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Methodology
Numerical simulations reported in this work made use of a
modified mercury6 N-body integration software package (1). The
standard gravitational dynamics solver was augmented with the
auxiliary effects of aerodynamic drag (2, 3) for small objects as
well as fictitious forces that mimic disk-driven migration and
circularization of planets. The hybrid symplectic Bulirsch−Stoer
algorithm (4) was used throughout.

Inward Migration of Jupiter
Because of dynamical evolution that occurred during the nebular
epoch of the Solar System’s lifetime, Jupiter’s current orbital ra-
dius is not informative of its formation site. However, theoretical
arguments suggest that the formation of giant planets generally
occurs beyond the snow line, i.e., at a distance of approximately a
few astronomical units (5, 6). Accordingly, in this work, we take
Jupiter’s initial semimajor axis to be ðaJÞi = 6 AU.
We use the standard assumption that the viscosity of the solar

nebula was not overwhelmingly large, meaning that, upon for-
mation, Jupiter opened a substantial gap in the protoplanetary
disk and subsequently migrated inward in the so-called “type-II”
regime (7). Because type-II migration is associated with the
global evolution of the disk, the characteristic migration timescale

τa =
1
a
da
dt

[S1]

is synonymous with the viscous timescale of the disk. Thus, in
agreement with published hydrodynamical simulations, we adopted
a value of ðτaÞJ = 2× 105 y (8), corresponding to a Shakrua−
Sunayev α ’ 0:003.
To facilitate migration, we introduced an acceleration amig of

the form (9)

amig =−
v
τa
; [S2]

where v is the orbital velocity. The simulations were terminated
when Jupiter reached its envisioned tacking semimajor axis of
ðaJÞf = 1:5 AU.

Planetesimal Evolution
As shown in Fig. 2, a dominant fraction of the planetesimal swarm
swept by Jupiter’s interior mean motion commensurabilities was
captured into the corresponding resonances. The conditions for
resonant capture of small objects initially residing inside to Ju-
piter’s orbit can be deduced analytically within the framework of
the circular restricted three-body problem (10). Ignoring the
effects of Jupiter’s minuscule eccentricity, adiabatic theory dic-
tates that capture into a k : k− 1 resonance is guaranteed if the
initial planetesimal eccentricity is less than a critical value,
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where ζk is an interaction coefficient that, although different for
each resonance, is typically of order unity (for interior 2:1 and
3:2 resonances, ζ2 =−1:19 and ζ3 =−2:02, respectively) (11). It
can be easily checked that, provided reasonable parameter
choices, this condition is almost certainly satisfied in the primor-
dial solar nebula. (Quantitatively, the critical eccentricity eval-
uates to ecrit ’ 0:15 and 0.12 for 2:1 and 3:2 resonances,
respectively.)

An additional requirement for capture to be certain is the
fulfillment of the adiabatic condition. For the problem at hand,
this means that the orbital convergence timescale must be longer
than the resonant libration period, defined as (12)
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where e explicitly refers to the eccentricity at the libration center
(i.e., resonant equilibrium).
The first resonant trajectories (associated with the emergence

of a homoclinic curve in phase space) appear at an equilibrium
eccentricity of
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The corresponding resonance width is given by
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Accordingly, setting the dissipative resonance crossing time
equal to the libration period, we obtain the criterion for adi-
abatic evolution,
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Quantitatively, the above expression dictates that, in order for res-
onant capture to be ubiquitously successful, the migration time-
scale must exceed τa J 104 y. Indeed, the typically quoted range
of type-II migration timescales is in agreement with the adiabatic
condition (10).
Small bodies trapped in resonances will maintain a constant

period ratio and will therefore migrate inward along with Jupiter.
Associated with this migration is an adiabatic invariant (13, 14)
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The conservation of this quantity implies that as the particle semi-
major axis is decreased, its eccentricity must grow.
By taking a derivative of the above expression, we can obtain

a differential equation for a test particle’s eccentricity growth.
Combined with the requirement that the planetesimal semimajor
axis must decrease in concert with that of Jupiter (see Eq. S1)
once the resonance is established, the differential equation can
be solved to obtain the planetesimal eccentricity as a function of
time (here, we assume a starting eccentricity of e= 0),

e=
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This expression implies that the characteristic timescale for any
given particle to reach its equilibrium eccentricity is of order
∼ 0:1− 0:5τa.
Within the context of our numerical simulations, the solid

component of the nebula was initialized as a disk comprised of
1,000 objects with inner and outer radii of ðadiskÞin = 0:1 AU and
ðadiskÞout = 6 AU, respectively. The outer radius of this disk is not
indicative of the true outer radius of the solar nebula. Rather,
planetesimals with semimajor axes greater than Jupiter’s initial
semimajor axis were ignored in our simulations because they
cannot be transported inward by sweeping exterior mean motion
resonances (divergent resonant encounters cannot lead to cap-
ture) (10, 11).
The radial distribution of the planetesimals followed a surface

density profile equivalent to that of a Mestel disk (15),

Σ =Σ0
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where Σ0 is the disk surface density at a semimajor axis a0. We
note that the total planetesimal mass transported inward by res-
onant shepherding (assuming that first-order resonances such as
2:1 and 3:2 are primarily responsible for long-range migration) is

Mtot = 2π   e  f
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where f ≈ 0.01 is the disk solid-to-gas mass ratio and eK 1
is the resonant transport efficiency. [Note that « is primarily
limited by chaotic diffusion and the associated removal of ob-
jects from Jovian resonances (16).] Quantitatively, only ∼20%
of the captured objects were observed to chaotically escape
the resonances during the entirety of Jupiter’s inward trek in
the simulations.
Adopting minimummass solar nebula (MMSN)-like parameters

of Σ0 ’ 2;000 g/cm2 at a0 = 1 AU, we obtainMtot ∼ 20M⊕ � MJ.
Consequently, the gravitational back-reaction of the planetesimals
onto an inward-migrating Jupiter is almost certainly unimportant,
and for the purposes of this set of simulations, we ignored this
effect. Correspondingly, Jupiter’s eccentricity remained at a near-
null value throughout the integrations.
Assuming that the solid and gaseous components of the nebula

follow the same surface density profile (10), radial pressure
support will yield a sub-Keplerian circular velocity profile of the
form (2)

vgas = υK

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s
φ̂= υKð1− ηÞφ̂; [S12]

where cs and υK are the sound and Keplerian speeds, respec-
tively, while φ̂ denotes the azimuthal unit vector. Prototypical
disk parameters yield a value of η in the range 0:001− 0:01.
Accordingly, in this work, we adopted η= 0:005 (corresponding
to a disk aspect ratio of h=r ’ 0:05) for all calculations.
Planetesimals embedded in a sub-Keplerian gas disk will ex-

perience orbital decay due to aerodynamic drag. The hydrody-
namic Reynolds number relevant for planetesimals bigger than
sJ 10 m substantially exceeds unity (17). In this regime, drag
acceleration adrag is quadratic in velocity and independent of fluid
viscosity (18),

adrag =−
πCD
2m

s2ρgasυrelvrel: [S13]

In the above expression, vrel = v− vgas is the relative velocity be-
tween the planetesimal and the gas, whereas m is the planetesimal
mass. For the entire set of our simulations, the aforementioned
acceleration was implemented with a drag coefficient of CD ’ 0:5.
In addition to the decrease in semimajor axes, the introduction

of this acceleration results in circularization of the orbits and
damping of the vertical motion (inclinations). To leading order in
e and i, the rates of these dissipative effects are expressed as
follows (3):
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In light of Eq. S14, it is important to recall that although first-
order resonant interactions with Jupiter will modulate the
planetesimal eccentricity (Eq. S8), they will not excite orbital
inclination (11). Aerodynamic drag, on the other hand, tends to
damp vertical motion of eccentric orbits. Thus, the process of
resonant transport leads to a dissipative confinement of the solid
component of the nebula to the midplane of the disk.
Note that, here, we are assuming that turbulent fluctuations in

the disk are not sufficiently large to obstruct resonant capture.
This is likely a safe assumption given that the orbital plane of
planetesimals will likely be confined to the dominantly laminar
midplane. However, an improved iteration of the considered
model could, in principle, account for this effect directly.
A promising theory for the dominant channel for planetesimal

formation invokes the gravitational collapse of solid overdensities
within the disk (19), which are, in turn, fabricated by turbulent
forcing and streaming instabilities (20). Within the framework of
this picture, planetesimals are born big, with peak masses of the
order of that of Ceres. As a typical planetesimal size, it is sen-
sible to choose s= 100 km, and simulations using this default
value are reported in the Resonant Transport and Collisional
Evolution section of the main text. For completeness, we have
repeated the numerical experiments of inward migration of Ju-
piter and the associated transport of planetesimals with s= 10
km and s = 1,000 km. The corresponding results are shown in
Figs. S1 and S2, respectively.
As expected, hydrodynamical damping of smaller objects is

substantially more pronounced, which means that resonant
transport is more efficient at eccentricity excitation for higher-
mass bodies. Accordingly, our simulations show that the equi-
librium eccentricity attained by 10-km and 1,000-km objects
throughout their inward trek is e ’ 0:2 and e ’ 0:5, respectively.

Collisions
Resonant shepherding of planetesimals by Jupiter will lead to
a concentration of small objects at particular (mean motion
resonant) orbits. In turn, such confinement will lead to a strong
enhancement in the rate of collisions among planetesimals. A
rough estimate of the collision frequency, ν (defined as the in-
verse of the mean time between collisions experienced by a sin-
gle particle), can be obtained from a simple nσυ calculation.
Specifically, for the problem at hand, we have (21)
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If we take the entire planetesimal population to be comprised
of s= 100 km planetesimals, adopt hii∼ 10−4 as suggested by the
simulations, and Mtot ∼ 10M⊕ , at a= 1 AU, we obtain ν∼ 0:05.
[Note that the smallest physically sensible value of the inclination
that we can adopt for this calculation is imin = tan−1ðs=aÞ∼ 10−6.]
This means that each member of the planetesimal population can
be expected to suffer a collision each 20 orbits or so. This con-
stitutes an exceptionally large collision rate and allows one to
infer that collisional grinding of the small bodies initiated by
Jupiter will be efficient.
The detailed description of the outcome of collisions can, in

general, be complex and may depend on numerous parameters
that are specific to a particular impact. In an averaged sense,
however, the controlling factor in determining the result of
collisions is the specific energy (21)

Q=
�
m′
M

��
υ2enc
2

�
: [S17]

In this equation, m′ is the impactor mass, M ≥m′ is the target
mass, and υenc is the encounter velocity.
There exists a critical value Qp

D characteristic of catastrophic
disruption, such that if Q exceeds Qp

D, the target is shattered into
two or more pieces of mass no greater than M=2. In the gravity-
dominated regime (appropriate for bodies with radius sJ 0:5
km), the expression for Qp

D reads (22, 23)
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D = qρ
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Adopting ρ= 3 g/cm3, q= 0:5 and b= 1:36 appropriate for
high-velocity impacts among basaltic objects, and υenc ∼ e  υkep for
the encounter velocity, we find that at 1 AU, QJQp

D for mass
ratios of ðm′=MÞJ 0:01;   0:03, and 0.1 for s = 10, 100, and 1,000
km, respectively. Given that the process of collisional fragmen-
tation acts to produce more objects of diminished sizes, the
above estimates suggest that the cascade enabled by Jupiter’s
inward migration will efficiently grind down the planetesimal
population to sizes where orbital decay due to aerodynamic drag
becomes an efficient removal mechanism.
It should be noted that the simple calculations shown above

ignore a number of detailed effects that can be taken into account
within the framework of a more sophisticated model. For ex-
ample, we have ignored the various geometrical particularities of
collisions within resonant orbits, the associated collisional damping
and viscous stirring, and the time evolution of the planetesimal size
distribution and the self-consistent removal of collisional fragments
from Jovian resonances by rapid inward drift. While these issues
may be of substantial interest as an avenue for follow-up work, they
are not central to the arguments presented here and may therefore
be omitted for the purposes of this study.

Orbital Decay of a Kepler-11 Analog
Extended inward flow of collisionally disrupted planetesimals
may be halted (by resonant capture) if the migration route is
obstructed by at least one massive planet (17). However, if the
cumulative mass of planetesimals trapped in exterior planetary
resonances becomes substantial (i.e., nonnegligible with respect
to the planetary mass), inward migration of the entire system will
occur. In light of this notion, we performed numerical experiments
aimed at evaluating the long-term fate of a compact, close-in
aggregate of sub-Jovian planets embedded into the terrestrial re-
gion of the Solar System, under the influence of an exterior flood
of inward-spiraling planetesimals.

Within the context of these simulations, the dynamical evo-
lution of small bodies followed the same framework as that
discussed above. The (presumed collisionally evolved) swarm of
planetesimals was initialized as a circular annulus of 1,000 objects
spanning 0:75− 1:25 AU, and allowed to drift inward. The total
mass of the swarm was taken to be Mtot = 20M⊕ .
For the purposes of computing the effects of aerodynamic drag,

a characteristic radius of s= 0:1 km was assumed for the entire
population. We note that this value sets the timescale on which
orbital decay takes place. In other words, similar dynamical
evolution can be obtained by choosing a radius of s= 1 km and
running the integrations 10 times longer.
As before, the maximal (aerodynamically forced) orbital decay

rates that satisfy the adiabatic condition can be calculated using
classical perturbation theory (11). Assuming that the planetary
orbit is circular, the libration period of a k : k− 1 exterior reso-
nance is (12)
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where ~m is the planetary mass, and (akin to ζk) ξk is a coefficient
of order unity (for exterior 2:1 and 3:2 resonances, ξ2 = 0:428 and
ξ3 = 0:515, respectively).
The equilibrium eccentricity at the inception of the resonance is

e=
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with a corresponding resonance width of
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Calculating the resonance crossing time using Eq. S14, we obtain
the following expression for the adiabatic threshold:
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As an example, Eq. S22 dictates that adiabatic capture into
a first-order resonance with a ~m= 10M⊕ planet residing in an
MMSN at a= 0:4 AU is assured for particles with radii in excess
of sJ 1 km. While this is a generous constraint already, we note
further that, even in a transadiabatic regime, resonant capture
will still occur, but with a diminished probability (17). To this
end, our numerical simulations intentionally break the adiabatic
limit and thereby demonstrate that inward migration of close-in
planets can still be successfully forced by debris substantially
smaller than sK 1 km.
In direct analogy with the capture of planetesimals into interior

Jovian resonances (Eq. S3), capture into exterior planetary res-
onances is assured if the particle eccentricity does not exceed
a critical value (11)
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Given that the hydrodynamic eccentricity damping timescale is
∼ 100 times shorter than the semimajor axis decay timescale (see
Eq. S14), and the latter process is necessary for resonant capture
in the first place, it is sensible to assume that this condition is
well satisfied in the inner solar nebula.
As an emblematic example of a tightly packed set of close-in

planets, we adopted the Kepler-11 system (24) and inserted it
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inside the decaying disk of planetesimals. The planets were initial-
ized on their current near-circular orbits (specifically, we adopted
the “all-eccentric” orbital fit delineated in ref. 24). Gravitational
interactions between the planets and the planetesimals were com-
puted in the conventional N-body fashion. However, the self-gravity
of the planetesimal disk was ignored to save computational costs.
Unlike Jupiter, no fictitious migration due to the disk was

imposed on the planets. Damping of the orbital eccentricities due
to angular momentum exchange with the disk was implemented
via an acceleration of the form (9)

adamp =−2
ðv · rÞ
r2τe

r; [S24]

where, as in Eq. S1,

τe =
1
e
de
dt
: [S25]

The quantity τe depends on numerous physical properties of
the disk and is in general somewhat uncertain (25). In this work,
we performed simulations that adopted τe = 103 y (shown in Fig.
3) as well as a run with τe =∞ (shown as Fig. S3). Examination of
the presented orbital solutions shows that, in either case, only
mild eccentricities are attained as the planets are ushered toward
the Sun.
The exact extent of orbital excitation is set by the delicate

interplay between adiabatic and dissipative dynamics. [We note
that, for the nonrestricted (i.e. planetary) three-body problem, an
adiabatic invariant analogous to Eq. S8 can be defined (12).]
However, our results broadly suggest that, for the problem at
hand, the exact value of τe does not factor into the final answer
appreciably. That is, our simulations show that, irrespective
of the details of the chaotic dynamical evolution that occurs
as planetesimals lock into exterior resonance with the planets,
the planetary orbits decay onto the host star over a timescale
that is short compared with the typical lifetimes of protoplane-
tary disks.
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Fig. S1. Evolutionary sequence of s= 10 km planetesimals. This figure is an analog of Fig. 2.
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Fig. S2. Evolutionary sequence of s = 1,000 km planetesimals. This figure is an analog of Fig. 2.

Fig. S3. Orbital decay of a clone of the Kepler-11 system embedded within the inner solar nebula. The calculation presented herein mirrors that shown in Fig. 3.
However, within the framework of this simulation, dissipative interactions between the planets (but not planetesimals) and the disk are entirely neglected. Evi-
dently, the effect of eccentricity damping on the planets plays a negligible role in determining the qualitative behavior of the system.
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