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of Titan tholin and/or ice tholin on the surface. Tholins are com-
plex organic solids (Roush &Cruikshank 2004) produced by the
irradiation of mixtures of cosmically abundant reducing gases
and ices.

The BB group contains objects with a neutral reflectance spec-
tra. Typical objects of the group with available spectra are 2060
Chiron (Luu et al. 2000; Romon-Martin et al. 2003), 90482
Orcus (Fornasier et al. 2004), 19308 1996 TO66 (Brown et al.
1999), and 15874 1996 TL66 (Luu & Jewitt 1998). The typical
spectra are flat and somewhat bluish in the near-IR. The H2O ab-
sorption bands seem generally stronger than in the other groups,
although the H2O ice presence in the Chiron spectrum seems con-
nected to temporal /orbital variations, and the spectrum of 1996
TL66 is completely flat. The model spectrum of 90482 Orcus
(Fornasier et al. 2004) has been associated with this class and is
reported in Figure 2. It contains 4%Titan tholin, 85% amorphous
carbon, and 11% water ice. The presence of large amounts of
amorphous carbon (Zubko et al. 1996) is common to the mem-
bers of this group.

The IR group is less red than RR group. Typical members of
this group are 20000 Varuna (Licandro et al. 2001), 38628 Huya
(de Bergh et al. 2004), 47932 2000 GN171 (de Bergh et al.
2004), 26375 1999 DE9 (Jewitt et al. 2001; Doressoundiram
et al. 2003), and 55565 2002 AW197 (Doressoundiram et al.
2005a). Three of these objects seem to contain hydrous silicates
on the surface. The model spectrum reported in Figure 2 is that
of the scattered object 26375 1999 DE9 composed of 24% Titan
tholin, 15% ice tholin, 54% amorphous carbon, and 7%water ice
(Doressoundiram et al. 2003).

The BR group is an intermediate group between BB and IR,
even if its color behavior is closer to that of the IR group. The
typical members of this group are 8405 Asbolus (Barucci et al.
2000; Romon-Martin et al. 2002), 10199 Chariklo (Dotto et al.
2003b), 54598 Bienor (Dotto et al. 2003a), and 32532 Thereus
(Barucci et al. 2002). A few percent of H2O is present on the
surface of these objects, but for Asbolus, Romon-Martin et al.
(2002) did not find any ice absorption features during a complete

rotational period. For this group we associated (Fig. 2) the
surface composition model of Centaur 2001 BL41, containing
17% Triton tholin, 10% ice tholin, and 73% amorphous carbon
(Doressoundiram et al. 2005a).
The groups BB and BR have color spectra very similar to those

of C-type and D-type asteroids. Unfortunately, we cannot asso-
ciate an albedo range with each taxonomic group because of the
lack of albedo data. The few available determinations based on
ground observations are very uncertain: in fact, for the RR and
BB groups, the albedo is known only for Pholus (0:04! 0:03;
Davies et al. 1993) and Chiron (0:17! 0:02; Fernandez et al.
2002), respectively, while the albedo has been determined for
two objects in both the IR andBR groups: Varuna (0:038! 0:022
by Lellouch et al. [2002]; 0:07! 0:03 by Jewitt et al. [2001])
and 55565 (0:17! 0:03 by Cruikshank et al. [2005]) in the IR
group, and Asbolus (0:12! 0:03 by Fernandez et al. [2002]) and
Chariklo (0:045! 0:010 by Jewitt & Kalas [1998]; 0:055!
0:008 by Altenhoff et al. [2001]) in the BR group.
Approximate fits to the characteristic spectra indicate that

going from the neutral (BB) group to the very red (RR) group
requires an increase in the content of organic material. The group
BB in general does not require the presence of organic materials,
as discussed by Cruikshank & Dalle Ore (2003). H2O ice, even
if not always detectable on the spectra, has to be present in all
groups, as ices are expected to be a major constituent of this
population.
We analyzed the behavior of each group with respect to the

orbital elements and found an indication that almost all Centaurs
are concentrated in the BR and RR groups (the IR group does not
contain any Centaurs), confirming the Peixinho et al. (2003)
result. In fact, Peixinho et al. reopened the TNO color contro-
versy by arguing the existence of two color groups among the
Centaurs and not in the TNO population. We found also that
the average inclination of the orbits of the RR group members is
the lowest, while that of the BB group members is the highest,
mainly in the classical population. This is in agreement with
previous results (Tegler & Romanishin 2000; Levison & Stern
2001; Brown 2001; Doressoundiram et al. 2002; Tegler et al.
2003). No relation between groups and TNO diameters has been
found.

5. CONCLUSIONS

We have proposed a classification for TNOs and Centaurs
based on their broadband colors using a two letter designa-
tion for each group (BB, BR, IR, and RR). Such a classification
gives a snapshot on the similarities and/or differences among
the objects.
We applied a multivariate statistical method (G-mode analy-

sis) to a sample of 51 TNOs and Centaurs for which a homo-
geneous set of four colors (B" V , V " R,V " I , andV " J ) are
available. The results, obtained using a robust statistical analy-
sis, show that the population is divided into four well-defined
groups, confirming the preliminary results obtained by Barucci
et al. (2001), who analyzed only 22 objects described by the
same variables.
Analyzing a subsample of 37 objects for which a fifth variable

(the V " H color) was available yielded the same four groups,
thus confirming the results. Using the extended version of the
G-mode analysis for those objects with only three variable colors
(B" V , V " R, and V " I ), we obtained a preliminary classi-
fication for 84 other objects. Among these, 15 objects remain
unclassified and 13 are assigned to two groups. The availability
of the fourth variable (V " J ) is indispensable for good statis-
tical applications.

Fig. 3.—Four obtained groups reported with the average broadband reflec-
tance spectra normalized to the V band (550 nm) and the relative error bars. For
each group the compositional model of the spectrum of one of the members of
the group is superposed. For RR the spectral model of 47171 1999 TC36 (Dotto
et al. 2003a) is superposed; for BB the spectra of 90482 Orcus (Fornasier et al.
2004); for IR the spectra of 26375 1999 DE9 (Doressoundiram et al. 2003); and
for BR the spectra of 63252 2001 BL41 (Doressoundiram et al. 2005a).
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account. This suggests that the albedo may provide additional con-
straints to surface composition and justifies our decision to introduce
a different taxonomy for our study of compositions.

Further evidence of the profound difference contributed by
including the albedo in the analysis is provided in Fig. 5, which
shows the population of each taxon for the F2008, the classical,
and the albedo taxonomies. It is apparent that the most populous
clusters in the albedo and in the F2008 are significantly different.
The albedo classification lists most objects as GD while the F2008
has most of them in the RR group. As expected, the distributions
are a function of the sample of objects and their characteristic prop-
erties. Including albedo as a parameter in the analysis allows dis-
crimination among the objects contained within the F2008 classes.

The adopted number of clusters, 10, was determined using the
CH (Calinski and Harabasz, 1974) and CHext criteria. Both CHext

and the original CH are monotonically increasing, with a well de-
fined CHext inflection at 10 clusters, shown in Fig. 2. In this case,
for lack of a defined maximum we applied the ‘‘jump’’ criterion de-
scribed in Section 3. Fig. 2 shows the behavior of the function and
the clear discontinuity at 10 clusters. The large peak in the ‘‘jump’’
function, along with the CH inflection, provides strong indepen-
dent evidence to support our choice that the sample has a natural,
and statistically justified, subdivision at 10 clusters.

To further test the implications of the subdivision of the dataset
into 10 clusters we determined the DB index to obtain the degree
of cluster overlap. In the albedo case, when errors are not included
none of the 10 clusters shows overlap, yielding a DB index of the

order of 0.63. However, if photometric errors are taken into ac-
count, overlap becomes evident among some of the closest clus-
ters. The DB index in this case rises to !1.7, and becomes !2
when both photometric and albedo errors are taken into account,
showing, as expected, the increase of overlap as the errors become
more important with the inclusion of the albedo contribution.

At this time albedo measurements are still not available for a
number of objects or often their error is quite large. However, the
goal of our study is not to produce a new taxonomy, but rather to
study general compositional trends among the objects, making
use of the clustering tool to define groups of objects sharing similar
spectral characteristics. With the exception of four clusters repre-
senting clearly distinct objects (BL1, BL2, VR, and BD) the remaining
six clusters span a continuous variation in geometric albedo and as
such are not statistically distinct. In the future, with more accurate
albedos becoming available for a larger number of objects, clusters
might become tighter and objects membership might shift from
one cluster to the other. However, based on our experience, small
changes in albedo as well as variations in the adopted number of
clusters do not seem to affect the overall compositional analysis de-
scribed in the following sections and the main focus of this work.

5. Modeling philosophy and approach

The nature of photometry limits the amount of information that
we can obtain from individual objects. In particular, spectral band
detection, and therefore unique chemical identification, cannot
normally be achieved. As a result, a set of color indices will not

Table 4
‘Albedo’ taxonomy: centroids calculated by the clustering program corresponding to the average albedo of all objects belonging to the taxon.

Taxon (population) B V R I J H K

BL1 (1) 0.81 ± 0.00 0.84 ± 0.00 0.92 ± 0.00 0.92 ± 0.00 0.79 ± 0.00 0.46 ± 0.00 0.30 ± 0.00
BL2 (1) 0.77 ± 0.00 0.74 ± 0.00 0.73 ± 0.00 0.73 ± 0.00 0.72 ± 0.00 0.53 ± 0.00 0.47 ± 0.00
BD (1) 0.19 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 0.21 ± 0.00 0.20 ± 0.00 0.17 ± 0.00 0.17 ± 0.00
GD (10) 0.05 ± 0.02 0.05 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.09 ± 0.02 0.10 ± 0.02 0.10 ± 0.02
VD (7) 0.03 ± 0.02 0.03 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 0.05 ± 0.02 0.05 ± 0.02 0.06 ± 0.03
RD (7) 0.07 ± 0.03 0.08 ± 0.02 0.10 ± 0.02 0.12 ± 0.01 0.17 ± 0.03 0.17 ± 0.03 0.17 ± 0.04
RM (7) 0.07 ± 0.02 0.10 ± 0.02 0.12 ± 0.02 0.16 ± 0.03 0.25 ± 0.03 0.27 ± 0.03 0.26 ± 0.04
RI (5) 0.10 ± 0.03 0.14 ± 0.02 0.18 ± 0.02 0.24 ± 0.03 0.37 ± 0.03 0.42 ± 0.05 0.40 ± 0.03
RL (3) 0.13 ± 0.04 0.18 ± 0.03 0.25 ± 0.02 0.33 ± 0.03 0.47 ± 0.03 0.48 ± 0.02 0.48 ± 0.05
VR (1) 0.14 ± 0.00 0.20 ± 0.00 0.29 ± 0.00 0.43 ± 0.00 0.67 ± 0.00 0.87 ± 0.00 0.84 ± 0.00

Note – Errors are the standard deviation, or dispersion, of the objects in the taxon with respect to the average. BL1, BL2, BD, and VR populations count only one object, their
dispersion is therefore 0.

Fig. 4. Comparison of taxonomies. Albedo taxonomy centroids (solid lines)
normalized to 1 at V and plotted in normalized reflectance space to allow a direct
comparison with F2008 (dashed lines) taxa. See Fig. 3 for a key to the cluster names.
Each taxon label is followed by the taxon population.

Fig. 5. The distribution of objects among taxa for the F2008, the classical, and the
albedo taxonomies outlines a significant difference between the F2008 and the
albedo classifications. The albedo taxa distribution is subdivided by Hmag for ease of
comparison to other studies. For the albedo taxonomy, the arrow indicates the
relative amounts of ice associated with the taxa. See Fig. 3 for a key to the cluster
names.
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Figure 5. (B ! R) color vs. perihelion of the low-q Centaurs (circles), resonant
objects (diamonds), and scattered disk objects (squares) in the MBOSS data set
(Hainaut & Delsanti 2002). Only shown are those objects with measurement
errors ! (B ! R) < 0.15. Open and closed markers are those objects with absolute
magnitudes larger or smaller than HR = 6.2, respectively. The bifurcation in
(B ! R) seen for the Centaurs seems to extend to higher perihelia for small
KBOs.

we denote w (!)i and w (!)j . These components can be mixed
in two separate ways. The first, a geographic mixture, is one in
which each component exists as discrete independent units on
the surface. In this case, the effective albedo is just the fractional
sum of albedos of each component given by Equation (5), or

A (!)geo = fgeoA (!)i + (1 ! fgeo)A (!)j , (6)

where fgeo is the fraction of the surface occupied by component
i.

Alternatively, the two components could exist as an intimate
mixture, e.g., mineral material in an icy matrix. In this case, the
effective single scattering albedo is the fractional sum of the
single scattering albedos of each component and is given by

w (!)int = fintw (!)i + (1 ! fint)w (!)j (7)

where fint is the fraction of the surface occupied by component
i. Thus, with a choice in wi and wj , Equations (6) and (7) and (5)
produce not only a range of colors but also geometric albedos.

Analysis of Figure 6 suggests that the correlated colors of
the blue and red groups of low-q objects might be explained by
two separate mixing models that differ in their red components
but share a common neutral component whose colors are nearly
solar. We tested this possibility by fitting both the geographic
and intimate mixture models to the observations. We assume
two separate branches of a mixing model of the same type
(geographic or intimate). In our model, each branch has a
different red component, and we assume that both mixtures
share the same nearly neutral component.

The geographic mixture requires nine parameters to describe
all three observed colors simultaneously. These parameters are
essentially the ratios of the single scattering albedos in each
filter with respect to the F606w filter, three for each of the

Figure 6. (F814w–F139m) and (F139m–F154m) vs. (F606w–F814w) colors of
the Centaurs (circles), scattered disk objects (pentagons), and resonant objects
(diamonds) with q < 35 AU. Solar colors are shown by the star. Only those
objects with good measurements in all four filters are shown. The red and blue
shaded regions show the approximately visual extent of the red and blue classes
of low-q object. The shaded regions and axis limits are the same as those shown
in Figure 4. The low-q objects consist of two separate classes of object.
(A color version of this figure is available in the online journal.)

three components in our model. The intimate mixture requires
two additional parameters describing the difference in single
scattering albedos between each of the two red components and
the neutral component. A change in these additional parameters
results in a change in curvature of the resultant color curve.

The three component geographic and intimate mixture mod-
els were fit to the observations in a least-squares sense. We
chose (F606w–F814w) = !0.15 to separate the objects be-
longing to the blue and red groups during our fits. It was also
necessary to ensure that the resultant range of model colors was
restricted to the range of observed colors of our targets. This
action was taken to prevent runaway during the least-squares
minimization. It should be emphasized that it cannot be de-
termined whether the true colors are beyond this range by the
observed colors alone.

The results of the model fitting to the 55 low-q objects in the
H/WTSOSS sample are shown in Figures 7 and 8. As can be
seen, the colors of the neutral and red components for both mod-
els are very similar. Both the intimate and geographic mixture
models do an adequate job of describing the observations.

2007 JG43, 2004 EW95, and 2004 TV357, all blue low-q
objects, along with red low-q objects Elatus (1999 UG5),
Crantor (2002 GO9) and 2007 OR10, were all identified as
outliers responsible for the vast majority of the fit residuals.
Crantor has optical color very near but just redward of the
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scenario because the low excitation 2:1 resonators should be pre-
dominantly populated from objects that resided at and beyond the 
kernel distance after the jump occurred.

The idea of producing large planetesimals from the collapse of 
gravitationally bound clouds of solids has recently been put for-
ward as a potential solution to avoiding a number of barriers that 
hinder planetesimal growth21. Formed through instabilities driven 
by the interaction of gas and solids in a disc, the subsequent col-
lapse of these clouds spontaneously produces a bound system of 
two or more objects12. This presents a natural solution to forming a 
planetesimal population with a high binary fraction, although this 
mechanism may be unable to produce the large population of ret-
rograde KBO binaries12,22. If KBOs formed in this way, there will 
be relatively many more single objects with radii smaller than the 
individual primary components because, during the collapse pro-
cess, a large number of single objects with radii ! 10–50% that of the 
primary body are ejected from the collapsing system. These objects 
would have brightnesses of " 25 magnitude, fainter than any colour 
or binary survey to date.

An alternative scenario for the creation of a nearly 100% binary 
fraction is single planetesimal growth through pebble accretion with 
subsequent binary production via the L2s processes, or dynamic 
friction from the residual pebble population11. Pebble accretion 
simulations can reproduce the CCKBO size distribution10,23 while 
maintaining a sub-hill velocity dispersion and a surface density of 
small planetesimals throughout the majority of the planetesimal 
growth phase. These conditions are conducive to binary forma-
tion through dynamic friction; rough estimates suggest that, under 
these conditions, the fractional binary formation rate is on the order  
of ! 10#6 per year, implying a virtual 100% binary fraction after just 
one million years.

If the blue binaries are contaminants of a push-out process, then 
these systems are easily identifiable probes of the early disc conditions  

interior to the cold classical range. Our simulations demonstrate 
that tightly bound binaries survive cold classical implantation 
more often than initially wider separated pairs. During the push-
out process, excitation in binary eccentricity occurred for objects 
with abin!" !0.1RH, with only a modest change in the binary semi-
major axis. With the exception of the binary systems with the larg-
est eccentricities, the typical dynamic evolution of a binary system 
under the effect of tides and collisions results in no significant 
change in the binary semi-major axis. Therefore the push-out sce-
nario would also demand that the region from which blue binaries 
originated must also be entirely devoid of closely separated bina-
ries. This would imply the existence of a gradient in the formative  
conditions between ! 37 and ! 44 au. If KBOs were produced by 
cloud collapse, it may be that the formative conditions interior 
to the cold classical region resulted in clouds with higher angular 
momenta than those formed further out, which, on average, would 
produce more widely separated binaries. Such a scenario could be 
explained if the cloud masses decreased with heliocentric distance 
from 37 to 44 au (see Methods). In the L2s binary formation mech-
anism, the orbital energy loss due to dynamic friction is a strong 
function of the pebble disc surface density. It may be that the con-
ditions at ! 37 au were just right to result in a near-100% binary  
fraction, but were insufficient to produce a large population of  
binaries with abin!$ !0.05RH.

Methods
Colours and binary properties. Here we consider barycentric orbital  
elements extracted from the Jet Propulsion Laboratory Horizons web service 
(http://ssd.jpl.nasa.gov/?horizons) on 1 July 2016 (Fig.!2). We only consider  
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Figure 2 | Barycentric orbital elements of KBOs. a Eccentricity versus 
semi-major axis of KBOs. b, Inclination versus semi-major axis of KBOs. 
The dashed lines show the boundaries of the cold classical region 
adopted in this paper (see Methods). Coloured points are CCKBOs with 
well-measured colours. Grey points are objects with no reliable colour 
measurement. Black triangles, red circles and blue stars represent single, 
red binary (s!> !17%) and blue binary (s!< !17%) CCKBOs, respectively.
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Figure 3 | Barycentric orbital elements of the surviving particles 
immediately after Neptune’s jump at 27.8 au. a, Eccentricity versus semi-
major axis of surviving particles. b, Inclination versus semi-major axis of 
surviving particles. Dotted lines delineate the cold classical region. Pairs 
of overlapping large and small round points mark bound binary pairs and 
triangles mark single objects, all of which are the result of binary unbinding. 
Red–blue pairs and purple triangles are those binary and single objects 
which were emplanted in the cold classical region. As in ref. 37, some 
objects transported outwards into the cold classical region fell out of  
the 2:1 MMR before the jump due to Neptune’s non-smooth migration, 
whereas others dropped out of the resonance when the planet jumped5,19.
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Colours of the Outer Solar System 
Origins Survey

optical/NIR colours from Gemini 

UV/optical colours from CFHT 

near simultaneous observations 

97 targets 

pill-aperture photometry for moving 
bodies 

For details, see Schwamb et al. (2018)
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Col-OSSOS: Optical - NIR Colours
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The Reddening Curve Projection

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
(g-r)

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

(r
-J

)

(0.4, -0.5)

(1.8, 0.2)

PC2PC1

PC values



Projected (g-r) vs. (r-J)
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Spectral Modelling

Mixing Model: 

two classes 

each class is a mixture of two materials 

material colours chosen to match only grJ 

95% of sources within 2-sigma 

Fully describes all past detected features of 
optical-NIR colour space
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FaintIR
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Consequence: Mixing 
of the Early Disk 0
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Conclusions
reddening curve projection clearly divides 5-band optical-NIR colour distribution 
into BrightIR and FaintIR classes 

When chosen to match the grJ colour distribution, 2 class model fully accounts for 
full colour behaviour in all available spectral datasets: 

optical colour bifurcation (Tegler and Romanishin, 2016) 

distribution of optical colours (Peixinho et al., 2015) 

correlated optical-NIR colours (Fraser and Brown, 2012) 

no further classes detected or required 

Cosmogonic implication: only 1 chemical transition in the protoplanetesimal disk
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