is taken to smoothly terminate at r = 0.5 au across a characteristic
length-scale of +0.1 au (see the ‘Planet-disk interactions’ section in Methods).
This stellocentric distance is marked on top of the figure and emphasized by a
vertical dotted line. This threshold also represents the boundary between short-
period progenitors to the observed population of super-Earths and low-mass
objects that remain stranded close to their formation site. By and large, these
(r<0.5au) synthetic planetary systems adhere to a pattern of intra-system mass
uniformity with the normalized mass dispersion, D,,/(M), that systematically
reaches values comparable to, or smaller than, the observed value of
(D\/{M)) 41a = 0.48. Cumulatively, these results explain how planetary systems
canemerge with abroad diversity of masses while retaining an unexpectedly
high degree of self-uniformity.

planets yields a period-ratio distribution that is indistinguishable
from the data®® and recent work has demonstrated that the degrada-
tion in the planetary mass homogeneity is generally very mild during
a dynamical instability, such that systems that experience transient
epochs of scattering remain fully consistent with the ‘peas in a pod’
pattern of uniformity observed in the population of extrasolar
super-Earths®.

We conclude this work by remarking upon the connection between
our exoplanet formation model and the formation of the Earthitself®,
asthetwo areindeed related within the context of our picture. Despite
the innate complexity inherent to planetary accretion, the terminal
outcome of our envisioned scenario is determined chiefly by the mass
of the planetesimal ring, whichin turndepends onavariety of the disk’s
physical properties, with turbulent viscosity playing a central role’.
This dependence is driven by the fact that the viscosity (and overall

metallicity) controls the cumulative mass entrained within the popula-
tion of rocky planetesimals (Extended Data Fig. 1). To this end, we note
thatbeyond the masses of the planets themselves, their terminal orbital
architectureis also sensitive to this parameter since planets that do not
accrete rapidly enough do not experience long-range inward migra-
tionand remain close to their original formation site. Thus, within the
framework of our model, one of the key reasons that the sunis encircled
bythe Earth, and notagroup of more-massive short-period planets, is
simply that the protosolar nebulawas sufficiently turbulent to inhibit
the agglomeration of amore massive ring of rocky planetesimalsat1au,
which prevented the terrestrial planets from growing massive enough
to migrate inwards before the nebular clock had runout. Ifthe general
predictions of our model endure, a unifying model for the origins of
the Earth, the moons of Jupiter and Saturn, and extrasolar planets may
finally lie within reach.

Methods

To quantify the concurrent processes of planetary accretion and
orbital migration, we have employed the mercury6 N-body simulation
code? and have augmented it to account for a series of effects that are
expected to arise within protoplanetary disks. Some of these effects
were modelled self-consistently, while others were implemented
through ad hoc parameterizations for the sake of computational effi-
ciency. Below, we describe the individual elements of our model and
their physical rationale.

Simulation setup, resolution and initial conditions
Following conventional practice of N-body calculations of planet for-
mation, we break up our simulationsinto two classes of particles: fully
self-gravitating planetary ‘embryos’ and semi-active ‘planetesimals’,
which interact with embryos but not one another (strictly speaking,
only direct coupling between planetesimals is suppressed; indirect
interactions among these particles that are transmitted through the
reflex motion of the central body remain, and drive a minor but
non-physical excitation of the planetesimals’ velocity dispersion®).
The computational cost of agiven numerical experiment scales quad-
ratically with the number of embryos (« M ) and linearly with the
number of planetesimals (=< N, N,;). Because N, is taken to exceed
N.., by alarge margin in typical planet formation calculations, the
computational cost is primarily controlled by the product of N,,,,;, and
N,.. For this reason, we capped the planetesimal count in our simula-
tionsat N, =10>.

Theinitialembryo masses used in our simulations were informed
by particle-in-a-box calculations of collisional growth within a20 M,
planetesimal ring. To this end, we employed the Boulder code™ to simu-
late the growth of protoplanetary embryos originating from 100 km
objects, accounting for self-stirring of the planetesimal velocity disper-
sionaswell as collisional damping, gas drag and dynamical friction. This
calculation showed the emergence of lunar-mass planetary embryos
after ~10,000 years of evolution. It is important to keep in mind that
even in the most numerically heavy calculations, N, is much smaller
than the actual number of planetesimals that exist within protoplan-
etary disks. Thismeans that each of our model planetesimals represents
a ‘super-particle’ of mass M, = M,;,./N,;, and its dynamical evolution
shouldbeinterpreted asatracer of alarge consortium of small bodies.
Further, to simulate the inherent time dependence of the planetesimal
formation process, weinjected the particlesinto the simulation domain
at a constant rate over a span of 100,000 years, consistent with the
duration of the planetesimal formation epoch in the model outlined
in ref. 3. Both the embryos and planetesimals were introduced fol-
lowing a Gaussian profile in the semi-major axis, centred at (a) =1au
and a standard deviation of 4, = 0.1 au. Choosing a smaller value of 4,
yielded similar results because the gravitational scattering within the
planetesimal swarm facilitates arelatively rapid radial spreading of the
system. Theinitial eccentricities and inclinations were drawn from the
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Rayleigh distribution with a scale parameter of 4. = 4, = 0.01, while all
orbital angles were uniformly randomized.

Inprinciple, theratio N,/N.q, is an adjustable (and somewhat arbi-
trary) parameter of the numerical model. Due to chaotic self-regulation
that ensues within the planet-forming region, however, we found that
theresults of our calculations are only weakly dependent on the number
of embryos that are injected into the annulus of rocky material during
the planetesimal formation epoch. To quantify this relative insensi-
tivity, we carried out a series of 12 simulations where the total mass
of the super-planetesimal disk was fixed at 20 Mg but the number of
lunar-mass embryos was varied from N, = 5t010 to 20, running 4 reali-
zations of each case. From these numerical experiments, we found that
at the 300,000 year mark, the median number of proto-super-Earths
thatattainamass greater than1Mgclockedinat3.5,4.5and 5, for simula-
tions with 5,10 and 20 embryos, respectively. Furthermore, we found
abroad consistency in the properties of the emergent planets with
averagemassesof M=2.5+ 0.8 Mg, M=23+1.3 MgandM=2.4+1.4 M
(mean ts.d.) for the 3 simulation subsets.

Cumulatively, these results indicate that the dependence on
the number of accreting particles saturates around N, = 10. We
did, however, find that unlike simulations with 10 embryos, those
with N, =20 consistently demonstrated a pronounced (and almost
certainly unphysical) difference in the velocity dispersion of the
super-planetesimals and low-mass protoplanets, with the former
having a factor of -2 lower eccentricities on average. Consequently,
we chose to adopt N, = 10 as afiducial parameter in our model. With
these parameters, the completion of a single run of the model on a
2.3 GHz machine required 60-80 CPU hours.

N-body integration scheme and time step

The gravitational dynamics of our system of planetary embryos and
planetesimals were solved using the hybrid Wisdom-Holman/
Bulirsch-Stoer integration algorithm®-*, implemented within the
mercuryé software package®®. Because our particle swarmwas initial-
ized in the vicinity of r=1au, we adopted an initial time step of
At =10 days. However, as disk-driven orbital evolution caused plan-
etary orbits to decay towards their host star, we found it necessary to
reducethetimestepto At =1dayatthe¢=300,000 year mark (andin
some cases to an even lower value at later stages), to ensure that the
symplectic time step remained smaller than ~1/20th of the shortest
orbital period of any particle within the simulations. An adaptive
time step was used to resolve close encounters, with an interparticle
separation of Ar=3 R,;; marking the change-over radius for the
symplectic-to-conventional integration scheme. The Bulirsch-Stoer
accuracy parameter was set to & = 10~%, Finally, the radii of embryos
were computed assuming a bulk density of 3 g cc™, and all collisions
were treated as perfect mergers. Notably, we found thatin our simula-
tions, the collision cross-section was entirely dominated by that of the
embryos, meaning that our results are insensitive to the choice of
the mean density of the super-planetesimals. To demonstrate this,
we carried out a simulation where the physical collision radii of
super-planetesimals were effectively suppressed (by choosing
a corresponding density of 10* g cc™) while keeping the rest of the
calculation (including damping prescriptions) unchanged. With
such asetup, we obtained essentially identical results to our nominal
simulation with planetesimal densities of 3 g cc™'. Consequently,
we adopted equal bulk densities of planetesimals and embryos,
for definitiveness.

Gas and dust profiles of the protoplanetary disk

The presence of the gaseous component of the protoplanetary disk
plays a key role in driving the early evolution of a forming planetary
system. For definitiveness, in our work, we adopted various parameters
directly derived from the ringed disk model delineated in ref. 3 as a
guide for our functional parameterizations. More specifically, we first

assumed that the gas surface density followed a Mestel-like profile*
that decays exponentially in time:

=5 (2) exp (~t/tae), )

where the initial value of the surface density at r,=1au is equal to
3,=2,500 g cmand the disk decay constant is set to T g = 1.5 Myr.
Second, we adopted a constant disk aspect ratio of 4/r = 0.05 through-
out the simulation. To this end, we note that while A/r does in princi-
ple change in time and is in general dependent on the disk viscosity
itself**, this variationis not central to our numerical experiments, and
isexpected to only influence the results on a detailed level.

The dust component of the disk is assumed to be composed of
s.=1mmparticles, in agreement with experimentally derived fragmenta-
tionthresholds of silicate grains’ as well as theoretical computation of the
Stokes number within theinner nebula™. The dust surface density itself
isenvisioned to be comprised of a ‘local’ component, which stems from
anaerodynamically assisted buildup of solids at the silicate sublimation
front, as well as an externally supplied flux of pebbles, F.=107* Mg yr!
(refs.35,36), whichis facilitated by the radial drift of solids*":

T, = Do exp [—('Zf )2] eXp[‘(r‘t.)z]

F.
+— - .
47 Uyep NSt Tdisk

In the above expression, v,., is the Keplerian speed, ., =500 g cm~,
7.=10%yr is the dust-depletion timescale and the functional form of
the leading term was chosen to adequately approximate the spatial
and temporal profiles of the r =~ 1au dust ring modelled in ref. >

Strictly speaking, F. represents the maximal pebble flux of the
nebula, and it would have been appropriate to reduce this value in
accordance with sequestration of material at the rock and ice sublima-
tion lines, to account for the finite supply of solids in the disk. As our
calculations show, however, the process of pebble accretion is highly
inefficientin the inner disk, so lowering the pebble flux would merely
diminish an already negligible effect. For the adopted surface density
profile, the sub-Keplerian factor 5 = (3/2)(h/r)* = 3.75 x 107 Addition-
ally, in the Epstein drag regime (applicable for the problem at hand)
the Stokes number takes the form:

zp.s.

_ 75.p.
§oon= 3)

St= s
2y

where p.=3 g/ccisthe particle density, p=X/(¥(2m) h) is the gas density,
and cs=hQisthe speed of sound.

Planetesimal evolution facilitated by aerodynamic drag and
collisional damping

Interactions between planetesimals and the considerably more massive
gaseous component of the disk ensue primarily through aerodynamic
drag”. Inthe high-Reynolds-number regime (appropriate for planetesi-
malswith ® > 1km where R isthe orbital radius (i.e. distance away from
the star; ref. 38), the relevant drag acceleration has the form®*:

3p

az(1+f)16p,

Urel Vrels (4)

wherev,, =V -V, referstotherelative velocity betweena planetesimal
and gas, and £ > O is a numerical factor that can be used to mimic the
effects of non-aerodynamic damping (see below). This acceleration
was implemented into our model assuming that rocky planetesimals
born at r=1au have diameters of D = 22 = 100 kmand bulk densities
of p=3gccL
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A second important dissipative effect that affects planetesimals
within the context of our calculations is collisional damping. Funda-
mentally, this process is driven by inelastic collisions among planetesi-
mals, which occur with a characteristic frequency*’:

1 N 3213'9

T 8pR ©)

Teoll

Althoughitisimpossible to resolve this effect self-consistently in our
super-particle calculations, we can crudely account for it by assuming
thatits effective functional formis similar to that of aerodynamic drag.
Under this assumption, we can envision modelling the consequences
of collisions (at least during the first few hundred thousand years,
when the planetesimals’ velocity dispersion matters most) through
the enhancement factor introduced in equation (4).

To quantify the relative importance of collisional damping to
aerodynamic drag, and thereby determine the value of §, we begin by
noting that the rate of aerodynamic damping of eccentricity (e) and
inclination (i) is given by*:

1 _ _1de_ _2di_ 3pue
Tao  edt  idt  16pR
wo, ®
52,19 2  31P Vkep
x(se + 5 +r]) aTrra
The value of § canthen be approximated as:
_furo  VEE Zoh | [T 1 Mg h -
T Tt N X7 N2znZrA

For nominal parameters quoted above, this factor evaluates to £ = 10.

While we adopt this value as an upper limitin our calculations, to
approximately capture the dependence of the collisional damping
process on the planetesimal surface density, we scale £ by the ratio
(Npi(®/NS) in our implementation, where N, (¢) is the number of
super-pranetesimals presentinthe simulationatagiventimestep and
NL‘;‘ =107% is the total number of super-planetesimals injected into
the simulation. Importantly, this prescriptionis only designed torep-
resent the relevant physics during the first ~2-3 x 10°years of the simu-
lation, a period when the planetesimal population remains radially
concentrated and collisional damping aids the accretion process. At
later times, planetesimal dynamics play a negligible role in dictating
the architecture of the emergent planetary system.

Planet-disk interactions

Generally speaking, the interactions between the gaseous nebulaand
solid material are not limited to planetesimals and aerodynamic drag.
Asplanetary embryos accrete a sufficient amount of mass to raise sub-
stantial wakes in the gaseous disk, the gravitational back-reaction of the
spiraldensity waves upon the planet drives an exchange of energy and
angular momentum**2, In a chemically inhomogeneous disk model,
boththerate andthe direction of the resulting planetary migration can
depend sensitively on a variety of local disk properties****, as well as
the planetary massitself. In other words, even at the qualitative level,
the picture of planetary migration can be rather complexinadetailed
model of the nebula.

In a simpler, power-law, locally isothermal disk model (of the
type we adoptin this work), however, the sense of migrationis strictly
inward, and the semi-major axis, eccentricity and inclination damping
timescales are well defined"*:

ER

oy M M, (f:)z
BT e M DR \r

, (8)
j&amp = ﬂ(E> s

where the dimensionless constant y = 4. The effects of migration were
implemented into our N-body scheme through auxiliary accelerations
of the form**:

a=

4 v 2 ((v-r)r
Tmig Tdamp r

+(v- 2)2) , ©)

where zisthe orbit-normal of the protoplanetary disk, that were only
applied to the planetary embryos.

A practically important and well-known attribute of protoplan-
etary disks is that they do not extend all the way down to stellar sur-
faces, but are instead truncated by their host stars’ magnetospheres”.
Due to a dramatic enhancement of the co-rotation torque associ-
ated with a sharp surface density gradient, the migration directions
reverses at the disk’s inner edge, meaning that disk cavities act as
effective planet traps*®*°. The resulting stalling ofinward migration at
r=10-20 R, facilitates the formation of resonant chains that span the
a~=0.1-0.5 aurange®***°.

Anumber of distinct approaches have beenemployed to model this
magnetospheric cavity-driventorque reversal within the framework of
N-body simulations, including semi-major axis re-normalization'**, as
wellasad hoc (for example, sinusoidal) modifications of the disk-driven
accelerations®*2, While our numerical experiments are not sufficiently
idealized for semi-major-axis rescaling to be applicable, a drawback
ofthelatter approachis thatitrequires careful tuning of the damping
effects, including the introduction of nonlinear eccentricity depend-
encein Ty,,,and soon, to suppress unphysical excitation of the orbits.

To avoid the usual difficulties of modelling the disk’s inner edge,
here we opted for a simpler approach of smoothly diminishing the
migration torque interior tor,,, = 0.5 au such that our resonant chains
stabilized with their outermost member at a < r,,;,. We implemented
this by choosing the following functional form for the multiplicative
constant {in equation (9):

(= % (1 +erf (10)

In practice, we found that lowering the threshold semi-major axis to
I'mig = 0.25 audid notalter the structure of the emergent resonant chains
inany appreciable manner.

Pebble accretion

In addition to growth facilitated by pairwise collisions between plan-
etary embryos and planetesimals, in our simulations we also modelled
direct capture of solid dust by the growing protoplanets. In general,
this process, routinely referred to as pebble accretion®**, can proceed
inanumber of distinct physical regimes, with their relative efficiency
determined by the dust particle size, disk turbulence, planetary mass
andsoon.

Recentwork' hasargued thatin typical disks, pebble accretionis
expected tounfoldinthe comparatively inefficient 3D regime interior
to the water-ice sublimation line. Our assumption of a fixed s.=1 mm
particleradiusyields results that are consistent with this presumption.
Byandarge, thisis due to the fact thatin our model, the Stokes number
(given by equation (3)) evaluates to very small values; for example,
St=2x10"*at r=1au. In turn, this implies that even for relatively low
values of the turbulence parameter, a, vertical settling is prohibitively
inefficient, and the dust layer’s thickness remains comparable to that
of the scale height of the gaseous nebula®:

’L—;Nl. 11

h V1+ScSt/a -

We remark that the constant particle radius assumption can be lifted
in favour of a more self-consistent theory for dust-gas coupling that
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accounts for turbulent stirring of dust grains and collisional fragmen-
tation. Importantly, such a model also predicts that dust should be
well-mixed with the gas in the inner regions of the disk, in agreement
with the above estimate'.

Because the dust component of the nebula never forms a thin
sub-disk, the two-dimensional regime of pebble accretion never
ensues. However, for consistency with the model of ref. 3, where the
value of the turbulent Schmidt number is taken to be on the order of
Sc =10, we take h./h=2/5 in our model, such that h./r=0.02. As we
discuss below, our results are not sensitive to this choice.

The rate of 3D pebble accretion is given by™:

o 3 .
Msp = 6 xStR2, 2 (W)

=\2zstz.roM L
M, h.

12)

Although this growth mode was implemented in our simulations, we
found pebble accretion to be largely inconsequential in our calcula-
tions. This can be understood as follows.

As the most favourable scenario for dust capture, let us con-
sider an isolated protoplanetary embryo of mass m, that accretes
pebbles at r=1au, where the primordial solid surface density is
maximized. Substituting the functional form (equation (2)) for 2., it
is straightforward to show that the accreted mass is bounded from
aboveby:

0 _ 2 ﬂL
M <[5 Mypdr = ZStSor QT 3o
F.Task Mo I

- disk — ~52m,,
24270 My k. 0

13)

with the dominant contribution arising from the leading term (the
externally supplied pebble flux accounts for less than a quarter of the
accreted mass).

This simple estimate indicates that even under the most optimistic
conditions, pebble accretion can only boost the mass of an embryo
by afactor of afew. Moreover, it is important to keep in mind that the
efficiency of this process diminishes rapidly over the course of the first
~10°years, as the majority of pebbles are converted into planetesimals
(because of the smallness of this effect, we did notimplement filtering
of pebble fluxin our model). Accordingly, while we include the pebble
accretion process inour simulations for completeness, our numerical
experimentsindicate thatafar more dominantrolein facilitating plan-
etary growth is played by the accretion of planetesimals and mergers
among protoplanetary embryos.

Data availability

Ascii output files summarizing the time series of our reference
simulation (with an output interval of 1,000 years, totalling 1,010
files) are provided at https://www.konstantinbatygin.com/
setimeseries.

Code availability

Thiswork utilizes the publicly available mercury6 code (https://www.
arm.ac.uk/~jec/). The subroutine detailing user-defined forces is avail-
able onrequest from the corresponding author (K.B.).
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Extended Data Fig.1| Mass budget of solids within aringed protoplanetary minimallevel of turbulent viscosity that the disk can attain, ay,;,, the mass

disk. Output of the disk evolution model delineated in ref. 3. Owing toa entrained within the r ~1AU annulus of silicate-rich material varies drastically.
hydrodynamic balance between the radial outflow and drag exerted on dust by Importantly, for relatively quiescent nebulae, the rock ring can reach masses on
gas, solids concentrate in the vicinity of their respective sublimation lines, the order of tens of M, readily serving as the birthplace of super-Earths.

forming planetesimals within discrete rocky and icy rings. Depending on the
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