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M Check for updates

The Solar System’s orbital structure is thought to have been sculpted by an episode of
dynamical instability among the giant planets'*. However, the instability trigger and
timing have not been clearly established®®°. Hydrodynamical modelling has shown
that while the Sun’s gaseous protoplanetary disk was present the giant planets
migrated into acompact orbital configuration in a chain of resonances>'. Here we use
dynamical simulations to show that the giant planets’ instability was probably
triggered by the dispersal of the gaseous disk. As the disk evaporated from the inside
out, itsinner edge swept successively across and dynamically perturbed each planet’s
orbitinturn. The associated orbital shift caused adynamical compression of the
exterior part of the system, ultimately triggering instability. The final orbits of our
simulated systems match those of the Solar System for a viable range of astrophysical
parameters. The giant planet instability therefore took place as the gaseous disk
dissipated, constrained by astronomical observations to be afew to ten million years
after the birth of the Solar System™. Terrestrial planet formation would not complete
until after such an early giant planet instability'*'*; the growing terrestrial planets may

even have been sculpted by its perturbations, explaining the small mass of Mars

relative to Earth™.

We modelled the dynamical consequences of the dispersal of the Sun’s
gaseous disk. Stellar photoevaporation dominates the massloss during
thisadvanced phase, causing the disk to dissipate from the inside out™*.
Whereas planets embedded in the disk feel ‘two-sided’ gravitational
torques fromboth theinterior and exterior parts of the disk, planets at
the disk’s inner edge only interact with the gas exterior to their orbits.
Asaresult of these larger ‘one-sided’ torques, a planet below the mass
threshold for openingagap will stop migrating inwards at the disk inner
edge8. Ifthe inner edge itself moves outwards owing to disk dispersal,
then the planet may subsequently migrate outwards along with it (Meth-
ods). This mechanismis termed ‘rebound’, and was first applied in the
context ofthe magnetospheric cavity on sub-AU scales (AU, astronomi-
cal unit) to explain the architecture of close-in super-Earth planets'®?°.

Figure1demonstrates an example simulation of adynamical instabil-
ity triggered by the disk’s dispersal. The expanding edge of the inner
disk cavity does not affect all planets equally. Because Jupiter is suffi-
ciently massive enough to open a deep gap around its horseshoe region,
the corresponding corotation torque diminishes and the rebound
is quenched (Methods). Jupiter then simply enters the cavity as the
inner disk edge sweeps by. The one-sided torque is strong enough to
expand Saturn’s orbit outwards when the disk edge approaches Saturn
at t=0.6 Myr (Fig. 1), moving Jupiter and Saturn out of their shared
resonance. As Saturn migrates outwards with the expanding cavity,
the spacing between the orbits of the outer planets is compressed.
The eccentricities of the ice giants increase owing to this dynamical
compression. Saturnis left behind and enters the cavity at 9 AU when

t=0.65Myr. Meanwhile, the innermost ice giant planet becomes so
dynamically excited that its orbit crosses Saturn’s, and the two planets
undergoaclosegravitational encounter. Thistriggers adynamicalinsta-
bility and the system becomes chaotic: the third ice giant is scattered
outwards, whereas the innermost ice giant is eventually ejected into
interstellar space att = 0.85 Myr after aseries of close encounters with
Jupiter. The planets’ final orbits are close to those of the present-day
Solar System giant planets.

Such arebound-triggered instability is consistent with the Solar
System’s orbital architecture. To demonstrate this, we conducted more
than 14,000 numerical simulations like the one from Fig. 1, varying
three different aspects of theinitial conditions (Extended Data Table 1).
First, we tested a wide range of plausible starting configurations for
the number of ice giants (two, three or four) and their initial orbital
resonant states. Second, we used a Monte Carlo method to test the
effects of important disk parameters—the onset mass-loss rate M,
thedisk dispersal timescale r,and the expansion rate of the inner cav-
ity v,—across the full range of astronomically relevant values. Third,
we ran each simulation twice: once including the effect of inside-out
disk dissipation (that is, with rebound) and once assuming the disk
dissipates smoothly at all radii (that is, without rebound). As a basic
check, we used two system-level indicators to test whether our simu-
lated systems are consistent with the global properties of the Solar
System: the (normalized) angular momentum deficit (AMD), ameasure
ofthe dynamical excitation of the system, and the radial mass concen-
tration statistic (RMC), ameasure of the orbital spacing of the system.
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Fig.1|Anearly dynamicalinstability triggered by the dispersal of the Sun’s
protoplanetary disk. Theinitial system consisted of five giant planets:Jupiter,
Saturnand three 15 My ice giants, one of which was ejected into interstellar
spaceduringtheinstability. The curves show the orbital evolution of each body
includingits semimajor axis (thick), perihelion and aphelion (thin). The black
dashed line tracks the edge of the disk’s expandinginner cavity. We do not
follow the early evolution through the entire gas-rich disk phase, so the onset of
disk dispersalissetarbitrarily tobe 0.5 Myr after the start of the simulation.
The semimajor axes and eccentricities of the present-day giant planets are
shown at theright, with vertical lines extending from perihelion to aphelion.
The adopted disk parameters are M,,,, =4 x107° M, yr”, 7,=8.6 x10°yrand
v,=35AUMyr.

When the rebound effect isincluded in our simulations, the surviv-
ing planetary systems fill the AMD-RMC phase space that matches
the Solar System (Fig. 2). That space is mostly empty when rebound is
not included because dynamical instabilities are much less frequent.
More than 90% of systems starting in 3:2 resonances went unstable
whenrebound wasincluded but only 39% when rebound was ignored.
Likewise, 78% of systems with a chain of 2:1 (Jupiter and Saturn) and
3:2resonances went unstable when rebound was included versus 31%
whenit wasignored. The rebound-triggered instability occurs across
allastronomically relevant disk parameter values (Methods). In these
simulations, we had adopted amoderately viscous diskin which Saturn
didnotopenadeep gap. However, the rebound mechanismalso gener-
atesinstability in low-viscosity environments in which Saturnis above
the gap-opening mass. Inthat case, theice giants’ scattering propagates
to the gas giants, triggering a system-wide instability at arate that is
only modestly lower than in our fiducial simulations (Methods).

In previous studies™*#°*22, a primordial planetesimal disk typically
contained 20-30M, within 30 AU and played a central role in trigger-
ing the instability. In our model, the gas disk is the instability trigger,
yetinteractions with a putative outer planetesimal disk would further
spread out the giant planets’ orbits and decrease their eccentricities
and inclinations. After the gas disk was fully dissipated, we extended
asubset of simulationsinagas-free environment for another 100 Myr
including an outer planetesimal disk containing a total of 5,10 or 20M,.
In an example with four giant planets (Fig. 3a, b), the rebound-driven
instability leaves the system in a configuration that is more compact
than the real one. Yet, during the planetesimal disk phase (¢ > 10 Myr)
the orbital radius of Uranus and Neptune increased, and the eccentrici-
ties of all planets were damped, resulting in a configuration closer to
that of the Solar System. An example starting with five giant planets
with an outer planetesimal disk of 5Mg followed a similar evolutionary
path (Fig. 3¢, d). In dynamical terms, the rebound-triggered instabil-
ity increases a giant planet system’s level of orbital excitation (and its
AMD) and decreases its degree of radial concentration (and RMC),
whereas later interactions with the planetesimal disk tend to decrease
both the AMD and RMC.
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Fig.2|Metrics for surviving planetary systems of asubsample of our
simulations inmatching the Solar System. The simulations on the left
included therebound effect and those on the right did not. Each simulation
started with our four present-day giant planets plus one additional ice giant
planet.Inthe top panels, the giant planets were initially placed in a chain of 3:2
orbital resonances. Inthe bottom panels, Jupiter and Saturn wereina 2:1
resonance and other neighbouring planet pairs were in 3:2resonances. Each
symbol represents the outcome of a givensimulationat ¢ =10 Myr. The colour
indicates the timing of the instability after the start of gas disk dispersal; pink
systems did not undergo aninstability (no collision and/or ejection).
Diamonds, circles and triangles correspond to systems with five, four and three
or fewer surviving planets, respectively. The arrow gives theinitial radial mass
concentration of the system. The Solar System is marked as ared star for
comparison. Comparable figures presenting different subsamples starting
fromdifferent orbital configurationsareincluded as Extended Data Figs.1-3.
MMR, mean-motion resonance.

The final system architectures provided a better match to the Solar
System when planetesimal disks were included (Fig. 4). One challenge
for our simulations is adequately exciting Jupiter’s eccentricity to its
present value of 0.046. This is a systematic problem in simulations
of the instability****%, A possible solution is that Jupiter’s orbit was
already modestly eccentric at the tail end of the gaseous disk phase'®*.
We do not attempt to explain the Kuiper Belt’s architecture in this work,
as the triggering mechanism is not the central aspect for establish-
ing these small body populations. The chaos of the instability erases
the dynamical memory of the initial triggering—a defining feature of
chaos—and the dissipating gasin the dispersal phase only plays aminor
role in damping the random velocities of small bodies once they get
excited. Thus, results regarding existing models of small body evo-
lution after giant planet instability hold regardless of the triggering
mechanism.

Arebound-triggered instability at the time of disk dispersal fills
animportant gap in Solar System chronology. Observations of the
frequency of disks in star clusters of different ages find that the typi-
cal disk lifetime is a few to 10 Myr (ref. ™). The giant planet instability
wasinitially invoked as a delayed event to coincide with the ‘late heavy
bombardment’?. However, recent re-appraisal of the cosmochemi-
cal constraints indicates that there was likely no late spike (‘terminal
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Fig.3|Dynamical evolution of giant planetsinboth gas disk dispersal
phase and gas-free, planetesimal disk phase. The initial system consisted of
four giant planetsin2:1resonances (upper) or five giant planetsinacombined
2:1and 3:2resonances (lower). The left panels show the orbital evolution of
eachbody includingits semimajor axis, perihelion and aphelion. The black
dashed linetracksthe edge of the disk’s expandinginner cavity. The onset of

cataclysm’) in the bombardment rate?. Instead, constraints from
a binary Jupiter Trojan® and ages of meteoritic inclusions’ indicate
that the instability took place no later than around 20-100 Myr after
thebirth of the Solar System. Aninstability within 10 Myr would have
perturbed the final assembly of the terrestrial planets, and an early
instability may explain anumber of features of the inner Solar System
including the large Earth-to-Mars mass ratio and the dynamical excita-
tion of the asteroid belt™.

disk dispersalissetarbitrarily tobe 0.5 Myr after the start of the simulation.
The planetesimal disks of 10Mg and 5M, are implemented after 10 Myrin the
above two configurations. Theright panels provide the corresponding
system’sRMC and normalized AMD at ¢ =0 yr,10 Myrand 100 Myr witha
planetesimal disk of 5Mg, (pink), 10M, (brown) and 20Mg, (purple), respectively.
The Solar Systemis marked as ared star for comparison.

Our model provides ageneric trigger for dynamicaliinstability linked
with the observed timescale for disk dispersal™. Early models relied on
fine-tuning the distance between the ice giants and outer planetesi-
mal disk or the degree of self-interaction between planetesimals to
match the assumed late timing of the instability>*. More recent studies
with more self-consistent outer planetesimal disks systematically find
shorter instability timescales, but with broad distributions that extend
to around 100 Myr and an uncertainty in the triggering mechanism
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Fig. 4 |Final orbits of the giant planets insimulations thatincluded both
the gaseous disk and an outer planetesimal disk. Only the simulations that
finished with four planets are shown. Simulations with and without

Semimajor axis (AU)

planetesimal disks are plotted in circles and triangles, respectively. The Solar
Systemis marked as astar.
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itself®®. Given its robustness to disk parameters (Extended Data Figs. 4
and 5), anearly, rebound-triggered instability is essentially unavoidable
for the Solar System. Such a trigger also implies that the planets’ final
architecture depends only weakly on the mass of the outer planetesimal
disk (Fig.4), which may have been less massive than previously thought.
For instance, the cratering record on outer Solar System moons does
notappear tomatch predictions from models of the collisional evolu-
tion of the massive primordial Kuiper Belt needed to trigger the giant
planets’ instability®*.

The rebound effect may explain why dynamical instabilities appear
to be nearly ubiquitous in exoplanetary systems?. The broad eccen-
tricity distribution of giant exoplanets can be matched if 75-95% of all
giant planet systems we see are the survivors of dynamical instabili-
ties?. Although rebound only affects planets with masses below the
gap-opening mass (such as ice giants), microlensing studies find that
such planets are extremely common?. The instabilities in ice giant
systems spread to nearby gas giants at a high probability (Methods).
Likewise, the orbital period ratio distribution of close-in small planets is
consistent with the vast majority of systems having undergone dynami-
cal instabilities®. Thus, the rebound effect during disk dispersal may
be a nearly universal process affecting not just our Solar System but
planetary systems across the Galaxy.
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Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Disk model

Theevolution of a protoplanetary diskis driven by internal gas viscous
stresses and external stellar ultraviolet/X-ray photoevaporation™.
At early times the influence of stellar photoevaporation is negligible
and the disk evolves viscously in a quasi-steady state such that M=3mvZ,
where Misthe gas disk accretionrate, X is the gas surface density, v= ac,H
isthe disk viscosity™, ais the viscous efficiency parameter and c;and H
arethegasdisk sound speed and scale height, respectively. At late times,
after the disk accretion rate M drops below the stellar photoevaporation
mass-loss rate Mpho, disk dissipation is dominated by the photoevapo-
rative wind originating from stellar high-energy radiation®*®,

When the thermal energy of the disk gas is greater than its gravita-
tionalbounding energy beyond a threshold disk radius R, the disk gas
escapesasawind. Gasinside R,,is rapidly accreted on the local viscous
timescale. Hence, aninner disk cavity is opened and the main outer disk
is optically thinto the direct radiation from the central star®’. As such,
the photoevaporating mass-loss rate is given by"

1/2 1/2
. VA R, -
9 1
Mypo=10 (10415,lj (5 A’{Jj M, yr?, o

where the ionizing flux of the young central star @ is order of 10¥-10*? s
and the initial size of the inner cavity R;,is 1-5 AU. An initially smaller
size cavity does not qualitatively change our results, and the determin-
ingfactoris Mphowhen theinner disk edge sweeps at Jupiter’s location.
The mass-loss rate depends on the primary stellar incident spectrum
(extreme ultraviolet, far ultraviolet or X-ray), grain species, abundance
and disk chemistry. The fiducial onset mass-loss rate M,,;,,0f 10~ M,, yr™!
inequation (1) istaken from extreme-ultraviolet-drivenstellar radiation
models®. If the photoevaporationis instead dominated by X-ray radi-
ation, M,,, can be higher®. We treat M, as a free parameter and vary
it from3x107°to 3 x107° M, yr'in the parameter study.

Inthis photoevaporation-driven disk dispersal phase, the gas surface
density can be written as

M,
() =tho exp{—é} — _pho exp{—i}, 2)

3nv Ty

where X ;.. is the gas surface density when the stellar photoevapora-
tionbecomes dominantand z,is the gaseous disk dispersal timescale.
Noticeably, two different timescales are related to gas disk dissipa-
tion. First, the disk lifetime is inferred to be 1-10 Myr with a median
value of 3 Myr (ref. >*). Second, as only a small fraction of young stars
have evolved disks caught in the transition between disk-bearing and
disk-less states, disk clearingis expected to be very rapid, typically an
order of magnitude shorter than the disk lifetime®>¢. Based on these
observational constraints, itisreasonable to assume that 7gisinarange
between 0.1and 1 Myr.

We assume an optically thin, flaring disk in this dispersing phase¥,
and the corresponding temperature and aspect ratio are

! 1/4 L
T=|—"—| =T,|+ and
[161105,{2] in (Rin]

h—ﬂ kT r —h Lm
“r o |pmyGM. T MRy,)

where M, and L, arethe stellar mass and luminosity, ris the disk radial dis-
tance, Gisthe gravitational constant, o is the Stefan-Boltzmann con-
stant, kyis the Boltzmann constant, iz is the gas mean molecule weight
andm, is the proton mass. A previous study” calculated that 2 = 0.033
at1AU by adopting L, =1L,. However, during the pre-main-sequence
period (stellar age less than a few megayears), the Sun underwent

(3)

gravitational contraction and was more luminous (around (1-10)L,
along the Hayashi track) than its main-sequence stage. Hence, we
choose a higher luminosity for a solar-mass pre-main-sequence star
of L, =4l and assume it remains constant during the relatively rapid
disk dispersal phase. In this circumstance, the disk aspect ratiois 0.04
at1AU. We adopt R, =5 AU and, therefore, h,,=0.06 and T,, =180 K,
where the subscript indicates the quantity evaluated at R;, when the
stellar photoevaporation dominates. Based on the quasi-steady-state
assumption, we rewrite the gas surface density as

-1
t r t
Z(t)— 3 - exp{ }—Zm(R—mj exp{—a} 4)

where X, =4 g cm*for the fiducial disk parameters of M,,, =10 M, yr™!
and a=0.005.

The cavity spreads frominside out as disk gas disperses. We assume
that the cavity expands with a constant speed v, for simplicity. The
cavity expansion rate should be principally determined by the stellar
ionizing flux, and the size and mass of the disk and, hence, isnot a fully
independent variable. Nonetheless, when the dispersal time and disk
mass are fixed, v, directly reflects the size of the disk. To a first-order
approximation, foradisk with an outer edge R, of 30 AU and dispersal
timescale of 0.5 Myr, v, = R,,/T4= 60 AU Myr™’. Owing to the uncertain-
tiesin R, and 74, v, could plausibly span two orders of magnitude from
10t010° AU Myr . We neglect the effect of disk self-gravity in this study,
which might induce secular resonances with the gas giant planets to
sweep through theinner Solar System and cause the orbital excitation
of asteroids and terrestrial planets; understanding how the rebound
instability impacts the inner Solar System is a focus for future work.

In brief, the final photoevaporation-driven disk dispersal can be
described by three key model parameters: the onset mass-loss rate
when photoevaporation dominates Mpho, the disk dispersal timescale
14and the inner disk cavity expansion speed v,.

Planet-gas disk interaction

Here we summarize the formulas of planet migration torques used in
our study based on ref. . When the planet is far from the inner edge
of the disk, it feels the torque from the disk gas on both sides. The
two-sided torque I, is adopted from equation (49) of ref. 5

L a,
=-2.3q4 5, &)
p( p)2 dh2

where O is the Keplerian angular velocity, r, is the distance from the
planet to the central star and g, = X,r5/M, and g, = m,/M, are the mass
ratio between the local gas disk and star, and the mass ratio between
the planet and star, respectively. When the planet is at the disk edge,
only the one-sided torque I, exists:

1/2
rls qP qD
—B =l 5| *Ca 5 6
mp(rpr)z hsqd (h3 quh3 ( )

where the first and second terms on the right-hand side of equation (6)
arethe corotation and Lindblad torque components, respectively, with
Cns=2.46and C, =-0.65.Inthe above equations, the corotation torques
are expressed for planets on circular orbits. The saturation of the coro-
tation torque due to non-zero eccentricity is accounted for by adopt-
ingequation (13) of ref.”. To derive the corotation torque in equation (6),
we assume that, at the disk inner edge, the gas removal time ,.p0ya iS
faster thanthegaslibrationtimein the planet horseshoeregion ¢;,. We
show that thisis ajustified treatment as follows. First, at the inner disk
edge the gas removal time should be no longer than the viscous diffu-
sion time ¢,;; otherwise the gas would be accumulated. Thus, we have
Eremoval S Lyis = X24/V, where X, = A /h is the half-width of the planet
horseshoeregion. The gas llbratlon tlme foraplanetcanbe writtenas
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tin = 8Tr/ (30 Xis). Then t,emoval < Lin is required for the one-sided corota-
tiontorque inequation (6). The above condition is satisfied aslong as
t.is < ti,,and one can obtain that g < (81/3a)**h”> ~ 2.4 x 10 by adopt-
ing a=0.005 and /2 =0.07 (at the location of the 3:2 mean-motion
resonance withJupiter). In other words, to fulfil the condition of large
amplitude one-sided corotation torque, the planet needs tobe no more
massive than Saturn in our disk model.

For a general situation, the total torque can be expressed by inter-
polating the torques between the two regimes:

rzfrls + (1 _f)rZS’ (7)

where f=exp[-(r, - ri,)/x,s] is a smooth fitting function and f=1and
f=0refertothe planetat the diskedge and far away from the disk edge,
respectively. The disk torque is added into the equation of the planet
motion in a cylindrical coordinate®:

dUg_ I

dr myr,’ (8)
do __ v

dt = te’ ©)
dv, __ &

dt = e (10)

Both orbital migration and eccentricity/inclination damping are
included (see equations (22) and (23) of ref. *), where t,.. = t;,. is
assumed. Although the above equations are derived analytically, we
note that the termination of planet migration at theinner disk edge due
toone-sided torquesis also obtained in hydrodynamic simulations'®,

For planet outward migration with the retreating disk, the one-sided
corotation torque needs to be larger than the one-sided Lindblad
torque. Thus, from equation (6) the planet needs to satisfy the condi-
tion g, < (C,/C,)’h’. The above torque formulae are derived in the linear
regime. However, when the planet is massive to clear the local sur-
rounding gasinits horseshoe region*’, the disk feedback is non-trivial
and equations (5) and (6) are no longer applicable. Because the posi-
tive corotation torque diminishes owing to gap formation, the planet
beyond the gap-opening mass fails to undergo outward migration.
The gap opening requires the planet’s Hill sphere Ry, = (m,/3M,)r to
belarger thanthe disk scale height H. Therefore, g, < 3h*is needed for
torques in the linear regime. In addition, dedicated hydrodynamic
simulations indicate that the planet needs to fulfil this criterion as well*;

3H 50
=+

4Ry qR.

>1,

(11

where the Reynolds number R, = r’Q,/v. We call g,,. the maximum
non-gap opening mass ratio obtained from equation (11). To summa-
rize, the planet-to-star mass ratio needs to satisfy the condition

0,< Qg™ min[(Chs/CL)2h3, 31, qu 12)
for planet outward migration at the inner disk edge.

For our fiducial disk model, Saturn, Uranus and Neptune are in the
linear type I torque regime. Jupiter, being more massive, isin the type
llgap-opening regime, and rebound fails to operate for Jupiter. As the
timescale of type [l migration is muchlonger than that of type I migra-
tion, and our study merely focuses on the time associated with rapid
disk dispersal, we neglect the migration of Jupiter for simplicity. We
assume that the giant planets have reached their present-day masses
before the onset of final disk dispersal, so the above assessment of gap
openingis based on their fullmasses. Nonetheless, our model holds as

long as proto-Jupiter has completed its main gas accretion and became
more massive than Saturn before rebound operates.

We note that the above migration condition requires a disk with mod-
erately high viscosity and aspect ratio. The simulations are performed
with this fiducial disk setup unless otherwise stated. Atoo low a or A will
also cause Saturnto openadeep gap. Then, the picture changes as both
Jupiter and Saturn undergo slow type Il migration. We also conduct a
subset of simulationsin a disk with low viscosity and aspect ratio. The
influence of these two parameters is investigated in Methods section
‘Low-viscosity disks’.

Planet-planetesimal disk interaction
The outer planetesimal disk exchanges angular momentum with the
giant planets, resulting in the expansion of the planet’s orbits with
damped eccentricities and inclinations*2. Such a planet-planetesimal
disk interaction is often considered to be a trigger for the late giant
planetinstability, which played a crucial role in shaping the final archi-
tecture of the Solar System', typically taking place a few hundreds of
megayears after the formation of the Solar System?.. However, the
orbits of the fully formed inner terrestrial planets are probably desta-
bilized by such a late instability****, motivating the consideration of
an earlier instability™.

During the gas-rich disk phase, a planetesimal with radius R, expe-
riences aerodynamic gas drag and its orbital decay timescale can be
expressed as

-1 1
R s h
- 8 plt 0 0 A
farag 1210 yr(IOKm][IOZ’gcmZ] (o.o4j (1.5 prp—
a 9/4
(3OAU) !

where 2,and h,are the gas surface density at1 AU and p.is the internal
density of the planetesimal. We find that as ¢,,, is much longer than the
gasdisk lifetime, planetesimals in the proto-Kuiper Belt with radii larger
than10 km experience negligible radial drift during the gas disk phase.

J 13)

Numerical methods

We perform numerical simulations using a modified version of the
publicly available N-body code HERMIT4* to study the evolution of
multiplanet systems during gas disk dispersal. The code includes the
planet-gas diskinteraction by implementing the previously mentioned
torque recipes™®. In addition, we run extended simulations to study
the effect of a planetesimal disk on giant planet orbital evolutionin a
gas-free environment. These simulations are conducted separately
using the open-source N-body code MERCURY with a hybrid symplectic
and Bulirsch-Stoer integrator*e.

Gasdisk study
Weinvestigate the evolution of planetary systems during the final gas
disk dispersal phase in astatistical manner. The initial disk and planet
conditions are listed in Extended Data Table 1. We consider three dif-
ferent planet configurations: all planets in nearly 2:1 resonances, 3:2
resonances, and a combination of 2:1 and 3:2 resonances. Different
initial numbers of planets are also explored: n=4, 5 and 6. For each
planetary configuration, we perform1,000 simulations by Monte Carlo
sampling the disk properties (Mpho, 1,andv,). Importantly, we consider
bothsimulations with and without rebound to evaluate the efficacy of
this mechanism. Planets feel the classic type I torques as in equation (5)
when rebound is absent, whereas they feel torques including the
one-sided components as in equations (6) and (7) when rebound is
present.

We sstart the initial planet period ratios 5% higher than the exact reso-
nant states. To further set up the initial conditions, we integrate the
planets for 0.5 Myr with only the migration of the outermost planet



turned on, and the gas surface density unchanged. This ensures that
the planets go into the desired resonant chains. The eccentricities
and inclinations of the planets are assumed to follow Rayleigh distri-
butions, where the scale parameters e, = 2i, =107, The other orbital
phase angles are randomly selected between 0° and 360°. After the
initial 0.5 Myr integration, we turn on the migration for all planets, and
thedisk startstodeplete according to the sampled disk properties. All
parameter study simulations are terminated at 10 Myr when gas disks
are fully dissipated.

Our goal is to demonstrate our new instability trigger, so we
use two broad dynamical indicators to show that our simulated
systems are indeed consistent with the global properties of the Solar
System without attempting to match each detailed constraint.
The first is the normalized angular momentum deficit*: AMD =
2m [a;(1~ cos(i)),[1~ e)/Y m; [a;, where my, a;, ¢;and i; are the
mass, semimajor axis, eccentricity and inclination of each giant planet
Jj.The AMD increases withincreasing orbital eccentricities and inclina-
tions, because eccentric or inclined orbits have alower p -projected
angular momentum than circular, coplanar ones at the same semima-
jor axes. The second indicator is the radial mass concentration*:
RMC = max(¥ m;/ % mj[loglo(a/aj)]z) , which measures the degree of
radial mass concentration in a given system, with higher RMC corre-
sponding to a more tightly packed system.

Comparedto Fig. 2, we show the effect of rebound on differentinitial
potential giant planet architectures in Extended Data Figs. 1-3. The
model parameter setups and numerical outcomes can be found in
Extended Data Table 1. In addition, the AMDs of systems with initially
four, five and six planets as functions of the disk parameters are pre-
sented in Extended DataFigs. 4 and 5. For instance, the upper panel of
Extended Data Fig. 4 provides the outcome of simulations in which
there wereinitially four giant planetsin achain of 2:1resonances (run_
A4R in Extended Data Table 1). For this setup, the Solar System ana-
logues (black dots) are likely to form when M, is lower than10°M, yr ™.

Planetesimal disk study

In addition to the above simulations only considering a gas disk, we
also runsimulations to account foran outer planetesimal disk. Sucha
disk is expected to continuously exchange angular momentum with
the giant planets on amuchlonger timescale, motivating ourinclusion
of a planetesimal disk only after the gas disk is entirely depleted. We
perform new sets of extended gas-free simulations for another 100 Myr
using the MERCURY code, in which the initial orbital information of
giant planets is adopted from the previous Hermite simulations at
t=10 Myr. For the purpose of illustration, we only perform alimited
number of such extended simulations rather than extensive explora-
tions ina multiparameter space.

We adopt the test particle approach to reduce the computational
cost. The disk contains 1,000 test particles and each particle represents
aswarm of real planetesimals at similar positions and velocities. The
particles feel the gravitational forces from the planets, but theinterac-
tions between them are neglected. We assume that the planetesimal
disk extends from 20 to 30 AU, with a surface density profile of X, =< r™.
Thetotal disk massis varied from 5,10 and 20M,,. These test particles are
initialized on nearly circular and coplanar orbits, and their eccentrici-
ties and inclinations follow Rayleigh distributions with e, = 2i, =107
We also test for numerical convergence using a total number of 500 test
particles. The results are consistent between the explored resolutions.

Secular mode analysis

Here we check the secular dynamics and eccentricity mode of the result-
ing planetary systems. As Jupiter and Saturn are the dominant mass
contributors among Solar System planets, the secular dynamics of the
system can be approximately traced by solving the Lagrange-Laplace
equations for the Jupiter-Saturn pair®. The eccentricities and longi-
tudes of perihelia of Jupiter and Saturn can be written as:

€ cosw)=Mss cos(g + ;) + Msg cos(g, +B,),
€ sinwy = Mss sin(g; + B.) + Msq sin(g, + ),

€g Coswg=Mjs cos(g, + B,) + Mg cos(g, +B,),
es Sinwg =Mgs sin(g, + B) + Mg sin(g, + B,),

(14)

where g; are the eigenfrequencies for the precession of perihelia, §;
are the phase angles and M, are the coefficients of the corresponding
eccentricity amplitudes. The subscriptirefers to the eight Solar System
planets, and 5 and 6 represent Jupiter and Saturn. We note that the
perturbations from the other planets are relatively small compared
tothese fromJupiter and Saturn. Thus, these four amplitudes and two
eigenfrequencies can betreated asagood approximation for the secu-
lar evolution of Jupiter and Saturn.

A proper excitation of Jupiter’s eccentricity mode, particularly Mss to
0.044,isthe most difficult property of the gas giant planets’ secular archi-
tecture to match; previous numerical simulations such as those of the Nice
model or other alternatives generally yield lower values??***°, Extended
DataFigure 6 shows that the amplitude of the Ms; mode for the simulated
planetary systems lies between 0.005 and 0.05. Simulations that only
consider evolutioninthe depleting gas disk generate higher amplitudes
compared withthose that additionally account for the planetesimal disk.
Thisis simply because the dynamical friction fromthe outer planetesimal
disk continuously damps the eccentricities of the inner giant planets.

Low-viscosity disks

To address whether the rebound mechanism can trigger a dynamical
instability in the low-viscosity disks in which Saturn carvesadeep gap,
we conducted a new set of simulations focusing on the interactions
with the gas disk, thatis, no planetesimal disk included. We adopted a
layered accretion disk model°, where arepresents the averaged global
disk angular momentum transport efficiency and a, corresponds to
thelocalturbulent viscosity strength at the disk midplane. Therefore,
a sets the gas surface density whereas the gap opening and planet
migration are governed by a,. The two values are set to be equal in the
fiducial disk model (a« = @, = 0.005). Here we also assume a = 0.005 but
vary a, totestits influence onthe system’s instability rate. We focus on
theinitial 3:2 resonant configurations of five and four planets (the same
asrun_BSR and run_B4R), and we specified the disk parameter distribu-
tions such that M, 74 and v, are log-uniformed selected from
[107%5,10°IM, yr™, [10°%,10°T yr and [40, 120] AU Myr ', respectively.
The adopted midplane a, and the disk aspect ratio at the onset of the
inner disk edge h;, areillustrated in Extended Data Fig. 7.

Inalow-viscosity disk environment, the outward-sweeping disk edge
only directly affects the orbits of theice giant planets. Both Jupiter and
Saturnareinthe gap-opening regime, and their slow type Il migration
isneglected during the rapid gas disk dispersal phase. Although Jupiter
and Saturn cannot move out of resonance directly as the disk edge
sweeps by, the subsequentinstabilities triggered among the ice giants
have achance to propagate to the two larger gas giant planets (see the
example in Extended Data Fig. 8).

AsshowninExtended Data Table 2, orbital restructuring and system-
wideinstability are stillcommon outcomes. A high fraction of systems
experienceinstabilities during the first 10 Myr, most of which take place
within1-3 Myr simultaneously with the rapid disk dispersal (Extended
DataFig. 9a). Inmost circumstances, dynamical instabilities start among
theice giant planets and rapidly propagate to destabilize Jupiter and
Saturn’s orbits (Extended Data Fig. 9b). The instability propagation rate
is higher than 90% in general. This is true for both initial configurations
with four and five planets, which means that the propagation of the
instability from the ice giants toJupiter and Saturn does not rely on
the presence of anadditionalice giant. Through the above exploration,
we conclude that the rebound mechanismis a viable instability trigger
even in low-viscosity disks, as long as at least one planet is below the
gap-opening threshold.
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Data availability

The data that support the plots within this paper and other find-
ings of this study are available at https://github.com/bbliu-astro/
solarsystem-rebound.git.

Code availability

Thesource code and simulation output for the model used in this study
are available on reasonable request from the corresponding authors.
The original version of the HERMIT4 N-body code is available on Sverre
Aarseth’shomepage https://people.ast.cam.ac.uk/sverre/web/pages/
nbody.htm.
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Extended DataFig. 5| Outcomes of rebound simulations withinitially five 2:1resonances (Istrow), achain of 3:2 resonances (2nd row), or acombination
andsix planets as afunction of disk parameters: onset mass-lossrate, the of2:1and 3:2resonances (3rd row), or started with our four present-day giant
disk dispersal timescale, and the rate of expansion of the inner cavity, lanets plus two additional ice giantsina chain of 3:2resonances (4th row),
7 p p g
comparable to Extended DataFig. 4. Each simulation started with our four oracombinationof2:1and3:2resonances (5th row).

present-day giant planets plus one additional ice giant planetin a chain of
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mass criterion from Equation (12), and the grey lines indicate the masses of four ~ openingregime, and the orange symbolindicates the circumstance that
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setups we have explored in Methods section ‘Low-viscosity disks’, where the planet with the lowest massisin the non-gap opening regime. The values of &,

red symbolsrefer to the circumstances where only Jupiter opens adeep gap and disk aspect ratio parameters can be found in Extended Data Table 2.
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Extended DataFig. 8| Anearly dynamical instability triggered by the issetarbitrarily tobe 0.5Myr after the start the simulation. The semimajor axes
dispersal of the Sun’s protoplanetary disk, assuming thatthediskhasalow andeccentricities of the present-day giant planets are shown at theright, with
viscosity. The initial system consisted of five giant planets: Jupiter,Saturn,and  vertical lines extending from perihelion to aphelion. The disk modelis adopted
threeicegiants. The curves show the orbital evolution of each body including from run_BSR_P4 where midplane turbulent strength (a,=107*) is 50 times

its semimajor axis (thick), perihelionand aphelion (thin). The black dashed line ~ lower comparedto the exampleshowninFig.1. The other disk parametersare:
tracks the edge of the disk’s expandinginner cavity. We do not follow the early Il}lpho =11x10"M yr ", 7,=5.0x10°yr,and v, =42 AUMyr™.

evolution through the entire gas-rich disk phase, so the onset of disk dispersal
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Extended Data Table 1| Initial conditions and statistical outcomes of the gas disk parameter study

run ID period position with  pn—6  DPN=5 DPN=4  DPN;<=3 DSsA
ratio order rebound
run_A4R all 2:1 J.S,U,N Yes 0% 0%  73.6% 264% 7.7%
run_A4N all 2:1 J,S,U,N No 0% 0% 100.0% 0.0% 89.7%
run_B4R all 3:2 J,S,U,N Yes 0% 0% 23.1% 76.9% 0.9%
run_B4N all 3:2 J,S,U,N No 0% 0% 84.5% 15.5% 0.0%
run_ C4R  2:1,3:2,3:2,3:2 J,S,U,N Yes 0% 0%  451% 54.9% 6.4%
run_ C4N 2:1,3:2,3:2,3:2 J,S,U,N No 0% 0% 77.9% 22.1% 58.8%
run_ASR all 2:1 J,8,U,U,N Yes 0%  69.3% 26.9% 3.8% 1.7%
run ASN all 2:1 J,S,U,U,N No 0% 100.0% 0.0% 0.0% 0.0%
run_B5R all 3:2 J,S,U,U,N Yes 0% 71% 294% 63.5% 1.9%
run_B5N all 3:2 J,5,U,U,N No 0% 71% 294% 63.5% 1.9%
run_ C5R  2:1,3:2,3:2,3:2 J,S,U,U,N Yes 0% 22.3% 40.6% 36.1% 2.5%
run CSN 2:1,3:2,3:2,3:2 J.S,U,U,N No 0%  69.1% 10.7% 20.2% 3.3%
run_B6R all 3:2 J,S,U,UN,N Yes 3.1% 191% 39.7% 38.1% 1.4%
run_.C6R 2:1,3:2,3:2,3:2 J,S,U,U,N,N Yes 15.4% 30.1% 37.9% 16.6% 0.3%

The first to fourth columns correspond to the name of the run, planet period ratio, position order (from inner to outer) and the option of simulations including rebound or not, where J, S, U, N are
short for the planet with the mass of Jupiter, Saturn, Uranus, and Neptune, respectively. The disk parameters Mpho, 14, and v, are log-uniformed selected from [10°%,10%°] M, yr™, [10°,10°] yr,
and [20, 200] AU/Myr, respectively. The fifth to eighth columns show the probability of systems with a final number of planets N;=6, 5, 4, and <3, respectively. The ninth column represents the
probability of forming Solar System analogs, defined that systems survive with four planets in the right position order and their AMDs and RMCs are within a factor of three compared to the
Solar System. The orbits of the current giant planets are adopted from Table 1 of Ref. 2.



Extended Data Table 2 | Instability statistics including

low-viscosity disks

run ID [ov, Pin]

position order

pice

PJs

run_B5R _P0
run_B5R Pl
run_B5R_P2
run_B5R _P3
run_B5R_P4
run_B5SR_P5
run_B4R_PO
run_B4R Pl
run_B4R_P2
run_B4R_P4

[10-4,0.04]
[10-4,0.024

(1074, 0.04]

[5x1072,0.06]
[1072,0.057]
[5x107%,0.03]
[2x107%,0.05]

[5%1073,0.06]
[10-2,0.057]
[5x1074,0.03]

1,S,U,U,N
1,S,U,U,N
1,S,U,U,N
1,S,U,U,N
1,S,U,U,N
] 1,S,UPN
J,S,U N
J,S,U,N
J,S,U N
1,S,U N

93.8%
93.3%
23.3%
61.6%
42.6%
95.4%
77.8%
75.2%
23.3%
10.0%

83.5%
84.6%
21.9%
56.3%
40.0%
69.4%
68.2%
64.3%
22.1%
9.2%

The first and second columns provide the name of the run and the adopted a, and h;,.. The third column lists the planet position order, where in run_B5R_P5 the mass of one ice giant is chosen to
presents that the dynamical instability occurs for ice giant planets or the instability spreads to the Jupiter and

be 8 M, The instability probability is given by p..s, where the subscript ice or JS re
Saturn pair.
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