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Trans-Neptunian objects (TNOs) with large perihelion distances (g > 60 au)
and semi-major axes (a > 200 au) provide insights into the early evolution
of the Solar System and the existence of a hypothetical distant planet.
These objects are challenging to observe, and thus their detections are

still rare, yet they play a crucial role in constraining models of Solar System
formation. Here we report the discovery of a Sedna-like TNO, 2023 KQ,,,
nicknamed ‘Ammonite’, with g = 66 au, a =252 au and inclination i =11°. The
orbit of Ammonite does not align with those of the other Sedna-like objects
and fills the previously unexplained ‘g-gap’ in the observed distribution of
distant Solar System objects. Simulations demonstrate that Ammonite is
dynamically stable over 4.5 Gyr. Our analysis suggests that Ammonite and
the other Sedna-like objects may have shared a primordial orbital clustering
around 4.2 Ga. Furthermore, the stable orbit of Ammonite favours larger
orbits (-500 au) rather than closer ones for a large hypothetical planetin
present-day trans-Neptunian space.

The discovery of Sedna’ has initiated an ongoing debate about the
formation and evolution of the distant regions of our Solar System.
Typical trans-Neptunian objects (TNOs) have perihelia g <40 au, and
their orbits are strongly influenced by Neptune’s gravitational pertur-
bations. On the other hand, Sedna-like objects with large semi-major
axes (a >200 au)? and large perihelia (g > 60 au)® appear to evolve in
stable orbits that have remained largely unchanged and not altered
by the gravity of Neptune since the formation of the Solar System*. No
viable transfer mechanisms to raise their perihelia exist with the cur-
rent configuration of planets. Their stability suggests that an external
gravitational influence beyond those of the currently known Solar
System planets is required to form their orbits.

Several scenarios have been proposed to explain the orbits of
Sedna-like objects: (1) interactions with a rogue planet-sized body
or solar-mass star’%, (2) interactions with a hypothetical distant
planet’™, (3) solar migration within the Milky Way", (4) stellar
encounters that took place while the Sun was still a member of its
natal star cluster'®"® and (5) the capture of interstellar objects from
low-mass stars during the early evolution of the Solar System®>*°,
So far, only three Sedna-like objects are known, so this population
remains poorly understood. However, the discovery of additional
objectsis particularly challenging owing to their great distance from
the Sun, resulting in very faint apparent magnitudes. Increasing the
sample of Sedna-like objectsis of greatinterest to better understand
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e-mail: sywang@asiaa.sinica.edu.tw

Nature Astronomy


http://www.nature.com/natureastronomy
https://doi.org/10.1038/s41550-025-02595-7
http://orcid.org/0000-0001-7244-6069
http://orcid.org/0000-0003-0926-2448
http://orcid.org/0000-0003-1215-4130
http://orcid.org/0000-0001-7032-5255
http://orcid.org/0000-0001-6680-6558
http://orcid.org/0000-0001-6491-1901
http://orcid.org/0000-0003-1656-4540
http://orcid.org/0000-0003-4077-0985
http://orcid.org/0000-0002-3286-911X
http://orcid.org/0000-0002-0283-2260
http://orcid.org/0000-0001-6060-5851
http://orcid.org/0000-0001-8214-5147
http://orcid.org/0000-0002-0549-9002
http://orcid.org/0000-0003-3435-7596
http://orcid.org/0000-0002-9260-1537
http://orcid.org/0009-0000-6832-4771
http://orcid.org/0000-0002-2986-2371
http://orcid.org/0000-0002-0792-4332
http://orcid.org/0000-0002-4383-8247
http://orcid.org/0000-0003-4797-5262
http://orcid.org/0000-0003-4143-4246
http://orcid.org/0000-0003-3491-6394
http://orcid.org/0000-0001-9059-5623
http://orcid.org/0000-0003-1680-2940
http://crossmark.crossref.org/dialog/?doi=10.1038/s41550-025-02595-7&domain=pdf
mailto:sywang@asiaa.sinica.edu.tw

Article

https://doi.org/10.1038/s41550-025-02595-7

Updated TNO orbital distribution (a > 150 au, g > 30 au, opp > 1)
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Fig. 1| Orbital distribution of known distant TNOs. Objects with observed

arcs >1 opposition (opp), a >150 au and g > 30 au based on the MPC database

as of February 2025 are plotted. This is an updated version of fig. 3.1 from ref.
29.Thelarge perihelia objects mentioned in this study are indicated with their
names. The location of Ammonite in this plot is marked with a star in both panels.
Left, the semi-major axis versus perihelion distribution, where the dashed
vertical red line marks the approximate region where galactic tides and passing

stars become substantial perturbations on the TNO orbits, while the curved
dot-dashed and dotted linesillustrate the upper boundary of chaotic diffusion
and gravitational scattering by Neptune, respectively?®®". The hatched box
indicates aregion currently lacking any detections, as defined in ref. 29. Right, the
distribution of Aw = w - 254°, defined as the difference between the perihelion
longitude @ (w = w + Q) of each TNO and that of the hypothetical planet proposed
previously*’; Ammonite falls outside the proposed w clustering of large-q objects.

the history of the Solar System and place stronger constraintson the
aforementioned scenarios.

Phasell of the ‘Formation of the Outer Solar System: anIcy Legacy’
project (FOSSILII) is an extension of the original FOSSIL I project, using
the 8.2 m Subaru Telescope on Maunakea (https://www.fossil-survey.
org/).FOSSIL I utilized along-term observational cadence repeatingon
two to five pointings to obtain light curves of Solar System objects™ .
FOSSIL Il surveys-25 deg?toalimiting magnitude of m, ~ 25.2, focusing
on (1) the detection of high-perihelion TNOs, and (2) the dynamical
classification and size distribution of resonant TNOs. Building on the
foundations of shallower surveys such as the Canada-France Ecliptic
Plane Survey (Petit et al.**, m, of 23.5-24.4), the Outer Solar System
Origins Survey (Bannister etal.”>, m,0f 24.1-25.2) and the Dark Energy
Survey (Bernardinellietal.”®, m, 0f23.8), FOSSIL Il aims toincrease the
inventory of small and distant outer Solar System objects, enabling
better population modelling and exploration of their properties.

Within the first year of FOSSIL Il observations, we detected an
object 2023 KQ,, (nicknamed ‘Ammonite’) with a remarkably high
perihelion. The barycentric orbit fit, based on a 10.16 year arc (from
our observations and archival data; Methods) intheJ2000.0 reference
frameisa=251.9+0.3au,e=0.7383+ 0.0003,i=10.98° (error <0.01°),
0=72.104+0.001°,w=198.71+ 0.03°and g = 65.9 + 0.2 au, with a helio-
centric distance of approximately 71.0 au at the time of discovery
(2023 May 16.5 Universal Time). At g = 66 au, it has the third largest
perihelion among International Astronomical Union Minor Planet
Center (MPC)-listed objects with a semi-major axis larger than 200 au
and multi-opposition observations, following 2012 VP,;; (¢ = 80.6 au)”
and (90377) Sedna (g = 76.3 au)’, and preceding (541132) Leleakiihonua
(g=65.0au)”, 2021 RR,s (g =55.6 au) and 2013 SY,, (¢ = 50.0 au)*.
The median magnitude of m, = 24.6 corresponds to a diameter of
220-380 km for albedos of p = 0.15-0.05. This object fills the ‘perihe-
lion gap’ of TNO discoveries with 50 au < ¢ < 75 au (see the discussion
in ref. 29), signalling the importance of distant TNO discoveries to

Orbits of four Sedna-like TNOs
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Fig. 2| Orbits of the four Sedna-like TNOs projected onto the J2000 ecliptic
plane. Orbits of 2012 VP,;;, Sedna, Leleakihonua and Ammonite, with Neptune’s
orbit around the Sun shown for comparison. The orbital elements used are from
the same MPC dataset as those in Fig. 1.

map out the structure of the distant Solar System (Fig. 1). Meanwhile,
Ammonite’s longitude of perihelion is in the opposite direction of
the other Sedna-like objects (Fig. 2). Its high perihelion suggests the
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potential for long-term orbital stability, making it valuable for testing
therecent hypotheses of primordial clustering of Sedna-like objects®
and the existence of a distant massive planet® >’ by analysingits orbital
elements and overall dynamical behaviour.

Results

Theaand gboundariesthat define whether anobject exhibits Sedna-like
characteristics vary, particularly regarding long-term orbital stability
over 4.5 Gyr. Dynamical studies suggest that some objects with similar
large g, such as 2013 SYo, and 2021 RR,,;, may experience gradual orbital
migration or diffusion owing to minor perturbations from Neptune
and theinfluence of galactic tides/passing stars®**°. Although objects
with large semi-major axis and g > 45 au tend to remain detached from
theinfluence of the giant planets, their long-term stability needs tobe
verified through numerical integration® ¢, A possible way to define the
current diffusion boundary analytically is by applying the resonance
overlap criterion, as discussed in refs. 37,38, which distinguish between
chaotic and non-chaotic regionsin a-g space.

Ammonite’s semi-major axis is close to that of the hypothetical
planet proposed by Batygin and Brown' and Lykawka and Ito™, as
well as to the boundary of the Neptunian mean motion resonances in
whichanobject may experience perihelion-raising through von Zeipel-
Lidov-Kozai dynamics or mean motion resonances>**** In addition,
Ammonite provides a good test case for the primordial clustering of
Sedna-like objects generated by a transient planetary body. Therefore,
we performed the following numerical simulations to verify the orbital
evolution of Ammonite.

Long-term stability
The results of both forwards and backwards simulations using two
independent codesindicate similar stability (Methods), with mean vari-
ations of the semi-major axis and eccentricity remaining under 1% for
thebest fit a, possible highest aand possible lowest a orbits, as shownin
Supplementary Fig. 1. Theinclination of the clones of Ammonite oscil-
lates between 8°and 11° throughout the simulations. None of the 1,000
clones show evidence of resonant behaviour in their orbital history;
the closest major resonance (the 24:1ata =250.1 au) is about five sigma
away from the best fit. This orbital evolution is consistent with studies
of this region of orbital parameter space, which indicate that objects
witha >200 au and g > 60 au experience minimal orbital evolutionin
the timescale of 10° years (refs. 40,42). The orbital evolutions clearly
demonstrate this similarity of the object to other Sedna-like objects.
Onthe basis of this, we conclude that it can be identified as the fourth
Sedna-like object discovered so far, with the third largest perihelion.
TNO discoveries so far suggest the presence of a ‘perihelion gap”:
anapparent underpopulated region among the orbital parameters of
TNOswith150 < a 5600 auand periheliabetweenroughly 50 and 75 au
(refs.27,29,43). Crucially, the gap is not generated by the limitation of
sensitivities of the surveys, as more distant discoveries do occur (Fig.1).
If this gap does exist, it could be considered as a structural feature of
the population, with implications for distinguishing between orbital
formation and evolutionary mechanisms, such as the semi-major
axis diffusion seen in larger a orbits. Ammonite is the first TNO with
150 <a < 600 au to have a perihelion in this gap. As demonstrated in
Supplementary Fig.1, Ammonite’s ais sufficiently small that it remains
stable so that diffusion does not explain its orbit?**°, Therefore, a
formation mechanism is still undecided but is required to populate
orbits throughout the periheliarange. Future surveys with more detec-
tions are necessary to determine whether thereis any distribution gap
associated with the population.

Exploring a possible primordial orbital alignment

Recently, Huang and Gladman®® examined the orbital histories of
the three previously known Sedna-like objects: Sedna, 2012 VP,;; and
Leleakiihonua. That study revealed an intriguing result where their
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Fig. 3| Time evolution and statistical analysis of the perihelion longitudes

of four Sedna-like objects. Top, past evolutions of longitudes of perihelion (@)
for Ammonite (red) and the other three Sedna-like objects (black). Bottom, the
circular s.d. of the four angles (black) and the statistical confidence (Pvalue,
shaded red) that they are generated from a uniform distribution. The addition of
Ammonite suggests a late primordial clustering around 4.2 Ga compared with
ref. 30, approximately 300 Myr after the formation of the Solar System, with over
97% confidence.

longitudes of perihelion (w) converged to a narrow cluster around
200° 4.5 Ga. Although this clustering hints at a primordial event that
elevated their perihelia, additional discoveries and analyses are needed
tosolidify this picture. Here, we extend the analysis by including Ammo-
nite and performing a similar backwards integration using the same
parameters as in ref. 30.

Ourresultsindicate acomparable clustering event around 4.2 Ga,
roughly 300 Myr after the formation of the Solar System, with a con-
fidence level (measured by the Rayleigh test of uniformity) exceeding
97% (Fig. 3).Inaddition, we performed 10,000 Monte Carlo simulations
to test the robustness of this early clustering. Our results reveal that
fewer than 7.7% of randomly shifted orbital histories exhibit astronger
wclustering (between4.55and 4.16 Ga, as detailed inthe Methods) than
what we observe among the four Sedna-like objects.

However, we note that this level of significance corresponds to
slightly less than 20, and the inclusion of Ammonite results in asome-
what looser and delayed clustering relative to the findings of Huang
and Gladman®°. If future observations confirm a more pronounced
and statistically robust clustering, it could indicate that a transient
planetary perturber (for example, refs. 6,44) played arole early in the
history of the Solar System. Following such an event, the clustering
might have gradually dispersed due to the differential precession of the
apsidal lines driven by the four giant planets. Stellar flyby models (for
example, refs. 5,17,19), on the other hand, do not produce a clustered
@’ Further observations, particularly a more precise refinement of
Leleaktihonua’s orbit and the discovery of new Sedna-like TNOs, willbe
essential to confirm or challenge this tentative primordial alignment
and to better constrain the formation history of the early Solar System.

Interaction with a hypothetical planet

Itisimportant tonote that the wand Q of Ammonite donot align or cluster
withthose of Sedna, 2012 VP,;; and Leleaktihonua (Figs. 1, right,and 2). A
present-day planet has been proposed asamechanism for gravitationally
influencing and clustering the orbits of distant TNOs™. If this massive body
indeed existsinthis region, the stability of Sedna-like objects could serve
asatest.Inotherwords, the presence of Sedna, 2012 VP,;;, Leleakihonua
and Ammoniteshouldindicate either negligible or strong dynamicalinter-
actions with the putative planet. Therefore, we employed the Mercury
integrator, using the same clone generation as for the orbital stability
analysis (Methods), to simulate three clones of each of the four Sedna-like
objects for1Gyr, applying ana>10,000 au criterion for ejection.
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that of the hypothetical planet) (e), for all four objects. The results suggest that
Sedna, 2012 VP,;; and Leleakiihonua are strongly influenced and clustered in
longitude of perihelion (@) with respect to this hypothetical planet, whereas
Ammonite behaves differently. Ind, the dotted and dashed grey lines represent
g=40auand g=30 au, respectively.

Weincorporate planetary orbits proposed in previous studies into
these simulations toinvestigate the influence of the hypothetical planet
on the stability of the four TNOs. Brown and Batygin® estimated the
mass and orbit for the hypothetical planet of M =6.2"2My,
a =380%’au,i=16°+5°and g = 300*% au. We selected four sets of
orbital elements of the hypothetical planet in this investigation: (1)
maximum likelihood, (2) maximum perihelion distance, (3) minimum
perihelion distance fromtable 2 of ref. 32 and (4) nominal values from

fig. 8 of ref.32 (Table 1). As the mean anomaly of the hypothetical planet
isnotwell constrained in previous studies, we selected mean anomaly
values of 0°, 60°,120°,180°, 240° and 300° in our simulations. As
presented in Table 1, the survival rates of Sedna, 2012 VP,;; and
Leleakithonua wererelatively high. Only 4 out 0of 216 clones (one Sedna
clone and three 2012 VP,;; clones) were ejected before the end of the
1Gyr simulation. By contrast, most Ammonite clones (47 out of 54),
except those in Table 1, case (b), experienced orbital instability and
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Table 1| The parameters of hypothetical planet and
simulation results

Mass(M;) a(AU) i(°) e @(°) Q(°) Ejected
clones
(a) 5 300 17 0.15 254 108 15,0,0,0
(b) 7 500 20 0.15 256 94 0,0,1,0
(c) 6 310 15 0.20 252 92 17,0,2,0
(d) 6.2 3824 15.6 0.20 2476 975 15,1,0,0
(e) 6.6 500 15.6 0.26 2476 975 0,0,1,0

The numbers listed in ‘Ejected clones’ are for Ammonite, Sedna, 2012 VP,,; and Leleakihonua,
respectively. Each TNO has 18 initial clones. (a) Brown and Batygin®? maximum likelihood. (b)
Brown and Batygin®* maximum q. (c) Brown and Batygin®? minimum q and i. (d) Brown and
Batygin® peak of contour. (€) Brown et al.** parameters.

were ejected in the simulation. This is expected, as the nominal orbit
of Ammonite has a higher probability of close encounters with the
hypothetical planet of a similar orbit.

Brown et al.”® later updated their estimates of planet’s orbital
propertiesto a = 500*170 au, M = 6.6* Mg and aphelion distance of
63072%9 au. We also performed simulations with the updated nominal
orbit (Table1, case (e)), resulting in the ejection of only one 2012 VP,;,
clone by the end of 1 Gyr. The nominal orbit elements used here are
similar tothosein Table 1, case (b), indicating thata planet’s orbit with
larger a and g has a lower likelihood of close encounters with Ammo-
nite. Figure 4 illustrates the stability of nominal orbits of the four
Sedna-like objects from a representative simulation. The simulation
results indicate that Sedna, 2012 VP,;; and Leleakiihonua experience
stronggravitational interactions with the hypothetical planet, consist-
entwithref.32,and exhibit notable clustering of their w. This suggests
that these Sedna-like objects would be gravitationally shepherded by
such a planet, maintaining relatively stable configurations over
thelGyr.

By contrast, Ammonite shows different behaviour with the Brown
etal.” planet compared with the other three Senda-like objects. Some
Ammonite clones with different mean anomaly values exhibited only
temporary clustering, suggesting that slight variations in the initial
orbital parameters could affect the simulation results. However, the
different stability of Ammonite compared with the other three objects
suggests that the definition of Sedna-like objects should consider
subdynamical populations if this hypothetical planet exists. It is
worth noting that the semi-major axis of Ammonite (252 au) lies near
the transition ‘wall’ suggested by Brown and Batygin®’ between the
nearby uniformly Aw-distributed population and the distant clus-
tered population. This proximity to the transition region may explain
why some clones of Ammonite’s orbit still experience temporary
clustering due to the gravitational influence of the hypothetical
planet. Additionally, the orbital pole positions of the four Sedna-like
objects show a generally random distribution, rather than the nota-
ble clustering of pole positions seen in the sample of objects with
150 <a<1,000 au and g > 42 au, as illustrated in figure 2 of Brown
et al.”>. The different orbital influence by the hypothetical planet on
Ammonite provides a valuable contrast, emphasizing the range of
dynamical behaviours that Sedna-like objects may exhibit in response
tothe presence of this hypothetical planet. Itisimportant to highlight
that primordial alignment (calculated through the perturbations of
the four giant planets) and the current presence of a distant planet
are mutually exclusive. Further discoveries of Sedna-like objects will
clarify which external gravitational influence raised the perihelion
of these objects.

Conclusions
The discovery of ‘Ammonite’, the first anti-cluster Sedna-like object
with the third largest gamong all TNOs, offers a valuable opportunity

toevaluate current models of outer Solar System formation and evolu-
tion. With a perihelion of ~66 au, Ammonite’s confirmed stable orbit
through simulations provides constraints on the possible orbital
parameter range of a hypothesized distant and currently undetected
planet. Meanwhile, simulations including all four Sedna-like object
shows they may have experienced a primordial clustering of perihelion
longitudes around 4.2 Ga.

These findings highlight the diversity of orbital properties and
dynamical behaviours among distant Solar System objects. Future
large surveys will be the key to increasing the number of large-g objects
and refining our understanding of the dynamical processes shaping
the outer Solar System.

Methods

Observations and orbit fit

TheFOSSILIIsurveyis designed for the pre-discovery (known as precov-
ery), discovery and recovery of TNOs, using the Hyper Suprime-Cam*
on the Subaru Telescope on Maunakea. With 16 closely packed point-
ings of Hyper Suprime-Cam, eachimaged with 270-s exposures, FOSSIL
Il covers 25 deg? to an expected limiting magnitude of m, ~ 25.6. The
observation planwas structured into three epochs, each separated by
an interval between 60 and 90 days, with three exposures per night
spaced by ~80 min (a ‘triplet’) to confirm the on-sky motion of Solar
System objects. The initial orbit determination required at least two
triplets separated by a few days. The time allocation included three
half-nights for precovery and discovery in March and May 2023, and
an additional two half-nights for recovery observations in June, with
the goal of obtaining at least one triplet in each month. Precovery
observations were successfully carried out using the new ‘EB-gri’
broad-band filter*® with 270-s exposures from 18 to 20 March 2023,
over three half-nights (acquiring three triplets). However, owing to
the weather, the discovery observations in May were limited to only
one triplet on 16 May 2023, achieving an average limiting magnitude
of m, ~25.2. Unfortunately, all the recovery timein June 2023 was lost
duetotechnicalissues. Additional recovery observationsin the r-band
with longer exposures at 380 s were awarded for three quarter-nights
of observationin August 2023.

In the preliminary FOSSIL Il TNO candidate list, we identified
Ammonite as an object with an extraordinarily high perihelion and
barycentric distance. However, due to the slow movement of TNOs, the
5-month observation arcin 2023 was insufficient to accurately deter-
mine the perihelion distance. Therefore, a Canada-France-Hawaii
Telescope (CFHT) Director’s Discretionary Time (DDT) proposal was
submitted for two triplets of observationsinJuly 2024. CFHT secured
triplets on two different nights with 380 s exposures in the w-band,
whichimprove the orbit determination of Ammonite. We then explored
archived data through the Solar System Object Image Search***%, The
point-spreading functions of the moving object were identified within
a one-sigma error prediction ellipse after incorporating the CFHT
DDT measurements. We note that one of the precoveries in the 2021
DECam archive was identified in the raw (unreduced) image because
the pixels within the prediction ellipsein the publicly calibrated image
wereresampled due toabright star streak. After adding the 2021 meas-
urements, even earlier DECam precoveries were identifiable in 2014,
near the centre of the one-sigma error ellipse. Overall, these result in
atotalarc-length of10.16 years for Ammonite. Supplementary Table 1
summarizes the FOSSIL Iland CFHT observations as well as the archival
datawe used in this study.

The barycentric orbit fit, based on refs. 49,50, to the observa-
tions (Supplementary Table 1) in the J2000.0 celestial reference
frame is as follows: semi-major axis a =251.9 + 0.3 au, eccentricity
€=0.7383+£0.0003, inclination i =10.98° (with error <0.01°), ascend-
ingnode Q=72.104 £ 0.001°, argument of periapsis w =198.71+ 0.03°
and perihelion distance g= 65.9 + 0.2 au, determined from a10.16-year
arcwithmean residual of 0.1".
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Long-term stability

As chaotic diffusion® and minor perturbations may behave differently
with various integrators, we performed N-body simulations using two
codes: hybrid symplectic/Bulirsch-Stoer in Mercury*? and WHFast
in Rebound®’. The simulations were conducted with a time step of
180 days, integrating the orbit both forwards and backwards over
4.5 Gyr. To improve computational efficiency, the mass of the terres-
trial planets wasincorporated into the Sun, leaving only the four giant
planets as massive perturbers in our nominal simulations. In addition
to the nominal orbit, we selected another two clones with the highest
and lowest values of a from a set of 1,000 clones generated using a
covariance matrix and a Gaussian random distribution within three
sigma of the orbital element errors to accurately account for orbital
uncertainties, following the classification method of Gladmanet al.>*.

Compatibility with a primordial orbital alignment

On the basis of different hypotheses for the formation of Sedna-like
objects, the timing when they were primordially implanted to their
currentorbits varies. For the stellar encounter model, Nesvorny et al.”
argue that the Sedna-like objects wereimplanted ~-10 Myr after the gas
disk was dispersed, whereas a rogue planet model generally requires
~100-300 Myr (refs. 6,44) for the planet to continuously lift planetesi-
malsout of the primordial scattering disk. Assuming the rogue planet
wasinitial formedinthe giant planet region, it was most likely scattered
to large-a orbit right after the giant planet instability’*”’, which also
triggered the migration of Neptune into the outer planetesimal disk
and supplied icy bodies to be implanted into the region of Sedna-like
objects. Previous studies®®**° showed that the instability must have
occurred within100 Myr after the dispersal of the gas disk. Therefore,
in arogue planet hypothesis, the timing of implantation (which cor-
responds to the timing when the postulate primordial clustering is
tightest) varies from~100 to ~400 Myr.

Therefore, we argue that t=10-400 Myr after the disk gas disper-
salshouldbetreated as the potential ‘time of interest’ for the primordial
alignment. This time interval corresponds to —4.55 to —4.16 Gyr if one
assumes the gas disk disperse 10 Myr after the formation of the Solar
System 4.57 Ga. We thus evaluated the significance of the clustering by
assumingrandom current values of wfor each object, while accounting
for the precession rates of the four Sedna-like objects: 610° Gyr™ for
Ammonite, 136° Gyr™ for Sedna, 284° Gyrfor 2012 VP,;; and 51° Gyr™
for Leleaktthonua. Notably, these precession rates reflect the gradual
evolution of their orbits due to the perturbations from the giant plan-
ets. However, it isimportant to recognize that this analysis does not
account for the orbital uncertainties of these objects, which could
affect the precise timing and extent of the clustering.

Data availability

The observational data used in this study willbe deposited at the MPC
(https://www.minorplanetcenter.net/) upon publication. Source data
are provided with this paper.

Code availability

The Mercury N-body integrator (version 6) is available via GitHub at
https://github.com/smirik/mercury. The Rebound N-body code is
available via GitHub at https://github.com/hannorein/rebound. The
relevant parameters are provided with this paper.
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