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A Sedna-like body with a perihelion of 80

astronomical units

Chadwick A. Trujillo™* & Scott S. Sheppard?*

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
30 AU from the Sun, and the icy Kuiper belt objects at 30 to 50 AU
from the Sun. The 1,000-kilometre-diameter dwarf planet Sedna was
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 body'. Formation models indicate that Sedna could be
a link between the Kuiper belt objects and the hypothesized outer
Oort cloud at around 10,000 AU from the Sun®°. Here we report the
presence of a second Sedna-like object, 2012 VP, 3, whose perihelion
is 80 Au. The detection of 2012 VP;;; 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 efficiently®, 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 objects may be considered to be in the outer Oort cloud,
as galactic tides start to become important in the formation process'®.
Sedna and 2012 VP, 3 are the clearest examples of inner Oort cloud
objects because they do not interact significantly with 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 System may
perturb objects from the Kuiper belt outward to inner-Oort-cloud
orbits. These planet-sized objects could either remain (unseen) in
the Solar System®'! or have been ejected from the Solar System during
the creation of the inner Oort cloud'. In the second model, close stellar
encounter(s) can create the inner Oort cloud objects, possibly within
the first ten million years (Myr) of the Sun’s life, when it resided within
its birth cluster"**'>"'”._ The outer Oort cloud objects could be created
from galactic tides'®, but the more tightly bound inner Oort cloud
objects are difficult to create without a close stellar encounter®. 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 cluster>**°. Each theory of inner Oort 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
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Figure 1 | Sedna and 2012 VP, ,; 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, ) 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
2012 VPy;3. This suggests there may be a paucity of inner Oort cloud objects
with ¢ <75 Au. The perihelia of Sedna and 2012 VP;;5 are much too distant
from Neptune (30 AU) for their existence to be explained by the known mass in
the Solar System. All error bars are smaller than the data symbols.

in the range 50-75 AU, suggesting that the inner Oort cloud object popu-
lation could increase with g > 75 Au; (2) the existence of 2012 VP53
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 () near 340° for inner Oort cloud objects and all objects with
semi-major axes greater than 150 AU and perihelia greater than Neptune.

Although our survey was sensitive to objects from 50 AU to beyond
300 AU, no objects were found with 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 Sedna’ and the deeper follow-up
survey>'. Figure 2 illustrates this—most simulated objects (and the real
objects Sedna and 2012 VP, ;3) are found near the inner edge of the popu-
lation. If the inner Oort cloud objects had a minimum perihelion of 50 AU
and followed a size distribution like that of the large end of all known
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Table 1 | The orbital elements of the inner Oort cloud objects

Object q (au) a (au) e i(deg) Q (deg)  (deg) t, (JD) Epoch (JD)
2012VP113 80 266 0.698 24.051 90.806 293 2,443,300 2,455,857.1
Sedna 76.23 542 0.8593 11.92840 144.466 311.01 2,479,197 2,456,400.5

The barycentric elements for 2012 VP, ;3 and the heliocentric elements for Sedna (from the NASA Jet Propulsion Laboratory Horizons tool for dwarf planets http://ssd.jpl.nasa.gov/?horizons) are given as semi-
major axis (a), eccentricity (e), inclination (i), longitude of ascending node (22), argument of perihelion (w), and perihelion distance (q), which has been derived from a and e. Time of perihelion (t,) and epoch are
specified in terms of the Julian date (JD). The precision to which quantities are known is reflected in the number of significant digits. We define inner Oort cloud objects as having g > 50 Auand 150 au < a < 1,500 Au

(see main text).
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Figure 2 | Results from the observational bias simulation. The simulated
inner Oort cloud objects (dots) are shown, along with the simulated detections
in our survey (blue crosses) and the most sensitive all-sky survey so far, which
re-detected Sedna®' (red crosses) for two different inner Oort cloud object
models: our favoured model (a) and a comparison model (b). We have
displayed ten simulated survey realizations per survey. The true values for
Sedna and 2012 VP, 3 are shown as red and blue circles, respectively, both with
error bars much smaller than the plot symbol (there are no error bars associated
with all other symbols, which describe simulated data). There is one difference
between the two models, the minimum perihelion for the underlying
population (75 AU in a versus 50 AU in b). Our observational results favour the
model in a because both Sedna and 2012 VP, ; were found within a few AU of
their perihelion. This indicates that the inner Oort cloud objects may have
increasing numbers with increasing distance.
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small-body reservoir distributions®** (q" = 5), there would be only a 1%
chance of finding 2012 VP, 5 and Sedna with perihelion greater than
75 AU and no objects with perihelion less than 75 au. Therefore, we
conclude that there are few (although probably not zero) inner Oort
cloud objects in the 50-75 AU region. Some stellar encounter models
that include the capture of extrasolar material predict a strong inner
edge to the perihelion distribution of objects, which is consistent with
our observations®.

Our simulation suggests that the inner Oort cloud contains about
1/80th of an Earth mass of material for our favoured q' = 5 model, al-
though this can vary based on the assumed size distribution (Methods
and Extended Data Table 1). This is similar to that of the Kuiper belt
objects (KBOs), which have about 1/100th of an Earth mass of material**.
We estimate that about 4307539 (1) inner Oort cloud objects brighter
than r = 24.3 remain undiscovered throughout the sky. In addition,
9001599 (15) bodies are expected with diameter larger than 1,000 km
(most of which are extremely distant), which is statistically consistent
with detailed model estimates based only on the discovery of Sedna®'.
Our simulations assume that the inner Oort cloud objects are longitu-
dinally symmetric, but it is interesting that both 2012 VP, 3 and Sedna
were found at similar sky locations. If further inner Oort cloud object
discoveries prove this effect to be statistically significant, this would
strongly constrain inner Oort cloud object formation models.

Both Sedna and 2012 VP,,; have similar arguments of perihelion
(o = 311° and 293°, respectively). The orbital element e describes the
angle between the point of perihelion and where a body’s orbit crosses
the celestial plane. Surprisingly, this e similarity is shared for all known
objects with semi-major axes greater than 150 AU and perihelia greater
than that of Neptune (o = 340° % 55°; see Fig. 3, Extended Data Fig. 1
and Extended Data Table 2). These extreme scattered disk objects may
have a similar origin to Sedna or 2012 VP, ;3 but their much lower peri-
helia (g <49 av) allow their existence to be explained through resonant
interactions with Neptune, except for 2004 VN 5, 2010 GB,, and pos-
sibly 2000 CR g5 (refs 10,24-27). We find that this e clustering cannot be
due to observational bias for two reasons: (1) any bias for @ = 0° is the
same as the bias for @ = 180°; and (2) the surveys that have found the
objects with clustered o were often off-ecliptic or all-sky surveys, which
would not have a bias for either «» = 0° or 180° (Methods). Thus, we con-
clude that the o clustering is a real effect.

The Lidov-Kozai effect is the best known dynamical mechanism for
constraining the w of a minor planet®®. This three-body interaction can
create outer Oort cloud objects with o preferentially near 0° and 180°
early in the history of the Solar System when the Sun was still among its
nascent cohort of perturbing stars®”. This cannot explain the o = 0°
trend today, because w circulates owing to the presence of the giant
planets. By numerically simulating the effect of the known mass in the
Solar System on the inner Oort cloud objects, we confirmed that inner
Oort cloud objects should have random w (Methods). This suggests that
amassive outer Solar System perturber may exist and restricts o for the
inner Oort cloud objects. We numerically simulated the effect of a
super-Earth-mass body at 250 AU and found that w for inner Oort cloud
objects librated around 0° = 60° for billions of years (see Extended Data
Figs 2 and 3). This configuration is not unique and there are many
possibilities for such an unseen perturber. A super-Earth-mass body
at 250 AU with very low albedo would be fainter than current all-sky
survey detection limits, as would larger and more distant perturbers®.
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Figure 3 | The argument of perihelion for distant objects clusters about 0°.
All minor planets with perihelion greater than 30 AU as a function of semi-
major axis are shown. All bodies with semi-major axis greater than the line at
150 AU show a pronounced concentration near o = 0°. Errors on these orbital
elements are much smaller than the plotted symbols. This figure appears in
histogram form in Extended Data Fig. 1.

Although such a perturber could keep the @ near 0°, how objects ini-
tially obtained o = 0° and not 180° 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 2012 VP,,;. It is possible that the o
clustering indicates that all g > 30 AU and a > 150 AU bodies formed by
a similar process, although bodies on elliptical orbits with g less than
approximately 45 AU can be explained by Neptune interactions. Models
of galactic tides have difficulty producing inner Oort cloud objects having
low semi-major axes (like Sedna) in the absence of stellar encounters'
so the even lower semi-major axis of 2012 VP, ;3 makes 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
2012 VP, ;3 constrains the birth cluster to have been a moderate 10,000
solar masses per cubic parsec or more, depending on the cluster model
assumed'>*. The moderately red optical colours observed for 2012 VP ;3
(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, 2012 VP35 is 450 km in
diameter, large enough to be considered a dwarf 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
Energy Camera (DECam) at the Cerro Tololo Inter- American Observatory (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 300 AU 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 2012 VP;;5 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
and orbital distribution of inner Oort cloud objects. This produces order-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 the o distribution, we simulated the inner Oort cloud objects and the other
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minor planets with semi-major axes greater than 150 AU and perihelion greater
than 30 AU to explore the long-term behaviour of w for different hypothetical
planetary masses in the Solar System. These methods are described in greater detail
in the Methods section.

Online Content Any additional Methods, Extended Data 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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METHODS

Discovery survey. In our survey, we imaged 52 square degrees of sky using
DECam®" at CTIO, which has the largest field of view (2.7 square degrees) of any
4 m orlarger telescope. This work covers our survey from November and December
2012, which was comprised of 15 fields with mean ecliptic latitude —12.9° and 4
fields with mean ecliptic latitude —35.5°. We estimate that our survey is sensitive to
95% of objects as faint as red magnitude m, = 24.3 with a 50% detection efficiency at
about m, = 24.5. Solar System objects are found by measuring their apparent
motion relative to distant, stationary background stars. Our observational strategy
is to observe each field three times with 1.5 h to 2 h between each image. Our ~3.5-h
time base corresponds to about 1.6 arcseconds of motion for a body at 300 AU,
which is easily visible in the ~1-arcsecond full-width-at-half-maximum image
quality of DECam. The search for new objects in the discovery data is aided by
analysis software similar to that used in other surveys® but adapted specifically to
the DECam data set. The analysis software identifies candidate objects in the data
set, which are verified by visual inspection of the images.

Our search methodology consists of discovery with DECam and additional fol-

low-up at the Magellan telescope for any object moving at <2.5 arcseconds per hour
(opposition distance of >50 AU or farther). Ninety trans-Neptunians between 30 AU
and 50 AU were detected, but only 2012 VP, ;5 was found beyond 50 AU and required
follow-up. 2012 VP, ;3 was discovered on 5 November 2012 uT (Universal time)
moving at 1.6 arcsec per hour in right ascension. We recovered 2012 VP;;5 again on
10-11 March 2013 ut, 10-11 August 2013 uT and 28-30 October 2013 uT with
IMACS on the Magellan Baade telescope. We further identified 2012 VP; 3 in archi-
val images taken at the Canada-France-Hawaii Telescope on 22 October 2011 UT.
The orbital arc™ for 2012 VP, 3 is over two years in duration and is securely known.
Colour measurements. The physical surface colours of inner Oort cloud objects
can yield information about which formation model is likely. The classical KBOs
(<<0.2 eccentricity with semi-major axes in the range 40-45 AU) appear to be dom-
inated by ultra-red colours, a rare surface colour, probably implying that their
surfaces are rich in organic material**. We therefore obtained the optical colours of
2012 VP53 in the Sloan g, rand i bandpasses at Magellan on 10 and 11 August 2013 UT.
The colours were determined using typical techniques®. The colour results show
that 2012 VP 3 is of only moderately red colour (see Extended Data Table 3). A
moderate red colour is consistent with formation in the gas giant region, similar to
the presumed origin of the outer Oort cloud bodies and scattered disk and not the
ultra-red dominated classical Kuiper belt****. Using our photometry, the 83-AU helio-
centric distance of 2012 VP13, and assuming a moderate albedo of 15% (ref. 36), we
determine that 2012 VP, 3 is 450 km in diameter.
Observational bias simulation. Because minor planets are visible in reflected
sunlight, there is a 4th-power drop in observed flux with increasing heliocentric
distance, a very strong bias against finding distant objects. To model and ultimately
correct for these biases, we constructed a simple model of our observational tech-
nique. Underlying parameters characteristic of the inner Oort cloud object orbits
are assumed, and then the position and brightness of each object at a particular
time is calculated. The model population is based on a range of size distributions™
and a Gaussian scattered KBO inclination distribution”” with a uniform eccent-
ricity distribution and a power-law semi-major axis distribution®. The values of
the assumed parameters are detailed in Extended Data Table 1, and are used to
create the ensemble of simulated objects. We note that although we believe we have
chosen a reasonable range of parameters for the size and orbital distribution of the
inner Oort cloud objects, these are based entirely on extrapolations from the KBOs.
Revisions are likely in the future if the size and orbital distributions of the inner Oort
cloud objects deviate significantly from that of the KBOs. Once the model popu-
lation is generated, any objects brighter than our survey sensitivity limit m, = 24.3
and within our distance sensitivity (from 50 AU, our minimum heliocentric distance
follow-up criterion, to beyond 300 AU, where we begin to be limited by slow object
motion) are tallied as a function of ecliptic latitude. Given the typical ecliptic
latitudes of our observed fields, this tally yields the number and orbital character-
istics of the inner Oort cloud objects we should have found if our assumed distri-
bution matches the real distribution. In our observational model, we have included
our survey as well as the deepest near all-sky survey to date, which detected Sedna®,
because it is an additional constraint on the inner Oort cloud objects.

Our first goal of the bias simulation is to examine the perihelion distribution of
both Sedna and 2012 VP, ;3 because both objects were found with large perihelia
(>75 AU) in surveys that were sensitive to objects with smaller perihelia. Figure 2
and Extended Data Table 1 describe an assumed size distribution of g' = 5 (similar
to the bright KBOs and the large bodies of other stable populations)****** how-
ever, we also test size distributions with g" = 3.5, 4.0 and 4.5, which are found for
smaller objects in some small-body populations®. We find that the counting
statistics for objects in the 5075 AU region are dependent on the size distribution
assumed. For the size distributions of ¢’ = 3.5, 4.0, 4.5 and 5.0, we find the prob-
ability of finding Sedna and 2012 VP, ;3 with perihelion beyond 75 AU when the
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underlying size distribution extends down to 50 AU is 17%, 7%, 5% and 1%, respec-
tively. Given that we have no knowledge of the underlying size distribution of the
inner Oort cloud objects, we cannot statistically rule out the possibility that the 50—
75 AU region could be populated with inner Oort cloud objects. However, it appears
to have a paucity of inner Oort cloud objects compared to g > 75 Au, especially if
the inner Oort cloud objects have a steep size distribution like that of the bright
KBOs.

Our second goal for the observational simulation is to assess whether the clus-
tering of w near 0° found for Sedna, 2012 VP, ;5 and the objects listed in Extended
Data Table 2 could be attributed to a bias effect. An @ of 0° or 180° means that the
perihelion of the orbit is within the ecliptic plane. Most eccentric bodies are found
near perihelion where they are brightest, so this would suggest that surveys
restricted to the ecliptic plane should have a bias for finding objects with o around
0° or 180°. We can reject this bias as an explanation of the observed w trend for two
reasons. First, any bias for « = 0° (meaning that at perihelion the object crosses the
ecliptic moving southward) is the same as the bias for @ = 180° (meaning that at
perihelion the object crosses the ecliptic moving northward) because observational
discovery surveys have no bias against direction of motion at this level. Because no
objects were found with @ = 180° and all had w = 0°, the o clustering is already in-
consistent with any observational effect. Second, the surveys that found the objects
with clustered  were often off-ecliptic or all-sky surveys, which would not have a
bias for «» = 0° or 180°. Extended Data Table 2 shows the discovery ecliptic latitude
b of the objects. In our observational simulations, we find that the » = 0° or 180°
discovery bias is only significant when discovery surveys probe |b| < 10°, which is
true for only about half of the objects listed. Even when this bias is present, it should
affect « = 0° and 180° equally, for the reasons discussed above. Thus, we know of
no observational bias which could explain why all objects with g>30AU and
a > 150 AU would have @ = 340° = 55° and none have 90° < ® < 270°.
Dynamical simulation. We used the Mercury integrator*’ to simulate the long-
term behaviour of w for the inner Oort cloud objects and objects with semi-major
axes greater than 150 AU and perihelia greater than Neptune. The goal of this simu-
lation was to attempt to explain the w clustering. The simulation shows that for the
currently known mass in the Solar System,  for all objects circulates on short and
differing timescales dependent on the semi-major axis and perihelion (for example,
1,300 Myr, 500 Myr, 100 Myr and 650 Myr for Sedna, 2012 VP;;3, 2000 CR; s and
2010 GB, respectively). We illustrate an example of the o circulation behaviour in
Extended Data Fig. 2. Given that the inner Oort cloud objects and the objects listed
in Extended Data Table 2 show a preference for @ near 0° but not 180°, and that the
timescale for w circulation is short (and differs between objects) compared to the
age of the Solar System, we suggest that the perturber constraining w for these objects
is still present and as yet unidentified.

To test the massive perturber hypothesis as a source in constraining w, we ran
several simulations with a single body of 2-15 Earth masses in a circular low in-
clination orbit between 200 Au and 300 AU using the Mercury integrator. In general
it was found that the w for the inner Oort cloud objects 2012 VP;;5 and Sedna
routinely librated with an amplitude of about £60° around w = 0° for billions of
years. The librating behaviour of @ for 2012 VP;,5 with an additional body of 5
Earth masses at 210 AU is illustrated in Extended Data Fig. 3, where 2012 VP35
spends only 3% of its time in the 90° < @ < 270° region. Sedna spent 1% of its time
in this region. For the low-i super-Earth simulations, the lower-perihelion objects
did notlibrate for long periods as did 2012 VP15 and Sedna and spent 30% to 50%
of their time with 90° < <270°. We also ran simulations with highly inclined
Neptune mass bodies at about 1,500 AU and found most objects exhibiting short
librations, which suggests some interesting potential future simulation prospects.
Very few dynamical simulations of inner Oort cloud object formation have con-
sidered the distribution of the argument of perihelion for inner Oort cloud objects,
and so far none have produced a population that is asymmetric when comparing
® = 0° to w = 180°. Possible strong stochastic events might create asymmetric popu-
lations, but this needs to be confirmed through future simulations. We note that the
planet configurations we tested are not unique and there are likely to be many possible
orbital patterns for an unseen perturber that could produce a w constraint among the

most distant bodies in the Solar System*"**.
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Extended Data Figure 1 | Histogram of  for minor planets with ¢>30Au.  with a < 150 AU are shown as a dotted line. The two distributions differ

This is similar to Fig. 3 but in histogram form. The bodies with a > 150 AU according to Kuiper’s test with a significance of 99.9%.
are shown as a black line (multiplied by a factor of ten for clarity) and bodies
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Extended Data Figure 2 | The @ cycling of 2012 VP, 3 in the current Solar  behaviour on differing timescales, so the observation that all are restricted to @
System. We note that over the course of 500 Myr, the argument of perihelion @  near 0° is inconsistent with the current dynamical environment in the Solar
moves uniformly across all values. All inner Oort cloud Objects (Table 1) and ~ System. Because these are simulated plots, there are no error bars associated
other distant objects (Extended Data Table 2) are expected to exhibit this with data points.

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

100

Argument of perihelion (degrees)

-100

1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1

0 5.0x10° 1,0x10° 1.5x10° 2.0x10°
Year
Extended Data Figure 3 | The libration of @ for 2012 VP;,5 with an (Extended Data Table 2) have @ = 0°. The choice of mass and orbit of the

assumed object five times the mass of Earth at 210 Au. 2012 VP, ; librates perturber is not unique. Many possible distant planetary bodies can produce
about @ = 0° for most of the duration of the Solar System. This behaviour could  the pictured Kozai resonance behaviour, but the currently known Solar System
explain why the two inner Oort cloud Objects (Table 1) and all objects with bodies cannot. These are simulated plots, so there are no error bars associated
semi-major axes greater than 150 AU and perihelia greater than Neptune’s with data points.
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Extended Data Table 1 | Model parameters for the g’ =5 inner Oort Cloud observational bias and population study

Parameter | Value Description

) 1000 kg m—3 | Density

N 1.5 x 108 Number of objects

Prmin 25 km Minimum radius

T max 4000 km Maximum radius

Cmin 200 AU Minimum semi-major axis

(max 800 AU Maximum semi-major axis

Gmin 50 AU, 75 AU | Minimum perihelion

€min 0.5 Minimum eccentricity

q 5.0 Size distribution power law exponent

a 1 Semi-major axis distribution power law exponent
Dy 0.15 Albedo in r filter

o; 6.9° Sigma for Gaussian inclination distribution
1 19.1° Mean for Gaussian inclination distribution

Size distributions of g’ = 3.5, 4.0 and 4.5 were also studied, with all parameters identical except that N =4 x 10°,N=1x 10" and N=4 x 10, respectively. The population mass varies greatly with the model
assumed, M =5, 1/30, 1/40 and 1/80 Earth masses for ¢’ = 3.5, 4.0, 4.5 and 5.0.
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Extended Data Table 2 | Orbital elements of extreme Solar System bodies

LETTER

Object b q a e i 94 w tp epoch
(deg) | (AU) | (AU) (deg) (deg) (deg) (JD) (JD)
2010 GBy74 | 17.3 | 48.5 365 0.87 21.536 130.60 347.4 2,433,983 2,456,600.5
2004 VNyg, | -16.2 | 47.332 | 339 0.8602 25.5169 66.061 327.21 2,455,126 2,456,600.5
2000 CRyps | 2.9 | 4416 | 229 0.8077 22.7119 128.2393 316.99 2,438,937 2,456,600.5
2005 RHs, | 12.1 | 39.016 | 153.7 0.7461 20.4676 306.193 32.66 2,452,842 2,456,600.5
2003 HBs; | -0.2 | 38.086 | 159.8 0.7617 15.503 197.8715 10.62 2,454,836 2,456,600.5
2007 TGypp | -17.4 | 35.581 | 547 0.9349 18.5794 112.981 285.82 2,453,693 2,456,600.5
2002 GB3; 2,5 | 35.339 | 207.1 0.8293 14.1880 177.0275 36.87 2,456,718 2,456,600.5
2007 VJ3p5 | 7.4 | 35203 | 194.3 0.8188 11.982 24385 338.56 2,453,762 2,456,600.5
2010VZyg | -45 | 34.31 | 1579 0.782 4.5090 117.47  313.7 2,461,724 2,456,600.5
2001 FPis5 0.1 34.231 | 2184 0.8432 30.7920 179.3438 6.71 2,452,968 2,456,600.5

This includes all bodies with perihelia greater than 30 au and semi-major axes greater than 150 Au, except for the two inner Oort cloud objects listed in Table 1. The JPL Horizons heliocentric orbital elements
are given as semi-major axis (a), eccentricity (e), inclination (i), longitude of ascending node (), argument of perihelion (w), and perihelion distance (g), which has been derived from a and e. Time of perihelion (t,)
and epoch are specified in terms of Julian Date (JD). The precision to which quantities are known is reflected in the number of significant digits. As discussed in the text, the first three objects may have
origins similar to those of the inner Oort cloud objects, although their perihelia are far lower than that of either Sedna or 2012 VP; 3. We also show the discovery ecliptic latitude b of the objects because the bias for
finding bodies with w = 0° or 180° is relatively low when ‘ b ‘ > 10° (Methods).
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Extended Data Table 3 | Colours of 2012 VP33

Quantity Value
Sloan Colours

r 23.35 £ 0.02
g—r 0.70 + 0.05
r—1 0.32 £ 0.04
Johnson-Kron-Cousins Colours

R 23.10 £0.03
B—-R 1.44 4+ 0.05
V-R 0.52 £ 0.04
R—-1 0.53 £0.04

These colours yield a spectral slope of 13 = 2% per 100 nm and a reduced magnitude in the R-band of
3.8+ 0.04. The reduced magnitude suggests that 2012 VP, ;3 is about 450 km in diameter, assuming a

moderate albedo of 15%.
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