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Figure 2: Estimated mass of Pluto as a function of time. The first (and largest) estimate is from the dynamical
calculations that inpired the initial search. The subsequent estimates are based on observations (as labeled)
and show a steady downward trend until relatively recently. The particularly steep decline of Pluto’s mass in
1978 is marked by the discovery of its largest moon, Charon.

Immediately there was a problem. An object with physical size comparable to Nep-
tune should have been resolved with the observational facilities of the era, but the new
planet appeared point-like. It was also dim, coming in about six times fainter than the
estimates. It soon became clear that the newly found member of the solar system was
not the Planet X, as it was not massive enough to account for the perceived perturba-
tions in the orbit of Uranus. The new body was subsequently named Pluto, after the
Greek god of the underworld3. In the end, the observed irregularities in Uranus’ and
Neptune’s motion turned out to be spurious, and were fully resolved by a 0.5% revision
of Neptune’s mass, following the Voyager 2 flyby (Standish, 1993).

Figure 2 shows the estimated mass of Pluto as a function of time. The initial es-
timate (mX ⇡ 7 M�) is the mass required to account for the perceived perturbations
of the giant planet orbits (Tombaugh, 1946). The first observational estimate for the
mass of Pluto (Nicholson and Mayall, 1931) was already down to MPL ⇡ 1 M�, and
subsequent observations led to steadily lower values as shown in the Figure. Note that
a precipitous drop in the mass estimate that came in 1978, with the discovery of the
moon Charon and the first clean measurement of Pluto’s mass (Christy and Harring-
ton, 1978). The current mass estimate is only MPL ⇡ 0.00218 M� (Buie et al., 2006),
roughly 3200 times smaller than the original mass estimate that inspired the search. In
spite of its diminutive size, Pluto was considered as the ninth planet of the solar system
until 2006, when it was demoted to the status of a dwarf planet (IAU Resolution B5,
2006).

3As a bonus, the first two letters of the planet’s name were coincident with the initials of Percival Lowell,
although W. H. Pickering was evidently under the impression that it stood for Pickering-Lowell (Hoyt, 1976).
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Figure 2: Estimated mass of Pluto as a function of time. The first (and largest) estimate is from the dynamical
calculations that inpired the initial search. The subsequent estimates are based on observations (as labeled)
and show a steady downward trend until relatively recently. The particularly steep decline of Pluto’s mass in
1978 is marked by the discovery of its largest moon, Charon.

Immediately there was a problem. An object with physical size comparable to Nep-
tune should have been resolved with the observational facilities of the era, but the new
planet appeared point-like. It was also dim, coming in about six times fainter than the
estimates. It soon became clear that the newly found member of the solar system was
not the Planet X, as it was not massive enough to account for the perceived perturba-
tions in the orbit of Uranus. The new body was subsequently named Pluto, after the
Greek god of the underworld3. In the end, the observed irregularities in Uranus’ and
Neptune’s motion turned out to be spurious, and were fully resolved by a 0.5% revision
of Neptune’s mass, following the Voyager 2 flyby (Standish, 1993).

Figure 2 shows the estimated mass of Pluto as a function of time. The initial es-
timate (mX ⇡ 7 M�) is the mass required to account for the perceived perturbations
of the giant planet orbits (Tombaugh, 1946). The first observational estimate for the
mass of Pluto (Nicholson and Mayall, 1931) was already down to MPL ⇡ 1 M�, and
subsequent observations led to steadily lower values as shown in the Figure. Note that
a precipitous drop in the mass estimate that came in 1978, with the discovery of the
moon Charon and the first clean measurement of Pluto’s mass (Christy and Harring-
ton, 1978). The current mass estimate is only MPL ⇡ 0.00218 M� (Buie et al., 2006),
roughly 3200 times smaller than the original mass estimate that inspired the search. In
spite of its diminutive size, Pluto was considered as the ninth planet of the solar system
until 2006, when it was demoted to the status of a dwarf planet (IAU Resolution B5,
2006).

3As a bonus, the first two letters of the planet’s name were coincident with the initials of Percival Lowell,
although W. H. Pickering was evidently under the impression that it stood for Pickering-Lowell (Hoyt, 1976).
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calculations that inpired the initial search. The subsequent estimates are based on observations (as labeled)
and show a steady downward trend until relatively recently. The particularly steep decline of Pluto’s mass in
1978 is marked by the discovery of its largest moon, Charon.

Immediately there was a problem. An object with physical size comparable to Nep-
tune should have been resolved with the observational facilities of the era, but the new
planet appeared point-like. It was also dim, coming in about six times fainter than the
estimates. It soon became clear that the newly found member of the solar system was
not the Planet X, as it was not massive enough to account for the perceived perturba-
tions in the orbit of Uranus. The new body was subsequently named Pluto, after the
Greek god of the underworld3. In the end, the observed irregularities in Uranus’ and
Neptune’s motion turned out to be spurious, and were fully resolved by a 0.5% revision
of Neptune’s mass, following the Voyager 2 flyby (Standish, 1993).

Figure 2 shows the estimated mass of Pluto as a function of time. The initial es-
timate (mX ⇡ 7 M�) is the mass required to account for the perceived perturbations
of the giant planet orbits (Tombaugh, 1946). The first observational estimate for the
mass of Pluto (Nicholson and Mayall, 1931) was already down to MPL ⇡ 1 M�, and
subsequent observations led to steadily lower values as shown in the Figure. Note that
a precipitous drop in the mass estimate that came in 1978, with the discovery of the
moon Charon and the first clean measurement of Pluto’s mass (Christy and Harring-
ton, 1978). The current mass estimate is only MPL ⇡ 0.00218 M� (Buie et al., 2006),
roughly 3200 times smaller than the original mass estimate that inspired the search. In
spite of its diminutive size, Pluto was considered as the ninth planet of the solar system
until 2006, when it was demoted to the status of a dwarf planet (IAU Resolution B5,
2006).
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True color photo of Pluto

Credit: NASA New Horizons Program

∼ 0.002 M⊕

inconsistency between theory and observation

another planet again?
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Long-exposure image of Albion (circled) taken by the 
European Southern Observatory in September 1992



Kuiper Belt - Trans-Neptunian object
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•Trans�Neptune�Objects�

•1992�QB1�(Cubewanos)�

•1993�FW
486958 Arrokoth, the first 

cubewano visited by a spacecraft

see Yan Liang’s talk Fall 2021
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Kuiper Belt

30�au�(Neptune)�-�50�au�

Known objects in the Kuiper belt 
beyond the orbit of Neptune.

epoch as of January 2015.




Two outliers Trujillo & Shepard 2014

2003 VB12: Sedna 2012 VP113: Biden



•semi-major�axis�>�150�au�

•prehelium�>�30�au�

•Neptune�semimajor�axis�

•dynamical�outliers

Extreme TNO Trujillo & Shepard 2014

LETTER
doi:10.1038/nature13156

A Sedna-like body with a perihelion of 80
astronomical units
Chadwick A. Trujillo1* & Scott S. Sheppard2*

The observable Solar System can be divided into three distinct
regions: the rocky terrestrial planets including the asteroids at 0.39
to 4.2 astronomical units (AU) from the Sun (where 1 AU is the mean
distance between Earth and the Sun), the gas giant planets at 5 to
30AU from the Sun, and the icy Kuiper belt objects at 30 to 50AU

fromthe Sun.The 1,000-kilometre-diameter dwarf planet Sednawas
discovered ten years ago and was unique in that its closest approach
to the Sun (perihelion) is 76 AU, far greater than that of any other
Solar System body1. Formation models indicate that Sedna could be
a link between the Kuiper belt objects and the hypothesized outer
Oort cloud at around 10,000AU from the Sun2–6. Here we report the
presence of a secondSedna-like object, 2012VP113, whose perihelion
is 80 AU. The detection of 2012VP113 confirms that Sedna is not an
isolated object; instead, both bodies may be members of the inner
Oort cloud, whose objects could outnumber all other dynamically
stable populations in the Solar System.
The inner Oort cloud objects probably formed on nearly circular

orbits, allowing them to accumulate mass efficiently6–9, and were later
perturbed into the eccentric orbits we see today. We define an inner
Oort cloud object as a body whose orbit is not readily formed with the
known mass in the Solar System. This typically means a perihelion
greater than 50 AU (beyond the range of significant Neptune inter-
action) and a semi-major axis in the range 150 AU, a, 1,500 AU. At
above 1,500 AU objectsmaybe considered to be in the outerOort cloud,
as galactic tides start to become important in the formation process10.
Sedna and 2012VP113 are the clearest examples of inner Oort cloud
objects because they donot interact significantlywith any of the known
planets owing to their extremely distant perihelia (Fig. 1 and Table 1).
There are two main models for inner Oort cloud object formation.

In the first model, planet-sized object(s) in the outer Solar Systemmay
perturb objects from the Kuiper belt outward to inner-Oort-cloud
orbits. These planet-sized objects could either remain (unseen) in
the Solar System5,11 or have been ejected from the Solar System during
the creation of the innerOort cloud12. In the secondmodel, close stellar
encounter(s) can create the inner Oort cloud objects, possibly within
the first tenmillion years (Myr) of the Sun’s life, when it residedwithin
its birth cluster1,3,4,11,13–17. The outerOort cloud objects could be created
from galactic tides18, but the more tightly bound inner Oort cloud
objects are difficult to createwithout a close stellar encounter19. A third,
less explored, model is that the inner Oort cloud objects are captured
extrasolar planetesimals lost from other stars that were in the Sun’s
birth cluster2,3,20. Each theory of innerOort cloud object formation pre-
dicts different orbital configurations for the population. Therefore, as
more inner Oort cloud objects are discovered, their orbits will provide
strong constraints on the inner Oort cloud object formation models
and thus our Solar System’s evolution.
To place constraints on the inner Oort cloud object population, we

constructed a simple simulation of the observational biases affecting
our survey (Methods).We find three basic results from this analysis: (1)
there appears to be a paucity of inner Oort cloud objects with perihelia

in the range 50–75 AU, suggesting that the innerOort cloud object popu-
lation could increase with q. 75 AU; (2) the existence of 2012VP113
means that the inner Oort cloud object population must reach down to
fairly small semi-major axes of about 250 AU; and (3) there are no obser-
vational biases that can explain the clustering of the argument of peri-
helion (v) near 340u for inner Oort cloud objects and all objects with
semi-major axes greater than150 AU andperihelia greater thanNeptune.
Although our survey was sensitive to objects from 50 AU to beyond

300 AU, no objects were foundwith perihelion distances between 50 AU

and 75 AU, where objects are brightest and easiest to detect. This was
true for the original survey that found Sedna1 and the deeper follow-up
survey21. Figure 2 illustrates this—most simulated objects (and the real
objects Sednaand2012VP113) are foundnear the inner edgeof thepopu-
lation. If the innerOort cloudobjects had aminimumperihelionof 50 AU

and followed a size distribution like that of the large end of all known

*These authors contributed equally to this work.

1Gemini Observatory, 670 North A‘ohoku Place, Hilo, Hawaii 96720, USA. 2Department of Terrestrial Magnetism, Carnegie Institution for Science, 5241 Broad Branch Road NW, Washington, DC 20015,
USA.
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Figure 1 | Sedna and 2012VP113 are clear dynamical outliers in the Solar
System. Eccentricity versus perihelion distance for the approximately 1,000
minor planets with well-determined (multi-year) orbits beyond 10 AU are
depicted. There are no known objects with closest-approach distances
(perihelia, q) between 55 AU and 75 AU, even though such objects would be
closer, and should therefore be brighter and easier to detect than Sedna or
2012VP113. This suggests there may be a paucity of inner Oort cloud objects
with q, 75 AU. The perihelia of Sedna and 2012VP113 are much too distant
fromNeptune (30 AU) for their existence to be explained by the knownmass in
the Solar System. All error bars are smaller than the data symbols.
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Although such a perturber could keep thevnear 0u, howobjects ini-
tially obtainedv< 0u andnot 180u is unknown. Stochastic events, such
as a single strong stellar encounter or rogue planet could produce such
asymmetric populations. A strong stochastic encounter could also pro-
duce the low semi-major axis of 2012VP113. It is possible that the v
clustering indicates that all q. 30 AU and a. 150 AU bodies formed by
a similar process, although bodies on elliptical orbits with q less than
approximately 45 AU can be explained byNeptune interactions.Models
of galactic tides have difficulty producing innerOort cloudobjects having
low semi-major axes (like Sedna) in the absence of stellar encounters19

so the even lower semi-major axis of 2012VP113makes tides extremely
unlikely. If the inner Oort cloud objects were created from the grav-
itational tide within our Sun’s birth cluster, the low semi-major axis of
2012VP113 constrains the birth cluster to have been amoderate 10,000
solarmasses per cubic parsec ormore, depending on the clustermodel
assumed15,29. Themoderately red optical colours observed for 2012VP113
(Methods and Extended Data Table 3) are consistent with formation
in the gas giant region and not in the ultra-red dominated classical
Kuiper belt. Assuming a moderate albedo, 2012VP113 is 450 km in
diameter, large enough to be considered adwarf planet if it is composed
largely of ice.

METHODS SUMMARY
For this work, we conducted two main observational investigations. First, we sur-
veyed 52 square degrees of sky for new inner Oort cloud objects using the Dark
EnergyCamera (DECam) at theCerroTololo Inter-AmericanObservatory (CTIO)
4-m telescope. Each patch of sky was imaged three times with 1.5 h to 2 h between
images, giving us the ability to detect the motion of objects beyond 300AU when
compared to background stars. Analysis software aided our search for moving
objects. After its discovery at the CTIO 4-m telescope, we measured the position
and colour of 2012VP113 using the Magellan 6.5-m telescope, completing the data
collection portion of our project. We then created an observational bias simulation
that simulated our discovery process to place constraints on the underlying number
andorbital distributionof innerOort cloudobjects.Thisproducesorder-of-magnitude
results for the number of inner Oort cloud objects whose basic parameters are
poorly constrained because so few are known. Finally, after identifying the unusual
nature of thev distribution, we simulated the innerOort cloud objects and the other

minor planets with semi-major axes greater than 150 AU and perihelion greater
than 30 AU to explore the long-term behaviour of v for different hypothetical
planetarymasses in the Solar System.Thesemethods are described in greater detail
in the Methods section.

Online Content Any additional Methods, ExtendedData display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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trajectories in inertial space.
To gauge the significance of the physical alignment, it

is easier to examine the orbits in inertial space rather
than orbital element space. To do so, we calculate the
location of the point of perihelion for each of the objects
and project these locations into ecliptic coordinates4. In
addition, we calculate the pole orientation of each orbit
and project it onto the plane of the sky at the perihelion
position. The left panel of Figure (2) shows the projected
perihelion locations and pole positions of all known outer
solar system objects with q > 30 AU and a > 50 AU. The
6 objects with a > 250 AU, highlighted in red, all come to
perihelion below the ecliptic and at longitudes between
20 deg and 130 deg.

Discovery of KBOs is strongly biased by observational
selection e↵ects which are poorly calibrated for the com-
plete heterogeneous Kuiper belt catalog. A clustering in
perihelion position on the sky could be caused, for exam-
ple, by preferential observations in one particular loca-
tion. The distribution of perihelion positions across the
sky for all objects with q > 30 and a > 50 AU appears
biased toward the equator and relatively uniform in lon-
gitude. No obvious bias appears to cause the observed
clustering. In addition, each of our 6 clustered objects
was discovered in a separate survey with, presumably,
uncorrelated biases.

We estimate the statistical significance of the observed
clustering by assuming that the detection biases for
our clustered objects are similar to the detection biases
for the collection of all objects with q > 30 AU and
a > 50 AU. We then randomly select 6 objects from the
sample 100,000 times and calculate the root-mean-square
(RMS) of the angular distance between the perihelion
position of each object and the average perihelion posi-
tion of the selected bodies. Orbits as tightly clustered in
perihelion position as the 6 observed KBOs occur only
0.7% of the time. Moreover, the objects with clustered
perihelia also exhibit clustering in orbital pole position,
as can be seen by the nearly identical direction of their
projected pole orientations. We similarly calculated the
RMS spread of the polar angles, and find that a cluster

4 The vector joining the Sun and the point of perihelion, with a
magnitude e is formally called the Runge-Lenz vector.

as tight as that observed in the data occurs only 1% of
the time. The two measurements are statistically un-
correlated, and we can safely multiply the probabilities
together to find that the joint probability of observing
both the clustering in perihelion position and in pole ori-
entation simultaneously is only 0.007%. Even with only
6 objects currently in the group, the significance level is
about 3.8 �. It is extremely unlikely that the objects are
so tightly confined due purely to chance.

Much like confinement in !, orbital alignment in phys-
ical space is di�cult to explain because of di↵erential
precession. In contrast to clustering in !, however, or-
bital confinement in physical space cannot be maintained
by either the Kozai e↵ect or the inclination instability.
This physical alignment requires a new explanation.

3. ANALYTICAL THEORY

Generally speaking, coherent dynamical structures in
particle disks can either be sustained by self-gravity
(Tremaine 1998; Touma et al. 2009) or by gravitational
shepherding facilitated by an extrinsic perturber (Gol-
dreich & Tremaine 1982; Chiang et al. 2009). As already
argued above, the current mass of the Kuiper belt is likely
insu�cient for self-gravity to play an appreciable role in
its dynamical evolution. This leaves the latter option as
the more feasible alternative. Consequently, here we hy-
pothesize that the observed structure of the Kuiper belt
is maintained by a gravitationally bound perturber in the
solar system.

To motivate the plausibility of an unseen body as a
means of explaining the data, consider the following an-
alytic calculation. In accord with the selection procedure
outlined in the preceding section, envisage a test particle
that resides on an orbit whose perihelion lies well out-
side Neptune’s orbit, such that close encounters between
the bodies do not occur. Additionally, assume that the
test particle’s orbital period is not commensurate (in any
meaningful low-order sense - e.g. Nesvorný & Roig 2001)
with the Keplerian motion of the giant planets.

The long-term dynamical behavior of such an object
can be described within the framework of secular per-
turbation theory (Kaula 1964). Employing Gauss’s av-
eraging method (see Ch. 7 of Murray & Dermott 1999;
Touma et al. 2009), we can replace the orbits of the giant
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the orbits share an approximately common value of !
and become uniformly distributed in the longitude of as-
cending node, ⌦. While an intriguing proposition, addi-
tional calculations are required to assess how such a self-
gravitational instability may proceed when the (orbit-
averaged) quadrupolar potential of the giant planets, as
well as the e↵ects of scattering are factored into the sim-
ulations. Additionally, in order to operate on the appro-
priate timescale, the inclination instability requires 1�10
Earth masses of material to exist between ⇠ 100 AU and
⇠ 10, 000 AU (Madigan & McCourt 2015).

Such an estimate is at odds with the negligibly small
mass of the present Sedna population (Schwamb et al.
2010). To this end, it is worth noting that although the
primordial planetesimal disk of the solar system likely
comprised tens of Earth masses (Tsiganis et al. 2005;
Levison et al. 2008, 2011; Batygin et al. 2011), the vast
majority of this material was ejected from the system
by close encounters with the giant planets, during, and
immediately following the transient dynamical instabil-
ity that shaped the Kuiper belt in the first place. The
characteristic timescale for depletion of the primordial
disk is likely to be short compared with the timescale for
the onset of the inclination instability (Nesvorný 2015),
calling into question whether the inclination instability
could have actually proceeded in the outer solar system.

In light of the above discussion, here we reanalyze the
clustering of the distant objects and propose a di↵er-
ent perturbation mechanism, stemming form a single,
long-period object. Remarkably, our envisioned scenario
brings to light a series of potential explanations for other,
seemingly unrelated dynamical features of the Kuiper
belt, and presents a direct avenue for falsification of our
hypothesis. The paper is organized as follows. In section
2, we reexamine the observational data and identify the
relevant trends in the orbital elements. In section 3, we
motivate the existence of a distant, eccentric perturber
using secular perturbation theory. Subsequently, we en-
gage in numerical exploration in section 4. In section 5,
we perform a series of simulations that generate synthetic
scattered disks. We summarize and discuss the implica-
tions of our results in sections 6 and 7 respectively.

2. ORBITAL ELEMENT ANALYSIS

In their original analysis, Trujillo & Sheppard (2014)
examined ! as a function of semi-major axis for all ob-

jects with perihelion, q, larger than Neptune’s orbital
distance (Figure 1). They find that all objects with
q > 30 AU and a > 150 AU are clustered around ! ⇠ 0.
Excluding objects with q inside of Neptune’s orbit is sen-
sible, since an object which crosses Neptune’s orbit will
be influenced by recurrent close encounters. However,
many objects with q > 30 AU can also be destabilized
as a consequence of Neptune’s overlapped outer mean-
motion resonances (e.g. Morbidelli 2002), and a search
for orbits that are not contaminated by strong interac-
tions with Neptune should preferably exclude these ob-
jects as well.

In order to identify which of the q > 30AU and
a > 150 AU KBOs are strongly influenced by Neptune,
we numerically evolved 6 clones of each member of the
clustered population for 4 Gyr. If more than a single
clone in the calcuations exhibited large-scale semi-major
axis variation, we deemed such an objects dynamically
unstable2. Indeed, many of the considered KBOs (gen-
erally those with 30 < q < 36 AU) experience strong
encounters with Neptune, leaving only 6 of the 13 bodies
largely una↵ected by the presence of Neptune. The sta-
ble objects are shown as dark blue-green dots in Figure
(1) while those residing on unstable orbits are depicted
as green points.

Interestingly, the stable objects cluster not around
! = 0 but rather around ! = 318 ± 8 deg, grossly in-
consistent with the value predicted from by the Kozai
mechanism. Even more interestingly, a corresponding
analysis of longitude of ascending node, as a function of
the semi-major axis reveals a similarly strong clustering
of these angles about ⌦ = 113±13 deg (Figure 1). Anal-
ogously, we note that longitude of perihelion3, $ = !+⌦,
is grouped around $ = 71±16 deg. Essentially the same
statistics emerge even if long-term stability is disregarded
but the semi-major axis cut is drawn at a = 250AU. The
clustering of both $ and of ⌦ suggests that not only do
the distant KBOs cross the ecliptic at a similar phase
of their elliptical trajectories, the orbits are physically
aligned. This alignment is evident in the right panel of
Figure (2), which shows a polar view of the Keplerian

2 In practice, large-scale orbital changes almost always result in
ejection.

3 Unlike the argument of perihelion, !, which is measured from
the ascending node of the orbit, the longitude of perihelion, $, is
an angle that is defined in the inertial frame.
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Figure 3: Definition of Keplerian orbital elements, illustrated by a schematic of an inclined, eccentric orbit
in the solar system. The size and ellipticity of the orbit are parameterized by the semi-major axis, a, and the
eccentricity, e, as shown in the inset. The longitude of ascending node (denoted ⌦) informs the direction
into which the orbit is tilted, and is measured by location at which the orbit intersects the ecliptic plane
from below. The argument of perihelion (denoted !) describes the angle between the line of nodes and
the direction of the planet’s closest approach to the sun (also referred to as the apsidal line). The combined
angle,$ = !+⌦, defines the overall direction of the apsidal line and is called the longitude of the perihelion.
Finally, the tilt of the orbit with respect to the ecliptic is informed by the inclination, i.

being rapidly destabilized by close encounters (Peale, 1976; Nesvorný & Roig, 2000,
2001).

The most prominent orbital commensurabilities in the Kuiper belt correspond to
the 3:2 and 2:1 mean motion resonances. Drawing on the fact that these resonances are
densely populated, Malhotra (1995) demonstrated that Neptune likely formed much
closer to the sun, and must have experienced long-range outward migration, capturing
resonant KBOs along the way. Subsequent characterization of resonant dynamics in
the Kuiper belt further revealed that Neptune’s migration must have had a stochastic
component, and likely occurred during a transient period of dynamical instability ex-
perienced by the outer solar system (Tsiganis et al. 2005; Levison et al. 2008; see also
Nesvorný 2015a for a recent study). Despite the constraints that the structure of the
resonant Kuiper belt places on the early evolution of the solar system, it plays no role
within the context of the Planet Nine hypothesis, and its existence can be safely ignored
for the purpose of the calculations that will follow.

2.2. Classical Kuiper Belt
The Classical Kuiper Belt is primarily comprised of icy bodies that have semi-

major axes in between the 3:2 and 2:1 mean motion resonances, corresponding to
a ⇡ 42 � 48 AU. By virtue of not being locked into resonances with Neptune, clas-
sical KBOs dominantly experience phase-averaged (so-called “secular”) interactions
that are considerably more subdued than their resonant counterparts. The broader class
of classical KBOs is often divided into dynamically ‘cold’ and ‘hot’ sub-populations,
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Fig. 1.— Orbits of well-characterized Kuiper-belt objects with perihelion distances in excess of q > 30AU. The left, middle, and right
panels depict the longitude of perihelion, $, longitude of ascending node, ⌦, and argument of perihelion ! as functions of semi-major
axes. The orbits of objects with a < 150AU are randomly oriented and are shown as gray points. The argument of perihelion displays
clustering beyond a > 150AU, while the longitudes of perihelion and ascending node exhibit confinement beyond a > 250AU. Within the
a > 150AU subset of objects, dynamically stable bodies are shown with blue-green points, whereas their unstable counterparts are shown
as green dots. By and large, the stable objects are clustered in a manner that is consistent with the a > 250AU group of bodies. The
eccentricities, inclinations and perihelion distances of the stable objects are additionally labeled. The horizontal lines beyond a > 250AU
depict the mean values of the angles and the vertical error bars depict the associated standard deviations of the mean.

the orbits share an approximately common value of !
and become uniformly distributed in the longitude of as-
cending node, ⌦. While an intriguing proposition, addi-
tional calculations are required to assess how such a self-
gravitational instability may proceed when the (orbit-
averaged) quadrupolar potential of the giant planets, as
well as the e↵ects of scattering are factored into the sim-
ulations. Additionally, in order to operate on the appro-
priate timescale, the inclination instability requires 1�10
Earth masses of material to exist between ⇠ 100 AU and
⇠ 10, 000 AU (Madigan & McCourt 2015).

Such an estimate is at odds with the negligibly small
mass of the present Sedna population (Schwamb et al.
2010). To this end, it is worth noting that although the
primordial planetesimal disk of the solar system likely
comprised tens of Earth masses (Tsiganis et al. 2005;
Levison et al. 2008, 2011; Batygin et al. 2011), the vast
majority of this material was ejected from the system
by close encounters with the giant planets, during, and
immediately following the transient dynamical instabil-
ity that shaped the Kuiper belt in the first place. The
characteristic timescale for depletion of the primordial
disk is likely to be short compared with the timescale for
the onset of the inclination instability (Nesvorný 2015),
calling into question whether the inclination instability
could have actually proceeded in the outer solar system.

In light of the above discussion, here we reanalyze the
clustering of the distant objects and propose a di↵er-
ent perturbation mechanism, stemming form a single,
long-period object. Remarkably, our envisioned scenario
brings to light a series of potential explanations for other,
seemingly unrelated dynamical features of the Kuiper
belt, and presents a direct avenue for falsification of our
hypothesis. The paper is organized as follows. In section
2, we reexamine the observational data and identify the
relevant trends in the orbital elements. In section 3, we
motivate the existence of a distant, eccentric perturber
using secular perturbation theory. Subsequently, we en-
gage in numerical exploration in section 4. In section 5,
we perform a series of simulations that generate synthetic
scattered disks. We summarize and discuss the implica-
tions of our results in sections 6 and 7 respectively.

2. ORBITAL ELEMENT ANALYSIS

In their original analysis, Trujillo & Sheppard (2014)
examined ! as a function of semi-major axis for all ob-

jects with perihelion, q, larger than Neptune’s orbital
distance (Figure 1). They find that all objects with
q > 30 AU and a > 150 AU are clustered around ! ⇠ 0.
Excluding objects with q inside of Neptune’s orbit is sen-
sible, since an object which crosses Neptune’s orbit will
be influenced by recurrent close encounters. However,
many objects with q > 30 AU can also be destabilized
as a consequence of Neptune’s overlapped outer mean-
motion resonances (e.g. Morbidelli 2002), and a search
for orbits that are not contaminated by strong interac-
tions with Neptune should preferably exclude these ob-
jects as well.

In order to identify which of the q > 30AU and
a > 150 AU KBOs are strongly influenced by Neptune,
we numerically evolved 6 clones of each member of the
clustered population for 4 Gyr. If more than a single
clone in the calcuations exhibited large-scale semi-major
axis variation, we deemed such an objects dynamically
unstable2. Indeed, many of the considered KBOs (gen-
erally those with 30 < q < 36 AU) experience strong
encounters with Neptune, leaving only 6 of the 13 bodies
largely una↵ected by the presence of Neptune. The sta-
ble objects are shown as dark blue-green dots in Figure
(1) while those residing on unstable orbits are depicted
as green points.

Interestingly, the stable objects cluster not around
! = 0 but rather around ! = 318 ± 8 deg, grossly in-
consistent with the value predicted from by the Kozai
mechanism. Even more interestingly, a corresponding
analysis of longitude of ascending node, as a function of
the semi-major axis reveals a similarly strong clustering
of these angles about ⌦ = 113±13 deg (Figure 1). Anal-
ogously, we note that longitude of perihelion3, $ = !+⌦,
is grouped around $ = 71±16 deg. Essentially the same
statistics emerge even if long-term stability is disregarded
but the semi-major axis cut is drawn at a = 250AU. The
clustering of both $ and of ⌦ suggests that not only do
the distant KBOs cross the ecliptic at a similar phase
of their elliptical trajectories, the orbits are physically
aligned. This alignment is evident in the right panel of
Figure (2), which shows a polar view of the Keplerian

2 In practice, large-scale orbital changes almost always result in
ejection.

3 Unlike the argument of perihelion, !, which is measured from
the ascending node of the orbit, the longitude of perihelion, $, is
an angle that is defined in the inertial frame.

Sedna

GB174
FE72

GT50

FT28

KG163

SY99

RX245TG422

RF98

SR349

VN112

VP113

Sedna

TG422

GB174

VP113

FT28

RX245

RF98

SY99

FE72

SR349

GT50

KG163

VN112

10˚ 20˚ 30˚

25
0 

AU

angular momentum vectors

75%
50%

25%

25%
50%

_

75%

TG387

TG387

⌦

Figure 6: Orbits of the distant Kuiper belt objects in physical space. The 14 illustrated objects have semi-
major axis a � 250 AU, perihelion q � 30 AU, and inclination i  40 deg. The arrows depict the perihelion
directions measured from the position of the Sun, where all of the vectors extend out to 250 AU to illustrate
the non-uniformity of their apsidal orientations. The locations of the first, second, and third quartiles corre-
sponding to the $�distribution of (meta)stable objects is marked on the surrounding circle. The polar inset
plot shows the positions of the angular momentum vectors of the same 14 KBOs, where the radial coordinate
informs the orbital inclination and the azimuthal angle corresponds to the longitude of ascending node. The
mean polar coordinates of stable and metastable KBOs are marked by the ⌦ sign, and the dispersion of the
vectors around the mean is shown with a dotted circle. Each object is color-coded in accordance with its
present-day dynamical stability as follows. Orbits depicted in purple correspond to the Neptune-detached
population, and have dynamical lifetimes much longer than the age of the solar system. Orbits shown in
green experience comparatively rapid dynamical chaos due to interactions with Neptune. An intermedi-
ate class of orbits that only experience mild di↵usion over the age of the solar system are shown in gray.
Note that the dynamically (meta)stable objects exhibit significantly tighter apsidal confinement as well as
clustering of the orbital poles than their unstable counterparts.
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Figure 5: Available parameter space for yet-undiscovered planetary members of the solar system. Planets
that are massive enough to gravitationally clear their orbits must lie above the green line. In order to survive
the stochastic perturbations within the solar birth cluster, planets must have su�ciently tight orbits, with
semi-major axes to the left of the red line. To avoid producing anomalously large perturbations of giant
planet orbits, new planets must fall below the purple line. Finally, infrared surveys require planets to fall
below the yellow line. The resulting admissible portion of parameter space is shown as the hatched region.

with semi-major axis a >⇠ 30, 000 AU are likely to be stripped from the sun by passing
stars in the field (or at least have their orbital elements drastically altered), as marked by
the dashed line in the Figure. The corresponding limits from the solar birth cluster are
much more restrictive, so that surviving planets must have semi-major axes a <⇠ 1000
AU (Li and Adams 2016; see also section 7 for more detail). This limit requires planets
to lie to the left of the red line in Figure 5.

A lower limit on the mass arises from the definition of a planet. One of the charac-
teristics of planets specified by the International Astronomical Union is that the body
must be massive enough to clear its orbit over the age of the solar system. This require-
ment can be written in several di↵erent forms, and implies that the minimum planetary
mass is an increasing function of orbital distance. Here we use the constraint advocated
by Margot (2015), which can be written in the form

⇧ = k
m

M� a9/8 > 1 or m >
⇠ 1 M�

✓ a
380AU

◆9/8
. (2)

This lower limit on the planetary mass is shown as the green line in Figure 5 (see Soter
2006 for an alternate treatment of this criterion).

An upper limit to the mass of any possible new planets is provided by WISE ob-
servations, which rule out bodies larger than Saturn out to distances ⇠ 3⇥ 104 AU (see
Luhman 2014 for further details). This upper limit is shown as the yellow line in Figure
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Figure 5: Available parameter space for yet-undiscovered planetary members of the solar system. Planets
that are massive enough to gravitationally clear their orbits must lie above the green line. In order to survive
the stochastic perturbations within the solar birth cluster, planets must have su�ciently tight orbits, with
semi-major axes to the left of the red line. To avoid producing anomalously large perturbations of giant
planet orbits, new planets must fall below the purple line. Finally, infrared surveys require planets to fall
below the yellow line. The resulting admissible portion of parameter space is shown as the hatched region.

with semi-major axis a >⇠ 30, 000 AU are likely to be stripped from the sun by passing
stars in the field (or at least have their orbital elements drastically altered), as marked by
the dashed line in the Figure. The corresponding limits from the solar birth cluster are
much more restrictive, so that surviving planets must have semi-major axes a <⇠ 1000
AU (Li and Adams 2016; see also section 7 for more detail). This limit requires planets
to lie to the left of the red line in Figure 5.

A lower limit on the mass arises from the definition of a planet. One of the charac-
teristics of planets specified by the International Astronomical Union is that the body
must be massive enough to clear its orbit over the age of the solar system. This require-
ment can be written in several di↵erent forms, and implies that the minimum planetary
mass is an increasing function of orbital distance. Here we use the constraint advocated
by Margot (2015), which can be written in the form

⇧ = k
m

M� a9/8 > 1 or m >
⇠ 1 M�

✓ a
380AU

◆9/8
. (2)

This lower limit on the planetary mass is shown as the green line in Figure 5 (see Soter
2006 for an alternate treatment of this criterion).

An upper limit to the mass of any possible new planets is provided by WISE ob-
servations, which rule out bodies larger than Saturn out to distances ⇠ 3⇥ 104 AU (see
Luhman 2014 for further details). This upper limit is shown as the yellow line in Figure
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Figure 5: Available parameter space for yet-undiscovered planetary members of the solar system. Planets
that are massive enough to gravitationally clear their orbits must lie above the green line. In order to survive
the stochastic perturbations within the solar birth cluster, planets must have su�ciently tight orbits, with
semi-major axes to the left of the red line. To avoid producing anomalously large perturbations of giant
planet orbits, new planets must fall below the purple line. Finally, infrared surveys require planets to fall
below the yellow line. The resulting admissible portion of parameter space is shown as the hatched region.

with semi-major axis a >⇠ 30, 000 AU are likely to be stripped from the sun by passing
stars in the field (or at least have their orbital elements drastically altered), as marked by
the dashed line in the Figure. The corresponding limits from the solar birth cluster are
much more restrictive, so that surviving planets must have semi-major axes a <⇠ 1000
AU (Li and Adams 2016; see also section 7 for more detail). This limit requires planets
to lie to the left of the red line in Figure 5.

A lower limit on the mass arises from the definition of a planet. One of the charac-
teristics of planets specified by the International Astronomical Union is that the body
must be massive enough to clear its orbit over the age of the solar system. This require-
ment can be written in several di↵erent forms, and implies that the minimum planetary
mass is an increasing function of orbital distance. Here we use the constraint advocated
by Margot (2015), which can be written in the form

⇧ = k
m

M� a9/8 > 1 or m >
⇠ 1 M�

✓ a
380AU

◆9/8
. (2)

This lower limit on the planetary mass is shown as the green line in Figure 5 (see Soter
2006 for an alternate treatment of this criterion).

An upper limit to the mass of any possible new planets is provided by WISE ob-
servations, which rule out bodies larger than Saturn out to distances ⇠ 3⇥ 104 AU (see
Luhman 2014 for further details). This upper limit is shown as the yellow line in Figure
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Figure 5: Available parameter space for yet-undiscovered planetary members of the solar system. Planets
that are massive enough to gravitationally clear their orbits must lie above the green line. In order to survive
the stochastic perturbations within the solar birth cluster, planets must have su�ciently tight orbits, with
semi-major axes to the left of the red line. To avoid producing anomalously large perturbations of giant
planet orbits, new planets must fall below the purple line. Finally, infrared surveys require planets to fall
below the yellow line. The resulting admissible portion of parameter space is shown as the hatched region.

with semi-major axis a >⇠ 30, 000 AU are likely to be stripped from the sun by passing
stars in the field (or at least have their orbital elements drastically altered), as marked by
the dashed line in the Figure. The corresponding limits from the solar birth cluster are
much more restrictive, so that surviving planets must have semi-major axes a <⇠ 1000
AU (Li and Adams 2016; see also section 7 for more detail). This limit requires planets
to lie to the left of the red line in Figure 5.

A lower limit on the mass arises from the definition of a planet. One of the charac-
teristics of planets specified by the International Astronomical Union is that the body
must be massive enough to clear its orbit over the age of the solar system. This require-
ment can be written in several di↵erent forms, and implies that the minimum planetary
mass is an increasing function of orbital distance. Here we use the constraint advocated
by Margot (2015), which can be written in the form

⇧ = k
m

M� a9/8 > 1 or m >
⇠ 1 M�

✓ a
380AU

◆9/8
. (2)

This lower limit on the planetary mass is shown as the green line in Figure 5 (see Soter
2006 for an alternate treatment of this criterion).

An upper limit to the mass of any possible new planets is provided by WISE ob-
servations, which rule out bodies larger than Saturn out to distances ⇠ 3⇥ 104 AU (see
Luhman 2014 for further details). This upper limit is shown as the yellow line in Figure
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Wide-field Infrared Survey Explorer

(WISE)





Planet 9


physical effect or observational bias?



Outline
• A short summary of the history about Planet Nine hypothesis


• Evidence of observational bias - OSSOS survey results


• Formation channels of Planet Nine (if real)?


• Summary



Emptiness of the outer Solar System?

Objects beyond Neptune are too faint to be detected?

1.5AU

5.2AU

9.5AU 1AU

19.2AU

30.1AU

0.4AU

0.7AU



First detection of an object in the Kuiper Belt (trans-Neptunian)

A deep image survey to find slowly moving objects beyond Neptune

Jewitt & Luu 1993

2.2m telescope at MK



Clustering of extreme trans-Neptunian objects (ETNO) 

Trujillo & Sheppard 2014
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Definition of argument of perihelion
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Planet Nine Hypothesis

Batygin et al. 2016, 2019

m9 ∼ 5 − 10 M⊕

i9 ∼ 15 − 25∘

a9 ∼ 400 − 800 AU

e9 ∼ 0.2 − 0.5

Sun



Take home message

• The clustering of extreme trans-Neptunian objects 
indicates the existence of Planet Nine. 


• The clustering feature may be caused by observational 
bias.


• The formation of Planet Nine (if indeed exists) remains a 
mystery. 



Observational Bias I: geometry

Most ETNOs were detected around the perihelion (近⽇点)



Observational Bias II: Seasonal changes

Lijiang Observatory

RA~12h

Are people looking at the same quadrant of the solar system?



Outer Solar System Origins Survey (OSSOS)

Bannister et al., 2016

21 deg2

Mar. ~ May

Sep.~Nov.



OSSOS survey simulation 

a : U(150, 1000) AU

ω : U(−180, 180) degrees

e : U(0.7, 0.95)

i : U(0, 55) degrees

Shankman et al., 2017

Initial settings Simulation results
a>250 AU

a>150 AU



OSSOS survey simulation 

Shankman et al., 2017Bias from near-ecliptic surveys



OSSOS survey simulation 

Shankman et al., 2017Bias from off-ecliptic pointing



Shankman et al., 2017

~800 new TNOs, 8 new ETNOs

OSSOS Discoveries

Clustering feature in this independent sample?



8 New ETNOs from OSSOS: little evidence of clustering

A uniform intrinsic distribution? rejectable at 47% 



Recent picture of all ETNOs with a>250 AU

Dark Energy Survey

Bernardinelli et al., 2020



How was “Planet Nine” formed?

Core accretion? Disk instability?

m9 ∼ 5 − 10 M⊕a9 ∼ 400 − 800 AU



How was “Planet Nine” formed?

2. Capture from another system or free floating planet: < 1%

a9 ∼ 400 − 800 AU

< 3%

1. Scattering outwards

Li & Adams 2016



A planet mass primordial black hole?

Gaudi & Bloom 2005

Astrometric microlensing constraints from Gaia

Black hole orbit



A planet mass primordial black hole?

Gaudi & Bloom 2005

x x





New evidence de la Fuente Marcos & de la Fuente Marcos 2022



•Nodal�distance�between�a(de)sending�points�

•51�ETNOs�in�DES,�Bernardinelli�et�al.�2022�

•1275�pair�nodal�distances�

pairs�whose�nodal�distance�

• �at� �

• �at� �

are�very�rare!�They�should�scatter�each�other.�viscous�stirring

0.2 au 152 au

1.26 au 339 au

New evidence de la Fuente Marcos & de la Fuente Marcos 2022



Batygin et al. 2019
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orbit
orbit

Figure 3: Definition of Keplerian orbital elements, illustrated by a schematic of an inclined, eccentric orbit
in the solar system. The size and ellipticity of the orbit are parameterized by the semi-major axis, a, and the
eccentricity, e, as shown in the inset. The longitude of ascending node (denoted ⌦) informs the direction
into which the orbit is tilted, and is measured by location at which the orbit intersects the ecliptic plane
from below. The argument of perihelion (denoted !) describes the angle between the line of nodes and
the direction of the planet’s closest approach to the sun (also referred to as the apsidal line). The combined
angle,$ = !+⌦, defines the overall direction of the apsidal line and is called the longitude of the perihelion.
Finally, the tilt of the orbit with respect to the ecliptic is informed by the inclination, i.

being rapidly destabilized by close encounters (Peale, 1976; Nesvorný & Roig, 2000,
2001).

The most prominent orbital commensurabilities in the Kuiper belt correspond to
the 3:2 and 2:1 mean motion resonances. Drawing on the fact that these resonances are
densely populated, Malhotra (1995) demonstrated that Neptune likely formed much
closer to the sun, and must have experienced long-range outward migration, capturing
resonant KBOs along the way. Subsequent characterization of resonant dynamics in
the Kuiper belt further revealed that Neptune’s migration must have had a stochastic
component, and likely occurred during a transient period of dynamical instability ex-
perienced by the outer solar system (Tsiganis et al. 2005; Levison et al. 2008; see also
Nesvorný 2015a for a recent study). Despite the constraints that the structure of the
resonant Kuiper belt places on the early evolution of the solar system, it plays no role
within the context of the Planet Nine hypothesis, and its existence can be safely ignored
for the purpose of the calculations that will follow.

2.2. Classical Kuiper Belt
The Classical Kuiper Belt is primarily comprised of icy bodies that have semi-

major axes in between the 3:2 and 2:1 mean motion resonances, corresponding to
a ⇡ 42 � 48 AU. By virtue of not being locked into resonances with Neptune, clas-
sical KBOs dominantly experience phase-averaged (so-called “secular”) interactions
that are considerably more subdued than their resonant counterparts. The broader class
of classical KBOs is often divided into dynamically ‘cold’ and ‘hot’ sub-populations,

11
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gravitationally bound and grow to roughly Neptune mass, The  
fragments, by perturbing the surrounding flow, trigger the forma-
tion of additional even lower-mass objects22 (Fig. 2, MHD-cl3). The 
remarkable difference between the hydrodynamic and MHD runs is 
caused by the ability of the magnetic field to control the local flow 
around the clumps. The lower panels of Fig. 1 show a snapshot of 
the MHD evolution simulation at 290 yr.

Zooming-in around MHD-cl1 reveals turbulent magnetic fields 
(Fig. 1). In regions intermediately outside the protoplanet’s Hill 
sphere, magnetic pressure not only dominates over the gas pres-
sure but also dominates over the kinetic energy (Extended Data 
Fig. 4). When a clump forms, the fluid settles into rapid rotation 
around its centre. The magnetic field in the clump’s region is then 
amplified efficiently as it twists and folds owing to fluid rotation, 
despite the inclusion of Ohmic dissipation (see Methods). Such 
strong fields near the Hill sphere act to isolate the clump from the 
disk environment. As a result, the material exchange rate across the 
Hill sphere of a Neptune-mass protoplanet is substantially lower  
than the non-magnetized case (Extended Data Fig. 5). To further 
investigate the role of MHD turbulence on low-mass clump accre-
tion, we turned off the MHD module after 400 yr (Fig. 2), and 
restarted the simulation. We find that, after only 50 yr, all clumps 
are already about 10% lighter than their counterparts in the stan-
dard MHD simulation, reflecting the missing shielding action of the 
magnetic field.

The MHD turbulence still permits growth of very light fragments 
over the long term. The range of 0.5−1 Neptune masses appears to 
be a ‘sweet spot’, given that three out of six protoplanets are within 
this mass range, and the other three clumps have masses of 0.009MJ, 
0.018MJ and 0.015MJ at the end of the main MHD simulation. 
This is shown by the mass function in Fig. 3. The Neptune-mass 

protoplanets arising at distances of 10−20 AU experience chaotic 
radial migration (Extended Data Fig. 6), suggesting that the emerg-
ing population of exoplanets is expected to exist at a wide range of  
distances from the central star.

The exact number of clumps and their final mass could still vary 
depending on the nature of the triggering perturbation, such as 
infall or cooling-rate variations (see Methods), and on the details 
of thermodynamics of the local flow near spiral arms. If we allow 
cooling at all densities (unphysical), thus maintaining βc = 6.28 at 
the clump’s centre (all particles) in the main MHD simulation, the 
protoplanets grow much faster and reach a few tenths of a Jupiter 
mass in a comparable simulation time (Fig. 2). However, the com-
bination of the small initial fragmentation scale and the shielding of 
low-mass clumps by the magnetic field are unique features of mag-
netically controlled fragmentation that naturally favour the forma-
tion of a population of sub-Jovian mass planets.

Since Neptune-mass planets are typically heavy-element- 
dominated, their origin via this new formation path should be 
accompanied by heavy-element accretion in the form of peb-
bles or planetesimals, and core formation via the settling of the 
heavy-element material towards the centre. Core formation might 
make these relatively light planets even more resilient to disruption 
by shear and tidal effects, which, if anything, would act to reduce 
their mass further11. Depending on stochastic local variations in the 
dynamics of the turbulent flow, a minority of the clumps is observed 
to grow faster than average, and could become a gas giant (see, for 
example, MHD-cl2 in Fig. 2).

The heavy-element mass that can be accreted by the clump at a 
given radial distance a is given by23: dmðaÞ=dt ¼ πR2

capσða; tÞΩðaÞ
I

, 
where Rcap is the capture radius, σ is the surface density of solid mate-
rial and Ω is the clump’s orbital frequency. In this formula the  
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Fig. 1 | Global and local flow and magnetic field structures in the disk midplane. Upper panels: the MHD turbulent disk just before we switch the cooling 
parameter βc from 3 to 6.28 at 100!yr. Several gravitationally bound clumps are formed as indicated by the midplane density (in g!cm−3) in the upper left 
panel. The upper middle panel zooms in on the clump marked by the white square showing the density field with over-plotted velocity streamlines.  
The upper right panel shows the ratio between gas pressure and magnetic energy, that is, βp with magnetic fields over-plotted. Lower panels: same as the 
upper panels but for the disk at t!=!290!yr. We note here that the length unit is 1 AU.
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gravitationally bound and grow to roughly Neptune mass, The  
fragments, by perturbing the surrounding flow, trigger the forma-
tion of additional even lower-mass objects22 (Fig. 2, MHD-cl3). The 
remarkable difference between the hydrodynamic and MHD runs is 
caused by the ability of the magnetic field to control the local flow 
around the clumps. The lower panels of Fig. 1 show a snapshot of 
the MHD evolution simulation at 290 yr.

Zooming-in around MHD-cl1 reveals turbulent magnetic fields 
(Fig. 1). In regions intermediately outside the protoplanet’s Hill 
sphere, magnetic pressure not only dominates over the gas pres-
sure but also dominates over the kinetic energy (Extended Data 
Fig. 4). When a clump forms, the fluid settles into rapid rotation 
around its centre. The magnetic field in the clump’s region is then 
amplified efficiently as it twists and folds owing to fluid rotation, 
despite the inclusion of Ohmic dissipation (see Methods). Such 
strong fields near the Hill sphere act to isolate the clump from the 
disk environment. As a result, the material exchange rate across the 
Hill sphere of a Neptune-mass protoplanet is substantially lower  
than the non-magnetized case (Extended Data Fig. 5). To further 
investigate the role of MHD turbulence on low-mass clump accre-
tion, we turned off the MHD module after 400 yr (Fig. 2), and 
restarted the simulation. We find that, after only 50 yr, all clumps 
are already about 10% lighter than their counterparts in the stan-
dard MHD simulation, reflecting the missing shielding action of the 
magnetic field.

The MHD turbulence still permits growth of very light fragments 
over the long term. The range of 0.5−1 Neptune masses appears to 
be a ‘sweet spot’, given that three out of six protoplanets are within 
this mass range, and the other three clumps have masses of 0.009MJ, 
0.018MJ and 0.015MJ at the end of the main MHD simulation. 
This is shown by the mass function in Fig. 3. The Neptune-mass 

protoplanets arising at distances of 10−20 AU experience chaotic 
radial migration (Extended Data Fig. 6), suggesting that the emerg-
ing population of exoplanets is expected to exist at a wide range of  
distances from the central star.

The exact number of clumps and their final mass could still vary 
depending on the nature of the triggering perturbation, such as 
infall or cooling-rate variations (see Methods), and on the details 
of thermodynamics of the local flow near spiral arms. If we allow 
cooling at all densities (unphysical), thus maintaining βc = 6.28 at 
the clump’s centre (all particles) in the main MHD simulation, the 
protoplanets grow much faster and reach a few tenths of a Jupiter 
mass in a comparable simulation time (Fig. 2). However, the com-
bination of the small initial fragmentation scale and the shielding of 
low-mass clumps by the magnetic field are unique features of mag-
netically controlled fragmentation that naturally favour the forma-
tion of a population of sub-Jovian mass planets.

Since Neptune-mass planets are typically heavy-element- 
dominated, their origin via this new formation path should be 
accompanied by heavy-element accretion in the form of peb-
bles or planetesimals, and core formation via the settling of the 
heavy-element material towards the centre. Core formation might 
make these relatively light planets even more resilient to disruption 
by shear and tidal effects, which, if anything, would act to reduce 
their mass further11. Depending on stochastic local variations in the 
dynamics of the turbulent flow, a minority of the clumps is observed 
to grow faster than average, and could become a gas giant (see, for 
example, MHD-cl2 in Fig. 2).

The heavy-element mass that can be accreted by the clump at a 
given radial distance a is given by23: dmðaÞ=dt ¼ πR2

capσða; tÞΩðaÞ
I

, 
where Rcap is the capture radius, σ is the surface density of solid mate-
rial and Ω is the clump’s orbital frequency. In this formula the  
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Fig. 1 | Global and local flow and magnetic field structures in the disk midplane. Upper panels: the MHD turbulent disk just before we switch the cooling 
parameter βc from 3 to 6.28 at 100!yr. Several gravitationally bound clumps are formed as indicated by the midplane density (in g!cm−3) in the upper left 
panel. The upper middle panel zooms in on the clump marked by the white square showing the density field with over-plotted velocity streamlines.  
The upper right panel shows the ratio between gas pressure and magnetic energy, that is, βp with magnetic fields over-plotted. Lower panels: same as the 
upper panels but for the disk at t!=!290!yr. We note here that the length unit is 1 AU.
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gravitationally bound and grow to roughly Neptune mass, The  
fragments, by perturbing the surrounding flow, trigger the forma-
tion of additional even lower-mass objects22 (Fig. 2, MHD-cl3). The 
remarkable difference between the hydrodynamic and MHD runs is 
caused by the ability of the magnetic field to control the local flow 
around the clumps. The lower panels of Fig. 1 show a snapshot of 
the MHD evolution simulation at 290 yr.

Zooming-in around MHD-cl1 reveals turbulent magnetic fields 
(Fig. 1). In regions intermediately outside the protoplanet’s Hill 
sphere, magnetic pressure not only dominates over the gas pres-
sure but also dominates over the kinetic energy (Extended Data 
Fig. 4). When a clump forms, the fluid settles into rapid rotation 
around its centre. The magnetic field in the clump’s region is then 
amplified efficiently as it twists and folds owing to fluid rotation, 
despite the inclusion of Ohmic dissipation (see Methods). Such 
strong fields near the Hill sphere act to isolate the clump from the 
disk environment. As a result, the material exchange rate across the 
Hill sphere of a Neptune-mass protoplanet is substantially lower  
than the non-magnetized case (Extended Data Fig. 5). To further 
investigate the role of MHD turbulence on low-mass clump accre-
tion, we turned off the MHD module after 400 yr (Fig. 2), and 
restarted the simulation. We find that, after only 50 yr, all clumps 
are already about 10% lighter than their counterparts in the stan-
dard MHD simulation, reflecting the missing shielding action of the 
magnetic field.

The MHD turbulence still permits growth of very light fragments 
over the long term. The range of 0.5−1 Neptune masses appears to 
be a ‘sweet spot’, given that three out of six protoplanets are within 
this mass range, and the other three clumps have masses of 0.009MJ, 
0.018MJ and 0.015MJ at the end of the main MHD simulation. 
This is shown by the mass function in Fig. 3. The Neptune-mass 

protoplanets arising at distances of 10−20 AU experience chaotic 
radial migration (Extended Data Fig. 6), suggesting that the emerg-
ing population of exoplanets is expected to exist at a wide range of  
distances from the central star.

The exact number of clumps and their final mass could still vary 
depending on the nature of the triggering perturbation, such as 
infall or cooling-rate variations (see Methods), and on the details 
of thermodynamics of the local flow near spiral arms. If we allow 
cooling at all densities (unphysical), thus maintaining βc = 6.28 at 
the clump’s centre (all particles) in the main MHD simulation, the 
protoplanets grow much faster and reach a few tenths of a Jupiter 
mass in a comparable simulation time (Fig. 2). However, the com-
bination of the small initial fragmentation scale and the shielding of 
low-mass clumps by the magnetic field are unique features of mag-
netically controlled fragmentation that naturally favour the forma-
tion of a population of sub-Jovian mass planets.

Since Neptune-mass planets are typically heavy-element- 
dominated, their origin via this new formation path should be 
accompanied by heavy-element accretion in the form of peb-
bles or planetesimals, and core formation via the settling of the 
heavy-element material towards the centre. Core formation might 
make these relatively light planets even more resilient to disruption 
by shear and tidal effects, which, if anything, would act to reduce 
their mass further11. Depending on stochastic local variations in the 
dynamics of the turbulent flow, a minority of the clumps is observed 
to grow faster than average, and could become a gas giant (see, for 
example, MHD-cl2 in Fig. 2).

The heavy-element mass that can be accreted by the clump at a 
given radial distance a is given by23: dmðaÞ=dt ¼ πR2

capσða; tÞΩðaÞ
I

, 
where Rcap is the capture radius, σ is the surface density of solid mate-
rial and Ω is the clump’s orbital frequency. In this formula the  
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Fig. 1 | Global and local flow and magnetic field structures in the disk midplane. Upper panels: the MHD turbulent disk just before we switch the cooling 
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panel. The upper middle panel zooms in on the clump marked by the white square showing the density field with over-plotted velocity streamlines.  
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upper panels but for the disk at t!=!290!yr. We note here that the length unit is 1 AU.
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Discover more TNOs, and refine 
theoretical models

Rule out a big chunk of 
Planet Nine’s orbit

Find Planet Nine directly!



Summary
• Result from OSSOS survey is consistent with a uniform underlying angular 

distribution (no clustering). 


• New argument based on mutual nodal distance still stands.


• The formation of Planet Nine (if indeed exists) remains a mystery.


• Planet formation theory is still updating. Magnetic field may help with 
traditional disk instability.  


• LSST will help identify more ETNOs and further constrain the Planet Nine 
hypothesis. 



Planet 9 hypothesis, Wei Zhu
https://slides.com/weizhu/planet-9#/0/17/10



Questions and Comments

• Questions:


• The paucity of TNOs with 𝜔 ~ 180 degrees？


• Extraordinary inclination of some ETNOs?


• Comment:


• If you believe something is true, you will find the evidence 
that it is true. 



Dependence on q



Biases of other orbital parameters



All ETNOs before 2017



20 Bernardinelli et al.

one of our 6 p-values would be this low for truly isotropic data (this probability becomes 4% considering only the 3
a > 230 au tests); and second, the isotropic hypothesis is fully acceptable in $, the variable in which the clustering
signal is supposed to be the strongest (see discussion in Bernardinelli et al. 2020b) and !. We repeat the f -test of
Bernardinelli et al. (2020b), where the total likelihood of detection for all objects is compared to the likelihood of an
ensemble of clones drawn from each object’s selection function. We have that f(⌦) = 0.287, that is, 28.7% of the sets of
clones yield a lower likelihood than one measured for the detected objects. This test indicates that the Kuiper statistics
are not being driven by individual highly unlikely points. This result, then, remains in agreement with Shankman et al.
(2017), Bernardinelli et al. (2020b) and Napier et al. (2021): the apparent clustering in orbital element space of these
objects is consistent with the selection functions of the surveys and does not conclusively demand a massive perturber
or other mechanism to break the eTNO isotropy in the DES survey. There is, however, a suggestive tendency for
avoidance of ⌦ = 0� in the DES sample, at 4–8% significance, which motivates continuation of this exercise with LSST

or other future data.

0 90 180 270 360
� (deg)

0.000

0.001

0.002

0.003

0.004

0.005

R
el

at
iv

e
pr

ob
ab

ili
ty

a > 230 au

p(�|s)

0 90 180 270 360
� (deg)

0.000

0.002

0.004

0.006

0.008

�180 �90 0 90 180
� (deg)

0.000

0.002

0.004

0.006

0.008

0.010

Figure 11. Histograms of the relative detection probabilities for the a > 230 au eTNOs (in blue) for !, ⌦ and $ constructed
as in Equation 1 of Bernardinelli et al. (2020b). The black vertical dashed lines represent the detected objects.

5.3. Resonant dropouts

We test the tendency of high-q objects to be found preferentially “sunward” of distant resonances (a lower than the
nominal resonance center) rather than “outward” (a higher than the nominal resonance center) (Kaib & Sheppard
2016; Nesvorny et al. 2016; Pike & Lawler 2017). Such asymmetry is expected in models where “resonance sweeping” is
carrying TNOs outward as Neptune migrates, but objects drop out of the resonance en route. This process is sensitive
to the smoothness and speed of Neptune’s migration (see detailed discussion in Kaib & Sheppard 2016). We conduct
a similar test to the one presented in Lawler et al. (2019), who found marginal inconsistency (p-value ⇡ 0.029) of the
OSSOS TNOs near the 5:2 and 4:1 resonances with q > 40 au arising from uniform distribution in period P ⌘ a

3/2
.

Following the notation introduced in Bernardinelli et al. (2020b), we produce a model for the high-q TNOs that is
uniform in !, ⌦ and M and predicts a population p(e, i,H|s) conditioned on a successful detection s that reproduces
the observed distribution in {e, i,H}:

p(a, e, i,⌦,!,M, H) /
X

j

�(e � ej)�(i � ij)�(H � Hj)

p(s|ej , ij , Hj)
u(⌦)u(!)u(M)p(a), (7)

where � is the Dirac delta function, u(✓) is a uniform distribution in ✓ 2 [0, 2⇡), p(a) is a chosen distribution in a, and
the sum is carried over the detected objects j. We simulate these detections following the procedure defined in Section
3, and obtain an ensemble of detected TNOs, where each object is weighted by the fraction of succesful detections
p(s|e, i,H).
We select the 16 non-resonant, non-scattering objects with q > 38 au (so a larger sample can be obtained) within

±2 au of the 5:2 (2 objects, all sunward), 3:1 (7 objects, 5 sunward), 7:2 (3 objects, all sunward) and 4:1 (4 objects, all
sunward) resonances, and test whether the sample is consistent with a distribution uniform in P (as in Lawler et al.
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Figure 5. Sinusoidal projection of the DES footprint in ecliptic coordinates, each dot corresponding to one r band exposure,
with its color representing transient counts per exposure and per square degree. The left panel counts transients with r < 23 mag.
In this regime, most exposures are complete, and the transient density increases strongly toward the ecliptic plane (black line),
reflecting density variations in the number of astrophysical transients (asteroids). The right panel corresponds to transients
with r > 23. The faint end has 3� 5⇥ more detections than the bright end. The lack of spatial dependence (except for a small
decrease in transient counts for longitudes less than �30�) suggests that these are due to primarily to noise detections, image
artifacts, and/or other non-Solar System transients.

& Veljanoski 2018). The vaex out-of-core functionality works well for very large datasets, e.g. some of our distance
bins generate billions of pairs.
A pair of exposures strongly constrains four out of the six orbital degrees of freedom, essentially leaving distance

and line-of-sight motion weakly constrained. The triplet stage proceeds by determining the two-dimensional region
of a future exposure spanned for plausible variations of these two parameters, and locates all detections within this
region. The algorithm of Paper I used a kD tree implementation for this stage, but for the Y6 search we devise a
linear-algebra-based “parallelogram” search which is faster. The details are presented in Appendix A. We consider
only triplets whose dates of observation t1, t2, and t3 satisfy |t2� t1| < 60 days and |t3� t2| < 60 days. When searching
for TNOs at distances d > 50 au, we increase these windows to 90 days, since the number of triplets decreases steeply
with distance and we can search larger time intervals without being overwhelmed by spurious triplets.
Once a triplet of detections is found, the search then proceeds by fitting these orbits using the procedures outlined

in Bernstein & Khushalani (2000) and Paper I. An “n-let” of linked detections is fit to an orbit with the six orbital
elements left free, but with a tight Gaussian prior on the inverse distance. All exposures are then searched for transient
detections lying within the 4� predicted error ellipse of its position in that exposure. If a new transient is found to be
consistent with the orbit, an (n + 1)-let is created and the orbit is re-fit. This is iterated until no new transients are
consistent with the orbit. Such “terminal” n-lets are retained as TNO linkage candidates.
For each linkage, we compute the following quantities:

• The �
2 of the orbit fit, following the routines of Bernstein & Khushalani (2000). Here, the number of degrees of

freedom ⌫ ⌘ 2 ⇥ NDETECT � 6, with NDETECT being the number of detections in this orbit. We reject all orbits
with �

2
/⌫ > 4.

• The number of unique nights NUNIQUE  NDETECT on which detections were made. This is more indicative than
NDETECT of the chances of accidental linkage of asteroid apparitions into a TNO orbit, because the DES observing
algorithm (Neilsen & Annis 2013) occasionally chooses to take successive exposures (at two minute intervals)
with the same pointing in a single night. The short interval between these repeated pointings means that these
intra-night exposures have highly correlated chance of containing an asteroid or image defect. We keep only
orbits with NUNIQUE � 7 (this choice is discussed in Sections 2.9 and 3.2).

• The false-positive rate (FPR) of the linkage. With j being an index over all exposures, Aj,search being the area in
that exposure consistent with the orbit fit at 4�, and transient density nj in exposure j, the FPR for a spurious
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fully-characterized sample. This is the second largest catalog of TNOs to date (OSSOS, Bannister et al. 2018, has
840 objects, 818 in the characterized TNO phase space), and the largest with multi-band photometry accompanied by
orbital arcs of multiple years. Figure 8 shows the semi-major axes a, eccentricities e and inclinations i for all bound
objects, as well as their dynamical classifications. This figure excludes the one object with a > 10, 000 au, discussed
below. Table 3 describes the parameters included in the released catalog for each object, and the full table is provided
in machine-readable format. A summary of the dynamical classification is presented in Table 4.
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Figure 8. Semi-major axes, eccentricities and inclinations of the 816 TNOs (excluding the object found in a cometary orbit)
found in this search, color-coded by dynamical class. The dotted lines represent constant perihelion q = a(1 � e), and the
vertical dashed lined the approximate locations of some p:q mean motion resonances. Since many of these have similar a, we do
not indicate all occupied resonances. The solid circles represent objects with secure dynamical classifications, and the triangles
objects whose classification is insecure (including resonant candidates). Table 4 presents the number of objects found in each
dynamical class.


