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ABSTRACT

Trans-Neptunian objects (TNOs) and Centaurs display the widest color diversity in comparison to other small solar
system bodies. The investigation of their properties can help in understanding the evolution of these objects. In this
paper we propose a classification scheme based on multivariate statistical analysis of a homogeneous, high-quality
setof B—V,V — R,V — I,and VV — J color indices. Analyzing a sample of 51 objects and using a high confidence
level, four groups have been identified and named: BB, BR, IR, and RR. The group BB contains objects with neutral
color and RR those with very red color, while the others have intermediate behavior. We extend the analysis to 84
other objects for which three colors are available, obtaining a preliminary classification. A tentative interpretation of
these groups in terms of surface characteristics is given.

Key words: Kuiper Belt — methods: statistical — techniques: photometric

1. INTRODUCTION

Trans-Neptunian objects (TNOs) or the so-called Edgeworth—
Kuiper Belt objects are believed to represent the most pristine
and thermally unprocessed objects in the solar system that are
accessible to ground-based observations. They are presumed to
be remnants of external planetesimal swarms. Since the first dis-
covery in 1992, more than 1000 objects have been detected, and
their number increases continuously. These objects can be di-
vided dynamically into several classes: classical objects, with or-
bits having low eccentricities and inclinations (semimajor axes
between about 42 and 48 AU ); resonant objects, which are trapped
in resonances with Neptune with the majority in or near the 3:2
mean motion resonance; scattered objects, with high-eccentricity,
high-inclination orbits and a perihelion distance near ¢ = 35 AU;
and extended scattered disk objects, which do not have gravi-
tational interactions with Neptune. With this population we can
also associate the Centaurs, which seem to come from TNOs and
were injected into their present orbits by gravitational instabili-
ties and collisions.

The study of physical properties of TNOs and Centaurs can
provide essential information about the conditions present in
the early solar system environment. The physical and chemical
knowledge of these objects is still very limited (see Barucci et al.
2004 for a review), with little information available on the com-
positional properties of their surfaces. Spectroscopy is the best
method to investigate the surface composition of these remote
objects. However, given their faintness, visible and near-infrared
spectra are available only for a few of them at best, with very low
signal-to-noise ratio. Today, photometry is the only technique
that provides data for a large number of objects, particularly in
the visible region. Recent large programs ( Doressoundiram et al.
2001,2002, 2005b; Boehnhardt et al. 2002; Peixinho et al. 2004)
have provided high-quality, homogeneous B, V, R, and I colors
for about 130 objects. The relevant statistical analyses have been
performed, and all possible correlations between optical colors
and orbital parameters have been analyzed (see Doressoundiram
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2003 for a review). Tegler & Romanishin (1998, 2000, 2003),
with a statistic based on the analysis of only two colors, B — V'
and V' — R, found a division into two distinct populations: one
consisting of objects whose surface colors were similar to those
of the Sun and the other consisting of the reddest objects known
in the solar system.

The investigation of color diversity is important and can be a
diagnostic of possible composition diversity and/or the different
evolutions from different physical processes affecting the sur-
faces of objects. When dealing with a large number of objects, it
is important to distinguish groups of objects with similar surface
properties. Such an approach to studying the physical properties
of asteroids has resulted in a taxonomy scheme based mostly on
surface colors and albedos and has become an efficient tool in
asteroid investigations.

In this paper we apply to 51 TNOs and Centaurs the same tech-
niques used to classify asteroids in the 1980s. The first attempts
at such an analysis were devoted to groups of 22 objects (Barucci
etal. 2001) and 34 objects (Fulchignoni et al. 2003) and showed
that ¥ — I'and V' — J colors are the key parameters in dividing a
sample into homogeneous groups. Barucci et al. (2001) found a
continuous spread of these objects between neutral to very red
colors. Further analysis yielded four groups, while Fulchignoni
et al. (2003) showed that the larger the sample, the finer its de-
scription could be.

In this paper we analyze photometric data of a sample of
51 objects for which highly homogeneous four-color indices
B—-V,V—R,V—1I,and VV — J) exist, and then we enlarge
the statistics to a large sample of 135 objects for which only three-
color indices (B — V, V' — R, and V — I) are available.

2. OBSERVATIONAL DATA

We considered all the available colors published after 1996 for
TNOs and Centaurs. We obtained (1) a set of data for 135 objects
observed in the B, ¥, R, and I bands, (2) a set of 51 objects ob-
served in the B, V, R, I, and J bands with high-quality homoge-
neous data, and (3) a subsample of 37 objects also including the
H band. We selected as the primary sample the complete set of
51 objects observed in five filters (B, V, R, I, and J ), owing to the
importance of V' —J colors as shown by a previous analysis
(Barucci et al. 2001). The list of objects and their colors together
with the references to the original data are given in Table 1.
When multiple observations of an object were available, we



TABLE 1

AVERAGE COLORS OF THE SELECTED SAMPLE OF 51 OBJECTS AND THE PROPOSED TaxoNoMICAL CLASSIFICATION

Object Type® B-V V—R V-1 V—-J V—-H References Group
SUN e ... 0.67 0.36 0.69 1.08 1.37 1,2
2060 Chiron.................. C 0.66 £ 0.04 0.36 £+ 0.01 0.74 £ 0.04 1.13 £+ 0.06 1.42 £+ 0.07 14, 15, 17, 25 BB
5145 Pholus................... C 1.23 +0.03 0.77 £ 0.01 1.57 £ 0.01 2.59 +0.01 2.97 £ 0.01 8, 15,17, 25 RR
7066 Nessus.................. C 1.09 £ 0.01 0.79 £+ 0.01 1.47 £ 0.03 2.29 +0.01 2.57+0.10 14, 15, 17, 25 RR
8405 Asbolus................ C 0.75 4+ 0.01 0.47 £+ 0.02 0.98 £ 0.01 1.65 £ 0.01 2.02 4 0.06 15,17, 18, 19, 25 BR
10199 Chariklo ... C 0.80 & 0.02 0.48 £+ 0.01 1.01 &+ 0.01 1.74 £+ 0.02 2.15 4+ 0.01 3,5,17,25,42 BR
10370 Hylonome ... C 0.69 & 0.06 0.43 +0.02 0.96 & 0.03 1.32 £ 0.01 1.50 + 0.08 5,9,15,17, 25,42 BR
15788 1993 SB............ R 0.80 £ 0.02 0.47 £ 0.01 1.01 £+ 0.01 143 £ 0.11 3,4,6,20,22 BR
15789 1993 SC............ R 1.08 & 0.08 0.70 & 0.06 1.49 4+ 0.04 242 4 0.11 2.82 £0.20 3,4, 7,8, 14, RR
15820 1994 TB............. R 1.10 £ 0.02 0.68 & 0.02 1.42 +0.04 2.3540.12 2.76 £+ 0.08 3,4,8,9,11, 12, 20 RR
15874 1996 TLg .......... S 0.72 4+ 0.03 0.36 £+ 0.01 0.73 £ 0.01 1.28 4 0.08 1.63 +0.14 3,4,5,7,10 BB
15875 1996 TPgq .......... R 1.05 £ 0.06 0.66 & 0.02 1.31 +£0.07 2.16 £ 0.04 2.33 £ 0.06 3,4,5,7,9,10 RR
19299 1996 SZ,..... R 0.75 4+ 0.08 0.52 +0.03 0.97 +£0.14 1.87 £0.13 3,4,22,24 BR
19308 1996 TOgg... Cl 0.67 £ 0.03 0.40 £ 0.02 0.74 £ 0.02 0.85 £0.10 0.64 £ 0.17 3,5,7,10, 16, 26, 27 BB
19521 Chaos....... Cl 0.93 £+ 0.03 0.62 £+ 0.01 1.16 &+ 0.05 1.88 £ 0.05 2.28 +0.05 4,9, 10, 11, 12, 22 IR
20000 Varuna................ Cl 0.88 £+ 0.03 0.61 £ 0.02 1.25 +0.02 2.01 £+ 0.05 4,9,13,28 IR
24835 1995 SMss ......... Cl 0.65 £ 0.01 0.38 +0.02 0.71 £ 0.02 1.01 £ 0.01 0.54 4+ 0.07 4,6,9, 10, 11, 12, 28 BB
24952 1997 Qly...eueee R 0.76 £ 0.04 0.43 £ 0.06 0.81 £ 0.05 1.23 £0.31 3,4, 6,20, 24 BB
26181 1996 GQy; ......... S 1.01 £ 0.07 0.71 £ 0.02 1.42 + 0.06 2.44 4+ 0.06 2.92 4+ 0.07 11, 13, 24, 29 RR
26308 1998 SM¢s. Cl 0.97 £+ 0.03 0.69 £+ 0.04 1.29 + 0.07 2.37 £ 0.01 2.88 +0.08 4,11, 12,22 RR
26375 1999 DE;.... S 0.97 +0.03 0.58 +0.01 1.15 4+ 0.01 1.89 £ 0.07 2.19 4+ 0.01 3,9, 11, 20, 29, 30 IR
29981 1999 TDyy.......... S 0.77 £ 0.02 0.48 £ 0.02 0.98 £ 0.03 1.81 £ 0.06 4, 20, 28 BR
32532 Thereus .............. C 0.75 £ 0.05 0.49 £ 0.02 0.93 £+ 0.01 1.66 & 0.03 2.17 £ 0.06 17, 31, 32 BR
32929 1995 QYq........... R 0.70 £ 0.02 0.51 £ 0.04 0.86 £ 0.06 2.02 £0.01 4,6,9, 14 BR
33128 1998 BUyg ......... C 0.95 4+ 0.08 0.64 £+ 0.02 1.18 £ 0.01 2.27 £ 0.05 2.76 £+ 0.09 9,11, 12,13, 17 RR
33340 1998 VGy ......... R 0.91 £ 0.01 0.60 & 0.01 1.23 £0.11 1.80 £ 0.16 2.23 +0.06 4,9, 10 IR
35671 1998 SNigs......... Cl 0.71 & 0.06 0.42 +0.03 0.82 £+ 0.01 1.27 £+ 0.05 3,4,6,9,20 BB
38628 Huya................... R 0.95 +£ 0.02 0.59 £ 0.02 1.21 £ 0.02 1.97 £ 0.05 3,4,9, 24, 28, 33, 34 IR
40314 1999 KRy .. Cl 1.06 £ 0.03 0.76 £+ 0.01 1.50 + 0.03 2.374+0.10 2.95 4 0.06 3, 11, 12, 13, 35, 36 RR
44594 1999 OX;.... C 1.14 4 0.02 0.68 & 0.02 1.38 +0.03 2.11 £ 0.08 2.59 +0.07 4,9,11, 17, 22, 35, 43 RR
47171 1999 TCse.......... R 1.01 £ 0.04 0.69 + 0.03 1.32 +0.05 2.33 £0.07 2.74 £+ 0.03 4,9, 10, 11, 12, 30, 41 RR
47932 2000 GNj7y........ R 0.92 £ 0.01 0.63 £ 0.01 1.21 £ 0.02 1.77 £ 0.06 4, 13,24 IR
48639 1995 TLs............ S 1.04 £+ 0.01 0.69 £+ 0.01 1.33 £ 0.01 2.42 £ 0.05 2.82 £ 0.07 11, 20 RR
52975 Cyllarus.............. C 1.12 + 0.04 0.69 £ 0.01 1.36 £ 0.03 242 £0.07 2.87 £0.09 9,10, 11, 12, 17 RR
54598 Bienor ............... C 0.68 & 0.02 0.44 £+ 0.03 0.87 £+ 0.03 1.69 £ 0.06 2.124+0.17 9, 11, 12, 17, 30, 41 BR
55565 2002 AW g7 Cl 0.90 & 0.03 0.62 4 0.03 1.18 +0.03 1.82 4 0.06 2.15 4 0.06 39 IR
55576 2002 GByj .. C 1.12 4+ 0.03 0.72 £ 0.03 1.32 +£0.03 2.11 £0.08 2.40 £ 0.08 39 RR
58534 1997 CQy ......... Cl 0.99 4 0.01 0.73 £+ 0.06 1.29 £ 0.03 1.84 £ 0.37 3,6,9,10, 16 RR
60558 2000 ECog.......... S 0.85 4 0.08 0.47 £ 0.01 0.94 £+ 0.02 1.49 +0.10 2.05 £+ 0.06 11, 12, 17, 24 BR
63252 2001 BLy,.......... C 0.72 4 0.05 0.48 4 0.03 1.06 & 0.03 1.65 4 0.07 2.02 4 0.05 17, 29, 30, 35 BR
79360 1997 CSyg.......... Cl 1.08 £ 0.03 0.66 + 0.04 1.25 +0.03 2.06 £+ 0.03 2.45 4 0.08 3,4,5,9,10, 11 RR
83982 2002 GOsq........... C 1.13 4+ 0.03 0.76 & 0.03 1.44 +0.03 2.44 4 0.06 2.81 4 0.06 39 RR
90377 Sedna ... ES 1.08 £ 0.06 0.67 +0.08 1.26 + 0.07 2.06 + 0.03 2.61 £+ 0.06 21 RR
90482 Orcus....... R 0.68 £ 0.04 0.37 £ 0.04 0.74 £+ 0.04 1.08 & 0.04 1.21 +0.05 40 BB
91133 1998 HK;s;. R 0.72 £+ 0.05 0.49 £+ 0.03 0.88 £ 0.01 1.57 £+ 0.09 4,9, 10 BR
R 1.19 £ 0.02 0.66 & 0.03 144 +£0.14 2.41 4+ 0.08 3,4,5,6 RR
Cl 1.06 £ 0.03 0.72 £ 0.03 1.31 +0.08 1.87 £ 0.03 3,5,7,16 RR
? 0.78 £ 0.03 0.53 +0.04 0.99 & 0.03 1.67 & 0.04 38 BR
Cl 0.86 £ 0.01 0.52 +0.02 1.10 + 0.04 1.86 £+ 0.07 2.30 £+ 0.09 9,11, 12 BR
Cl 1.05 £ 0.06 0.67 & 0.05 1.27 +£0.07 1.98 +0.10 2.26 4 0.08 9,11 RR
Cl 0.82 £ 0.06 0.60 £ 0.05 1.22 +0.08 2.42 +0.08 2.88 +0.08 9,11, 12 ..
S 0.71 & 0.05 0.38 +0.04 0.83 +0.04 1.40 +0.10 1.82 £ 0.09 9,11, 12 BB

? (C) centaurs; (Cl) classical; (R) resonant; (S) scattered; (ES) extended scattering disk; (?) unusual, Halley family comet orbit.

REerereNcEs.—(1) Hardorp 1980; (2) Hartmann et al. 1982; (3) Jewitt & Luu 2001; (4) McBride et al. 2003; (5) Tegler & Romanishin 1998; (6) Gil-Hutton &
Licandro J. 2001; (7) Jewitt & Luu 1998; (8) Tegler & Romanishin 1997; (9) Doressoundiram et al. 2002; (10) Boehnhardt et al. 2001; (11) Delsanti et al. 2005;
(12) Delsanti et al. 2004; (13) Sheppard & Jewitt 2002; (14) Luu & Jewitt 1996; (15) Davies et al. 1998; (16) Davies et al. 2000; (17) Bauer et al. 2003;
(18) Romanishin et al. 1997; (19) Romon-Martin et al. 2002; (20) Delsanti et al. 2001; (21) Barucci et al. 2005; (22) Tegler & Romanishin 2000; (23) Davies et al.
1997; (24) Boehnhardt et al. 2002; (25) Davies 2000; (26) Hainaut et al. 2000; (27) Barucci et al. 1999; (28) Tegler & Romanishin 2003; (29) Doressoundiram et al.
2003; (30) Tegler et al. 2003; (31) Barucci et al. 2002; (32) Farnham & Davies 2003; (33) Ferrin et al. 2001; (34) Schaefer & Rabinowitz 2002; (35) Peixinho et al.
2003; (36) Trujillo & Brown 2002; (37) Doressoundiram et al. 2001; (38) Davies et al. 2001; (39) Doressoundiram et al. 2005a; (40) de Bergh et al. 2005;
(41) Dotto et al. 2003a; (42) McBride et al. 1999; (43) Doressoundiram et al. 2005b.
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TABLE 2

E1GENVECTORS, EIGENVALUES, AND PERCENTAGE OF ToTAL VARIANCE
ConNTRIBUTED BY EAcH EIGENVALUE FROM THE PC ANALYSIS

Variable 1 2 3 4
0.290 0.577 —0.755 —0.114
0.225 0.278 0.160 0.920
0.436 0.526 0.626 —0.375
0.821 —0.560 —0.110 —0.013

0.282 0.014 0.002 0.001
94.195 4.721 0.767 0.316

Eigenvalues
Percentage of total variance .....

adopted the mean values of their colors weighted with the inverse
of the error of individual measurement and used the standard
deviation as the associated error. In the case of a single measure-
ment we selected only those objects for which colors were deter-
mined with an error less than 0.1 mag. The selected data represent
a homogeneous data set in the B, ¥, R, I, and J bands obtained by
the same observer during the same run or intercalibrated through
V' measurements.

3. STATISTICAL ANALYSIS

We applied to the 51 TNOs and Centaurs (the sample) de-
scribed by the four-color indices B—V, V—R, V — I, and
V' —J (the variables) the same statistical analysis used in the
1980s to classify the asteroid population: the G-mode analysis
from Barucci et al. (1987) and principal component analysis
(Tholen 1984; Tholen & Barucci 1989). Principal components
are linear combinations of the original variables, where the co-
efficients represent the relative importance of a variable within a
principal component. These coefficients are the eigenvectors of
the variance-covariance matrix of the variables. The sum of the
eigenvalues of this matrix (its trace) accounts for the total vari-
ance of the sample. Each eigenvalue reflects the percentage con-
tributed by each principal component to the total variance.

The results of this analysis (reported in Table 2) show that the
first principal component (PC1) accounts for most of the vari-
ance of the sample (94%), with 46% due to V' — J; PC2 adds less
than 5% to the total variance. Most of the information is concen-
trated in PC1, which shows a continuous trend from the objects
having a neutral color with respect to the Sun (lower PC1 scores)
toward being the reddest objects of the solar system (higher PC1
scores). The object number density along the PC1 is not homoge-
neous, indicating the presence of some grouping that overlaps
the continuous trend. In Figure 1 the histogram represents the
number of objects projected onto the PC1, showing four peaks.
The relationship between the variables used is probably nonlin-
ear, so the PC analysis does not allow us to discriminate between
the intrinsic structures of these groups within only one component.

For this reason we use a powerful statistical grouping method
to recognize the structure of the number density distribution on
the PC1 axis. The G-mode method (Coradini et al. 1977) allows
the user to obtain an automatic clustering of a statistical sample
containing N objects described by M variables (for a total of
M x N degrees of freedom [dof ]; the dof must be >100) in terms
of homogeneous taxonomic groups with no a priori grouping
criteria and taking into account the instrumental errors in mea-
suring each variable. The method also gives indications as to the
relative importance of the variables in separating the groups.

The original multivariate sample is collapsed into a univariate
sample through successive transformations. The new variable
(g) is normalized to a quasi-Gaussian distribution with a mean
equal to 0 and a variance equal to 1; N’ out of the N elements are

8+ _
2,0 /N § |

1.5 2.0 2.5 3.0 3.5
PC1

Fic. 1.—Number of objects projected onto the PC1 axis (histogram). The four
Gaussian curves, computed using the average values of the four groups and the
standard deviations obtained by the G-mode analysis, have been transformed into
PC space and superposed on the histogram.

selected on the basis of a test of the hypothesis of membership in
the first group, which comes out through an automatic choice
once a starter is selected. The starter is defined as the set of
the three elements having the minimum reciprocal distance. The
selection procedure is iterated using as starter all the selected
elements until their number N’ does not change. The method is
then iterated on the N — N’ elements left, in order to identify the
second group, composed of N” elements. The iteration proceeds
onN — (N’ + N")elements, and so on, until all the elements are
classified into homogeneous groups. Homogeneous means that
each group belongs to the same statistical population charac-
terized by mean values of variables and relative standard devi-
ations. The membership of an element in a given group, or the
selection criteria, is based on the statistical inference rules, the only
a priori choice in the decision process being that of the confidence
level defined as the probability of accepting the tested hypothesis.
The user selects the confidence level that corresponds to a given
critical value Q.

Using the G-mode analysis, we analyzed a sample of 51 ob-
jects,and B —V,V — R,V — I, and V' — J colors were taken as
variables (51 x 4 = 204 dof). This data set is listed in Table 1.
Four homogeneous groups were obtained using a high confi-
dence level Q (corresponding to 3 o). The weight of each vari-
able in separating these groups was 32% for the V' — I color,
26% for V' — R, 22% for V — J, and 20% for B — V, implying
that all variables contribute to the definition of the four groups. In
Table 3 the number of samples, the color average value, and the
relative standard deviation for each group are given.

To verify the consistence of these groups with the indication
obtained by the PC analysis, we use the values of Table 3, trans-
formed into PC space, to superpose the distributions representing
the four groups found by the G-mode analysis on the histogram
in Figure 1. Each Gaussian, representing the relative group, is
centered on the average value of PC1, has the same standard
deviation, and has an area representing the number of objects
belonging to its group. The x? test shows that the distribution
represented by the histogram in Figure 1 and that corresponding
to the sum of the four Gaussians representing the groups are
similar within the 95% probability level. This implies that the
four groups are at the origin of the nonhomogeneity of the PC1
number density.
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TABLE

BARUCCI ET AL.

3

THE RELATIVE NUMBER OF SAMPLES, AVERAGE COLOR, AND RELATIVE STANDARD DEVIATION FOR THE FOUR

TaxoNoMic GROUPS ATTAINED BY THE G-MODE ANALYSIS IN THE SAMPLE OF 51 OBJECTS

Class Number of Objects B—-V V —R V-1 V—-J
......................... 8 0.70 £ 0.04 0.39 + 0.03 0.77 £+ 0.05 1.16 £ 1.17
14 0.76 £ 0.06 0.49 +0.03 0.9 £ 0.07 1.67 £ 0.19
7 0.92 £ 0.03 0.61 £ 0.03 1.20 £ 0.04 1.88 £ 0.09
......................... 21 1.08 £+ 0.08 0.71 £ 0.04 1.37 £ 0.09 227 +£0.20

Vol.

130

The distributions of the objects within the four groups are il-
lustrated in Figure 2. The two complementary three-dimensional
plots, namely, the (B—V,V — R,V —I)and (B -V, V — R,
V — J) color spaces, show the different behaviors of the four
groups, as well as the role of each color (particularly ¥ — I and
V' — J) in assigning the samples to each group. One object, 2000
OKg7, does not belong to any group.

Moreover, we analyzed a subset of 37 objects for which the
V' — H color was also available. G-mode analysis applied to this
subsample described by five colors (for a total of 37 x5 =
185 dof) provides practically the same well-determined four
groups. The same objects fall in the same groups that were ob-
tained with four variables. The color average V' — H and the
relative standard deviation for each group are 1.21 + 0.52 (BB),
2.04 + 0.24 (BR), 2.21 +0.06 ({R), and 2.70 £ 0.24 (RR).

On the basis of these results, we propose to introduce a tax-
onomy of TNOs and Centaurs based on their surface broadband
colors. A two-letter designation for the derived groups is intro-
duced to distinguish TNO taxonomy from the asteroid one. Ob-
jects having a neutral color with respect to the Sun are classified
as the BB (“blue”) group, and those having a very high red color
are classified as RR (“‘red”’). The BR group consists of objects
with an intermediate blue-red color, while the /R group includes
moderately red objects. 2000 OK 47, which the G-mode analysis
left out of this scheme, might be considered as a “single-object
group” in a manner similar to 4 Vesta, 1862 Apollo, and 349
Dembowska, which formed the V, Q, and R classes, respectively,
in the Tholen asteroid taxonomy ( Tholen & Barucci 1989). Since
then, the V class has been populated by plenty of small asteroids
(Binzel & Xu 1993), and several new objects can be considered

to belong to the Q and R classes (Bus & Binzel 2002). The as-
signment of each object to one of these groups is reported in the
last column of Table 1.

The G-mode analysis has been extended (Fulchignoni et al.
2000) to assign to one of the already defined taxonomic groups
any object for which the same set of variables becomes available.
Moreover, even if a subset of the variables used in the initial
development of the taxonomy is known for an object, the algo-
rithm allows us to assign a preliminary indication of its likely
group. The lack of information on a variable is reflected by the
fact that an object could be assigned to two different classes
when that variable is the one that discriminates between these
classes.

We applied this algorithm to each of the 84 other TNOs for
whichthe B — V',V — R,and V' — I colors are available. In Table 4
we report a preliminary classification for these objects, but their
belonging to a given group always has to be considered with some
caution because it is only an indication obtained with an incom-
plete data set. As an example, consider the object 2000 OK¢7;
when one applies the algorithm using four variables it cannot be
assigned to any class, confirming the result obtained directly by
the G-mode analysis, but if one does not take into consideration
its V' — J color, the algorithm assigns it to the /R group because
of its similitude in (B — V, V' — R, V — I) space to the average
value of that group. A double assignment is obtained for 13 ob-
jects, while 15 objects are not classified at all. If the single-object
group is added to the four main groups, all the objects that were
classified on the basis of the four classes continue to be assigned
to the same groups, and three of the nonclassified objects (20%
of the total) are attributed to the fifth group. This consideration

------------

1.0
0.8

0.6

0.4 I

Fic. 2.—Well-separated groups in two complementary three-dimensional spaces, namely, (B—V, V —R, and V —1) (left) and (B—V, V —R, and V —J)

(right). The object 2000 OK ¢ (circle) does not belong to any group.
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TABLE 4

PRELIMINARY CLASSIFICATION FOR THE 84 OTHER OBJECTS BASED
oN THREE-CoLoR INDICES (B—V, V — R, aAND V —1)

Object G-Mode Class Object G-Mode Class

15760 1992 QB ..corvveeees RR 1996 RRygvveemeeeeeeeeeerrrenenees RR
15810 1994 JRy ..oovevnineennee 1996 TKgg-evevevemevemereuerernenenenes RR
15836 1995 DA;.....ccevvvnunne. 1997 QHy.ocvviiiie, RR
15883 1997 CRyg..cvvvenee BR 1997 RT5 e
16684 1994 JQ ....cvvevenaene. RR 1998 KGg, IR-RR
19255 1994 VKg RR 1998 URy; BR
28978 Ixion. . IR-RR 1998 WS;; .. BR
31824 Elatus....... . RR-IR 1998 WTs; .. BB
33001 1997 CUpg....cocuvunnnnee RR 1998 WV3 oo BR
38083 Rhadamanthus............. BR 1998 WZ31 cvieieieieeeeeeine BB-BR
38084 1999 HBI2 ................. BR 1998 XY 95 uveumemeverrencvenmeaennene RR
42301 2001 URjg3.cccveveveunnene 1999 CByj9 RR
49036 Pelion...... BR 1999 CFyy9.. BR
52872 Okyrnoe .. BR 1999 CXj3; . RR
55636 2002 TX3¢y - . BB 1999 HC;j,... BR
59358 1999 CLj58 «vvvvrererenenee BB-BR 1999 HRyj oevvvercieieieieieirieenee
60454 2000 CH g5 ..coevnevvenne. RR 1999 HSj| covvevieerrecicrciennne RR
60608 2000 EE;73...c.ccueuneee IR 1999 OEy .o RR
60620 2000 FDy..................... RR 1999 OJy o RR
60621 2000 FEg. BR 1999 OMq ... RR
66452 1999 OF,.... RR 1999 RByy6.. BR
69986 1998 WW,, . BR 1999 RE;s.. RR
69988 1998 WA .....cvueunnnne BR 1999 RX)14 cevvevveeeneneniriienenee RR-IR
69990 1998 WUj] .cocuvnennnee 1999 RY 140 BR
79978 1999 CCjsg..cvvvvnennnne IR-RR 1999 XX 143 cvevevvverrereniriricaenes RR
79983 1999 DFq ......onveeenne... RR 2000 CLjggveeeerrereeeeeresreeneee RR
82075 2000 YW 34 cevuvinnnee BR 2000 FZs3..oovuiiviiciiiiccaee ..
82158 2001 FPygsvvvverrereeennn. 2000 GP,g3 BB-BR
85633 1998 KRgs .. RR 2001 CZj; ... BR
86047 1999 OYs;.... BB 2001 KA7;... RR
86177 1999 RY ;5. . BR 2001 KD75... RR
91205 1998 US43.eevveveneeeennns BR 2001 KP77 oo

91554 1999 RZ;;5 ..ocuueeenee 2001 KY76uweveeeerereeerinirineicanaen
95626 2002 GZ3p.vvveeree. BR 2001 QF598-ceeeeermrereeeeeressrenene BB
1993 RO...cocviciviiiiiie IR-RR 2001 QY297 covevrevvririiriicinen BR
1993 FW .. RR-IR 2001 UQs... RR
1994 ES, .. e 2002 DHs.... BR-BB
1994 EV;. . RR 2002 GFs;... RR
1994 TA oo RR 2002 GH3pueovveeeeiice

1995 HMs ..o BR 2002 Gl3pcvcviciciciiiicce

1995 WY 5 oo RR-IR 2002 GP33 oo
1996 RQopeveeerreeereeeeersesneeeee IR-RR 2002 GV3geeeeeeeeeeeeeeereeseeeene RR

suggests that other groups could be found and that the taxonomy
can still be enlarged and refined.

The average values of the five broadband colors obtained for
each group and the relative error bars are represented in Figure 3
as reflectances R.; normalized to the Sun and to the ¥ colors:

Rc» — 10ﬂ:044(£’)‘—0/‘.o)’

where ¢; and ¢, are the 4 — V' colors of the object and of the
Sun, respectively.

4. DISCUSSION

The four groups found by G-mode analysis are well defined and
homogeneous in color properties. The investigation of TNOs by
analyzing the diversity among the groups could help in under-
standing the evolutionary path of TNOs and/or the effects of dif-
ferent physical processes on their surfaces.

Each group contains objects whose spectra indicate particular
compositional characteristics of the surface. The available spec-
tra of members of each group are inside the error bars of the
average broadband reflectance spectrum.

As a reference, we superposed on the average spectrum of
each group a surface composition model obtained by interpreting
the spectral characteristics of the group member for which the
best quality spectrum was available (Fig. 2).

The RR group contains the reddest objects of the solar sys-
tem. Spectra are available for 5145 Pholus (Cruikshank et al.
1998), 47171 1999 TCs4 (Dotto et al. 2003a), 55576 2002 GB,g
(Doressoundiram et al. 2005a), 83982 2002 GOy (Doressoundiram
et al. 2003), and 90377 Sedna (Barucci et al. 2005). All surface
composition models of these objects contain a few percent of
H,0 ice on the surface. In Figure 2 the model of 1999 TCsg
(Dotto et al. 2003a) has been superposed as a reference for the
broadband reflectance of the group. The model is composed of
57% Titan tholin, 25% ice tholin, 10% amorphous carbon, and
8% water ice. The redness of the group could imply large amounts
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Fig. 3.—Four obtained groups reported with the average broadband reflec-
tance spectra normalized to the " 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 TC34 ( Dotto
et al. 2003a) is superposed; for BB the spectra of 90482 Orcus (Fornasier et al.
2004); for IR the spectra 0f 26375 1999 DEg (Doressoundiram et al. 2003); and
for BR the spectra of 63252 2001 BL4; (Doressoundiram et al. 2005a).

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 TOg44 (Brown et al.
1999), and 15874 1996 TL¢e (Luu & Jewitt 1998). The typical
spectra are flat and somewhat bluish in the near-IR. The H,O ab-
sorption bands seem generally stronger than in the other groups,
although the H,O ice presence in the Chiron spectrum seems con-
nected to temporal/orbital variations, and the spectrum of 1996
TLgg 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 GN7; (de Bergh et al.
2004), 26375 1999 DEg (Jewitt et al. 2001; Doressoundiram
et al. 2003), and 55565 2002 AW,9; (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 DE,y 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 /R 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 H,O 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
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rotational period. For this group we associated (Fig. 2) the
surface composition model of Centaur 2001 BL,;, 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 /R and BR groups: Varuna (0.038 4 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 /R
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). H,O 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 offourcolors (B — V,V — R,V — I,and V' — 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 (' — J) is indispensable for good statis-
tical applications.
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A model spectrum of one of the members has been associated
to each group. The models that fit the reflectance spectra can be
matched with synthetic spectra calculated with different percent-
ages of ices, organics, and minerals. A higher content of organic
material is necessary to fit the redder spectra, while only a small
amount of H,O ice is, in general, needed in all spectra. In fact,
H,O0 ice, which is supposed to be the bulk constituent of these
bodies, could be hidden by low-albedo, opaque surface materials
and for this reason may appear on the surface only in sparse
outcrops.

Cruikshank & Dalle Ore (2003) modeled the full range of the
redness of TNO and Centaur reflectance spectra with combina-
tions of different percentages of organics and amorphous carbon
without requiring the addition of space-weathered, igneous rock—
forming minerals. However, Moroz et al. (2004) showed that
space weathering is an important phenomenon that can influence
the surface composition of these objects, and it is not well under-
stood. In general, simulations of aging effects by ion irradiation
show an increase in reddening. But some experiments on partic-
ularly dark material with red spectra (i.e., asphaltite) exhibit the
opposite behavior: flattening of the spectra. The direction of the
trend is difficult to interpret without knowledge of the albedos.
Albedo is an important parameter for the analysis of surface com-
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position, and the knowledge of it for a large number of objects,
which will increase with Spitzer observations, will be funda-
mental for the statistical analysis of the TNO population.

We can conclude that multivariate statistical analysis of broad
bands of visible and near-IR colors provides a strong indication
for differences in the surface natures of the TNO population. The
obtained different groups indicate the present physico-chemical
surface state of the analyzed objects. The trend from neutral (BB)
to very red (RR) groups indicates the possible sequence of altera-
tion processes (collisions, resurfacing, craters, UV and/or ener-
getic particle bombardment, etc.). Each group would represent
an evolutionary stage of the population, indicating the duration
for which each object has been exposed to these different alter-
ation processes. The relative number of objects in each group
would account for the time spent in the different evolutionary
stages. The presence of a single-object group could imply the pos-
sible existence of another class. As more objects are discovered
and more data are available on their properties, our classifi-
cation scheme may have to be expanded by the addition of more
groups. Clearly, more observations at different wavelengths and
laboratory work will be indispensable to enhancing our un-
derstanding of the different classes and evolutions of the TNO
population.
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