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Trojan objects are minor bodies having stable orbits in the L, and Ls Lagrangian points of
a planet. Mars, Jupiter, and Neptune are known to support Trojans, but Saturn and Uranus are
also believed to share their orbits with similar populations of small bodies. Recent dynamical
modeling suggests a genetic relationship among transneptunian objects (TNOs) and Jupiter and
Neptune Trojans: All these bodies are believed to have formed at large heliocentric distances
in a region rich in frozen volatiles. In this context, the analysis and the comparison of the physical
properties of Trojans, Centaurs, and TNOs can help us to constrain the link among them and
the scenario of the planetary formation in the outer solar system. This chapter presents an
overview of current knowledge of the physical properties of Trojans. Since the Jupiter Trojans
are the most well studied of the Trojan populations, discussion is centered on the analysis of
the properties of this group and comparison with asteroids, comets, Centaurs, and TNOs. The
physical characteristics of Jupiter Trojans share some similarities with those of the other popula-
tions of small bodies of the outer solar system, but also some notable differences. Some analo-
gies with neutral/less-red Centaurs suggest that Jupiter Trojans are more similar to the active and
post-active comets than to the non-active icy bodies. This may support a genetical link among

these objects, but the complete puzzle is still far from being understood.

1. INTRODUCTION

Why a chapter devoted to the Trojans in a book on trans-
neptunian objects (TNOs)? The answer to this question
comes from the observational evidence of some similari-
ties in the physical characteristics of Jupiter Trojans, TNOs,
short-period comets, and Centaurs, and from recent dynami-
cal modeling that suggests that Jupiter Trojans originated in
the primordial transneptunian disk.

The objects located in the L, and Ly Lagrangian points
of a planet’s orbit are called Trojans. To date, Lagrangian
bodies have been discovered in the orbits of Mars, Jupiter,
and Neptune. The identification of Mars Trojans is still a
matter of debate: Only four objects have been confirmed
to be in the Mars Lagrangian points (Scholl et al., 2005),
and several other bodies have been identified as potential
Mars Trojans. Although the population of Neptune Trojans
is expected to be 20 times larger than that of Jupiter Trojans
(Sheppard and Trujillo, 2006a), only six objects are known
so far. At present, the most numerous group of known Tro-

jans is in the orbit of Jupiter. It includes more than 2250
objects, about 1230 in the L, cloud and about 1050 in the
L cloud.

The absolute magnitude distribution of Jupiter Trojans
has been the object of a study by Jewitt et al. (2000), with
observations targeted at the discovery of faint objects. They
found that the absolute magnitude (H) distribution of ob-
jects with 11 < H < 16 is exponential, with an exponent ¢ =
0.4 = 0.3. Assuming that albedo is independent of size, this
implies that the cumulative size distribution is a power law
with an exponent q = —2.0. On the bright end of the distri-
bution, the observations cataloged at the time allowed the
authors to infer that the absolute magnitude distribution is
much steeper, with an exponent o = 5.5 + 0.9. In order to
estimate a total population, the measurements have to be
corrected for the incompleteness of the survey, which is a
difficult process. Jewitt et al. only surveyed a small frac-
tion of the L, swarm. They estimated the surface density
distribution of Trojans (as a function of the angle from the
L, point) as a Gaussian fit to their data, and used this fit to
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correct for the incompleteness of their survey. They then
multiplied by a factor of 2 to account for the Ly swarm as
well. Jewitt et al. concluded that the rollover from the steep
distribution at the bright end to the shallow distribution at
the faint end occurs around H ~ 10, and that the total num-
ber of Trojans brighter than H = 16 is ~10°. The situation
has evolved since 2000, thanks to the enhanced discovery
rate due to the new asteroid surveys such as LINEAR. An
updated catalog (see, e.g., hamilton.dm.unipi.it/cgi-bin/
astdys/astibo) shows more objects than considered by Jewitt
et al. for H < 9 and fewer objects at fainter magnitudes.
Yoshida and Nakamura (2005) performed a survey of L,
for faint Trojans similar to that of Jewitt et al. (2000). They
find a cumulative H-distribution slope of 1.89 + 0.1, which
agrees very well with the value found by Jewitt et al. Fur-
thermore, they note an apparent change in slope at H ~ 16
(D ~ 5 km for p, = 0.04), which is similar to a change in
slope discovered for small main-belt asteroids (Ivezi¢ et al.,
2001; Yoshida et al., 2003). The Yoshida and Nakamura
(2005) search area was small, and they used the same sur-
face density correction for the incompleteness of their sur-
vey as that used by Jewitt et al. (2000). Their final distri-
bution results in about three times more Trojans larger than
1 km than the Jewitt et al. estimate, although it is not clear
what distribution they used for the bright (H < 14) objects.
According to recent results from the Sloan Digital Sky Sur-
vey (SDSS) (Szabo et al., 2007), the L, swarm seems to
contain significantly more asteroids than the Ls one. The
Trojan catalog is complete up to absolute magnitude H =
13.8 (corresponding to a diameter of about 10 km). Beyond
this threshold, SDSS detections confirm the slope of the
H distribution found by Jewitt et al. (2000). This implies
that the number of Jupiter Trojans is about the same as that
of the main-belt asteroids down to the same size limit.

About 3% of Jupiter Trojans are on unstable orbits hav-
ing eccentricities larger than 0.10 and inclinations greater
than 55°. Nevertheless, the orbits of the majority of Jupiter
Trojans are stable over the age of the solar system (Levison
et al., 1997; Giorgilli and Skokos, 1997). The population as
a whole is widely believed to be as collisionally evolved as
the asteroid main belt, and the recent discovery of dynami-
cal families (Shoemaker et al., 1989; Milani, 1993; Milani
and KneZevic, 1994; Beaugé and Roig, 2001) confirms this
hypothesis.

While the dynamical characteristics are quite well de-
termined, the physical properties of the Mars, Jupiter, and
Neptune Trojan populations are not as well known. Rivkin et
al. (2003) carried out visible and near-infrared spectroscopy
of three out of the four confirmed Mars Trojans, finding
large spectral differences: 5261 Eureka and 101429 1998
VF;, have been classified as Sr (or A) type and Sr (or Sa)
type, respectively, while 121514 1999 UJ, belongs to the
X (or T) class. These results seem to suggest that these ob-
jects did not all form in their current locations, or alterna-
tively they suffered a strong variation in their sizes.

Color measurements of Neptune Trojans have shown that
they are statistically indistinguishable from one another with

slightly red colors, similar to the Jupiter Trojans and neu-
tral/less-red Centaurs. On the basis of this result, Sheppard
and Trujillo (2006b) argued that Neptune Trojans had a
common origin with Jupiter Trojans, irregular satellites, and
the dynamically excited gray Kuiper belt population, and
are distinct from the classical Kuiper belt objects. For Ju-
piter Trojans, we have visible color indexes of about 300
objects, visible spectra of less than 150 bodies, near-infrared
spectra of a sample of about 50 objects (see section 3.4), and
thermal-IR spectra of only 3 bodies (see section 3.5). Al-
bedo values are known for a few tens of objects, mainly
published by Ferndndez et al. (2003), while only two meas-
urements of the density are available in the literature so far
(Lacerda and Jewitt, 2006; Marchis et al., 2006a,b). On the
basis of this still incomplete sample of information, the pop-
ulation of Jupiter Trojans shows some similarities, together
with some differences, with the other populations of minor
bodies of the outer solar system. Comparison among the
physical and dynamical properties of the Jupiter Trojans,
and those of Centaurs, TNOs, and outer dwarf planets, al-
though challenging, is necessary to constrain the scenario
of the formation and early evolution of the outer part of the
solar system, and give an answer to the still open questions
of where these bodies formed and how they evolved.

2. ORIGIN AND POSSIBLE DYNAMICAL LINK
BETWEEN JUPITER TROJANS AND
TRANSNEPTUNIAN OBJECTS

There are two models for the origin of Jupiter Trojans.
Each model has distinct implications for the composition
of these objects, and therefore distinct implications for simi-
larities and differences between Trojans and TNOs.

The first model, which we will call “classical” as it re-
mained unchallenged until 2005, considers that the Trojans
originally were planetesimals formed in the vicinity of Jupi-
ter’s orbit. They were captured on tadpole orbits (namely on
orbits that librate around the Lagrange equilateral equilib-
rium points L, and Ls) when Jupiter’s gravity abruptly in-
creased due to the accretion of a massive atmosphere (pull-
down mechanism) (Marzari and Scholl, 1998a,b; Fleming
and Hamilton, 2000). Assuming a time evolution of Jupi-
ter’s mass as in Pollack et al. (1996), Marzari and Scholl
(1998a,b) showed with numerical simulations that this cap-
ture mechanism is very efficient: Between 40% and 50%
of the planetesimals populating a ring extending 0.4 AU
around Jupiter’s orbit can be captured as Trojans. After cap-
ture, the angular amplitude of libration shrinks by a factor
(M; = M; )~14, as Jupiter’s mass continues to grow, My and
M; . denoting the mass of Jupiter at the current time and at
the time of capture, respectively (Fleming and Hamilton,
2000). Gas drag could also help in the capture of Trojans
from the local planetesimal population, but is effective only
for the small objects (Peale, 1993).

The problem with the classical model is that the resulting
orbital distribution of the Trojans is not, at first sight, very
similar to the observed one. The captured Trojans typically



have large libration amplitudes, despite the partial damping
process mentioned above. Conversely, the observed objects
have a fairly uniform libration amplitude distribution. Using
a Monte Carlo method, Marzari and Scholl (1998b) showed
that collisions can significantly alter the distribution of li-
bration amplitudes by injecting initially large librators into
more-stable, small-libration-amplitude orbits. In addition,
the Trojans with the largest libration amplitudes would tend
to escape by chaotic diffusion over the age of the solar sys-
tem (Levison et al., 1997). Thus, the libration amplitude dis-
tribution resulting from the pull-down mechanism might be
reconciled with the observed distribution, invoking the sub-
sequent collisional and dynamical evolution.

A more serious disagreement concerns the inclination
distributions. The pull-down mechanism does not signifi-
cantly affect the eccentricities and the inclinations of the
planetesimals. Thus the eccentricity and inclination distri-
butions of the captured Trojans should be reminiscent of
those of the planetesimal disk. Because the disk was dynam-
ically stirred by the presence of Jupiter’s core, the eccen-
tricities and inclinations of the local planetesimals are not
expected to be very small. However, they are not expected
to be large either, because the bodies kicked to large eccen-
tricity/inclination orbits by encounters with the proto-Jupiter
were most likely displaced (in semimajor axis) from Jupi-
ter’s orbit, so that they could not be captured by the pull-
down mechanism. The observed eccentricity distribution of
Trojans ranges from 0 to ~0.15 [the latter being a sort of
dynamical stability limit (Rabe, 1965; Levison et al., 1997,
Robutel and Gabern, 2000)], so it might not be a problem.
However, the observed inclination distribution ranges up to
about 40°, well beyond expectations from the local capture
model. Marzari and Scholl (2000) showed that the inclina-
tion can be excited up to 20°-30° by the secular resonance
V6> Which occurs when the longitude of the node of a Tro-
jan precesses at the same rate of those of Jupiter and Saturn
(which are equal to each other). The problem is that this
resonance operates only on Trojans with a libration ampli-
tude of about 30° (here the libration amplitude is defined as
the half-difference between the minimal and the maximal
value of A — A;, where A denotes the mean longitude of a
body and the subscript T and J refer to the Trojan and Ju-
piter, respectively). Another possibility, in analogy with the
asteroid belt excitation/depletion model of Wetherill (1992)
and Petit et al. (2001), is that the primordial Trojan popu-
lation contained massive planetary embryos, which excited
the inclinations of the smaller objects by repeated encoun-
ters, up to the time when they eventually escaped from the
Trojan region due to their mutual interactions. The prob-
lem with this model is that, because the inclination distribu-
tion of the Trojans around the L, and Ly points are similar,
almost equal populations of embryos should have orbited in
the two Trojan regions, and for about the same time, which
seems unlikely from a probabilistic point of view.

A full simulation of the Trojan capture process by the
pull-down mechanism, including the effects of collisional
damping, secular resonance excitation, and/or the presence
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of massive planetary embryos, has never been done. Thus,
it has never been shown that the local capture model can
satisfactorily reproduce the orbital distribution of the ob-
served Trojans.

An alternative model for the origin of the Trojans has
been recently proposed (Morbidelli et al., 2005). It also
invokes the capture of Trojans, but from a more distant disk.
The latter should be identified with the primordial trans-
neptunian disk, which is also the ancestor of the Kuiper belt.
The model assumes that initially Saturn was closer to Jupi-
ter than their mutual 1:2 mean-motion resonance, and in-
vokes the well-known migration of the giant planets due to
their interaction with the disk of planetesimals (Ferndndez
and Ip, 1984; Malhotra, 1993, 1995; Hahn and Malhotra,
1999, 2005; Gomes et al., 2004). During their migration in
divergent directions, Jupiter and Saturn eventually had to
cross the 1:2 resonance. It is known from Gomes (1997) and
Michtchenko et al. (2001) that, if and when this happened,
the jovian Trojan region had to become fully unstable. Con-
sequently, any preexisting jovian Trojans would have left
the coorbital region.

However, the dynamical evolution of a gravitating sys-
tem of objects is time-reversible. Thus, if the original ob-
jects can escape the Trojan region when the latter becomes
unstable, other bodies can enter the same region and be
temporarily trapped. Consequently, a transient Trojan popu-
lation can be created if there is an external source of ob-
jects. In the Morbidelli et al. (2005) scenario, the source
consists of the very bodies that are forcing the planets to
migrate, which must be a very large population given how
much the planets had to move. When Jupiter and Saturn get
far enough from the 1:2 resonance, so that the coorbital re-
gion becomes stable again, the population that happens to
be there at that time remains trapped. It becomes the popu-
lation of permanent jovian Trojans still observable today.

This possibility has been tested with numerical simula-
tions in Morbidelli et al. (2005). Among the particles that
were Jupiter or Saturn crossers during the critical period of
Trojan instability, between 2.4 x 10-¢ and 1.8 x 10-5 re-
mained permanently trapped as jovian Trojans. Given the
mass of the planetesimals that is required in order to move
Jupiter and Saturn over the semimajor axis range corre-
sponding to Trojan’s instability, this corresponds to a cap-
tured Trojan population of total mass between ~4 x 10-6 and
~3 x 105 M. Previous estimates (Jewitt et al., 2000) from
detection statistics concluded that the current mass of the
Trojan population is ~10-4 M. However, taking into ac-
count modern, more-refined knowledge of the Trojans’ ab-
solute magnitude distribution (discussed in Morbidelli et al.,
2005), mean albedo (Ferndndez et al., 2003), and density
(see section 3.3), the estimate of the current mass of Tro-
jan population is reduced to 7 x 10-6 M, consistent with
the mass achieved in the capture simulations.

More importantly, at the end of the simulations, the dis-
tribution of the trapped Trojans in the space of the three
fundamental quantities for Trojan dynamics — the proper
eccentricity, inclination, and libration amplitude (Milani,
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Comparison of the orbital distribution of Trojans between the simulations in Morbidelli et al. (2005) and observations. The

simulation results are shown as black triangles and the observations as gray dots in the planes of (a) proper eccentricity vs. libration
amplitude and (b) proper inclination vs. libration amplitude. The distribution of the simulated Trojans is somewhat skewed toward
large libration amplitudes, relative to the observed population. However, this is not a serious problem because a fraction of the plan-
etesimals with the largest amplitudes would leave the Trojan region during the subsequent 4 G.y. of evolution (Levison et al., 1997),
leading to a better match. The similarity between the two inclination distributions provides strong support for this model of the origin

of Trojans.

1993) — was remarkably similar to the current distribution
of the observed Trojans, as illustrated in Fig. 1. In particular,
this is the only model proposed thus far that explains the
inclination distribution of jovian Trojans. This model also
predicts that, before being captured in the Trojan region,
the objects typically evolved through a large eccentricity
phase that brought them relatively close to the Sun. In fact,
in the simulations all particles reached temporarily perihe-
lion distance q less than ~3 AU before capture. Of them,
72% spent more than 10,000 yr on orbits with q < 3 AU,
and 68% even reached q < 2 AU. Since it may take roughly
10,000 yr for an active Jupiter-family comet to become dor-
mant (Levison and Duncan, 1997), it is possible that the
surfaces of the Trojans could have been devolatilized during
their high-eccentricity phase. We will return to this issue
in section 4.

The positive results of the Morbidelli et al. (2005) simu-
lations provide by themselves a strong argument in favor of
the passage of Jupiter and Saturn through their mutual 1:2
mean-motion resonance. Additional support comes from the
fact that this transition through the resonance explains the
orbital excitation of the giant planets’ orbits, starting from
perfectly circular ones (Tsiganis et al., 2005). Moreover,
Gomes et al. (2005) showed that, with reasonable assump-
tions, the passage through the resonance could have oc-
curred after hundreds of millions of years of slow plane-
tary migration, which provides a mechanism for the origin
of the otherwise mysterious late heavy bombardment of the

terrestrial planets (see Hartmann et al., 2000, for a review).
Finally, the orbital architecture of the Kuiper belt also seems
to be consistent with the orbital evolution of the planets sub-
sequent to the 1:2 mean-motion resonance crossing (see
chapter by Morbidelli et al.). Therefore, the strength of Mor-
bidelli et al. (2005) scenario is that it is cast in a more gen-
eral framework, which is consistent with a large body of
constraints given by the solar system’s structure.

3. THE PHYSICAL PROPERTIES OF
JUPITER TROJANS

As mentioned above, the analysis of the physical simi-
larities and differences between Jupiter Trojans, Centaurs,
and TNOs is of fundamental importance to investigations of
the possible link among these populations of the outer solar
system.

3.1. Rotational Properties

Planetary rotation is the result of the angular momentum
added by mutual collisions to the initial angular momentum
determined by formation processes. For this reason meas-
urements of rotational properties can provide important
clues about the history and evolution of the small-body
population. Even though radar and adaptative optics have
recently emerged as powerful sources of information, light-
curve observations still represent the basic tool for deter-



mining the rotational properties of small bodies, allowing
determination of the rotation rate, axis direction, and an ap-
proximation of the body shape.

Starting in 1969, Dunlap and Gehrels observed 624 Hek-
tor and revealed a body with a very elongated shape. Hart-
mann et al. (1988) published lightcurves of 18 Trojans,
which, on average, had higher amplitudes than main-belt
asteroids. They suggested that elongated shapes are charac-
teristic of Trojans, possibly reflecting a difference in compo-
sition and collisional evolution with respect to the main-belt
asteroid population. Binzel and Sauter (1992) also reported
the presence of high lightcurve amplitudes from a sample
of 31 objects. In particular, they found that the amplitudes
were significantly larger than in the main belt but only for
objects larger than about 90 km. Barucci et al. (2002a) re-
ported the results of a large survey obtained by a team of
observers on an unbiased sample of 72 Trojans down to an
absolute magnitude H ~ 10.2. Combined with existing data,
these increase the number of known periods and amplitudes
to 75 Trojans, most of which are in the diameter range 70—
150 km. The mean rotation frequency of this sample (f =
2.14 = 0.12 rev/day) is statistically indistinguishable from
the main belt (f = 2.26 + 0.14 rev/day), but the Trojan dis-
tribution is well fit by a Maxwellian, unlike the main belt.

The few known spin axes of Trojans seem to be randomly
distributed, and include both prograde- and retrograde-sense
rotations (Barucci et al., 2002a). All these results suggest
that the Trojan population has undergone a higher degree
of collisional evolution than the main belt.

The lightcurve amplitude also gives some indication of
the elongation of the body. Assuming a triaxial ellipsoid
shape with semiaxes a > b > ¢ and no albedo variation, the
estimation of the lower limit of the semiaxis ratio can be
derived

a/b = 1004am

The amplitude, however, varies considerably depending
on the unknown aspect angle under which the observations
are made, with the amplitude being largest for an equato-
rial aspect, and smallest with a polar aspect. The simple in-
version tends to underestimate the maximum amplitudes,
and therefore the a/b ratio, for objects that are observed only
once. This ambiguity can be removed by obtaining light-
curves at multiple epochs. Nevertheless, even reducing the
amplitudes to the aspect of 60° in the case of multiple obser-
vations to eliminate bias effects, the Trojans appear (at the
99% confidence level) to have a larger mean amplitude than
the main-belt objects. This implies more elongated shapes
for the Trojan population.

3.2. Albedo and Diameters

Albedo and diameters of Jupiter Trojans are still rela-
tively poorly known. The widest data sample in this field
was published by Ferndndez et al. (2003). On the basis of
midinfrared and visible observations, they radiometrically
derived V-band geometric albedo and radii of 32 Jupiter
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Trojans. No statistically significant correlation between al-
bedo and radius has been found. The midinfrared colors
seem to support a thermal behavior of “slow rotators” with
a thermal inertia no greater than about half that of the Moon
and similar to the limits found for some of the Centaurs.
Figure 2 shows the albedo distribution of Jupiter Trojans,
together with those of active comets and dead comet can-
didates. The mean value, as well as the standard deviation,
depends on the value of an empirical term, m, called the
beaming parameter, which enters into the equations for the
temperature of the asteroid’s surface. The beaming param-
eter acts as a proxy of both surface roughness and thermal
inertia (a measure of the resistance of the surface to changes
in temperature), and can vary over factors of several (see
additional discussion in chapter by Stansberry et al.). Lack
of knowledge of the albedo and n leads to uncertainty in
the surface temperature, and dominates the uncertainties in
size as estimated from a thermal flux measurement. In the
case of Jupiter Trojans, with 1 = 0.94, the computed mean
albedo value is 0.041 + 0.002 (with a standard deviation of
0.007), while with the standard value of 0.756 the mean
albedo increases to 0.056 + 0.003. The albedo distribution,
found by Ferndndez et al. (2003), is narrower than the one
derived from IRAS measurements. With a beaming parame-
ter close to 1 it becomes consistent with that of comets, but
it does not match the albedo values of Centaurs and TNOs
published since 2003 (reported in the chapter by Stansberry
et al.). According to Ferndndez et al. (2003) this could im-
ply that the Jupiter Trojan surfaces are probably more like
those of active and post-active comets, than like those of the
pre-active ones (e.g., Centaurs). Only one object, 4079 En-
nomos, has been found to have a high albedo, about 14
away from the mean value. This could be due to the pres-
ence on the surface of this body of pristine ices, excavated
from a subsurface layer by a recent collision. Alternatively,
Ennomos could have a more “standard” albedo but a very
unusual thermal inertia.

Trojans (n = 0.94)
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Fig. 2. Comparison of Trojan albedos with those of active com-
ets and dead comet candidates (by Ferndndez et al., 2003).
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3.3. Density

Whereas the aspects treated in the previous sections con-
cern only the surface properties, the densities can give in-
formation on the similarities (or differences) between the
objects’ bulk physical properties. However, one should keep
in mind the caveat that bodies with related origin can have
different densities. For instance, in the Kuiper belt, the
density of Pluto is larger than that of Varuna, because the
former probably underwent some sort of differentiation and
lost some volatile material.

We know the bulk density of two Trojan objects: 617 Pa-
troclus and 624 Hektor. Patroclus is the first discovered bi-
nary Trojan (Merline et al., 2001). A preliminary orbital
determination allowed a first estimate of a bulk density of
~1.3 g/em3 (Merline et al., 2002; Noll, 2006), similar to that
of C-type asteroids (see Britt et al., 2002, for a review).
Marchis et al. (2006a) have taken several observations of
Patroclus using the laser guide star adaptive optics at Keck.
These observations provided better measurements of the
period and the orbital distance of the two components,
which in turn allows the determination of the masses. Using
the thermal measurements of Ferndndez et al. (2003) to
estimate the sizes of the components, Marchis et al. (2006a)
concluded that the bulk density of this object is ~0.8 g/cm3.
This is a very low density, compared to any other asteroid
known so far. However, it is close to the bulk densities of
1-2 g/cm3 inferred for Kuiper belt objects (Jewitt and Shep-
pard, 2002; Lacerda and Luu, 2006).

Recent observations of 624 Hektor with adaptive optics
techniques have revealed a moonlet orbiting a primary that
appears to be a close-in or contact binary (Marchis et al.,
2006b). Masses determined from the orbit of the moonlet
and from modeling the stability of the binary primary agree,
and both result in a density of ~2.4 g/cm? for Hektor.

The densities of Trojans appear to span a broad range
that includes estimated densities of main-belt asteroids [0.6—
3.8 g/cm3 (Noll, 2006)], comet nuclei [0.1-1.5 g/cm3 (chap-
ter by Lowry et al.)], and TNOs [0.6-2.5 g/cm? (chapter by
McKinnon et al.)]. This range of densities may indicate that
the Trojans are a mixture of objects from different source
populations, or could reflect the collisional environment in
the Trojan swarms (i.e., some low-density rubble piles and
some coherent impact fragments or undisrupted primitive
bodies).

34. YV + NIR Photometry and Spectroscopy

The physical properties and the surface composition of
Jupiter Trojans are not at present well known. Visible pho-
tometry is available from SDSS data for about 300 objects
(Szabo et al., 2007). Visible spectra are available for less
than 150 objects (Jewitt and Luu, 1990; Vilas et al., 1993;
Fitzsimmons et al., 1994; Lazzarin et al., 1995; Bendjoya et
al., 2004; Fornasier et al., 2004; Lazzaro et al., 2004; For-
nasier et al., 2007), while near-infrared spectra have been
published for about 50 bodies (Jones et al., 1990; Luu et al.,

1994; Dumas et al., 1998; Cruikshank et al., 2001; Emery
and Brown, 2003; Dotto et al., 2006; Yang and Jewitt,
20006). All the observed Trojans appear spectrally feature-
less: The large majority of them can be classified in the as-
teroid taxonomy (Tholen and Barucci, 1989) as belonging
to the D class, but P and C types are also present among
them. In particular, no indication of hydration bands, as seen
in some asteroids (Vilas and Gaffey, 1989; Vilas et al., 1994)
and in several small bodies of the solar system (see review
by de Bergh et al., 2004), is in the Trojan spectra. The visi-
ble spectral slopes range from —1% to 25%/103 A, while
for TNOs the visible slopes span between —1% and 55%/
103 A (chapter by Barucci et al.).

Although Jupiter Trojans are believed to be formed in a
region rich in frozen volatiles, water ice is still undetected
in their spectra. Emery and Brown (2003, 2004) published
0.3—4.0-um spectra of 17 bodies and also presented models
of the surface composition (see Fig. 3). They did not de-
tect water ice and hydrated silicate features in their V + NIR
spectra and they estimated upper limits of a few percent and
up to 30% respectively for these materials at the surface.
More recently, Yang and Jewitt (2006) published near-in-
frared spectra and models of the surface composition of five
Jupiter Trojans, assessing at less than 10% the total amount
of water ice present on their surface.

Several mechanisms can be invoked to explain this lack
of water ice on the surface of the observed objects (assum-
ing they contained water ice to begin with). Laboratory ex-
periments have shown that space-weathering processes on
the icy surfaces of atmosphereless bodies can produce an
irradiation mantle spectrally red and with low albedo (Moore
et al., 1983; Thompson et al., 1987; Strazzulla, 1998; Hud-
son and Moore, 1999). In the scenario suggested by Morbi-
delli et al. (2005), Jupiter Trojans could have been devola-
tized during their high-eccentricity phase, when cometary
activity should have been intense. Alternatively, they could
have formed a dust mantle as suggested by Tancredi et al.
(2006) for kilometer-sized comet nuclei. Therefore, water
ice, originally present on the surface of Jupiter Trojans,
would be now completely covered and ice signatures would
be now detectable only if inner fresh material would be ex-
posed by recent collisions.

Unfortunately, the observations of Jupiter Trojans be-
longing to dynamical families have shown no spectral fea-
tures related to the presence of ices on the surface of the
observed bodies. Dotto et al. (2006) published visible and
near-infrared (0.5-2.5 um) spectra of 24 Jupiter Trojans be-
longing to dynamical families, also presenting models of
the surface composition (as an example, Fig. 4 shows the
spectra obtained for the Makhaon family). The most impor-
tant characteristic they found is the uniformity of the Trojan
population. All the investigated dynamical families appear
quite similar in surface composition, without any peculiar
difference. No relation exists between spectral properties
and dimensions of the bodies, and some small differences
in the spectral behaviors can be explained by different de-
grees of space-weathering alteration. All the investigated
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Fig. 3. V + NIR spectra and models of the surface composition of three Jupiter Trojans. The one- or two-digit codes represent the
following materials: P2 to P8 — glassy silicates with pyroxene stoichiometry, O1 and O2 — glassy silicate with olivine stoichiom-
etry, D — amorphous carbon, G — graphite, T — Titan tholin. The first set of numbers following the codes are mixing ratios, and the
second set are grain diameters in micrometers (see Emery and Brown, 2004, for more details).

Trojans have featureless spectra. No diagnostic features that
would enable distinguishing the family members from the
background objects of the Trojan population have been de-
tected. Importantly, no signatures of water ice have been ob-
served in the spectra of these bodies.

Fornasier et al. (2007), analyzing the spectral slopes of
Jupiter Trojans as a function of the orbital elements, found
a color-inclination trend with bluer objects at lower i. In
their sample this trend is completely dominated by the L,
Eurybates family, a compact core inside the Menelaus fam-
ily (Beaugé and Roig, 2001) (see also the P.E.Tr.A. Project
at www.daf.on.br/ froig/petra/). Eurybates constitutes a pe-
culiar case among the families analyzed so far, since the
spectral behavior of its members is quite homogeneous:
The spectral slopes are strongly clustered around S = 2%/
103 A, with the highest S values corresponding to the smaller
objects (D < 25 km). The visible spectra of the Eurybates
family members (see Fig. 5) are very similar to those of C-
type main-belt asteroids, of the less-red Centaurs, and of

cometary nuclei. This family could be produced by the frag-
mentation of a very peculiar parent body, whose origin must
be still assessed or, alternatively, could be an old family,
where space-weathering processes have flattened all the
spectra, covering any original differences in composition
among the different members. In this last case we would
have the first observational evidence of objects whose spec-
tra have been flattened by space-weathering processes and,
according to the scenario suggested by Moroz et al. (2004),
the composition of the parent body of such a family would
have been rich in complex hydrocarbons. Unfortunately, we
do not know the age of this dynamical family and we do
not have infrared spectra of Eurybates members. Further
observations in an enlarged wavelength range and numerical
simulations are absolutely needed to investigate and defini-
tively assess the nature and the origin of this very peculiar
family. Dynamical families belonging to the L, swarm seem
to have a more heterogeneous composition than those of
the Ls swarm, since a higher presence of C and P types is
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Fig. 4. V + NIR spectra and models of the surface composition
of the members of the Makhaon family (by Dotto et al., 2006).
All the spectra are normalized at 0.55 pm and shifted for clarity.

observed among the L, objects (Fornasier et al., 2007).
Moreover, the dynamical families belonging to the L, cloud
are more robust than those of the Ls, surviving as densely
populated clustering at low relative velocity cutoff. This
could suggest that the L, cloud is more collisionally evolved
than the L, but it is still too early to give an interpretation
of this in terms of the composition of the two cloud popu-
lations, since we cannot exclude that still unobserved C- and
P-type families are present also in the Ls cloud.

Szabo et al. (2007), on the basis of the SDSS observa-
tions, found also that the color of Trojans is correlated with
the orbital inclination (with redder objects and larger incli-
nation) and did not detect any difference between the L, and
L5 swarms.

Fornasier et al. (2007) also performed a comparison of
the whole sample of Jupiter Trojans’ spectral slopes and (B,
V, R, I, J, H, and K) colors available in the literature, with

those of small bodies of the outer solar system: comets,
scattered TNOs, classical disk objects, and Plutinos. They
found that the Trojan mean colors are compatible with those
of the short-period comets. Nevertheless, the widths of their
color distributions are incompatible, as well as the shapes
of the distributions. The compatibility in color is possibly
caused by the small size of the short-period comet sample
rather than by a physical similarity. Trojans do not have any
of the ultrared slopes seen on many Centaurs and TNOs.
Their average colors are fairly similar to those of the neu-
tral/less-red Centaurs, but the overall distributions are not
compatible.

3.5. Thermal Emission Observations

The majority of measurements of thermal emission from
Trojan asteroids are broadband photometric observations for
the purpose of determining sizes and albedos, as described
in section 3.2. Spectroscopic observations of Trojans in the
thermal-IR have not been possible from the ground due to
strong telluric absorptions, bright and rapidly varying sky
background, and the inherent faintness of Trojans due to
their distance from the Sun. The sensitivity of the ISO sat-
ellite was also insufficient for thermal-IR spectroscopy of
Trojans. The Infrared Spectrograph (IRS) on the Spitzer
Space Telescope is more sensitive, however, and Emery et
al. (2006a) have recently reported 5.2—37-um thermal emis-
sion spectroscopy of three Trojan asteroids: 624 Hektor,
911 Agamemnon, and 1172 Aneas.

The flux density at each wavelength measured by IRS
(also called the spectral energy distribution, or SED) de-
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ily (by Fornasier et al., 2007). All the spectra are normalized at
0.55 um and shifted for clarity.



pends on the Trojan’s size, composition, and surface tem-
perature distribution. This last term is in turn dependent on
several factors, including distance from the Sun, albedo, sur-
face roughness, and thermal inertia. Spectral features in the
SED are superposed on the thermal continuum, which must
be removed with the use of a physical model. Emery et al.
(2006a) employed a modified version of the standard ther-
mal model (STM) as well as a more advanced thermophysi-
cal model, which includes the effects of thermal inertia. Fits
of these models to the data result in estimates of physical
parameters such as size, albedo, and thermal inertia (see
chapter by Stansberry et al.). The sizes and albedos derived
from the IRS spectra are in agreement with previous esti-
mates. The Trojan data are consistent with zero thermal iner-
tia, although the thermophysical models allow thermal iner-
tias of these Trojan asteroids of up to about 5 J m2s-1/2 K-
for reasonable values of surface roughness (in these units,
thermal inertia is ~50 for the Moon, ~15 for large main-belt
asteroids, and ~2500 for bare rock).

Emissivity spectra are derived by dividing the measured
SED by the modeled thermal continuum. The emissivity
spectra of Hektor, Agamemnon, and Aneas are shown in
Fig. 6. Compositional features evident in these spectra in-
clude an emission plateau at about 9.1-11.5 ym and a
broader emission high from about 18-28 um. More subtle
features include possible peaks near 19 pym and near 24 pm
and another emissivity rise near 34 um. The Trojan spectra
broadly resemble the emissivity spectra of some carbona-
ceous meteorites and fine-grained silicates (Fig. 7).

Coarse-grained silicates exhibit emissivity lows instead
of highs near 10 and 20 um, and therefore cannot explain
the data. Upon closer comparison with fine-grained mate-
rials, however, several differences are also apparent: The

911 Agamemnon

Emissivity

624 Hektor

Wavelength (um)

Fig. 6. Emissivity spectra of Aneas, Agamemnon, and Hektor
from Emery et al. (2006a). The shortest wavelength portion (A <
7.5 um) of the Aneas spectrum has been binned by a factor of 5
to improve the S/N.
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10-um plateau is narrower for the Trojans, their spectra do
not rise as sharply near 15 pm. Emissivity spectra of two
low-albedo main-belt asteroids (10 Hygiea and 308 Polyxo)
from ISO exhibit similarly narrow 10-um emission plateaus
(Barucci et al., 2002b; Dotto et al., 2004). No minerals in
available spectral libraries resolve these differences, nor do
linear mixtures of up to five components.

Emery et al. (2006a) suggest three hypotheses for the
differences between the Trojan asteroid data and expected
regolith emissivity spectra. The first is that the Trojans sup-
port comet-like comae. This hypothesis is rejected because
no comae are apparent in deep optical and thermal-IR im-
ages of these objects. The second possibility is that a fine-
grained, low-density regolith with a fairy castle structure
emits in a manner similar to an extended coma, perhaps
from extreme porosity. The third hypothesis is that fine-
grained silicates are imbedded in a matrix of material that
is relatively transparent in the midinfrared. Both of these
latter two hypotheses imply a significant fraction of fine-
grained silicates on the surfaces, and the last requires an
additional matrix material. The presence and spectral domi-
nance of silicates on the surfaces of Trojan asteroids is
consistent with some modeling of V + NIR reflectance spec-
tra of Trojans (Cruikshank et al., 2001; Emery and Brown,
2004) that rely on silicates rather than organics to provide
the red spectral slope, but Emery et al. (2006b) show that
extension of the V + NIR models to the thermal-IR does not
match the measured Trojan emissivity spectra. Additional
analysis exploring the effects of surface structure (porosity
and particles embedded in a transparent matrix) while si-
multaneously conforming to the constraints imposed by
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both V + NIR reflectance spectra and the thermal-IR emis-
sivity spectra will likely provide further insight into the
composition of Trojan surfaces.

4. DISCUSSION AND CONCLUSION

On the basis of the presently available data, it seems that
Jupiter Trojans constitute a very homogeneous population
whose members have featureless and neutral to moderately
red V + NIR spectra. No differences have been found among
members of dynamical families and background objects and
no relations have been found among spectral properties and
dimensions. A very peculiar case is given by the Eurybates
family, which shows a peculiar abundance of spectrally flat
objects, similar to C-type main-belt asteroids or to the neu-
tral/less-red Centaurs. A correlation seems to exist between
colors and inclinations, with redder objects at higher incli-
nations. The presence of more robust dynamical families
in the L, cloud seems to suggest that it is more collisionally
evolved than the Ls.

According to the most recent models on the origin and
early evolution of Jupiter Trojans, Centaurs, and TNOs,
some similarities among the different populations of minor
bodies of the outer solar system would be expected. Never-
theless, the rotational properties, albedo distributions, and
spectral characteristics of Jupiter Trojans are only partially
in agreement with the analogous characteristics of the other
populations. Jupiter Trojans are characterized by larger-am-
plitude lightcurves, implying elongated shapes and a higher
degree of collisional evolution compared to the population
of larger TNOs (see chapter by Sheppard et al.), but this is
probably just a size effect. Albedo, color, and visible spec-
tral slope distributions of Jupiter Trojans are very different
from those of TNOs, comets, and Centaurs: Jupiter Trojans
are among the less-red objects within these populations and
have the narrowest color distribution. While their mean col-
ors are compatible with those of the short-period comets,
the width of their color distributions is not, nor is the shape.
Likewise, the Trojan average colors are similar to those of
the neutral/less-red Centaurs, but the overall color distribu-
tions are not statistically compatible. Unfortunately, V +
NIR reflectance spectra of Trojan asteroids do not exhibit
absorption features that would provide direct clues to their
surface composition. These featureless spectra rule out sig-
nificant amounts of water ice, hydrated silicates, crystalline
anhydrous silicates such as those apparent on main-belt as-
teroids, certain organic materials (those with strong K- and
L-band absorptions, typically from many aliphatic bonds),
and other simple ices (e.g., CH;OH, H,0, CH,, SO,). But
for determination of specific composition, we are left to ask
what materials produce featureless spectra with neutral to
moderately red spectral slopes. Gradie and Veverka (1980)
suggested macromolecular organic materials, and subse-
quent spectral modeling has proven that such materials do
an excellent job of matching Trojan asteroid spectra short-
ward of 2.5 um (e.g., Dotto et al., 2006). However, Emery
and Brown (2004) reported that they could not simulta-
neously match the red spectral slope at A < 2.5 um and the

absence of absorptions in the L band (2.8-4.0 ym) with
these organics (tholins), and conclude that organics cannot
be responsible for the red spectral slopes unless some or-
ganic exists that has a red slope, but no L-band absorptions.
They used amorphous silicates to model the red slopes
of Trojans, but Emery et al. (2006b) noted that these mod-
els do not successfully reproduce midinfrared emissivity
spectra of Trojans.

Fine-grained silicates have recently been detected in ther-
mal emission spectra of three Trojan asteroids (Emery et
al., 2006a). These represent the first discrete mineralogical
signatures detected for Trojans. Models of emissivity spectra
of regoliths are not yet sophisticated enough to determine
specific silicate mineralogy, but the Trojan emissivity spec-
tra between 5.2 and 37 um are qualitatively similar to those
of comets (e.g., Crovisier et al., 1997; Stansberry et al.,
2004; Lisse et al., 2006) and some Centaurs (chapter by
Barucci et al.), but distinct from many main-belt asteroids
(Emery et al., 2005). The grain size for the Trojan silicates
(less than a few micrometers) is smaller than can be mod-
eled with the techniques generally used to model reflectance
spectra (Hapke, 1981, 1993; Shkuratov et al., 1999) (both
based on geometric optics). This indicates that new tech-
niques are necessary for proper modeling of reflectance
data.

As already noted by Ferndndez et al. (2003), it seems
that Jupiter Trojans are more similar to the active and post-
active comets than to the non-active icy bodies (Centaurs
and TNOs). This is compatible with the scenario suggested
by Morbidelli et al. (2005), where Jupiter Trojans, before
being captured in the region where they currently reside,
temporarily had large eccentricities that brought them rela-
tively close to the Sun, where cometary activity should have
been intense. The major problem with this scenario is due
to the information we have on Jupiter Trojans belonging to
dynamical families. These objects were separated from the
parent body when it was already in one of the Lagrangian
clouds, where they are still observable. As a consequence, if
a family is not very old, we must be able to see on the sur-
face of the fragments the internal composition of the pro-
genitor. In this context is hard to explain why we do not
see any ice signature on the spectra of family members, if
the progenitor originally contained ices in the interior, as
expected. Objects formed at large heliocentric distances
must contain ices on their interior and it is still unknown
what mechanism could completely hide the ice content on
the surface of the small fragments.

Knowledge of the ages of the Trojan dynamical fami-
lies would be helpful on this topic and it is of fundamental
importance in the interpretation of the data on the C-type
spectrally neutral objects belonging to the Eurybates fam-
ily. We still cannot assess if (1) this is a very old family,
where space-weathering processes flattened the spectra cov-
ering the primordial ices; (2) it is a young family produced
by an object spectrally similar to C-type asteroids or neu-
tral/less-red Centaurs; or (3) it is a young family where irra-
diation mantles formed in a timescale shorter than the fam-
ily age.



The comparison among the spectral properties of Jupi-
ter Trojans, TNOs, cometary nuclei, and Centaurs is diffi-
cult to interpret. These objects do not all look the same.
These differences could mean that there are no relationships
among these populations or that their surfaces have been
modified in different ways. From dynamical modeling we
are quite confident that there is a link among three of these
populations: TNOs are the source, Centaurs are the tran-
sient population, and comets are the end members in the
transfer chain. Unfortunately, the observational constraints
are at present too weak to determine the origin of Jupiter
Trojans, and these objects remain among the most intriguing
bodies of the solar system.

As anticipated in section 2, the two models on the origin
of Jupiter Trojans, local capture vs. capture from a distant
disk, allow us to interpret similarities and differences be-
tween Trojans and TNOs in very different ways. If the Tro-
jans have been captured from the local planetesimal popu-
lation, then they represent relatively unaltered samples of
the middle part of the solar nebula. We have no other direct
samples from this region that not only fed a growing Jupi-
ter, but also probably contained the “snow-line” marking
the onset of H,O condensation and may have supported for-
mation of nebular organics via Fischer-Tropsch-type cata-
Iytic reactions. In this scenario, we might expect Trojan com-
positions consistent with the Gradie and Tedesco (1982)
paradigm of the trend of asteroid composition with helio-
centric distance (i.e., low-temperature silicates, organics,
some water ice). It is somewhat unclear what primordial
TNO compositions are implied by this scenario, but per-
haps some TNOs could also have originated in this region
and/or at slightly larger distances and would therefore have
similar compositions to Trojans, while more distant objects
were more compositionally distinct. Or, conversely, the
various types of space weathering could have affected the
evolution of surfaces in this region differently than other
regions. These scenarios are qualitatively consistent with
observational results that Trojans are similar to some taxo-
nomic classes of Centaurs and TNOs as well as some classes
of outer main-belt asteroids. It also predicts compositional
differences between Trojans and TNOs formed at larger
distances. Conversely, if one accepts the Morbidelli et al.
(2005) scenario, both Trojans and TNOs come from the pri-
mordial transneptunian disk. They are therefore genetically
related, although they might have formed in slightly dif-
ferent parts of the aforementioned disk. Therefore, the phys-
ical similarities between Trojans and TNOs appear normal,
whereas the differences need to be explained on the basis
of the subsequent physical evolutions of bodies stored at
different places.

Of course, a detailed comparison between the physical
properties of Trojans and TNOs can also help to distinguish
between the two formation models, although it is probably
too early to reach a conclusion at this stage. Further obser-
vations are absolutely needed to constrain the composition
of Jupiter Trojans and to look for Eurybates-like families in
other regions of the orbital parameter phase space. A larger
sample of V + NIR spectra would be useful to investigate
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the nature of more objects, especially looking for spectral
features related to the presence of water ice on their sur-
faces. Polarimetric observations could help to investigate
the surface structure (grain size and porosity). Numerical
simulations would be useful to assess the age of the known
families, in order to investigate the effects of space-weath-
ering processes on the surface of these atmosphereless bod-
ies formed at large heliocentric distances and, as a conse-
quence, to constrain their primordial composition.
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