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ABSTRACT

Much of the modern Kuiper belt is thought to be the result of Neptune’s migration through a
primordial belt of planetesimals, possibly interrupted by an instability amongst the giant planets.
While most prior work has employed massless test particles to study this Kuiper belt formation process,
we perform simulations here that include the gravitational effects of the primordial planetesimal belt
consisting of ~10% massive bodies. In our simulations, Neptune unlocks from resonance with the
other giant planets and begins to migrate outward due to interactions with planetesimals before a
planetary orbital instability is triggered, and afterward, residual Neptunian migration completes the
formation of the modern Kuiper belt. Compared to past simulations using massless test particles, our
present work exhibits a number of notable differences. First, Neptune’s planetary resonance unlocking
requires the Neptunian 3:2 mean motion resonance to sweep much of the primordial disk interior to
30 au prior to the giant planet instability. This generates a pre-instability population of planetesimals
that is significantly lower in semimajor axis, eccentricity, and inclination than predicted by many
prior models, and this effect persists after the instability. Second, direct scattering between Pluto-
mass bodies and other small bodies removes material from Neptunian resonances significantly more
efficiently than the resonant dropout resulting from small changes in Neptune’s semimajor axis during
scattering between Pluto-mass bodies and Neptune. Consequently, the primordial population of Pluto-
mass bodies may be as few as ~200 objects. Finally, our simulation end states display a wide variety
of orbital distributions, and straightforward relationships between final bulk Kuiper belt properties
and Neptune’s migration or initial planetesimal properties largely elude us. In particular, we find
that the rapid, stochastic planetary orbital evolution occurring during the giant planet instability can
significantly alter final Kuiper belt properties such as its inclination dispersion and the prominence
of resonant populations. This complicates efforts to use modern Kuiper belt properties to confidently
constrain early solar system events and conditions, including planetary orbital migration and the
primordial Kuiper belt’s characteristics.

Subject headings: Kuiper Belt; Pluto; Origin, Solar System; Planetesimals; Planets, migration; Trans-
neptunian objects
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1. INTRODUCTION namical evolution since its formation, and its properties
and orbital architecture offer windows into the past con-

Given its relative isolation from the planets, much of o ;
M v P ’ ditions and events in the early solar system that accom-

the modern Kuiper belt has only undergone modest dy-
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panied this formation. As the Sun’s giant planets scat-
ter small planetesimals, the orbits of Saturn, Uranus, and
Neptune migrate away from the Sun while Jupiter moves
Sunward (Fernandez & Ip|1984; [Hahn & Malhotra)|1999).
Pluto’s orbit as well as the abundance of objects trapped
in Neptunian mean motion resonances (MMR) suggest
that the modern Kuiper belt resulted from the dynamical
dispersal of a much more massive primordial belt through
which Neptune migrated early in the solar system’s his-
tory (Malhotral/1993) [1995; [Chiang et al.[2003)). Specifi-
cally, dynamical simulations have shown that a reservoir
broadly analogous to our modern Kuiper belt is produced
if Neptune migrates from ~25 au to 30 au over the course
of 100-300 Myrs through a disk of particles extending out
to 30 au (e.g. Nesvorny|2015a} [Volk & Malhotra)[2019)).
The major exception that this origin process does not
seem to explain is a subpopulation of the Kuiper belt
known as the cold classical Kuiper belt, whose mostly
circular, nearly coplanar orbits coupled with its unique
physical properties (color, size distribution, and binary
fraction) are taken as evidence that it instead formed in-
situ (Tegler & Romanishin|2000; Noll et al.|[2008; |Fraser
et al[[2014). The cold classical belt’s in-situ origin is
further supported by New Horizons’ observations of Ar-
rokoth’s physical properties, which are consistent with its
continuous existence in a low-density, dynamically calm
environment (Spencer et al.|2020; McKinnon et al.|2020]).

Although it is generally agreed that Saturn’s, Uranus’,
and Neptune’s initial orbits were significantly closer to
the Sun, the nature and timescale of their migration to
their modern orbits is still unsettled. Generating Pluto’s
orbital eccentricity from a circular orbit requires an out-
ward Neptunian migration of at least ~5 au (Malhotra
1993)). However, this migration does not necessarily need
to be smooth. If Saturn initially sits Sunward of Jupiter’s
2:1 MMR, then the two gas giants must pass over their
2:1 MMR (and possibly other low-order resonances) dur-
ing their divergent migration. This resonance crossing
quickly excites the ice giants onto crossing orbits, touch-
ing off an episode of planet-planet scattering (Thommes
et al[[1999; Tsiganis et al.[2005). In such a scenario,
Jupiter and Saturn’s continued smooth migration past
their 2:1 MMR will quickly overexcite the terrestrial
planets’ orbits and asteroid belt inclinations unless the
gas giants’ divergence is rapidly accelerated through di-
rect scatterings with an ice giant (Brasser et al.[[2009;
Kaib & Chambers| 2016} |Deienno et al.| 2018} |Clement
et al.[[2019)). In this case, gas giant-ice giant scattering
events are very likely to result in the ejection of an ice
giant (implying the early solar system possessed 3+ ice
giants; Nesvorny| 2011} |[Nesvorny & Morbidelli|2012)) and
could coincide with a sudden jump in Neptune’s semi-
major axis from ice giant-ice giant scattering (Nesvorny
2015Db)).

Simulations modeling the formation of the Kuiper belt
in concert with a dynamical instability among the giant
planets typically simulate a primordial Kuiper belt con-
sisting of tens of Mg of material with ~103~* particles
because higher particle numbers result in prohibitively
long run times on single processor cores (e.g. Nesvorny
& Morbidelli| 2012} |Clement et al.|[2018). Because the
trapping efficiency into the modern Kuiper belt is well
below 1% (Nesvorny|[2015a)), these particle numbers do
not allow for a detailed direct comparison between the

observed Kuiper belt and the final states of simulated
systems. Thus, to generate single simulated Kuiper belts
that are populous enough for statistical analysis, most
recent works have forced the giant planets to follow pre-
determined orbital evolution sequences while the primor-
dial belt is modeled with massless test particles that only
respond to the gravity of the Sun and planets (e.g. Mal-
hotra) [1995; |Levison et al.|2008; [Nesvorny||[2015a; Kaib
& Sheppard||2016; [Volk & Malhotral[2019)). In this way,
batches of test particles subjected to the same sets of per-
turbative forces can be split onto many different process-
ing cores, with the results co-added to yield a statistically
significant number of simulated Kuiper belt bodies.

This simulation technique has replicated numerous fea-
tures of the Kuiper belt. In particular, inclinations can
be excited to of order ~10° or higher if Neptune mi-
grates ~5 au or more to reach its modern orbit (Nesvorny
2015a). In addition, the ratio of Plutinos (objects
trapped in Neptune’s 3:2 MMR) to Hot belt objects (ec-
centric, inclined non-resonant objects between Neptune’s
3:2 and 2:1 MMRs) can be lowered to the observed value
if Neptune’s migration is given a slight graininess that
would result from scattering 1000-4000 Pluto-mass bod-
ies during its migration (Nesvorny & Vokrouhlicky|2016]).
Moreover, although the cold classical belt likely formed
in-situ, Neptune’s 2:1 MMR must sweep across it during
planet migration, stirring it. |[Nesvorny| (2015b)) showed
that if this sweeping is suddenly interrupted by a jump
in Neptune’s semimajor axis coinciding with a planetary
orbital instability, then an overdensity of unstirred cold
belt material will be left untouched by Neptune’s 2:1
MMR, which may explain the observed overdensity of
cold belt objects near 44 au (Petit et al.[2011)). Finally,
if this sudden Neptunian jump also excited Neptune’s
eccentricity, then a small population of low-inclination
(i < 10°), high-perihelion (¢ > 35 au) Kuiper belt ob-
jects should be deposited at semimajor axes between 50
and 60 au, which Kuiper belt surveys have uncovered
(Bannister et al.|[2018; [Nesvorny|2021)).

Of particular relevance to the work we present here
are test particle simulations performed in |[Kaib & Shep-
pard| (2016)). These simulations were largely a replica-
tion of model subsets presented in Nesvorny| (2015a)) and
Nesvorny & Vokrouhlicky| (2016|) as Neptune migrated
through a test particle belt from 24-30 au at different
speeds, both smoothly and “grainily.” The focus of Kaib
& Sheppard| (2016) was how Neptune’s more distant res-
onances (5:2, 3:1, etc.) can leave behind a trail of es-
caped bodies stranded at high perihelion (¢ = 40 au) and
high inclination (i 2 25°) as Neptune migrates (Nesvorny
et al.|2016; (Gomes et al.[[2005)). These resonance trails
are most prominent if Neptune took at least ~100 Myrs
to reach its modern orbit and had a level graininess con-
sistent with ~2000 primordial Pluto-mass bodies. While
resonant trails are not the focus of our current work,
the “grainy slow” run (a 300-Myr-long grainy migration
sequence for Neptune) is used to compare our new sim-
ulations with past test particle runs.

Although simulation work using test particles has
greatly increased our understanding of the relationships
between modern Kuiper belt structure and the early so-
lar system, it is not without its limitations. The nature
and speed of planetary migration depend on the popu-
lation size and orbital distribution of Kuiper belt bod-



ies at any given time, and this style of simulation does
not allow for such feedback. In addition, modeling the
formation of the Kuiper belt with massless test parti-
cles ignores the self-gravity of the Kuiper belt. Because
the modern belt’s predecessor possessed perhaps tens of
Earth-masses of material, including its self-gravity may
alter the results of simulations compared to those that
do not include it (Nesvorny & Morbidelli||2012; |Quarles
& Kaib|[2019).

The advent of GPU-accelerated mixed variable sym-
plectic integrators allows us to perform high-particle-
number simulations of Kuiper belt formation that in-
clude the gravitational influence of the belt, including the
ability of its primordial population of Pluto-mass bodies
to dynamically stir the belt (Wisdom & Holman! ({1991;
Chambers| [1999; |Grimm & Stadel 2014; [Fan & Baty-
gin| [2017; |Grimm et al.[2022). We present such work
here. We start Jupiter, Saturn, and three ice giants in
a favored resonant configuration (Nesvorny & Morbidelli
2012) surrounded by a belt of ~10° massive bodies and
then allow the systems to evolve for 4 Gyrs, yielding an
analog to our modern Kuiper belt in each case. This sim-
ulation technique is also not without drawbacks, as we
have no control over the detailed evolution of the giant
planets after the simulations are initialized, and some of
them undoubtedly evolve in manners not relevant to our
actual solar system. Nonetheless, in what follows, we find
that this technique offers us an opportunity to examine
prior simulation results in a new manner and to charac-
terize dynamical processes that were under-explored in
previous Kuiper belt studies.

The remainder of our paper is structured as follows:
In Section [2] we describe the details of our simulations,
including our numerical pipeline and initial conditions.
In Section [3] we discuss our simulation results. This be-
gins with a discussion of the planets’ orbital evolution in
subsections[3.1]and[3:2] Following this, we discuss the or-
bital evolution of the Kuiper belt in subsections [3.343.5]
giving special attention to the Kuiper belt’s inclination
distribution and population of Pluto-mass bodies in sub-
section Finally, we summarize our conclusions in
Section i

2. DYNAMICAL SIMULATION METHODS

To perform our simulations, we use the GENGA N-
body integrator (Grimm & Stadel |2014). This code uti-
lizes the hundreds to thousands of CUDA cores within
a single modern NVIDIA GPU to integrate single sys-
tems with much larger numbers of self-interacting bodies
than most CPU-based integrators can perform within a
reasonable timescale. In principle, the N-body integra-
tor behaves comparably to the MERCURY hybrid inte-
grator (Chambers||1999)), symplectically integrating bod-
ies within democratic heliocentric coordinates (Duncan
et al|[1998)) and smoothly switching over to a Bulirsch-
Stoer integration (Stoer et al.[[1980]) during close encoun-
ters (< 3 Hill Radii) between massive bodies.

Our simulations of Kuiper belt formation begin with
five giant planets in a 3:2, 3:2, 2:1, 3:2 resonant chain
(from inside to outside). In our chains, Jupiter resides
closest to the Sun, followed by Saturn. While Jupiter
and Saturn are set to their modern masses and radii,
exterior to Saturn are three 15.8 Mg planets that are
taken to approximate Uranus and Neptune. (These ice
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giant masses are the two real planets’ average mass, as
we do not know a priori which planet will be lost during
an instability.) Instability simulations within our chosen
resonant chain have been performed before (Nesvorny
& Morbidelli|[2012; [Kaib & Chambers|[2016), but in our
simulations Neptune initially sits at 20.4 au instead of
the 22.2 au used in prior works with this resonant chain.
This is done because low-N (1000-particle) runs found
that Jupiter finished simulations too far from the Sun
(Kaib & Chambers||2016). In the simulations presented
in this work, Jupiter finishes with a median semimajor
axis of 5.14 au, near the observed value of 5.2 au. Rel-
ative to many other tested 5-planet chains, our chosen
resonant chain has higher likelihoods of generating other
key features of the gas giants’ orbital evolution (Nesvorny
& Morbidelli| 2012), although potentially more success-
ful chains have been uncovered recently (Clement et al.
2021clfal).

In addition, a 20 Mg planetesimal disk is initialized
between the final ice giant and 30 au. In half of our
runs, the innermost planetesimal semimajor axis is set
to 21.4 au (1 au beyond the outermost ice giant), and
in the other half, it is set to 23.4 au. The planetesimals’
initial orbital eccentricities are randomly sampled from a
uniform distribution between 0 and 0.01, and the inclina-
tions are randomly sampled from a uniform distribution
between 0 and 1°. As will be seen, planetary forcing
and planetesimal self-stirring quickly excite inclinations
above these values, and we wish to avoid early planetary
instabilities or excited final Kuiper belts that are purely a
consequence of our initial conditions. Meanwhile, plan-
etesimal semimajor axes are randomly sampled from a
uniform distribution truncated at 30 au, generating an
a~! surface density profile. Prior studies of alternate sur-
face densities exhibit little effect on instability outcomes
(Batygin & Brown||2010; Nesvorny & Morbidelli| 2012).
Finally, mean anomalies, longitudes of ascending node,
and arguments of perihelion are all randomly sampled
from uniform distributions between 0 and 360°.

Each of our planetesimal disks contains between 0 and
2500 Pluto-mass bodies. These bodies’ gravitational in-
teractions with themselves and every other particle are
fully computed at each simulation timestep. We refer to
such bodies as “fully active.” The remainder of the disk
mass is comprised of ~0.09 Pluto-mass bodies. These
sub-Plutos are “semi-active” bodies that do not interact
with one another, but they do exert gravitational influ-
ence on all other more massive bodies (and feel those
bodies’ gravity). Depending on the number of Pluto-
mass bodies, each planetesimal disk contains between
75,000 and 100,000 sub-Plutos (which comprise 75-100%
of our disks’ masses). Table[I]provides an overview of the
initial conditions of each of our 12 simulations.

Our systems are integrated for 4 Gyrs with a timestep
of 200 days. Particles are removed from the simulation if
their heliocentric distance exceeds 1000 au or upon colli-
sion with fully active particles or the Sun (whose radius
is inflated to 0.5 au). Interactions between the plan-
etesimals and the planets unlock the planets from their
resonant chain and drive a migration of their semima-
jor axes. This eventually triggers an orbital instability
amongst the planets. There is no guarantee that such
an instability will result in the system collapsing down
to an outer planetary configuration that resembles our



Simulation Initial Conditions

Sim Mdisk NPluto NsubPluto Amin Gmax
(Mg) (au)  (au)

OPa 20 0 100000 23.4 30

0Pb 20 0 100000 23.4 30
200Pa 20 200 97800 23.4 30
200Pb 20 200 97800 23.4 30
400Pa 20 400 95600 21.4 30
400Pb 20 400 95600 21.4 30
700Pa 20 700 93000 21.4 30
700Pb 20 700 93000 21.4 30
1000Pa 20 1000 89000 23.4 30
1000Pb 20 1000 89000 23.4 30
2500Pa 20 2500 75000 21.4 30
2500Pb 20 2500 75000 21.4 30

TABLE 1

TABLE OF SIMULATION INITIAL CONDITIONS. FROM LEFT TO RIGHT,
THE COLUMNS ARE AS FOLLOWS: (1) SIMULATION NAME, (2) TOTAL
MASS OF PRIMORDIAL BELT, (3) INITIAL NUMBER OF PLUTO-MASS
BODIES, (4) INITIAL NUMBER OF SUB-PLUTO BODIES, (5) MINIMUM
SEMIMAJOR AXIS OF PRIMORDIAL BELT BODIES, (6) MAXIMUM
SEMIMAJOR AXIS OF PRIMORDIAL BELT BODIES.

own, and past works have run many sets of such simula-
tions to generate a small ensemble of “solar system-like”
architectures (e.g. [Nesvorny & Morbidelli|[2012; [ Kaib &
Chambers|2016; |Clement et al.|2018)). In this work, we do
not have this option because the simulation sizes and run-
times (~ 3 months across a variety of modern NVIDIA
GPUs) make this infeasible. Instead, when a system un-
dergoes an instability, the simulation is stopped and dif-
ferent realizations are restarted at the last time output
prior to the instability’s onset. These realizations are
all identical, except that the Cartesian positions and ve-
locities of innermost ice giant are randomly shifted by
1 part in 10° in each realization. This shift is signif-
icantly smaller than the energy error of the integrator
(Chambers|1999)). Because the sequence of planetary en-
counters during the orbital instability is highly chaotic,
these small changes in initial conditions generate wildly
different post-instability states. These realizations’ post-
instability states are generated until we arrive at two
different “solar system-like” outcomes wherein Jupiter
and Saturn have crossed their 2:1 MMR, and the system
contains four total planets. Only these post-instability
states are integrated for the full 4 Gyrs and comprise our
simulation set. We find that it typically requires of order
10 instability realizations to yield a “solar system-like”
outcome. In our simulation naming scheme, our two so-
lar system-like outcomes are designated names ending in
‘a’ and ‘b,” but the assignment of each particular letter
carries no significance. This instability-cloning proce-
dure saves a significant amount of computing time. For
instance, our 700Pa simulation required 17 days of com-
puting to reach the point of instability, and repeating this
~10 times to yield a solar system-like instability outcome
would require nearly 0.5 years of GPU computing time.

Examining the final outcomes of our 4-Gyr simulations,
we immediately noticed that Uranus and Neptune mi-
grated across their 2:1 MMR in 11 of our 12 systems.
This resonance-crossing event can dramatically reshape
the orbital architecture of the Kuiper belt in our sim-
ulated systems (Graham & Volk [2024). Moreover, in
our actual solar system, the two planets’ period ratio is
~1.96, and there is no speculation that this resonance-
crossing has occurred. Thus, to prevent our simulated

Kuiper belts from being reshaped by this event, we
repeat 11 of our successful post-instability realizations
with Uranus’ immediate post-instability semimajor axis
shifted away from the Sun by an additional ~0.5-1.5 au
to prevent a 2:1 crossing in our realizations. Simula-
tion 2500Pb (see Table|l)) is the only system whose post-
instability realization did not have to be repeated with
an augmented Uranian orbit.

Our manual movement of Uranus’ orbit is obviously
not a pre-planned numerical procedure and results from
our inability to predict Uranus’ orbital evolution prior
to running the actual simulations. To gauge how this
orbit resetting alters the bulk evolution of our systems,
we measure the median inclination and eccentricity of
the planetesimals in each system 10 Myrs after Uranus’
orbit is reset and compare these two values against the
medians seen in each unaltered counterpart system. This
amount of time is short enough that our unaltered sys-
tems have not yet crossed the Uranus-Neptune 2:1 MMR,
but also long enough for our altered systems to feel the
dynamical effects of their Uranus orbit resetting. In our
11 systems with an altered Uranus, we find a mean dif-
ference in the median inclination of our altered and un-
altered systems of 0.43° (with a maximum difference of
1.27°), and a mean difference in the median eccentric-
ity of our altered and unaltered systems of 0.014 (with a
maximum of 0.05). As we will see in Section there
is a substantially larger variation in median inclination
(£2°) and median eccentricity (£0.1) across our whole
ensemble of systems as they emerge from their plane-
tary instabilities (see Figure [5). Thus, while the manual
movement of Uranus does have a modest effect on our
systems’ dynamical evolution (as we should expect), it is
not the main driver of the range of results we will discuss
in the proceeding sections.

3. RESULTS AND DISCUSSION
3.1. Neptune Migration Rate

Many past works modeling Kuiper belt formation force
Neptune’s semimajor axis migration with a fictitious
drag force that declines exponentially as Neptune’s mod-
ern semimajor axis is approached (e.g. Malhotral (1995}
Nesvorny|[2015a; [Kaib et al.|2019)). This prescribed force
is implemented because Kuiper belt objects are treated
as massless test particles in order to attain high enough
particle numbers to resolve the final belt’s structure.
Meanwhile, our GPU-accelerated simulations presented
here contain ~10° bodies, and actual gravitational scat-
tering between Neptune and primordial Kuiper belt ob-
jects drives Neptune’s outward migration.

In Figure[T} we compare Neptune’s semimajor axis evo-
lution seen in our simulations with a forced exponen-
tially decaying migration rate. To keep the number of
panels reasonable, this figure only includes the ‘a’ post-
instability simulations (0Pa, 200Pa, etc.) and not the
‘b’ ones, but the behavior is largely the same in the ‘b’
simulations. Since recent past works employ an early
migration rate and a different, late migration rate (e.g.
Nesvorny|[2015b; [Kaib & Sheppard|[2016)), we make the
semimajor axis comparisons in two separate epochs: be-
fore each system’s giant planet instability and after each
system’s giant planet instability. The left column of Fig-
ure [1} shows Neptune’s migration from 20.4 au until the



giant planets’ orbits become unstable. Here we see that
the location of the disk’s inner edge determines the first
phase of behavior. In cases where the inner edge is at
21.4 au (400Pa/b, 7T00Pa/b, and 2500Pa/b), the migra-
tion begins immediately, and the rate of change is nearly
constant with time. In the other cases where the inner
disk edge is at 23.4 au (0Pa/b, 200Pa/b, and 1000Pa/b),
the migration slowly accelerates until the instability oc-
curs.

In these pre-instability simulations, we initially at-
tempted to fit semimajor axis evolution with an expo-
nential profile, since numerous recent Kuiper belt forma-
tion models prescribe such a profile to Neptune’s pre-
instability migration (Nesvorny||2015a} |Kaib et al.|2019).
However, the left column of Figure [1] clearly shows that
the pre-instability migration seen in our simulations does
not resemble an exponential. To gauge the speed of pre-
instability migration, we instead use a linear fit when
Neptune is between 24 au (Neptune’s starting semima-
jor axis used in many recent works; [Kaib & Sheppard
2016]) and 25.6 au (the closest semimajor axis at which
any of our simulated migrations are interrupted by an
instability). Doing this we see that the 0Pa/b simula-
tions exhibit the slowest pre-instability migration rates
(0.28 au/Myr) and the 2500Pa/b exhibit the fastest rates
(~0.37 au/Myr), but they are all within ~30% of one an-
other and center around values near 0.3 au/Myr. It is
tempting to explain the slightly slower migration rates
in OPa/b with their lack of Pluto-mass bodies, which
can drive more planetesimals into Neptune encounters
via self-excitation of the disk. However, the slower mi-
gration in OPa/b is modest (see 700Pa/b and 1000 Pa/b),
and it may simply be statistical variance among our small
set of simulations.

We also study the behavior of Neptune’s migration af-
ter the giant planet instability. This behavior is shown
in the righthand column of Figure [I} Fitting this phase
of semimajor axis evolution with an exponential, we see
that the timescale of migration lengthens significantly af-
ter the instability, consistent with past works (Nesvorny
2015Db)). This second phase of migration is fitted with de-
cay constants ranging near ~28-44 Myrs in most of our
simulations. The exceptions to this are the 0Pa/b sim-
ulations, which have timescales of ~50 and ~80 Myrs,
and the 1000Pa/b simulations, which have timescales of
~54 and ~65 Myrs. In the case of 0Pa/b, the lack of
disk-self stirring may explain the slightly slower migra-
tion timescales. Meanwhile, the 1000Pa/b simulations
experience the longest delay before the giant planet in-
stability takes place. In these simulations, it occurs after
58 Myrs when Neptune has reached 29 au, which is very
near the original outer edge of the primordial belt at 30
au. Thus, after the 1000 Pa/b instability, there are very
few bodies left to induce residual migration.

Once again, Figure [I] shows that the post-instability
migration of Neptune is not particularly well-fit by an ex-
ponential. In the post-instability regime, the exponential
profile evolves too slowly immediately after the instabil-
ity and then too quickly in later epochs. Such behavior
is expected from prior simulations of giant planet insta-
bilities using much lower particle numbers (Nesvorny &
Morbidelli| 2012; |[Nesvorny|[2015b). We can also see this
effect when we measure the amount of time it takes for
Neptune to migrate within 0.1 au of its final median semi-
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major axis measured between ¢t = 3.9-4.0 Gyrs. In the
case of a prescribed, forced migration used in the grainy
slow run of [Kaib & Sheppard| (2016[), Neptune reaches
this semimajor axis within 230 Myrs. The timescale val-
ues for our current set of simulations are shown in Ta-
ble [2l Only one of our current simulations (400Pb) fea-
tures Neptune approaching its final semimajor axis this
quickly (¢ = 190 Myrs). All of the other simulations fea-
ture a more drawn out residual migration of Neptune,
and Neptune comes within 0.1 au of its final semima-
jor axis with a median time of 340 Myrs. This median
is ~100 Myrs longer than the Kaib & Sheppard, (2016)
grainy slow run, which is among the slowest migration
scenarios previously considered for Kuiper belt forma-
tion (Nesvorny|[2015a)).

Figure[I[also shows that Neptune’s post-instability mi-
gration often never fully stops and minor semimajor axis
evolution is visibly apparent until ~1 Gyr. In addition,
our simulations exhibit a spectrum of different final Nep-
tunian semimajor axes between 29.5 and 31.4 au (see Ta-
ble . Thus, the outer edge of our disks only sets the
stopping position of Neptune within £1 au, and the ex-
act stopping position is likely related to the properties
of the residual disk after Neptune completes most of its
migration (Gomes et al.[2004).

3.2. Final Orbits of the Giant Planets

The dispersal of a primordial planetesimal disk drives
orbital evolution among the rest of the giant planets as
well. In Table (3| we list key parameters in the final ar-
chitectures of the giant planets after 4 Gyrs of evolu-
tion. In the first column we list the ratio of Saturn’s to
Jupiter’s orbital period. In the real solar system, this
ratio is ~2.48, but our final simulated systems have a
range of ratios spanning from 2.1-2.7, with a median
value of 2.39. Although the locations of various secular
resonances depend on this exact ratio, this has dynamical
consequences primarily for the inner solar system rather
than the Kuiper belt (e.g. Brasser et al.| 2009} Walsh &
Morbidelli|2011}; |Clement et al.[2020]).

However, the Kuiper belt’s architecture is dependent
upon the ratio of Neptune’s to Uranus’ orbital period,
and we list these final ratios for our systems in the sec-
ond column of Table In our original simulations, all
but one system (2500Pb) evolved above a period ratio
of 2. Values in these original systems ranged from 1.97—
2.31, with a median of 2.13. Consulting a large number
of ~1000-particle simulations from prior works (Clement
et al.|[2018] 12021cya)), we find roughly half of all 4-planet
instability outcomes finish with a Neptune-to-Uranus pe-
riod ratio of under 2, so it is not clear whether this is an
unrealized systematic issue with our particular 5-planet
resonant chain or whether it is simply an issue of bad
luck among our 12 simulated systems. Nevertheless, the
crossing of Uranus and Neptune’s 2:1 MMR can destabi-
lize much of the resonant Kuiper belt population, limit-
ing the utility of our simulation results, and is therefore a
poor feature for simulations meant to study Kuiper belt
formation (Graham & Volk|2024).

Consequently, for every simulation except 2500Pb, we
restart the system shortly after the giant planet instabil-
ity, and Uranus’ semimajor axis is shifted outward (while
holding other orbital elements constant) to prevent a fu-
ture crossing of its 2:1 MMR with Neptune. The ratio-
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Neptune Migration

Sim tinstab  Qinstab DAN  €Nmaz INmaz QN final tstop a25au Tpost
(Myrs)  (au)  (aw) ) (au)  (Myrs) (au/Myrs) (Myrs)
OPa 51.0 27.0 2.2 0.12 1.62 31.4 570 0.28 78.7
0Pb 53.0 26.8 0.0 0.02 1.08 29.6 630 0.28 48.2
200Pa 34.8 27.5 0.3 0.03 0.87 31.0 270 0.35 28.1
200Pb 34.7 27.7 0.0 0.03 0.34 30.6 360 0.35 31.9
400Pa 18.9 27.7 0.3 0.05 0.81 30.5 440 0.36 44.1
400Pb 18.7 27.5 0.0 0.06 0.51 29.5 190 0.36 31.1
700Pa 17.7 26.8 0.3 0.03 0.22 30.4 310 0.31 42.2
700Pb 19.2 271 0.4 0.11 1.00 29.8 320 0.31 38.3
1000Pa 58.1 29.0 -0.7 0.10 2.05 30.5 450 0.31 54.1
1000Pb 58.1 29.0 0.0 0.02 0.63 314 300 0.31 64.5
2500Pa 13.5 25.6 -0.2 0.08 0.60 30.0 730 0.38 40.4
2500Pb 13.6 25.6 -0.6 0.08 1.06 29.5 320 0.36 29.1
TABLE 2

TABLE OF NEPTUNE’S ORBITAL EVOLUTION. FROM LEFT TO RIGHT, THE COLUMNS ARE AS FOLLOWS: (1) SIMULATION NAME, (2) TIME AT
WHICH THE GIANT PLANET ORBITAL INSTABILITY OCCURS, (3) NEPTUNE’S SEMIMAJOR AXIS WHEN THE GIANT PLANET ORBITAL INSTABILITY
OCCURS, (4) THE CHANGE IN NEPTUNE’S SEMIMAJOR AXIS DURING THE GIANT PLANET ORBITAL INSTABILITY, (5) THE MAXIMUM ORBITAL
ECCENTRICITY MEASURED FOR NEPTUNE, (6) THE MAXIMUM ORBITAL INCLINATION MEASURED FOR NEPTUNE, (7) NEPTUNE’S FINAL
SEMIMAJOR AXIS, (8) THE TIME AT WHICH NEPTUNE’S SEMIMAJOR AXIS REACHES WITHIN 0.1 AU OF ITS FINAL VALUE, (9) NEPTUNE’S
PRE-INSTABILITY SEMIMAJOR AXIS MIGRATION RATE FROM 24-25.6 AU, AND (10) THE E-FOLDING TIMESCALE OF AN EXPONENTIAL FIT TO
NEPTUNE’S POST-INSTABILITY SEMIMAJOR AXIS EVOLUTION.
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nale behind this was that while we cannot control the de-
tails of the giant planet instability, instability sequences
do occur (as evidenced by 2500 Pb) that place Uranus on
a post-instability orbit that prevents a 2:1 MMR, cross-
ing, and the final structure of the Kuiper belt is likely not
strongly sensitive to a modest manual shift in Uranus’
semimajor axis early in the solar system’s history. These
augmented systems are what are shown in Table It
is still difficult to predict the future evolution of systems
after we manually shift Uranus’ orbit, and we see that
only a few of our systems attain ratios near the solar
system’s 1.96 value. Instead, they range from 1.83-1.98,
with a median of 1.9. Nonetheless, these augmented sys-
tems stay on the correct side of the Uranian-Neptunian
2:1 MMR, and therefore provide better comparisons with
the actual solar system.

Table 3] also includes measurements of the eccentricity
of each giant planet. In the case of Jupiter and Saturn,
we list ess and egg, which are effectively the orbital ec-
centricities that Jupiter and Saturn would respectively
possess in the absence of other planetary perturbations,
as formulated within Laplace-Lagrange theory. As can
be seen, Saturn’s eccentricity (egs) is higher than the
solar system’s value in all but two systems, and the me-
dian value of our simulated systems is 0.088, or nearly
twice the solar system value. Meanwhile, Jupiter suffers
the opposite problem, as its eccentricity is under-excited.
Our simulations have a median ess value of 0.024, or
barely half the solar system value, and no system ex-
ceeds the solar system value. This under-excitement of
ess and over-excitement of egg is a known issue for sim-
ulations that generate the modern outer solar system
via an orbital instability, and a clear solution beyond
the invocation of low-probability events does not cur-
rently exist (Nesvorny & Morbidelli|2012; |Clement et al.
2021cjab)). Thus, our simulations are consistent with
prior simulations of the giant planet orbital instability
utilizing different numerical algorithms. Moreover, al-
though our final gas giant orbital architectures are not
identical to the actual solar system, they are comparable
to others in the literature that have been regarded as so-
lar system analogs and used to study the evolution of the
terrestrial planets, the asteroid belt, and the Kuiper belt
(e.g. [Levison et al.|2008; [Deienno et al.|[2018; [Nesvorny
et al.[2021]).

Uranus and Neptune also appear to have under-excited
orbital eccentricities. The median value for Uranus’
mean eccentricity is 0.022, and the median value for Nep-
tune’s mean eccentricity 0.005. These values are both
half the values of the real solar system. However, in the
case of the ice giants, the spectrum of results in our simu-
lated systems brackets the solar system more nicely, as 5
of our 12 systems have Uranian and Neptunian mean ec-
centricities that exceed the observed solar system. The
eccentricities of Uranus and Neptune are highly corre-
lated, and these are the same 5 overexcited systems for
each ice giant.

Finally, Table [3| also includes the time-averaged incli-
nations of each giant planet. Although the planetary
inclinations are less intensely studied in the context of a
giant planet instability, we do see some systematic dif-
ferences between our solar system and our simulations.
First, we note that the most highly inclined planet in
each of our simulated systems is Saturn, whereas it is

Uranus in the actual solar system. In addition, the ice
giant inclinations are significantly lower than the gas gi-
ant inclinations in our simulations. This is not seen in
the actual solar system, where Uranus has the highest
inclination and Neptune’s is still greater than Jupiter’s
inclination. Compared to the solar system, our ice giant
inclinations are consistently significantly lower. Our me-
dian simulated value for Uranus is ~0.2° (or 20% of the
solar system’s value), and our median simulated value for
Neptune is 0.075° (or ~10% of the solar system’s value).
Moreover, none of our simulated ice giant inclinations
match or exceed the real ice giant values. It is not clear
why there is this systematic discrepancy, but it warrants
further study.

3.3. Illustrative Example of Kuiper Belt Formation

Figure [2] shows the time evolution of our 1000Pa sys-
tem, whose planetesimal belt initially contained 1000
Pluto-mass bodies and 90000 sub-Pluto bodies. Here we
see that after just 10° years Neptune excites the eccen-
tricities of primordial belt bodies near its 3:2, 4:3, and
5:4 MMRs. In addition, we can see that outside of these
resonances, scattering events with the Pluto-mass bod-
ies enhance the eccentricities of many planetesimals well
beyond their initial maximum value of 0.01. However,
the dynamical friction from the sub-Plutos leads to less
excitation among the Pluto-mass bodies.

By 30 Myrs of evolution, Neptune has unlocked from
resonance with the other giant planets and has migrated
all the way to a semimajor axis near 22.5 au, or 1 au
inside of the initial inner edge of the primordial planetes-
imal belt (23.4 au). At this point, most of the primordial
belt remains on low eccentricity orbits (e < 0.2) between
26 and 31 au. By comparing panels A and B, we see
that the typical eccentricity of the planetesimal belt has
grown by a factor of several. This growth has two main
sources. The first is that the Pluto-mass bodies continue
to scatter off of one another as well as the sub-Plutos.
This leads to semimajor axis diffusion as well as eccen-
tricity and inclination excitation of the planetesimal disk.
In addition, as Neptune moves outward from 20.4 to 22.5
au, its exterior MMRs move over larger distances. The
3:2 MMR shifts from 26.7 au to 29.5 au, and the 5:4
MMR shifts from 23.7 au to 26.1 au (near the original
position of the 3:2). In this manner, the entire primor-
dial disk has been traversed by at least one first order
MMR.

It is also obvious from Panel B that the belt’s eccen-
tricity excitation generates a sizable population of plan-
etesimals on planet-crossing orbits. This drives further
migration of the giant planets, which eventually triggers
a global instability amongst the planets at t = 58 Myrs.
This leads to the ejection of the innermost ice giant. Be-
fore its ejection, it excites Neptune’s eccentricity to ~0.1
and causes its semimajor axis to jump 0.5 au closer to
the Sun (see Figure 2E). This also dramatically excites
the planetesimal disk, which leads to its steady dispersal.
This steady dispersal drives a residual migration of the
giant planets with Neptune finally coming to rest near
30.5 au. (One should note that the evolution depicted
in Figures and [2E is taken from the unmodified sim-
ulation version in which Uranus was not reset on a new
post-instability orbital semimajor axis to prevent a 2:1
crossing with Neptune.)
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O0Pa 2.70 1.88 0.016 0.112 0.105 0.017 1.54 3.76 053 0.11
0Pb 2.10 1.90 0.011 0.066 0.004 0.004 0.65 1.72 0.04 0.03
200Pa 2.53 1.88 0.042 0.070 0.085 0.015 0.41 1.01 0.80 0.21
200Pb 2.36  1.83 0.023 0.097 0.048 0.012 088 2.23 092 0.22
400Pa 2.26 1.95 0.025 0.070 0.007 0.004 0.51 1.32 0.06 0.02
400Pb 2.42 1.85 0.042 0.096 0.087  0.015 1.16 293 0.27 0.21
700Pa 2.20 198 0.021 0.045 0.008 0.004 0.16 040 0.15 0.03
700Pb 246 1.87 0.041 0.103 0.024 0.005 0.56 1.42 0.14 0.04
1000Pa 2.19 1.90 0.029 0.041 0.100 0.017 030 0.77 0.25 0.31
1000Pb 2.43 1.97 0.040 0.102 0.019 0.004 086 2.16 0.86 0.13
2500Pa 224 194 0.015 0.110 0.005 0.004 0.38 098 0.16 0.03
2500Pb 2.62 1.97  0.003 0.080 0.008 0.005 0.29 0.73 0.05 0.04
Solar System 2.48 1.96 0.044 0.048 0.044 0.010 0.37 0.90 1.02 0.67

TABLE 3

TABLE DESCRIBING THE FINAL GIANT PLANET ORBITAL ARCHITECTURES. FROM LEFT TO RIGHT, THE COLUMNS ARE AS FOLLOWS: (1)
SIMULATION NAME, (2) RATIO OF SATURN’S ORBITAL PERIOD TO JUPITER'S ORBITAL PERIOD, (3) RATIO OF NEPTUNE’S ORBITAL PERIOD TO
URANUS’ ORBITAL PERIOD, (4) THE AMPLITUDE OF JUPITER’S ECCENTRICITY EIGENFREQUENCY WITHIN LAGRANGE-LAPLACE THEORY, (5)

THE AMPLITUDE OF SATURN’S ECCENTRICITY EIGENFREQUENCY, (6) URANUS’ MEAN ORBITAL ECCENTRICITY, (7) NEPTUNE’S MEAN ORBITAL
ECCENTRICITY, (8) JUPITER'S MEAN INCLINATION, (9) SATURN’S MEAN INCLINATION, (10) URANUS’ MEAN INCLINATION, AND (11)
NEPTUNE’S MEAN INCLINATION. VALUES OF THESE QUANTITIES FOR THE REAL SOLAR SYSTEM ARE LISTED IN THE FINAL TABLE ROW.

Figure[2D also shows the near-final state of the 1000Pa
system. Besides an overexcited Uranus and an underex-
cited Jupiter, the planetary system looks broadly similar
to the real outer planets. In addition, there is a reservoir
that appears qualitatively similar to our modern Kuiper
belt; Neptune possesses a significant population of Tro-
jans, and the bulk of the Kuiper belt is confined between
Neptune’s 3:2 MMR at 40 au and its 2:1 at 48.3 au with
moderate eccentricities.

Our other 11 Kuiper belt formation simulations display
dynamical evolution that is broadly similar to that shown
in Figure A main difference is the time and Neptu-
nian semimajor axis at which the planetary instability
occurs within individual systems. These values range
from ~13-58 Myrs and 25.6-29.0 au, respectively, and
they are listed in Table[2] In addition, the details of the
rapid evolution of planetary semimajor axes, eccentric-
ities, and inclinations that occurs within the instability
are also unique in each simulation.

3.4. Pre-Instability Belt Fvolution

One notable difference between our work here and
other recent models of Kuiper belt formation (e.g.
Nesvorny|[2015a; [Kaib & Sheppard|2016} Volk & Malho-
tral|2019)) is the starting position of Neptune. These past
recent works have mostly studied scenarios in which Nep-
tune migrates from 24-30 au. This initial 24 au position
of Neptune immediately places the Neptunian 3:2 MMR
at 31.4 au, well beyond the outer edge of the primordial
disk at 30 au. In addition, this initial Neptunian orbit
also positions the 5:4 and 4:3 MMRs near the outer disk
edge at 27.8 and 29.1 au, respectively. Consequently, if
Neptune migrates into a planetesimal disk from an initial
position of 24 au, much of the material it encounters will
never have been swept by a major first order MMR. In
contrast, our Figure 2] shows that these resonances are
major drivers of the early orbital evolution of our pri-
mordial belts. These resonances are capable of sweeping
up significant fractions of disk material and transporting
it as Neptune migrates (Malhotra|1995; [Hahn & Malho-
tral |2005), and the efficiency of this process is severely

curtailed if the resonances never pass over much of the
primordial material. It is possible, however, that a lower
density disk did extend beyond 30 au, although the lower
surface density would imply significantly less material
over which the resonances could sweep (e.g. |Gomes et al.
2004; Nesvorny et al.|[2022).

Meanwhile, our initial conditions are motivated by
the success of planetary instability models in which the
outer planets’ orbits are generated from 5-planet reso-
nant chains (Thommes et al.[[1999; |Tsiganis et al.[2005}
Nesvorny| 2011} [Nesvorny & Morbidelli |2012)), and our
chain begins with Neptune orbiting at 20.4 au. (We
should note, however, that previous studies of planetary
resonant chains did not explicitly consider the resulting
Kuiper belt as a metric for compatibility with our solar
system.) As mentioned previously, this places the 3:2
MMR initially near the middle of the primordial belt,
and the 4:3 and 5:4 lie near the inner edge. Thus, as
Neptune moves outward, a much larger portion of the
disk is swept by these resonances compared to other re-
cent works modeling Kuiper belt formation.

The effects of this resonance sweeping can be seen most
clearly in Figure [BJA. Here we plot the eccentricities and
semimajor axes of simulation bodies in 0Pa when Nep-
tune has reached 23 au, and its 3:2 MMR has moved to
30.1 au. At this point, the large majority of belt mate-
rial has been gathered into mean motion resonances with
Neptune. 0Pa only contains sub-Pluto bodies, whose in-
teractions between one another are neglected in our sim-
ulations. We can see in Figure how the disk is re-
shaped when we make an analogous plot for our 200Pa
simulation, which contains 200 Pluto-mass bodies that
can gravitationally scatter one another as well as the
sub-Plutos. In this simulation, we see the same qualita-
tive distribution as OPa, but it is now smeared out (this
smearing is even more pronounced in other simulations
that contain more Pluto-mass bodies). The scattering
events between Pluto-mass bodies and other belt mem-
bers limit long-term storage within resonances and allow
more objects to occupy low-eccentricity, inter-resonance
orbits. Nonetheless, the sweeping of resonances across
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F1G. 2.— Evolution of our 1000Pa system. A—D: Eccentricities vs semimajor axes of all bodies at ¢ = 0.1 Myrs (panel A), 30 Myrs (panel
B), 58.1 Myrs (panel C), and 3.9 Gyrs (panel D). Large black points mark Jupiter and Saturn, while smaller black points mark ice giants.
Blue data points mark Pluto-mass bodies, and red points mark sub-Plutos. E: Perihelion, semimajor axis, and aphelion of each planetary
body is plotted vs time. Vertical dashed lines mark the times of each of the upper four panels.

the disk reshapes the semimajor axis and eccentricity dis-
tributions in both simulations by the time Neptune has
reached just 23 au. (For reference, the Kuiper belt simu-
lations of [Kaib & Sheppard| (2016 assume that Neptune
starts at 24 au and migrates into a dynamically cold disk
with no sudden changes in semimajor axis distribution.)

The effects of this resonance sweeping and gathering
persist until the onset of dynamical instability. This
can be seen in Figure [4] where we plot particle eccen-
tricities vs their Neptunian period ratio. (Period ratio

is chosen instead of particle semimajor axis because it
highlights the positions of resonances and because each
simulation’s instability occurs at a different Neptunian
semimajor axis.) In Figure , we see that a very large
fraction of particles in OPa remain confined to Neptu-
nian mean motion resonances right up until the onset
of instability. In Figure B, we see the concentration
within resonances is not as dramatic in the 200Pa sim-
ulation, and the regions outside of resonances are more
populated with particles. This is because the Pluto-mass
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F1a. 3.— Plot of eccentricities vs semimajor axes for all bodies in
the OPa simulation (Panel A) and the 200Pa simulation (Panel B).
Red points mark sub-Plutos, blue points mark Pluto-mass bodies,
and the black point marks Neptune.

bodies prevent most particles from long-term resonance
storage. This can also be seen in the absence of low-
eccentricity particles in Figure [B’s 3:2 resonance, which
is positioned at 37 au. The only way for bodies to reach
this portion of orbital space is to remain in resonance
while the resonance migrates out by 7+ au. Unlike Fig-
ure[d]A, this simply does not happen often, and we might
suspect that the resonance sweeping is not an important
effect with the inclusion of Pluto-mass bodies. However,
when we plot the distribution of particle Neptunian pe-
riod ratios in Figure[dIC, we see that most 200Pa particles
are still mostly confined Sunward of the 3:2 MMR with
Neptune. We may expect this if many particles are tem-
porarily carried within the 3:2 MMR before dropping out
at a later time as the resonance continues its march out-
ward. Thus, even though the Neptunian resonances do
not gather material as abundantly when Pluto-mass bod-
ies are included, the sweeping of the 3:2 resonance clearly
still influences the distribution of particles right up un-
til the planetary instability ensues. The significance of
this effect can be better appreciated when we examine
the distribution of particle Neptunian period ratios in
the “grainy slow” run of Kaib & Sheppard| (2016) right
before Neptune jumps (which is taken to mimic a plan-
etary instability). In this simulation, Figure shows
that ~1/3 of all particles orbit at or Sunward of Nep-
tune’s 3:2 MMR at the time of instability. Meanwhile,
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Fic. 4.— A & B: Plot of eccentricities vs period ratio with
Neptune for all bodies just prior to the planetary instability in
simulation OPa (Panel A) and simulation 200Pa (Panel B). Red
points mark sub-Plutos, blue points mark Pluto-mass bodies, and
the black point marks Neptune. C: Cumulative distribution of
bodies’ period ratio with Neptune just prior to planetary instability
and/or Neptunian ‘jump’ in the OPa simulation (blue solid), the
200Pa simulation (orange dashed), and the grainy slow simulation
(black dotted) from |Kaib & Sheppard| (2016)).

in the OPa and 200Pa simulations, this number is double
that of the Kaib & Sheppard| (2016) simulation, or ~2/3
of all particles.

The differences between the pre-instability states of the
[Kaib & Sheppard| (2016]) “grainy slow” run and those of
our current set of simulations are not just confined to or-
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Fi1G. 5.— Cumulative distribution of particle eccentricities (Panel
A) and particle inclinations (Panel B) just prior to planetary in-
stability and/or Neptunian ‘jump’ in the the simulations presented
here (see legend) as well as the grainy slow simulation (dotted) from
|Kaib & Sheppard| (2016).

bital period ratios. In Figure[5JA, we plot the distribution
of orbital eccentricities just prior to the planetary insta-
bility. Here we see that the distribution of eccentricities
in the |[Kaib & Sheppard| (2016]) grainy slow simulation
is systematically hotter than any of the gravitationally
driven runs presented in this work. The distributions of
our individual gravitationally driven runs are all different
because each run contains a unique Neptunian migration
and unique numbers of Pluto-mass bodies, but they are
all notably more biased toward lower eccentricities than
the Kaib & Sheppard, (2016) simulation. This is even true
of the 1000Pa simulation, which features a Neptunian mi-
gration that is larger in both duration and distance than
the [Kaib & Sheppard| (2016]) simulation. This difference
in eccentricity distribution is again likely due to the ef-
fects of the resonance sweeping in our current simula-
tions. While this resonance sweeping can excite particles
to moderate eccentricities, it also allows many particles
to avoid gravitational scattering encounters with Nep-
tune as Neptune migrates across particles’ initial orbital
positions in the primordial belt. This means that at the
time of instability, we would expect more particles on
highly eccentric, large semimajor axis orbits in the
& Sheppard, (2016) simulation due to direct scattering
events with Neptune, which is what is shown in Figures

A and Bl

In Figure BB, we see a similar pattern for particle in-
clinations. All of our gravitationally driven runs exhibit
pre-instability particle inclinations that are lower than
theKaib & Sheppard| (2016)) grainy slow simulation. This
is once again likely a result of the sweeping Neptunian
resonances in our current runs allowing particles to avoid
Neptune scattering events. The most extreme case is the
O0Pa simulation whose efficient resonant storage allows
prominent populations of very low-inclination bodies to
persist at the 5:4, 4:3, and 3:2 Neptunian MMRs. The
median inclination of this simulation is a factor of ~2.5
lower than the Kaib & Sheppard| (2016|) simulation (4.1°
vs 10.8°). The median values of our other runs vary
from 5.9-9.8°, and runs that feature a longer migration
distance for Neptune seem to exhibit larger inclinations,
but, again, not as large as the [Kaib & Sheppard| (2016)
simulation. Furthermore, the true effect of this resonance
shepherding is even stronger than what is implied in Fig-
ure The reason is that the resonance sweeping saves
many more bodies (~50-60%) from being ejected prior to
instability compared to [Kaib & Sheppard| (2016, which
only has 35% of bodies remaining prior to the instability.
Thus, in absolute terms, the number of primordial belt
objects found on lower eccentricities, inclinations, and
semimajor axes before the instability is perhaps a fac-
tor of ~1.5 greater than what appears in the cumulative
distributions in Figure

Thus, if we assume that Neptune forms near or inte-
rior to ~20 au as envisioned by many prior works (e.g.
Nesvorny & Morbidelli [2012; [Clement et al.|[2018} [Dei-
enno et al.||2018; Nesvorny et al|2021), low-order mean
motion resonances will sweep across nearly all of the pri-
mordial planetesimal belt unless a planetary instability
occurs before Neptune reaches ~23 au (at which point
its 3:2 MMR would sit at ~30 au). Such sweeping is
not included in many recent models of the formation of
the modern Kuiper belt from a migrating Neptune (e.g.
Nesvorny|[2015a; [Kaib & Sheppard| 2016} [Volk & Malho-
tra/[2019). Consequently, our work here predicts a very
different distribution of planetesimal orbits exterior to
Neptune when the planetary instability occurs. While
the modern Kuiper belt’s properties have been used to
constrain Neptune’s pre-instability behavior, neglecting
Neptune’s pre-instability resonance sweeping may result
in incorrectly mapping Neptune’s pre-instability orbital
evolution to the resulting modern Kuiper belt properties.

3.5. Final Kuiper Belt Properties

It is now clear that planetesimals in our gravitationally
driven systems maintain smaller semimajor axes, eccen-
tricities, and inclinations prior to the planetary instabil-
ity, but it is possible that the dynamical upheaval of the
planetary instability may erase these differences. How-
ever, Figure [6] suggests that this is not so. Here we plot
the distributions of Neptunian period ratios, eccentric-
ities, and inclinations of selected gravitationally driven
simulations ~1 Myrs after their planetary instabilities.
These are again compared with the [Kaib & Sheppard|
grainy slow simulation 1 Myrs after Neptune’s
jump. We can see that although there is again variance
among the gravitationally driven simulations, they all
feature a bias toward smaller Neptune period ratios (or
semimajor axes), orbital eccentricities, and orbital incli-
nations than the Kaib & Sheppard| (2016) simulation.
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Final Kuiper Belt Properties

Sim Trapping % HB:Plutino HB Trapping % ouB Npluto
)

0Pa 0.43 00 0.036 8.6 N/A

0Pb 8.12 < 0.01 0.126 15.0 N/A
200Pa 0.20 4.6 0.042 9.6 2
200Pb 0.34 1.7 0.065 9.8 1
400Pa 0.52 0.52 0.068 5.6 1
400Pb 0.15 0.12 0.005 - 0
700Pa 0.29 30 0.063 4.9 1
700Pb 0.39 0.89 0.063 9.7 3
1000Pa 0.82 23 0.124 13.5 12
1000Pb 0.18 0.55 0.032 - 3
2500Pa 0.52 2.8 0.123 8.7 27
2500Pb 0.41 11 0.074 6.8 15

TABLE 4

TABLE OF PROPERTIES DESCRIBING THE KUIPER BELTS FORMED IN OUR SIMULATED SYSTEMS. FROM LEFT TO RIGHT, THE COLUMNS ARE: (1)
SIMULATION NAME, (2) PERCENTAGE OF PRIMORDIAL DISK PARTICLES SURVIVING AT THE END OF THE SIMULATION, (3) RATIO OF HOT KUIPER
BELT POPULATION TO PLUTINO POPULATION, (4) PERCENTAGE OF PRIMORDIAL DISK PARTICLES TRAPPED IN THE HOT KUIPER BELT AT THE
END OF THE SIMULATION, (5) BEST-FIT INCLINATION DISTRIBUTION TO THE FINAL HOT KUIPER BELT POPULATION (POPULATIONS UNDER 20
PARTICLES ARE OMITTED), AND (6) NUMBER OF PLUTO-MASS BODIES SURVIVING AT THE END OF THE SIMULATION.

Thus, the planetesimal distribution differences between
our gravitationally driven simulations and the forced mi-
gration |Kaib & Sheppard| (2016) simulation persist after
the planetary instability completes and residual plane-
tary migration initiates.

Previous works have sought to connect the modern
orbital architecture of the Kuiper belt with early solar
system events and conditions. In particular, the incli-
nation distribution of KBOs as well as the population
ratio of Plutinos to the Hot Classical Belt have been
argued to constrain Neptune’s migration speed as well
as its smoothness, which has been taken as a proxy for
the number of primordial Pluto-mass bodies (Nesvorny
2015alb). Thus, we also examine these Kuiper belt prop-
erties in our simulations, and they are listed in Table

3.5.1. Kuiper Belt Inclinations

One immediate feature of the Kuiper belt properties
listed in Table[d]is the large variance in their hot Kuiper
belt inclination distributions. We extract particles anal-
ogous to Hot Classical KBOs from our simulations by
selecting surviving bodies with perihelia at least 6 au
beyond Neptune and orbital periods between 1.6-1.9
times Neptune’s period. (In the modern solar system,
these selection criteria are equivalent to ¢ > 36.1 au and
41.2 < a < 46.2 au.) When we fit sini times a Gaussian
to the inclination distribution of these hot belt particles,
we find that the best fit Gaussian’s standard deviation
(o) fluctuates by about a factor of 3 across our sim-
ulations. oy p can be as low as 5°, and only two of our
simulations (0Pa and 1000Pa) approach the 14° value
estimated for the real Hot belt (Van Laerhoven et al.
2019).

It is not immediately obvious that there is a single
driver that primarily determines the final value of oy
in our simulations. There is correlation between the in-
clination dispersion of Table [4] and Neptune’s migration
timescale, but it is not particularly strong. Among the
timescales listed in Table [2| (¢si0p, G25au; and Tpost), the
inclination distribution (ocgp) displays the highest de-
gree of correlation with dos54,,. However, with a Pearson
correlation coefficient of r ~ 0.45, there are likely other
factors at play.

Meanwhile, the primary parameter varied in our initial
conditions is the number of primordial Pluto-mass bod-
ies, but there is little correlation (r ~ —0.27) between
the number of such bodies and the inclination distribu-
tion of the Hot Classical Belt. In some cases, simulations
that possess the same initial number of Pluto-mass bod-
ies (700Pa vs 700Pb, or OPa vs OPb) have oyp values
that differ by a factor of ~2 or more from one another.
Due to the nature of our pre-instability cloning, systems
with the same number of primordial Pluto-mass bodies
experience nearly identical pre-instability planetary evo-
lution. Thus, although Figure [5| shows that this phase
of our simulations excites Kuiper belt inclinations, sig-
nificant additional inclination evolution must take place
during and after the instability.

It is illuminating to specifically examine the detailed
evolution of the 700Pa and 700Pb runs. Each simula-
tion traps 59 particles into the Hot Classical Belt, but
the final inclinations of these bodies are twice as large
in 700Pb (cyp = 9.7°) as in 700Pa (ocyp = 4.9°),
even though the two simulations have very similar post-
instability migration timescales as well. Examining a
simulation time output 1 Myr after each system’s plan-
etary instability, we find that the bodies destined to be-
come Hot Classical members broadly have orbital perihe-
lia between 20-32 au and semimajor axes between 20-60
au. If we look at all particles in this range of perihelion
and semimajor axis at 1 Myr after the planetary insta-
bility, we find a median inclination of 6.3° in the 700Pa
and 8.8° in the 700Pb. Meanwhile, just 1 Myr prior to
instability these particles’ median inclination was 4.2°.
Thus, the median inclination more than doubles during
the planetary instability in the 700Pb system, while it
only increases by 50% in the 700Pa system. This strongly
hints that the planetary instability itself can be a major
source of inclination heating, and we see different be-
haviors in the two systems’ instabilities. In the case of
700Pa, no planet records an inclination above ~1° dur-
ing or after the instability. Meanwhile, in 700Pb’s insta-
bility, every planet’s inclination except Jupiter’s exceeds
1° at some point, and the lost ice giant attains a ~4°
inclination prior to ejection, as does Uranus (although
dynamical friction eventually drives it back below 1°).
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It appears that the excitement of planetary inclinations
during the instability can be a significant driver of the
ultimate Kuiper belt inclination distribution.

The influence of the giant planet instability can oc-
cur through two different mechanisms. First, the same
planetary perturbations that are exciting Neptune’s or-
bital inclination can also excite the inclinations of the
remaining primordial belt objects. Second, after the in-
stability ceases, Neptune’s inclination and eccentricity
are damped back down during the planet’s residual mi-
gration through the Kuiper belt. This requires that the
inclinations and eccentricities of the Kuiper belt objects
must be further excited as a result. Although many of
these will be lost via ejection, some will not and will
contribute to the final structure of the Kuiper belt.

To assess which of these effects may be most important,
we rerun the portions of 400Pa and 700Pa immediately
after the instability, beginning with the first time out-
put after an ice giant is lost. The original runs of these
two simulations yielded the lowest values of ogp (5.6°
and 4.9°), and they had modest values for Neptune’s
maximum inclination (0.81° and 0.22°). In the post-
instability reruns, Neptune is restarted with an inclina-
tion of 2° instead, which is roughly the largest maximum
recorded for any simulation. When we repeat these runs
and examine their states at ¢ = 100 Myrs, we see very
little difference from the original runs. When we extract
particles between the 3:2 and 2:1 Neptunian MMR and
with perihelia beyond 34 au, we find that a Kolmogorov-
Smirnov test cannot reject the null hypothesis (p-values
of 0.15 and 0.74) that the original and repeated parti-
cle inclinations have the same underlying distribution.
Thus, this suggests that the planetary dynamical evolu-
tion within the instability is what can drive significant
increases in Kuiper belt inclinations in our simulations.

3.5.2. Primordial Plutos and the Hot Belt to Plutino Ratio

Table [f] also provides the final ratio of Hot Classical
objects to Plutinos in each of our simulations. To be cat-
egorized as a Plutino, a surviving simulation body must
be located near the semimajor axis of the 3:2 MMR with
Neptune and have a librating resonant angle (which was
checked by eye for all candidate particles, except for OPb,
which has thousands of bodies near the 3:2). Like opp,
the ratio of Hot Classical bodies to Plutinos varies wildly
from run to run. In three of our simulations, it exceeds
20:1, while in another it is less than 1:100. Previously,
it has been suggested that this ratio is dependent on the
number of Pluto-mass objects in the primordial Kuiper
belt, as the graininess of Neptune’s migration induced by
encounters with Pluto-mass objects can drive resonant
dropout into the Hot Classical Belt (Zhou et al.[|2002;
Nesvorny & Vokrouhlicky|[2016)). For a single, assumed
giant planet orbital evolution sequence, this dependency
is likely significant. However, each of our runs has a
unique temporal evolution of the giant planets’ orbits.
When we examine the ratio of Hot Classical bodies to
Plutinos in our simulations, there is no obvious correla-
tion with the number of Pluto-mass bodies we employ.
In fact, pairs of runs with the same initial numbers of
Pluto-mass bodies (0, 700, and 1000) can have final ra-
tios that differ by well over an order of magnitude.

Clearly, there must be other factors at play in deter-
mining the ratio of Hot Classical belt objects to Pluti-
nos. An obvious one is the behavior of Neptune dur-
ing the planetary instability. We can see this when we
examine our two runs without Plutos (0Pa and OPb).
These two runs actually return our highest and lowest
Hot Belt-to-Plutino ratios. OPb finishes with ~7-8% of
all initial objects locked in the 3:2 resonance, comprising
over 90% of the surviving Kuiper belt. This is because
0Pb features no planetary encounters with Neptune large
enough to induce a significant change in semimajor axis
or eccentricity during the planetary instability. As a re-
sult, virtually all of the particles swept and stored into
the 3:2 MMR during Neptune’s pre-instability migration
can remain there after the instability. In contrast, in
0Pa, Neptune encounters the ejected ice giant during the
instability, which causes it to jump 2.2 au out to 29.2



au and attain an eccentricity of 0.12. Thus, any reso-
nant population is lost and capture must start anew at
0 near the outer edge of the original primordial disk.
While other simulations feature rebuilt Plutino popula-
tions after sudden changes to Neptune’s orbit (see 400Pa
and 700Pb), the stability of Pluto-like orbits over the age
of the solar system display subtle dependencies on giant
planet architecture (Malhotra & Ito|[2022]), and none of
our final architectures are identical.

As OPb illustrates, the number of Plutinos trapped into
the modern Kuiper belt has the potential to be huge if
Neptune’s orbit is not perturbed. However, this simula-
tion likely overstates the case, as it only contains semi-
active sub-Pluto bodies. Simulation 400Pb also features
an instability that does not significantly alter Neptune’s
semimajor axis. Here, however, the final population of
Plutinos falls by a factor of ~100 (even though it is still
10x greater than the Hot Belt population). The reason
for this is that the presence of Pluto-mass bodies limit
the long-term storage of bodies in Neptunian resonance.
This can be seen in Figure [IC where we compare the
pre-instability semimajor axis distribution of planetesi-
mals in 200Pb and OPb. It is clear that the semimajor
axis distribution is qualitatively similar but smeared in
runs with significant numbers of Pluto-mass bodies.

Pluto-mass bodies may be able to erode the population
of bodies trapped in Neptunian resonance in two ways.
As discussed previously, the first is through the “jitter”
they impart on Neptune’s semimajor axis evolution when
they undergo close encounters with the planet. This jit-
ter causes sudden changes to the location of Neptune’s
resonances, which can lead to resonant dropout, and this
mechanism has been studied before (Zhou et al.[[2002;
Nesvorny & Vokrouhlicky|2016). The second mecha-
nism occurs during direct encounters between Pluto-mass
bodies and the objects occupying resonances. Just as
Pluto-mass encounters generate semimajor axis changes
for Neptune, we expect they will also do this for Kuiper
belt objects (Hahn & Malhotra)[2005).

To highlight this second resonance removal mechanism
and compare it with the first, we turn to the well-behaved
pre-instability epoch of one of our 0Pa/b simulations. In
the original run, over the course of ~60 Myrs, Neptune
migrates from ~20 au to ~27 au interior to a disk of 10°
sub-Pluto bodies that do not interact with one another.
Near the end of this migration phase, nearly 40% of disk
bodies have become swept up near Neptune’s 3:2 reso-
nance. To study how Pluto-mass bodies can alter the res-
onance trapping during this phase, we repeat this phase
of the simulation two more times with 200 randomly se-
lected sub-Pluto bodies promoted to Pluto-mass bodies.
In the first repeat run, Pluto-mass bodies are treated
as semi-active and therefore still do not interact with
the sub-Plutos (or one another), but they do interact
with Neptune, inducing a migration jitter. In the second
repeat, the Pluto-mass bodies are fully active, allowing
them to gravitationally interact with all bodies.

Snapshots of the original simulation as well as its two
repeats are shown in Figure[7] when Neptune has reached
23.6 au (after which the system with fully active Plu-
tos passes through an instability). As can be seen in
panels A and B, the original simulation and the simu-
lation with 200 semi-active Plutos look very similar by
eye. However, there is some evidence that the presence
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of Pluto-induced migration jitter has resulted in modest
resonance dropout. The original 0Pa/b run has 31.1 per-
cent of its bodies with orbital periods between 1.47-1.53
of Neptune’s period. This percentage falls to 29.2% in
the repeat with 200 semi-active Plutos. However, in the
repeat with 200 fully active Plutos the differences are
dramatic in the snapshots, and the percentage of bod-
ies with orbital periods between 1.47-1.53 of Neptune’s
period falls by an order of magnitude to 3.7%. Thus, it
appears that direct scattering between Pluto-mass bodies
and other primordial belt bodies are much more effective
at removing objects from resonances, at least prior to the
planetary instability.

A lucky occurrence in our first repeat of the OP simu-
lations also allows us to study the mechanisms enhanc-
ing resonance dropout during the post-instability regime
as well. In this simulation, the planetary instability
caused a collision between the innermost ice giant and
Saturn, and the orbits of Uranus and Neptune were not
disturbed. Although Neptune and Uranus migrate well
beyond their 2:1 resonance (limiting this simulation’s rel-
evance to our real planets’ migration), a large popula-
tion of Plutinos is maintained during Neptune’s slower,
residual migration. This system retains 90 of the 200
particles we manually graduated to Pluto-masses. We
run the post-instability, post-2:1-crossing phase of this
simulation three times: once neglecting the interactions
between Pluto-mass bodies and other small bodies, an-
other time including these interactions, and a final time
with all of our Pluto-mass bodies again demoted to semi-
active sub-Plutos.

The results of these three runs at ¢ = 200 Myrs are
shown in Figure || In each system, Neptune has largely
completed its outward migration. In panels A-C, we see
that the broad Kuiper belt morphology looks similar for
all three systems. However, there are subtle differences.
We highlight a box of orbital space below e ~ 0.13 be-
tween the 4:3 and 3:2 Neptunian resonances. This re-
gion is noticeably more populated with bodies in the run
where Pluto-mass bodies are treated as fully active com-
pared to the semi-active Pluto run and the run without
any Plutos. The reason for this is that more bodies fall
out of the 3:2 resonance when the gravitational effects of
Pluto-mass bodies are fully included.

We can see this when we examine the population of
bodies near the 3:2 resonance after 200 Myrs (see Figure
BD). In the repeat with no Pluto-mass bodies included,
there are 4499 bodies with perihelion beyond 25 au and
a Neptunian period ratio between 1.47-1.53. When we
include the Pluto-mass bodies as semi-active bodies that
can only perturb the planets’ orbits, this population falls
slightly by ~6% to 4245. This is consistent an increased
resonance dropout due to a graininess to Neptune’s mi-
gration. Finally, in the repeat with fully active Pluto-
mass bodies, the population of this region of orbital space
is over 20% lower, at 3583 bodies. This suggests that
including the perturbations that Pluto-mass bodies ex-
ert on other Kuiper belt bodies will increase resonance
dropout by perhaps 3—4 times compared to simulations
that only consider the influence Pluto-mass bodies have
on the giant planets.

Since resonant dropout is significantly enhanced when
the full perturbations of Pluto-mass bodies are consid-
ered, previous estimates of the primordial population
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of Pluto-mass bodies inferred from resonant dropout of
Plutinos may need to be revised downward. Indeed,
Nesvorny & Vokrouhlicky| (2016) estimates a primordial
population of 1000-4000 Pluto-mass bodies, but this only
considered resonant dropout from Neptune’s migration
jitter and did not account for the ability of Pluto-mass
bodies to directly dislodge objects from resonance. It
is clear from our 2500Pa/b simulations that 1000-4000
Pluto-mass bodies would lead to far too many Pluto-
mass bodies in the modern Kuiper belt. Pluto and Eris
are likely the only two ~Pluto-mass bodies within 100
au of the Sun (Brown et al.|2015), while the final states
of our 2500Pa and 2500Pb simulations respectively yield
15 and 27 such bodies. While our 1000Pb simulation
yields 3 Pluto-mass bodies after 4 Gyrs of evolution, our
1000Pa simulation yields 12. Meanwhile, our 200Pa and
200Pb simulations yield 2 and 1 Pluto-mass bodies, re-
spectively. It should be noted that the 200Pa/b simula-
tions also yield Hot belt:Plutino population ratios (~2—
4) that are also in rough agreement with observations
(Nesvorny & Vokrouhlicky|2016)). Thus, it appears that
the primordial Kuiper belt could have had as few as ~200
Pluto-mass bodies and no more than ~1000.

3.5.3. Other Kuiper Belt Subpopulations

Even with ~10° initial particles in our simulations, the
analysis of our other final Kuiper belt subpopulations is
statistically limited. However, some other notable trends
do emerge. First, we consider the population of scatter-
ing objects. To do this, we compare planetesimals’ final
semimajor axes with their semimajor axes 10 Myrs prior
to the ends of the simulations to search for semimajor
axis changes over 1.5 au. In these instances, planetesi-
mals are classified as scattering (Shankman et al.||2013]).
When we compare the population ratio of the Hot belt
to the scattering bodies, we find that the ratio varies be-
tween 0.4 to 3.7 across our simulation ensemble, and 75%
of our simulations have a ratio over 1. This contrasts
with observational estimates for the real solar system,
which put the ratio near 0.4, the very lower end of our
simulation range (Petit et al.|2011; Lawler et al.|[2018)).

We also study variations in the population of Neptu-
nian Trojans in our simulations. Trojan candidates must
have final semimajor axes within 5% of Neptune, and
once candidates are identified, their resonant angles are
checked for libration by eye. We find a large variance
in the rate that Trojans are captured in our simulations,
even though they are always smaller than the Hot belt
and Plutino populations in every simulation. Five of our
simulations possess no Trojans at the end, and another
three systems contain just 1-2. In contrast, three sys-
tems (OPb, 400Pa, and 2500Pa) have 20+ Trojans, so
the Trojan capture efficiency can vary by over an order
of magnitude. It is not clear what accounts for this large
variance.

Finally, we consider cold classical belt objects. The
cold classical Kuiper belt is thought to be the only Kuiper
belt subpopulation that formed in-situ (residing between
roughly 43-48 au). Given its modern low inclinations
and eccentricities, its non-excitation also serves as a use-
ful constraint on Kuiper belt formation models. How-
ever, the initial disks of our simulations are truncated at
30 au, and they therefore do not include an in-situ cold
classical Kuiper belt. Nonetheless, we can consult past

works studying the connection between the giant planet
instability and the excitation of the cold classical belt to
infer whether our simulated systems would over-excite
the cold belt (Batygin et al.[2011; Dawson & Murray-
Clay| |2012; [Batygin et al.||2012; [Wolft et al.|[2012)), In
particular, it appears that Neptune’s eccentricity must
stay below 0.12-0.15 to avoid overexciting the cold clas-
sical belt’s eccentricities (Dawson & Murray-Clay|2012;
Wolff et al.[[2012). Reviewing Table [2| we see that only
one system (0Pa) records a maximum Neptune eccen-
tricity of 0.12, and the rest remain below this value, so
it appears that Neptune generally will not overexcite the
eccentricities of the cold classical belt.

However, we also note previously that the ejected ice
giant appears to significantly contribute to the excitation
of our Kuiper belt inclinations in some instances. This
may have important ramifications for the cold classical
belt as well, since one of its defining features is a system-
atically colder inclination distribution than the rest of
the Kuiper belt. Batygin et al.| (2012) noted that ejected
ice giants can often overexcite the inclinations of cold
classical belt objects. Thus, the observed low inclina-
tions of the cold classical belt may exclude instances in
our simulations when the ejected ice giant is a signifi-
cant contributor to the rest of the Kuiper belt’s excited
inclination distribution. This particular aspect of the
planetary instability will be studied in more detail in a
future work.

4. SUMMARY AND CONCLUSIONS

In this work, we perform 12 simulations that model the
formation of the Kuiper belt from an era shortly after
the dissipation of the gaseous component of the Sun’s
protoplanetary disk until the modern epoch. Our sys-
tems initiate Jupiter, Saturn, and three ice giants in a
3:2, 3:2, 2:1, 3:2 resonant configuration surrounded by
a 20 Mg, primordial belt of ~10° planetesimals extend-
ing out to 30 au. These simulations are then evolved
for 4 Gyrs, during which the planets unlock from reso-
nance, migrate until the onset of an orbital instability,
and complete a post-instability phase of residual orbital
migration. This planetary orbital evolution greatly de-
pletes the planetesimal population, but a small fraction
(typically 1073-1072) survives in a reservoir reminiscent
of our solar system’s Kuiper belt.

Compared to most other 5-planet configurations, the
planetary resonant configuration we choose for our sim-
ulations is known to display an elevated level of success
in replicating the modern orbits of the giant planets af-
ter passing through instability (Nesvorny & Morbidelli
2012). The final planetary orbits generated from our
orbital instabilities are broadly similar to past instabil-
ity studies, in that ess is under-excited and egg is over-
excited. In addition, we find that Uranus and Neptune
are very likely to migrate across their 2:1 MMR, (11 of
12 runs), which necessitated us manually moving the lo-
cation of Uranus after the instability. (This unexpected
feature may warrant further study in future work.) Fi-
nally, we find that Neptune’s semimajor axis migration is
not well-modeled with an exponential decay with a fixed
timescale. Pre-instability, the migration curve is nearly
linear and sometimes even convex. Post-instability, an
exponential fit underestimates the migration rate ini-
tially and overestimates the rate at late times. Neptune



still has to migrate its final 0.1 au after a median time
of 340 Myrs in our simulations.

Because we model the formation of the Kuiper belt
starting from a favored 5-planet resonant configuration,
Neptune’s 5:4, 4:3, and 3:2 MMRs all sweep across much
of the primordial belt over the first few au of Neptune’s
migration. This causes many of the planetesimals to be
shepherded outward as Neptune begins its outward mi-
gration, and they avoid direct encounters with Neptune.
As a result, at the onset of the orbital instability, more of
our planetesimals are surviving, and more are found on
orbits with smaller semimajor axes, eccentricities, and
inclinations compared to recent works that model the
formation of the Kuiper belt with a more distant start-
ing orbit for Neptune. These differences persist through
the epoch immediately following the planetary instability
and may help explain why the properties of the Kuiper
belts formed here differ significantly from other recent
works.

In addition, the final Kuiper belts that our simulated
systems generate display a large amount of stochastic-
ity. This appears to be at least in part connected with
the highly chaotic dynamical evolution that takes place
as the planets’ orbits evolve within the instability. We
see evidence that instabilities that temporarily excite the
inclinations of the planets can also significantly excite
the inclination distribution of the Kuiper belt, although
nearly all of our simulations finish with lower inclinations
than the observed belt. In addition, Neptune’s semima-
jor axis often jumps during the instability (both Sunward
and anti-Sunward), and this jump leads to losses of reso-
nant bodies, influencing the relative fraction of the final
Kuiper belt population trapped in resonance.

Finally, the primordial belts of our simulations begin
with varying numbers of Pluto-mass bodies, from 0-2500,
and these bodies have a significant impact on the dynam-
ics of the belt. In their absence, a huge fraction of primor-
dial belt objects become trapped in Neptune resonances
before the planetary instability. However, just the mod-
est addition of 200 Pluto-mass bodies lowers this fraction
by over an order of magnitude. Moreover, the most pow-
erful way that Pluto-mass bodies remove objects from
resonance is through directly perturbing them out of the
resonance via gravitational encounters, a mechanism that
is absent from many past simulations of Kuiper belt for-
mation. Resonance loss resulting from small changes of
Neptune’s semimajor axis during encounters with Pluto-
mass bodies also occurs, but at a rate that is 3-4 times
lower. In addition, 3 of our 4 simulations that begin with
1000 or more Pluto-mass bodies finish with 12 or more
Pluto-mass bodies in their final Kuiper belts, while our
two simulations with 200 Pluto-mass bodies finish with
1 and 2 Pluto-mass bodies. This suggests that our real
Kuiper belt’s population of two close-in Pluto-mass bod-
ies (Pluto & Eris) is consistent with a primordial popu-
lation of Pluto-mass bodies of no more than ~1000 and
perhaps as few as ~200 or less.
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