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The orbital distribution of trans-Neptunian objects provides
strong evidence for the radial migration of Neptune1,2. The
outer planets’ orbits are thought to have become unstable during the early stages3, with Jupiter having scattering encounters with a Neptune-class planet4. As a consequence, Jupiter
jumped inwards by a fraction of an au, as required from inner
Solar System constraints5,6, and obtained its current orbital
eccentricity. The timing of these events is often linked to the
lunar Late Heavy Bombardment that ended ~700 Myr after
the dispersal of the protosolar nebula (t0)7,8. Here, we show
instead that planetary migration started shortly after t0. Such
early migration is inferred from the survival of the Patroclus–
Menoetius binary Jupiter Trojan9. The binary formed at
t ≲ t010,11 within a massive planetesimal disk once located
beyond Neptune12,13. The longer the binary stayed in the disk,
the greater the likelihood that collisions would strip its components from one another. The simulations of its survival
indicate that the disk had to have been dispersed by migrating planets within ≲100 Myr of t0. This constraint implies that
the planetary migration is unrelated to the formation of the
youngest lunar basins.
Jupiter Trojans are a population of small bodies with orbits near
Jupiter14. They hug two equilibrium points of the three-body problem, known as L4 and L5, with semi-major axes a ≃ 5.2 au, eccentricities e < 0.15 and inclinations i < 40°. Dynamical models suggest that
Jupiter Trojans formed in the outer planetesimal disk between ~20
and 30 au and were implanted onto their present orbits after having a series of scattering encounters with the outer planets12,13. This
resolves a long-standing conflict between the previous formation
theories that implied i < 10° and high orbital inclinations of Jupiter
Trojans. The formation of Jupiter Trojans at 20–30 au is reinforced
by their similarities to trans-Neptunian objects (TNOs; for example,
the absolute magnitude distribution and colours15).
(617) Patroclus and Menoetius stand out among the 25 largest
Jupiter Trojans with diameters D > 100 km16,17 as a curious pair of
gravitationally bound bodies with binary separation aB ≃ 670 km.
The formation of the Patroclus–Menoetius (P–M) binary is thought
to be related to the accretion processes of small bodies themselves10,11. The formation model from ref. 10 implies that the P–M
binary formed by capture in a dynamically cold disk at t ~ t0. In ref. 11,
it formed at t <  t0. The P–M binary provides an interesting constraint
on the early evolution of the Solar System. Two conditions must be
satisfied: (1) the P–M binary survived collisional grinding in its parent planetesimal disk at 20–30 au, which sets limits on the disk lifetime; (2) it survived planetary encounters during its transport from

20–30 au to 5.2 au, which sets limits on the nature of gravitational
scattering events during encounters.
We first evaluated the dynamical effect of planetary encounters18
to demonstrate the plausibility of the implantation model. To do
this, we repeated numerical simulations from ref. 13 (see Methods)
and monitored all encounters between disk planetesimals and planets. The planetesimals that evolved onto Jupiter Trojan orbits were
selected for further use. Each selected body was then assumed to
be a binary with the total mass mB =  1.2 ×  1021 g19. The initial eccentricities of binary orbits, eB, were set to zero and the inclinations
were chosen at random (assuming the isotropic orientation of the
orbit-normal vectors). The binary orbits were propagated through
encounters. We varied the initial binary semi-major axis, aB, to
determine how binary survival depends on the initial separation of
binary components.
The binary survival is sensitive to aB (Fig. 1). Most tight, P–M–
mass binaries with aB < 1,500 km survive, while most wide binaries
with aB > 1,500 km do not. The wide binaries become unbound during close planetary encounters, specifically when the planetocentric
Hill radius of the binary, rHill,B =  q(mB/3mpl)1/3, where q is the distance
of the closest approach and mpl is the planet mass, becomes smaller
than the binary separation; that is, rHill,B <  aB20. For encounters with
Jupiter, this condition works out to be q <  1,680aB or q <  2.5 ×  106 km
for aB = 1,500 km, which is ≃
0.05 of Jupiter’s Hill sphere. The
removed binaries become unbound or collapse (typically because
eB becomes large). In 12–15% of cases, the bodies form a contact
binary. This process may explain (624) Hektor, which is thought
to be a contact binary21. For reference, the contact binary fraction
among Jupiter Trojans is estimated to be 13–23%22.
The survival probability of the P–M binary during planetary
encounters is ≃72%. Compared with other, nearly equal-size binaries among TNOs23, the P–M binary with aB/(R1 +  R2) ≃  6.2, where R1
and R2 are the radii of binary components, stands out as unusually
compact (TNO binaries have 10 ≲  aB/(R1 +  R2) < 1,000). This trend is
consistent with what we know because the P–M binary in the TNO
region would not be spatially resolved by telescopic observations,
and wide TNO binaries would not survive dynamical implantation
onto a Jupiter Trojan orbit (Fig. 1). We predict that tight P–M–class
binaries will be found in the TNO region when observations reach
the ≃0.02 arcsec resolution needed to resolve them (the current
limit with the Hubble Space Telescope is ≃0.06 arcsec23).
The outer planetesimal disk at 20–30 au, in which the P–M
binary formed, is thought to have been massive (total estimated
mass Mdisk ≃  20M⊕, where M⊕ ≃  6 ×  1027 g is the Earth mass), as
inferred from planetary migration/instability simulations4, the slow
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Fig. 1 | Dynamical survival of binaries before their implantation onto
Jupiter Trojan orbits. The P–M binaries with aB =670 km (green line)
survive in 72% of cases, become unbound in 15% of cases and collapse
into a contact binary in 13% of cases (red line). The grey area displays the
conditions for which the P–M components are in contact.
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migration of Neptune required to explain the inclination distribution of TNOs24 and the capture probability of Jupiter Trojans13. The
massive disk was subject to intense collisional grinding by impacts
between planetesimals. The survival of the P–M binary in such a
hostile environment is an important constraint on the disk lifetime tdisk, defined as the time interval between t0 and the start of
Neptune’s migration.
This factor can be illustrated in the following example. Assume
that a small projectile, carrying the linear momentum p =  mivi,
where mi is the projectile mass and vi is the impact speed, hits
one of the components of the P–M binary. In the limit of a fully
inelastic collision, the momentum p is transferred and the
binary orbit must change. The magnitude of this change, ΔaB, is
ΔaB/aB ~ (mi/mB)(vi/vB), where vB is the orbital speed of the binary
orbit. The P–M binary has vB ≃ 11 m s−1. Thus, to have ΔaB/aB ≳  1,
the impactor mass must exceed mi ~ 0.01mB, where we assumed
vi = 1 km s−1. The specific kinetic energy of such an impactor is
Q = mvi2∕2m B ≃ 108 erg g−1, which is ~10 times lower than the specific energy for the catastrophic disruption (Q D* ~ 109 erg g−1 for a
100-km-class ice target25). We therefore see that relatively small,
subcatastrophic impacts on the P–M binary can dislodge Patroclus
and Menoetius from their mutual orbit.
To study this process, we used a previously developed collision
code (see Methods). The collisional evolution of the outer planetesimal disk is excessive for long disk lifetimes. By 400 Myr, the disk
mass is <10M⊕ and the number of D > 10 km planetesimals drops
to ~2 ×  108 (Supplementary Fig. 3). The disk mass is inconsistent
with that inferred from ref. 4, and the number of D > 10 km planetesimals is more than an order of magnitude below the expectation
based on the Jupiter Trojan capture model13. These problems cannot
be resolved by increasing the initial disk mass because more massive disks grind faster and the survival of the P–M binary in a more
massive disk would be problematic. Here, we adopted the strong ice
disruption scaling laws from ref. 25. Weaker versions of these laws,
which may be more realistic for Jupiter Trojans and TNOs, would
make the problems discussed here even worse.
We found that P–M binary survival is sensitive to tdisk (Fig. 2). For
example, for tdisk = 400 Myr and 700 Myr, which were the two cases
suggested in the past to explain the lunar Late Heavy Bombardment
(LHB)7,8, the P–M survival probabilities are 7 ×  10−5 and 2 ×  10−7,
respectively. Assuming a 100% initial binary fraction and adopting the 72% dynamical survival probability computed previously,
we find that having one P–M binary among the 25 largest Jupiter
Trojans with D > 100 km would be a <0.002 probability event if
tdisk ≥ 400 Myr. The long-lived disks can therefore be ruled out at
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Fig. 2 | Collisional survival of binaries in the outer planetesimal disk. The
surviving fraction is shown for the P–M mass binaries as a function of the
initial separation and disk lifetime (labels denote tdisk). For the P–M binary
separation and tdisk ≥400 Myr, the survival probability is <10−4. The grey
area displays the conditions for which the P–M components are in contact.

the 99.8% confidence level. In reality, the confidence is even greater
because: (1) not all planetesimals formed as binaries; and (2) binaries that formed with aB > 1,000 km cannot be the progenitors of the
tight P–M binary (Supplementary Fig. 1).
For tdisk < 100 Myr, the P–M survival probability against impacts
is >10%, indicating that short-lived planetesimal disks may be plausible. To demonstrate this, we adopted tdisk = 0 and considered the
case when Neptune migrates into the planetesimal disk immediately
after t0. The impact probability and vi were evaluated as a function of
time from the N-body simulations of Jupiter Trojan capture13. The
changing conditions were implemented in our collisional code (see
Methods), which was then used to determine the collisional survival of the P–M binary over the past 4.6 Gyr. We found that, to fit
the present size distribution of Jupiter Trojans, the shape of the size
distribution at t0 +  tdisk must have been similar to the present one for
D > 10 km. The cumulative size distribution of Jupiter Trojans for
10 <  D < 100 km can be approximated by N(>D) ∝  D−γ with γ ≃  2.
For D < 10 km, the slope of Jupiter Trojans is shallower26. This is well
reproduced in our simulations, where D < 10 km Jupiter Trojans are
removed by disruptive impacts (Fig. 3).
The survival probability of the P–M binary is found to be 87% for
tdisk =  0 (Fig. 4). Coupled with the dynamical survival from Fig. 1, the
combined probability is 62%. Thus, roughly two in three primordial
binaries with the P–M mass and separation would have survived to
the present time (for tdisk = 0). This result can be used to estimate
the occurrence rate of the P–M binaries in the original planetesimal
disk. Given that P–M is the only known binary system among 25
Jupiter Trojans with D > 100 km, the primordial binary occurrence
rate for aB < 1,000 km was at least 6.5% (tdisk > 0 would imply larger
initial fractions). These results constitute the first constraint on the
formation of tight, equal-size binaries in the outer Solar System. For
comparison, about 30% of dynamically cold TNOs are thought to be
wide binaries (aB > 1,000 km23).
The results reported here have important implications for the early
evolution of the Solar System. They show that giant planet migration
cannot be delayed to ~400–700 Myr after the dispersal of the protosolar
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Fig. 3 | Size distribution of Jupiter Trojans. Initially, a 20M⊕ planetesimal
disk was placed at 20–30 au. During the disk dispersal (here assumed to
have started at t0), a small fraction of planetesimals (≃5 × 10−7; ref. 13) was
implanted onto Jupiter Trojan orbits at 5.2 au. Here, we used our collisional
code to follow the collisional grinding of Jupiter Trojans at all stages of
evolution. The final population of Jupiter Trojans is a scaled-down version
of the massive disk, except for D <10 km, where the collisional evolution
produced a dip in the size distribution. This result is consistent with
observations (shown in red), which indicate a changing slope of Jupiter
Trojans below ~10 km26.

nebula (99.8% confidence). This undermines the relation between the
late planetary migration/instability and LHB suggested in refs 7,8, and
alleviates problems with the orbital excitation in the terrestrial planet
region5,27. Instead, we find that the planetary migration/instability happened early, and the asteroid/comet projectiles bombarded the terrestrial worlds early as well. With tdisk ≤ 100 Myr, the asteroid projectiles
are estimated to have produced only fewer than one-tenth of large
lunar craters, and fell short by a factor of ~100 to explain the formation of the Orientale/Imbrium basins at ≃3.9 billion years ago28. These
arguments give support to the possibility that most LHB impactors
originated in the terrestrial planet region29,30.
Dynamical effects of planetary encounters on binaries. We make use of the
previously published simulations of Jupiter Trojan capture13 to evaluate the
dynamical effect of planetary encounters on the P–M binary. To study capture,
ref. 13 adopted three simulations of planetary instability/migration4. A shared
property of the selected runs is that Jupiter undergoes a series of planetary
encounters with an ice giant. The orbit of Jupiter evolves in discrete steps as a
result of these encounters (the so-called jumping-Jupiter model). Jupiter Trojans
are captured in the jumping-Jupiter model when Jupiter’s Lagrange points
become radially displaced by scattering events and fall into a region populated by
planetesimals. The captured population was shown to provide a good match to
both the orbital distribution of Jupiter Trojans and their total mass.
In ref. 13, planetesimals were initially distributed in an outer disk extending
from just beyond the initial orbit of Neptune at 22 to 30 au. The outer extension
of the disk beyond 30 au was ignored because various constraints indicate that
a large majority of planetesimals started at <30 au (for example, ref. 31). Also,
the Jupiter Trojan capture probability from the >30 au region is exceedingly small.
The simulations were performed with a modified version of the symplectic
N-body integrator known as Swift32. All encounters of planetesimals and planets
were recorded. This was done by monitoring the distance of each planetesimal
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collisional survival of P–M mass binaries as a function of aB. The black line
combines the collisional survival with the dynamical survival from Fig. 1.
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from Jupiter, Saturn, Uranus and Neptune, and recording every instance when the
distance dropped below 0.5RHill,j, where RHill,j are the Hill radii of planets (j = 5 to 8
from Jupiter to Neptune). We made sure that more distant encounters do not have
any significant effect on the P–M binary. This was done by verifying that the results
do not change when more distant encounters are accounted for.
The sizes of P–M binary components were obtained from the
occultation observations in ref. 17: 127 km × 117 km × 98 km for Patroclus
and 117 km × 108 km × 90 km for Menoetius. A volume-equivalent spherical
size corresponds to diameters D1 = 113 km for Patroclus and D2 = 104 km for
Menoetius. These dimensions and the total mass 1.2 ×  1021 g from ref. 19 imply the
system density ≃0.88 g cm−3. These are the values adopted in the main text. To
study the dependence of our results on binary separation, the initial binary semimajor axis, aB, was treated as a free parameter (200 <  aB <  105 km; for reference,
the P–M binary has aB ≃ 670 km). The initial orbits were assumed to be circular
(eccentricity eB = 0) and randomly orientated in space.
We used the model from ref. 33 to compute the effect of planetary encounters
on binaries. Each binary planetesimal was traced through recorded encounters
using the Bulirsch–Stoer integrator that we adapted from Numerical Recipes34.
The Sun and other planets not having an encounter were neglected. First, we
integrated the centre of mass of a binary planetesimal backwards from the closest
approach until the planetocentric distance reached 3RHill,j. Second, we replaced it
with the actual binary and integrated forwards through the encounter. The second
integration was stopped when the binary reached 3RHill,j. The final binary orbit was
used as the initial orbit for the next encounter. The algorithm was iterated over all
recorded encounters.
Collisions between binary components were monitored. If a collision was
detected, the integration was stopped and the code reported the impact speed and
angle. Hyperbolic binary orbits were deemed to be unbound. The final values of
aB and eB were recorded for the surviving binaries. We found that, in the regime
corresponding to the P–M binary separation (aB < 1,000 km), the final separation
is generally a good proxy for the initial separation. For example, in all cases that
ended with aB = 670 km, only 1% of the binary orbits started with aB < 380 km or
aB > 970 km (Supplementary Fig. 1). This justifies our assumption that the P–M
binary started with aB ~ 670 km.
Collisional evolution. The mutual orbit of a binary can be affected by small
impacts into its components35. To study this process, we used the code known
as Boulder36,37. The Boulder code employs a statistical algorithm to track the
collisional fragmentation of planetesimal populations. Here, we briefly highlight
the main points and differences with respect to refs 36,37.
For each collision, the code computes the specific impact energy Q and the
critical impact energy QD* (see ref. 25 for definitions). Based on the value of Q∕QD*
and available scaling laws (for example, ref. 25), it then determines the masses of
the largest remnant and largest fragment, and the power-law size distribution of
smaller fragments (for example, ref. 38). The QD* function in Boulder was set to be
intermediate between impact simulations with strong25 and weak ice39. To achieve
this, we multiplied QD* from ref. 25 by a factor fQ, where fQ = 1, 0.3 and 0.1 were
used in different tests. The impact experiments with highly porous targets suggest
that the QD* values can be slightly higher than those found for strong ice40. This
result reflects the dissipative properties of material porosity. We verified that using
scaling laws from ref. 40 in the Boulder code gives results that are very similar to
those obtained with fQ = 3. We therefore tested fQ = 3 as well.
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The main input parameters are: (1) the initial size distribution of simulated
populations; (2) the intrinsic collision probability Pi; and (3) the mean impact
speed vi. The initial size distribution can be informed from Jupiter Trojans, which
are observationally well characterized down to at least 5 km26. For 5 ≲  D ≲ 100 km,
the cumulative size distribution N(>D) is a power law N(>D) ∝  D−γ with γ ≃  2.
Above D ≃ 100 km, the Jupiter Trojan size distribution bends to a much steeper
slope (γ ~ 6). There are 25 Jupiter Trojans with D > 100 km16. For D < 5 km, the
Jupiter Trojan size distribution bends to a shallower slope with γ <  2 (ref. 26). As
we discuss in the main text (Fig. 3), the shallow slope at small sizes suggests that
Jupiter Trojans evolved through a stage of modest collisional grinding.
The Jupiter Trojan capture efficiency from the original planetesimal disk is
well defined. Ref. 13 and our additional simulations suggest Pcapture =  (5 ±  2) ×  10−7
(this is a probability that an outer disk planetesimal ends up on a stable Jupiter
Trojan orbit), where the error bars give the full range of values obtained in
different simulations. We adopt Pcapture =  5 ×  10−7 in this work. To construct the
size distribution of planetesimals, the Jupiter Trojan size distribution is divided by
Pcapture (Supplementary Fig. 2). This gives ≃6 ×  109 planetesimals with D > 10 km.
The total mass of the reconstructed population is 20M⊕, in agreement with ref. 4.
As for Pi and vi, we performed two different tests. The first test was intended
to replicate the collisional grinding of the outer planetesimal disk. In this case, we
assumed that migrating Neptune removed the disk at tdisk after the dispersal of the
protosolar nebula (t0), and let the disk collisionally evolve over tdisk. The dynamical
state of the disk was taken from ref. 41. For example, at 300 Myr after t0, the disk at
20–30 au is characterized by Pi ≃  8 ×  10−21 km−2 yr−1 and vi ≃ 0.4 km s−1 (ref. 42).
Collisional grinding of the outer planetesimal disk proceeds fast
(Supplementary Fig. 3). For tdisk > 100 Myr, the number of D > 10 km bodies is
reduced at least tenfold and the total mass drops to <10M⊕. These results are
in conflict with the current size distribution of Jupiter Trojans, the planetesimal
disk mass inferred in ref. 4 and other constraints. The problem could potentially
be resolved if we adopted a larger initial mass. We tested several possibilities
along these lines. For example, we scaled up the reference size distribution by an
additional factor to increase the initial mass to >20M⊕. These tests failed because
more massive disks grind faster and end up with <10M⊕ for tdisk > 100 Myr. In
other tests, we used a steeper slope for D < 100 km in an attempt to obtain γ ≃ 2 as a
result of collisional grinding. These tests failed as well for reasons similar to those
described above.
Using fQ > 1 does not resolve the problems discussed above. This is mainly
for two reasons. First, very large values of fQ (fQ > 3) are needed to significantly
limit the effect of collisional grinding, but these values are probably too high to
be realistic. Second, even if we use fQ > 3, the number of D ≃ 10 km bodies is still
reduced by a factor of ~10. This is because, for the low-speed impacts adopted here,
the focusing factors can be large, and small planetesimals are lost by efficiently
accreting on the largest disk bodies. Given these unresolved issues, we decided to
adopt the following scheme for our nominal simulation of impacts on the P–M
binary. We used the reference size distribution (20M⊕ initially) and switched off
the fragmentation of planetesimals ( fQ ≫ 1) and their accretion onto large bodies.
In this case, the size distribution stayed approximately the same over the whole
length of the simulation. This is arguably a very conservative assumption. Other
schemes would require that the initial population was larger and decayed over
time, implying more impacts overall.
We tested many additional initial size distributions, including γ ≃  2 for
D* <  D < 100 km and γ <  2 for D <  D*, where the transition diameter D* < 100 km
was taken as a free parameter. This was done to verify whether the initial paucity
of small projectiles would reduce the long-term exposure of the P–M binary to
orbit-changing impacts. The end-member case of these models is the one with no
D <  D* bodies whatsoever (perhaps because they did not form). If fragmentation
is switched off in this case ( fQ ≫ 1), the size distribution remains unchanged
and fails to match the present size distribution of Jupiter Trojans for D <  D*.
If the fragmentation is switched on (fQ ~ 1), the collisional cascade acts very
quickly (within ≃10 Myr) to produce a fragment tail with γ ≃  2 below D <  D* km
(Supplementary Fig. 4). The survival probability of the P–M binary is nearly the
same in this case as in our nominal case, where the initial size distribution was
extended to D <  D* km with γ ≃  2.
The second set of simulations with Boulder was done under the assumption
that the outer planetesimal disk was dispersed by Neptune immediately after t0
(that is, tdisk = 0). The disk was assumed to have started dynamically cold (e ≃  0 and
i ≃ 0) or hot (Rayleigh distributions in e and i). It was gradually excited after t0,
on a timescale of 10–30 Myr, by migrating Neptune. The Öpik algorithm43,44 and
simulations reported in ref. 13 were used to compute Pi and vi as a function of time
(Supplementary Fig. 5). We selected planetesimals that became captured as Jupiter
Trojan and monitored their collision probabilities and impact velocities with all
other planetesimals. The Pi and vi values were computed each δt by averaging over
the selected planetesimals, where δt = 1 Myr during the initial stages, when Pi and
vi change quickly, and δt = 10–100 Myr later on. After approximately 200 Myr past
t0, the collision evolution of Jupiter Trojans is dominated by impacts among Jupiter
Trojans. After this transition, Pi =  7 ×  10−18 km−2 yr−1 and vi = 4.6 km s−1 (ref. 45).
Impacts on the P–M binary. The binary module in Boulder37 accounts for small,
non-disruptive impacts on binary components, and computes the binary orbit

change depending on the linear momentum of impactors. For each impact, the
change of orbital speed, vB =  v2 −  v1, where v1 and v2 are the velocity vectors of
components, is computed from the conservation of the linear momentum. This
gives:
δ vB =

mi  1 m1 
vB
 vi−
m2 + mi  2 mB 

(1)

for an impact on the secondary, and:
δ vB = −

mi  1
m2 
vB
 vi +
m1 + mi  2
mB 

(2)

for an impact on the primary, where m1 and m2 are the primary and secondary
masses, mB =  m1 +  m2, and mi and vi are the impactor’s mass and velocity.
The first term in equations (1) and (2) corresponds to the transfer of the linear
momentum. The factor 1/2 stands for the contribution of the impactor’s linear
momentum to the translational motion (as averaged over all impact geometries).
The rest of the linear momentum is consumed by the spin vector change of
the impacted binary component. Note that this assumes that all collisions are
completely inelastic. A larger yield would occur if it is established that the escaping
ejecta affect the linear momentum budget46, but we do not consider this effect here.
The impact velocity vectors were assumed to be randomly oriented in the
reference frames of binaries. We also factored in that impacts can happen at any
orbital phase and averaged the binary orbit changes over the orientation and phase.
The changes of orbital elements, δaB and δeB, were computed from:
δa B
1 mivi
=±
aB
3 mBvB

(3)

and:
δeB = ±

1 5 mivi
η
2 6 mBvB

(4)

where vi and vB are the moduli of vi and vB, and η2 =  1 −  eB2. The ±sign in front of
the right-hand sides indicates that the individual changes can be positive or
negative. Equations (3) and (4) were implemented in the Boulder code. A similar
expression can be obtained for inclinations36, but we do not follow the inclination
changes here.
Code availability. The N-body integrator used in this work to record planetary
encounters is available from https://www.boulder.swri.edu/~hal/swift.html. The
code was trivially modified to monitor the physical distance between test particles
and planets, and record the planetocentric path of each particle during encounters.
The N-body code used to track changes of the binary orbits is available from
http://www.boulder.swri.edu/~davidn/Codes/. The Boulder code with the
binary module was developed with internal Southwest Research Institute funding
and is proprietary.
Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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