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Abstract. The diverse populations of icy bodies of the outer Solar System (OSS) give critical
information on the composition and structure of the solar nebula and the early phases of planet
formation. The two principal repositories of icy bodies are the Kuiper belt or disk, and the Oort
Cloud, both of which are the source regions of the comets. Nearly 1000 individual Kuiper belt
objects have been discovered; their dynamical distribution is a clue to the early outward migration
and gravitational scattering power of Neptune. Pluto is perhaps the largest Kuiper belt object. Pluto
is distinguished by its large satellite, a variable atmosphere, and a surface composed of several ices
and probable organic solid materials that give it color. Triton is probably a former member of the
Kuiper belt population, suggested by its retrograde orbit as a satellite of Neptune. Like Pluto, Triton
has a variable atmosphere, compositionally diverse icy surface, and an organic atmospheric haze.
Centaur objects appear to come from the Kuiper belt and occupy temporary orbits in the planetary
zone; the compositional similarity of one well studied Centaur (5145 Pholus) to comets is notable.
New discoveries continue apace, as observational surveys reveal new objects and refined observing
techniques yield more physical information about specific bodies.
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1. Introduction

The sub-planet size bodies in the Solar System beyond Neptune, and including
Neptune’s large satellite Triton, are sometimes terrieeddwarfsbecause they
are composed largely of solid,® and other frozen volatile materials. This term
stands both in parallel and in contrastite giants which characterizes Uranus
and Neptune. Triton was found shortly after the discovery of Neptune itself, and
because it is fairly bright it was thought from the outset to be relatively large in
comparison to other planetary satellites. Pluto was discovered in 1930 as a result
of a lengthy search for an external planet that was initiated to find the cause of
a perceived gravitational perturbation to Neptune’s orbit. It was later found that
Neptune’s motion was normal, and that Pluto was too small to have caused a
noticeable effect in any case. Together with these bodies, we also consider the
Centaurs because they formerly were trans-Neptunian objects, although they now
have orbits within the planetary region.

The outer Solar System has long been thought to be the repository, and perhaps
the place of origin, of the comets. Oort (1950) determined that the long-period
(P>200 y) and highly inclined comets are derived from a large reservoir of order
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50,000 AU from the Sun, while Kuiper (1951) proposed that the comets with peri-

ods P<200 y and lying near the ecliptic plane come from a disk-shaped reservoir
that begins just beyond Neptune. Kuiper was led to this possibility by questioning
the reality and meaning of an apparent edge to the mass distribution (with helio-
centric distance) function of the Solar System that emerges when only the major
planets are considered.

Oort’s reservoir (the Oort Cloud) of small, icy bodies around the Sun cannot
be detected directly, but is known from the slow leakage of individual objects that
make their way to the inner Solar System and appear as comets. Similarly, Kuiper’'s
reservoir went undetected, except for the short-period comets coming inward at the
rate of a few tens of objects per year, until Jewitt and Luu (1993) discovered the
first object beyond Pluto, 1992 QB1.

After some 50 years of study of the concepts proposed by Oort and Kuiper, it
is recognized that both the Oort Cloud and the Kuiper belt tell important stories
about the origin and evolution of the Solar System, and that similar structures
may be common around other stars. With the discovery of nearly 1000 Kuiper belt
objects (see below), the concept of a reservoir of short-period comets has advanced
well beyond the abstract, and detailed studies of these objects in the aggregate and
individually are in progress. This paper is a summary of current knowledge of the
origins and physical properties of Triton, Pluto, the bodies in the Kuiper belt, and
the Centaurs.

2. Triton

Among the objects discussed here, Triton is the only one for which we have direct
knowledge from a close-up, although fleeting, view offered by a spacecraft. In Au-
gust, 1989, the Voyager 2 spacecraft flew by Neptune, and 5 hours and 14 minutes
later passed by Triton at a minimum distance of 39,800 km, conducting a battery
of investigations of all aspects of these two bodies and their space environments
(Stone and Miner, 1989; Cruikshank, 1995; Miner and Wessen, 2002). Only 40
percent of Triton was imaged, but an astonishing array of surface features was
recorded, as well as surface deposits of dark material precipitating from erupting
plumes and transported by winds driven by the sublimation of nitrogen from the
sunlit south polar region. Three active plumes were seen ejecting material from the
surface to a height of 8 km.

Triton’s radius is 1352 km and its orbital period is 5.877 days. At a mean
distance from Neptune of 14.3\Rit is in locked, synchronous rotation and its
nearly circular orbit is retrograde. The mean density determined from Voyager
observations is 2.06 g cT.

Spectroscopy from ground-based telescopes shows the presence of absorption
bands of solid N, CH, , CO,, CO, and HO, all in the region 1.5-2.am (Cruik-
shanket al, 1998a; Quiriccet al, 1999). N is found in the beta phase, which is
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Figure 1. A section of Triton's surface (centered a88° E, -15° S). The direction to the S. pole

is to the upper left. Left of center is a complex of dark spots (maculae) that appear to be surface
deposits deposited by sublimation winds blowing from the S. pole. Right of center is a walled plain
(Sipapu Planitia). At the bottom is a complex of flat, dark spots (maculae). At bottom center is the
27-km impact crater Mozamba, the largest seen on Triton. The boundary between the light colored
S. polar material and the darker surface runs diagonally from top center toward the lower left side of
the picture.
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Figure 2.Reflectance spectra of Triton and Pluto from observations by T. C. Owen, D. P. Cruikshank,

T. R. Geballe, C. de Bergh, and T. L. Roush with the UKIRT 3.8-m telescope. These and similar data
from the same program serve as the basis for the analyses of Triton by Qatidda(1999) and

of Pluto by Doug et al. (1999). The absorbing ice species that have been identified are indicated.

H>O has not been reliably identified on Pluto.

stable aff > 36.8 K. On Triton (and Pluto), solid Noccurs as large crystals with
dimensions of order centimeters in which the optical pathlength is several centime-
ters. The CH bands are shifted in wavelength (the matrix shift) by small amounts
compared to pure CHbecause the methane is dissolved in thedppearing as an
impurity in the large nitrogen crystals. In the 3w4n spectral region, Grundgt

al. (2002) have found additional GHce absorption bands with additional uniden-
tified absorption that may arise from nonvolatile solid surface components. Those
nonvolatile components include the solid, low-albedo effluent from the plumes, as
well as the material giving Triton’s surface its overall coloration.

Changes in the color and spectral signature of Triton have been reported in data
taken over the time interval 1977-2000 (e.g., Broetral, 1995). Such changes
might arise with the condensation of new deposits of ices on the surface or from the
sublimation of ice from large areas as a result of seasonal changes and/or geological
activity.

The N, surface ice is the principal source of Triton’s atmosphere, with the
atmospheric pressure apparently in vapor pressure equilibrium at the prevailing
temperature. The detection of an atmosphere with surface prgssutks+3ubar
by the Voyager radio science investigation (Tyéral., 1989; Yelleet al, 1991)
is consistent with the vapor pressure of &t T~38 K (Broadfootet al, 1989).
Triton’s atmospheric gases have not yet been detected spectroscopically, but small
amounts of Cljand CO are expected on the basis of their vapor pressuresar@O
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H,O are not expected to contribute to the atmosphere because of their exceedingly
low vapor pressures at the relevant temperature.

Evidence for change in Triton’s surface temperature between the 1989 fly-by of
Voyager 2 and 1997 comes from an increase in the pressure in the middle atmo-
sphere £ = 1400 km) detected from observations of a stellar occultation (Edtiot
al., 1998). The pressure derived from the occultation istP.3 pbar, compared
to the value of 0.80.1 ubar extrapolated from the surface pressure measured by
Voyager. The derived middle atmospheric temperature increased frewh K'to
50.3+0.5 K. Elliot et al. (1998) have calculated on the basis of the vapor pressure
of the N, surface ice that the surface temperature increased from 37.5 K (in 1989)
to 39.3 Kin 1997. These changes could be caused by the migration of surface ices
or frosts, changes in the optical properties of the surface frost (albedo, scattering
efficiency, etc.), and changing heat input (from the Sun and from internal sources)
to the ice. In this context, we note that Brownhal. (1995) reported a change in
the strengths of the CHbands in the spectrum of Triton in the interval 1980—
1981. They suggested that a layer of obscuring material (e;grolst) had been
deposited on portions of Triton’s surface in that time interval.

The atmosphere resulting from the sublimation ¢f 8H, , and CO ices from
Triton’s surface is photolyzed by Lyman-alpha photons from the Sun and the inter-
stellar medium (Broadfoadt al., 1989), producing the hydrocarbonsHz, C,He,
and GH,. These form haze particles and precipitate to the surface at rates calcu-
lated as 135, 28, and 1.3 g/éi@y, respectively (Krasnopolsky and Cruikshank,
1995). These hydrocarbons and other expected photolytic products (e.g., HCN)
have not yet been detected in the spectrum of Triton (Queical, 1999); their
concentrations are probably greatly diluted by the cycle of sublimation and con-
densation of the uppermost surface layers.

The large size of Triton and its circular, retrograde orbit impose special con-
straints on the origin of this satellite of Neptune. It is thought to have accreted in
the region of the solar nebula beyond 30 AU as a member of the very large family
of Kuiper belt objects, of which Triton and Pluto are perhaps the largest surviving
members. Triton and Pluto share a very similar size and mean den&ity ¢n73),
suggesting a bulk composition of about 60% silicate rocky material and 40% ice
(McKinnonet al, 1995).

In the early Solar System, in the final stages of its accretion, Neptune’s orbit
expanded, sweeping many Kuiper belt objects into its orbital resonances, thus dy-
namically stirring the population. Although Neptune’s orbit now appears stable, its
influence on the bodies in the inner Kuiper belt is still seen, as objects are perturbed
both outward and inward to cross the orbits of the major planets. The latter such
objects are called Centaurs, and their orbits are stable only for timescale$ of 10
to 10’ y. Those objects scattered outward that remain in elliptical orbits are called
scattered disk objects (see below).

In its late-accretion phase, Neptune’s circumplanetary disk served both as a
source region for the formation of satellites, and as a medium in which a passing
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Kuiper belt object might be slowed sufficiently to permit gravitational capture. It

is thought that Triton must have collided with a newly accreted satellite to dissi-
pate enough energy to permit the capture. Subsequent circularization of the orbit
resulted from the strong tidal interaction with Neptune as it made close approaches
to the planet, at the same time completely disrupting, and perhaps accreting, such
regular satellites that might have formed in the disk.

During the few hundred million years of orbital evolution, the dissipation of
tidal energy produced a prodigious amount of heat in Triton, far more than needed
to completely melt the body. The rate of heating depended on the rate of the evo-
lution of the orbit, which in turn depended on the dissipative qualities of Triton’s
interior structure; liquid is highly dissipative, solid rock much less so. Thus, once
an interior zone, such as a layer of ice, was melted, the heat became concentrated
in that region, driving the volatile material toward the surface. Triton must have
then had a very massive and vertically extended atmosphere, with temperatures in
the range 100-200 K.

3. Plutoand Charon

The Pluto and Charon pair constitutes a binary system in a heliocentric orbit that is
eccentric € = 0.246) and inclinedi(= 17.14°) to the ecliptic plane. Pluto’s orbital
period is in a 2:3 resonance with the orbital period of Neptune, and although Pluto’s
orbit crosses that of Neptune, the two planets cannot collide. Pluto was discovered
photographically in 1930 in a search for a planet that was thought to perturb the
orbit of Neptune, although it was later evident that Pluto is far too small to have
such an effect. The satellite Charon was also found photographically, in 1978.

From observations with earth-based telescopes and orbiting observatories the
basic physical properties of Pluto and Charon have been established. Their dimen-
sions (Table I) and the orbital parameters of Charon were established through anal-
ysis of photometric observations of an extensive series of mutual transits and occul-
tations that occurred in the interval 1985 — 1989 (Binzel and Hubbard, 1997). For-
tuitously, these events occurred soon after the discovery of the satellite; if Charon
had been discovered just ten years later, the mutual events would have been missed.
From the dimensions of the bodies and the orbital parameters of Charon, the bulk
densities of both objects have been determined (Table I); the density of Pluto is
nearly identical to that of Triton, while Charon is about 15 percent less. At about the
time the mutual events were concluding, high-resolution imaging with the Hubble
Space Telescope and ground-based telescopes using adaptive optics systems gave
the first optical images showing Charon separated from Pluto. Charon’s orbital
parameters have been refined using such high-definition images (Tholen and Buie,
1997).

Maps of Pluto’s surface have been derived from observations of the mutual
events (Younget al, 2001) and from images with the Hubble Space Telescope
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TABLE |
Physical Properties of Large Objects in the Outer Solar System

427

Object | Type Radius Rotation Mean Surface | Notes
(km) period density composition
(days) (g/cn?r) (molecular ices
Triton Neptune’s 1352 5.877 2.06 MNCH4, CO, | CHy dissolved
satellite CQ,HO in Ny ice
Pluto Planet 1150 6.4 2.6t0.06 Np,CHy, CO, | Some CH
(H0)T dissolved in
No, some pure.
Locked synchronous
rotation with Charon
Charon | Pluto’s 600- 6.4 1.20.15 HO, NH3 * Locked synchronous
satellite 650 rotation with Pluto
2003 Anomalous  650- >20 Elliptical orbit
V B2 900 perihelion 76 AU,
Sedna aphelion 960 AU
50000 | KBO 625
Quaoar
20000 | KBO 450
Varuna
2004 KBO ~800
DW
5145 Centaur ~100 0.42 Organic solids, One of the
Pholus H,0,CHOH, | reddest
minerals surfaces known
2060 Centaur ~90 0.25 HO, low- Episodic
Chiron albedo cometary
material activity
Phoebe| Saturn’s 110 0.39 bO, CO Cassini
Satellite other? results

* See text for notes on Pluto’s radius
T Expected but not detected with certainty
* Possibly NH,OH or some other hydrate of ammonia
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(Sternet al, 1997). These images show an uneven distribution of surface units
of relatively low albedo on a brighter background, but are insufficient to define
basins, craters, or other geological structures. On a large spatial scale, the albedo
contrast on Pluto is more pronounced than that for any other solid Solar System
body except Saturn’s satellite lapetus. The globally averaged color (@8} and

albedo of Pluto can be satisfactorily modeled with a combination of spectrally
neutral ices and a small quantity of tholin (Cruikshalal, 2005). The presence

of this complex organic solid material is consistent with the composition of the
surface ices and the atmosphere of Pluto, as noted below.

The composition of the surface of Pluto is similar in several respects to that
of Triton, with a complex combination of the ices of NCH4, and CO (Oweret
al., 1993; Doutéet al,, 1999). Methane is present in both a pure form and also
dissolved in the solid N the two forms can be distinguished spectroscopically by
a small shift in the central wavelengths of the £bhnds that occurs when the
molecules are incorporated in a matrix as a very dilute component. On Triton, the
CH, is primarily dissolved in M and a pure component has not been identified. In
further contrast with Triton, C®has not been clearly detected on Pluto, and the
presence of KO ice in the spectrum is ambiguous (Grurehyal, 2002). As with
Triton, other condensed hydrocarbons and HCN are expected from photochemical
reactions in the B+ CH,; atmosphere (Krasnopolsky and Cruikshank, 1999) but
have not yet been reliably detected.

The atmosphere of Pluto expected from the presence of volatile surface ices has
been detected by stellar occultations (Elkbtal, 1989), and is also a factor in the
interpretation of the mutual transits and occultations with Charon. Methane gas,
which is expected to be present in the atmosphere with a partial presg0ré
relative to N has been weakly detected spectroscopically (Yoetrag., 1997). A
tentative detection at radio wavelengths of the J(2-1) CO line in Pluto’s atmosphere
has been reported by Bockelée-Moneral. (2001). Nitrogen, the principal atmo-
spheric component expected on the basis of vapor pressure considerations, remains
to be detected in the ultraviolet. The vapor pressure pid\a strong function
of temperature, ranging from 12bar atT = 34 K to 590ubar atT = 45 K
(Owenet al, 1993). Pluto’s surface is not isothermal; measurements with the ISO
spacecraft suggest maximum dayside temperatures in the range 54-63 K (Lellouch
et al, 2000) and a porous upper few cm of the surface. The atmospheric surface
pressure expected from the relatively high temperatures determined from the ISO
data is somewhat higher than that inferred from stellar occultations.

The stellar occultation lightcurves, especially at minimum light, can be modeled
with either an atmospheric haze (Elliot and Young, 1992) or with a thermal inver-
sion layer in the lower stratosphere that optically masks a troposphere of unknown
thickness (Stansbermgt al, 1994; Strobekt al, 1996). In fact, a derivation of
the exact diameter of Pluto depends upon the correct interpretation of the optical
properties of the lower atmosphere. The exact diameter, in turn, is an important
factor in establishing Pluto’s mean density, the mass being well determined from
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the motion of Charon. The Stansbemy al. (1994) model suggests a radius of
1190 km, although the unseen troposphere may be some 40 km deep, implying a
radius of 1158 km.

The atmosphere of Pluto is variable on a time-scale of years. Observations of
a recent (2002) stellar occultation (Elliet al, 2003; Sicardyet al., 2003) probed
Pluto’s atmosphere, with the result that the shape of the occultation lightcurve was
significantly different from that seen in a stellar occultation in 1988. The difference
has been interpreted as an increase by a factor of about two in Pluto’s atmospheric
pressure; such a difference could arise from the warming of theulNace ice by
about 1 K.

Pluto’s atmosphere is in a state of rapid hydrodynamic escape, in which light
gases escaping by their thermal energy drag along heavier gases. Although this
process is not seen on any other planet today, it may have been responsible for the
rapid loss of hydrogen from the early atmosphere of the Earth and other terrestrial
planets.

The reflectance spectrum of Charon shows the presencefiee (Dumaset
al., 2001) and an additional component that has an absorption band ngan Z&
which a hydrate of ammonia has been proposed (Brown and Calvin, 2000). No
CH, is seen in Charon’s spectrum, despite its prominence in the spectrum of Pluto.
The H,O band structure at 1.65m in Charon’s spectrum indicates that the ice
is crystalline, rather than amorphous. Overall, the albedo of Charon is lower than
that of Pluto, it is more nearly spectrally neutral than Pluto, and it does not show a
large variation in brightness with rotation.

The Pluto-Charon pair is presumed to have originated as a large member of the
Kuiper belt (see below).

Thein situ investigation of the Pluto-Charon pair is a primary science goal of
NASA's New Horizons mission, currently intended for launch in 2006. The space-
craft will fly past Pluto and Charon approximately 10 years after launch, and then
continue into the Kuiper belt region with the intent to fly by two or more KBOs. A
large suite of imaging and spectroscopic investigations will be augmented by radio
wavelength measurements of the atmosphere(s) of both bodies by the occultation
technique used so successfully in many planetary flyby observations.

4, Centaursand Trans-Neptunian Bodies

4.1. CENTAURS

Centaur objects are small bodies in heliocentric orbits that typically cross the orbits
of one or more major planets. Their dynamical lifetimes are of order 10’ y, and

they are presumed to be derived from the Kuiper belt (see below). Some of them
(e.g., 2060 Chiron, and P/Schwassmann-Wachmann 1) show episodic cometary
activity. By mid-2004,~60 Centaur objects of various sizes were identified, but
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Figure 3. Reflectance spectra of the Centaurs 5145 Pholus, 10199 Chariklo, and 2060 Chiron, as
well as the D-type Trojan asteroid 624 Hektor. The solid lines for Pholus and Chiron are models
computed with scattering theory and the complex refractive indices of the components identified on
each object. All three Centaurs show® ice absorption bands at 1.5 and 2.6, while Pholus

shows additional absorption attributed to solid4ITHH, olivine, and tholin. The spectrum of Hektor,
while red in color, is otherwise featureless; the dashed line is a model computed with the mineral
pyroxene as the main component.

the statistically projected number is of order 3000 (larger than 100 km diameter).
Insofar as the Centaurs are dimensionally and compositionally representative of
the Kuiper disk population, their physical properties are of interest, and because
they are closer to the Earth, they are more easily observed than the distant and faint
Kuiper belt objects. A detailed discussion of Centaur physical properties is given
by Barucciet al. (2004).

Reflectance spectroscopy (0.4-2uh) of many minerals and ices relevant to
the surface compositions of Solar System objects show diagnostic absorption bands
(e.g., Gaffeyet al, 1993; Brown and Cruikshank, 1993) that can be found in the
spectra of asteroids, planetary satellites, and some KBOs and Centaurs. In addition,
there is growing recognition of the importance of solid organic macromolecular
material as a component of the surfaces of outer Solar System bodies, and the
effect on the color and albedo that this material imparts (e.g., Andraatico,
1987; Hartmanret al, 1987; Cruikshank, 1987; Luet al., 1994; Cruikshank and
Dalle Ore, 2003). Here we show spectra of three Centaurs (Figure 3) that have
varying degrees of diagnostic spectral activity.
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2060 Chiron has a neutral reflectance at an albedo level of about 0.10, with weak
but recognizable kD ice bands, notably at 2,0m. It shows intermittent cometary
behavior in the form of variable brightness of what may be a permanent dust coma,
even at its large heliocentric distance (8.45 AU at perihelion) (e.g., Hartre&ainn
al., 1990).

10199 Chariklo has a moderately red reflectance in the photovisual region and is
nearly flat in reflectance in the near-infrared (Dageal.,, 1993). The photometric
points in the near-infrared do not betray the presence of the weak band®atH
that are clearly seen in the spectrum by Brogtral. (1998). They modeled the
spectrum 10199 Chariklo with an intimate mixture of®Hice, and a red material
for which the complex indices were constructed. This computationally derived red
component represents a natural material that is analogous to the complex refractory
organic solids known as tholins.

5145 Pholus is exceptionally red among the Centaurs and the other small bodies
of the outer Solar System observed to date (but see the discussion of Sedna below).
The spectrum of 5145 Pholus has been recorded from 0.45 tu#nd8Cruikshank
et al, 1998b, and sources quoted therein), as reproduced in Figure 3. The spectrum
shows not only the strong red color at short wavelengths, but evidence for the 1.5
and 2.0um H,O ice bands and an absorption complex at 2+27.

The model of Pholus derived by Cruikshaekal. (1998b) and shown as the
continuous solid line in Figure 3 consists of four spectrally active components,
plus grains of amorphous carbon, which is spectrally neutral. Titan tholin (Khare
et al, 1984) imparts the steep reflectance between 0.45 and,.Bi,0 ice is re-
sponsible for the broad absorption bands a 1.5 andr®,@Gand CHOH ice appears
to account for the band at 2.2ém (but see Cruikshanét al., 1998b, for details
of this region). An additional component required to bring the model into accord
with the data between 1.0-144m is olivine. This model incorporates the four
most abundant materials known to occur in typical comet nuclei: organic solids,
the silicate mineral olivine, water ice, and methanol ice, and while the relative
abundances and details of the particle sizes and scattering parameters are model-
dependent (Poulet al, 2002), the compositional similarity between this Centaur
and comets is notable (Cruikshaakal., 1998c).

4.2. TRANS-NEPTUNIAN BODIES

Since the pivotal discovery of 1992 QBy Jewitt and Luu (1993), nearly 1000
objects with dimensions 50-600 km have been detected in the trans-Neptunian
region. The largest of the bodies detected as of mid-2004 are listed in Table I.
Three distinct dynamical populations have become apparent as the discoveries
continue. The first grouping, which includes the majority of the objects discov-
ered 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
Neptune’s perturbations over the age of the Solar System. The second population
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consists of objects in orbits with 2 : 3 resonance with Neptune, as in the case
of Pluto. These objects are informally called “Plutinos”; the term is etymologi-
cally grotesque (an Italian-style diminutive of an anglicized classical Greek proper
name), but it has gained widespread usage. Taken together, these two populations
are frequently referred to as Kuiper belt objects (KBOs), a term that is used in this
paper. The third population consists of objects in highly eccentric orbits with peri-
helia generally within the classical Kuiper belt (although some are inside Neptune’s
orbit), but with aphelia far outside. These bodies have been dynamically excited by
Neptune; they are called scattered disk objects.

Direct imaging of a number of KBOs has shown that at least 5% of them are
binary systems (Noll, 2004); the number of known binaries as of mid-2004 is 14.
The angular separations of the two components of a binary are typically 0.25 - 0.5
arcsec. The relative dimensions of the two components vary widely from system
to system, and are calculated from their relative brightness and estimates of their
surface albedos. In general, the sizes of the two components tend to be very similar,
and the barycenter of each of the systems is well outside the body of the primary.

Binary systems may have originated by collision and capture in the presence of
a third body at a time when the Kuiper belt was at least 100 times more densely
populated that it is now (Weidenschilling, 2002). Other dynamical scenarios have
been proposed by Goldreid@t al. (2002) and Funatet al. (2004). The statistical
distribution of orbital eccentricities in a large sample of well observed binary KBOs
may distinguish among the proposed origin scenarios. Collisions and close en-
counters among KBOs can disrupt some of the more widely separated and weakly
bound binaries, and as noted by Noll (2004) the present population is probably the
remnant of a much larger primordial population.

Other lines of evidence also favor a much more dense early Kuiper belt. Ac-
cretion models show that the objects could not reach their present sizes unless
the Kuiper belt originally contained tens of Earth masses of material, whereas its
present mass is of order 0.1JMAccretion occurred as planetesimals collided at
low velocities in an environment of low dynamical excitation. In a recent model
by Levison and Morbidelli (2003) the zone of formation of Kuiper belt objects is
closer to the Sun than their present positions, and they were subsequently pushed
outward as Neptune migrated to larger heliocentric distances. This resulted in a
dynamical excitation that increased encounter velocities, leading to collisional dis-
ruption and mass depletion. Stern and Kenyon (2003) note that the timescale for
collisional disruption of bodies of 100 km size is long and that fewer than 1% of
them have been catastrophically disrupted. Smaller bodies of order 1 km in radius
are catastrophically disrupted by collisions of timescales 100 to 1000 times shorter,
with the result that the great majority of the KBOs of the size of ordinary comets
are freshly disrupted.

Multi-color photometry and spectroscopic observations have not kept pace with
the discoveries of KBOs and Centaurs because of the need for large-aperture tele-
scopes, but color data and spectra for a number of objects in various categories
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and dynamical subclasses are emerging. The most extensive on-going compila-
tion of colors of OSS bodies is that of Hainaut and Delsanti (2002). Efforts to
obtain photometric data for a large sample of objects are in progress byeiNoll

al. (2002) and others. Jewitt (2002) compiled and analyzed the colors (treated as a
spectral gradient in the region0.4-0.7 um) of a sample of Kuiper belt objects,
Centaurs, Trojan asteroids, comet nuclei, and extinct comets, and concluded that
extinct comet colors are distinctly different from those of their progenitor Kuiper
belt objects and Centaurs.

A few KBOs have been studied spectroscopically, and ice absorption bands at
1.6, 2.0, and 2.3m reveals the presence 0@ ice in some of them. The bands
tend to be weak, as is expected for ice mixed with low-albedo minerals or organic
solids. Brownet al. (1999) found ice bands on 1996 §§and Brown (2003) has
found ice bands on 50000 Quaoar. See Dettal. (2003) and Barucait al. (2004)
for more complete reviews.

In the absence of signature spectroscopic features (beyond,thedd seen
in a few objects) that might lead to the identification of specific minerals, other
ices, or other material, we turn to the indirect analytical technique of modeling the
color. Color can be expressed in terms of a spectral gradient, or the normalized
slope S (% per 100 nm) of the reflectance after correction for the color of the Sun
(e.g., Jewitt, 2002). A positive gradient represents a red color, with the continuum
intensity increasing toward longer wavelengths.

Continuum gradients in the spectral reflectance also ocoupdt um, extend-
ing to wavelengths at which the reflected sunlight exceeds the thermal emission
from a surface. Thermal emission depends on the temperature of a planetary sur-
face, hence its heliocentric distance and albedo. For objects in the outer Solar
Systemwherd@ < 80 K, thermal emission becomes significant only at 10 um.

For a few of the small bodies in the OSS there are data extending jon2,and
color is often defined in terms of the standard JHK photometric bands (1.22, 1.65,
and 2.18um, respectively).

Barucciet al. (2001) made a statistical analysis of BVRIJ colors of 15 KBOs
and 7 Centaurs and found a continuous spread of colors from neutral to very red.
They defined four groups based on two principal components (eigenvectors of the
variance-covariance matrix of the colors) that measure the degree of redness; these
groups are shown as geometric albedo in Figure 4.

Cruikshank and Dalle Ore (2003) have modelled the colors of KBOs in the
Barucciet al. groups to constrain or identify materials that lack signature spectral
absorption bands, but can be inferred on the basis of spectral slope, primarily in
the region 0.3 A <2.5um, plus the albedo, a measure of the absolute reflectance.
Normalized reflectance is insufficient for modeling a planetary surface, and the
additional constraint of the absolute level of reflectance at every wavelength is an
important discriminating factor in achieving a model with realistic components.
The geometric albedo of a surface is a complex, non-linear function of the compo-
sition, grain size, and mixing parameters of the surface components. The albedos
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Figure 4.Four groups defined by photometry of Centaurs and Kuiper belt objects by Baiaici
(2001). Representative members of the groups are: Group | (1986, PO60 Chiron), Group Il
(10199 Chariklo, 1998 SG35), Group 111 (1993 SC, 1997 CQ29), Group IV (5145 Pholus, 1994 TB).
These curves are normalized to geometric albedo 0.04 at wavelength®.56

of Centaurs and Kuiper belt objects are known in only a few cases (e.g., Dotto
et al, 2003), and lie in the range 0.04-0.17. Most other OSS objects (small and
irregular planetary satellites, Trojan asteroids, and comet nuclei) have albedos in
the range 0.02-0.07. Cruikshank and Dalle Ore adopted a geometric albedo of 0.05
at A = 0.56um; the models will pertain also to higher albedo objects with the
same spectral slopes, with a reduction in the contribution of the neutral, low-albedo
(amorphous carbon) model component.

Cruikshank and Dalle Ore (2003) matched the geometric albedos and colors of
the reddest color groupings of outer Solar System bodies with models computed
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with scattering theory and the use of optical properties of synthetic organic solids
(tholins), particularly Ice Tholin Il and Titan tholin. In their models, elemental
amorphous carbon was added to the organic solids to achieve the low geometric
albedos observed or assumed for these objects. The presence of elemental carbon
can occur in nature by the dehydrogenation of tholins. In the use of tholins to
achieve the observed red colors, these model results are consistent with those of
several other investigators, including the recent work of Dettal. (2003) and
Doressoundiranet al. (2003). The least red objects in the outer Solar System can
be modeled with mafic minerals, and do not require the presence of organic solids
(Cruikshanket al.,, 2001), while Emery and Brown (2003) showed that certain large
classes of organics are specifically excluded by their mafic mineral models of red
Trojan asteroids. For additional discussion of quantitative modeling of KBOs and
Centaurs see Cruikshaekal. (2003).

The Moon, Mercury, and many asteroids are reddened by a space-weathering
process consisting of sputtering of iron from iron-bearing minerals, and the depo-
sition of neutral Fe on grains in the uppermost regolith. When space-weathered
minerals found on the lunar surface were incorporated into their models, Cruik-
shank and Dalle Ore (2003) found that the presence of neutral Fe is not required to
achieve the observed albedos and colors, although such space-weathered minerals
may occur in modest quantities in the optically accessible surfaces.

4.3. OorTCLOUD

In his classic study of the source region of the long-period comet2@P v)

Oort (1950) postulated that about a trillion ¢£Dicy objects exist in a swarm, or
“cloud”, centered on the Sun. Each of these objects is in a very large orbit around
the Sun, and their periods are longer than about a million years. This swarm is now
called the Oort Cloud; its outer extent lies about 1/3 of the way to the next star,
or about 100,000 AU (1.5 lightyears) from the Sun. Objects at this great distance
are only weakly bound to the Sun, and they are subject to perturbations by the
effects of nearby stars and the passage of the Sun and Solar System through a giant
molecular cloud in the Galaxy. Such passages occur once every 300-500 million
years. In addition, galactic tides (the non-uniform stretching of the Solar System
by the gravity field of the center of our Galaxy) can also perturb the orbits of Oort
Cloud and cause them to make close passages by the Sun and planets.

Over the course of a million years, about 12 stars pass closely enough to the
Solar System to perturb some of the objects in the Oort Cloud. A star is expected
to pass within 10,000 AU of the Solar System every 36 million years, and within
3,000 AU every 400 million years, on average. By some estimates, perturbations
of the Oort Cloud by such passages can trigger comet showers lasting 2-3 million
years, with up to 300 times the normal rate of comets coming in from the Cloud
(Weissman, 1998).
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The estimated total mass of the icy objects in the Oort Cloud is about40 M
The Oort Cloud may be receiving Kuiper belt objects from the scattered disk pop-
ulation. Fernandez and Brunini (2000) integrated the orbits of the known scattered
disk objects and found that on dynamical half-time~d.5 Gy, about one-third of
the objects ended up in the Oort Cloud.

The discovery of a possible member of the inner region of the Oort Cloud
(Brownet al., 2004) offers a unique opportunity to study the physical properties of
the most distant known object in the Solar System. Brewal. (2004) discovered
2003 VB12 (“Sedna”), which has an inclined (19),%ighly eccentric (0.840.01)
orbit with a perihelion distance of 26 AU and a semimajor axis of 4820 AU.

Sedna appears to be rotating very slowly-@® days), suggesting the presence of a

(so far) unseen satellite. Sedna’s thermal flux has remained undetected, suggesting
a diameter 0f~1800 km or a bit less. The color of Sedna is very red, comparable to
5145 Pholus (see above), although the spectral features exhibited by Pholus have
not yet been detected.

The orbital characteristics have suggested at least three scenarios of origin.
Sedna may have been scattered into its present orbit by an unseen planet with
mass~1 Mg at a heliocentric distance of70 AU; Brown et al. (2004) note that
none of the known planets in the Solar System can dynamically excite objects
from the inner Oort Cloud. Another possibility is that an encounter by a high
velocity passing star perturbed Sedna out of the Oort Cloud and into its present
orbit. A third scenario, regarded as more likely by Broamal. (2004), has the
Sun forming in a star cluster where low-velocity encounters with neighboring stars
were frequent. All three possibilities predict the existence of several other objects
in orbits comparable to that of Sedna.

Continuing surveys in the trans-Neptunian region, including those anticipated
employing powerful new techniques, will produce many new, intriguing, and chal-
lenging discoveries. We can hope and expect that such discoveries will further
elucidate and clarify the emerging picture of the origin and evolution of the Solar
System and the growing number of recognized extrasolar planetary systems.
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