Physical Properties of Trans-Neptunian Objects

D. P. Cruikshank
NASA Ames Research Center

M. A. Barucci
Observatoire de Paris, Meudon

J. P. Emery
SETI Institute and NASA Ames Research Center

Y. R. Fernandez
University of Central Florida

W. M. Grundy
Lowell Observatory

K. S. Noll
Space Telescope Science Institute

J. A. Stansberry
University of Arizona

In 1992, the first body beyond Neptune since the discovery of Pluto in 1930 was found. Since then,
nearly a thousand solid bodies, including some of planetary size, have been discovered in the outer Solar System,
largely beyond Neptune. Observational studies of an expanding number of these objects with space- and ground-
based telescopes are revealing an unexpected diversity in their physical characteristics. Their colors range from
neutral to very red, revealing diversity in their intrinsic surface compositions and/or different degrees of process-
ing that they have endured. While some show no diagnostic spectral bands, others have surface deposits of ices of
H,0, CH,, and N,, sharing these properties with Pluto and Triton. Thermal emission spectra of some suggest the
presence of silicate minerals. Measurements of thermal emission allow determinations of the dimensions and sur-
face albedos of the larger (diameter > ~75 km) members of the known population; geometric albedos range widely
from 2.5% to >60%. Some 22 trans-Neptunian objects (including Pluto) are multiple systems. Pluto has three
satellites, while 21 other bodies, representing about 11 % of the sample investigated, are binary systems. In one
binary system where both the mass and radius are reliably known, the mean density of the primary is ~500 kg/m’,
comparable to some comets (e.g., Comet P1/Halley (Keller et al. 2004).

1. INTRODUCTION

The many objects found orbiting the Sun beyond
Neptune, beginning with the first discovery in 1992
(Jewitt and Luu, 1993), open a new window on the con-
tent, dynamics, origin, and evolution of our own Solar
System, and give rich insights into those same aspects of
protoplanetary disks and extra-solar planetary systems.
Our present understanding of the population of trans-
neptunian objects is significantly greater than our under-
standing of the asteroid belt was at the time when a com-
parable number of asteroids were known (early 1920s).
This improvement arises from the fact that, in contrast
with the development of asteroid science, we are studying

the distant trans-neptunian objects with the full range of
available observational techniques in parallel rather than
in a serial way. By bringing together dynamical studies of
their orbits, photometric, spectroscopic and radiometric
observations, we are rapidly gaining insight into the origin
of trans-neptunian objects and their relationship to the
solar nebula and protoplanetary disks around young or
forming stars.

This chapter is focused on the physical properties
of the objects beyond Neptune derived from observational
studies with Earth- and space-based telescopes. Those
physical properties include dimensions, surface composi-
tions, colors and a taxonomy derived from that informa-



tion, the occurrence of binary systems, and in exceptional
cases masses and mean densities.

The objects with perihelia beyond Neptune,
which as of early 2006 some 900 were known, have re-
ceived many designations and names, both formal and
informal. Three distinct dynamical populations have be-
come apparent as the discoveries continue. The first
grouping, which includes the majority of the objects dis-
covered to date, is known as the classical Kuiper Belt. It
consists of objects in near circular orbits with semi-major
axes around 45 AU. These orbits are stable against Nep-
tune’s perturbations over the age of the Solar System. The
second population consists of objects in orbits with 2 : 3
resonance with Neptune, as in the case of Pluto. These
objects are informally referenced by their etymologically
grotesque name, “Plutinos”. Taken together, these two
populations are frequently referred to as Kuiper Belt Ob-
jects (KBOs), a term that is used in this paper. The third
population consists of objects in highly eccentric orbits
with perihelia generally within the classical Kuiper Belt
(although some are inside Neptune’s orbit), but with aphe-
lia far outside. These bodies have been dynamically ex-
cited by Neptune; they are called scattered disk objects.
In this chapter we refer to all of them with the most gen-
eral term, trans-neptunian objects, or TNOs, but where it
is useful to discuss dynamical categories, we use the gen-
erally accepted terms, resonant and non-resonant Kuiper
Belt objects (KBOs), and scattered disk objects (Chiang et
al., this volume). An additional class, the Centaurs, con-
sists of objects derived from the TNO population and oc-
cupying temporary orbits that cross those of the major
planets. About 80 such objects having perihelia <30 AU
are known as of early 2006.

In this review we will find it useful to include the
planet Pluto, Neptune’s satellite Triton, and the Centaurs;
in discussing spectroscopy in the thermal spectral region
(A > 10 pm), we also include the Jovian Trojan asteroids
for comparison. Pluto shares physical characteristics with
some of the more recently discovered objects in the trans-
neptunian region (e.g., Owen et al., 1993; Douté et al.,
1999), while Triton has similar physical characteristics to
Pluto (e.g., Cruikshank et al., 1993; Quirico et al., 1999)
and is widely thought to have been captured into a retro-
grade orbit by Neptune from the TNO population (e.g.,
McKinnon, 1995). The jovian Trojans are a family of
small bodies that share more characteristics with comets
and Centaurs than with main belt asteroids (Emery et al.,
2006), and probably originated in the outer Solar System.

2. COLORS AND TAXONOMY

Observations of brightness and color in the ex-
tended visible spectral region (0.3-1.0 pm) have been ob-
tained for a large sampling of TNOs, and photometric ob-
servations in several colors obtained in recent years have
yielded high quality B, V, R and I measurements for more
than 130 objects (see Barucci et al., 2005a for complete

references). These observations reveal a clear diversity in
color among the TNO population, noted early in the inves-
tigation of these objects (Luu and Jewitt, 1996). Relevant
statistical analyses have been performed and a wide range
of correlations between optical colors and orbital parame-
ters have been analyzed (Tegler and Romanishin, 2000,
2003; Doressoundiram et al., 2002; Trujillo and Brown,
2002; Tegler et al., 2003; Peixhino et al., 2004; and
Doressoundiram et al., 2005a). Color variation is an im-
portant diagnostic of diversity in surface composition and
the evolution of surface composition and microstructure
through processing by various physical processes, a sub-
ject to which we return below.

When dealing with a large number of objects it is
useful to distinguish groups of objects with similar surface
properties. Barucci et al., (2005a) applied the multivariate
statistic analysis (G-Mode) (Barucci et al., 1987) to the
TNO and Centaur populations; this and the Principal
Component Analysis are the same techniques used in the
1980s to classify the asteroid population (Tholen, 1984;
Tholen and Barucci, 1989).

Barucci et al. (2005a), considering all the high
quality available colors on TNOs and Centaurs published
after 1996, analyzed: i) a set of data for 135 objects ob-
served in the B, V, R and I bands, ii) a set of 51 objects
observed in the B, V, R, I, J bands with high quality ho-
mogeneous data, and iii) a sub-sample of 37 objects that
also included H band measurements. They selected as a
primary sample for the analysis a complete and homoge-
neous set of 51 objects observed in five filters (B, V, R, 1,
J), adopting the mean values weighted with the inverse of
the error of individual measurement when multiple obser-
vations of an object were available.

The results of the analyses show the presence of
four groups where J color plays the main role in discrimi-
nating the groups (J weight is 46%). The four homogene-
ous groups showing a high confidence level (correspond-
ing to 3o) have been named BB, BR, IR, RR. The same
well determined four groups were found when the analysis
was applied to a subset of 37 objects for which the H color
was also available.

In Table 1, the color average value and the stan-
dard deviation for each group are given. The BB (blue)
group consists of objects having neutral colors with re-
spect to the Sun, while the RR group has a very strong red
color. The BR group includes objects with an intermediate
blue-red color, while the IR group includes moderately red
objects.

The G-mode can be extended (Fulchignoni et al.,
2000) to assign objects for which the same set of variables
become available to one of the already defined taxonomic
groups, even if only a subset of variables used in the initial
taxonomy is known for new objects. Such an extension
has been applied to the 84 other TNOs for which only B,
V, R and I colors were available, and an indication of the
classification has been obtained for 69 objects.



Class B-V V-R V-1 V-J V-H

BB 0.70£0.04 0.39+0.03 0.77£0.05 1.16x1.17 1.21£0.52
BR 0.76x0.06 0.49+0.03 0.9+0.07 1.67£0.19 2.0410.24
IR 0.92+0.03 0.61+0.03 1.20£0.04 1.88+0.09 2.2120.06
RR 1.08+0.08 0.71£0.04 1.37£0.09 2.272£0.20 2.7010.24

Table 1: Average colors and the relative standard deviation for the four taxonomic groups obtained by G-mode
analysis on the sample of 51 objects. The V-H has been computed for a subset of 37 objects.

The investigation of the diversity among the
TNOs can help in understanding their characteristics and
the different physical processes which have affected their
surfaces. The four groups noted here are well defined and
homogeneous in color properties. To better understand the
surface composition properties of each group, we have
superimposed representative compositional surface mod-
els calculated for some of the well studied objects (Fig. 1).
We return below to questions of the efficacy and unique-
ness of compositional models of planetary bodies.
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Fig.1. Each of the four color classes is shown with the
average broad-band reflectance data (solid circles) and
their relative error bars, normalized to the V band (0.55
pm). Overlain on each group is a compositional model of
one or more well observed members of the group. For RR
the spectral models of 47171 1999TC5¢ (Dotto et al.,

2003a), 26181 1996 GQ,; (Doressoundiram et al., 2003,
55576 2002 GB,, and 83982 2002 GO, (Doressoundiram
et al., 2005a,b) are shown; for BB the model of 90482

Orcus (Fornasier et al., 2004a); for IR the models of
26375 (1999DEy) (Doressoundiram et al., 2003) and
55565 2002 AW y; (Doressoundiram et al., 2005a,b); for
BR the models of 63252 2001BL,, (Doressoundiram et
al., 2005a,b), 10199 Chariklo (Dotto et al., 2003b), 54598
Bienor (Dotto et al., 2003a), and 32532 Thereus (Barucci
etal., 2002).

3. SPECTROSCOPY (0.3-5 pm)
3. 1. Visible and Near-Infrared Spectral Region

While broadband colors provide useful informa-
tion on the surfaces of these objects, spectroscopy is the
only way to investigate their surface compositions in de-
tail. Although the faintness of these objects limits spectro-
scopic observations, the use of some of the world’s largest
telescopes has yielded combined visible region and infra-
red spectra for about 20 objects.

The visible region spectra are generally feature-
less, but show differences in the spectral slope consistent
with multicolor photometry. Three objects show possible
broad absorptions in their spectra; 47932 (2000 GN;7y),
shows an absorption band centered near 0.7 um, while the
spectrum of 38628 (2000 EB;;) suggests two weak fea-
tures centered at 0.6 pm and at 0.745 um (Lazzarin et al.,
2003; de Bergh et al., 2004). The spectrum of 2003 AZg,
(Fornasier et al., 2004a) also seems to show a weak ab-
sorption centered near 0.7 um. These features are very
similar to those due to aqueously altered minerals, as
found in some main belt asteroids (Vilas and Gaffey,
1989). We note further that hydrated silicates are a domi-
nant component of carbonaceous meteorites. Jewitt and
Luu (2001) have reported absorption bands (around 1.4,
1.9um) of phyllosilicates in the spectrum of the Centaur
26375 1999 DEy. All of these features are rather weak,
and require confirmation.

Finding aqueous altered materials in TNOs would
not be too surprising (de Bergh et al., 2004) since hydrous
silicates are detected in interplanetary dust particles (IDPs)
and micrometeorites, and by inference will be found in
comets. In experiments with the condensation of magne-
siosilica smokes in the presence of water, Reitmeijer et al.,
(2004) produced proto-phyllosilicates in an environment
that may be similar to that in stellar outflows and the inner
regions of the solar nebula. Their results may have impli-
cations for the pervasiveness of hydrated amorphous
proto-phyllosilicates in comets, and by association, icy
protoplanets like TNOs.



While broad spectral coverage of the visible and
near-infrared region is a necessary condition to allow a
diagnosis for silicate minerals, carbonaceous assemblages,
organics, and ices and/or hydrocarbons, in some cases it is
not a sufficient condition. Some objects exhibit no dis-
crete absorption bands, in which case the analysis can use
only color properties and albedo. As noted above, only
about 20 bright members of the TNO and Centaur popula-
tions have been well studied in both visible and near infra-
red wavelengths and rigorously modeled. The spectra of
TNOs and Centaurs have common behavior and their sur-
face characteristics seem to show wide diversity. Several
objects seem to show heterogeneity in their surfaces, such
as 31824 Elatus (Bauer et al., 2003a), 19308 1996 TOgs
(Brown et al., 1999) and 32532 Thereus (Barucci et al.,
2002; and Merlin et al., 2005). In some cases, observed
surface variations may be attributed to different viewing
geometry, and possibly the low signal precision of some
of the observational data.

Several large and relatively bright objects have
been discovered in the last few years, thus enabling spec-
troscopic observations with large ground-based telescopes.
The spectral reflectance of 90482 Orcus can be matched
with a model consisting of kerogen (a red-colored com-
plex and relatively refractory organic solid), amorphous
carbon and H,O ice (Fornasier et al., 2004a; and de Bergh
et al., 2005). Jewitt and Luu (2004) detected crystalline
water on 50000 Quaoar; its presence may imply melting
by resurfacing events, since the expected low temperature
of formation suggests that amorphous ice should domi-
nate. TNO 90377 Sedna resembles Triton (Barucci et al.,
2005b) while the largest presently known object of the
TNOs population 2003 UBj;3 has a NIR spectrum very
similar to that of Pluto (Brown et al., 2005; see below).

3. 2. Groupings of TNOs by Spectroscopic Character-
istics

A sufficient number of TNOs have been observed
spectroscopically in the region 0.3-2.5 pm to see catego-
ries into which they fall. We do not propose the following
as a taxonomy, but note the basic characteristics of these
groups.

. Objects having absorption bands of H,O ice which,
when sufficiently well defined, reveal the crystalline
rather than amorphous phase. These objects exhibit a
range of redness and geometric albedo similar to the pre-
vious class.

1. Objects having absorption bands of solid CH4 with a
wide range of band strengths from weak to heavily satu-
rated. Two sub-classes are seen:

lla. Absorption bands of both CH, and N,; in this situa-
tion the CH, is often dissolved in N, ice. Pluto and
(probably) Sedna share these properties, together with
Neptune’s satellite Triton.

I1b. Absorption bands of CH, in the absence of N,, and a
clear indication that the CHy ice is pure and not dissolved
in another ice. Examples are 2003 UB;;3 and 2005 FY.
I11. Objects having no spectral features (0.3-2.5 um), but
a wide range of colors, represented by degrees of positive
spectral slope toward longer wavelengths (red color).
Some objects are essentially neutral (gray) over this spec-
tral interval, while others are among the reddest objects in
the Solar System. Geometric albedos appear to lie in the
range 0.03-0.2.

3. 3. 90377 Sedna and 2003 UBs;3: Two Objects of
Special Interest

The object 90377 Sedna belongs to the dynamical
class called the extended scattered disk, with the most dis-
tant perihelion at 76 AU presently known. Barucci et al.
(2005b) reported V and NIR observations showing a simi-
larity to the spectrum of Triton, in particular in terms of
the presence of absorption bands of N, and CHj, in the 2.0-
2.5 um range.

Cross-correlation investigation gives a high level
of confidence that the spectrum of Sedna has the same
spectral bands as that of Triton (Cruikshank et al., 2000)
in the 2.0-2.45 pm wavelength region. A model of the
Sedna spectrum (Fig. 2) calculated using the radiative
transfer theory developed by Shkuratov et al., (1999) re-
produces the spectrum well with an intimate mixture of
24% Triton tholin, 7% amorphous carbon, 10% N, ice,
26% CH;0H ice, and 33% CH, ice contaminated by small
inclusions of Titan tholin. Its composition could imply
that during its perihelion passage, Sedna may have a tem-
porary and thin N, atmosphere.
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Fig. 2. The spectrum of 90377 Sedna, 0.4-2.5 um.
The best-fitting model is overlain as a continuous
line. The geometric albedo is 0.15 at 0.55 pum (Ba-
rucci et al., 2005b).

Brown et al. (2005) discovered an object larger than Pluto
in a highly inclined orbit in the Scattered Kuiper Belt; it is
currently designated 2003 UB;;;.  While this object is
nearly neutral in color in the extended visible wavelength
region, its near-infrared spectrum shows a complex of



methane ice absorptions very similar to Pluto (Fig. 3).
The solid N, band at 2.15 pm that is visible in the spectra
of Pluto and Triton cannot be reliably detected in the ex-
isting data. An analysis of the central wavelengths of the
CH, bands does not show the shift in wavelength (the ma-
trix shift) seen in the spectra of Pluto and Triton and at-
tributed to the fact that most (Triton) or some (Pluto) of
the CH, is dissolved in solid N,. The CH,4 on 2003 UBs;3
is thus thought to be present largely in its pure form
(Brown et al., 2005).
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Fig. 3. Relative reflectance of 2003 UB;; (filled circles
with error bars) and absolute reflectance of Pluto (gray
line). The reflectance derived from BVRIJHK photometry
is shown by the large points. The UBsy3 spectrum is
scaled to match Pluto at 0.8 um. From Brown et al.
(2005), reproduced courtesy The Astrophysical Journal.

4. THERMAL INFRARED SPECTROSCOPY

The Infrared Spectrograph (IRS) on the Spitzer
Space Telescope brings thermal emission spectroscopy of
the brightest Centaurs and KBOs within reach. The mid-
IR (5-38 um) is well-suited to investigating the silicate
fraction of the surface layer of these objects because it
contains the Si-O stretch and bend fundamental molecular
vibration bands (typically 9-12 and 14-25 um, respec-
tively). Interplay between surface and volume scattering
around these bands creates complex patterns of emissivity
highs and lows which are very sensitive to, and therefore
diagnostic of, mineralogy (e.g., Salisbury et al., 1992;
Hapke, 1996; Cooper et al., 2002). We include Trojan
asteroids in this section because they may be genetically
related to Centaurs, they have similar emissivity spectra to
at least one Centaur, and they are more accessible than the
Centaurs and KBOs.

4. 1. Trojan Asteroids

Trojan asteroids are located beyond the Main
Belt, trapped in Jupiter’s stable Lagrange points at 5.2 AU
(leading and trailing the planet by 60° in its orbit). They
typically have albedos of a few to several percent (e.g.,

Cruikshank, 1977; Fernandez et al., 2003). Their reflec-
tance spectra in the visible and near-IR (0.3 — 4.0 pum)
generally are featureless with moderately red spectral
slopes, comparable to classs BB and BR Centaurs and
KBOs (e.g., Jewitt and Luu, 1990; Luu et al., 1994; Du-
mas et al., 1998; Emery and Brown, 2003; Fornasier et
al., 2004b; and see section 2.1). Emissivity spectra of
three Trojan asteroids have been measured with Spitzer:
624 Hektor, 911 Agamemnon, and 1172 Aneas (Emery et
al., 2006) (Fig. 4). The emissivity spectrum is defined as
the measured flux spectrum divided by modeled thermal
continuum.
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Fig. 4. Spectra of three Trojan asteroids and the Centaur
8405 Asbolus measured with the Spitzer Space Telescope.

The emissivity spectra of all three Trojans exhibit
emission bands with strong spectral contrast after the un-
derlying thermal continuum throughout the 5-38 pm re-
gion is removed (Fig. 4). Emery et al. (2006) interpret the
strong emissivity plateau near 10 pm and the broader
emissivity high near 20-25 pum to indicate the presence of
fine-grained silicates. (Fig. 5); large grains show emissiv-
ity lows at these wavelengths (e.g., Christensen et al.,
2000). In addition, the emissivity bands in Trojans also do
not exactly match those expected for regolith surfaces; the
10-um plateau is narrower and the spectra do not rise as
rapidly near 15 pm. Surface structure and grain size may
be playing an important role; a surface composed of sili-
cate grains that are tens or hundreds of micrometers in size
show a 10-pum absorption band, while grains smaller than
about 10 micrometers (dispersed, as in a comet’s coma)
show the characteristic band in emission. On a solid sur-
face, in the absence of a suspending medium, emission
from fine-grained silicate particles imbedded in a matrix
that is fairly transparent at these wavelengths (e.g., mac-
romolecular organic solids), may explain the occurrence
of the emissivity peak attributed to silicates (Emery et al.,
2006). Grain size and surface microstructure are relevant
because they are indicators of the mechanisms of origin
and evolution of the surfaces of airless bodies exposed to



the local environment of collisional regolith gardening,
and bombardment by micrometeoroids and atomic parti-
cles over the age of the Solar System. Although we are
only beginning to understand these processes in various
regions of the Solar System, their importance in decipher-
ing is generally recognized (e.g., Clark et al., 2002).
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Fig. 5. The emissivity spectrum of Hektor is compared
with laboratory spectra of a meteorite and minerals. The
fine-grained forsterite (Fo88) and the carbonaceous (CO3)
meteorite ALHA 77003 are from the ASTER database
(http://speclib.jpl.nasa.gov/; Salisbury et al. 1992), and the
large-grained forsterite is from the ASU spectral library
(http://tes.asu.edu/speclib/; Christensen et al., 2000).

4, 2. Centaurs and KBOs

Since these objects are at larger heliocentric dis-
tances than Trojans, they are cooler and thus observable
only at the longer wavelengths of the IRS spectral range.
An early program on Spitzer included two Centaurs that
were observed from 7.5-38 um, and four Centaurs in the
range 14.2-38 um. An additional 11 Centaurs and KBOs
were observed only in the region 20-38 um. The Centaur
8405 Asbolus was bright enough to be observed from 7.5-
38 um; in this region its spectrum is very similar to those
of the Trojan asteroids (Fig. 4).

Because the other Centaurs and KBOs are sig-
nificantly fainter, the quality of the spectra is much lower.
Longward of 20 um, the spectrum of Pholus displays no
diagnostic bands, despite having a feature-rich near-IR
reflectance spectrum (Cruikshank et al., 1998).

5. MODELS OF PLANETARY SURFACES

5.1. General Remarks

Before describing the spectral models for each of
the four taxa presented in section 2 and for the spectra of
individual objects, it is useful to review the state of model-
ing of diffuse reflectance from the surfaces of airless bod-
ies, and to note some of the directions this work is cur-
rently taking.

For the spectral region in which reflected sunlight
dominates the observed flux from an airless body, quanti-
tative models of diffuse reflectance require the computa-
tion of the full spectral reflectance properties, which in-
clude not only the spectral shape, but the absolute reflec-
tance (characterized by geometric albedo) across the full
range of wavelengths for which observations exist. In
these calculations, the formulations of Hapke (1981, 1993)
and Shkuratov et al. (1999) are often used. In addition to
the original literature sources, the discussion of the practi-
cal application of Hapke theory to reflectance spectros-
copy of solid surfaces by Verbiscer and Helfenstein
(1998) is particularly useful. See also McEwen (1991).
Poulet et al. (2002) have compared the Hapke and Shkura-
tov theories in the context of modeling solid surfaces, and
Cruikshank et al. (2004) have described the computational
procedures in more general terms.

The naturally occurring materials on a planetary
surface can be segregated from one another or can be
mixed in various combinations in a number of ways that
affect the scattering properties and the abundances derived
from the synthetic spectra calculated from scattering theo-
ries to match the observed spectra. These mixing scenar-
ios have been discussed in various publications, including
those cited in the previous paragraph.

5. 2. Materials that May Impart Red Color

While a modest degree of red color, such as that
of Trojan asteroid 624 Hektor can be explained by the
presence of the mineral Mg-rich pyroxene (Cruikshank et
al., 2001; Emery and Brown, 2003), redder objects require
other materials that are not minerals. Gradie and Veverka
(1980) introduced the concept of organic solids to explain
the red color of the D-type asteroids, suggesting the pres-
ence of “...very opaque, very red, polymer-type organic
compounds, which are structurally similar to aromatic-
type kerogen”. They compared the reflectance spectra of
the D-type asteroids to mixtures of montmorillonite (clay),
magnetite (iron oxide), carbon black, and a coal-tar resi-
due (kerogen) that was insoluble in organic solvents, and
found a satisfactory match for both the low albedo and the
red color of this specific class of asteroids. Organic kero-
gen-like structures consisting of small aromatic moieties
connected by short aliphatic bridging units are found in
carbonaceous meteorites (Kerridge et al., 1987), and the
presence of similar structures in interstellar dust grains has
also been deduced from infrared spectra of dusty diffuse
interstellar clouds (Pendleton and Allamandola, 2002).



Tholins, which are the refractory residues from
the irradiation of gases and ices containing hydrocarbons,
have color properties that make them reasonable candi-
dates for comparison to the spectra of Solar System bod-
ies. A number of tholins have been prepared in the con-
text of the photochemical aerosols in Titan’s atmosphere
(e.g., Khare et al., 1984; Coll et al., 1999; Ramiriz et al.,
2002; Tran et al., 2003; Imanaka et al., 2004), and while
they are optically (spectrally) quite similar to Titan, they
have until recently proven difficult to analyze and charac-
terize fully from a chemical point of view. Recent work
by Tran et al. (2003) and Imanaka et al. (2004), for exam-
ple, has greatly improved the analysis and characterization
of a class of tholins produced by photolysis and cold
plasma irradiation of gaseous mixtures. Optically, the
tholins are characterized by strong absorption in the ultra-
violet and visible spectral regions giving them strong yel-
low, orange, and red colors, high reflectance at longer
wavelengths, and (in some cases) absorption bands char-
acteristic of aliphatic and aromatic hydrocarbons with
varying amounts of substituted nitrogen (Cruikshank et
al., 2005a).

5. 3. Color Classes Compared With Models

Groups BB and BR defined above have color
spectra very similar to those of C-type and D-type aster-
oids. Going from neutral (BB group) to very red (RR
group) spectra, requires a higher content of organic mate-
rials to fit approximately the characteristic spectrum of the
each group. Groups BB and BR in general, as discussed by
Cruikshank and Dalle Ore (2003), do not require the pres-
ence of organic materials to reproduce their behavior,
while IR and RR groups require large amounts of tholins
on the surface to reproduce their strong colors. See Roush
and Cruikshank (2004) and Cruikshank et al. (2005a) for
additional discussion of tholins in the Solar System. Wa-
ter ice seems to be present in some spectra of all the
groups.

The RR group contains the reddest objects of the
Solar System. Some well observed objects are members of
this group like, 5145 Pholus, 47171 (1999 TCj4), 55576
(2002 GByy), 83982 (2002 GOy) and 90377 Sedna. All
these objects appear to contain at least few percent of H,O
ice on the surface, while 5145 Pholus has absorption
bands of methanol ice (Cruikshank et al., 1998) in addi-
tion to H,O. No known material other than tholins can
simultaneously reproduce their redness and low albedo.

The BB group contains objects having neutral re-
flectance spectra. Typical objects in the group are 2060
Chiron, 90482 Orcus, 19308 (1996 TO4) and 15874
(1996 TL¢). The spectra are in general flat, sometime
bluish in the NIR. The H,O ice absorption bands seem
generally stronger than in the other groups, although the
spectrum of 1996 TLgs is completely flat and the Chiron
spectrum shows H,O ice only at some times (it exhibits
episodic cometary activity). Large amounts of amorphous
carbon must be common to the members of this group.

The IR group is less red than the RR group. Typi-
cal members of this class are 20000 Varuna, 38628 Huya,
47932 (2000 GNy7), 26375 (1999 DEy) and 55565 2002
AW ,9;. Three of these objects show hydrous silicates on
the surface.

The BR group is an intermediate group between
BB and IR with colors closer to those of the IR group.
Typical members of this class are 8405 Asbolus, 10199
Chariklo, 54598 Bienor and 32532 Thereus. A few per-
cent of H,O is present on the surface of these objects, ex-
cept Asbolus, for which Barucci et al. (2000) and Romon-
Martin et al. (2002) found no ice absorption features dur-
ing the object’s complete rotational cycle.

The robust multivariate statistical analysis of
broadband colors provides a strong indication for differ-
ences in the surface characteristics of the TNOs and Cen-
taurs, while the classification scheme clearly indicates
groupings with different physico-chemical surface proper-
ties.

5. 4. Nature versus nurture: What do TNO colors and
spectra tell us?

The color diversity at visible wavelengths of
Kuiper belt objects and Centaurs has been recognized for a
decade (e.g., Luu and Jewitt, 1996; Tegler and Roman-
ishin, 1998; Jewitt, 2002). Investigators have noted many
possible correlations between colors and dynamical char-
acteristics, fueling what has become the TNO version of
the classic "nature versus nurture" debate in biology: do
the diverse colors reflect diverse primordial compositions,
or do they result from diverse and different degrees of
surface processing? Compelling arguments have been
made on both sides, suggesting that both factors may in-
fluence colors.

The most robust color pattern reported to date is
the redder visual colors of Classical KBOs, first described
by Tegler and Romanishin (2000). Classical KBOs are
those in low inclination, low eccentricity, non-resonant
orbits. Although the numbers vary, depending on which
color index is used, it is clear that the color statistics of
this sub-population are significantly different from those
of other TNO dynamical classes (e.g., Boehnhardt et al.,
2003), despite considerable diversity of opinions about
how (or indeed, if) Classical objects differ dynamically
from other non-resonant dynamical classes.

Another color pattern which has been widely
confirmed is a tendency for lower inclination objects to
have redder colors (e.g., Trujillo and Brown, 2002; Stern,
2002a; Doressoundiram et al., 2002; Boehnhardt et al.,
2002). However, since Classical objects generally have
lower inclinations and redder colors, and Scattered objects
have more neutral average colors and higher inclinations,
much, if not all of this trend could be due to the presence
of red Classical objects dominating the low inclination end
of the sample, and/or similar contamination from the more
gray Scattered population at the high inclination end of the
sample (e.g., Peixinho et al., 2004; Chiang et al. in this
volume).



Many additional trends have been proposed, and
some will probably be confirmed as more data accumu-
late, but we will concentrate on the one (or two) described
above. Part of our reasoning for restricting the focus at
present is the risk of observational biases. We have al-
ready noted possible contamination of samples resulting
from different dynamical classification schemes. Biases
may also enter from inefficiencies in discovering particu-
lar types of objects. Trujillo and Brown (2002) noted an
apparent paucity of gray objects with perihelion distances
g > 40, but showed that a sampling bias was probably at
work. Peixinho et al. (2004) explored the dependence of
color trends with ¢ on absolute magnitude, and found the
trend only seemed to affect the fainter objects, those most
likely to be afflicted by observational biases.

5. 4. 1. Environmental influences

Many environmental influences have been hy-
pothesized. Radiolysis and photolysis are thought to pro-
gressively darken the surfaces of icy outer Solar System
materials over time, initially at blue wavelengths, leading
to very red materials. As higher doses accumulate, red
wavelengths darken and blue wavelengths may even
brighten somewhat, culminating in spectrally neutral coat-
ings (e.g., Strazzulla et al., 1998, 2003; Moroz et al.,
2003, 2004). Irradiation of ices found in TNOs also pro-
duces distinct chemical changes that have been studied in
the laboratory (e.g., Moore et al., 2003; Gerakines et al.,
2004). Cratering by large impactors should excavate more
pristine material from deep below the radiation-processed
surface zone. Luu and Jewitt (1996) proposed a colli-
sional resurfacing model in which continuous radiolytic
reddening competes with sporadic impacts bringing grayer
material to the surface. They were able to reproduce the
observed color diversity, but the model predicted a strong
size-dependence of color as well as significant color varia-
tions as objects rotate, neither of which has been observed
(Jewitt and Luu, 2001).

Delsanti at al. (2004) folded cometary activity
into the model, showing that activity could mask regional
color variations on larger objects, which can reaccrete the
bulk of the dust lofted during an active episode, and thus
change colors in a globally uniform way. Since larger
objects are generally the ones that are observed, this may
offer a way around the absence of color variation with
rotation. While some Centaurs are known to show con-
tinuous or episodic cometary activity (e.g., Luu and Jewitt,
1990; Bauer et al., 2003b; Choi and Weissman, 2006),
among the TNOs there are no reported cases of volatile
activity in the current epoch.

Gil-Hutton (2002) and Cooper et al. (2003) ap-
plied a more realistic approach to radiolysis, noting that
energetic particle fluxes vary considerably through the
transneptunian region. Closer to the Sun, solar wind pro-
tons and solar UV photons drive increasingly rapid chemi-
cal processing, while further out, charged particles diffuse
in from the heliosphere termination shock region, resulting

in higher fluxes at large heliocentric distances as well. In
high-flux regions, radiolysis could progress so rapidly that
it makes surfaces gray, rather than red. Minimum radioly-
sis rates probably occur somewhere between 40 and 80
AU, where the Classical KBOs reside. Cooper et al.
(2003) also note the potential importance of high velocity
interstellar dust grains and sputtering processes, both of
which erode surfaces, exposing much shallower materials
than large impacts do. These shallow materials could be
radiolytically reddened even before being exposed at the
surface, offering a mechanism for maintaining red sur-
faces, at least in regions experiencing lower radiation
doses, such as the Classical belt.

Stern (2002a) recast the apparent trend of color
with inclination among non-resonant objects in terms of
mean random collision speed. Higher inclination objects
tend to suffer higher speed collisions with cold disk ob-
jects, since they pass through the cold disk with higher
velocities relative to the cold disk. This scenario favored a
collisional influence on color, although the absence of
convincing color trends with mean collision speed among
the objects of any individual dynamical class argues
against it. Also, Thébault and Doressoundiram (2003)
have noted that collision frequencies should depend
strongly on eccentricity, but compelling correlations be-
tween color and eccentricity have not been seen.

5. 4. 2. Compositional influences

The Kuiper belt may have experienced consider-
able dynamical churning since its objects accreted (e.g.,
Chiang et al., this volume). The mixing that ensued frus-
trates efforts to search for the signature of compositional
trends in the protosolar nebula in TNO colors, as was done
so successfully in the main asteroid belt. However, com-
positionally distinct source regions may have existed, and
could have resulted in compositionally distinct classes of
TNOs.

Tegler and Romanishin (1998) presented perhaps
the first evidence for a primordial compositional influence
on TNO colors with their report of a bimodal color distri-
bution. It has since emerged that the bimodal signature
came from the Centaurs in their sample (Peixinho et al.,
2003; Tegler and Romanishin, 2003). Bimodal Centaur
colors do not necessarily challenge collisional resurfacing
scenarios, if there are two distinct dynamical sources feed-
ing Centaurs into the region of the major planets. For in-
stance, erosion of the inner edge of the Classical belt and
of the inner edge of the scattered disk could sample two
distinct color distributions, both explainable by environ-
mental factors.

Barucci et al. (2005a) have argued that even the
non-Centaurs exhibit subtle clustering in their colors,
rather than a continuum between the gray and red ends of
the color distribution. These sorts of clusters are difficult
to reconcile with collisional resurfacing scenarios, which
generally predict continuous color distributions.



Comparing the Barucci et al. (2001) color classes
with the dynamical classification scheme of Chiang et al.
(this volume), we find several interesting patterns. First,
Classical objects almost all have RR type colors, consis-
tent with their well-known redder color distribution (e.g.,
Tegler and Romanishin, 2000). Second, Centaurs and
Resonant objects show remarkably similar G-mode color
distributions, both groups being dominated by BR and RR
colors. Third, Scattered objects have much higher fre-
quencies of BB objects than other dynamical classes, but
otherwise look similar to the Resonant and Centaur color
distributions. Some caution is required here, since no ef-
fort was made to control for biases, which could play a
significant role, since good color data are generally only
available for brighter TNOs, and discovery and recovery
rates strongly favor intrinsically brighter objects, those
which come closer to the Sun, and those having more
"normal" types of orbits.

6. SIZES AND ALBEDOS OF TRANS-NEPTUNIAN
OBJECTS

The sizes of TNOs are of interest for several rea-
sons. 1) Our estimates of the mass distribution in the outer
solar nebula depend on the third power of TNO sizes. 2)
Their size in relation to the sizes of Jupiter-family comets
reveals something about both the size distribution of
TNOs, from which these comets are derived (Levison and
Duncan, 1997), and potentially about the mechanisms by
which TNOs are perturbed onto cometary orbits. 3) Once
the size of an object is known, its albedo is also known,
providing an important constraint for interpreting colors
and spectra (e.g., Grundy and Stansberry, 2004). Albedo
diversity, to the extent that it is not correlated with color
and spectral diversity, provides additional insight into the
mechanisms underlying the remarkable spectral reflec-
tance diversity of the TNO population.

The sizes of some outer solar system objects have
been determined by a variety of methods. The sizes of
Pluto and Charon have been measured via stellar occulta-
tion (e.g., Elliot and Young, 1992), and they have also
been mapped using HST (Buie et al., 1997; Young et al.,
1999). Using HST, Brown and Trujillo (2004) resolved the
TNO Quaoar, and placed an upper limit on the size of
Sedna (Brown et al., 2004). Recently, Rabinowitz et al.
(2006) placed constraints on the size and albedo of 2003
ELg; based on its short rotation period (3.9 hr), the mass
determined from the orbit of a satellite, and an analysis of
the stability of a rapidly rotating ellipsoid. Grundy et al.
(2005) used the masses of binary TNO systems and an
assumed range of mass densities to place plausible limits
on their sizes and albedos.

Measurements of thermal emission can also be
used to also constrain the sizes, and thereby albedos, of
unresolved targets. Tedesco et al. (2002) used Infrared
Astronomical Satellite (IRAS) thermal detections of aster-
oids to build a catalog of albedos and diameters. IRAS
also detected thermal emission from the Centaur object

Chiron and the Pluto-Charon system, and those data were
used to determine albedos and sizes for those objects
(Sykes et al., 1987, 1991, 1999). Advances in the sensitiv-
ity of far-IR and sub-mm observatories have recently al-
lowed the detection of thermal emission from a small
sample of TNOs, providing the first meaningful con-
straints on their sizes and albedos (e.g., Jewitt et al., 2001;
Lellouch et al., 2002; Altenhoff et al., 2004).

6. 1. The Radiometric Method

The radiometric method for determining albedos
and sizes typically utilizes measurements of both the visi-
ble and thermal-IR brightness of an object. The visible
brightness is proportional to the product of an object’s
visible geometric albedo, py, and cross-sectional area, 7 r’
while the thermal brightness depends on the bolometric
albedo, A (which determines the temperature), and the
cross-sectional area. Given knowledge or an assumption
for the phase integral, g, (A = q py), measurements of the
visible and thermal brightness can in principle be com-
bined to solve directly for both the size of the object and
its albedo.

In practice the thermal flux depends sensitively
on the temperature distribution across the surface of the
object: warm regions near the sub-solar point dominate the
thermal emission, and their temperature depends on the
thermal inertial of the surface and the rotation vector of
the object, as well as the albedo. Thermal inertia is a
measure of the resistance of surface materials to a change
in temperature; it is related to the thermal conductivity,
heat capacity, and density. There are two commonly em-
ployed end-member models for the distribution of tem-
perature: the slow-rotator, or Standard Thermal Model
(STM), and the fast-rotator, or Isothermal Latitude Model
(ILM) (see Lebofsky and Spencer, 1989). The STM is
based on the assumption of a non-rotating (or equiva-
lently, zero thermal inertia) spherical object, and the tem-
perature distribution is specified by T(6) = Ty cos”é,
where Ty = [(1-A) S / (760)]" is the sub-solar point tem-
perature. Here @ is the angular distance from the subsolar
point, S is the solar constant at the distance of the object, &
the bolometric emissivity, and o is the Stefan-Boltzmann
constant. The beaming parameter, 7, is an assignable fac-
tor that accounts for the non-uniform angular distribution
of thermal emission (infrared beaming). The ILM incorpo-
rates the assumption that the object is illuminated at the
equator and rotating very quickly (or equivalently, with
infinite thermal inertia). The resulting temperature distri-
bution is T(g) = To cos” @, where in this case the sub-solar
point temperature is given by To = [(1-A) S / (zneo)]”
(note the factor of ).

While more sophisticated extensions to the STM
and ILM include the effects of surface roughness and
thermal inertia (Spencer, 1990), and viewing geometry
(Harris, 1998), their effects are semi-quantitatively cap-
tured by the parameter 7 (e.g., Spencer et al., 1989; Stans-



berry et al., 2006). Further, thermal measurements at mul-
tiple wavelengths near the blackbody peak directly give
the color-temperature of the surface, in which case the
systematic uncertainties between STM- and ILM-derived
albedos and sizes (or those from thermophysical models)
largely disappear (see Fig. 1). Here we only present results
for objects that we have detected at both 24 and 70 pm
with Spitzer. For all of these reasons, we restrict our dis-
cussion of our Spitzer observations of the thermal emis-
sion from KBOs to albedos and diameters based on the
STM.
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Fig. 6. Thermal models fitted to Spitzer data for (55565)
2002 AWy, (Cruikshank et al., 2005b). All of the models
fit the visual magnitude. The heavy solid line and circles
show the STM and ILM models fitted to both the 24 and
70 um data, where 7 was allowed to be a free parameter.
The resulting diameters and albedos are very similar. The
dashed and dash-dot lines show STM and ILM models
with the canonical values for 7, and are fitted to just the
70 um data point. The resulting diameters and albedos are
highly discrepant, demonstrating the power of measuring
thermal emission in two bands for determining albedos
and sizes via the radiometric method.

6. 2. Results of the Radiometric Method

Radiometric detections of TNOs have been made using
the Infrared Space Observatory (ISO), the James Clerk
Maxwell Telescope (JCMT) in Hawaii, the 30-m IRAM
sub-mm telescope in Spain, and the Spitzer Space Tele-
scope. Thomas et al. (2000) reported the first thermal de-
tection of a TNO (excepting Pluto/Charon) based on ISO
observations at a wavelength of 90 um. Altenhoff et al.
(2004) report sub-millimeter measurements or limits for
six TNOs, and review the observations of Varuna (Jewitt
et al., 2001; Lellouch et al., 2002) and 2002 AW,y
(Margot et al., 2004). The IRAM sub-mm data were all
taken at a wavelength of 1.2 mm. Grundy et al. (2005)
also reanalyzed the sub-millimeter data from all four of
those studies using a consistent thermal-modeling ap-
proach. Cruikshank et al. (2005b) and Stansberry et al.
(2005, 2006) have reported Spitzer observations of six
TNOs at wavelengths of 24 and 70 pm.

Table 2 summarizes the albedos and diameters of
TNOs from all of these studies, as well as providing val-
ues for the absolute magnitude and the spectral slope in
the visible. In many cases Grundy et al. (2005) derived
values from sub-mm observations that were in basic
agreement with those found in the original studies. In
these cases we have only included the original values. In
a number of instances albedos and diameters are con-
strained by more than one measurement or method. In
particular, a number of targets have been observed by both
Spitzer and in the sub-mm. In general the sub-mm albedos
are lower than those from Spitzer, and the sub-mm diame-
ters correspondingly higher. While this discrepancy is not
large, it may be systematic, and is significant at about the
20 level (relative to flux uncertainties given in the studies)
for individual objects. Another interesting case is (47171)
1999 TCs. Both the Spitzer and sub-mm data indicate that
it is considerably larger than was deduced by Grundy et al.
(2005) by assuming a minimum plausible density of 0.5 g
cm’ and using the binary mass to deduce the size. Stans-
berry et al. (2006) derive a density of 0.5 (0.3 — 0.8) g cm’
3 using their Spitzer size, with the density being about half
as large using the size from Altenhoff et al. (2004).

Spitzer and 1SO Sub-mm
Object H, S pyv (%0) D (km) STM n pv (%) D (km) ref.
(%/100nm)
(15789) 1993 SC 27.7 3.5(2.2-5.1) 398 (227-508) t
(15874) 1996 TL66 0.74 >1.8 <958 t
(47171) 1999 TC36  5.37 23.3 7.9(5.8-11) 405 (350-470)* 1.2(1.0-1.4) 5(4-6) 609 (562-702) s,a
(29981) 1999 TD10 9.1 8.4 5.3(3.8-7.8) 88 (73-104) 1.3 (1.0-1.6) S
(55565) 2002 AW197 3.62 16.5 12 (8.8-18) 734 (599-857  1.2(1.0-1.4) 9(7-11) 977(890-1152)  s,m
(28978) Ixion 4.04 16.8 19(11.-37) 480 (344-632) 0.6 (0.4-0.9)  >15 < 804 s,a
(38628) Huya 5.1 17.7 6.6 (5.0-8.9) 500 (431-575 1(0.9-1.2) > 8 <540 s,a
(20000) Varuna 3.94 17.9 14 (8.0-23) 586 (457-776) 1.6(1.2-2.3) 6(4-8) 1016 (915-1213) 8,
(20000) Varuna 7 (4-10) 914 (810-1122) 1
Other Approaches Method
(19308) 1996 TO66  4.77  1.382 >3.8 <902 sub-mm limit a,g
(19521) Chaos 495 18.958 > 6.6 <748 sub-mm limit a,g
(24835) 1995 SM55 458  2.097 >7.6 <705 sub-mm limit a,g



(26308) 1998 SM165 6.38 20.961 17 (9.5-24) 238 (184-292) binary mé,g

(47171) 1999 TC36  5.39 23.322 25 (14-35) 309 (239-379) binary m4,g
1260 (1070-

(50000) Quaoar 2.74  20.392 10 (6.9-13) 1450) imaging b2

(55636) 2002

TX300 347 -0.471 >22 <712 sub-mm limit or,g

(58534) 1997 CQ29  7.38 18.401 44 (25-63) 77 (60-95) binary m4,n,g

(66652) 1999

RZ253 6.03 23.094 31 (18-44) 170 (131-208) binary n,g

(84522) 2002

TC302 4.94 0 >5.1 <1211 sub-mm limit a,g

(88611) 2001

QT297 7.01 20.346 9.8 (5.6-14) 168 (130-206) binary 08,2

(90377) Sedna 1.2 35924 > 18 <1800 imaging b4

1998 WW31 7.76 0477 6.0 (3.4-8.6) 152 (117-186) binary v,g

2001 QC298 7.69  4.249 2.5(1.4-3.5) 244 (189-299) binary m4,g
2050 (1960- shape, rota-

2003 EL61 -0.26 0.36 65 (60-73) 2500) tion

References: a: Altenhoff et al. (2004), b2: Brown and Trujillo (2002), b4: Brown and Trujillo (2004), g: Grundy et al. (2005), j:
Jewitt et al. (2001), 1: Lellouch et al. (2002), m2: Margot et al. (2002), m4: Margot et al. (2004), n: Noll et al. (2004), os: Osip et
al. (2003), or: Ortiz et al. (2004), r: Rabinowitz et al. (2005), v: Veillet et al. (2002).
" Implies a density of 500 (300-800) kg m™ (Stansberry et al. 2006)

Excluding objects with upper-limits on their
thermal fluxes and those with albedos > 25%, the average
geometric albedo of TNOs in the table is 9 + 5%, with the
extremes being 2.5% (2001 QCygg) and 19% ((28978) Ix-
ion). Of the objects with albedos > 25%, three are binaries
((47171) 1999 TCss, (58534) 1997 CQ., and (66652)
1999 RZ,s3) with albedos and sizes derived from assumed
densities, and one is the Pluto-class object 2003 EL¢,. If
these binaries have densities < 0.5 g cm™ (the lower limit
assumed by Grundy et al. (2005)), their albedos will be
lower than shown in the table, and more in accord with the
measured albedos. This may be a hint of the existence of
many more TNOs of very low density. Object 2003 ELg,
with an albedo of 65%, could have high-albedo deposits of
volatile ices by reason of its extreme size and very distant
orbit. Its spectrum shows strong absorptions due to water
ice (Trujillo et al., 2005), and places fairly strong limits on
the amount of CH, ice that could be present unless the
grain size is miniscule. However, solid N, is very difficult
to detect (particularly in the a-phase), and could easily
produce the high albedo. It seems likely that its albedo is
representative of a class of super-TNOs (Pluto/Charon,
2003 UB;,3, Sedna, 2005 FYy, 2003 ELg,) rather than of
more typical TNOs.

6. 3. Size and albedo determinations from thermal
spectra

Just as direct radiometric observations yield in-
formation on the sizes and albedos of outer Solar System
bodies, spectra in the thermal region (described in section
4) can be similarly used. The emissivity spectra shown in
section 4 were created by dividing the measured spectral
energy distribution (SED) by a model of the thermal con-
tinuum. An estimate of the size and albedo of a body can

be obtained by allowing the radius and albedo to vary in
the model in order to find the best thermal continuum fit to
the SED, just as was done with the Spitzer MIPS radiome-
try in section 5, but with a different data set. The absolute
calibration of IRS has an uncertainty of ~20%, which
propagates to uncertainties of ~5% in the size estimate
(see Emery et al., 2006 for further discussion). The de-
rived effective radii and albedos using the Standard Ther-
mal Model (STM) are listed in Table 4; close agreement
with the MIPS radiometry is found in most cases.

Object HS' Rkm) p, n Tu(K)
Hektor 7.49 110.0 0.038 0.95 179.4
Agamemnon 7.89  71.5 0.062 0.89 175.3
Aneas 833 69.1 0.044 0.96 170.4
Pholus 7.65 742 0.072 142 854
Asbolus 896 50.7 0.046 091 1483
1999 RG33 12.10 8.1 0.100 0.42 143.3
1999 TD10  8.64 494 0.065 1.48 97.0
Elatus 1098 17.9 0.057 0.89 125.0

2 H, is from the IAU Minor Planet Center. We
assume G=0.15 for all objects except Pholus and
Elatus, for which G=0.16 and 0.13, respectively,
have been derived.

Table 3. Best fit parameters for the Standard Thermal
Model (STM).

7. MULTIPLICITY IN THE KUIPER BELT

The existence of numerous Kuiper Belt binaries
(hereafter abbreviated as KBB) has been revealed by a
string of discoveries starting with the detection of the
companion to 1998 WW3; in 2001 (Veillet et al., 2002).
Since then, the discoveries have accumulated rapidly so



that now a total of 25 KBBs are known in 22 systems (Ta-
ble 4).

Gravitationally bound systems are important in
three ways. First, they are tools for measuring the masses
of Kuiper Belt objects by observing their mutual orbits.
Second, the frequency of binaries in separate dynamical
populations may provide important clues on the origin and
survival of these bound systems. Third, they are an im-
portant detail in understanding the general nature of debris
disks.

7. 1. Orbital Properties of Kuiper Belt Binaries

Of the 22 known systems, orbits have been ob-
served for a subset of nine. For each of these nine sys-
tems, observation of the relative separation of the compo-
nents and their orientation at a number of different epochs
forms the basis for determining the binary orbit. The steps
involved in orbit determination, while conceptually sim-
ple, are often difficult in practice because of the observa-
tional challenges and consequent sparseness of most data
sets. The large range of uncertainties shown in Table 4
reflects these observational challenges.

As with many other measurable quantities in the
Kuiper Belt, the binary orbits show a large diversity in
semimajor axis, eccentricity and period.  The shortest
period so far determined is for the Pluto/Charon system at
6.4 days while the longest period (2001 QTx97, is roughly
100 times greater. The most widely separated system,
2001 QW3y, had components separated by ~4 arcsec at the
time of discovery (Kavelaars et al., 2001). The lower
limit is set by observational limitations with the closest
reported binary separation being the 15 milliarcsec (0.2
pixel) separation of 1995 TLg, an unresolved pair identi-
fied through PSF-fitting of data obtained with HST
(Stephens and Noll, 2006). Theoretical studies (Goldreich
et al., 2002) do not indicate any reason to suspect a lower
limit to binary separation and the large amplitude, long
period lightcurve of 2001 QG,ys suggests it as a candidate
member of a potentially significant population (~10-20%)
of near contact binaries (Sheppard and Jewitt, 2004).

So far, none of the nine measured systems have
orbits that are known well-enough that the timing of mu-
tual transits and occultations can be predicted with cer-
tainty. Because the KBB components typically have di-
ameters of hundreds of kilometers, mutual event ob-
servability is strongly biased towards systems with shorter
periods (smaller semimajor axes). These are among the
most recently discovered and least-well characterized in
terms of orbits. Several ongoing observational programs
are measuring the orbits of additional KBBs so the list is
likely to expand and uncertainties are likely to decrease on
relatively short timescales.

7. 2. Physical Properties of Kuiper Belt Binaries and
Multiples

The determination of mutual orbital period and
semimajor axis allows the measurement of the total sys-

tem mass following Kepler’s second law. For six of the
nine systems the mass is determined to an uncertainty of
10% or better. Masses range from a low of 0.42 Zg (1 Zg
= 10" kg) for (58534) 1997 CQ,y to 14,600 Zg for Pluto.

Even in the absence of size information, the
availability of mass information makes it possible to con-
strain two other physical parameters of interest, albedo
and density. If photometric data at optical or near-infrared
wavelengths are available (i.e., the reflected sunlight por-
tion of the spectrum) it is possible to constrain albedo and
density to lie along a well-defined function with albedo
varying as the 2/3 power of the density. This derived in-
formation can be usefully reported as the geometric albedo
in a given wavelength band at a reference density; a typi-
cal choice is to report the Cousins R band geometric al-
bedo for an assumed density of 1000 kg/m’.  Derived
albedos using this method show a very broad range (Noll
et al., 2004a,b; Margot, J.-L., private communication)
suggesting significant differences among the surfaces of
KBBs. No strong trends of albedo of KBOs with other
measurable quantities appear in the current set of available
data which includes both binaries and singles with meas-
ured albedos (Grundy et al., 2005). The calculation of
geometric albedo is subject to an uncertain phase correc-
tion. Most authors have used f=0.15 mag/degree (G=-
0.21) found by Sheppard and Jewitt (2002). The binary
1997 CQy has a surprisingly high albedo of pg=0.37
(11/1000 kg/m’)*” for a primary that would be only ~40
km in diameter (Noll et al., 2004a).

When the diameter of at least one component of a
binary is known, either from direct measurements or indi-
rectly from thermal emission observations and modeling,
it is possible to constrain the density of the object
uniquely. This is useful for removing the density depend-
ence of albedo, as discussed above. Even more impor-
tantly, the density provides constraints on the internal
structure of an object including constraints on mixtures of
cosmogonically plausible compositions and internal
macro- and micro-porosity.  Beyond the Pluto-Charon
binary (Buie et al., 2006), this information is currently
published for only two objects, (47171) 1999 TCs¢ (Stans-
berry et al., 2005) and 2003 ELs, (Brown et al., 2005).
Stansberry et al. (2005) find a density of 550-800 kg/m’
for (47171) 1999 TCss. The extremely low density re-
quires a very high porosity for plausible compositions and
at the lowest densities, highest porosities raises the ques-
tion of whether it can be consistent with compaction ex
pected in a self-supported sphere of diameter ~325-425
km. One possible explanation suggested by Stansberry et
al. is that the primary of (47171) 1999 TCs is itself a
close binary. By decreasing the enclosed volume for a
given surface area, the apparently anomalously low den-
sity is partly mitigated.



Object Class | a e* P M_system ref.
+ (km)* (days)* (Zg)*
Pluto (Charon) 3:2 19,636(8) 0.0076(5) | 6.38722(2) 14,600(100) | [1]
(P1) [2].[3]
(P2) [2].[3]
(26308) 1998 SM 45 2:1 11,310(110) 130(1) 6.3(2) [41,[5]
(47171) 1999 TCs 3:2 7,640(460) 50.4(5) 14(3) [41,[5]
2003 ELg; S 49,500(400) 0.050(3) 49.12(3) 4,200(100) [6]
[7]
2001 QCyos S 3,690(70) 19.2(2) 10.8(7) [4],[5]
(82075) 2000 YW 34 S [8]
(48639) 1995 TLg S [8]
2003 UB;3 S [7]
(88611) 2001 QT,yy C 31,409(2500) | 0.31(8) 876(227) 3.2(3/2) [9],[10]
1998 WW5, C 22,300(800) 0.82(5) 574(10) 2.7 [11]
(58534) 1997 CQy C 8,010(80) 0.45(3) 312(3) 0.42(2) [12]
(66652) 1999 RZ,s; C 4,660(170) 0.460(13) | 46.263(6/74) | 3.7(4) [13]
2001 QWay, C [14]
2000 CF s C [15]
2000 CQ; 4 C [16]
2003 UNog4 C [17]
2003 QYq C [18]
2005 EOs¢4 C [19]
(80806) 2000 CM 5 C [8]
2000 OJs; C [8]
(79360) 1997 CSyy C [8]
1999 OJ,4 C [8]

[1] Tholen and Buie, 1997; [2] Weaver et al., 2006; [3] Buie et al., 2006; [4] Margot et al., 2004; [5] Grundy and Noll,
2004, personal communication; [6] Brown et al., 2005; [7] Brown et al., 2006; [8] Stephens and Noll, 2006; [9] Osip et
al., 2003, [10] Kern, 2005, [11] Veillet et al., 2002; [12] Noll et al., 2004a; [13] Noll et al., 2004b; [14] Kavelaars et al.,
2001; [15] Noll et al., 2002; [16] Stephens et al., 2004; [17] Millis and Clancy, 2003; [18] Elliot et al., 2003; [19] Kern

and Elliot, 2005

*uncertainty in last significant digit(s) indicated in parentheses
+ dynamical classes: S = scattered disk, C = cold classical, n:m = resonant

Table 4. Binary Kuiper Belt Objects

7. C. Formation and Destruction of KBBs

Objects in the Kuiper Belt are grouped by their
heliocentric orbital properties into dynamical families.
Binaries detectable with current data appear to be signifi-
cantly more common in the so-called cold classical Kuiper
belt than in other populations (Stephens and Noll, 2006).
The reason for the prevalence of binaries among the dy-
namically cold objects in the Kuiper belt may be related to
formation mechanisms, and/or to subsequent events that
may have destroyed preexisting binaries.

None of the formation models propsed to date
can form binaries in the current Kuiper belt (Stern, 2002;
Weidenschilling, 2002; Goldreich et al., 2002; Funato et
al., 2004; Astakhov et al., 2005)); all require a 100-fold or
more higher density of objects. This points to a primordial
origin for KBBs and is consistent with models of early
solar system evolution that predict two or more orders of
magnitude reduction in the surface mass density in the

Kuiper belt from the orbital migration of Neptune (Levi-
son and Morbidelli, 2003).  The observed prevalence of
binary systems with similar-mass components (i.e. my/m;
of orderl) suggests chaos assisted capture as the most
likely mode of formation for most of the known KBBs
(Astakhov et al., 2005). Models of KBB survival predict
the loss of roughly 10 times the current number of widely
separated KBBs, although most of the smaller-separation
binaries can survive 4.5 Gyr (Petit and Mousis, 2004).
Two multiple systems are now known in the
transneptunian region. The satellites in these systems
have small masses relative to their primaries, which to-
gether with their orbital properties and the large masses of
the primaries suggests a mode of formation other than
capture. Preliminary orbits determined for the two newly
discovered satellites of Pluto are consistent with zero or
low eccentricity (P2 and P1 respectively, Weaver et al.,
2006, Buie et al., 2006) suggestive of formation in a post-
giant-impact accretion disk (Stern et al. 2006) that would



also be consistent with the proposed impact origin for
Charon (Canup, 2005). Object 2003 EL4; has two re-
ported satellites (Brown et al., 2005, 2006) and the authors
speculate that these may also be compatible with an im-
pact origin. It appears that, as is the case with other

8. SUMMARY AND CONCLUSIONS

TNOs are remnants of the protoplanetary disk in
which the accretion of the planetesimals that built the gi-
ant planets occurred. TNO population statistics and dy-
namics demonstrate that the region beyond Neptune has
not been stable since the planets formed, having been dy-
namically disrupted by the outward migration of Uranus
and Neptune, with the possibility of significant mass loss
resulting from mutual collisions.

In this chapter we have shown that the physical
properties of TNOs are highly varied in every respect:
size, color, reflectance (albedo), surface composition,
mean density, and multiplicity. The diversity in all these
parameters suggests that the TNOs represent a substantial
range in original bulk composition, with differing frac-
tions of ices, silicates, and organic solids; all of these
components are found in interstellar dust in giant molecu-
lar clouds. An alternative view suggests that varying de-
grees of post-accretional processing of bodies of approxi-
mately uniform composition have produced the colorful
tableau of physical properties that has emerged from just
over a decade of physical studies of these objects.
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