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Abstract

The solar system’s distant reaches exhibit a wealth of anomalous dynamical structure, hinting at the presence of a
yet-undetected, massive trans-Neptunian body—Planet Nine (P9). Previous analyses have shown how orbital
evolution induced by this object can explain the origins of a broad assortment of exotic orbits, ranging from those
characterized by high perihelia to those with extreme inclinations. In this work, we shift the focus toward a more
conventional class of TNOs and consider the observed census of long-period, nearly planar, Neptune-crossing
objects as a hitherto-unexplored probe of the P9 hypothesis. To this end, we carry out comprehensive N-body
simulations that self-consistently model gravitational perturbations from all giant planets, the Galactic tide, as well
as passing stars, stemming from initial conditions that account for the primordial giant planet migration and Sunʼs
early evolution within a star cluster. Accounting for observational biases, our results reveal that the orbital
architecture of this group of objects aligns closely with the predictions of the P9-inclusive model. In stark contrast,
the P9-free scenario is statistically rejected at a ∼5σ confidence level. Accordingly, this work introduces a new line
of evidence supporting the existence of P9 and further delineates a series of observational predictions poised for
near-term resolution.

Unified Astronomy Thesaurus concepts: Trans-Neptunian objects (1705); Orbits (1184); Solar system
evolution (2293)

1. Introduction

The discovery and characterization of the trans-Neptunian
population of small bodies have played a pivotal role in the
reimagining of the narrative of our solar system’s long-term
evolution. Beyond a qualitative shift toward an instability-
driven scenario (commonly referred to as the Nice model;
Gomes et al. 2005; Morbidelli et al. 2005; Tsiganis et al. 2005),
detailed modeling of the Kuiper Belt’s formation has brought
the migratory histories of the giants planets into a remarkable
degree of focus (Nesvorný 2018). As advancements in
observational surveys have sharpened our understanding of
the outer solar system’s orbital architecture, however, a series
of anomalous patterns that cannot readily be attributed to early
dynamical sculpting have been unveiled.

These anomalies include the apparent clustering of apsidal
lines of long-period trans-Neptunian object (TNO) orbits, the
alignment of their orbital planes, the existence of objects with
perihelia extending far beyond Neptune’s gravitational influ-
ence, the highly extended distribution of TNO inclinations, and
the surprising prevalence of retrograde Centaurs. Collectively,
these irregularities hint at the existence of a yet-undiscovered
massive planet, tentatively named Planet Nine (P9), whose
gravitational influence sculpts the outer reaches of trans-
Neptunian space (Batygin et al. 2019). While these patterns
were largely identified in a series of papers dating back 8 yr or
more (Brown et al. 2004; Gladman et al. 2009; Trujillo &
Sheppard 2014; Gomes et al. 2015; Batygin & Brown 2016a),
numerous studies carried out over the last decade have explored

how the dynamical influence of P9 could shape the solar
system’s observed characteristics (Batygin &
Brown 2016a, 2016b; Beust 2016; Brown & Batygin 2016;
Batygin & Morbidelli 2017; Becker et al. 2017; Millholland &
Laughlin 2017; Saillenfest et al. 2017; Becker et al. 2018;
Hadden et al. 2018; Li et al. 2018; Batygin et al. 2019; Kaib
et al. 2019; Clement & Kaib 2020; Khain et al. 2020; Batygin
& Brown 2021; Brown & Batygin 2021; Clement &
Sheppard 2021; Oldroyd & Trujillo 2021).
Generally speaking, the observed irregularities among trans-

Neptunian objects can be categorized into those relating to
dynamically detached objects (such as the clustering of
longitudes of perihelion and alignment of orbital planes) and
those associated with chaotic, Neptune-crossing orbits, parti-
cularly evident in the highly inclined population. Under the P9
hypothesis, however, the boundary between these categories is
somewhat blurred since dynamical evolution driven by P9 can
cause long-period TNOs to oscillate between detached and
Neptune-crossing states over secular (∼Gyr) timescales (e.g.,
Batygin et al. 2019). This simple fact necessitates an important
consequence: if P9 exists, it should continuously produce
nearly planar (i< 40°), long-period (a> 100 au) objects with
perihelia smaller than q< 30 au. Remarkably, more than a
dozen multi-opposition objects fitting this description have
been identified (Figure 1), yet their significance within the
context of the P9 hypothesis remains unexplored.
A principal goal of this study is to analyze the dynamical

origins of these objects to assess their potential in serving as a
new probe for P9. To this end, we carry out two sets of
comprehensive numerical simulations: one considering the
gravitational influence of P9—where the generation of nearly
planar, long-period, low-q orbits is facilitated by P9ʼs gravity—
and the other excluding it, where the evolution of distant TNOs

The Astrophysical Journal Letters, 966:L8 (8pp), 2024 May 1 https://doi.org/10.3847/2041-8213/ad3cd2
© 2024. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0002-7094-7908
https://orcid.org/0000-0002-7094-7908
https://orcid.org/0000-0002-7094-7908
https://orcid.org/0000-0001-8476-7687
https://orcid.org/0000-0001-8476-7687
https://orcid.org/0000-0001-8476-7687
https://orcid.org/0000-0002-8255-0545
https://orcid.org/0000-0002-8255-0545
https://orcid.org/0000-0002-8255-0545
https://orcid.org/00000-0002-4547-4301
https://orcid.org/00000-0002-4547-4301
https://orcid.org/00000-0002-4547-4301
http://astrothesaurus.org/uat/1705
http://astrothesaurus.org/uat/1184
http://astrothesaurus.org/uat/2293
http://astrothesaurus.org/uat/2293
https://doi.org/10.3847/2041-8213/ad3cd2
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad3cd2&domain=pdf&date_stamp=2024-04-24
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad3cd2&domain=pdf&date_stamp=2024-04-24
http://creativecommons.org/licenses/by/4.0/


is driven primarily by Neptune scattering and the Galactic tide
(Fouchard et al. 2014). Together, these numerical experiments
demonstrate that, while Neptune constitutes a veritable barrier
for scattered disk objects, P9-driven evolution allows for
perturbed orbits to readily cross this threshold, creating a
distinct signature. Moreover, upon accounting for observational
bias using a novel approach, our calculations show that the
distribution of the observed orbits strongly supports the
presence of the unseen planet. The remainder of this Letter is
organized as follows. Section 2 outlines our numerical
simulation methods. In Section 3, we present our findings,
discuss the treatment of observational biases, and compare our
results with both observational data and a state-of-the-art P9-
free model of the solar system’s architecture. Our conclusions
and further observational predictions stemming from our
calculations are discussed in Section 4.

2. Numerical Simulations

Since its inception, numerical modeling of the P9 hypothesis
has varied significantly in complexity, ranging from simplified,
orbit-averaged descriptions of the dynamics to more detailed
simulations that include P9 and Neptune or all giant planets as
active perturbers. In this work, we adopt the latter approach and
further incorporate extrinsic effects from our previous study
(Batygin & Brown 2021), which self-consistently included the
effects of passing stars and the galactic tide. We describe our
numerical setup in detail below.

Simulated interactions. Given our focus on resolving the
evolution of objects with perihelia smaller than 30 au, any form
of orbital averaging is unsuitable for our purposes. Therefore,
our simulations include Jupiter, Saturn, Uranus, and Neptune,
initialized on their present-day orbits, as active perturbers. For
P9, we adopt a mass of 5 Earth masses, placing it in an orbit

with a semimajor axis of 500 au, an eccentricity of 0.25, and an
inclination of 20°. While the precise orbit of P9 remains
unknown (Brown & Batygin 2021), this configuration aligns
with previous studies and satisfactorily accounts for the orbital
anomalies outlined in Section 1 (namely, clustering of the
longitudes of perihelion, grouping of the orbital poles, etc.—
see Batygin et al. 2019 and the references therein). While a full
exploration of P9’s parameter space is beyond the scope of this
study, it is likely that any combination of P9 parameters that
results in significant orbital clustering among perihelion-
detached orbits will also produce commensurate effects for
Neptune-crossing orbits since both effects are driven by secular
eccentricity modulation.
In addition to planetary perturbations, our simulations

incorporate Galactic effects. Galactic tidal accelerations are
included following a standard approach (see Nesvorný et al.
2017 and references therein), and passing stars are introduced
following the procedure described in Heisler & Tremaine
(1986). While these effects are generally weak for orbits with
a< 1000 au, they can play an important role for objects that
diffuse outwards to much larger semimajor axes, before being
scattered back to shorter orbital periods by Neptune. We do not
consider the possibility of the Sun’s radial migration through
the galaxy (Kaib et al. 2011) and neglect the self-gravity of the
Oort Cloud (Batygin & Nesvorný 2024) for definitiveness.
Initial conditions. The influence of initial conditions in P9

simulations was first demonstrated by Khain et al. (2018), who
showed that a broadened initial perihelion distribution is
generally preferable to a narrow one. Importantly, this broad-
ening is expected, given that the solar system almost certainly
originated within a star cluster (see Adams 2010; Arakawa &
Kokubo 2023), and the orbital distribution of TNOs would
have been affected by cluster dynamics within the first

Figure 1. Census of well-characterized TNOs with a > 100 au, i < 40°, and q < 30 au. Among the 29 objects within the Minor Planet Center database that meet
these orbital criteria, our analysis is restricted to 17 objects whose orbits have been quantified through multi-opposition observations. The left panel shows a top-down
view of the orbits. The right panel depicts a plot of perihelion distance against semimajor axis; the numbers adjacent to the points indicate each object’s orbital
inclination in degrees. Notably, the spread of perihelion distances forms a relatively flat distribution between ∼16 au and Neptune’s orbit.
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∼100Myr of the solar system’s evolution. Following this
reasoning, in Batygin & Brown (2021), we generated initial
conditions by simulating the formation of the inner Oort Cloud
while accounting for constraints emanating from the orbital
structure of the cold classical belt (Batygin et al. 2020). In a
recent study, Nesvorný et al. (2023) modeled the formation of
the primordial trans-Neptunian population using equivalent
cluster parameters while also accounting for a comprehensive
description of the early orbital migration of the giant planets
(Nesvorný 2018).

Here, we adopt the t= 300 Myr time stamp from the
cluster_2 simulation of Nesvorný et al. (2023) as our
starting point, treating all TNOs as massless test particles. This
epoch is early enough that the intrinsic dynamical evolution in
the outer solar system is still in its infancy but late enough that
the solar system’s birth cluster would have already dispersed
and the migration of the giant planets largely concluded.
Within this synthetic data set of ∼105 objects, our particle
selection encompasses bodies with perihelia greater than 30 au
(that is, we remove all Neptune-crossing objects from the initial
conditions) and semimajor axes between 100 and 5000 au, with
a total count of approximately 2000 particles. Objects interior
to ∼100 au are not strongly influenced by P9, while bodies
outside of 5000 au are both relatively sparse and achieve large
enough heliocentric distances to be dominated by Galactic
effects.

Importantly, this choice of initial conditions is inherently
linked with the assumed orbit of P9. Arguably the most
plausible origin scenario for P9 involves formation within the
protosolar nebula, followed by outward scattering by Jupiter
and Saturn. This process necessitates strong stellar perturba-
tions to effectively detach P9ʼs orbit from those of the giant
planets (essentially rendering P9 itself an Inner Oort Cloud
object; Batygin et al. 2019; Izidoro et al. 2023). While the
cluster_2 simulation of Nesvorný et al. (2023) readily
generates detached orbits akin to the one we assumed for P9,
the cluster_1 simulation—which is characterized by
weaker stellar perturbations—does not.4 This discrepancy
underscores the necessity of a relatively densely populated
stellar environment for self-consistently achieving the orbital
parameters we assume for P9.

Integration Method. To carry out the integrations, we used
the conservative variant of the Bulirsch–Stoer algorithm, as
implemented in the mercury6 gravitational dynamics soft-
ware package (Chambers 1999). The initial time step was set to
100 days but was altered adaptively, satisfying an accuracy
parameter of ò= 10−11 (Press et al. 1992). The simulation’s
inner and outer absorbing boundaries were defined at 1 and
100,000 au respectively, with passing stars introduced at the
exterior boundary. The integration was carried out over a
timespan of 4 Gyr.

3. Results

Perihelion oscillations of detached TNOs under P9ʼs
influence are primarily driven by two secular effects. The first
is direct Runge–Lenz vector coupling, akin to that captured by
Lagrange–Laplace secular theory but occurring at high
eccentricity (Beust 2016). The second is a mixed inclination–

eccentricity interaction (not to be confused with the von
Zeipel–Lidov–Kozai (vZLK) effect, which is a secular
resonance in the argument of the pericenter) that is driven by
an octuple-order harmonic, 2Ω−ϖ−ϖ9 (Batygin & Morbi-
delli 2017). Our simulations reveal that both effects contribute
to generating Neptune-crossing orbits. Figure 2 displays the a,
e, and i time series of selected particles that achieve long-
period, nearly planar orbits with q< 30 au, within the final
500Myr of the integration. Once a Neptune-crossing state is
attained, the evolution becomes highly chaotic, marked by
rapid random walk of the semimajor axis. It is notable,
however, that this stochasticity does not invariably lead to
ejection; trajectories can return to the scattered disk or even
undergo subsequent perihelion detachment, as illustrated by the
orbit shown in purple in Figure 2.

Figure 2. Evolution of selected particles within our calculations that attain
nearly planar (i < 40°) Neptune-crossing orbits, within the final 500 Myr of
the integration. The top, middle, and bottom panels depict the time series of
semimajor axis, perihelion distance, and inclination, respectively. Some
particles experience large perihelion oscillations while remaining on prograde
orbits for the duration of the simulation. Others exhibit coupled eccentricity–
inclination dynamics that the drive orbital flips. Although the orbital evolution
is always stochastic, the rate of chaotic diffusion greatly increases when
particles attain Neptune-crossing trajectories.

4 The most analogous orbit to our assumed parameters for P9 within the
cluster_2 simulation has a = 541 au, e = 0.32, and i = 20°. In contrast,
the closest orbit generated in the cluster_1 simulation has a = 708 au,
e = 0.45, and i = 25°.
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Collectively, these examples indicate that P9-facilitated
dynamics can naturally produce objects similar to those
depicted in Figure 1. Still, the mere presence of such bodies
in simulations is by no means sufficient as evidence for P9.
These objects could also, in principle, be generated by the
combined action of Neptune scattering and the Galactic tide,
even in the absence of P9 (Thomas & Morbidelli 1996; Wiegert
& Tremaine 1999). Thus, to more accurately assess the role of
P9, we focus on the perihelion distribution of these low-
inclination, Neptune-crossing orbits. As we will see below, the
characteristics of this distribution provide a discerning diag-
nostic for P9-driven dynamics.

3.1. Orbital Distributions

To construct the inter-Neptunian perihelion distribution, we
followed previous studies (e.g., Becker et al. 2018; Hadden
et al. 2018; Li et al. 2018; Batygin et al. 2019; Brown &
Batygin 2021 and references therein) and examined the orbital
footprints generated by particles satisfying the same orbital cuts
as those adopted in Figure 1, within the final Gyr of the
integration. These footprints were recorded at 1 Myr intervals,
far exceeding the typical Lyapunov time of the particles.5 Due
to chaotic mixing, any two footprints, even if sequentially
produced by the same particle, are effectively uncorrelated.

As a null hypothesis, we considered the P9-free clus-
ter_2 simulation of Nesvorný et al. (2023). Despite having
been conducted with a different integrator, this simulation
includes all of the physical effects described in Section 2, with
nearly identical implementation. Moreover, the Nesvorný et al.
(2023) model, previously validated against the distribution of
high-q TNOs, represents the current benchmark for the post-
nebular evolution of the solar system. Given the larger particle

count in this simulation compared to our P9 model, we sampled
the final Gyr at 20 Myr intervals, yielding a similar number of
footprints (between 2000 and 3000) satisfying a> 100 au,
q< 30 au, i< 40°, and a sufficiently large sample to construct
smooth histograms for both scenarios. We further verified that
the histogram shapes remained consistent over time, indicating
that the flux of Neptune-crossing objects had attained steady
state by the final Gyr of the integration.
The left and right panels of Figure 3 compare the raw

(unbiased) i< 40° semimajor axis-perihelion distributions from
simulations with and without P9, respectively. While both
models yield semimajor axis distributions that diminish with
increasing a at long periods, the perihelion distributions are
markedly different. The P9-free run shows a rapid decline in
perihelion distribution with decreasing q, as Neptune’s orbit
forms a veritable dynamical barrier. In contrast, the simulation
that includes P9 results in a relatively flat q distribution outside
∼16 au, with a notable dip at q∼ 20 au (this feature can be
attributed to strong gravitational interactions with Uranus,
leading to a mild depletion in the perihelion distance
distribution at this specific range).
Qualitatively, these differing q distributions are tenable. In

the P9-free scenario, objects with a 1000 au are too close to
be significantly influenced by Galactic effects, leaving chaotic
diffusion—which tends to preserve q∼ aN—as the primary
driver of orbital evolution. On the other hand, P9-induced
dynamics can continuously modulate the perihelion, even if the
orbit dips well below Neptune’s semimajor axis. Although the
existing observational data indeed reveal a perihelion distribu-
tion that is relatively flat (Figure 1), we cannot compare the
data to the modeled distributions without accounting for
observational bias.

Figure 3. A comparison of the orbital distributions from P9-inclusive (left) and P9-free (right) N-body simulations. Both panels depict the perihelion distance against
the semimajor axis of orbital footprints of simulated TNOs with i < 40°. The overlaying contour lines represent density distributions, with brighter colors indicating
higher concentrations of objects. While the panels themselves show raw simulation data, the histograms along the axes show a biased frequency distribution for the
perihelion distances (vertical) and semimajor axes (horizontal), assuming a limiting magnitude of =V 24lim .

5 Deep within the chaotic layer, the Lyapunov time of scattering objects
approaches the orbital period (Batygin et al. 2021).
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3.2. Correcting for Observational Bias

Well-known observational biases exist against detecting
orbits with high inclinations, as well as objects at large
heliocentric distances. The former effect arises because
observational surveys—such as Pan-STARRS-1 and -2, which
account for the discovery of a significant fraction of the
observed objects—are often performed at low ecliptic latitudes,
where high-inclination objects spend less time. Low-i objects
are thus overrepresented in the catalogs. Fortunately, for the
problem at hand, this bias is largely inconsequential because
the numerical models do not show substantial difference in the
perihelion distribution of q< 30 au objects as a function of
inclination, in the i∼ 0°–40° range.6 Thus, by restricting our
analysis to TNOs with inclinations lower than 40°, we mitigate
the principal source of inclination bias. Addressing the
heliocentric distance bias, on the other hand, requires a more
nuanced treatment, which is developed below.

Bias correction informed by discovery distance. To account
for the bias toward detecting objects with lower perihelia, we
begin by examining the heliocentric distance at which each of
the 17 known objects depicted in Figure 1 were discovered. To
leading order, at the moment of discovery, each object serves as
an unbiased probe of the entire perihelion distribution, up to its
discovery distance. This notion effectively nullifies biases
related to discovery distance or object size, as the increasing
brightness of an object with diminishing heliocentric distance
becomes irrelevant.

As a concrete example, consider a large sample of objects,
all detected at 30 au. To first approximation, the perihelia of
this collection of bodies constitute an unbiased probe of the q
distribution inside of 30 au, regardless of the brightness of the
object at the time of discovery7 or the limiting magnitude of the
survey. To advance beyond this estimate, one important
correction must be made: objects with different q and a spend
different fractions of their orbital period in the vicinity of 30 au.
It is, however, straightforward to apply this geometric
correction and weight the distribution accordingly
(Brown 2001; Morbidelli et al. 2004).

In practice, we do not have a large aggregate of objects that
were all discovered at the same distance but rather a modest
collection of objects, all discovered at different distances.
Nevertheless, each of these detections amounts to an unbiased
probe of the perihelion distribution interior to their discovery
distance, as described above. We can thus compare each
discovery made at a particular distance to our modeled
perihelion distributions for all objects interior to this discovery
distance, in the presence and in absence of P9.

Taking into account the geometric bias of the orbit, we use
the simulation data to construct a PDF of the perihelion
distribution for each discovery distance and then compute
where each observed object falls within its individual
cumulative distribution function (CDF). We label the resulting
quantity ( )x = qCDFj r jj . If the model perfectly matches the
observations, ξj should be uniformly distributed between 0 and
1. Any deviation from this uniformity serves as an unbiased
statistical measure of the congruence between the model and
the observational data. The top panel of Figure 4 shows the

distribution of ξ for the P9 and P9-free models. The
Kolmogorov–Smirnov test for uniformity yields starkly distinct
values, yielding p= 0.41 (P9) and p= 0.0034 (P9-free), thus
significantly favoring the model that includes P9.
To further quantify the statistical discrepancy, we define the

statistic ( )z x= P logj
N

j
obj . If the distribution of ξ is uniform,

then in the limit of N infobj , the distribution of expected
values of ζ approaches a Gaussian. Though our sample size
(Nobj= 17) is not sufficiently large for this result to hold
exactly, this approach still allows for a rigorous measure of
uniformity of ξ. We begin by constructing an expected
distribution of ζ by computing ( ( ))P log U 0, 1j

17 one million
times, thereby generating a smooth histogram. The resulting
curve is shown on the bottom panel of Figure 4. We then
compute the values of ζ for both simulations. Intriguingly, the
P9 simulation’s statistic (ζ=−7.9) aligns closely with the
mean of this distribution (〈ζ〉=−7.2), while the P9-free

Figure 4. Statistical comparison between the observed perihelion distribution
of trans-Neptunian objects (TNOs) and simulations with and without P9. The
top panel illustrates the distribution of the variable ξ, which represents the
cumulative distribution function values of the perihelia for the known objects,
derived from the numerical models, accounting for observational bias. A
uniform distribution of ξ between 0 and 1 indicates a strong agreement between
the observational data and the simulation. The P9 model shows a more uniform
distribution of ξ (p = 0.41) as opposed to the P9-free model (p = 0.0034),
suggesting a better match with the observational data. The bottom panel
displays the probability distribution function of the logarithmic statistic, ζ,
which quantifies the uniformity of the ξ distribution across the observed
objects, adjusted for observational bias. The vertical lines represent the values
of ζ corresponding to the P9 model (at −7.9) and the P9-free model (at −16.5),
with the mean of the expected ζ distribution marked at −7.2. The spread of the
distribution, denoted by σ (standard deviation), is 1.8. The proximity of the P9
model statistic to the overall mean compared to the P9-free model—lying more
than 5σ away—reflects a statistically significant preference for the P9
hypothesis.

6 This is not the case at significantly higher inclinations: above i  60°, a
population of large-a Neptune crossers also develops in the numerical models.
7 Strictly speaking, this statement assumes that the orbital distribution of
TNOs is independent of their size.
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model’s value (ζ=−16.5) deviates significantly, falling
approximately 5 standard deviations (σ= 1.8) away from the
peak. This comparison provides a quantitative assessment of
the models, indicating a much higher likelihood of the P9
model given the current observational data.

As a check on the self-consistency of our statistical method,
we conducted a validation exercise using simulated observa-
tions derived from a precisely defined synthetic distribution.
This involved generating 100,000 orbits from on a synthetic
distribution of TNOs characterized by a boxcar perihelion
distribution within the 15–30 au interval, a Gaussian distribu-
tion of inclinations with a dispersion of 15°, and a semimajor
axis distribution proportional8 to µ -dN da a 3 2. Subse-
quently, we simulated the observation of 20 objects using the
OSSOS survey simulator (Lawler et al. 2018) and subjected
these observations to our statistical analysis.

The outcomes of this test confirmed the method’s robustness:
applying our metric to the synthetic population resulted in a KS
p-value of 0.72 for the uniformity of ξ, and the value of ζ
(−9.8) was only 0.6σ away from the mean value (−8.7) of the
expected distribution. For completeness, we also acknowledge
the potential for ecliptic longitude-dependent bias in the
perihelion distribution due to the survey footprint of individual
surveys like Pan-STARRS. Nevertheless, our simulations do
not show any substantial dependence of the perihelion
distribution on the longitude, meaning that this form of survey
bias is almost certainly secondary and is unlikely to mean-
ingfully impact our conclusions.

Magnitude-limited bias correction. A distinct method to
address observational bias in simulation data is the magnitude-
limited correction approach. This technique simulates the
detectability of objects within a generated orbital distribution
for a survey with a specific limiting magnitude (see, e.g.,
Morbidelli et al. 2004). While our current data set comprises
objects discovered across various surveys9—which precludes a
straightforward application of this method—understanding its
implications remains beneficial. Specifically, this approach
serves as a predictive tool for future uniform surveys, such as
those planned for the Vera Rubin Observatory (VRO).

In choosing a limiting magnitude, we set =V 24lim ,
coinciding with the anticipated capabilities of VRO. The size
distribution assumes a power-law exponent of η= 2/3 drawing
on the results of Fraser et al. (2014) for objects with absolute
magnitude range of H∼ 6–9 though we find that the results are
only weakly dependent on this choice. By accounting for the
fraction of the orbit visible and the time spent traversing it as
above, we generate biased distributions of a and q for both
models and show them as histograms on Figure 3.

The biased semimajor axis distributions for both P9 and P9-
free scenarios show a similar decay with increasing a,
rendering them more akin to each other than in their
unprocessed form. However, the perihelion distributions reveal
a persistent, notable disparity: even after accounting for
observational biases, the perihelion distribution in the P9-
inclusive model retains a relatively flat distribution beyond
approximately 16 au. As already discussed above, this
characteristic bears considerable resemblance to the

distribution of the actual data presented in Figure 1. In stark
contrast, the P9-free model continues to exhibit a pronounced
peak around 30 au. This analysis indicates that the perihelion
distribution of low-inclination TNOs is very likely to remain an
important indicator for the existence of P9 in forthcoming
data sets.

4. Discussion

In this work, we have considered the orbital distribution of
Neptune-crossing, low-inclination, long-period TNOs as a
previously unidentified diagnostic for the existence of P9. By
conducting an N-body simulation of the solar system’s long-
term evolution, we have shown that P9-facilitated dynamics
naturally drive orbits with a> 100 au to Neptune-crossing
eccentricities. Furthermore, we have devised a novel biasing
procedure to compare simulation data with existing observa-
tions and demonstrated that the census of q< 30 au TNOs
strongly favors a model of the solar system that includes P9.

4.1. Observational Predictions

As important as the comparison with existing observations,
the results presented herein offer a set of readily falsifiable
predictions, with near-term prospects for resolution. To this
end, we note that any comparison with the current data, even
when biases are accounted for, is inherently imperfect, and a
more uniformly acquired set of observations would provide a
superior basis for testing our model. Fortunately, with the
expected commencement of operations by the VRO, the orbital
distribution of the class of objects considered here (Figure 1)
will come into much sharper focus, and the a− q orbital
distribution depicted in Figure 3 will be tested directly.
Another observational handle is provided by examining the

absolute ratio of Neptune-crossing objects to those with
q> 30 au. Though the number of particles shown in the two
panels of Figure 3 is approximately equal, the number of total
orbital footprints that were used to generate the P9-free panel
significantly exceeds that of the P9-inclusive panel. This
discrepancy is a result of the more efficient injection of objects
into the q< 30 au region in the presence of P9. More
quantitatively, the ratio of Neptune-crossing objects with
inclination i< 40° and semimajor axis between 100 and
1000 au to those with q> 30 au is ∼3% in the P9 scenario,
compared to only ∼0.5% in the P9-free case. While the current
observational census does not provide a rigorous means to
quantify this value, the advent of a comprehensive survey
conducted by VRO will offer a more definitive opportunity to
evaluate this prediction.
Finally, the predicted inclination distribution provides an

avenue of inquiry. Although we have not delved into
inclination biases in detail here, it is noteworthy that the
inclination distributions produced by P9 and P9-free simula-
tions are strikingly different. Specifically, the distribution in the
presence of P9 shows a steep rise with i, below 30°.
Meanwhile, the P9-free model exhibits a considerably flatter
dispersion (Figure 5). This prediction will be put on solid
statistical footing with forthcoming results from VRO.

4.2. Alternatives to P9

As concluding points, we note that while P9 explains the
anomalous structure of the outer solar system in a unified
framework, several alternative theories have been proposed to

8 This distribution aligns with the steady-state solution emerging from a
Fokker–Planck treatment of Neptune scattering, where gravitational kicks are
viewed as a diffusive process in specific energy.
9 The discovery magnitudes of the observational sample shown in Figure 1
range from approximately 21.5 to 24.5.
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account for individual aspects of the P9 hypothesis. We briefly
review these theories here and discuss how our work fits into
this broader context. First, as already mentioned above,
Nesvorný et al. (2023) have shown how cluster-induced
dynamics can generate the perihelion-detached population of
TNOs, indicating that the q-broadening process may have been
primordial and that P9 is not strictly necessary to explain this
observation.10 In a parallel vein, Huang et al. (2022) have
proposed the possibility that a few-Earth-mass rogue trans-
Neptunian planet could have influenced the outer solar
system’s structure for hundreds of Myr, before being removed
by some process.11

With respect to orbital clustering, Shankman et al. (2017),
Bernardinelli et al. (2020), and Napier et al. (2021) have shown
that individual surveys, which have examined limited areas of
the sky, generally struggle to overcome their inherent
observational biases sufficiently to rigorously determine the
presence or absence of orbital alignment. This limitation has
led some authors to interpret the observed orbital alignment as
being illusory. Despite these challenges, it is important to
recognize that, even with the strong biases of the Dark Energy
Survey, Bernardinelli et al. (2020) reported a ∼2σ level of
significance in the clustering of the longitude of ascending
nodes. Additionally, a comprehensive observability analysis of
all available data indicates that, after accounting for observa-
tional biases, distant Kuiper Belt Objects are jointly clustered in
Runge–Lenz (eccentricity) and angular momentum vectors
with a significance level of approximately 99.6% (Brown 2017;
Brown & Batygin 2019, 2021). Finally, the observed antic-
orrelation between the rate of orbital diffusion and clustering
within the data (as discussed in Batygin et al. 2019) is unlikely
to be attributable to observational bias alone. In a separate
development, Huang & Gladman (2024) have recently
proposed that the alignment of three specific TNOs—Sedna,

2012 VP113, and Leleakuhonua—is real but is not created by
P9. Instead, in their picture, these objects' orbits could have
been shaped by an early event in the solar system’s history and
have since precessed just enough to realign in the present
epoch.
For the high-inclination population, Kaib et al. (2019) have

showed that the flux of retrograde Centaurs, as inferred from
the OSSOS survey, is too large to be accounted for by a solar
system model that excludes P9. Their calculations further
showed that the presence of P9 could reconcile this discrepancy
although the adopted P9 parameters led to a median inclination
of simulated detections that is a few degrees higher than the
observed value. Still, as an alternative explanation, Kaib et al.
(2019) have also proposed that past migration of the Sun
through the galaxy could have enriched the Oort cloud, thereby
enhancing the flux of retrograde Centaurs.
In contrast to all of the above, the Neptune-crossing objects

we have focused on in this work are distinct in a crucial way:
due to their low inclinations and perihelia, these objects
experience rapid orbital chaos and have short dynamical
lifetimes (a simple rebound simulation illustrates that, in the
absence of P9, objects shown in Figure 1 have a dynamical
lifetime on the order of ∼100Myr; Rein & Tamayo 2015). This
implies that the dynamical process responsible for their current
orbits is ongoing, not a relic of the distant past. Accordingly,
any alternative to P9 that aims to explain this population must
invoke active perturbations beyond those accounted for in
calculations of Nesvorný et al. (2023). One such possibility is
modified Newtonian dynamics (MOND), and recent proposals
by Brown & Mathur (2023) and Migaszewski (2023) have
suggested that MOND might explain some phenomena
attributed to P9. However, this hypothesis faces significant
challenges, as Vokrouhlický et al. (2024) have shown that
MOND significantly disrupts the observed specific energy
distribution of long-period comets and have further illustrated
that certain variants of MOND fail to accurately account for the
dynamics of detached objects. Additionally, Banik et al. (2024)
have used wide binary data from the Gaia DR3 data set to
demonstrate that Newtonian gravity is very strongly favored
over MOND on outer solar system scales. Equivalent
conclusions were reached by Fienga et al. (2016) and Fienga
& Minazzoli (2024) from the vantage point of planetary
ephemerides.
Another class of alternative theories involves the self-

gravitational dynamics. Madigan & McCourt (2016) were the
first to propose the inclination instability as a mechanism for
shaping the present-day architecture of the outer solar system.
Follow-up studies have refined this picture, arguing that this
instability could naturally manifest within a disk of initially
planar but highly eccentric minor bodies, totaling around 10
Earth masses (see Zderic & Madigan 2023 and the references
therein). Yet, as shown in the GPU-accelerated simulations of
Das & Batygin (2023), even with such a massive disk, the
inclination instability is fully suppressed if Neptune scattering
is modeled self-consistently. In an unrelated effort, Sefilian &
Touma (2019) explored the idea of a similarly massive, mildly
lopsided disk of planetesimals extending to about 700 au as a
potential driver of P9-like dynamics. Nevertheless, a suitable
explanation for the origin of such a shepherding disk—and
more importantly—its capacity to remain coherent on multi-
Gyr timescales remains elusive.

Figure 5. Inclination distribution generated in presence and absence of P9. The
smooth curves represent the probability density function fitted to the histogram
data for each simulation. The P9 simulation shows a more pronounced peak
and a distribution that extend toward higher inclinations, whereas the P9-free
simulation exhibits a broader distribution with a gentler slope, peaking at lower
inclinations.

10 We note, however, that while the work of Nesvorný et al. (2023) does not
violate the constraints on the cluster properties imposed by the dynamical
structure of the cold classical belt (Batygin et al. 2020), the parameters
necessary to match the data are close to the upper limit of the allowed range.
11 This removal process remains elusive because it is envisioned to occur after
cluster dissipation, and the work of Li & Adams (2016) have shown that P9-
type orbits have a negligible probability of being stripped away by passing stars
within the field.
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In a study closely related to our work, Nesvorný et al. (2023)
showed that the same interplay between giant-planet scattering
and cluster-driven evolution that would have raised the
perihelia of distant TNOs could also trap as much as ∼3 Earth
masses of material within the inner Oort Cloud—potentially
facilitating nontrivial orbital evolution. In a recent paper
(Batygin & Nesvorný 2024), we analyzed the emergent phase-
averaged dynamics of this scenario and found that the physical
picture is qualitatively identical to that of vZLK cycles. Our
calculations also indicate that unless the mass of the inner Oort
Cloud is taken to be unreasonably large (i.e., tens to hundreds
of Earth masses), the characteristic timescale of these cycles
would far exceed the age of the Sun. Therefore, at present, P9
remains the only plausible explanation for the observed
distribution of long-period Neptune crossers.

In summary, this work has introduced a new line of evidence
supporting the P9 hypothesis. Excitingly, the dynamics
described here, along with all other lines of evidence for P9,
will soon face a rigorous test with the operational commence-
ment of the VRO. This upcoming phase of exploration
promises to provide critical insights into the mysteries of our
solar system’s outer reaches.
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