
Sizes, binaries, and sheer numbers. 
The LSST’s revolution of outer 

Solar System, small body science.
Wesley Fraser - Solar System Science Collaboration Point of Contact 

Queen’s University, Belfast 

Thanks to Ernst de Mooĳ 

NAM 2016 
Nottingham, UK 

27/06/16 wes.fraser@qub.ac.uk 



The Outer Solar System



The Explosive Early Solar System

Courtesy of Rodney Gomes



Orbital Structure
The Astronomical Journal, 144:23 (24pp), 2012 July Gladman et al.

Figure 8. Apparent vs. debiased resonant Kuiper Belt. The two left panels show the (a, e) and (a, i) distribution of the flux-limited CFEPS resonant detections from
a = 30–65 AU. The right panels show the distribution of their debiased population, scaled so that the plutinos have 100 members. It is obvious that the true Kuiper
Belt has a higher fraction of larger-a, lower-e, and larger-i members than the currently detected sample. The absence of low-e resonant TNOs with a > 46 AU is not
absolutely required by our modeling due to the detection biases against them.
(A color version of this figure is available in the online journal.)

and 5:2 are desirable. To obtain a set of absolute population
estimates, we drew particles at random from our model orbital
and H-magnitude distributions until obtaining the true number of
CFEPS detections for a given resonance (Figure 9). There is an
essentially Poisson distribution of plausible “true” populations
that will allow the observed number of detections, explaining
the shape to the histograms in Figure 9; the median is reported
in Table 3 along with the upper and lower limits which leave
only 2.5% of the measurements in each tail. Although we
use conservative 95% confidence regions (resulting in large
stated uncertainties), CFEPS is for the first time able to provide
measurements of the resonant populations that take into account
the longitude coverage and relative depth of its survey patches.

One of the most striking results (Figure 9) is that the
best-estimate populations for the important resonance trio
3:2/2:1/5:2 are in the ratio ∼4/1/4. To our knowledge, this
is in stark contrast with all previously published models; those
which obtain a weakly populated 2:1 (relative to the 3:2) never
simultaneously have a 5:2 population equal to that of the pluti-
nos. The simulations of Chiang et al. (2003) showed a huge
2:1/5:2 ratio unless migration occurred into a hot disk which
dropped the ratio to roughly 3/2 (to be compared to the 1/4
ratio we favor), with a plutino population even larger than the
2:1. These authors ruled out “resonance sticking” of scattering
TNOs as the dominant production method for 5:2 resonators
due to the incorrect libration-amplitude distribution (a conclu-
sion we share based on the small L52 amplitudes for the CFEPS

detections). Hahn & Malhotra’s (2005) simulations into a warm
primordial disk exhibit 3:2/2:1/5:2 ratios of about 2/5/1, and
Levison et al. (2008) produce 8/3/1. That is, all simulations to
date produce fewer 5:2 resonators than twotinos by factors of
several, whereas CFEPS indicates that the reverse is true (and
rules out the 2:1 being more populated than the 5:2 at >95%
confidence). This is thus an important new constraint on forma-
tion models.

This kind of constant also holds for more distant resonances.
Both the 3:1 and 5:1 have best-estimate populations larger than
the 2:1 (although uncertainties are large), indicating that large-
a resonant orbits must be efficiently populated by formation
models. In models like Levison et al. (2008), where the Kuiper
Belt is transplanted out, this is difficult to do because large-
a orbits are inefficiently generated. The hypothesis that these
objects are instead swept into a > 50 AU resonances from
warm or hot populations located at these distances before planet
migration is faced with the problem of explaining where all the
non-resonant TNOs have gone.

This realization that the distant resonances are heavily pop-
ulated opens the possibility that the current scattering popu-
lation is dominantly being supplied by abundant resonant es-
capees. If true then the resonant reservoir would be the ultimate
source of Jupiter-family comets (JFCs), through the chain: res-
onant ⇒ scattering ⇒ Centaur ⇒ JFC. Due to their chaotic
boundaries, the resonances provide a “leakier” source of scat-
tering TNOs than the classical belt and most TNOs escaping a
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TNO Colours

were previously reported in Mommert et al. (2012;
V = 21.04± 0.3, ( -B V ) = 0.70± 0.02, ( -V R)
= 0.38± 0.02) and Perna et al. (2013; V = 21.03± 0.03,
( -B V ) = 0.68± 0.04, ( -V R) = 0.38± 0.04, ( -R I)
= 0.52± 0.05).

Unpublished observations of 2004 EW95 were identified
with the Solar System Object Image Search tool6 provided by
the Canadian Astronomy Data Centre (Gwyn et al. 2012) taken
at the Very Large Telescope with the FORS2 instrument during
2011 April 2 and 3, in support of the TNOs are Cool program
(Perna et al. 2013). The standard calibration images were
saturated. Zero-point calibration was possible using ugriz
photometry of the background stars observed in the Sloan
Digital Sky Survey with conversion to the BVRI systems.7

Photometry was extracted using standard aperture photometry
techniques, and was ultimately limited by the zero-point
calibrations. 2004 EW95 was found to have a visual magnitude
of V= 20.86± 0.01, and colors ( -B V ) = 0.74± 0.03,
( -V R) = 0.38± 0.04, and ( -R I) = 0.41± 0.07. Here, we
adopt the mean of the observed colors ( -B V ) = 0.70± 0.03,
( -V R) = 0.38± 0.03, and ( -R I) = 0.46± 0.06.

3. RESULTS

Here, we present the results of our cycle 17 and cycle 18
photometry including a reanalysis of the color classes, and the
detection of significant light curve and spectral variations on
many of our targets.

3.1. Compositional Classes

In Figure 2, we present the colors of the cycle 17 targets with
>H 6606 . We apply the same minimum spanning tree (MST)

and F-statistic-based clustering technique, as well as the same
FOP test to the sample as those utilized in Fraser & Brown
(2012). This routine searches for clusters in the data set by
pruning a branch of the Euclidean MST, and dividing the
sample into two clusters or subsets. The branch that is chosen is
that which maximizes the F statistic defined as
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where t1 and t2 are the number of objects in each of the two
subpopulations, = +N t t1 2, and l and lmax are the lengths of
the pruned branch and longest branch in the tree, respectively.
This method generally selects two subpopulations which are
maximally separated in a Euclidian sense. The FOP test then
determines the probability of finding a value of F as large as
that observed from an equal-sized sample with similar
measurement uncertainty distribution. This is done by creating
random samples bootstrapped from the observed colors and
uncertainties.
The color distribution bifurcates at (F606w-F814w) = 0.19

into the red and neutral classes of object, in agreement with the
observed bifurcation of optical colors of the centaurs and
dynamically excited objects. The FOP test identifies the
bifurcation at greater than 70% significant while Hartigan’s
DIP test finds only a 3% probability that the total color sample
of small objects is unimodal.
Our reanalysis repeats the same findings as we previously

found, and can be summarized as follows.

1. The dynamically excited KBOs bifurcate into two color
classes based on their optical color.

2. Each class exhibits correlated optical and infrared colors.
The Spearman rank test gives probabilities of 4% and
0.6% that the neutral and red classes do not exhibit
correlated colors.

3. The centaurs ( <q 30 AU) and more distant excited
objects do not exhibit different color distributions.
Whatever apparent differences exist cannot be distin-
guished from observational biases that affect the sample,
including the known trend of visible albedo and color
(Stansberry et al. 2008; Fraser & Brown 2012).

4. The cold classical objects with < <a41 45 AU and
<i 5o fall on the neutral end of the red class of object.

All cold classical objects we observe belong to the red
class of object.

The recent work of Dalle Ore et al. (2013) suggests that the
next division based on optical and NIR colors would divide the
neutral class at (F606w-F814w) ∼ −0.35 and (F814w-F139m)
∼ −0.9. We find no evidence in support of this additional level
of complication. On the contrary, as presented below, the
colors of 2005 TV189 suggest that the neutral class we identify
here is not a sum of overlapping smaller classes, but rather is
one continuous class.

3.2. Brightness Variations

From comparison of the dual epochs of F606w photometry,
it is clear that most of our targets exhibit significant brightness
variations. We demonstrate this in Figure 3 where we plot
D∣ ∣m606 , the absolute value of the difference in measured
F606w magnitude between cycles 17 and 18. Six of the 12

Figure 2. Optical and infrared colors of all cycle 17 targets with >H 6606 .
Colors correspond to the neutral (black points) and red (red points) classes
identified by the MST clustering. Triangles, circles, and open diamonds
represent the excited objects with <q 30 AU, >q 30 AU, and the cold
classical objects, respectively.

6 http://www3.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/ssois/index.html
7 http://sdss.org/dr7/algorithms/sdssUBVRITransform.html
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Nuno Peixinho et al.: Reanalyzing the visible colors of Centaurs and KBOs:
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Fig. 6. (B � R) colors vs. HR(↵) absolute magnitude (uncorrected for
phase e↵ects) for all objects in our database. Centaurs and KBOs are
indicated with di↵erent symbols. Haumea family objects and the two
retrograde objects are also highlighted. The N-shape reported by Peix-
inho et al. (2012) is clearly visible, and faint object bimodality is de-
tected for HR(↵) > 6.82, but at 2.8� level (p-value=0.0046).

behavior is very strong, we do not find a 3� result with the new
dataset (see Fig. 6).

Testing the n = 112 objects with perihelion q < 35 AU and
HR(↵) > 6.0 from the all⇤ sample results in a p-value=0.126
(1.5�), which means that there is no evidence for bimodality.

Interestingly, although the bimodality among Centaurs
seems clear to the eye, when testing only for the n = 29 Cen-
taurs in the sample we obtain a p-value=0.018 (2.4�).

6. Conclusions

We reanalyzed the correlations of BVRI-band visible colors for
n = 354 Centaurs and KBOs. The (B�V), (V�R), (R�I), (B�R),
(V � I), and (B� I) color indexes were carefully computed from
all the available measurements in the literature, discarding color
indexes computed from two bands taken more than two hours
apart, and rejecting clear outliers from the averaging process.
The complete sample consisted of n = 366 objects, but we re-
moved from the analysis n = 2 objects with retrograde orbits and
n = 10 Haumea family objects. Nonetheless, these objects were
also plotted in our figures.

– We used an algorithm for the Spearman-rank correlation —
also known as Spearman-⇢ — taking into account not only
the data error-bars but also the error on the estimate due to
the finite sampling and corrected the significance levels using
the false-discovery rate (FDR) due to the large number of
tests each sample was being subjected to.

– We analyzed for the first time the risk � of missing any pos-
sible correlations as a result of our limited sampling and the
sampling necessary to ensure detection at a chosen signifi-
cance level.

– With samples of n < 70 objects, assumed to be unbiased
extractions of the parent population, we have a � > 10%
risk of missing strong correlations, and if n < 90 medium
strength (moderate) correlations may still be missed. When
analyzing the traditional dynamical families, only classical

KBOs, as a whole, do not require larger sampling to detect
presumably relevant correlations. If one aims to study the
subfamilies of hot classical, cold classical, inner classicals,
or other, then larger samples are still needed. Centaurs are
particularly undersampled and should be more than doubled.
Plutinos and SDOs would benefit from a 50% sample in-
crease. Other resonants, as a whole, are not undersampled,
but like the Plutinos, each resonant family should be ana-
lyzed as a single group, and each one of them is largely un-
dersampled. The sampling of the objects we grouped as scat-
tered or detached KBOs would also need to be tripled. Note
that the detection requirements for sample-size vs. correla-
tion strength are general and would need to be applied to any
possible subfamily or distinct classification one decides to
study. However, the samples are assumed to be unbiased. In-
cluding possible sample biasing e↵ects would require a more
complex analysis.

– We studied the degradation of a detectable correlation as a
function of the data error-bars and concluded that after a cer-
tain correlation has been detected, it is pointless to increase
the sampling while maintaining the same error-bars. Only by
reducing the observational error-bars can a possibly stronger
correlation be measured.

– We showed that the location of so-called reddening line in
the color-color plots is quite sensitive to the central wave-
lengths of similar filters used on di↵erent telescopes. The ef-
fect is strong in the (B�V) vs. (V �R) plots, but weak in the
(V � R) vs. (R � I) plots.

– The correlation between (B�V) and (V�R) colors is stronger
than the correlation between (V � R) and (R � I), regardless
of the observational error-bars.

– We analyzed the di↵erent parameters that have been used
in the context of the color-inclination correlation of classi-
cal KBOs and the collisional resurfacing scenario using par-
tial correlation tests. Statistically, it is equivalent to using
the orbital excitation ", Öpik’s  , or the collisional velocity
�c. The detected color-perihelion correlation is most likely
physically irrelevant and an e↵ect of the strong relation be-
tween perihelion q and inclination i among CKBOs. Both
orbital inclination i and Tisserand parameter relative to Nep-
tune TN are the most likely physically relevant parameters
related with the color variation of CKBOs, therefore the re-
lation is probably related to dynamical history alone. Statis-
tically, the collisional velocity cannot be separated from its
dependence on inclination i or TN . Without the Haumea fam-
ily, the color-inclination correlation of CKBOs is no longer
strong, but moderate (⇢ ⇠ 0.5).

– Although weaker than for CKBOs, a color-inclination corre-
lation must still exist among the non-classical KBOs.

– Classical KBOs are the only family that show neither (B�V)
vs. (V � R) nor (V � R) vs. (R � I) correlation.

– We identified ten objects, only two of which are not CKBOs,
that exhibit a convex spectral behavior from their (B�V) and
(V �R) colors and a concave behavior from their (V �R) and
(R � I) colors, suggesting an absorption band or feature at
⇠ 6000 � 7000 Å, which renders them good candidates for
detailed spectroscopic studies.

– We detected evidence for the (B�R) color bimodality for ob-
jects with absolute magnitude HR(↵) > 6.82 at a 2.8� level
(p-value=0.0046) — see Peixinho et al. (2012). Paradoxi-
cally, the evidence for bimodality among Centaurs reaches
only 2.4� — see Peixinho et al. (2003) —, and we find no
evidence for bimodality of objects with perihelion q < 35
AU and HR(↵) > 6.0 — see Fraser & Brown (2012).
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The best-fit Hapke model is composed of 12% amorphous
H2O ice (with grain size of 30 µm), 10% CH3OH ice (40 µm),
47% Titan tholin (4 µm), 14% Triton tholin (4 µm), and
17% amorphous carbon (10 µm). For the Shkuratov intimate
model, the best fit is obtained adding some olivine, and it
is composed of 13% amorphous H2O ice (30 µm), 12%
CH3OH ice (40 µm), 20% Titan tholin (4 µm), 29% Triton
tholin (4 µm), 19% amorphous carbon (10 µm), and 11%
olivine (100 µm). The photometric uncertainty in the H band
(Fig. 7) does not allow a more accurate model.

For detailed models and discussions on surface compo-
sition obtained for each object, as available in literature, see
references reported in Table 1.

5. SURFACE COMPOSITION
(STATE OF THE ART)

As discussed above, much of the information obtained
from spectral modeling is nonunique, especially if the nec-
essary conditions, as discussed above, are not met (albedo,
high signal precision signatures, significant wavelength cov-
erage, etc.). Derived abundances of different materials and
even the presence of these materials are easily influenced by
choices of model parameters. Nevertheless, the modeling
can be used to pick out broad variations in TNO spectra.

Recently, several large objects with strong ice signatures
in their spectra have been discovered. This is in contrast
with the previous data, in which the majority of the objects
showed spectra with faint or no ice signature (Barucci and
Peixinho, 2006), and often with relatively low signal preci-
sion. Analyzing all the available spectra, objects are found
to fall into several broad categories following those first
identified by Cruikshank et al. (2007).

5.1. The Four Spectral Types

The aim of grouping is not to propose the following as
taxonomy, but to note the basic surface characteristics of
these groups. To date, four spectral groups can be identi-
fied:

1. Methane-dominated spectra. Most of the very larg-
est transneptunian objects — Eris, Pluto, Sedna, and 2005
FY9 — have infrared spectra dominated by CH4 absorption.
Some objects show spectra containing absorption bands of
both CH4 and N2, and the CH4 is often dissolved in the N2
ice. Pluto and probably Sedna share these properties, to-
gether with Neptune’s satellite Triton (generally thought to
be a large TNO captured by Neptune). Recent modeling of
Eris also seems to favor the presence of N2 on the surface
of Eris (Merlin et al., 2006; Dumas et al., 2007). Some other
objects show spectra with absorption bands of CH4, with
clear indication that the CH4 ice is pure and not dissolved
in another ice. This is the case of 2005 FY9. 2003 EL61 is
the largest transneptunian object that does not have CH4
detected on the surface. Detailed discussion of the spectra
of these large TNOs can be found in the chapter by Brown.

2. Water-ice-dominated spectra. A number of objects
have spectra that have moderate to deep absorptions due to
water ice. These water ice objects include the largest ob-
jects after the methane-dominated objects, but also include
smaller objects. The very deepest water-ice absorptions are
found exclusively in objects dynamically similar to 2003
EL61, which also has very deep water-ice absorptions. Brown
et al. (2007) show that this dynamical cluster is consistent
with being a family of collisional shards formed from a gi-
ant impact on 2003 EL61. Other than this dynamical sub-
class for the deepest absorptions, no correlation between the
presence or amount of water-ice absorption and any other
factor is apparent. In particular, if the variation in water-ice
absorption is interpreted as variation in the surface expo-
sure of pure water ice with the remainder of the surface cov-
ered with red featureless tholins, we would expect to see a
correlation between the color index and the water-ice ab-
sorption. Once the 2003 EL61-related objects are removed,
no correlation is seen. The lack of correlation between color
and water-ice absorption is most likely an indication that
water ice on the surfaces of these TNOs is intimately mixed
with the coloring agent. The physical reason for the varia-
tion in color or the variation in water-ice absorption is none-
theless unknown.

All TNOs with spectra showing water-ice absorptions
measured with sufficiently high signal precision have been
shown to have the 1.65-µm feature due to the presence of
crystalline water ice. This is the case for Quaoar, 2003 EL61,
2002 TX300, and 2003 OP32. While crystalline water ice is
neither expected at these temperatures nor should be stable
against cosmic-ray and UV bombardment, crystalline water
ice appears to be ubiquitous in the outer solar system, from
the icy satellites of the giant planets, to large TNOs, to even
moderate-sized satellites of TNOs (Barkume et al., 2006).

Fig. 7. Spectral reflectances of 55638 (2002 VE95) obtained in V,
J, H, and K bands (full lines) and adjusted using photometric col-
ors, which are represented by dots with the relative errors (Barucci
et al., 2006). The two best-fit intimate models have also been re-
ported.

Barucci et al. (2008)



TNO Colours
The Facts: 
• Number of TNOs detected: >13,000 

• Number with measured phase curves: 9,500 

• Number with good mean colours: 
• (u-r)~    20 
• (g-r)~8000 
• (r-i) ~8500 
• (r-z)~1500 
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• Dynamically cold binary TNOs have avoided violent 
scattering (Parker and Kavelaars, 2010) 

• Collisional evolution has been minimal (Nesvorny, 2011) 

• Components have formed coevally (Benecchi et al. 2008)

• LSST will discover >600 widely separated binaries 

• ~300 will have full orbital characterization

Binary TNOs

Petit et al (2008)
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uniformity is assumed in the z direction. The free energy
per chain was minimized with respect to the box size.
The chains were modeled as continuous Gaussian threads
and were discretized using 200 contour steps.
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The Extreme Kuiper Belt
Binary 2001 QW322
J.-M. Petit,1,3* J. J. Kavelaars,2 B. J. Gladman,3 J. L. Margot,4 P. D. Nicholson,4
R. L. Jones,5 J. Wm. Parker,6 M. L. N. Ashby,7 A. Campo Bagatin,8 P. Benavidez,8
J. Coffey,3 P. Rousselot,1 O. Mousis,1 P. A. Taylor4

The study of binary Kuiper Belt objects helps to probe the dynamic conditions present during
planet formation in the solar system. We report on the mutual-orbit determination of 2001
QW322, a Kuiper Belt binary with a very large separation whose properties challenge
binary-formation and -evolution theories. Six years of tracking indicate that the binary's
mutual-orbit period is ≈25 to 30 years, that the orbit pole is retrograde and inclined 50° to 62°
from the ecliptic plane, and, most surprisingly, that the mutual orbital eccentricity is <0.4. The
semimajor axis of 105,000 to 135,000 kilometers is 10 times that of other near-equal-mass
binaries. Because this weakly bound binary is prone to orbital disruption by interlopers, its
lifetime in its present state is probably less than 1 billion years.

Acombination of survey strategies and
adaptive optics technologies has led to
a surge in the discovery rate of binary

minor planets. Since 2001, newly discovered bi-
naries in the main asteroid and Kuiper Belts have
been announced at the rate of about seven per
year (1, 2). There are now more than 100 known
binaries, nearly half of which are Kuiper Belt
objects (KBOs). Measurements of the frequency
of binary objects and their sizes and orbital config-
urations constrain their formation and evolution
mechanisms, theories of planetesimal accretion
and disruption, and the collisional history of the
Kuiper Belt.

Discovering and studying the mutual orbits of
binary systems is currently the only way to di-
rectly determine KBOmasses. Assuming that the
optical properties of the KBO binaries are rep-
resentative of the whole KBO population, one
can link mass to apparent magnitude and hence
estimate the total mass of the Kuiper Belt without

requiring assumptions on albedo and density. Re-
cent Hubble Space Telescope observations (3) in-
dicate that KBOs display a wide range of albedos
(8 to 40%, assuming unit density), which compli-
cate the estimation of the total mass of the Kuiper
Belt using a luminosity function. Combined with
thermal infrared observations, phase-function
photometry, or star occultation observations,

direct determination of KBO masses leads to
the determination of their density and bulk
composition.

Here we report the mutual-orbit determina-
tion of the large-separation Kuiper Belt binary,
2001 QW322 (4). This KBO was discovered in
data acquired on 24 August 2001 at the Canada-
France-Hawaii Telescope by the Canada-France
Ecliptic Plane Survey team. The two components
had identical magnitudes ofmR ≃ 24:0 within the
measurement uncertainties, implying essentially
equal sizes. Only one other equal-component
binary was known at the time, asteroid (90)
Antiope, with a magnitude difference of ~0.1
mag (5). However, 2001 QW322 was obviously
exceptional because the measured separation of
~4′′ at its distance of 43 astronomical units (AU)
corresponds to a sky-projected physical separa-
tion of 125,000 km (about one-third of the
distance from Earth to the Moon), far larger than
any other small-body binary.

The large separation implied a mutual-orbit
period of at least several years. Six years of
tracking with the use of 4- to 8-m class telescopes
(Fig. 1) resolved that 2001 QW322, an object in
the main classical Kuiper Belt (6), has a low-
eccentricity mutual orbit with a separation of
105,000 to 135,000 km, greater than any other

1Observatoire de Besançon, Universite de Franche Comte,
Besancon, Doubs 25010, France. 2Herzberg Institute of
Astrophysics, National Research Council, Victoria, BC V9E
2E7, Canada. 3Department of Physics and Astronomy, Uni-
versity of British Columbia, Vancouver, BC V6T 1Z1, Canada.
4Department of Astronomy, Cornell University, Ithaca, NY
14853, USA. 5Department of Astronomy, University of Wash-
ington, Seattle, WA 98195–1580, USA. 6Southwest Research
Institute, Boulder, CO80302–5150,USA. 7Harvard-Smithsonian
Center for Astrophysics, Cambridge, MA 02138, USA. 8Escuela
Politecnica Superior, University of Alicante, Alicante 03080,
Spain.

*To whom correspondence should be addressed. E-mail:
petit@obs-besancon.fr

2

1

0

-1

-2

4 3 2 1 0 -1 -2 -3

A B

CFig. 1. (A) Image of the Kuiper Belt binary 2001
QW322 from VLT on 3 September 2002. The
separation between the two components at the
time was 3.4′′. (B) Image from Gemini-South on
17 September 2007; the separation was 1.8′′. In
both panels, the components are circled; in all
panels, north is up and east is to the left. The “a”
component is themost southern one. (C) Relative
position of the two components of 2001 QW322.
The origin corresponds to the center of mass,
assuming equal mass for both components. The
southern “a” component has been moving
westward, whereas the northern “b” component
has been moving to the east. Da, the separation
between components in right-ascension; Dd, the
separation of declination.
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Sednas and Occultations

outer solar system objects with q>30 AU and a>50 AU.
The six objects with a>250 AU, highlighted in red, all come
to perihelion below the ecliptic and at longitudes between 20°
and 130°.

Discovery of KBOs is strongly biased by observational
selection effects that are poorly calibrated for the complete
heterogeneous Kuiper Belt catalog. A clustering in perihelion
position on the sky could be caused, for example, by
preferential observations in one particular location. 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 longitude. No obvious bias
appears to cause the observed clustering. In addition, each of
our six clustered objects were 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 six 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 position of the selected bodies. Orbits as tightly
clustered in perihelion position as the six 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 as tight as that observed in
the data occurs only 1% of the time. The two measurements are
statistically uncorrelated, 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
orientation simultaneously is only 0.007%. Even with only six
objects currently in the group, the significance level is about
3.8σ. It is extremely unlikely that the objects are so tightly
confined purely due to chance.

Much like confinement in ω, orbital alignment in physical
space is difficult to explain because of differential precession.
In contrast to clustering in ω, however, orbital confinement in
physical space cannot be maintained by either the Kozai effect
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 (Goldreich & Tremaine 1982; Chiang
et al. 2009). As already argued above, the current mass of the
Kuiper Belt is likely insufficient 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 hypothesize 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 analytic 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 outside Neptune’s orbit, such that close
encounters between the bodies do not occur. Additionally,
assume that the test particle’s orbital period is not commensu-
rate (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 perturbation theory
(Kaula 1964). Employing Gauss’s averaging method (see Ch. 7
of Murray & Dermott 1999; Touma et al. 2009), we can replace
the orbits of the giant planets with massive wires and consider
long-term evolution of the test particle under the associated
torques. To quadrupole order5 in planet–particle semimajor
axis ratio, the Hamiltonian that governs the planar dynamics of
the test particle is
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In the above expression,� is the gravitational constant,M is the
mass of the Sun, mi and ai are the masses and semimajor axes
of the giant planets, while a and e are the test particle’s
semimajor axis and eccentricity, respectively.
Equation (1) is independent of the orbital angles, and thus

implies (by application of Hamilton’s equations) apsidal

Figure 2. Orbital clustering in physical space. The right panels depicts the side and top views of the Keplerian trajectories of all bodies with a>250 AU as well as
dynamically stable objects with a>150 AU. The adopted color scheme is identical to that employed in Figure 1, and the two thin purple orbits correspond to stable
bodies within the 150<a<250 AU range. For each object, the directions of the angular momentum and Runge–Lenz (eccentricity) vectors are additionally shown.
The left panel shows the location of perihelia of the minor bodies with q>30 AU and a>50 AU on the celestial sphere as points, along with the projection of their
orbit poles with adjacent lines. The orbits with a>250 AU are emphasized in red. The physical confinement of the orbits is clearly evident in both panels.

5 The octupolar correction to Equation (1) is proportional to the minuscule
eccentricities of the giant planet and can safely be neglected.
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Known “Sednas” 

• 1 with H=1.6 

• 3 with H<3 

• all detections with a<500 AU 

• roughly uniform semi-major 
axis distribution 

• comparable with excited 
TNO size distribution

H a limit f Obs f pop 
a>500 n LSST

1.6 1000 0.03 0.3 ~0

0 1000 0.08 0.3 ~1
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1000 AU Example: 

• rate of motion is 0.14”/hr 

• apparent angular with of a 
Sedna-sized object is 1.3 
milli-arcseconds 

• geometric occultation 

• occultation duration 33s 

• sensitive to D>800 km


