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Trojans and Centaurs are primitive, peculiar objects orbiting in the middle solar system. Both
groups characteristically have low albedos and red colors. Physical observations of Trojans reveal
featureless reddish spectra, implying surfaces probably rich in complex organic solid materials. The interiors are expected to be rich in H2O ice and other volatile material. Centaurs have
surfaces showing dramatically different spectral reflectances, from neutral to very red. Some
spectra are featureless, while others show signatures of water ice, methanol, or other light hydrocarbons. Trojans were formed near Jupiter’s orbit, while Centaurs were formed far beyond
Jupiter’s orbit, but both were formed at low temperatures at which water exists as solid ice.

1.

INTRODUCTION

This chapter concerns the physical properties of two
populations of minor bodies: the Trojans and the Centaurs,
defined primarily on the basis of their specialized orbital
characteristics.
The Trojan asteroids that we consider here are members
of the population of objects that are coorbital with Jupiter.
Mars is also known to have at least four coorbital asteroids,
and the outer planets may have similar companions that
have not yet been discovered (Weissman and Levison, 1997;
Evans and Tabachnik, 2000), thus expanding the original
definition of a Trojan asteroid beyond those that are companions to Jupiter. There are two swarms of jovian Trojans,
each consisting of a number of objects that librate about
the L4 and L5 Lagrangian points in Jupiter’s orbit, 60° of
heliocentric ecliptic longitude ahead and 60° behind the
planet, and possessing sufficient dynamical stability to survive over the age of the solar system (Marzari and Scholl,
1998).
Because of their special place in the solar system vis-àvis Jupiter, the Trojans are of particular interest and importance in our attempts to understand the origin and evolution
of Jupiter and its systems of inner (regular) and outer (irregular) satellites. The surface and internal compositions of
the Trojans are expected to reflect the materials and conditions in the solar nebula at the time and location of their
accretion. The questions that draw us to a study of the physical properties of these objects, using currently available
remote-sensing techniques (spectroscopy, radiometry, and
photometry), include whether the conditions of formation

were uniform for all Trojans, how genesis of the Trojans
was related to the formation of Jupiter and the satellites,
and how formation of the Trojans relates to small satellites
of the other outer planets.
Over the age of the solar system, the gravitational action
of Neptune on the inner regions of the Kuiper Disk has
caused an erosion of the Kuiper Disk population, ejecting
a large fraction of the bodies that formerly occupied nearcircular orbits in the range of ~30–45-AU heliocentric distance (Duncan et al., 1995; Levison and Weissman, 1999).
This process continues at the present time. Most of these
bodies have been perturbed to more distant orbits, but some
of them are perturbed into orbits that traverse the inner
regions of the solar system, giving rise to the short-period
comets and to the Centaurs (Levison and Duncan, 1997).
The Centaur objects occupy orbits in the region of the outer
planets, typically crossing the orbits of those planets. They
are dynamically unstable, with dynamical lifetimes of ~106
107 yr before ejection from the planetary region or collision
with a planet. The Centaurs are given traditional minorplanet designations, although in terms of their physical
properties many of them differ from the main-belt and Trojan asteroids.
Measurements of thermal emission of a few Trojans and
the Centaurs indicate that these objects have low surface
albedos, in the range of 0.03–0.13 (e.g., Cruikshank, 1977;
Fernandez et al., 2002). Various lines of observational evidence suggest that much of the surface material is C-rich,
in the form of complex organic polymers, polycyclic aromatic hydrocarbons, and other macromolecular compounds
(e.g., Cruikshank and Khare, 2000; Khare et al., 2001).
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Specifically, the occurrence of a vast array of organic solids in the low-albedo nucleus of Comet Halley (e.g., Kissel
and Krueger, 1987), as well as those in the black carbonaceous meteorites (Cronin et al., 1988; Cronin and Chang,
1993; Ehrenfreund et al., 2001), support the link between
low-albedo surfaces and the presence of C in many forms.
Some combinations of minerals with elemental C of inorganic origin may be able to match the surface reflectance
properties of some of the low-albedo objects in the solar
system, as discussed below for the case of Trojan asteroid
624 Hektor.
Thus, while the Trojans probably originated in or near
their current heliocentric distance, the Centaurs have clearly
come to the planetary region from an external reservoir,
where they are presumed to have accreted in the distant
solar nebula. Because of the low temperature, even at 5 AU
heliocentric distance, both groups are thought to consist of
primitive material — that is, material that has been relatively
little altered chemically since the accretion epoch. The details of, and degree to which, primitive materials differ in
composition between two solar nebula regions at ~5 AU and
30–50 AU are matters of compelling interest, thus motivating us to pursue physical studies of all available objects in
both classes.
2.

TROJANS

As of October 5, 2001, there were 663 known asteroids
in the L4 group and 421 in the L5 group. From a wide-field
observational survey, Jewitt et al. (2000) estimate that the
population of the L4 group is ~1.6 × 105 (objects with radii
≥1 km), with a combined mass of ~10 –4 M . The mean collision velocity in the Trojan clouds is about 5 km s–1, similar
to that in the main belt (Marzari et al., 1996). This occurs
because the lower Keplerian velocities at the heliocentric
distance of the Trojan clouds are compensated by the higher
average inclinations of the Trojans. The intrinsic collision
probability for the Trojans is about twice that found in the
main belt, which, contrary to what was commonly accepted
earlier, leads to a picture of a Trojan population where considerable collisional evolution has taken place. This scenario is
compatible with the discovery of dynamical families among
the Trojans (Milani, 1994).
2.1. Rotational Properties
Shape and angular momentum are acquired during the
accretion process, and are affected by the subsequent collisional evolution of the bodies. The characterization of these
properties can provide important clues to the history of the
Trojans. Lightcurve observations represent the basic tool for
determining the rotational properties of asteroids, allowing
for the determination of the rotation rate and angular momentum direction, as well as an approximation of body shape.
Early work by Dunlap and Gehrels (1969) on 624 Hektor, the largest member of the Trojan clouds, reveals a body
with a very elongated shape. Hartmann et al. (1988) report

lightcurve observations for an additional 18 Trojans. Based
on these data, the authors suggest that higher than normal
lightcurve amplitudes, and therefore considerably elongated
shapes, might be characteristic of the Trojans, possibly reflecting a difference in composition and collisional evolution with respect to their counterparts in the main belt. The
authors study the distribution of the lightcurve amplitudes
of these Trojans by combining them with the available data
for the Hilda asteroids in order to enlarge the data sample.
The rationale for this choice is based on the consideration
that both Trojans and Hildas reside in the so-called outer
belt and are comparatively dynamically isolated from the
main-belt population. Further, their lower number density
and average Keplerian velocity would have protected them
from an intense collisional evolution. However, while this
argument is certainly true for the Hildas (Dahlgren, 1998),
it does not apply to the Trojans, thus illustrating the need
for separate analysis of the rotation properties of the two
populations.
Zappalà et al. (1989) analyze the rotation rates of a group
of 29 objects, consisting of Trojans, Hildas, and Cybeles,
and find that the distribution can be fitted with a Maxwellian
function. Binzel and Sauter (1992) report new lightcurve
observations of Trojans and, based on a total sample of 31
objects, confirm the presence of high lightcurve amplitudes.
The authors, however, find that the amplitudes were significantly larger than in the main belt only for objects larger
than ~90 km.
This work focuses mainly on obtaining information on
amplitudes for the largest possible number of objects, therefore compromising on coverage. As a result, the determinations of rotation periods are not highly reliable, and no conclusions on the rotation period distribution can be drawn.
Another problem related to these initial investigations is that
both the Trojan and the main-belt comparison samples used
were affected by a considerable observational bias tending to
favor the determination of high amplitudes and short periods.
The necessity of determining a sizable, reliable, and unbiased sample of rotation periods and amplitudes has motivated a major observational program to systematically explore the rotational properties of Trojans (S. Mottola et al.,
personal communication, 2001). In this study, new reliable
rotation periods and amplitudes have been measured for 72
Trojans down to an absolute magnitude of H ~10.2, which,
combined with the existing dataset, have resulted in determinations for 75 objects, most of which are in the diameter range 70–150 km. Particular care was taken to avoid
the observational bias present in previous surveys. Furthermore, a sample of main-belt asteroids in the same size range
was observed, in order to provide a suitable, unbiased comparison sample.
2.1.1. Rotation rates. The distribution of the rotational
frequencies, fT, for 75 Trojans is shown in Fig. 1a. The mean
value is fT = 2.14 ± 0.12 rev/d, which compares to fM = 2.26 ±
0.14 rev/d for the main-belt control sample. The two values
fall within 1σ of one another, and therefore the means can
be considered statistically indistinguishable.

Barucci et al.: Physical Properties of Trojans and Centaurs

0.3

(a)

Trojan sample (N = 75)
Main-belt sample (N = 74)

Fraction of total number

0.2

0.1

0.0

0.1

0.2

0.3
0

1

2

3

4

5

6

Ω (rev/d)
0.3

Fraction of total number

(b)

Trojan sample (N = 75)
Main-belt sample (N = 74)

0.2
0.1

0.0
0.1

0.2

0.3
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Corrected amplitude (mag.)

Fig. 1. (a) Distribution of the rotation periods for the Trojan and
for the main-belt sample. The best-fit Maxwellian for the two distributions are shown as a solid line. (b) Distribution of the amplitudes reduced to an aspect of 60° and 0° phase angle. The average
amplitude is 0.198 ± 0.011 for the Trojan and 0.155 ± 0.009 for the
main-belt sample.

The distributions of the spin rates of asteroids have often
been compared to single (or linear combinations of) Maxwellian distributions, which are considered to represent, although with some limitations, the rotational state of a collisionally relaxed population (Farinella et al., 1981; Binzel
et al., 1989; Fulchignoni et al., 1995). Figure 1a shows the
best-fit Maxwellian distribution as a solid curve for the Trojan and main-belt samples respectively. The Trojan distribution is reasonably approximated by a Maxwellian function. On the other hand, the main-belt sample displays an
excess of rotators with a period of ~12 h, and a deficiency
of rotators in the range of 8–10 h. A Kolmogorov-Smirnov
statistical test confirms these findings: The Trojan sample
is found compatible with the Maxwellian distribution, while
the hypothesis that the main-belt sample is drawn from the
best-fit Maxwellian distribution is formally rejected at the
95% confidence level.
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This result suggests that the Trojan population withstood
a higher degree of collisional evolution compared to the main
belt, which would be consistent with the high values for the
intrinsic collisional probability and high average collisional
velocity computed for the Trojans.
2.1.2. Lightcurve amplitudes. The amplitude of a lightcurve is an indicator of an asteroid’s elongation. The amplitude, however, varies considerably depending on the unknown
aspect angle under which the observations are made, with
the amplitude being largest with an equatorial aspect and
smallest with a polar aspect. When we observe an object at
a random epoch, if the spin vectors are distributed isotropically on the celestial sphere, the most probable value for
the aspect is 60°. If each object is observed only once, we
can directly compare the amplitudes at random epochs.
However, if we are confronted with a mixed dataset, where
some objects have been observed only once, and some have
been observed on several occasions, we have to identify a
procedure to select the right amplitudes. Hartmann et al.
(1988) select the largest available amplitude for their sample, in an attempt to estimate the maximum lightcurve amplitude. The reason for doing so is that the maximum possible amplitude is directly related to the a:b semiaxis ratio
by the relation Ama = 2.5 log (a:b) (assuming a triaxial ellipsoid shape).
However, this approach tends to underestimate the maximum amplitudes, and therefore the a:b ratio, for objects that
are observed only once. In order to overcome this problem,
Binzel and Sauter (1992) propose a scheme for reducing
the amplitudes to the aspect of 60° in case of multiple observations that we have adopted, in slightly modified form, in
the following analysis.
Figure 1b shows the distribution of corrected amplitudes
of the Trojan and of the main-belt comparison samples. The
Trojans appear to have a larger mean amplitude than the
main-belt comparison sample. This difference is significant
at the 99% confidence level, with the student’s t-test resulting in a probability smaller than 1% that the two distributions do indeed come from the same population, and the
observed difference is only the result of a statistical fluctuation. The shapes of the distributions are also statistically
different, with the Kolmogorov-Smirnov test rejecting the
null hypothesis (the two datasets coming from the same distribution) at the 95% confidence level.
Figure 2 shows the lightcurve amplitude vs. the diameter. From this graph no obvious trend of increasing amplitudes with size is recognizable.
2.1.3. Spin axes. The spin axis orientation has been
computed for eight Trojan asteroids (S. Mottola et al., personal communication, 2001), two of which belong to the
L4 cloud and six to the L5 cloud. The obliquity of the spin
appears to be randomly distributed in space, with four of
the objects rotating in a prograde and four in a retrograde
sense. Even within the limitation of small-numbers statistics, the spin axis distribution appears similar to that of the
main belt, which was recently studied by Erikson (2000).
Clearly, the possibility that the large observed amplitudes
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Fig. 2. Amplitude-size distribution of the Trojan sample. Filled
squares represent individual asteroids. Empty squares represent the
average amplitudes within a 20-km bin. The points at about 45 km
and 220 km have not been included in the average.

are due to the alignment of the spin axis toward the ecliptic pole, which would favor observations at equatorial aspect, can be ruled out.
2.2. Taxonomic Classes, Visible and
Infrared Spectroscopy
Only a few of the detected Trojan asteroids have an assigned taxonomical class, but almost all of the classified
objects are D-type asteroids; only a few belong to the P
class. D-type objects have very low albedo (~0.065) and
are usually characterized by featureless spectra with neutral
to slightly red spectra shortward of 0.55 µm and very red
longward of 0.55 µm (Barucci et al., 1987; Tholen and
Barucci, 1989; Jewitt and Luu, 1990). In fact, reflectance
spectra in the optical region (Jewitt and Luu, 1990; Fitzsimmons et al., 1994; Lazzarin et al.; 1995) and in the NIR
(Luu et al., 1994; Dumas et al., 1998; Cruikshank et al.,
2001) have not yet shown the clear presence of any feature,
and are very similar to the spectra of the nuclei of shortperiod comets and also some Centaurs and KBOs investigated to date.
In particular, the CCD visible spectra of 32 Trojans obtained by Jewitt and Luu (1990) have shown slight differences in spectral behavior, with spectral slopes ranging from
nearly neutral (S' = 3 ± 1%/103 Å) to very red (S' = 25 ± 1%/
103 Å), giving a mean value S' = 9.6 ± 4.7%/103 Å (Fig. 3).
The spectra of the 32 Trojans have also been compared with
the existing spectra of cometary nuclei in order to study possible relationships between the two groups. The reflectivity
gradients of cometary nuclei spectra (mean value S' = 14 ±
5%/103 Å relative to five cometary nuclei) fall in a range
similar to that of the spectra of Trojan asteroids. Some of
the 32 Trojans were subsequently observed by others (Fitzsimmons et al., 1994; Lazzarin et al., 1995); the slightly
different values of S' that were found might be associated

with different regions of the surfaces of these objects, but
also could be attributed to different acquisition and analysis
of the data.
In the NIR, the spectra of Trojans usually continue to be
reddish (Luu et al., 1994). In particular, spectroscopic observations in the I-J-H-K bands obtained by Dumas et al.
(1998) of four Trojans have not revealed any spectral bands,
and they all show reddish spectra reminiscent of the spectra
of the nuclei of short-period comets. K-band spectra of five
Trojans and L-band (3.0–3.5 µm) spectra of two Trojans
were obtained in 1999 by Emery and Brown (2001). They
show the red slope expected for P and D asteroids and no
clear compositional features. Besides the similarity to shortperiod cometary nuclei, the visible and NIR spectra of the
Trojans are similar to the spectra of some KBOs and Centaurs.
Hiroi et al. (2001) have recently report that the reflectance spectrum of the Tagish Lake meteorite is a close match
to the spectra of D-type asteroids over the spectral range
0.3–3 µm. They suggest that this meteorite, an ungrouped
C2 carbonaceous chondrite that fell in January 2000, originated from a D-type asteroid. While the overall shape and
albedo level of the meteorite spectrum do provide a good
match, the spectrum at 3 µm shows the presence of hydrous
material that is not seen in the spectrum of 624 Hektor, as
noted in section 2.3 below.
2.3. The Case of 624 Hektor
The D-type asteroid 624 Hektor is the largest of the jovian
Trojan population. It is highly elongated, with maximum
and minimum dimensions of 300 and 150 km respectively
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Fig. 3. Visible spectral slope plotted vs. perihelion (q) for Trojans (filled circles), Centaurs (empty circles), and Kuiper objects
(stars). The location of the outer planets are marked for reference.
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Fig. 4. Reflectance spectra of three Centaurs and Trojan asteroid 624 Hektor. The spectrum of 2060 Chiron is from Luu et al. (2000)
and shows a model consisting of H2O ice and olivine. The scaling to geometric albedo is approximate. Data for 10199 Chariklo (originally 1997 CU26) are from Brown et al. (1998); the ordinate for the spectrum of Chariklo is given on the right side of the figure. The
5145 Pholus data and model come from Cruikshank et al. (1998), while the 624 Hektor data and model come from Cruikshank et al.
(2001). The ordinate for both Hektor and Pholus is given on the left side of the figure. All three Centaurs show the prominent 2-µm
H2O ice band, with indications of the weaker 1.5-µm band of H2O ice. There is no spectral evidence for ice on Hektor.

(Dunlap and Gehrels, 1969; Hartmann and Cruikshank,
1978, 1980). Infrared thermal emission measurements show
that Hektor’s surface has a low geometric albedo of 0.03
(Cruikshank, 1977; Hartmann and Cruikshank, 1978), while
the spectrum [0.48–0.95 µm (Vilas et al., 1993)] and photometry in the eight-color system shows that it is distinctly
red (Zellner et al., 1985). The spectrum of Hektor between
0.3 and 1 µm (Jewitt and Luu, 1990) and 1.5 and 2.5 µm
(Cruikshank et al., 2001) shows no distinctive or diagnostic absorption bands that would indicate specific mineral,
ice, or organic surface components. Dumas et al. (1998)
recorded segments of the spectrum between 0.9 and 2.4 µm
and found no clear absorption bands. The visible spectrum
by Vilas et al. (1993) and Lazzarin et al. (1995) similarly
shows no prominent spectral features. While the low albedos and red colors of asteroids and other small bodies in the
outer solar system have often been considered suggestive
of the presence of macromolecular C-rich surface materials
(e.g., Gradie and Veverka, 1980; Cruikshank, 1987, 1997;
Cruikshank and Khare, 2000), specific spectral matches
have been very hard to establish (e.g., Luu et al., 1994;
Moroz et al., 1998).

Cruikshank et al. (2001) extended the spectrum to 3.6 µm.
Using the Hapke scattering theory and the complex refractive indexes of several minerals and organic solids, Cruikshank et al. show that the general features of the Hektor
spectrum can approximately be matched with a mixture of
Mg-rich pyroxene and elemental C (a mixture of graphite
and amorphous C). In this model, the pyroxene provides
the overall shape of the spectrum (Fig. 4), while the C decreases the albedo to the level observed on Hektor. From
the models, the upper limit to the amount of crystalline H2O
ice (30-µm grains) in the surface layer of Hektor is ~3 wt%;
larger amounts mixed in the visible surface layer would
show an absorption band at 2 µm. The upper limit for serpentine, as a representative of hydrous silicates, is much less
stringent, at 40%, based on the shape of the spectral region
around 3 µm. Thus, the spectrum at 3 µm does not itself preclude the presence of a few weight percent of volatile material in the surface layer of Hektor. All the models require
elemental C, which could be of organic or inorganic origin,
to achieve the low geometric albedo that matches Hektor.
The general conclusion of this investigation is that the
color and low albedo of Hektor may be attributed to a com-
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TABLE 1.
Name

Orbital characteristics, diameters, and albedos of Centaurs.

q (UA)

Q (UA)

E

i (°)

Diameter (km)

Albedo

2060 Chiron

8.45

18.77

0.38

6.9

5145 Pholus
7066 Nessus
8405 Asbolus
10199 Chariklo

8.66
11.78
6.84
13.10

31.93
37.01
29.01
18.51

0.57
0.52
0.62
0.17

24.7
15.7
17.6
23.4

10370 Hylonome
1998 SG35
2000 QC243

18.84
5.83
13.17

31.04
11.01
19.92

0.24
0.31
0.20

4.1
15.6
20.7

180 ± 10*
148 ± 8‡
190 ± 22†
≈75
66 ± 4‡
302 ± 30*
273 ± 19§
≈150
≈35
≈190

0.15 ± 0.05*
0.17 ± 0.02‡
0.04 ± 0.03†
—
0.12 ± 0.03‡
0.045 ± 0.010*
0.055 ± 0.008§
—
—
—

*Jewitt and Kalas (1998).
† Davies et al. (1993).
‡ Fernandez et al. (2002).
§ Altenhoff et al. (2001).

bination of minerals and material of very low albedo and
neutral reflectance, and it therefore does not appear to require an organic component. The degree to which this conclusion extends to other D-type asteroids remains to be
investigated.
3.

CENTAURS

Centaurs are minor planets having unstable orbits with
semimajor axes between those of Jupiter (5.2 AU) and Neptune (30 AU). Their planet-crossing orbits imply a short
dynamical lifetime (106–107 yr) compared to the age of the
solar system (Hahn and Bailey, 1990; Asher and Steel,
1993). The origin of the Centaurs is uncertain, but they are
thought to have been ejected from the transneptunian belt
by planetary perturbations or mutual collisions (Duncan et
al., 1995). Levison and Duncan (1997) suggest that these
objects could be the source of short-period comets. Later,
Levison et al. (2001), on the basis of their numerical model,
predict that some Centaurs could have originated in the Oort
Cloud. Centaurs seem to be located on a boundary between
many solar system populations, and they are important for
understanding the dynamical evolution of the outer solar
system.
To date, 25 such objects have been discovered, following
the continuously updated list from the Minor Planet Center
(Marsden, 2001), and the discoveries continue. Although
no formal definition exists, Centaurs have been identified as
asteroids at the times of discovery, even though 2060 Chiron
was subsequently shown to have cometary activity. Jewitt
and Kalas (1998) add to the list of Centaurs the comets P/
Oterma and P/Schwassmann-Wachmann 1 because their
orbits lie inside the orbits of Jupiter and Neptune. Recently,
Marsden (2001) includes Centaurs in a common list with
scattered transneptunian objects, arguing that there are no
dynamical reasons to make a distinction, but in this paper
we will consider the two populations to be well separated.
Jewitt et al. (1996), on the basis of the number of detections in their ecliptic survey, suggest a population of about
2600 Centaurs with diameters greater than 75 km. From the

rate of detections by the Spacewatch automated search program, Jedicke and Herron (1997) estimate an upper limit of
2000 Centaurs in the absolute magnitude range H < 10.5.
This implies that although the density of the population is
transient, the Centaurs can be as numerous as the main-belt
asteroids over the same size range. Using a wide-field sky
survey, Sheppard et al. (2000) estimate that the Centaur
population of objects with radius ≥1 km is about 107 (if the
albedo is 0.04). They predict about 100 Centaurs larger than
50 km in radius, of which only a few have been found. The current total mass of the Centaurs is estimated to be ~10 –4 M .
From their large survey to search for the brightest transneptunians and Centaurs, Larsen et al. (2001) found a lower
density distribution compared to the Jedicke and Herron survey, but within the error bars.
Only a few objects have been observed at thermal and
millimetric wavelengths; thus, only a few have well determined diameters and albedos (Table 1). For others, an indication of the diameter can be obtained from the absolute
magnitude, assuming a low albedo value (~0.05).
3.1. The Particular Case of 2060 Chiron
Chiron was discovered by Kowal (1978). No other asteroids had been discovered at such large distances (orbital
semimajor axis = 13.7 AU), and it was given the name of
a Centaur in recognition of its unusual orbit. The orbit was
found to be chaotic and subject to strong perturbations by
Saturn and Uranus (Oikawa and Everhart, 1979; Scholl,
1979) and thereby typical of short-period comets (Hahn and
Bailey, 1990). In 1988, when Chiron was at ~13 AU, Tholen
et al. (1988) found brightness fluctuations indicating possible cometary behavior of the object; a cometary behavior of Chiron was indicated also by Bus et al. (1988, 1989)
and Hartmann et al. (1990). A coma was detected for the
first time by Meech and Belton (1989).
Chiron’s cometary activity produces an unusual longterm brightness variation. Some investigators found that the
cometary activity increases as Chiron approaches perihelion,
but the brightness diminishes (Lazzaro et al., 1996). Luu
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(1993) analyzed photometric data from 1982 to 1992 showing a series of outbursts, with brightness fluctuations as
large as 1 mag occurring on timescales of a year. She concluded that long-term (timescale of ~1 yr) and short-term
(timescale of days) outbursts are the principal causes of the
activity of Chiron, even at large distances such as 13 AU.
Brightness variations were also reported by Bus et al. (1991),
and, in a recent analysis, Bus et al. (2001) used archival
photographic plates to determine Chiron’s brightness between 1969 and 1977. When added to the postdiscovery observations, it is clear that Chiron’s brightness does not
depend directly on its heliocentric distance; there was an
extensive interval of brightening near the most recent aphelion passage.
Lazzaro et al. (1997) investigate changes in Chiron’s
brightness by performing a photometric survey along the
passage of Chiron through perihelion in 1996. The monitoring of Chiron’s brightness in 1996 showed that its mean
absolute V magnitude varied by ~10% in a few months.
Parker et al. (1997), using UV data from the Hubble Space
Telescope, reveal a 20% magnitude increase in activity in
January and April 1996. Lazzaro et al. (1997) also found
short-period activity of the order of hours during one night.
A similar burst of short-period activity was also detected
in 1989 by Luu and Jewitt (1990) and in 1990 by Buratti
and Dunbar (1991).
The synodic rotation period of 5.9180 ± 0.0001 h was
determined by Bus et al. (1989) and is similar to the value
determined by Marcialis and Buratti (1993) and Lazzaro
et al. (1997).
Two reflectance spectra in the visible region were obtained in 1996 nearly at the same time as the photometric
data by Lazzaro et al. (1997), and they show a quite flat,
featureless continuum with a little difference in slope: The
reddest corresponds to an increase of the brightness of
Chiron. The reflectivity gradient of these two spectra (ranging from S' = 2.3 ± 0.1%/103 Å to S' = 0.4 ± 0.1%/103 Å) is
rather different from the mean-reflectance slope of optical
spectra of cometary nuclei, which are usually redder in color
(S' = 14 ± 5%/103 Å) and is more similar to that of C-type
asteroids. A negative reflectivity gradient was also found
by Luu (1993), Fitzsimmons et al. (1994), and Barucci et al.
(1999). This color peculiarity is not unique to Chiron;
Davies et al. (1998) and Barucci et al. (1999) find that the
optical reflectivity gradients of the Centaurs are different
from one another, indicating a diversity in surface composition probably due to different evolutionary mechanisms.
The small variations in the reflectivity gradient S' of Chiron
could be due to variations in dust production during episodes of cometary activity. The difference in the reflectivity
of Chiron compared to the other Centaurs, which are so far
all redder than Chiron, has been attributed (Luu et al., 2000)
to cometary activity on Chiron. Such activity would cause a
continuous rain of cometary debris on the surface of Chiron,
burying a primordial irradiation mantle with unirradiated
matter ejected from the interior (Luu et al., 2000).
Chiron is one of the few objects that has shown activity
at distances greater than 12 AU, and there has always been
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a debate on the mechanism responsible for the activity and
outbursts of these distant bodies. The sublimation of water
ice, which drives the activity in nearby comets (r < 3 AU),
would not occur at Chiron’s heliocentric distances. More
volatile ices such as CO or CO2 are probably responsible
(Capria et al., 2000). Prialnik et al. (1995) suggest that the
outbursts on Chiron could be due to a combination of energy released by the crystallization of amorphous water ice
and the release of trapped CO from a porous matrix of both
amorphous and crystalline ice. Gaseous CO was probably
found in Chiron’s coma in 1995 by Womack and Stern (1995)
via the molecule’s J = 1–0 rotational transition at 115 GHz,
but the result still needs to be confirmed. Another molecule
that could be in part responsible for the activity on Chiron is
CN, found during the outburst of January 29, 1990, by Bus
et al. (1991). In particular, Bus et al. (1991) suggest that CO
and CO2 would drive the activity, and their escape from the
surface of Chiron could be responsible of the release of the
parent of the CN.
In spite of the earlier featureless spectra in the visible
and NIR, Chiron has recently shown (see Fig. 4) the presence of water ice through the 2-µm absorption band (Foster et al., 1999; Luu et al., 2000). The ice present on the
surface of Chiron is very likely mixed with dark impurities,
a small amount of which is usually enough to mask the
spectral band.
3.2.

Rotational Periods and Lightcurve Amplitudes

In addition to Chiron, rotational periods have been determined for a few Centaurs:
5145 Pholus has a rotational period of 9.9825 ± 0.004 h
determined by Buie and Bus (1992) and confirmed with
small differences by Hoffmann et al. (1993) and Davies et al.
(1998). The lightcurve seems almost symmetric, with an
amplitude of ~0.15 mag. No significant V-R variation is evident with rotation.
8405 Asbolus has been observed photometrically by
Brown and Luu (1997), who derive a period of 8.87 ± 0.02 h
with an amplitude of ~0.34 mag. Davies et al. (1998), using new data, argue for a slightly longer period (8.9351 ±
0.0003 h) and larger amplitude (~0.55 mag). Kern et al.
(2000), on the basis of spectroscopic observations and on
the hypothesis that the lightcurve may be dominated by a
relatively bright surface spot, suggest the possibility of a
rotational period half of the previous value (4.47 h).
10199 Chariklo was observed by Davies et al. (1998),
who suggest a rotation period close to 24 h or longer and a
very small amplitude. Peixinho et al. (2001) suggest a possible rotational period of 31.2 h from nine nights of observation, while Alessandrino et al. (personal communication,
2001) propose a very long rotational period of 39 ± 6 d.
1998 SG35 was observed by Green (Davies, 2000) with
the preliminary result that the rotational period seems longer
than 12 h and the amplitude larger than 0.04 mag.
1999 UG5 was observed by Gutierrez et al. (2001), who
determined a period of ~26.5 h (but other values are possible) and an amplitude of 0.24 ± 0.02 mag.
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There are no pole inclinations or shape constraints available for these objects. From the amplitude of the lightcurves
we can estimate a lower limit on the axis ratio, assuming
an ellipsoidal shape with semiaxes a > b > c. That limit is
a:b ≥ 100.4∆m if we assume that the lightcurve is influenced
only by the shape and not by significant albedo variations.
The few observed Centaurs seem to have small amplitudes,
except 8405 Asbolus, for which the amplitude is 0.55 mag,
corresponding to a:b ≥ 1.66. This elongated shape and its
small diameter (~66 km) could give some indication of the
collisional evolution of this object.
3.3.
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A wide range of broadband colors has been found in the
Centaur population. The colors vary from neutral or slightly
blue for 2060 Chiron (V-R = 0.37) to very red for 5145
Pholus (V-R = 0.78). 7066 Nessus has a red color very similar to Pholus in the visible range, but its redness is less evident in the IR region. Laboratory experiences suggest that
a red color surface can be produced by the energetic processing (exposure to cosmic rays, solar ultraviolet, corona
discharge, and/or ion bombardment) of surface ices, organic
solids, and even minerals. Such processing forms a coating
of dark materials and a very red spectrum (e.g., Andronico
et al., 1987; Thompson et al., 1987).
The color distribution of Centaurs, in the B-V vs. V-R
plot (Fig. 5), seems to be bimodal, but the sample is still too
small. Two groups are evident: one as Chiron with neutral/
slightly red colors and the other one with much redder
colors, more similar to Pholus. As has been demonstrated
by Doressoundiram et al. (2001), this dichotomy is further
enhanced by the fact that Chiron is an active comet, while
no activity has been detected on Pholus, which should have
a more pristine surface. In fact, Pholus might possess a thick
irradiation mantle that inhibits outgassing of volatiles, while
the neutral color on Chiron may be due to outgassing during
successive episodes of activity, with a surface most likely
dominated by a dust layer created from cometary debris
(Luu et al., 2000). Therefore, as Luu et al. (2000) and Doressoundiram et al. (2001) suggest, two groups may exist: one
(like Chiron) in which a reddish crust can be removed or processed by activity or impact and the other one (like Pholus)
with older surfaces, probably due to their recent escape
from the Kuiper Belt.
No correlation has been found between color variations
and heliocentric distance and/or diameter (Fig. 3).
3.4. Spectroscopy
As has been shown by their color differences, Centaurs
have surfaces showing dramatic spectral differences from
neutral to very red. In the visible region, Barucci et al.
(1999) observe five of them, confirming a great diversity
among the reflectances of these objects. They obtain featureless spectra distributed between very flat for 2060
Chiron to very red for Nessus, which appears in this region
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Fig. 5. B-V vs. V-R color of Centaurs (empty diamonds) and
Trojans (filled triangle) with comparison of TNOs (filled squares).

to be nearly as red as 5145 Pholus, the reddest object known
in the solar system so far.
In the IR region, some spectra are featureless, while
some others show signature of water ice, methanol, or other
light hydrocarbon ices. Very few of these objects have been
well studied or rigorously modeled in the visible and NIR
(Fig. 4).
5145 Pholus was observed in the visible and NIR by
several authors and a synthesis was presented by Cruikshank et al. (1998). The NIR spectrum shows a strong absorption band at 2.04 and at 2.27 µm. The large band at
2.04 µm is typical of water ice while the other at 2.27 µm
might be due to methanol ice. Cruikshank et al (1998) modeled the complete spectrum of Pholus from 0.4 to 2.5 µm
with Hapke scattering theory, interpreting the extraordinary
red color and the rich NIR features as due to the surface
presence of common silicate olivine, a complex organic
solid (tholin), water ice, methanol (CH3OH) (or another
light hydrocarbon), and C. They conclude that Pholus is a
primitive object hat has not yet been substantially processed
by solar heating and probably is a nucleus of a large comet
that has never been active.
8405 Asbolus was observed by Brown (2000) and Barucci
et al. (2000). Both spectra show a lack of spectral signatures, in particular no absorptions due to water ice (bands
at 1.5 and 2 µm). As in the case of Pholus, Barucci et al.
(2000) model the complete spectrum of Asbolus from 0.4
to 2.3 µm. Due to the difficulty in interpreting the spectral
behavior of these objects, two models are proposed. One
model, with a spatial mixture of 50% amorphous C plus
50% kerogen, can reproduce well the shape of the spectrum,
but not below 0.5 µm. To investigate the limit of the abundance of water ice, another model, with 91.5% amorphous
C, 7.5% tholin, and 1% water ice, was proposed. Depending
on the grain size, no more than a few percent of the sur-

Barucci et al.: Physical Properties of Trojans and Centaurs

face can be covered with pure water ice in order to keep the
strong 2-µm band below the level of the noise. Kern et al.
(2000) obtained a 1–2-µm spectra using the Hubble Space
Telescope, revealing a significantly inhomogeneous surface
characterized by water ice mixed with unknown low-albedo
constituents. The spectrum was initially featureless, but during an interval of 1.7 h, the spectrum developed a strong
absorption band at the approximate location of the 1.5-µm
H2O band. Kern et al. (2000) explained this with the possibility that an impact has penetrated the object’s crust, exposing the underlying ice in the surface region that rotated into
view during the observations. Romon-Martin et al. (2001)
reobserved Asbolus at VLT (ESO, Chile) obtaining five IR
spectra covering the full rotational period. The new data
show flat spectra with no variation in the rotation and no
presence of ice absorption.
10199 Chariklo was observed by Brown and Koresko
(1998) and Brown et al. (1998). The IR spectra show clear
evidence of water ice. The spectrum was modeled by Brown
and Koresko (1998) by distinct surface areas of a dark, neutral surface and 3% water ice. Brown et al. (1998) made a
model fit assuming an intimate mixture of red-colored material and higher percentage of water ice, probably in an
amorphous state.
10370 Hylonome has been observed by Romon-Martin
et al. (personal communication, 2001) and on the basis of
preliminary results, the spectrum seems featureless.
Unfortunately, these objects are faint and even observations with the largest telescopes (Keck and VLT) do not
generally yield good quality spectra. Interpretation is also
very difficult because the behavior of the spectra depends
on the choice of many parameters. The uncertainty in determining quantitative abundance on the surfaces is large
and the derived models are not unique. Furthermore, the
number of plausible materials (ices, organic solids, minerals) that can be incorporated into the scattering models is
small because so few such materials have had their complex refractive indexes measured in the laboratory.
4.

RELATIONS TO OTHER SMALL BODIES

4.1. Relationship of Centaurs and Trojans to
Icy Satellites of the Planets
The giant planets have many satellites, the largest of
which all show spectroscopic evidence for H2O and/or other
ices on their solid surfaces (the case of Titan is ambiguous). All the regular satellites (low-inclination, near-circular, prograde orbits) of radius >240 km have surface ices,
and a number of other smaller satellites also show ice bands
in the NIR spectra. Among the irregular satellites (highinclination, elliptical, retrograde or prograde orbits), Nereid
(Neptune) and Phoebe (Saturn) have detectable ice bands
(Brown et al., 1999b; Brown, 2000; Owen et al., 1999). The
irregular satellites, in particular, tend to be low-albedo objects, and their ice bands (when detected) are weak, indicating that the ice is mixed at the granular level with low-
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albedo minerals, C, organic solids, or some combination of
the three. Irregular satellites are also thought to be captured
objects that originated elsewhere in the solar nebula. It is
possible, perhaps likely, that they were captured after extraction from the Kuiper Disk.
The relationship of the Trojan asteroids to icy satellites
is not known. The Trojans have very low albedos, consistent with the C-, P-, and D-type asteroids in the main belt
and with many of the small outer satellites of Jupiter and
the other giant planets. They represent objects that accreted
in the zone around or beyond the orbit of Jupiter, and the
heliocentric distance they currently occupy marks the inner boundary of the zone of long-term stability for surface
exposures of water ice. There are no reported detections of
water or other ices in any Trojan spectra (Jewitt and Luu,
1990; Barucci et al., 1994; Dumas et al., 1998), although
there may be ices below the surface that are accessible to
remote-sensing observation. Neither do we have any measurements of the densities of Trojan asteroids from which
the interior composition might be inferred. The work of
Cruikshank et al. (2001) on 624 Hektor noted above indicates that hydrous minerals might be present in the surface
material and remain undetected with the quality of NIR
spectroscopic data we now have. Indeed, the spectral feature
at 0.7 and 3 µm identified in the spectra of many low-albedo
asteroids of the C, G, and F classes in the main belt (Jones
et al., 1990; Vilas et al., 1993; Barucci et al., 1998) are associated with hydrous minerals. Hydrous minerals, if present,
might indicate the presence of liquid ice that originated
through the heating of interior ice in an earlier epoch, or they
might indicate the incorporation of materials that were serpentinized by other processes (Reitmeijer and Nuth, 2000,
2001).
Hartmann (1980) noted that planetesimals that formed
in Jupiter’s region of the solar nebula were probably composed of a mixture of roughly equal amounts of water ice
and stony material; the amount of organic solids in this mix
could be significant. Material condensing to form planetesimals in the region of Jupiter was subjected to temperatures
above 40 K (Lunine et al., 2000); if the temperature were
as high as 55 K, the volatile molecules N2, CO, and CH4
were not efficiently trapped and incorporated into the planetesimals, but refractory organics, NH3, and compounds of
other heavy elements were trapped (Bar-Nun and Kleinfeld,
1989). The surface layers of solid bodies at Jupiter’s heliocentric distance are much warmer than 55 K in the present
epoch; average surface temperatures range from ~89 to
100 K for objects with geometric albedos 0.4 and 0.04 respectively.
The visible surface of an initially ice-rich body in the
Trojan population, or a small ice-rich satellite of Jupiter,
could be transformed into a low-albedo surface by the impact gardening and selective removal of the volatile component, leaving a buildup of the rocky and organic solid
material (Hartmann, 1980). The eruption of volatile-rich
(primarily water) magmas onto the impacted surface following thermal disturbances would serve to redeposit wa-
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ter on the surfaces, but the long-term effect might produce
a net darkening and devolatilization of the surface layer that
is observed with optical and IR remote-sensing techniques.
As noted above, Luu et al. (2000) predict the opposite effect (surface brightening) from cometary activity on Chiron.
Other complex mechanisms might also darken the uppermost surface of an icy-rich body. In particular, the darkening of ices containing simple organic molecules by cold
plasma irradiation (Thompson et al., 1987) and ion bombardment (Andronico et al., 1987) has been demonstrated
in the laboratory.
4.2. Relations to Kuiper Belt Objects
The transneptunian objects, also called Kuiper Belt objects, represent the new frontier of our solar system. More
than 500 objects have been discovered up to the present;
these represent a small sample of a much larger population
of icy planetesimals orbiting at the outer edge of the solar
system. They are expected to be the best-preserved fossils
of the protoplanetary disk, as they have been formed at very
low temperatures (~40 K) and are believed to be the remnants of solar system formation. Collisions and irradiation
have reworked their surfaces, especially in the inner part
of the belt, and extensive cratering can be expected to characterize their surfaces (Durda and Stern, 2000).
The physical and chemical properties of the Kuiper objects are still poorly known due to their faintness. Spectroscopic data in the visible and the NIR are available for only
a few of these objects. The spectra range from neutral to
very red with behavior very similar to that of Trojans and
Centaurs (Fig. 3). Most of the information on the surface
composition comes from studies in the NIR. Few Kuiper
objects have been observed in the NIR, and although the
spectra show a very low S:N, their surface characteristics
show a wide diversity: 1996 TL66 (Luu and Jewitt, 1998)
as well as 2000 EB173 (Brown et al., 2000; and Licandro et
al., 2001; Jewitt and Luu, 2001) have flat featureless spectra
similar to that of dirty water ice, while 1996 TO66 shows an
inhomogeneous surface with the presence of small amounts
of water ice mixed with other minor components (Brown
et al., 2000). 1993 SC, observed by Brown et al. (1997),
shows features that may be due to hydrocarbon ices, with a
general red behavior suggesting the presence of more complex hydrocarbons, while the spectrum of 1996 SC did not
show any similar features when observed by Jewitt and Luu
(2001) with the same telescope. In contrast, 1999 DE9 shows
solid-state absorption features near 1.4, 1.6, 2.00, and probably at 2.25 µm (Jewitt and Luu, 2001). This spectral diversity is confirmed by photometric observations of a larger
sample. TNO colors exhibit wide diversity, with quasicontinuum color variation ranging from neutral to very red.
Barucci et al. (2001) apply for the first time a statistical
analysis of B-V, V-R, V-I, and V-J colors of TNO and Centaur
populations. The general results show that the sample of objects can be divided into a few groups with spectra ranging
from neutral to very red. The quasicontinuum color variation

of TNOs can be a consequence of collisions at all scales that
resurface the body by fresh debris and of space weathering.
Centaurs appear to have very similar spectral and color
characteristics to those of the TNOs (Fig. 3), supporting the
hypothesis that Centaurs are ejected from the Kuiper Belt
by planetary scattering; this is the strongest observational
argument for a common origin. Centaur colors are more
similar to the neutral and to the reddest TNOs, while the
Trojans are more similar to the neutral/red group (Fig. 5).
The rotational properties of those few Centaurs and Kuiper Belt objects for which the determinations have been
made seem to be similar to those of the Trojans and mainbelt asteroids.
5. CENTAURS AND THEIR EVOLUTION
FROM THE INTERSTELLAR MEDIUM
Notwithstanding the mechanisms for surface modification noted above, the surface composition of a small (undifferentiated) outer solar system body should to some degree be indicative of bulk composition.
In order to understand the compositions and structures of
the Centaurs, we consider the problem from the viewpoint
of the condensation of solid material, originally from the
interstellar medium, in the regions of the solar nebula beyond Neptune. This is the essence of the problem of the
origin and compositions of the short-period comets that
arise from the Kuiper Belt. In principle, knowledge gained
about the interior and surface compositions of comets can
be applied more or less directly to the Centaur objects, bearing in mind the disparity in size between typical comets (1–
10 km) and Centaur objects discovered up to the present
(~40 km and greater).
Objects in the Kuiper Disk are thought to have condensed from the solar nebula in the zone from ~40–60 AU
where they presently reside. The temperature at the time of
condensation of these objects may well have been lower
than 40 K, thus trapping volatile molecules and heavy noble
gases, as well as organic materials that were largely unaltered from their original state in the interstellar medium
(Lunine et al., 2000). The degree of processing of interstellar solid material in the outer solar nebula is uncertain. As
Lunine et al. (2000) have noted, planetesimals formed in a
disk that was embedded within the nascent molecular cloud,
and it is reasonable to expect a continuum of processing
of material between the cloud and the protoplanetary disk.
Certainly the water abundance in the nebula was both spatially and temporally variable during the condensation of
the planetesimals.
The nuclei of comets, and, by inference, the Kuiper Belt
objects and Centaurs, are assemblages of ices, organic solids, and silicate minerals that solidified in a variety of different environments; they are therefore presumed to be in
a state of chemical disequilibrium. When they accreted in
the outer solar nebula, they incorporated both unaltered
material from the nascent molecular cloud and material that
had undergone some degree of chemical and thermal pro-
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Fig. 6. A scenario for the evolution of the planetesimals in the solar nebula. The approximate dynamical lifetimes in years for some
stages in the development are shown. Adapted from Cruikshank (1997).

cessing in the solar nebula. On the basis of the ortho/para
ratios of H in water, measured in several comets, the accretion temperature of cometary ices is estimated to lie in the
range 25–35 K (Irvine et al., 2000). The disequilibrium
conditions of formation and accretion of cometary materials
appear to be reflected in the variety of (surface) compositions on the small number of Kuiper Belt objects and Centaurs for which such information presently exists (e.g.,
Brown et al., 1997, 1998, 1999a, 2000; Brown, 2000).
How can we integrate these basic ideas into a scenario
that embraces the evolution of material from the molecular
cloud to the solid bodies we find in the modern solar system? In Fig. 6 we trace the development of material from
the interstellar medium into the modern solar system in a
very schematic way by following four pathways. One of
these pathways, representing the formation and accretion
of planetesimals in the inner solar system, leads to asteroids with their wide range of compositions. Another important pathway follows planetesimals in the outer solar nebula
to the formation of the Kuiper Disk, from which encounters
with Neptune disperse some of these bodies into the planetary region. This extraction from the Kuiper Disk occurs on
approximately 109-yr timescales, but those objects in planetcrossing orbits (the Centaurs and short-period comets) have
dynamical lifetimes of only ~106 yr before they are ejected,
disintegrate, or collide with the Sun or a planet.
By some other unclear pathway, not shown in the figure,
icy or rocky bodies are trapped in orbits around planets to
become the irregular satellites that each of the giant planets

seems to have. The pathway to the formation of the jovian
Trojan asteroids is also unclear, leaving us to wonder if the
Trojans are more compositionally similar to the objects in
the outer main belt or to the irregular satellites of Jupiter
and Saturn. Unfortunately, the information contained in
their surface spectral reflectances appears to be very meager
and somewhat ambiguous. In any event, the jovian Trojans
occupy a transition zone between these populations, and
further clarification of their physical properties will eventually lead to a much better understanding of their origin.
6.

CONCLUSIONS

Trojans and Centaurs are very interesting populations
within the solar system. Trojan asteroids seem to possess
the necessary dynamic stability for survival over the age of
the solar system (Levinson et al., 1997), and even if the origin of Trojans is still unclear, they surely formed in a region of the solar nebula rich in frozen volatiles. Moreover,
it is generally believed that they did not suffer selective induction heating that produced aqueous alteration processes,
and probably they still contain frozen water in their interior.
The population has undergone a collisional evolution as
least as intense as the one that took place in the main belt.
This picture is in line with the random orientation of the
spin axes of the Trojans and with the distribution of their
rotation rates being close to a Maxwellian. The Trojans have
on average larger lightcurves amplitudes compared to similarly sized main-belt objects, suggesting that the Trojans
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have more elongated shapes. Although this feature is not yet
understood, possible explanations include a different response to collisions, probably due to their different composition and/or shape exaggeration induced by volatile sublimation in extinct cometary nuclei.
If the Trojans formed near or beyond Jupiter’s orbit, their
temperatures could be low enough for water to have existed
always as solid ice. The hypothesis that Trojans could possess ice-rich interiors similar to the cometary nuclei is not
contradicted by any available observations. Unfortunately,
physical observations provide only limited clues about the
source of Trojans.
The Centaurs are located in unstable orbits with short
dynamical lifetimes. They have also suffered many collisions but less intensely than Trojans and probably at lower
velocities. The presence of the irradiation mantle on the
surface of the Centaurs (Luu and Jewitt, 1996) would explain the redness of the spectra of these objects, and their
diversity in colors could be probably explained by removal,
with different degrees, of the irradiation material exposing
primordial ices. However, the slightly neutral spectrum of
Chiron distinguishes itself from the behavior of the other
Centaurs. Luu et al. (2000) believe that the variable spectrum of the object, the revealed presence of water ice and
persistent cometary activity would indicate that the surface
is not dominated by an irradiation mantle but by a layer of
cometary debris, not uniformly distributed on the surface,
that was formed by the sublimation of the ices like CO, N2,
etc. On the contrary, an object like Pholus showing a very
red color, absorption features probably due to hydrocarbons
materials, and the absence of cometary activity is compatible with a surface covered by an irradiation mantle (Luu
et al., 2000). They also predict that water ice has to exist
on Centaur surfaces and should be ubiquitous among objects originating in the Kuiper Belt; its detectability and possible cometary activity is determined by the water-ice surface coverage.
Outward migration of the planets after their formation
and large-scale impacts may have modified the surface composition of objects in the outer solar system. The spectral
behavior of Trojans is similar to those of some KBOs, Centaurs, and short-period cometary nuclei. It could be argued
that Trojans also have irradiation mantles. However, as
opposed to some Centaurs and KBOs, which have shown
some spectral features, the lack of any detectable spectral
features in the spectra of Trojans could be due to a high
level of alteration (dehydrogenation) by solar radiation of
the organics present on the surface.
In conclusion, low-albedo objects, in particular Trojans
and Centaurs that formed at larger heliocentric distance,
have been less thermally processed in comparison with
main-belt asteroids and therefore may have better preserved
primordial materials. These small bodies can still contain a
considerable amount of information about some primordial
processes that governed the evolution of the early solar system. The available observations do not allow us at the moment to constraint the evolution of these populations, and for
this reason many more NIR and infrared observations are

needed to study the physical properties and the composition
of these objects. New generation telescopes, and in particular
a SIRFT (Space Infrared Telescope Facility) will allow new
discoveries and revelations fundamental for the understanding of these small bodies.
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