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Abstract

The formation of the Inner Oort Cloud (IOC)—a vast halo of icy bodies residing far beyond
Neptune’s orbit—is an expected outcome of the solar system’s primordial evolution within
a stellar cluster. Recent models have shown that the process of early planetesimal capture
within the trans-Neptunian region may have been sufficiently high for the cumulative mass of
the Cloud to approach several Earth masses. In light of this, here we examine the dynamical
evolution of the IOC, driven by its own self-gravity. We show that the collective gravitational
potential of the IOC is adequately approximated by the Miyamoto—Nagai model and use a
semi-analytic framework to demonstrate that the resulting secular oscillations are akin to the
von Zeipel-Lidov—Kozai resonance. We verify our results with direct N-body calculations
and examine the effects of IOC self-gravity on the long-term behavior of the solar system’s
minor bodies using a detailed simulation. Cumulatively, we find that while the modulation
of perihelion distances and inclinations can occur within an observationally relevant range,
the associated timescales vastly surpass the age of the sun, indicating that the influence of
1OC self-gravity on the architecture of the solar system is negligible.

Keywords Trans-Neptunian objects - Orbital dynamics - Perturbation theory - N-body
simulations

1 Introduction

The prevailing consensus holds that our solar system originated within a stellar cluster—a
conclusion bolstered by multiple lines of evidence that extend beyond the statistical obser-
vation that most stars do not form in isolation (Adams 2010). A key piece of supporting
evidence for this notion is the prevalence of decay products from short-lived radionuclides
(notably 20 Al), within primitive bodies of the solar system. The widespread presence of such
elements is commonly viewed as a strong indicator that the proto-solar cloud emerged in
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a relatively densely populated stellar association (Adams and Laughlin 2001; Arakawa and
Kokubo 2023).

The presence of a stellar cluster around the nascent solar system had a number of important
implications, influencing not just the isotopic makeup of solar system bodies but also their
dynamics. In fact, the formation of the Inner Oort Cloud (IOC)—a population of long-period
minor bodies that do not strongly interact with the giant planets or the Galaxy—necessitates
extrinsic perturbations (Hills 1981; Ferndndez 1997). Particularly, the assembly of the IOC is
envisioned to have taken place through the following sequence of events. First, as giant planets
accreted and migrated within the proto-solar nebula, they scattered primordial planetesimals
onto highly eccentric orbits. Over time, these orbits chaotically diffused outward, where the
combined effects of stellar flybys and the cluster’s tidal forces began to alter their trajectories.
For a subset of these objects, external perturbation led to orbital circularization, dynamically
detaching them from the giant planets. Eventually, as the sun exited the cluster, these orbits
became fossilized in the trans-Neptunian region of the solar system, generating a population
of objects with heliocentric distances that span hundreds to thousands of AU (Brasser et al.
2006, 2012; Kaib and Quinn 2008).

In light of the expected existence of a vast population of IOC objects, several authors have
explored the potential role of self-gravitational effects in shaping the large-scale architec-
ture of the trans-Neptunian region. For instance, Madigan and McCourt (2016), Zderic and
Madigan (2023) have examined the emergence of the so-called inclination instability, which
occurs due to the self-interaction of a multitude of highly eccentric orbits initially confined to
a common plane. Their findings suggest that non-trivial dynamical behavior could arise on a
timescale far exceeding the orbital period, provided the combined mass of the orbiting bodies
exceeds ~ 10 Earth masses. However, the recent study of Das and Batygin (2023) showed
that the inclusion of self-consistent modeling of the giant planets—particularly Neptune’s
scattering effects—fully suppresses the inclination instability.

In a separate theoretical approach, Sefilian and Touma (2019) investigated the collective
effects of a massive, lopsided trans-Neptunian disk of planetesimals extending to hundreds
of AU. The authors proposed that such a disk could account for the observed clustering
of longitudes of perihelion among long-period, dynamically detached TNOs (Batygin and
Brown 2016). Yet, the physical mechanisms responsible for the formation and maintenance
of such an asymmetric structure in the outer solar system remain elusive.

Recently, Nesvorny et al. (2023) presented a detailed study of the IOC’s formation, which
incorporates sophisticated modeling of the early migration of the giant planets, along with a
self-consistent treatment of the cluster’s effects. Through subsequent N —body simulations,
they showed that forming the solar system in a dense stellar environment produces perihelion
and semimajor axis distributions among long-period trans-Neptunian objects that closely
mirrors the observational data. Intriguingly, these simulations also indicate that the total
mass captured in the IOC can exceed the mass of the Earth by as much as a factor of three,
a revelation that underscores the efficiency with which cluster-driven dynamics could have
shaped the outer reaches of the solar system.

In a distinct effort, Saillenfest et al. (2019) considered the secular evolution of the IOC
under the combined perturbations from the giant planets and the Galactic tide. Remarkably,
they demonstrated that much of the parameter space associated with the IOC is perforated
by chaos, insinuating that the long-term evolution of the IOC is considerably less inert than
previously thought (although the rate of chaotic diffusion is exceptionally slow).

Inspired by the combined works of Saillenfest et al. (2019) and Nesvorny et al. (2023), here
we explore previously overlooked dynamics within the IOC that are driven by its own self-
gravity. To this end, in Sect. 2, we introduce the Miyamoto—Nagai potential-density pair as a
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simple model for the collective gravity of the IOC. Then, in Sect. 3, we demonstrate from semi-
analytic grounds that the emergent secular interactions are akin to von Zeipel-Lidov—Kozai
cycles. Subsequently, we show that while self-gravity can, in principle, drive dynamically
detached orbits to join the scattered disk, the timescale to achieve this greatly exceeds the
lifetime of the solar system, unless the mass of the IOC is assumed to be unjustifiably large.

2 Miyamoto-Nagai model of the inner Oort cloud

As afirst step in our analysis, let us consider the structure of the IOC. To construct the physical
model, we derive the initial conditions from the c1uster2 simulation presented in Nesvorny
et al. (2023), adopting the distribution of IOC objects at the 300 Myr mark. This simulation
provides a nuanced model of the solar system’s primordial evolution, incorporating detailed
and well-tested prescriptions of giant planet migration and the dynamical influence of the
Sun’s birth cluster. Specifically, the cluster2 simulation models stellar encounters self-
consistently, assuming a Plummer model for the Sun’s birth cluster characterized by a mass
of 1200M and a Plummer radius of 0.35 pc. This environment approximates conditions
akin to the Orion Nebular Cluster (see e.g, Batygin et al. 2020), and the product of the local
stellar density and the sun’s residence time within the cluster—taken to be nz ~ 10*Myr
pc—3—is tuned to reproduce the semi-major axis distribution of high-perihelion scattered
disk objects.

The choice of the 300 Myr snapshot is informed by the timeline of early solar system
evolution and cluster dynamics. Despite being early in the solar system’s lifetime, by this
epoch, the giant planets’ migration—modeled in Nesvorny et al. (2023) with a characteristic
migration timescale of 7yig = 10 Myr has largely concluded. Additionally, this point marks
a phase where the solar system’s birth cluster had already dissipated, and the formation of
the IOC is complete.

Objects on unstable! (i.e., Neptune-crossing and scattering) orbits will diffuse out of the
solar system on a sub-Gyr timescale, and will therefore not contribute to the cumulative gravi-
tational potential of the (long-term stable) “inert” inner Oort Cloud. Indeed, in the limit where
q — an, the semi-major axis diffusion approaches D, ~ 8/(57) (mn/Mp) /G Mo an
(Batygin et al. 2021; Hadden and Tremaine 2024). In an effort to filter these particles out of
our analysis and isolate the relevant population within the broader trans-Neptunian region,
we exclude particles within the active Neptune-scattering zone, as well as those with (com-
paratively) short periods. This is achieved by removing objects with semi-major axis smaller
than 250 AU and perihelion distance below the scattering threshold (Batygin et al. 2021):

) 242 mN [ a 3/2 o
it = Su ,a og| —— [ — ,
Gerit P[40, an g 5 Mo \ax

where quantities with the subscript “N" refer to Neptune, and gy = 40 AU. It is important to
note that this expression for the critical perihelion distance is derived under the assumption
of planar motion (i — 0) and small semi-major axis ratio (an/a < 1) (Batygin et al.
2021; see also Hadden and Tremaine 2024), and hence, our approach may be somewhat
restrictive. That is, chaotic diffusion of orbits is reduced at high inclinations, suggesting that
our cut-off might be more stringent than necessary, given that it is derived in the planar

I See e.g., Batygin et al. (2019), Huang and Gladman (2024) for long-term integrations of unstable large-
semi-major axis TNOs.
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Fig. 1 Visualization of the particle distribution within the IOC as derived from the = 300 Myr snapshot of
the Nesvorny et al. (2023) cluster2 simulation. Only objects with semi-major axes in excess of 250 AU and
perihelia greater than the scattering threshold given by Eq. (1) are shown. The left panel displays a top-down
view (x-y projection) of the particle distribution, highlighting the approximate axisymmetry of the generated
cloud. The middle panel presents the side view (x-z projection) of the same distribution, effectively illustrating
the cloud’s dual composition: a central flattened disk is embedded within a more extended, quasi-spherical halo.
The right panel depicts the distribution of orbital elements of the IOC: the inclination (top) and eccentricity
(bottom) are shown as functions of the semi-major axis, with the bounding (critical) perihelion distance (Eq. 1)
marked with a red curve. Additionally, the semi-major axis—eccentricity panel depicts contours of constant
perihelion distance, with the values of ¢ labeled accordingly

approximation. However, for the purposes of our initial exploration into the IOC’s dynamics,
this simplification provides a suitable starting point.

Examination of the particle distribution in physical space (as shown in Fig. 1) reveals that
the particle distribution within the IOC is, to a good approximation, axisymmetric.2 However,
the distribution is markedly not spherical: when viewed from the side, there is a discernible
disk-like structure embedded within a more diffuse halo. To model this distribution, we adopt
the Miyamoto—Nagai potential-density pair (Miyamoto and Nagai 1975).

The Miyamoto—Nagai potential is a versatile model that allows for the simulation of a
broad range of astrophysical systems, with adjustable thickness and radial distribution of
mass. It is defined by two crucial parameters: the radial scale length (a) and the scale height
(b). These parameters govern the shape and density distribution of the particle population.
Asb approaches zero, the model converges to the Kuzmin potential, representing a razor-thin
disk. Conversely, when a approaches zero, the model reduces to a Plummer sphere. The ratio
b/a is thus a key factor in determining the disk’s flatness: a high b/a ratio results in a mass
distribution that is nearly spherical, while a low b/a ratio leads to a significantly flattened
distribution. This flexibility allows the Miyamoto—Nagai potential to adeptly model various
astrophysical structures by adjusting a and b accordingly.

Written in terms of cylindrical coordinates, the potential ¥ and the corresponding density
have the functional form:

2 To ascertain the degree of axial symmetry, we computed the distribution of azimuthal angles of particles
across cylinders with a radial thickness of 100 AU at radial intervals of 100 AU, and applied the Kolmogorov—
Smirnov test for uniformity. This calculation yielded an average p value of (p) = 0.45, indicating that axial
symmetry is statistically consistent with the simulation data.
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Fig. 2 Density profile of the IOC. The left panel showcases the azimuthally averaged particle density, pnum
derived from detailed N —body simulation of Nesvorny et al. 2023 (see also Fig. 1). The middle panel shows
the Miyamoto—Nagai density profile, p (given by Eq. 2), with scaling parameters a = 200 AU and b /a =>5.In
both panels, the density is normalized to unity at » = 250 AU and z = 0, and a sequence of contours is labeled,
depicting log((p). The right panel depicts the error associated with the analytic fit, € = (0 — pnum)/Pnum-
As can be seen, the error within the relevant regions is limited to tens of percent, which is satisfactory for the
purposes of our study
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where Mjoc is the total mass of the cloud.

To determine the appropriate parameter values, we began by fitting the analytic model
to particle distribution shown in Fig. 1, which yielded a 155 AU and b/a = 7. We
subsequently fine-tuned these parameters to @ = 200 AU and b/a@ = 5. This adjustment
slightly reduced the discrepancy between the analytic model and the numerical results within
the disk region, albeit at the cost of accuracy in the much more sparsely populated regions
at very large heliocentric distances. Figure 2 depicts a comparison between the azimuthally
averaged particle distribution obtained from the detailed N —body simulation and that given
by Eq. 2.

3 Secular dynamics within the 10C

With the potential of the IOC now defined, we are in a position to write down the model Hamil-
tonian that will govern the dynamics within this system. The chosen potential, characterized
by its smoothness and axisymmetry, implies that the IOC will predominantly drive secular
evolution. This class of dynamics corresponds to long-term orbital changes, smoothing over
short-term perturbations. It is important to acknowledge, however, that this phase-averaged
description, only provides an adequate approximation for bodies outside the scattered disk,
and more generally, for objects not trapped in high-order MMRs with Neptune (Morbidelli
2002).
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Accounting for secular perturbations from Jupiter, Saturn, Uranus, and Neptune to
quadrupolar order, we have:

3cos?() — 1
p = GCBeos (1)32)+17§\Pd/\/t, 3)
8a3(1—62)/ 2w

where M is the mean anomaly of the IOC particle, and C = Y, m; ai2 is the sum of the
moments of inertia of the planetary orbits. Although the integral in the above expression
cannot be evaluated analytically, general properties of { can nevertheless be deduced from
symmetry. First,  is, by construction, independent of the orbital phase, meaning that the
semi-major axis, a, is rendered a constant of motion. Similarly, axial symmetry implies that
‘H is independent of the longitude of ascending node, €2, meaning that the conjugate action,
J ,—which corresponds to the z-component of the specific angular momentum vector, is
conserved. In other words, H = f(a, J, e, w) depends only on a single angle—the argument
of perihelion, w. Moreover, because the difference between ascending and descending nodes
disappears upon phase-averaging, the dependence of H on w is bound to be = —periodic.

These properties place H into the broad category of von Zeipel-Lidov—Kozai-type Hamil-
tonians, i.e., systems with only a single degree of freedom—related to the (e, w) variable
pair—parameterized by a and J (von Zeipel 1910; Tremaine 2023). Thus, upon an appro-
priate choice of the constants of motion, the phase-space portrait of an IOC particle can be
fully quantified by projecting level curves of H onto the (w, ¢) plane.

Though the IOC as a whole covers a broad range of parameters, here, our selection of
constants of motion is motivated by the observational census of known long-period TNOs,
which primarily consists of high-eccentricity objects situated near the plane of the solar sys-
tem. Considering the perturbative nature of the model, the maximum allowable eccentricity
corresponds to a perihelion distance equal to Neptune’s semi-major axis, beyond which orbits
would cross and fundamentally disrupt the model’s accuracy. Thus, for definitiveness, we
define the action variable to correspond to an orbit with zero inclination and ¢ = an:

T =1 =2 cos(i) = \/@ = const. 4)

We reiterate, however, that even for orbits with larger perihelion distances, the secular Hamil-
tonian can yield an inaccurate representation of the dynamics, if the IOC particle becomes
embedded within a dense network of mean motion resonances that facilitate Neptune scat-
tering (Batygin et al. 2021). Despite these limitations, this semi-analytic approach is still
effective in exploring whether orbital evolution driven by IOC’s self-gravity can elevate the
eccentricities of initially high-perihelion objects to the scattering threshold, thereby cycling
them between the IOC and scattered disk.

Figure 3 shows the contours of H on the (g, w) plane for IOC particles at a = 1000
and 5000 AU, where we have set Mioc = 3Mg, in agreement with the simulation results of
Nesvorny et al. (2023). In both panels, the familiar structure of the vZLK resonance can be
seen, and intriguingly, secular [OC-driven dynamics appears to modulate the perihelia over an
observationally relevant (i.e., ¢ ~ 100 AU) range. Moreover, the reduction of the phase-space
portrait toward trivial circulation for ¢ approaching 30 AU can be understood as emanating
from the growing contribution of the first term in Hamiltonian (3). More specifically, our
analysis demonstrates that the contribution of the first term, representing precession driven
by the giant planets, to the overall secular dynamics of the IOC, significantly varies with
perihelion distance. Ata = 1000 AU, this term accounts for less than 2% of the Hamiltonian’s
value atg = 75 AU, increasing to 7% and 25% atg = 50 and 30 AU, respectively. Meanwhile,
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Fig. 3 Level curves of Hamiltonian (3) projected onto the (w, g) plane. These contours depict the secular
dynamics within the IOC for particles with semi-major axes of @ = 1000 AU (left panel) and a = 5000 AU
(right panel), for a total IOC mass of Mjoc = 3Mg. Both panels illustrate the characteristic structure of von
Zeipel-Lidov—Kozai (vZLK) resonance. A series of contours are labeled according to log;o(—"H), evaluated
in units of M, AU, and yr. The dotted yellow line corresponds to the Neptune-scattering threshold in the
coplanar limit, and the white curves depict output from an N —body simulation, for equivalent values of J

ata = 5000 AU, its influence is relatively subdued, constituting approximately 10% atg = 30
AU and diminishing to 2% at ¢ = 50 AU, thereby allowing the vZLK cycle to penetrate to
smaller perihelion distances.

To further quantify these self-gravitational dynamics, we supplement our analytic calcu-
lations with direct numerical orbit propagation of test particles. To carry out the integrations,
we used the mercury6 gravitational software package (Chambers 1999), utilizing the MVS
algorithm (Wisdom and Holman 1991). To ensure consistency with our analytical model, we
include the accelerations due to the IOC viaa = —V W and model the quadrupolar fields of
the giant planets as an oblateness of the Sun, represented by Jo, = C/(2 Mg, R?) moment,
setting the central body’s radius (which also acts as an absorbing boundary condition to
R = an). The initial conditions for the IOC objects, treated as test particles, are set with a
perihelion of 200 AU, an argument of perihelion of @ = 90deg, and an initial inclination
determined by the constant of motion, 7.

The time-series of the perihelion distance and inclination are shown on Fig. 4. The numer-
ically computed evolution of the orbits is also projected onto the (w, ¢) diagrams shown in
Fig.3. Overall, these simulations show excellent agreement with the semi-analytic model.
However, the time-series also highlight the staggeringly long timescales associated with the
evolution driven by the self-gravity of the IOC. In fact for the adopted parameters, evolution
unfolds on a timescale comparable to the age of the universe or even longer.

Given the extraordinarily long integration period, we clarify that the intent behind these
simulations is not to present a realistic portrayal of the Solar System’s future evolution.
Instead, this calculation merely serves as an illustrative approach to fully capture the dynam-
ical cycle of particles evolving under the influence of the inner Oort Cloud’s self-gravitational
potential. Indeed, owing to external perturbations such as stellar flybys, the inner Oort cloud
is expected to be depleted on a timescale much shorter than that depicted in Fig. 4. As impor-
tantly, the dynamical lifetime of the outer solar system itself is limited to mere tens of Gyr
(Zink et al. 2020). Accordingly, these simulations should be viewed as nothing more than a
theoretical exposition of the isolated dynamics facilitated by Hamiltonian (3).
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Fig.4 Time-series of perihelion distance and inclination from idealized N-body simulations of IOC particles
at a = 1000 AU (left panel) and @ = 5000 AU (right panel) for Mjoc = 1Mg. Driven by I0C’s self-
gravity, the particles execute vZLK dynamics, where perihelion distance and inclination oscillate in concert,
preserving the vertical component of the specific angular momentum vector. These numerically computed
orbits are projected onto the (w, ¢) in Fig. 3, providing a direct comparison between the simulation results and
the analytical model. While the agreement between the two is satisfactory, these time-series also underscore
the exceedingly long timescales over which IOC-driven secular dynamics operate. As depicted, the orbital
evolution unfolds over durations that far exceed the age of the solar system

4 N-body simulations

In an effort to explore the self-gravitational dynamics of the IOC further, we conducted a
pair of additional N-body simulations. First, as a test of the secular framework outlined in the
previous section, we used the GENGA GPU-accelerated code (Grimm et al. 2022) to directly
model the gravitational interactions, without assuming the Miyamoto—Nagai potential. The
principal goal of this calculation was to assess if the vVZLK-type behavior insinuated by the
semi-analytic model can be recovered within the context of a direct (“brute force") calculation.

The initial conditions for our simulation were directly derived from the distributions shown
in the right panel of Fig. 1. To expedite the dynamical evolution, however, we implemented
two significant adjustments: firstly, we augmented the cloud’s mass and secondly, we con-
solidated its distribution into a denser orbital configuration. In particular, we excluded all
objects with semi-major axes greater than 1000 AU and perihelia below ¢ < 35 AU, while
elevating the total mass of the remaining distribution to 10 Earth masses. This reduction in
the range of semi-major axes (and orbital periods), coupled with the substantial enhance-
ment in total mass, significantly intensified the gravitational interactions within the system.
The perturbations of Jupiter, Saturn, and Uranus were encapsulated within an effective J;
oblateness coefficient as before, while Neptune was explicitly included on its current orbit.
The time-step for the simulation was set at 5 years.

The simulation spanned a total integration time of 4.5 billion years, mirroring the age
of the solar system. The results, presented in Fig.5, elucidate the long-term evolution of
the particles. In particular, the top two panels of Fig.5 display the time-series of perihelion
distances and inclinations, respectively. The bottom panel of Fig.5 shows the perihelion
distance as a function of the argument of perihelion for a subset of the simulated particles.
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Fig. 5 Time-series of perihelion distance (top panel) and inclination (middle panel) of IOC objects, derived
fromthe N = 10* GENGA simulation. A subset of trajectories that are entrained in vZLK cycles are highlighted,
emphasizing long-term evolution of such particles. Notably, particles entrained in cycles of w—libration are
rare (comprising ~ 2% of all objects), but their existence draws a parallel between direct N-body simulations
and the semi-analytic model based upon the Miyamoto—Nakai potential. The time-series of these objects are
further illustrated in the ¢ — @ diagram (bottom panel), confirming the libration of the argument of perihelion
and showcasing the vZLK behavior expected from the semi-analytic model

This diagram serves as a direct comparison to the semi-analytic model presented earlier in
Fig. 3, highlighting the libration zones characteristic of vZLK resonance. Though the depicted
evolution is notably stochastic (owing in part to the relatively coarse representation of the
I0C), the behavior of these particles aligns with the anticipated vZLK dynamics driven by
the IOC’s self-gravity.
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Fig.6 Comparison of observed and simulated cumulative distributions for orbital elements and the Tisserand
parameter of Jupiter Family Comets (JFCs). Panels (a) to (d) show the cumulative fraction f of JFCs for semi-
major axis, inclination, perihelion distance, and Tisserand parameter with respect to Jupiter (77), respectively.
The red dots indicate observations (from the minor planet center), while the solid black line represents results
from our simulation incorporating self-gravity with a 3 Earth mass IOC. This figure closely resembles the self-
gravity-free simulation presented in Nesvorny et al. (2017) underscoring the negligible influence of self-gravity
on the orbital evolution of JFCs and the solar system as a whole

Having not observed any obvious contradictions between the GENGA simulations and
the dynamical behavior expected within the context of the orbit-averaged Miyamoto—Nagai
framework, we revisited the calculations of Nesvorny et al. (2023), incorporating the poten-
tial (2) as an auxiliary effect, and retaining the IOC mass at 3M. Broadly speaking,
this simulation revealed no significant difference in any of the readily-observable trans-
Neptunian populations of minor bodies within the solar system, we additionally interrogated
the cometary population for any hints of difference between runs with and without self-
gravity. While the perturbations associated with IOC self-gravity are confined to large
heliocentric distances, short period comets within the solar system constitute an observa-
tionally well-quantified aggregate of minor bodies that are derived from the trans-Neptunian
region (namely, they originate at large orbital periods but scatter inwards). As a result, pertur-
bations to the outer solar system naturally propagate to the cometary populations, and their
distribution has previously been shown to be affected by perturbations from dwarf planets
(Mufoz-Gutiérrez et al. 2019) as well as the hypothetical Planet 9 (Nesvorny et al. 2017).

We examined the generation of Jupiter Family Comets (JFCs) in the last billion years
as a proxy for the effects of self-gravity. The results, presented in Fig. 6, allow for direct
comparison with the findings of Nesvorny et al. (2017), which did not account for the cluster
potential. As expected, inclusion of IOC self-gravity did not meaningfully alter the production
of JFCs compared to the published results of Nesvorny et al. (2017). The fact that this
simulation does not violate the JFC constraint is consistent with the aforementioned notion
that the timescales for self-gravitational dynamics within the IOC are too long to substantially
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impact the solar system’s evolution. Indeed, the muted effect of self-gravity aligns with
theoretical expectations outlined in the preceding section, and underscores its ultimately
negligible role in shaping the dynamical architecture of the trans-Neptunian region.

5 Discussion

In our study, we have considered a self-consistent model for the formation of the IOC to
analyze the secular dynamics of objects within the IOC, under the influence of their col-
lective gravitational potential. By aligning a Miyamoto—Nagai potential-density pair with
the structure observed in simulation outputs, we quantified the von Zeipel-Lidov—Kozai-
type dynamics among dynamically detached orbits. Our findings even suggest that the range
of perihelion modulation facilitated by the vZLK cycles can reach perihelion distances of
g < 100 AU, where the “detached" population of scattered disk objects is observed. However,
our simulations also established that the timescale for these self-gravitational dynamics to
manifest significantly exceeds not only the solar system’s age but also the expected dynamical
lifetime of the giant planets (see Zink et al. 2020).

Although our analysis is predicated on a specific scenario for the IOC’s formation, and
alternative model parameters could theoretically yield quantitatively different outcomes, this
is unlikely because the particular simulation results of Nesvorny et al. (2023) adopted in this
study already invoke cluster parameters and solar residence time that are close to the upper
bound of the constraints set by the dynamical structure of the cold classical belt (Batygin
et al. 2020). This means that more massive models of the IOC are likely to be incompatible
with other solar system constraints. Our results thus suggest that any realistic parameter range
would likely lead to similar conclusions. Consequently, our research joins the ranks of other
unsuccessful attempts to attribute the dynamical architecture of the outer solar system to
self-gravitating effects.
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