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ABSTRACT
The present sutface composition of primitive objects provides clues to
understanding the conditions under which the solar system formed. Characterization of
the inner solar nebula progresses rapidly due to remote studies of asteroid and planetary
surfaces as well as laboratory analyses of meteorites and lunar samples. Because of their
atypical orbital position at 5.2 AU. the Trojan asteroids hold the potential to help resolve
several problems in planetary science, including conditions in the early solar nebula. The
study presented herein was undertaken in order to uncover the nature of these poorly
understood asteroids. Near-infrared reflectance spectra are presented over the
wavelength range 0.8 - 4.0 (im. These observations nearly double the number of
published 0.8 - 2.5 ^im spectra of Trojans and provide the first systematic study of the Lband (2.8 - 4.0 |i,m) region for these distant asteroids. The spectra do not contain any
definitive absorption features characteristic of surface composition (e.g. H2O. organics.
silicates) as seen on main-belt asteroids and several Centaur and Kuiper Beit objects.
These data are combined with previously published data to construct spectra covering the
visible and near-IR (0.3 - 4.0 fim) for as many objects as possible. The composite
spectra are analyzed quantitatively using the formulation for scattering in a particulate
medium developed by Hapke. Under this rigorous examination, it is found to be unlikely
that the red spectral slope is a result of organics on the surfaces, due mainly to the lack of
absorptions in the L-band. These surfaces are compatible with mixtures of anhydrous
silicates and carbonaceous material. Upper limits are placed on the amount of water ice
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and hydrated silicates present on the surfaces. Similar analysis is performed for several
other groups of dark solar system objects. Comparison of these results with those for
Trojan asteroids indicates that it is likely that the Trojans formed in the solar nebula near
5 AU. If this is true, then the determination that the red slope is probably not due to
organic material does not fit with the generally accepted view of trends of composition
with heliocentric distance. Implications and possible alternative explanations are
discussed.
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CHAPTER 1
INTRODUCTION

1.1 Motivation
The solar system as it exists today holds the clues to its own formation, but these
clues are not always easy to access. Aside from the sun. the planets dominate the present
day mass of the solar system. In other words, most of the material remaining from the
solar nebula for scientists to study is sequestered in the planets. The planets are large
bodies, and the material comprising them has been drastically modified from its original
nebular composition. Heating of terrestrial planets, initially by gravitational accretion
and subsequently by radioisotopes, led to chemical alteration and differentiation of these
bodies. While material on terrestrial planets must satisfy nebular theories, it is not a
direct marker of nebular composition. If we go outside and pick up a rock off the ground,
it does not provide a direct measure of the conditions in which the planets formed. The
same is true for rocks astronauts may one day pick up on Mars. Venus, Mercury, or even
the moon. Giant planets are similarly differentiated and highly modified. Their
atmospheres may be somewhat closer to nebular composition, but even these have been
chemically altered from the original nebula.
Smaller bodies of the solar system did not support such extreme heating and are.
as a whole, less heavily modified, although some post-accretion alteration has been active
on many of these objects as well. Information gained from remote and, recently,
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spacecraft studies of asteroids and from meteorites collected on Earth have given
tremendous insight into formation conditions of the inner nebula. Although not yet as
well developed, remote and spacecraft studies of comets, outer planet satellites, and the
recently recognized Kuiper belt objects (KBOs) are expanding our knowledge of
conditions in the outer nebula as well.
The middle region between the rocky inner and icy outer solar system, an
important region where HiO ice begins to condense, is not as well characterized. A
group of objects that may be quite primitive currently exists in this region. These are the
Trojan asteroids, and they have not yet been studied in detail; they are dark, small, and
far away, which makes them quite faint as viewed from Earth. The large telescopes and
recent advances in detector technology now make possible more detailed examination of
these objects. The goal of this study is to discover or place constraints on the
composition of Trojan asteroids as a gateway to uncovering properties of the early solar
nebula. Along the way. this work is expected to provide insight into other interesting
issues regarding the Trojan asteroids, such as their location of origin and relationships (or
lack thereof) to other groups of solar system objects.

1.2 Overview of the Solar System
This section places the Trojan asteroids in context within the solar system. Our
planetary system is centered on the sun, with nine planets extending outward ranging in
semi-major axis from 0.39 to 40 AU. The planets roughly fall into two groups. The
inner four (Mercury. Venus, Earth. Mars) are termed terrestrial planets and are

characterized by their mostly rocky composition and small sizes (relative to outer
planets). The outer four (Jupiter. Saturn. Uranus. Neptune) are termed jovian planets and
are characterized by a mostly gaseous composition and large sizes. These also support
systems of their own, with numerous satellites and planetary rings. The ninth planet.
Pluto, is a special case as the largest member of the Kuiper belt. It has a solid, icy surface
on which CH4. N2. CO. and possibly H2O ices have been detected spectroscopically
(Cruikshank and Silvaggio 1980, Soifer et al. 1980. Owen et al. 1993, Grundy and Buie
2(X)2). Since the planets are the most conspicuous members of the solar system, the first
order goal of formation theories is to explain their physical and orbital properties, but.
because of post-accretional modification, the surface and atmospheric compositions of
these large bodies do not generally provide direct signatures of formation conditions.
Along with these major bodies, the solar system is also populated by a vast
number of minor bodies. The major reservoir of asteroids is the main belt, which extends
from about 2.1 to 3.3 AU. roughly between the orbits of Mars and Jupiter. There are
currently nearly 50,000 numbered asteroids, and an estimated total population of -10^
with diameters larger than 1 km (Jedicke and Metcalfe 1998. Ivezic et al. 2(X)1). Many
small objects also reside in the terrestrial planet region, presumably perturbed from
original orbits within the main belt. Trojan asteroids orbit the sun beyond the main belt,
trapped in Jupiter's stable Lagrange points. These objects therefore share Jupiter's
heliocentric orbit, with semi-major axes tightly clustered around 5.2 AU. Approximately
1500 Trojan asteroids are known, and recent estimates place the total number of Trojans
larger than 1 km at about 1.6 xlO^ in the L4 swarm alone (Jewitt et al. 2000). In the past
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Figure 1.1 The currently known objects of the inner solar system out to the orbit of Jupiter (sun,
planets, asteroids, comets) are plotted at their positions on 10 November 2002. The orbits of
the planets are shown in black, and the locations of the planets in their respective orbits are
denoted by large black circles containing a plus (+) symbol. The locations of the main-belt
asteroids are indicated by green dots. Objects with perihelia within 1.3 AU are shown by red
circles (those only observed at one opposition are open circles). Numbered periodic comets
are denoted by solid blue squares, and other comets are shown as open blue squares. The
Trojan asteroids are indicated on this plot by black dots. The leading and following swarms
are easily noticeable along Jupiter's orbit, on either side of the gas giant. Plot prepared by the
Minor Planet Center (httpy/cfa-www.harvard.edu/iau/mpc.html) and used by permission.

Figure 1.2 The currently known objects of the outer solar system are ploned at their locations on
10 November 2002. The orbits of the giant planets are shown in black, and the locations of
these planets in their respective orbits are denoted by large black circles containing a plus (+)
symbol. Pluto is indicated by the same symbol, but in green. Its orbit is not shown. Unusual
high-eccentricity objects are shown as black triangles. Centaur objects are indicated by
orange triangles. Kuiper belt objects are divided into three dynamical groups, which are
denoted by different colors. The red circles are classical Kuiper belt objects. The magenta
(pink/purple) circles are scattered-disk objects. The green circles are objects in 2:3 orbital
resonance with Pluto (Plutinos). Objects observed at multiple oppositions are indicated by
filled symbols while those observed at only a single opposition are indicated by open circles.
Numbered periodic comets are shown as solid blue squares, and other comets are shown as
open blue circles. Plot prepared by the Minor Planet Center
(http://cfa-www.harvarde«iu/iau/mpc.html) and used by permission.
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decade, a large number of presumably icy bodies have been discovered populating a disk
external to Neptune postulated by Kuiper (1951). The Kuiper belt may contain as many
as 3.8 xlO^ objects with diameters larger than 100 km (Trujillo et al. 2001). A smaller
group. Centaurs, has been found among the region of the giant planets in orbits that are
not stable over the age of the solar system. There are only an estimated 100 Centaurs
larger than 50 km. and -10^ larger than 1 km (Sheppard et al. 2000). These are most
likely KBOs whose orbits have been perturbed and are slowly migrating inward (Duncan
et al. 1995).
Comets are distinct from asteroids due to the presence of a visible coma from the
sublimation of near surfaces ices. Comets generally occupy highly eccentric orbits and
are divided into two broad dynamical groups. A large fraction of short period comets (P
< 200 years) may be Kuiper belt objects that have migrated to orbits that bring them into
the inner solar system (Duncan et al. 1988). Lx)ng period and single apparition (i.e.
parabolic or hyperbolic orbits) comets are most likely perturbed from the Oort cloud.
The Oort cloud is a reservoir of icy bodies encircling the solar system to distances as
great at 10.000 AU. first postulated by Oort (1950). Most of these small bodies of the
solar system (asteroids, comets. KBOs, Centaurs) never accreted into large objects and
for this reason have been spared much of the modification affecting material comprising
the planets. These are therefore considered "primitive" objects and, to varymg degrees,
their composition provides a more direct assessment of conditions in the solar nebula as
the planets were forming.
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1.3 Previous Studies of Asteroids and Other Small Bodies
On I January 1801, Giovanni Piazzi serendipitously discovered the first asteroid.
1 Ceres. As the motion of Ceres was tracked and its orbit became clear, excitement was
high that Piazzi may have discovered the "missing planet" predicted by the Titius-Bode
law to orbit between Mars and Jupiter. However, from the recognition that Ceres is much
fainter (and, by implication, much smaller) than Mars or Jupiter and the discovery in the
next few years of several other objects in this region, it became apparent that astronomers
had uncovered a population of small bodies rather than another planet. Discoveries of
new asteroids progressed somewhat slowly in the following century, although discovery
rates increased as the new technique of photography was applied at the end of the 1800s.
By 1900. there were -450 known asteroids. This number grew to ~2100 by the mid to
late 1970s and nearly doubled by the 1989 printing of the Asteroids II book to -4000 as a
result of the application of CCDs as an improvement over photographic plates.
Discovery rates absolutely exploded in the 1990s and in the first years of this century due
in part to the concentrated efforts of several survey groups (e.g. LDVEAR. Spacewatch,
etc.. Stokes et al. 2000, Gehrels 1997). As of 23 October 2002. there were 48,380
numbered asteroids (Minor Planet Center, http://cfa-www.harvard.edu/iau/mpc.html).
Physical studies of new objects necessarily lag behind their discoveries, and this
is certainly true with asteroids. Remote examinations of asteroids with the purpose of
determining physical properties began in earnest in the 1950s, and really took off in the
1970s (Bowell and Lumme 1979). Visible and thermal infrared photometry has
traditionally been used to determine sizes and shapes of asteroids, but direct imaging with
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adaptive optics systems for the largest asteroids and with spacecraft for several smaller
asteroids is now possible. Ceres remains the largest with a diameter of -945 km
(Drummond et al. 1998). Only 3 other asteroids are larger than 400 km; most are
relatively small and irregularly shaped. UBV photometry and the onset of
spectrophotometry in the 1970s (McCord et al. 1970) uncovered variations in physical
properties (e.g. colors, albedos) among the asteroids. These differences were
parameterized by a taxonomy system analogous to stellar classifications (Chapman et al.
1975. Bowell et al. 1978). Analysis of the radial positions of asteroids found that the
taxonomic types are not distributed randomly in the main belt. There is a systematic
variation of asteroid type with heliocentric distance (Gradie and Tedesco 1982). The
taxonomy system was later expanded and refined, and these trends are still present
(Tholen 1984, Barucci era/. 1987, Tedesco era/. 1989, Gradie era/. 1989).
We have samples of asteroids in hand in the form of meteorites collected on
Earth. Remote observations (photometry, spectroscopy) of asteroids and laboratory
studies of meteorites have led to compositional interpretations of the different asteroid

Figure 1.3 Several asteroids and comet nuclei have been imaged by spacecraft, the Hubble
Space Telescope (HST), and ground-based adaptive optics systems. Note here that the
images are not all to the same scale. Scale bars for each asteroid are given below each image.
The diameter of Vesta is -570 km, and the image shown is from the HST (Zellner et al.
1997). Mathilde was imaged by the NEAR spacecraft on its journey to Eros (Veverka et ai.
1997), and the visible portion of Mathilde shown here is -59x47 km. Ida is shown along with
its satellite Dactyl, as imaged by the Galileo spacecraft on the way to Jupiter (Belton et al.
1994). The long axis of Ida as shown here is -56 km. Gaspra was also imaged by Galileo
(Belton et al. 1992), and the long axis is -19 km. The NEAR spacecraft went into orbit
around Eros, later touching down on the surface (Veverka et al. 2001). The long axis of Eros
is -34 km. The Stardust mission performed a close fly-by of Annefrank (-8 km long) on 2
November 2002 (htlp://stardust.jpl.nasa.gov/index.html). The nucleus of comet Halley is
about 18 km along the long axis, and was imaged by the Giotto spacecraft (Keller et al.
1986). Borrelly was imaged more recently by the Deep Space 1 spacecraft (Soderblom et al.
2002). This Jupiter family comet has a nucleus that is -8 km long.
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Type
A

Table 1.1
Taxonomy and Inferred Composition of Asteroids"
Albedo
Inferred Composition
Spectrum (0.3 to 1.1 |j,m)
moderately extremely red A.<0.7 ^m;
olivine or olivine-metal
high
strong absorption at A>0.7
(im centered at 1.05 |xm

C

low

B
F

moderately
low
low-

G

low

D

low

P

flat to slightly red; absorption
at >.<0.4 ^.m
subclass of C: flat
subclass of C; flat to slightly
bluish; no UV absorption
subclass of C; very strong
UV absorption; flat to
slightly red

hydrated silicates +
carbon/organ ics/opaques

3.2

"

3.2

carbon/organic rich
silicates?

low

E

high

featureless; flat to slightly red

M

moderate

featureless; flat to slightly red

enstatite or other Fe free
silicates
metal (trace silicates?)
metal + enstatite

Q

moderately
high

R

S

V

2.5-3.5

"

featureless; very red at
X>0.55 fim
featureless; flat to slightly red

strong absorptions at ^<0.7
^m and at X>0.7 Jim; band
centered between A and V.
closer to A
moderately strong absorptions at ^<0.7
high
|im and at X>0.7 |im centered
between A and V closer to V
moderate
mod. to strong absorption at
X<0.7 |im; mod. to
nonexistent absorption at
k>OJ |im

R (AU)"

**

5.2
3.9
1.9
2.6

olivine + pyroxene +
metal

pyroxene + olivine

2.6

metal ± olivine ±
pyroxene

2.2

moderate
high

strong absorption at XcO.l
pyroxene ± feldspar
|im and at ^>0.7 ^im centered
at 0.95
low
T
mod. absorption shortward of similar to P/D??
0.85 ^im; flat at ^>0.85 M.m
'• Adapted from Tholen and Barucci (1989), Gaffey et al. (1989) and Gradie et al. (1989)
'' Heliocentric range over which given type is dominant among asteroids or at which its number distribution
peaks

types (Table 1.1). From the radial distribution of taxonomic types and inferred
compositions. Gradie and Veverka (1982) developed a view of condensation conditions
in different parts of the main belt. In their model, the inner belt E-type asteroids are due
to high temperature spectrally neutral siliceous condensates which grade into the S-types
(moderate temperature siliceous condensates), then C-types (low temperature
carbonaceous-rich siliceous condensates), and the outer belt P- and D-types are from
lower temperature more carbonaceous-rich siliceous condensates.
Further physical studies carried out through the 1980s and 1990s support this
general view, with only a few minor adjustments. One such modification is due to the
detection of a 3-}im feature indicative of hydrated silicates on many C-type asteroids
(Feierberg er ij/. 1985. Lebofsky

a/. 1990. Jones er a/. 1990). They interpret the

presence of these materials to post-accretional aqueous alteration on the asteroid due to
solar induction heating. The effects of this process are predicted to decrease with
increasing heliocentric distance, explaining the apparently anhydrous surfaces of outer
belt (> 3.5 AU) objects. Remote studies of physical properties of asteroids continue and
are used to refine details of the general view provided by Gradie and Veverka (e.g.
asteroid subgroups, Rivkin et al. 1995. 2000. Bus and Binzel 2002a,b), to examine the
properties of asteroid families (e.g. Zappala et al. 20(X)), to study transport mechanisms
into the inner solar system (e.g. Carvano et al. 2001), among other uses. Continued
observations add details to possible mechanisms of formation and conditions in the solar
nebula, but the overall model of accretion conditions proposed in the early 1980s is still
the accepted view.

Unlike asteroids, comets have been observed throughout human history, but until
recently, were generally considered omens of evil. The distinction between long period
and short period comets is mentioned above. The short period comets are further divided
into Jupiter family (P < 20 years or Tisserand invariant Tj > 2) and Halley family (P > 20
years or Tj < 2) objects. Long period and Halley family comets probably originated in
the Oort cloud, which was originally populated by objects formed in the Uranus/Neptune
region of the solar system (Fernandez 1978). Jupiter family comets, on the other hand,
most likely formed in the Kuiper belt and migrated directly inward, through the Centaur
region. The "dirty snowball" model for comet composition proposed by Whipple (1950.
1951) in which the nucleus is a solid mixture of ice and dust remains essentially correct.
Groundbased spectroscopic observations of coma emission features have detected a large
number of species, and systematic studies (e.g. A'Heam et al. 1995) have shown
cometary composition to be quite uniform. Giotto spacecraft images of the nucleus of
comet Halley in 1986 revealed a very dark (albedo - 0.04) surface and discrete jets of
sublimating material. The dark surface covering is most likely organics or organic coated
dust left over after sublimation of more volatile materials (Greenberg 1982, 1998). More
recent images of a Jupiter family comet. Borrelly. by the Deep Space 1 spacecraft
(Soderblom et al. 2002) reveal a similarly dark surface. The similarity in albedo between
these cometary nuclei and outer belt P- and D-type asteroids (e.g. Trojans) have led many
to wonder whether their may be extinct or inactive comets hiding among the asteroid
population (e.g. Weissman et al. 1989) or whether the dark asteroids and Jupiter family
comets may be more intimately related (e.g. Hartmann and Tholen 1990).

Less than a decade ago. the first objects inhabiting a disk of material external to
Neptune postulated by Kuiper (1951) were found (Jewitt and Luu 1993, 1995). Since
these bodies are relatively new to human exploration, they are not yet as well
characterized as the asteroids and comets. Nevertheless, visible and near-infrared
photometry has revealed a remarkable diversity in colors among KBOs (e.g. Davies et al.
2000. Barucci et al. 2001). suggesting either primordial or evolutionary heterogeneity
among this group of objects. Near-infrared spectroscopy has revealed water ice on
several objects and at least one object's spectrum exhibits structure interpreted as
possibly hydrated silicates or light hydrocarbons (Brown et al. 1999, Jewitt and Luu
2001).

1.4 Previous Studies of Trojan Asteroids
The Trojan asteroids are not as well characterized as more accessible groups
within the main belt. To date there have been approximately 1500 Trojans discovered,
most of which are much too small (faint) to be studied in detail at the present time. The
IRAS satellite (Matson et al. 1989, Tedesco 1989, Tedesco et al. 2002) measured 70 of
these in the thermal infrared, from which diameters and albedos were derived. IRAS
diameters of Trojan asteroids range from 167 km (911 Agamemnon) to 42 km (5259
Epeigeus), but certainly most of those not yet measured are smaller still. Additionally,
Sato et al. (2000) observed a stellar occultation by a Trojan asteroid (1437 Diomedes),
from which they were able to estimate its size and shape (284x126x63 km ellipsoid). The
albedos are only a few percent (~0.04), among the darkest of all asteroids. There have

been visible (0.3 to 1.0 ^im) spectroscopic and spectrophotometric data published for
approximately 40 of the brightest Trojan asteroids (Jewitt and Luu 1990. Lazzarin ex al.
1995. Xu et al. 1991. Fitzsimmons et al. 1994. Vilas et al. 1993. Vilas and McFadden
1992. Sawyer 1991, Zellner et al. 1985. Vilas et al. 1985. Chapman and Gaffey 1979).
These data all show distinctly red spectral slopes with no detectable absorption features.
(Vilas (1994) analysis of data from the Eight Color Asteroid Survey (EGAS. Zellner et al.
1985) hints at the possibility of an Fe'" to Fe^^ oxidized iron absorption at -0.7 |im.
which correlates to the 3-|im hydration feature in many low albedo asteroids, in 3
Trojans, but large error bars make this analysis for these objects inconclusive.) The most
common techniques for asteroid taxonomy only have sufficient data to classify 22 Trojan
asteroids. They generally fall into the D and P taxonomic classes. The low albedo and
red color are generally assumed to be due to the presence of organics on the surface, but
this assumption has yet to be confirmed (or refuted) by direct detection.
The near-infrared spectral region (1-5 ^im) offers more promise for the detection
of individual species on the surfaces of these objects. Silicate bands at ~1 ^m and -2
^m. the morphology of which can be used to help determine the silicate mineralogy, have
been seen on many main belt asteroids (e.g. Bell et al. 1988, Sunshine et al. 2002).
Overtones and combinations of modes of vibration of many interesting molecules (H2O,
OH. organics. CH4, CO2, CO, NRj, etc.) cause absorptions in the 1 - 2.5 |im region (J. H.
K bands). Much stronger absorption bands from fundamental vibrational modes of many
of these molecules appear in the 2.5 - 5 |im region (L, M bands). Unfortunately,
absorption by Earth's atmosphere and increased noise from thermal background

complicate observations in the near-IR. especially longward of 2.5 (im. Nevertheless,
with long integration times and careful atmospheric correction, these observations are
now possible for faint objects using the large telescopes and high efficiency detectors
available today. Howell (1995) measured broadband infrared colors (V-J. J-H, J-K) of 16
Trojan asteroids which show that the steep red spectral slope measured in the visible
extends to the infrared. Luu et al. (1994) published 1.4 to 2.5 ^m spectra of 8 Trojans,
Dumas et al. (1998) obtained 0.8 to 2.5 ^m spectra of an additional 4. and Howell (1995)
presented 2.05 to 2.40 ^m spectra of 4 Trojans (2 of which where also observed by Luu
et al. or Dumas et al.). Those data show no definitive evidence of absorptions in their
respective spectral ranges. Unfortunately, the signal to noise ratio (S/N) of much of the
near-IR data was not adequate to detect the relatively weak overtone and combination
bands generally sought in this wavelength range. Lebofsky et al. (1990) included 2
Trojan asteroids in their 3-^.m spectrophotometric search for water of hydration on
asteroids. Their search was negative on these objects.

1.5 Chemistry in the Solar Nebula
Information describing the structure of various bodies in the solar system,
particularly their volatile content, has been incorporated into quantitative thermochemical
models of the solar nebula. The most complete and accepted of these is described by
Prinn and Fegley (1989) and Prinn (1993), from which the following discussion derives.
Their model begins with the assumption that, at least in the inner nebula, heating
from the collapse of the molecular cloud was sufficient to reprocess the original
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interstellar material. The outer portion of the nebula would have been cooler, and may
have retained some unprocessed interstellar matter. They assess the ability of several
possible energy sources to drive chemical reaction and determine that the thermal energy
is dominant, although shock energy (e.g. lightening) may have been significant in the
outer nebula. Since thermal energy is the driving force, the nebular gas composition is
calculated assuming thermodynamic equilibrium. The elemental composition of the
nebula is taken from Cameron (1982) and Anders and Grevesse (1989) and the nebular
temperature-pressure profile from Lewis (1974).
In full thermodynamic equilibrium, they find that conditions are more oxidizing
(C in the form of CO. N in the form of N^. anhydrous silicates) in the warmer regions,
and tend toward more reducing at lower temperatures (C in the form of CH4, N in the
form of NHi, hydrated silicates). They also note, however, that the nebula was not
quiescent, but would have supported significant mixing. As temperatures cool, reaction
rates (e.g. CO —» CH4, Nt —> NH3) generally decrease. There comes a point where the
mixing timescale is faster than the reaction timescale. The composition extemal to the
radius at which this occurs is then dominated by mixing from within this radius rather
than thermodynamic equilibrium at lower temperatures. Prinn and Fegley call this the
quench radius (or quench temperature). Composition of the nebula at r > rquench is said to
be quenched at the composition at rquench- The result of this is that the solar nebula retains
oxidizing conditions (CO. Ni, anhydrous silicates) throughout.
Catalytic reactions, particularly on the surfaces of Fe metal grains (FischerTropsch type reactions), are an important source of disequilibrium chemistry. Fe metal
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Table 1.2*
Low Temperature Condensation Sequences Predicted in
Protoplanetary subnebulae"
Protosolar Nebula
CO-rich
CO plus Hydrocarbon
Largely anhydrous rock
Largely anhydrous rock
In volatile carbonaceous
compounds'''"
H:0(150K)
H2O
NH4HCO3/NH4COONH2
NHoHCOj/NRiCOONH:''
(150. 130 K)"
Light hydrocarbons and
hydrocarbon clathrates''
CO: (70 K)^
CO:"
CO 6H;0 (60 K)'^
CO eH.O'^
N; 6H:0(55 K)'
N: 6H:0'^
CO (20 K)
CO (20 K)
N: (20 K)
N: (20 K)

the Protosolar Nebula and
Protoplanetary subnebula
Largely hydrated rock

H:0 (235 K)
NH3 H:0(160K)
CH4 6H2O (94 K)
CO (20 K)"
N2 (20 K)'

' Condensation temperatures in illustrative models are given for each condensate where available. For the
nebula the "CO plus hydrocarbon" sequence is preferred with the condensation temperatures being
slightly below those in the CO-rich case (the precise temperatures will depend on the degree of CO to
hydrocarbon conversion.
" These compounds contain < I of the total C or N.
" E.Kemplified by organic material in chondrites, and formed by Fischer-Tropsch-type reactions and/or of
interstellar origin
^ Exemplified by the light (C| - C5) hydrocarbons formed as initial products in high Hi: CO environments.
Precise condensation or enclathration temperature depends on the chain length and hydrocarbon
abundance.
' There is insufficient H2O to allow condensation of all C and N as CO and N; clathrates.
" From Prinn and Fegley (1989).

grains serve to accelerate reactions such as CO

CH4, N: —> NH3, CO —> CO2, and

organic formation. These are important only over the temperature range at which Fe
metal is stable (1500 - 480 K, condensation - incorporation as FeO in silicates). The
condensation temperatures of the species stable in the gas phase then determine what
species condense and are available for accretion at each radius (temperature) range.
Table 1.2 summarizes the results of the Prinn and Fegley model for the solar nebula and
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for the proto-jovian subnebula. The jovian subnebula supports higher pressures for a
given temperature and is subjected to more reducing conditions. According to the Prinn
and Fegley model, the species available to form objects near 5 AU (-100 K) are
anhydrous silicates, water ice. some salts, and involatile carbonaceous material. This
composition is very similar to the species available to form C-type asteroids near 3 AU
(-150 K).

1.6 Outline of Present Work
In order to fill in this gap in our knowledge of the composition of solar system
bodies, this program is undertaken to better characterize the surfaces of Trojan asteroids.
New near-IR spectra of 20 Trojan asteroids are presented in Chapter 2. This chapter
begins with a discussion of the observational techniques and details of our specific
observations and data reduction procedures. The data are presented and a description of
relevant spectral structure is given. The chapter concludes with a discussion of the
implications of qualitative analysis of these data. Quantitative spectral modeling of the
newly acquired spectra along with some previously published data is presented in
Chapter 3. This chapter begins with a description of Hapke's formulation for scattering
in a particulate medium, which was used to calculate model spectra of surfaces of various
compositions. The results of the spectral modeling for each object are presented.
included upper limits on the presence of certain species (organic, water ice, hydrated
silicates) on these surfaces. The chapter concludes with a discussion of the implications
of the quantitative modeling results. Chapter 5 presents a similar analysis of

representatives of several other groups of dark objects in the solar system. The
significance of results from spectral modeling of these objects is discussed in the context
of Trojan asteroids. The final chapter provides a summary of this study and discusses
implications for the composition of Trojan asteroids, their location of origin, possible
connections to other groups of solar system objects, and composition in the solar nebula.
The chapter concludes with a description of future work which would extend on the
results of this study.

Intentionally Blank
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CHAPTER 2
OBSERVATIONS OF TROJAN ASTEROIDS

2.1 Introduction
The Trojan asteroids are distinguished among primitive bodies due to their unique
location in the solar system. They orbit the sun at roughly 5.2 AU, residing in Jupiter's
stable Lagrange points. L4 and L5. 60° leading and 60° trailing the gas giant. Because of
their orbital position, this set of objects holds the potential to elucidate a number of
problems in planetary science. These include trends (compositional etc.) in the solar
system, links between disparate groups of objects, and information about conditions in
the early solar nebula.
Information concerning the surface composition of Trojan asteroids would help
increase our understanding of our solar system, past and present, in a number of ways.
Much can be learned about the chemical and physical processes active in the solar system
and early solar nebula by studying the surface characteristics of primitive bodies
throughout the solar system. A complete understanding of the processes involved in the
formation and evolution of our own planetary system requires a detailed assessment of
primitive bodies in all regions of the solar system. Studies of near Earth and main belt
asteroids have given us tremendous insight into the chemical and dynamical processes
which shaped the inner solar system (e.g. Gradie and Tedesco 1982, Bell et al. 1989,
Jones et al. 1990). This knowledge of the inner solar system has been nicely

complimented recently by an explosion of interest in. and observations of. icy bodies of
the outer solar system. H2O and complex organics have already been detected (e.g.
Brown et al. 1998. Wilson et al. 1994). and, if Pluto and Triton are any indication, we
can expect future observations to identify other volatile components (e.g. N:. CO. CH4.
CO2. Cruikshank er <2/. 1984. 1993). Observations of Trojan asteroids, which reside in
the transition region between the rocky inner solar system and the icy outer solar system,
will help to complete an understanding of the formation and evolution of the solar system
as a whole. Without an assessment of this important region, insights learned from the
main belt and the Kuiper belt remain incomplete.
Trojan asteroids are also important because of their relationships to other groups
of objects. Connections have been suggested between Trojan asteroids and short period
comets (Hartmann and Tholen 1990). irregular jovian satellites (Shoemaker et al. 1989).
and Kuiper belt objects and Centaurs (Duncan et al. 1988. Shoemaker et al. 1989). It is
thought that Kuiper belt objects, having migrated through the Centaur region, may be a
source of the short period comets (Duncan et al. 1988, Gladman and Duncan 1990.
Holman and Wisdom 1993, Irwin et al. 1995). Shoemaker et al. (1989) have shown that
it is likely that some of this migrating Kuiper belt material has been captured into the
jovian stable lagrange points. Observations of Trojan asteroids therefore may provide
constraints on the interconnections between seemingly disparate groups of solar systems
objects. Such constraints are critical to models of planetary formation and evolution.
The goal of this work is to better characterize the surface composition of Trojan
asteroids. New near-infrared spectra of 20 Trojan asteroids are presented. All were
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measured in K-band (1.95 - 2.5 ^m). Eight of these were also measured in L-band (2.8 4.0 (im). and fourteen were measured in I-, J-, and H-band. These spectra were obtained
at the NASA Infrared Telescope Facility (IRTF) on Mauna Kea and at the University of
Arizona's Multiple Mirror Telescope (MMT. now with a single 6.5 m primary mirror) at
the Whipple Observatory on Mt. Hopkins south of Tucson, Arizona.

2.2 Observations
These observations were performed over the course of six observing runs in
August 1999. September 2000, February 2001, October 2001, and March 2002 at the
IRTF and in March 2001 at the MMT. The August 1999 IRTF data were taken with the
infrared camera NSFCAM, which contains a 256x256 InSb detector. This instrument has
fwo grisms available for low-resolution spectroscopy. For these observations, the HKL
grism and broadband blocking filters were used to obtain K- and L-band spectra. The slit
is divided into three widths. The asteroids were centered on the widest part of the slit
(1.2x24 arcsec) which gives a spectral resolution (R=X/AA.) of -145 with a 0.3
arcsec/pixel platescale. An optical camera is available for guiding during the exposure to
ensure that the object stays in the slit.
With NSFCAM, the K- and L-band spectra have to be measured separately. The
object is first acquired in a K-band image, its identity is confirmed by motion relative to
background stars, and the telescope tracking rates are set to the rates of the object. All
observations were made at low airmass (<1.5) to reduce the effects of atmospheric
absorption. Once the object is positioned, the slit is placed in the optical path and another
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K-band image is taken to verify that the object is in the slit. The grism is then put into
position and the integration begun (for L-band spectra, the K filter was moved and the L
filter inserted). The frames were taken in pairs with the object dithered 10 arcsec along
the slit. Subtraction of these pairs produces a first order removal of the sky emission
lines. The maximum on-chip integration time in K-band is -120 seconds to minimize the
effects of variability of the atmospheric emission. The maximum on-chip integration
time in L-band is shorter (-30 sec) due to high thermal background and more rapid sky
variability. Multiple frames are summed in the reduction phase to attain higher S/N in
the spectra. Nearby solar analogue stars were observed regularly throughout the asteroid
observation to ensure good correction of atmospheric absorption and solar spectral slope.
On-chip integrations of the standard stars were limited to shorter times due to saturation
on the chip. Flat field images were obtained by observing a diffusely illuminated white
target on the inside of the dome.
The September 2000. February 2001. October 2001. and March 2002 spectra were
taken with the recently commissioned medium resolution near-infrared
spectrograph/imager SpeX (Rayner et al. 1998). This instrument has 2 detectors: a
1024x1024 InSb array for the spectrograph and a 512x512 InSb array which images the
slit. The slit imager can be used for guiding the telescope by characterizing the spillover
of the object outside the slit. SpeX has several available observing modes. For the
September 2000 data the long wavelength cross-dispersed (LXD) mode was employed to
measure spectra from 1.95 to 4.0 ^im, obtaining K- and L-band data simultaneously.
Using a 0.8x15 arcsec slit with a plate scale of 0.15 arcsec/pixel results in a spectral
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resolution of -800. This was later binned to lower resolution in order to improve the S/N
of these spectra. For the February 2001, October 2001, and March 2002 data the lowresolution prism (LoRes) mode was utilized in addition to the LXD mode. In this mode,
a prism disperses a single order across the chip, allowing us to record a 0.8 to 2.5 |im
spectrum. The K-band spectral resolution in this mode is ~200 with a 0.5x15 arcsec slit
and -130 with a 0.8x 15 arcsec slit.
The observing procedure for the SpeX data is almost identical to that described
for the NFSCAM data. Due to the design of the dispersing elements, broadband blocking
filters are not necessary. The object can be acquired and positioned using the slit imager,
so there is no need to remove the slit and dispersing element from the light path to locate
the object. The maximum on-chip integration time for the LoRes mode is -120 sec. to
minimize the effects of sky variability in this wavelength range. The on-chip integration
time for the LXD mode (including K-band) is constrained to less than 30 sec. by high
thermal background and more rapid sky variability at the longer wavelengths (L-band).
Flat field images are obtained by illuminating an integrating sphere which is in a
calibration box attached to the spectrograph. This box also contains an argon lamp, the
spectrum of which is measured for wavelength calibrations. Aside from these minor
differences, the observing procedure is the same as described above.
The March 2001 data were taken with the near-infrared spectrometer FSPEC on
the MMT. FSPEC uses a 256x256 NICMOS3 HgCdTe array. A 75 lines per mm grating
disperses the light passed through a 1.2x30 arcsec slit to a spectral resolution of -700.
These data are later binned to lower resolution to improve the S/N of the data. J (1.19 to
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1.35 |im). H (1.46 to 1.75 ^im) and K-band (2.0 to 2.43 |im) spectra were obtained using
broadband filters to select the desired wavelength range. The observing procedures were
identical to those described for NSFCAM on the IRTF. with the exception that the object
was dithered to four different positions on the chip rather than two. This further
minimizes the effects of bad pixels on the detector.

2.3 Data Reduction
The raw daia returned from the detector of a spectrograph are not ready for
immediate analysis. Several corrections must be applied to the resulting images to
remove the signals of unwanted effects, the data must be extracted from two-dimensional
images to one-dimensional spectra, and multiple frames must be summed to form one
final spectrum. This process is described here for these data.
Electronic detector arrays contain a small fraction of pixels which do not respond
properly to incident photons. A pixel could be bad because it is always bright (hot pixel),
always dark (dead pixel), or very erratic (flaky pixel). Hot pixels are found by
identifying pixels which are consistently bright in several dark frames, dead pixels by
identifying pixels which are consistently dark in several flat field frames, and flaky pixels
by identifying pixels whose brightness is very inconsistent in several flat field frames. A
mask marking the locations of these bad pixels on the array is used to omit them from the
rest of the reduction process.
For wavelength calibrations and residual background subtraction (see below), it is
easiest to have the atmospheric airglow lines aligned with columns on the detector.

NSFCAM and SpeX were designed so that this occurs, but FSPEC was not. Therefore,
the MMT data must be ahgned by mapping the curvature of the airglow lines and shifting
the array row by row. The image is first expanded tenfold so that rows could be shifted a
fraction of a pixel where necessary. A final flat field frame is created by subtracting the
dark current from each separate flat field frame, averaging these, then normalizing.
The subtraction of image pairs with the object dithered along the slit provides a
first order removal of sky emission lines, thermal background (at longer wavelengths),
and detector dark current. The subtraction is slightly different for the MMT data because
the observations were made with the object dithered to four locations along the slit.
Since the second and third images in the set have observations immediately preceding
and following, these are averaged, and the average is subtracted. Simple pair subtraction
is performed for the first and fourth observations in the set. The dispersed spectrum is
curved on the images, so it is necessary to locate the center of the object in each column
to account for this curvature. This is done for bright objects (stars) by fitting each
column with a gaussian. the center of which is recorded as the center of the object. A
polynomial is then fit to all the calculated centers to get a smooth representation of the
spectral curvature. Many of the columns in images of the faint object (asteroid) spectra
have too little signal for an effective gaussian fit. For these objects, the same curvature as
the bright objects is assumed and the location is fixed based on a fit to a sum of the
brightest columns in the faint spectrum. Division of each background subtracted image
by the flat field image removes pixel-to-pixel sensitivity variations on the chip.
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The data region and background region at each column are defined based on the
size of the seeing disk. The background region of each frame is searched for further
anomalous signal (e.g. cosmic ray hits). Temporal variations in the sky airglow lines lead
to incomplete background removal by the simple pair subtraction technique discussed
above. To remove this residual background flux, a third-degree polynomial is fit to the
background region in each column. The residual background in the data region is
calculated from this fit and subtracted from the data. The data are finally extracted from
two-dimensional images to one-dimensional arrays by summing the pixels in the data
range for each column. The same technique is followed for both the asteroids and the
stars.
The newly extracted spectra are still contaminated by telluric absorptions (e.g.
Figs. 2.13a. 2.14). These are removed by dividing the asteroid spectra by stellar spectra
at the same airmass (±0.05). In a few cases, the star had been observed a sufficient
number of times to fit its spectrum as a function of airmass at each channel. For these,
the stellar spectrum can be calculated at the exact airmass of each asteroid frame for
better telluric correction. Choosing G-type standard stars (with solar-like spectral slopes)
close to the asteroid allows the correction the asteroid reflectance spectra for the shape of
the solar spectrum with this same division.
Multiple frames of these asteroid spectra were combined to increase the S/N by
averaging the frames at each channel. For each channel, frames with values deviating
more than 4a from the mean are considered anomalous (e.g. cosmic ray, etc.) and not
included in the final average since there is only a 1 in 10* probability that a measurement

outside this range is significant and at most 180 frames are averaged for each object.
Error bars are the standard deviation of the mean of the frames included at each channel.
Wavelength calibration is performed for the NFSCAM data using the known positions of
telluric absorption lines. Argon lines are used for the SpeX LoRes and LXD K-band
data, and telluric absorptions are used for LXD L-band. The MMT data were wavelength
calibrated using atmospheric airglow lines.
The SpeX LoRes spectra are dispersed across the chip in a single order.
Therefore, no piecing together of the data is necessary, and the reflectances of the
standard observing windows (J-. H-. and K-band) relative to each other are accurately
measured. Similarly, since the K and L-band are observed simultaneously with the LXD
mode, their relative reflectances are also accurately measured. However, the crossdispersed data are recorded in six different orders on the chip. The wavelengths where
these orders are placed together in the final spectrum were chosen by visually noting
where the S/N of adjoining orders is similar. NFSCAM and FSPEC measure the
spectrum in each observing window separately. Therefore, independent data are
necessary to properly combine these bands into a single spectrum with the correct relative
reflectances between bands. Reflectance data obtained with SpeX for these objects
provided for this scaling.
The slits for all these observations are several pixels wide, so the data are binned
over this width. The binning is accomplished by convolution of the spectrum with a
gaussian having a FWHM equal to the slit width ("gaussian" binning). This avoids the
introduction of noise inherent in the typical "boxcar" binning. The SpeX LXD and the
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Figure 2.1 K-band spectrum of 617 Patroclus from Fall 2000 IRTF/LXD observations. The top
curve is the full resolution (R-800) spectrum, the middle curve is the spectrum binned by
convolution with a gauss function (FWHM = 0.0166 nm), and the bottom curve (open circles)
is the spectrum binned with a standard boxcar (width = 0.0166 |J.m). The boxcar technique
introduces noise into the spectrum (Fourier aliasing) with a frequency equal to the width of the
box. The gaussian convolution technique is used herein because it more accurately represents
the dispersion by a slit. Possible absorption features are apparent in the low resolution
spectrum using either technique. This spectrum is discussed further in later sections.

MMT data have a higher spectral resolution (-800 and 700) than desired. In order to
improve the S/N of these spectra, these data are further binned to lower spectral
resolution (-135) using the same gaussian binning method, this time with the FWHM
equal to the desired AX. Figure 2.1 shows a comparison between data binned with a
standard boxcar and data binned by convolution with a gauss function.
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Figure 2.2 The contribution of thermal flux is only a small fraction of the reflected flux from a
Trojan asteroid. This calculation is for illustrative purposes and assumes a spherical 160-km
diameter asteroid with an albedo of 0.04. The surface temperature is assumed to be spatially
uniform and equal to the equilibrium temperature for this object at 5.2 AU (171 K). This is not
the best physical model, but represents an upper limit on the thermal flux emitted by a Trojan
asteroid. The S/N of these data in L-band is < 20, so the thermal contribution is always smaller
than the noise of the data.

A significant fraction of the radiation measured from main belt asteroids at 'kk.l.S
(im may be due to thermal emission from the asteroid. When measuring the reflectance
of these asteroids near 3 (im. it is important to adequately characterize and remove the
thermal component from the measured flux (e.g. Spencer 1990, Rivkin etal. 2000).
Trojan asteroids are much cooler than their main belt counterparts, so thermal eniission in

this wavelength range is negligible compared to reflected sunlight (Fig. 2.2). Therefore
no thermal correction is necessary for these spectra.

2.4 Description of Data
During the course of six observing runs. near-IR spectra of 20 Trojan asteroids
were obtained, eight of which were observed more than once. As expected, these P- and
D-type asteroids have a distinctly red spectral slope. The SpeX LoRes and MMT data
show these objects to be very red in the 0.8 to 1.8 nm range. In agreement with Luu et
al. (1994) and Dumas et al. (1998). these measurements demonstrate that, although much
more shallow, the red slope extends through the K-band. Furthermore, these
observations show that the spectra of these objects maintain a red slope through the Lband to 4 fim. Most of the spectra presented here show no unambiguous absorption
features, although some possible features will be discussed below and in the next section.
Table 2.1 lists the observing parameters for each asteroid.

2.4.1 IRTF Fall 1999 - NSFCAM
On the first observing run, spectra of 1172 Aneas. 1867 Deiphobus, 3451 Mentor.
3708 1974 FVl, and 5144 Achates were recorded(Fig. 2.3). All were measured in Kband. and Achates was also measured in L-band. The reflectance in L-band relative to Kband is not constrained by these observations since the two regions were observed
separately. Fortunately, Achates was included in SpeX observations the following year.
The relative reflectances from those data are used to combine the NSFCAM data into the
final spectrum shown in Fig 3b. This method does not account for possible rotational

Table 2.1
Observing Paramelers for Trojan asteroids
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1143 Odysseus
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Observation
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Wavelength
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l,n,(S)
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8 Sep 2000
17,18 Oct 2001
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5 Mar 2(H) 1
9 Mar 2002
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20 Aug 1999
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SpcX/I.Xni.9
SpeX/LXni.9
SpeX/LoRes
SpeX/LXni.9
MMT-FSPKC
SpeX/LoRes
SpeX/LXDI.9
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SpeX/LoRes
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1.95 - 4.0
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1.95-4.0
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R
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0.8 - 2.5

5254 Ulysses
L4
"Tholcn(l984. I9K9)
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"
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Figure 2.3 K- and L-band spectra measured on 19-21 August 1999 at the IRTF using NSFCAM.
All spectra presented here are normalized to a linear fit of the K-band portion of the spectrum at
2.2 fim. Error bars are lo statistical uncertainties.
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differences. The Achates spectrum shows a broad dip from 2.4 to 2.5 ^m. Otherwise, no
features are apparent in the K-band data. The increasing noise shortward of 2.1 |im is
due to atmospheric CO; absorption. The Achates L-band sp>ectrum has a much lower
S/N. and no absorption features outside this noise level are present, but it is apparent that
the red spectral slope in the infrared extends through the L-band.

2.4.2 IRTF Fall 2000 - SpeX
K- and L-band spectra of 617 Patroclus. 1172 Aneas. 4348 Poulydamas. and 5144
Achates were measured during this observing run (Fig. 2.4). Observing conditions were
marginal, resulting in somewhat noisy spectra, especially in L-band. Poulydamas was
faint enough that the long wavelength data are unusable. The Patroclus spectrum appears
to contain an absorption feature at 2.3 |j.m and possibly a smaller one at 2.2 ^m. The
broad low from 1.97 to 2.11 ^m is not considered to be a real absorption feature (see
below). There are no features present in the L-band spectra, although the low S/N.
especially in the Aneas and Achates spectra, would hide all but the very strongest
absorptions.

2.4.3 IRTF Spring 2001 - SpeX
The observations in February 2001 took advantage of two different observing
modes with SpeX. K- and L-band spectra of 588 Achilles. 624 Hektor, 911 Agamemnon,
and 1143 Odysseus were obtained using the LXD mode (Fig. 2.5). The S/N in L-band is
improved over the previous LXD data, especially for Achilles. But even with the low
noise attained for that object, no absorptions are apparent. A suspect possible feature at
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Figure 2.5 K- and L-band spectra measured on 16-18 February 2001 at the IRTF using SpeX
the LXD mode.

O 1.5

o
c

624 Hektor
" ' -

iS
o
0)

• -ii

: »•#-#!?i

"D
Q
N
15

E 0.5
o

0.0
2.0

9? 1.5

(c)
2.5

3.0
3.5
Wavelength (^im)

4.0

911 Agamemnon
M
vl^

92 1.0

I. -r,>»
> rT* T:-1

f

E 0.5

(d)

0.0
2.0
Figure 2.5 continued.

2.5

3.0
3.5
Wavelength (fim)

4.0

55

o
1.5
o
c
iS

1143 Odysseus
^

inf'

•ST*"''

H

J

0

1 10

-t i

•o
07
N

3:

75
E 0.5
o
(e)

0.0

2.0

2.5

3.0
3.5
Wavelength (|im)

4.0

Figure 2.5 continued.

3.9 ^im is discussed below. Agamemnon does show some interesting structure in the Lband: an uncertain feature at 3.0 |im and a more certain absorption at 3.2fi.m.
Data covering the spectral range from 0.8 to 2.5 |J.m were obtained for 1143
Odysseus, 1437 Diomedes. 2797 Teucer. 3540 Protesilaos. and 4835 1989 BQ using the
LoRes mode (Fig. 2.6). Regions contaminated by strong telluric H2O absorptions are
omitted. Only the K-band portions of the Odysseus and Teucer spectra are presented.
The standard star frames for the observations of these two asteroids were saturated at
shorter w avelengths, causing the final spectra to be unreliable shortward of 1.8 |i.m.
Protesilaos and 1989 BQ are very red in the 0.8 to 1.8 fim region, while

56

QI

1143 Odysseus.
3

8 0.95,
1435 Diomedes

§ i.of-

^

T1

Ti

, .rPir-r

it iTfLr '^

g 0.95
S

2797 Teucer

10|

^
0.95 i
N
p

-IT

3540 Protesilaos
[esiiaos
ri'I-r:

1 0 K

I 0.95

"

TT

4«35 1989BQ

tiu

ti-

''t.I-

ili
t 'Tr. r|}1i •! |T|tt .r Illt
I

^t =3

...»i i? .

_ir.

1.0

'i-i'tilt

0.95

l

2.00

2.10

2.20

2.30

L

2.40

2.50

Wavelength (|im)

1.10
1437 Diomedes

8 1.00

i 0.90

i

o
cc

•a 0.80

®
.y

- ^
F^

"(5 0.70r
E
E
^

-

2 0.60^
(b)

0.50 E

1.0

1.5

2.0

2.5

Wavelength (^m)
Figure 2.6 Spectra from 0.8 to 2.5 jim measured on 17-18 February 2001 at the IRTF using
SpeX in the LoRes mode.

(D 1 00 ^ 3540 Protesilaos
U
C

iS

"o 0.90 r
©
©
CC
0.80 F
•o
o

1

N

"(0

E

0.70^
f

0.60
(c)

0.50!

1.0

1.5
2.0
Wavelength (^im)

^
2.

1.10
g 1.00;

I

4835 1989 BQ

0.90 i

o

CC 0.80
•O

/

(D

N

la 0.70

E

/

Z 0.60 p- *

(d)

0.50

1.0
Figure 2.6 continued.

1.5
2.0
Wavelength ()im)

2.

58

1.1 r
p
p
F 4063 Euforbo
u

'

I

•

i
r

I 0-9 I

iJL

Tf -

1.1

624 Hektor

c3
^ 0.8

1.0

<t>
cc
•o
0)

0.9

1.0
(d
E 09M^

0.81
0.7
1.2

0.8
Odysseus

1.4

1.6

1.8

2.0

2.2

2.4

Wavelength (|im)
Figure 2.7 J-. H-, and K-band spectra measured on 5 March 2001 at the MMT using FSPEC.
The scales for Euforbo and Odysseus are on the left axis, and the scale for Hektor is on the right
axis.

Diomedes is somewhat less red in this range. A dip in these spectra near 1.6 ^im and
increased noise near 2 |im are most likely the result of poor correction for telluric CO:.

2.4.4 MMT Spring 2001 - FSPEC
A half night of observing at the MMT provided near-IR spectra of 624 Hektor,
1143 Odysseus, and 4063 Euforbo. Observing conditions were fairly poor on this night.
Nevertheless. H- and K-band spectra of Hektor, J- and H-band spectra of Odysseus, and
J-. H-. and K- band spectra of Euforbo were recorded. These observations provide no
information on relative reflectance between the different spectral bands. In Fig. 2.7, J-.
H-. and K-band relative reflectance from the LoRes spectra of these objects obtained at
the [RTF in spring 2002 are used to piece together the MMT data into a complete
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spectrum for each object. Odysseus contains a possible absorption at 1.7 (im, and
Euforbo shows activity at 1.27 p,m.

2.4.5 IRTF Fall 2001 - SpeX
This observing period was not as productive as previous visits to the IRTF. Poor
weather restricted the volume and quality of the data. Spectra covering the range 0.8 to
2.5

of only two objects, 617 Patroclus and 1867 Deiphobus, were measured (Fig.

2.8). The K-band portion of the Deiphobus spectrum is unreliable and is therefore not
shown. The H-band portion of this spectrum may also be contaminated due to poor
weather conditions. The short wavelength data seem robust, and there is no evidence for
a l-|im silicate absorption suggested by Howell (1995). The Patroclus spectrum is of
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Figure 2.9 K- and L-band spectra measured on 7 and 11 March 2002 at the IRTF using SpeX in
the LXD mode.
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Figure 2.9 continued.

higher quality, though the apparent downturn near 2.5 (im is likely due to telluric water
vapor. This is a P type asteroid and has one of the shallowest spectral slopes of the
asteroids measured in this study. The 2.3-^m feature detected on this object in the Fall
2000 observations is not present in this spectrum.

2.4.6 IRTF Spring 2002 - SpeX
The observations during this period once again took advantage of two different
observing modes of SpeX. K- and L-band spectra were measured of 1143 Odysseus and
2797 Teucer (Fig. 2.9). Though the noise levels in both observing bands are somewhat
high, some structure is present in the 2.30 - 2.35 ^m range and near 3.55 ^m of the
Teucer spectrum. The K-band structure is not apparent in spectra taken using the LoRes
mode the previous year and two days earlier (see below), although the S/N in the most
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recent LoRes spectrum is much lower than in the other two spectra. Discussion of these
possible features and comparisons of the K-band spectra are presented in the next section.
The L-band spectrum of Odysseus is of comparable quality to that taken in spring 2001.
Data covering the spectral range 0.8 to 2.5 ^im of 624 Hektor. 911 Agamemnon.
1143 Odysseus, 2759 Idomeneus, 2797 Teucer, 3793 Leonteus, 4060 Deipylos, 4063
Euforbo, and 5254 Ulysses were also measured during this run (Fig. 2.10). Several of
these spectra hint at a possible absorption near 1.7 ^m. All other apparent absorption
features in these spectra are attributable to noise (especially in K-band) and poor telluric
correction (see Section 2.5.2.2). Nevertheless, the spectral slopes displayed are robust.
All of these objects are red in this region, but Leonteus and Diepylos display much
shallower slopes than the others.
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2.5 Analysis
2.5.1 Possible Surface Components
Before analyzing these spectra for compositional meaning, we must ask ourselves
what species we might expect to be present on the surfaces of Trojan asteroids. Several
thermochemical models have been devised which predict condensed species available for
accretion throughout the early solar nebula (e.g. Prinn and Fegley 1989, Pollack and
Bodenheimer 1989), but the formation region of Trojan asteroids is not well constrained.
These objects might have formed in place at ~5 AU in the solar nebula, they might have
formed further out in the solar nebula (-30 AU) then migrated through the Centaur region
to be captured in Jupiter's stable Lagrange points, or some may have formed in the jovian
subnebula. All three scenarios are dynamically feasible (Marzari and Scholl 1998,
Shoemaker et al 1989, Hamilton and Bums 1991), but cosmochemically distinct, as
discussed below. Condensed species present in all three regions must be considered as
possible surface components.
Relevant molecules with absorption bands in the wavelength region of these
observations are listed in Table 2.2, along with the vibrational mode and central
wavelength of the absorption. Spectra of a few of these materials are also plotted in Fig.
2.11.. Prinn and Fegley (1989) predict that the major condensed species at -5 AU in the
solar nebula would be anhydrous rock, water ice, and possibly some salts and light
hydrocarbons, while at larger heliocentric distances (cooler temperatures) oxidized
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Table 2.2
molecule
Ices
CO

CO:

X(V - cm ')

V
2v
3v

4.68 (2139)
2.35 (425!)
1.58(6337)

Hagen etal. (1983)
22.500^
672 Quirico & Schmitt (1997)
3

V| (R)
V:
V3
3V3

7.46(1340)
15.15(660)
4.26 (2348)
1.43 (6970)
1.58 (6339)
1.61 (6213)
1.97(5087)
2.01 (4971)
2.07(4831)
2.70 (3708)
2.78(3599)

Brown&Cruikshank( 1997)

2V|+2V:+V3
V

,+4V2+V3
2V,I-V3

V,+2V:+V3

4V:+V3
V1+V3
2V;+V3

(R)
V: (R)

CH4

V,

V3

V4
2v,
V2+V3+V4
V3+2V4
V:+V3

V3+V4
V1+V4

3V4
V2+V4

H.O"

"

Brown&Cruikshank( 1997)
5,000'

".d'Hendecourt (1986)

It •»

24 Quirico & Schmitt (1997)
13
10
35
205
329
34
-100'
"

"

-JJOOf

blend
blend
blend
blend

-3300'
-4600
0.3
1.34
49
100

(C=N)
V2

4.76(2100)
11.93 (838)

30,533 DelloRusso&Khanna(1996)
9,631

V3
VL

V,

110.000'
3 Quirico & Schmitt (1997)
2
••
2
94
•t
178
31
7.056
It
2.957

3.17??
5.99(1670)
2.96??
13.33(750)
1.04(9615)
1.27(7874)
1.50(6667)
2.00 (5000)

V|
V:

HCN

3.43(2914)
6.55(1526)
3.31 (3020)
7.66(1306)
1.67(5989)
1.72(5800)
1.80(5566)
2.21(4530)
2.32 (4304)
2.38 (4203)
2.60(3846)
-3.55

absorption
coef -cm'

reference

mode

Gaffey etal. (1993)
d'Hendecourt (1986)
Gaffey et at (1993)
d'Hendecourt (1986)
Warren (1984)

)(
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molecule

mode

>.-(im
(V - cm ')

V,

(C-H)
VL

on

SO;

V'l
V;
v?
3V3
2V|+V;

3v,
2Vi+V;

Iv,
V,+V.,+Vph

V|+V-,
2V|

H:S

V|
V;
V-.
VI+V;
2V;

NH,

8.72(1147)
19.12(523)
7.57(1321)
2.54(3931)
2.79 (3583)
2.92 (3422)
3.56 (2809)
3.78 (2643)
3.92(2552)
3.95 (2534)
3.97(2521)
4.07(2455)
4.37 (2288)

vs
vs
vs
_2
-16
-1
-1
-5
-3
-3
-3
-550
-150

3.92(2548)
8.57(1167)
3.80(2633)
2.69(3716)
4.28 (2335)

v?
V4
2V4
V;+V:.?V;+2V4
V3 +V4??
V;+V3+V4
2 V,?V ,,+2 V 4?

reference
••

Schmitt er al. (1994)

Salama et al. (1990)
••

••
*•

Robertson et al. (1975)

Vi

V;

NO;

3.19(3136)
59.17 (169)
2.2??

absorption
coef - cm '
37.103

9.62(1040)
2.97 (3370)
6.10(1640)
3.05(3280)
2.22 (4490)
2.00(5010)
1.60(6024)
1.50(6667)

15,793
7.447
3.172
4.244
1.140
718

~2.2
2.99 (3380)
3.14(3185)
3.66 (2730)
3.51 (2850)

1.302
10.567
9.013
4.527
4.195

".my assign.
!•

*1

0

0

0

0

Vl
V;
V?

Organics
poly-HCN

C=N over?
N-H str
C-H or N-H str
»«

-CH;

Khare et al. (1993)
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molecule

p.m

mode
(V

Khare et al. (1990)

O-H str
Alkvl C-H str

1.625
2.746
3.770
2.901

O-H, C-H? str

2.92(3420)

8.958

Khare et al. (1990)

several"^

-2.2
-3.0

several'

-3.0

O

-1.5
2.92(3425)
3.38(2959)
3.41(2933)
3.48(2874)

Titan tholin''

Triton tholin''
Ice Tholin'*

O-H str
-H str

Solid Bitumens

C-H str RCHO
V'l (CH;)
V, (CH-.)
V-. (CH:. CH,)
V, (CH,)
arom. CH
O-H (COOH)

McDonald et al. (1994)
420
309

}

3.66-3.67 (2730-2725)
-3.5 (2857-2854)
3.48-3.50(2870-2860)

Fe'" (IVCT)
Fe-" (CFT)
Fe-" (CFT)

0.9-1.05
1.8-2.3

Fe'' (CFT)

-1.0

0.82

Khare et al. (1993)

1.943

V:+V-, (CH:)
C-H + C=C
CH: +CHj
2v, (OH)
3v, (CH,)

CH:
V|+V: (CHj)
V:+V:. (CH?)

olivine

51
Khare et al. (1984)
3.132 ". McDonald et al. (1994)

3.41-3.42(2932-2920)
3.38-3.39(2960-2950)
3.27-3.29(3055-3043)
3.13-3.15 (3190-3170)
3.04-3.05 (3290-3280)
2.89-2.92 (3460-3425)
2.82-2.84(3550-3520)
2.77 (3610)
-2.46 (4067-4062)
2.35 (4257-4254)
2.31 (4334-4328)
2.27(4397)
2.15-2.17 (4650-4397)
1.69-1.76(5900-5675)
1.39-1.41 (7195-7076)
1.21(8262)

H-O-H
O-H

Anhydrous Silicates^
pyroxene

reference

-1.5
2.92 (3420)
3.42 (2924)
3.51 (2853)

Keroaen

Murchison'

cm')

absorption
coef - cm"'

Moroz et al. (1998)

Bums (1993)

Bums (1993)
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molecule

Hydrous silicates'"
Bound OH

Bound H;0

mode

/.-^^m
(V -cm')

? + 0-H str
0-H str +
(AI,Mg.Si)-0H bend
O-H str fund.

1.4
2.3-2.3

2.5-3.0

?+0-H bend
?+0-H str
?+0-H bend
fundamentals

1.2
1.4
1.9
2.8-3.1

absorption
coef-cm '

reference

Gaffey etal. (1993)

strong
Gaffey et al. (1993)

" From Brown and Cruikshank (1997)
Absorption bands in H;0 are well-blended mixes of various combinations and overtones. Even the -3
)im feature is a blend of Vj and v? and various overtones (e.g. 4vl. 2v2. etc.).
' Absorption band extends from 2.7 to 3.5 jim. Some CHn probably blended m away.
Spectral resolution is very low. cannot distinguish individual bands. Analysis not give at A.<2.9 ^m
Blend of several bands. Probably single bonded CH2 or CH? at 3.50 and 3.42 nm. C-H at 3.38 nm. may
be double bonded or aromatic C-H at 3.33 (im, N-H stretch (probably primary and secondary NH:, but
maybe C=N-H) at 3.13 and 3.02 ^.m.
' Blend of several bands. C-H stretch at 3.50. 3.41. and 3.37 (xm. N-H stretch (probably NH;) at 3.08 and
2.92 ^im. 2.92 (im band may be enhanced by adsorbed H;0.

species abundant in the gas phase (e.g. CO2, CO, N2) would also condense. The jovian
subnebula. in contrast, would give rise to hydrous rock, water ice, and reduced species
(e.g. NH3. CHj). Surface chemistry induced by 4.5 Gyr of UV, cosmic ray, solar wind,
etc. bombardment would likely lead to more complex organics (e.g. Thompson et al.
1987, Allamandola et al. 1988. Bohn et al. 1994).
The observability of an absorption band in a spectrum depends on the strength of
the absorption, which can vary with vibrational mode, lattice structure, etc. An
absorption feature from one molecule can also be weakened or masked in a mixture with
other molecules. As an example of this. Fig. 2.12 shows a mixture of CH4 with dark,
carbonaceous material. The relatively weak combination bands near 2.3 fim are further
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Figure 2.11 Near-IR spectra of a sampling of materials which may be relevant to studies of
Trojan asteroids, a) Ices and refractory organics. These spectra are calculated from optical
constants from the following sources. H:0: Warren (1984). CH4: Brown (unpublished data).
CH3OH: Brown (unpublished data). Ice Tholin: Khare et al. (1993). Titan Tholin: Khare et al.
(1984). Triton Tholin: Khare et al. (1994). b) Anhydrous and hydrous silicate minerals.
Hypersthene and olivine2 are taken from the USGS spectral library (Clark et al. 1993). The
pyroxene and olivine 1 spectra are calculated from optical constants given in Dorschner et al.
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Figure 2.11 continued. (1995). The 0.8 to 2.5 (xm portion of the chlorite and serpentine
(hydrated silicates) spectra are calculated from optical constants calculated from spectra in the
USGS spectral library (R. Clark, personal communication), and the 2.5 to 4.0 ^m portion of these
spectra are calculated from optica! constants given in Mooney and Knacke (1985).
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Figure 2.12 Spectral mixtures of a small fraction of methane with dark, spectrally neutral
material (Murchison organic extract). Artificial noise is added to the spectra to illustrate the
observability of the different methane absorption bands in mixture.

weakened by the mixture and become hidden in the noise. The fundamental absorption at
-3.4 ^m. however, is strong enough to be distinguishable from noise in this spectrum.
The desire to place improved constraints on the presence/abundance of a given molecule
has been the motivation for us to search for these strong fundamental absorptions in the
harder to observe L-band region and to improve the S/N of the observations at shorter
wavelengths.

2.5.2 Absorption features in Trojan spectra
Possible molecular absorption features have been identified in several of the
measured spectra. These are listed above. Some other initially intriguing structure is

discounted due mainly to proximity to telluric absorptions and high level of noise.
Telluric corrections have had some difficulty for the SpeX LxiRes data, but similar
troubles have not arisen with the other data. To examine the cause of and test the
appearance of a possible absorption, the star and asteroid spectra are plotted together
(these contain telluric absorptions since correction for such contaminations is
accomplished by dividing the asteroid by the star) and compared to the final spectrum.
This allows a quick visual check to see if the structure has a similar shape and central
wavelength as a telluric absorption. If it does, the validity of the structure is generally
discounted, although in a few cases discussed below, other considerations may lead to the
belief that the feature is a real molecular absorption. If the spectral activity is not
associated with a telluric absorption, this type of plot allows one to see if some other
anomaly (cosmic ray, bad channel, etc.) that made it through the original reduction
procedure is responsible. All possible care is taken to discount any spurious structure so
that confidence in the validity of any remaining features is high.
2.5.2.1 617 Patroclus
The spectrum of 617 Patroclus contains an absorption band at ~2.3 (im which may
be a true mineralogical signature from the surface of the asteroid. There is also a hint of
spectral activity at -2.2 (im. but this is too small compared to the noise in the spectrum to
be considered certain. The sharp dip at 2.01 ^m is due to poor correction at the deepest
part of the telluric CO2 band. The broad low from 1.97 to 2.11 ^im is likely not a real
molecular absorption; it disappears when a different standard star is used for telluric
correction (Fig. 2.13b). The standard star observed for the Patroclus observations (SAO
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Figure 2.13 Analysis of possible features in the K-band spectrum of 617 Patroclus. a) The final
spectrum is plotted along with uncorrected object and star spectra which still show telluric
absorptions. The strong telluric CO: bands are obvious at 2.01 and 2.06 fim. The 2.3-(im
features occurs in a region free of telluric absorption, b) The top curve is the final Patroclus
spectrum, reduced with SAO 166296. The bottom curve is a Patroclus spectrum reduced with a
different standard star. The 2.3-fim feature remains, implying it is a true mineralogic feature.
The broad low from 1.97 to 2.11 nm disappears, implying that it is just an artifact of reduction.

166296) is a solar type star (G3V), but is part of a binary system. It is possible that the
other component of this system contaminated the observations. SAO 166296 is still used
for telluric correction of the spectrum presented in Fig. 2.4 since it was observed close in
airmass and time to the asteroid, but suspected features are checked with reduction by
other standard stars. The 2.3 p,m feature (and the hint of activity at 2.2 ^m) persists when
using other stars for telluric correction (Fig. 2.13b), so this is not considered this to be an
artifact of the star. It is also apparent from Fig. 2.13a that the 2.3 |im feature occurs in a
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Figure 2.13 continued

region free of telluric absorption, and there is an obvious departure of the asteroid
spectrum from the star spectrum.
Several molecules and minerals exhibit features in the positions of those seen in
the Patroclus spectrum. Hydrocarbon molecules absorb radiation at -2.3 ^im due to
combinations of modes from the C-H bond. The exact position and shape of the resulting
feature depends on the specific molecule (e.g. Fig. 2.11). There is also a weaker
combination band slightly shortward of this (-2.2 (im), but often much activity longward
as well, which is not seen here. Furthermore, the very strong C-H stretch fundamental
that occurs near 3.4 |im should be observable if the weaker combinations in K-band are
apparent. Unfortunately, the telluric CH4 band makes the Earth's atmosphere aJmost
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completely opaque near 3.3 |im. causing this portion of the spectrum to be exceptionally
noisy. It is possible that the very low S/N here could mask this strong absorption.
Certain hydrated silicates, those with bound OH, also absorb radiation at -2.3 nm.
In this case, a combination of the O-H stretch and Mg-O-H bend modes is responsible for
the absorption. These minerals often have additional features near 2.2 (im and near 2 p,m.
The O-H stretch fundamental occurs between 2.5 and 3.1 |im. The width and strength of
this fundamental absorption depends on the specific mineral. Often, this band does not
extend beyond 2.8 ^m and could be absent from these data for that reason. Bound H^O
does not absorb at 2.3 ^m. and would exhibit a very wide and very deep absorption
extending to -3.5 p.m, which could not be masked by noise in the spectrum.
Hydrated silicates with bound OH (e.g. serpentine) are the most likely candidate
to explain the features seen in the Patroclus spectrum, but the other possibilities that have
been discussed cannot, at this time, be ruled out.
2.5.2.2 J- and H-band
The J- and H-band data obtained with the SpeX Lx)Res mode at the MMT with
FSPEC contain a few apparent features. These are generally discounted as residual
atmospheric signatures. Telluric correction of the SpeX LoRes data (Figs 2.6, 2.9, and
2.10) does not seem complete. As a result, structure near the 1.27 ^m telluric O2 band
and 1.57 and 1.60 |im CO: bands are probably not real indications of surface
composition. In general, the atmospheric correction was successful for the MMT data,
even though the weather conditions were poor during those observations. The MMT
spectrum of 4063 Euforbo does seem to be contaminated by the 1.27 |j.m O2 band, but no
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other contamination is seen for this object or for the others observed at the MMT. Both
H-band spectra of 1143 Odysseus suggest a possible absorption near 1.7 |im (Fig. 2.17).
Spectra of several other objects (Agamemnon, Idomeneus, Leonteus. Ulysses, and
possibly Teucer and 1989 BQ) also display hints of this absorption. There is no sign of a
1.7 Jim absorption in the spectra of Patroclus, Hektor, Diomedes, Deiphobus. Protesilaos,
Deipylos. or Euforbo.
The SpeX LoRes mode is not optimized specifically for K-band observations.
Combined with increased background flux in this region, this causes this wavelength
range to have the lowest S/N within the measured spectrum. On a clear night with good
seeing, the S/N in this region can be quite high (e.g. Odysseus and Teucer, spring 2(X)1).
When conditions are poorer, however, the S/N is generally low. especially at X>2.35 ^m.
Most of the K-band spectra measured in this mode suffer from this effect. Several of
these spectra contain structure that could be due to weak absorptions (e.g. Leonteus,
Deipylos), but it is more likely that these are simply manifestations of the increased level
of noise. Though no certain absorption features and only one possible feature (near 1.7
^m) are detected in these data, the spectral slopes measured are robust and provide at
least a weak constraint on surface composition.
Overtones and combinations (e.g. 2v3 and

V2+V3+V4)

of the C-H bond in

hydrocarbons absorb radiation near 1.7 jim (Fig 2.11). However, these features are very
weak compared to the V1+V4 and

V3+V4

combinations in K-band discussed above. If the

1.7 (im feature in these spectra is due to the C-H bond, the K-band absorption should also
be present, as should the fundamental absorption at -3.4 ^m.

2.5.2.3 5144 Achates
The NSFCAM K-band spectrum of this asteroid contains a broad low from 2.4 to
2.5 |j.m. This spectral region contains a number of narrow telluric absorptions, but it is
unlikely that these are the cause of this feature. The atmospheric correction is successful
in the other asteroids measured with NFSCAM and the S/N for Achates in this range
remains quite high. This low is not seen in the SpeX LXD spectrum of Achates, but the
S/N is significantly lower in that spectrum as the asteroid was almost a full magnitude
fainter during the Fall 2000 observing run. Behavior similar to this is seen in the
spectrum of Titan tholins (Fig. 2. II) and other organic material.
2.5.2.4 588 Achilles
The spectrum of 588 Achilles has by far the highest S/N in the L-band of all of
the current data. There is no evidence for the broad, deep H2O ice. bound H2O. bound
OH absorption one might expect to see near 2.8 |im or for the strong fundamental C-H
stretch features from hydrocarbons near 3.4 fim. There does seem to be some spectral
activity at -3.9 |im. This feature occurs within the second lobe of a double-lobed telluric
N:0 absorption (Fig. 2.14). The first lobe and an N2O feature at 2.97 |im are
successfully removed, so it seems unusual that only the second lobe near 3.9 |im would
remain incompletely corrected. On the other hand, this is near the edge of one of the
dispersion orders on the chip, and deep within the region of high thermal background,
which is more affected by noise that the center of the order.
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Figure 2.14 Analysis of a possible feature in the L-band spectrum of 588 Achilles at 3.9 |i.m.
The solid line shows the full-resolution, uncorrected star spectrum which still contains telluric
absorptions. The dashed line is the star spectrum binned to lower spectral resolution, and the
dotted line is the binned object spectrum. The inset shows the full resolution star spectrum
(dark line) and the final low resolution Achilles spectrum (light line) over the entire L-band
range. The apparent absorption feature occurs in the second lobe of the double-lobed telluric
.NI:© feature. To be considered certain, this feature will have to be confirmed by future
observations.

The 2V| overtone of N2O ice also occurs at 3.9 ^m. However. N:0 ice would be a
cosmochemically unlikely species to appear on the surface of a Trojan asteroid. H2S ice
also exhibits a strong absorption feature here, but it too would be an unlikely surface
component on this asteroid. The volatilities of these molecules are high (similar to that of
CO:), so any exposed regions of these ices would sublime away on short timescales (Fig.
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Figure 2.15 Sublimation rates for several ices of planetary interest as a function of heliocentric
distance. These rates were calculated assuming equilibrium between the vapor pressure of the
ice (Lide et al. 2001) and the pressure directly above the surface (cf. Delsemme and Miller
1971). The equilibrium temperature is calculated as a function of heliocentric distance for a
fast rotating object (i.e. re-radiates thermal energy into Ak steradians). An albedo of 4^
(typical for Trojan asteroids) and an emissivity of 0.95 are assumed.

2.15). It seems likely that this feature is due to incomplete removal of telluric lines or
increased noise at the edge of the order.
2.5.2.5 91 ] Agamemnon
The L-band spectrum of 911 Agamemnon shows some intriguing structure. The
depth of a feature centered at 3.0 (i,m is within the noise level of the spectrum, but it
seems too broad (-0.2 ^m) to be the result of pixel-to-pixel noise. This feature can also
be seen in the full resolution spectrum of Agamemnon (Fig. 2.16), so it is not the result of
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Figure 2.16 The top plot is the full-resolution (R~800) L-band spectrum of 911 Agamemnon.
The bottom plot is this spectrum binned to lower spectral resolution (R~135). When binning
data to low resolution, there is a concern that a single anomalous channel in the full resolution
spectrum may look like an absorption feature in the binned spectrum. In this case, the sharp
3.21 (im feature is apparent in both the high and low resolution spectra. A broader dip centered
on 3.0 |j,m also appears in both spectra.

spreading the effects of one or two bad pixels in the smoothing process. While H2O has
absorption features in this region, this feature is not nearly broad enough to be a signature
of this ice. Three microns is about the short wavelength limit to the region that the C-H
stretch feature in some hydrocarbons can appear. These features are generally quite
sharp, but cannot be ruled out. The O-H bond in some minerals (e.g. organics,
phyllosiiicates) could also explain an absorption in this region. However, due to the high

level of noise in this spectrum, identification of this particular feature remains uncertain
until confirmed by repeat observations.
This spectrum also contains a much sharper and deeper absorption at -3.21 |im.
The depth of this feature is well outside the noise of the spectrum and is also apparent in
the full resolution spectrum (Fig. 2.16). The C-H stretch fundamental in nitriles (e.g.
HCN. CH3N. CHiCHCN) can occur in this region (e.g. Dello Russo and Khanna 1996.
Masterson and Khanna 1990). The presence of molecules such as these on this surface
might be understood in terms of irradiation induced surface chemistry (see below).
2.5.2.6 2797 Teucer
The LXD spectrum of Teucer measured in spring 2002 seems to contain
absorption features in both K- and L-band. A broad, double-lobed feature appears from
about 2.28 to 2.40 (im in the K-band spectrum, and somewhat narrower, less well defined
structure occurs near 3.55 ^im in the L-band spectrum. The K-band spectrum of this
asteroid was measured two other times in this study with the SpeX LoRes mode, once
two days earlier and once a year earlier. The S/N of the spectrum measured in spring
2001 is very high. This spectrum does not contain the same absorption seen in the LXD
spectrum from spring 2002. The S/N of the LoRes spectrum measured in spring 2002 is
much lower, especially at A.>2.3 |j,m. but does not seem to display the feature seen in the
LXD spectrum. A K-band spectrum of Teucer measured by Luu et al. (1994) does show
structure that suggests a weak absorption in the 2.30 - 2.35 ^im region. A possible
explanation for this behavior is rotational variation indicative of compositional
heterogeneity on the surface of this asteroid. Binzel and Sauter (1992) measured the

rotational period of Teucer to be 14.8 hours. The LXD spectrum from spring 2002 was
recorded 52 hours after the LoRes spectrum. This corresponds to 3.5 rotations of the
asteroid, so these spectra are likely of two separate hemispheres. The uncertainty in the
measurement of the rotational period is too high to reliably estimate which portion of the
surface was obser\'ed in spring 2001. Multiple observations of Teucer seem to suggest an
absorption feature in the 2.3 - 2.4 fim region and compositional heterogeneity across the
surface of this asteroid.
Hydrocarbon molecules seem like the most likely material to explain both the Kband and L-band possible absorptions. The C-H stretch fundamental absorption can
occur near 3.5 |im. depending on the particular functional groups present in the molecule,
and various combination bands in these molecules generally appear in the 2.3 - 2.4 |im
region. Hydrated silicates could explain an absorption near 2.3 (im. but they do not
exhibit features near 3.5 (im.

2.5.3 Multiple spectra of the same object
In several instances, the same object was observed during multiple observing
runs. This provides a means for checking consistency between different telescopes,
instruments, and observing modes, verifying measured absorption features, and searching
for temporal changes in the spectra, possibly due to rotation, active surface chemistry.
etc.
The asteroids for which more than one spectrum was measured in this study are
plotted in Fig. 2.17. The data obtained with a different telescope, instrument, and/or
observing mode agree remarkably well with each other. In general, no discrepancies are
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Figure 2.17 This figure compares multiple spectra taken of a few asteroids, a) J- and H-band
spectra of 4063 Euforbo, 1143 Odysseus, and 624 Hektor from the IRTF using SpeX in the
LoRes mode (closed diamonds) and from the MMT using FSPEC (open circles). Hektor was
not measured in J-band at the MMT. b) K-band spectra of 624 Hektor from the IRTF using the
SpeX LXD mode (closed circles), from the MMT using FSPEC (open circles), and from the
IRTF using the Spex LoRes mode (closed diamonds). Also shown are K-band spectra of 1143
Odysseus from the IRTF using the SpeX LXD mode (closed circles) and SpeX LoRes mode
(closed diamonds) in Feb. 2001 and K-band spectra using the SpeX LXD mode (open squares)
and SpeX LoRes mode (open diamonds) in March 2002. c) K-band spectra of 5144 Achates
and 1172 Aneas from the IRTF using the SpeX LXD mode (closed circles) and from the IRTF
using NFSCAM (open triangles), d) K-band spectra of 911 Agamemnon measured at the IRTF
using the SpeX LXD mode (closed circles) and SpeX LoRes mode (open diamonds) and Kband spectra of 4063 Euforbo measured at the MMT with FSPEC (open circles) and at the
IRTF with the SpeX LoRes mode (closed diamonds), e) K-band spectra of 617 Patroclus taken
from the IRTF using the SpeX LXD mode (closed circles) and SpeX LoRes mode (open
circles). The 2.3 |im feature is seen in the LXD data from 2000, but not in the LoRes data from
2001. Also shown are K-band spectra of 2797 Teucer measured at the IRTF in the SpeX LoRes
mode (open diamonds) in Feb. 2001 and in the SpeX LXD mode (closed circles) in March
2002. The LXD spectrum suffers near 2.0-2.1 |im from incomplete correction for tellunc CO;,
but the broad feature near 2.35 |im is in a region free of telluric absorptions, f) L-band
spectrum of 1143 Odysseus from the IRTF using the SpeX LXD mode in Feb. 2001 (closed
circles) and in March 2002 (open squares). Also shown is L-band spectra of 5144 Achates
from the IRTF using the SpeX LXD mode (closed circles) and from the IRTF using NFSCAM
(open triangles). A possible feature at may be present at 3.4 |im in both spectra.
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apparent between multiple spectra of any object which cannot be explained by differing
levels of noise, with the exception of the features near 2.3 |im in Patroclus and Teucer.
The J- and H-band spectra of Euforbo taken at the MMT and IRTF appear different, but
these differences are due to poor telluric corrections mentioned above for the Euforbo
MMT data. The 1.7-|im structure in Odysseus occurs at the same place with the same
shape in both the SpeX LoRes and MMT data, further bolstering confidence that this may
be a real compositional signature. The reproducibility of these spectra provides support
that the data presented here do not suffer from significant systematic errors, and the
absorption features and spectral slopes measured are robust and indicative of surface
composition.

The 2.3-jim feature seen in the spectrum of Patroclus in Fall 2000 is not seen in
the spectrum of this object from the following year. A considerable effort was made to
test the reliability of the structure seen in the earlier spectrum, including reduction of the
object using different standard stars. No source of error and no reason to disbelieve the
spectrum in this wavelength range was found. It is possible that the different spectra are
due to rotational variations on the surface of this object. Merline et al. (2001a.b)
discovered this object to be a binary system composed of two components of equal
brightness. It seems likely that observations made a year apart could be examining
different parts of the surfaces of these components.
The possible 2.28 - 2.40 ^m feature exhibited by the Teucer LXD spectrum from
spring 2002 is absent from two other K-band spectra of this asteroid, but may have also
been detected by Luu et al. (1994). In Fig. 2.17e. the spring 2001 Lx)Res spectrum and
the spring 2002 LXD spectrum are plotted, omitting the spring 2002 LoRes spectrum
because the higher level of noise confuses the comparison. The structure in the LXD
spectrum shortward of 2.1 |im is most likely due to telluric CO2. The presence of the
possible absorption near 2.3 nm in one spectrum but not the other is apparent in this
comparison.

2.S.4 Spectral Slope
The spectral slope of these objects, although much less diagnostic than absorption
features, is also a signature of surface composition. The observations presented in this
study provide robust relative reflectance information across the entire 0.8 to 2.5 p,m
region for 14 asteroids, measured in the SpeX LoRes mode. The Trojan D-type asteroids
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Figure 2.18 Spectra of dark solar system objects. Odysseus, Diomedes. Patroclus, and Achilles
are Trojan asteroids from this work. Irminitraud, Freia, and Hygiea are main belt asteroids
from the 52-color survey of Bell et al. (1988). The 3-p.m data for Hygiea is from Jones et al.
(1990). lapetus is from Owen et al. (2001). Pholus is from Cruikshank et al. (1998). The
spectrum of comet 19P/Borrelly is from Soderblom et al. (2002). These data show a diversity
in the near-IR spectral slopes of Trojan asteroids. While some of the Trojan spectra resemble
their main belt counterparts (e.g. Patroclus), others are more similar in spectral slope to redder
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Figure 2.18 continued, solar system objects (e.g. Odysseus). Still the obvious hydrocarbon
absorptions seen on Pholus and inferred on lapetus from the shape of the H^O band are mostly
absent from similar Trojan asteroid spectra.
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Table 2.3
Near-Infrared Color Index Measurements
Class

0.8-2.5^m color
index

624 Hektor

D

0.727 ± 0.023

This work

911 Agamemnon

D

0.672 ±0.041

This work

4835 1989 BQ

0.638 ± 0.039

This work

5254 Ulysses

0.626 ± 0.052

This work

Object

Reference

1143 Odysseus

D

0.618 ±0.045

This work

1867 Deiphobus

D

0.618 ±0.028"

This work. HowelK 1995)

3540 Protesilaos

0.584 ± 0.052

This work

2759 Idomeneus

0.580 ± 0.063

This work

2797 Teucer

0.561 ±0.039

This work

4063 Euforbo

0.540 ± 0.035

This work

0.361 ±0.026

This work

0.313 ±0.031

This work

0.296 ± 0.076

This work

4060 Deipylos

0.257 ± 0.078

This work

5145 Pholus

0.659 ± 0.026

Cruikshank et al. (1998)

lapetus

0.524 ± 0.028

Owen et al. (2001)

D

0.331 ±0.037

Bell etal. (1988)

76 Freia

P

0.280 ± 0.032

Bell et a/. (1988)

16 Hygea

C

0.105 ±0.026

Bell era/. (1988)

0.031 ±0.051

Dumas et al. (1998)

1437 Diomedes

DP

3793 Leonteus
617 Patroclus

773 Irminitraud

Himalia (J6)

P

\'sed NSFCAM data for K-band, placed relative to J-band with Howell (1995) photometry

are among the reddest solar system objects in this wavelength range, but these data
demonstrate that there is some variation in spectral slope among even this small
sampling. As a means of quantifying this slope, a 0.85 to 2.2 ^m color index is
calculated for each object. Each spectrum is fit with a polynomial (6'*' degree). The fit
values at 0.85 and 2.2 ^m are used to derive the index (mo 8-m2.2=2.5 log[R2,2/Ro as], i e.

color index with solar colors removed). Spectra covering the same wavelength range for
representatives of several groups of dark solar system objects are shown in Fig. 2.18 for
comparison, and equivalent color indices are listed in Table 2.3.
A comparison with other dark solar system objects may be useful for
understanding the nature of Trojan asteroids. A number of the Trojan asteroids studied
here are nearly as red or redder in this wavelength range as 5145 Pholus. a centaur widely
considered the reddest object in the solar system (based on visible spectral slope).
Analyses of the spectrum of Pholus have been performed by several authors (Fink et al.
1992. Hoffmann e/a/. 1993. Wilson er a/. 1994, Cruikshank era/. 1998). Most recently.
Cruikshank et al. {1998) used spectral modeling based on Hapke's (1993) formulation
and determined that a 5 component mixture (Titan tholin. H2O ice, olivine, methanol,
carbon black) best fit the spiectrum. H:0 ice, olivine, and methanol were all used to
match specific absorption features. Titan tholin was included to produce the extremely
red spectral slope, although the 1 ^m grain size required violates the boundary conditions
of the reflectance theory used (Hapke 1984). Similarly. Owen et al. (2001) concluded
that their spectrum of the dark side of lapetus required an organic component (they used
Triton tholin. a material more rich in N than Titan tholin. Fig. 2.11) to match the near-IR
spectral slope and the shape of the 3 ^m H2O band. It is not yet clear whether this dark
material on lapetus is manufactured internally or laid down from an external source (e.g.
Vilas et al. 1996). By analogy, it would seem reasonable that the steep spectral slope
seen on some of the Trojan asteroids may be due to the presence of similar materials.

Irregular jovian satellites are dynamically close to the Trojans and appear
physically resemble asteroids somewhat, so some similarities might be expected.
However. Himalia. the largest irregular jovian satellite, more closely resembles aC-type
asteroid than the P- and D-types that dominate the Trojan swarms (Dumas et al. 1998.
Brown 2000. Brown et al. 2002). Jarvis et al. (2000) has suggested that the irregular
jovian satellites may be the remnants of an asteroid (or asteroids) ejected from the main
belt and captured into the jovian system. Ground-based visible data (Vilas 1994. Jarvis et
al. 2000) and a near-IR spectrum measured by the VIMS instrument on the Cassini
spacecraft (Brown et al. 2002) seem to imply the possible presence of hydrated minerals
on the surface of Himalia. Most of the Trojan asteroids measured are much redder in the
near-IR than main belt P- and D-type asteroids. This suggests an inherent difference
between Trojan asteroids and their main belt counterparts.
The Trojan swarms have been suggested as a possible source for at least a fraction
of the known short period comets (Hartmann and Tholen 1990, Marzari et al. 1995). The
Deep Space 1 spacecraft has recently gotten a close-up view of the nucleus of the short
period comet 19P/Borrelly (Soderblom et al. 2002). The nucleus is very dark (albedo 0.01-0.03). but somewhat heterogeneous. The on-board spectrometer measured diskresolved spectra of Borrelly in the range 1.3 - 2.6 |im, which show an extremely red
spectral slope (Fig. 2.18b). There is no signature of water ice or water of hydration in the
spectra even though the comet was active at the time of encounter. The dark mantle
material must be masking the signature of the volatiles. A single absorption feature
occurs near 2.39 ^m. A compositional interpretation is not made, but Soderblom et al.

(2002) note that hydrocarbons such as polyoxymethylene exhibit absorption features in
this region. Although Borrelly's surface has most likely been altered somewhat by
cometary activity and the spectral slope is much steeper than those measured for Trojan
asteroids, they may have shared a similar origin, so their surface compositions may be in
some ways similar.
Radiation induced chemistry of common ices produces a refractory residue rich in
hydrocarbons, called tholin (e.g. Khare et al. 1984, Thompson et al. 1987, Khare et al.
1993. McDonald et al. 1994). These tholins have a very red slope in the near-IR (Fig.
2.11) due to a large number of aliphatic hydrogen bonds. Tholins have been used to
explain the extremely red spectrum of Pholus (Wilson et al 1994, Cruikshank et al.
1998). Similar hydrocarbons could also be responsible for the steep slope of the Trojan
asteroid spectra. On the other hand, the hydrogen bonds responsible for the red near-IR
slope of tholins should also produce absorption bands discussed above, especially the
strong fundamental C-H stretch feature near 3.4 (im. Some of the structure present in a
few of the L-band spectra may be compatible with these absorptions, but features
indicative of these molecules are absent from the majority of these spectra. Upon further
irradiation, hydrocarbons lose most of their hydrogen atoms (C/H ratio increases. Kissel
et al. 1997). which could explain the absence of features, but this also flattens the
spectrum because the same hydrogen atoms are responsible for the near-IR slope.
Silicates, both hydrous and anhydrous, can also have a steep red spectral slope in
the near-IR (Fig. 2.11). The slope becomes shallower in K and L-band, but remains red,
although hydrous silicates generally display strong HiO and/or OH absorptions near 3

|im. However, silicates generally have a much larger reflectivity than these asteroids
(albedo -0.03). Perhaps some dark, spectrally neutral material on the surface could lower
the albedo of a silicate surface without flattening the slope. Laboratory reflectance
measurements of such a mixture or spectral mixture modelling would help to address this
possibility.
2.5.5 K and L-band sums
A search for subtle spectral structure common to these Trojan asteroids but still
hidden in the noise of individual spectra is performed by summing the spectra of multiple
asteroids. The first step is to remove a linear slope from the K-band and L-band spectra.
Then both a sum weighted by the la error bars and a non-weighted sum of the spectra of
all the asteroids measured in each of these two bands (32 spectra in K. 9 in L, Fig. 2.19)
are calculated. Since these are similar types of asteroids, this provides a method of
further improving the S/N and determining if any structure is present which might be
characteristic of distant P- and D-type asteroids.
There appears to be some possible low-level structure in this combined spectrum.
The K-band portion contains a broad low at ~2 ^m. and another downturn beginning near
2.2 |im. This spectral behavior is similar to that of water ice. as discussed above and
shown in Fig. 2.11. The structure seen is at the \% level, so if it exists, the abundance of
water ice on the surfaces would be quite low, likely only a few weight percent at most
(e.g. Clark and Lucey 1984, Brown 2000, Cruikshank et al. 2001). The L-band sum is
much noisier; fewer spectra are available to sum in this wavelength range, and those
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Figure 2.19 This plot shows sums of all the K and L-band spectra obtained in this work of
Trojan asteroids. Linear spectral slopes have been removed from each spectral region before
summing, and the sums are weighted by statistical errors. From these summed spectra, the
possible presence of water ice on at least some of these objects (see text) is inferred. The inset
shows an expanded view of the K-band region. The dashed line is a spectrum of water ice
mixed with dark, carbonaceous material.

measured have much lower S/N than the K-band spectra. Since there are fewer spectra in
this sum. some features in individual spectra can be seen in the sum. For instance, the
3.9-|im feature in Achilles and the 3.2-fim feature in Agamemnon can both be seen here.
Additionally, this average spectrum shows a sharp feature near 2.97 ^m which is not seen
in the spectrum of any individual asteroid. A synthetic spectrum of a mixture of water
ice and dark, carbonaceous material is also plotted in Fig. 2.19 (dotted line). While the
L-band sum does not specifically show the presence of water ice, absorptions resulting
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from a very low abundance of this material could be masked by the low S/N in this
wavelength range. This is a sum of all the measured Trojan asteroid spectra, so the
possible presence of H:0 cannot be attributed to any single object or subset of objects. It
seems likely that these distant asteroids may support an H2O ice component, and it is
possible that the sum of the K-band spectra may be showing a signature of that
component.

2.6 Discussion
To summarize the previous section, the data are characterized as follows. 1)
Spectra of all objects have a red slope throughout the wavelength range measured. The
14 objects observed from 0.8 to 2.5 fim show a diversity in the magnitude and shape of
the slope in this region, which may be used as a weak constraint on surface composition.
2) A few spectra exhibit possible absorptions that seem compatible with the presence of
hydrocarbon species on the surfaces. Several objects may show a weak feature at 1.7
|i.m. One object (911 Agamemnon) contains a sharp absorption at 3.21 |xm. Another
spectrum (2797 Teucer) seems to exhibit structure near 2.35 [im and 3.55 |im. K-band
spectra taken of Teucer a few days and a year earlier do not show the 2.35 (im structure,
but a spectrum measured by Luu et al. (1994) may also show hints of an absorption in
this region, perhaps indicating compositional heterogeneity on this asteroid. 3) One
spectrum (617 Patroclus) contains a possible absorption feature near 2.3 (im, which may
indicate the presence of hydrous silicates, although other explanations are possible. The
absorption was not verified by follow-up observations. Perhaps this material is
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segregated on the surface. 4) While there is no evidence for H:0 ice in any single Trojan
asteroid spectrum, sums of all K and L-band data show structure that is compatible with
very low levels of water ice on at least some of these surfaces.

6.2.1 Space Weathering
A process of alteration of the optical properties of exposed material, termed space
weathering, has been recognized on exposed surface materials of several airless bodies.
The phenomenon was initially observed for the moon. Exposed lunar regolith material
tends to be darker, redder, and to contain weaker absorption bands than pulverized lunar
rocks, from which the regolith originally formed (e.g. Conel and Nash 1970). While this
effect is important on the moon and superficially resembles the spectral characteristics of
Trojan asteroids, it is not expected to be an important process for these objects. Recently,
an explanation of space weathering first proposed 30 years ago has gained acceptance
(Hapke 2001).
The basic view of regolith formation is that bombardment by meteorites
pulverizes the surface and causes brecciation. For space weathering, sputtering from
bombardment by higher energy micrometeorites (on order the size of surface regolith
grains) and solar wind particles coats the regolith particles in very small (few to 100 nm)
grains of metallic iron. A porous surface is required to effectively coat the surface grains.
The metallic Fe arises from chemical reduction of FeO in silicate grains that occurs in the
small scale vapor phase induced by these micro-impacts. The volatilization also
fractionates the material so that more volatile elements (e.g. oxygen) are not retained.
These submicroscopic Fe (SMFe) particles are abundant in rims of lunar grains (e.g.
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Keller and McKay 1997). The optical properties of SMFe grains deposited as coatings
on regolith particles are such that the spectrum is darkened, reddened, and absorption
bands are weakened. The degree of these effects is very sensitive to the abundance of
SMFe. as is the final spectral shape.
Pieters et al. (2CXX)) used this qualitative description to suggest that ordinary
chondrite meteorites may indeed be from S-type asteroids, although their spectra are not
identical. S-type asteroids have a lower albedo, redder spectral slope, and weaker silicate
absorption bands (at 1 and 2 ^m) than ordinary chondrites. This is exactly the relation
expected if S-type surfaces represent ordinary chondrite material that has been modified
by the sputtering process described by Hapke. Hapke (2001) also developed a
quantitative model based on his earlier scattering theory that allows calculation of the
spectral alteration caused by coatings (or more intimate mixtures) of SMFe. With this
model. Hapke is able to reproduce spectra of lunar regolith from pulverized lunar rock
with SMFe coatings and of S-type asteroids from ordinary chondrite material with SMFe
coatings. The S-type model only requires 1/20 the amount of SMFe as the lunar regolith
since the alteration process does not seem to be as mature on the asteorids.
Space weathering due to SMFe coatings of surface material as described above is
not expected to be an important process for Trojan asteroids. The two groups of
impactors relevant are micrometeorites and solar wind particles. The mean impact
speeds of micrometeorites are much lower in the main belt and Trojan swarms than on
the lunar surface. With the lower impact speeds, there is not enough energy to cause the
vaporization necessary for chemical reduction of FeO into metallic Fe. Micrometeorite
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impacts are therefore not important for space weathering in these environments. The
solar wind flux decreases as the square of the heliocentric distance, so the flux is less than
1/25 at the Trojan swarms as at the moon. With no contribution from micrometeorites
and such a large decrease in solar wind flux, the timescales for weathering would be
unfavorably long for Trojan asteroids (e.g. Hapke 2(X)1). Additionally, Trojan asteroids
probably contain a large fraction of carbonaceous material on their surfaces. Space
weathering only affects the silicate fraction of the surface. Carbon materials already
darken the surface appreciably and even if some SMFe were present, it would not be
enough to affect the spectrum.

2.6.2 Water Ice
A significant fraction of H2O ice is expected in the original matrix of objects
forming beyond the "snow line", where water condenses to the solid phase, becoming
available for accretion. Trojan asteroid-sized bodies would not support enough internal
heating to melt or otherwise destabilize this ice component. The sublimation rate of
water ice exposed on the surfaces of objects past ~4 AU is quite slow (Fig. 2.15).
Therefore, it is not surprising that water ice may be present on these asteroids.
The spectral structure interpreted as possibly due to water ice is very weak and
not detectable on any single object. This implies that either the ice fraction in these
asteroids is very small or there is another surface component masking the ice signature.
Chemistry induced by UV, charged particle, cosmic ray, etc. irradiation of icy surfaces
would tend to create a refractory mantle depleted of ice. Since these observations only
sense the upper few tens of microns of the surface (or perhaps up to a few millimeters for
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a porous surface), a thin layer would be sufficient to weaken HiO absorption features.
Any amount of ice below this layer would not be detected. The interior ice fraction
cannot be constrained by these data. Observations which sense deeper into the body or
measurements of density and porosity are necessary to determine this.

2.6.3 Hydrated Silicates
The presence of hydrated silicates on Trojan asteroids would be somewhat
surprising. The original silicate material in the solar nebula at this distance is expected to
have been anhydrous (Prinn and Fegley 1989). Hydrous material on main belt asteroids
(Lebofsky et al. 1990. Rivkin et al. 1995) is explained by a heating event that resulted in
aqueous alteration of the silicates after formation of the asteroids (Jones et al. 1990).
This heating event would not likely have extended to 5 AU, so asteroids forming in this
region should not have suffered this hydrous alteration. Jarvis et al. (2000) invoke
outward ejection of main belt asteroids to the Jupiter region to explain the origin of some
of Jupiter's irregular satellites. It may be feasible that a small fraction of Trojan asteroids
could be ejected main belt objects. Silicates in the jovian sub-nebula are expected to
have been in hydrous form (Prinn and Fegley 1989). Perhaps some portion of the Trojan
asteroids formed in the sub-nebula and migrated to the Lagrange points (e.g. Hamilton
and Bums 1991). However, the features interpreted as possible hydrated silicates on 617
Patroclus are not confirmed in subsequent observations. Perhaps the Fall 2000
observations detected a spatially segregated deposit. Merline et al (2001a,b) discovered
Patroclus to be a binary system of two components of equal brightness. The best-fit
period of the binary is between 3.4 an 4.0 days (Merline et al. 2001b, personal
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communication), so it is possible that the viewing geometry was quite different between
September 2000 and October 2001.

2.6.4 Possible Absorptions
The 1.7 ^m feature in 1143 Odysseus, the 2.35 ^m feature in 2797 Teucer. and
the 3.2 fim feature in 911 Agamemnon are most readily explained as C-H stretching
modes from hydrocarbons on the surfaces. While nebular grain chemistry would produce
small amounts of organics before accretion of asteroids, this material should comprise
only a trace component of the original asteroids (Prinn and Fegley 1989). Any organics
present on the surfaces of Trojan asteroids would most likely be the result of mantleforming surface chemistry mentioned above.
This process has been well studied in the laboratory (e.g. Khare et al. 1984.
Thompson f'r rt/. 1987. Allamandola

a/. 1988. Gerakines

a/. 1996). UV photons,

charged particles, cosmic rays. etc. impacting the icy surface will break molecular bonds.
The ions and radicals produced are free to diffuse through the lattice or across the grain
surfaces and react with other species to create more complex molecules. The depth
within the surface over which this process occurs depends on the impinging radiation.
For example. UV photons will only penetrate at most the upper few microns, charged
particle damage can extend to a few cm, and cosmic rays are thought to penetrate up to a
meter into the surface. The initial chemical trend will be to remove H from ice
molecules. The resulting radicals readily attach themselves to form large carbon-based
polymers. This will darken the object as the bright ice component is depleted, redden the
visible and near-IR spectral slope as the number of aliphatic H bonds increases, and
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induce absorption features representative of the new molecules. Eventually the ice
fraction will be severely depleted and these aliphatic H bonds will be broken more
rapidly than they are produced. The surface will continue to darken, the spectral slope
will decrease, and the hydrocarbon absorption features will weaken as the C/H ratio
increases. The end stage of this evolution will be a dark, spectrally flat or slightly red,
and featureless spectrum.
This process can be interrupted or modified by impacts that breach the surface
layer, comet-like activity, or changes in the intensity or type of the irradiating source or
sources. It is therefore reasonable to hypothesize that many Trojan asteroid surfaces
could contain this highly processed, dark, featureless substance, while a smaller fraction
may show fresher surfaces from more recent exposure of underlying material.
Shoemaker et at. (1989) proposed that 1143 Odysseus is the largest member of an
asteroid family within the L4 swarm. A family of smaller objects may imply one or more
possible recent impacts on Odysseus that could have "freshened" the surface and could
explain the presence of an absorption feature which is absent from other Trojan asteroids.
Shoemaker er al. (1989) also suggested a more questionable dynamical pairing of 911
Agamemnon with 3596 Meriones. 2797 Teucer, 2759 Idomeneus, and 3793 Leonteus
have also all been associated in a dynamical family (Milani 1993). While 5144 Achates
and 4835 1989 BQ are not assigned to any detectable families by either study, Milani
(1993) notes that both are in atypical orbits in that their eccentricities (proper) are large.

2.6.5 Spectral Slope
The spectral slopes of these asteroids are very red, yet quite diverse in steepness
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and shape. Section 5.4 discussed that this red character could be the result of silicates,
hydrocarbons, or a mixture of the two. Silicates are expected to be a significant
component of Trojan asteroid bulk composition. Assuming a bulk asteroid density of 2
g/cm^. the silicate fraction should be ~ 0.7. While this could help explain the red slope,
silicates are generally brighter than the surfaces of the Trojans (e.g. S-type asteroid
albedos - 0.15). and thus would have to be mixed with a significant amount of dark
material to explain the low albedos of these objects. These data contain no evidence for
the 1 ^im or 2 |im absorption features diagnostic of silicates. These absorptions are due
to a crystal field transition in the Fe"* cation (Bums 1993) and their absence may be
explained by low iron content or by masking in a mixture with dark material.
As discussed above, hydrocarbons of some form might also be expected on these
surfaces. In fact, the dark material just described may be highly processed organics with
very high C/H. Less heavily processed organics with abundant aliphatic hydrogen bonds
are quite red in the visible and near-IR. The shapes of some of the Trojan asteroid
spectra (e.g. 911 Agamemnon. 2759 Idomeneus) seem to more closely resemble the
shapes of spectra of hydrocarbons such as Titan tholin (Fig. 2.11) than those of silicates.
Hydrocarbons with sufficient aliphatic H to produce a steep red spectral slope should also
show absorption features due to the same molecular bonds. Since silicates may be
expected to be present and can explain the red spectral slope, there is no reason to
attribute the slope to organics if these absorptions are not present. The shape of the nearIR spectral slope may also be a signature of the level of processing (UV, etc.) of the
surfaces of these objects.
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Since silicates are expected to be a significant component of the composition.
they likely contribute to the red signature. The level of this contribution may depend on
the level of processing of the hydrocarbons which are present. Lightly processed
organics (early stages of irradiation discussed above - begin to form C-based polymers
and increase the number of aliphatic H-bonds. e.g. Titan tholin) are much redder than
silicates and may dominate the spectrum if present. Discrete molecular absorption
features would also be expected. This may be the case on 1143 Odysseus, and would be
consistent with the example scenario described above. Heavily processed organics (end
stage of irradiation in which C/H ratio is large) are spectrally neutral or nearly so and
would darken the spectrum, but would not contribute to a reddening. In a mixture with
silicates, this material would lower the albedo, the spectral slope would be mostly due to
silicates, and no hydrocarbon absorptions would be expected. Perhaps this is the case on
the asteroids measured with shallow spectral slopes (e.g. 1437 Diomedes and 617
Patroclus). This would also be consistent with the study of 624 Hektor by Cruikshank et
al (2{X)I). These trends are qualitatively intriguing, but it is not possible to determine
surface composition from spectral slope alone.

2.7 Conclusion
Very high S/N I-. J-, H-. and K-band spectra of Trojan asteroids are presented,
and observations have also been extended to L-band in order to examine the surface
composition of these very faint asteroids. The L-band region is highly diagnostic of a
suite of molecules likely to be present on outer solar system surfaces. This chapter
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presented new spectra of 20 Trojan asteroids. These are analyzed by comparisons with
laboratory spectra and using well studied chemical trends. More may be learned from a
more rigorous approach using spectral mixture modeling, which will be presented in a
future paper.
From this study, the following picture for Trojan asteroids has emerged. The
interior composition of these objects is probably masked by a low albedo mantle. There
may be weak evidence for a small amount of H^O ice, but it is not certain if this level is
representative of the bulk composition. There is a fair amount of spectral diversity in this
sample. Most of these spectra are compatible with silicate surfaces mixed with a
significant fraction of low albedo material. A few objects, due to possible absorption
features and/or the character of the spectral slope, seem to show a contribution from less
heavily processed ("fresher") hydrocarbons. This diversity is due largely to postformation evolutionary differences, although it is possible that at least some of the
diversity is due to formation in cosmochemically distinct regions. Particularly, if 617
Patroclus does have hydrated silicates on its surface, it is possible that this object
migrated to the Trojan swarms from elsewhere.
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CHAPTERS
SPECTRAL MODELING OF TROJAN ASTEROID DATA

3.1 Introduction
The previous chapter presented near-infrared spectra measured over the past twoand-a-half years of Trojan asteroids. The observational circumstances were discussed,
along with the data reduction procedures and a description of possible absorption
features. The analysis of these normalized reflectance data was semi-empirical in that it
relied on comparisons with spectra of minerals and other solar system objects. From this
analysis, emerged evidence of possible evolutionary differences of surfaces within the
Trojan population, but robust assessment of the surface composition of these asteroids
was not possible. To extend and quantify the analysis of these spectra and better
constrain surface compositions common of Trojan asteroids, rigorous modeling of these
data using spectral mixing algorithms is performed.
The reflectance spectrum of a surface composed of a mixture of different
materials is not generally a simple average of the spectra of the individual components.
The interactions of photons scattered by a real surface are complicated depend on a host
of parameters such as particle diameter, particle phase function, composition, and degree
of mixing, among others. The effort required to measure laboratory comparison spectra
of measured spectra of solar system bodies, while varying all important parameters.
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would be impractical. To circumvent this herculean laboratory task and still extract
meaningful information from spectral data, it is desirable to derive tractable analytic and
numerical models from which one can calculate a simulated spectrum of a mixture of
materials using a small set of laboratory measurements and assumed, inferred, or
measured physical scattering properties of the surface in question. To that end, the
formulation of Hapke (1981, 1984, 1986, 1993) for scattering in a particulate medium is
used. Hapke's model of scattering has the dual benefits of being accurate and
mathematically manageable. We give a more complete description of this scattering
theory and our implementation below.
The most straightforward spectra to interpret are those containing discrete
absorption (or emission) features attributable to specific molecules or minerals.
Unfortunately, one of the effects of spectral mixing can be to weaken or mask these
diagnostic features (e.g. Clark 1981, 1983. Clark and Lucey 1984. Moroz and Arnold
1999). In the previous chapter it was shown that while a few of the spectra may display
hints of some possible absorptions, they are mostly devoid of discrete mineralogical
bands. Therefore, the overall brightness (albedo), slope, and spectral shape are modeled
to constrain the surface composition of Trojan asteroids. These objects are dark (albedos
of a few percent) and display mild to very steep red spectral slopes. Similar material has
been found on several other types of solar system bodies as well.
The origin of Trojan asteroids is still uncertain. Gradie and Ververka (1980)
modeled the visual spectra of Trojan asteroids by adding a non-soluble organic
component to mixtures used to describe C-type visible spectra (magnetite, carbon black.
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and montmorillonite). They postulated that the organic component was an abundant
condensate past -4 AU (Gradie and Veverka 1980, Gradie and Tedesco 1982), and the
Trojan asteroids formed at approximately their current heliocentric distance. Later
spectroscopic studies of Trojan asteroids in the visible and near-IR (Jewitt and Luu. 1990.
Luu et al. 1994. Fitzsimmons et al. 1994. Howell 1995, Dumas et al. 1998) found no
evidence of absorption features, but maintained that the low albedo and red spectral
slopes of these objects are probably due to organics on the surface. These later papers
often suggest that Trojans originated in the Kuiper belt, and the complex organic material
presumed to be on the surface results from irradiation chemistry of initially simple,
volatile hydrocarbons and ices. Cruikshank et al. (2001) examined the spectrum (0.3 to
4.0 fim) of a single Trojan asteroid (617 Hektor) and noted that they could find no
absorption features indicative of organics. and the low albedo and red spectral slope
could be explained with a combination of silicates and carbon. This study of a larger
number of objects sheds additional light on the character of the surface materials of
Trojan asteroids.
This chapter presents rigorous analysis of the available spectral data for the
Trojan asteroids observed, based on results of spectral modeling. A description of the
Hapke scattering theory and details of the present application of that theory to these data
is given in Section 2. Section 3 provides a brief review of the data and presents the
composite spectra used in the modeling. The results of spectral modeling for each object
are reported in Section 4. Section 5 discusses the implications of these results.
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3.2 Model Description
3.2.1 Hapke Scattering Theory
The formulation developed by Hapke (1981. 1984, 1986. 1993) is used to model
reflectance spectra of particulate surfaces. In this derivation, the light incident on a
volume element (dV) within the surface scattered by that element is separated into two
components: the collimated light which has penetrated between the particles to dV and
the diffuse light that has already been scattered one or more times within the surface.
The radiance (power per unit area per unit solid angle of the detector) reaching the
detector is similarly divided into a singly scattered portion and a multiply scattered
portion. The singly scattered radiance is computed exactly by integrating the collimated
component of the incident radiation (with an attenuation factor) over the volume it
penetrated in traveling through the surface. The solution for the multiply scattered
portion of the radiance is more complicated and employs a two-stream approximation for
isotropic scattering. In this method, the light is divided into an upward-going hemisphere
and a downward-going hemisphere, each of which is integrated separately. The solution
itself contains functions whose exact solutions must be evaluated numerically (Hfunctions. Chandrasekhar I960). Hapke (1981. 1993) offers analytical approximations to
the H-functions which are correct to within a few percent.
Combining the singly and multiply scattered radiances, the final expression for
the bidirectional reflectance (the ratio of the radiant power per unit area per unit solid
angle received by the detector from a surface being illuminated from a specific direction
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i=cos''|io by collimaied light and viewed from a specific direction e=cos''(i to the radiant
power per unit area from the source) of the surface is

r( H ,n, .g. n.k.s.A., b.c.S(O).h.d) = —

+ B (g) ] p (g) + H(^„ )H(h ) -1}.

(1)

47tHo+M

The singly scattered portion of the radiance contains the factor B(g) to account for the
observation that particulate surfaces tend to have a surge in brightness at and near zero
phase not explained by measured particle phase functions. This phenomenon is termed
the opposition effect and is explained by Hapke (1981,1986) as due to a higher
probability that a photon can escape the medium after only a single scatter back in the
zero phase direction than in any other direction. Hapke (1984) also added a factor to (1)
to correct the reflectance for macroscopic surface roughness. The effects of surface
roughness are ignored in this study because of uncertainties about the physical state of
asteroid surfaces (although with more and more spacecraft missions to small bodies these
uncertainties are slowly eroding away) and because of the large number of parameters
already included in the model.
In the model calculations presented here, however, the bidirectional reflectance is
not the quantity evaluated. Instead, the geometric (or physical) albedo, defined as the
ratio of the brightness of a planet (or asteroid in this case) at zero phase to the brightness
of a Lambert disk of the same radius viewed normally at zero phase, is calculated. Using
this approach provides the additional constraint of the absolute brightness of the object as
well as the overall spectral shape. Hapke (1981, 1993) derives the following expression
for the geometric albedo of an object
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Ap(n.k.X.s.S(0).d) =0.49ro +0.196ro +—[(l + Bo)P(0)-l].
8

(2)

Since this calculation is at zero phase, there are fewer free parameters than in the
expression for bidirectional reflectance. In the above equation.

is the bihemispherical reflectance (ratio of total light scattered in all directions from a
surface to uncollimated light incident on the surface). P(0) is the particle phase function
at zero phase. Following Hapke (1981). the phase function is expressed in Legendre
polynomials
P(g) = 1 + bcos(g) + -^(3cos-(g)-I).

(4)

The models presented here assume isotropic scattering, so b=c=0 and P(0)= 1.
The single scattering albedo (w) is calculated for a multi-component surface as
the weighted average of the scattering efficiency (Qs) of each particle

(5)

where m, is the mixing ratio, pj is the solid density, and d, is the particle diameter (grain
size) of component i. This type of mixture assumes that the surface is composed of a
mixture of grains which are each of a single composition ("salt-and-pepper" mixture). In
other words, a photon will only encounter one composition within each grain, though it
may encounter grains of differing composition within the surface. The calculation of Qs
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is where compositional information is included in the form of the real and imaginary
indices of refraction. The scattering efficiency is also found from the two-stream
method, and the final expression is given by Hapke (1981) as
^ _c

, (1-SE)(1-S,){r, +exp[-|dVa(a + s)I}
l-r,S, +(r| +S,) exp[-1d-yja{a + s) J

In this equation.
l-Va/(a + s)
r, =—^

(7)

1 + Va/(a + s)

is the bihemispherical reflectance of a semi-infinite medium. a=47tk/X is the volume
absorption coefficient and s is the volume scattering coefficient. We have set s=l/d. The
product sd provides a measure of the mean number of scattering events a photon
encounters within a particle. We examined the effects of varying sd from IxlO '" to 10.
The final spectrum of these materials seems to be independent of sd when the value of
this product is below about 0.3. The maximum effect is within non-saturated absorption
bands, and increasing sd from 1 to 10 produces an effect of at most a few to ten percent in
these mixtures. Small differences in particle diameter or mixing ratio can completely
offset differences in sd. The effect is negligible in the continuum and within saturated
bands.
Se

is the coefficient of reflection from the external surface of the grain, given by

Sg =

+|Rj_[")sin0cos0d0

(8)
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where Rn and R_ are the Fresnel reflection coefficients with parallel and perpendicular
polarization resp)ectively. We use the expressions derived by Hansen and Travis (1974)

|Rxr =

(cos0-u)~ + V "
( C O S 0 + U ) " + V"

Id

I-

III

~ k " )cos0-

_

(9)

uf +(2nkcos0- V)-

— p

[(n" -k")cos0 +uf +(2nkcos0+V)"
where

u

-k'-sin" 0 + [(n"-k"-sin'0)"+4n'k"f '} .

and

(10)
V =-J^|-(n" -k' -sin"0) + [(n' -k" -sin"0)" +4n~k'|""|

SI

is the coefficient of reflection from the internal surface of the grain, and is calculated

similarly to S e except that the inverse of the complex index of refraction is used since the
reflection is from the opposite side of the interface.
In Eq. 2. Bo represents the amplitude of the opposition effect. This value is
dependent on the single scattering albedo, and is expressed by Hapke (1993) as
(11)

wP(0)
where S(0) is the reflection from the part of the surface of the grain facing the source. A
lower limit to S(0) occurs for opaque particles and is given by the Fresnel reflection
coefficient at zero phase.

s(0) = lfl::lLl^

(n + l)~ +k'

(i2)
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Table 3.1
Definition of Variables for Hapke Model
Parameter
Ap
B(g)
BO

b. c
d
a
C
H(x)
h
k
m
n
P( 2 )
QS"
RII. R X

r
To
ri
Se
Si
S(0)

s
w
a
X
Mo
P

Definition
geometric (physical) albedo (Eqn. 2)
opposition surge
magnitude of opposition surge
coefficients in the Legendre polynomial expansion of the phase function
particle diameter
phase angle
Chandresakar H-function
compaction parameter in expression for opposition surge
imaginary part of the index of refraction
mixing ratio
real part of the index of refraction
phase function (Eqn. 4)
scattering efficiency (Eqn. 6 )
Fresnel reflection coefficients (Eqn. 9)
bidirectional reflectance (Eqn. 1)
bihemispherical reflectance (Eqn. 3)
bihemispherical reflectance of a semi-infinite medium (Eqn. 7 )
coefficient of reflectance from the external surface of a grain (Eqn. 8 )
coefficient of reflectance from the internal surface of a grain
reflection from the surface of a grain back toward the source (Eqn. 12)
volume scattering coefficient
single scattering albedo
volume absorption coefficient
wavelength
cosine of emission angle (cos e)
cosine of incidence angle (cos i)
solid density

(Hapke 1993). Several authors have derived S(0) or values that can be converted to S(0)
for dark asteroids. Helfenstein and Veverka (1989) find 5(0) for C-type asteroids to be
0.2 ± 0.01 as compared to 0.97 ± 0.03 for S-types. Verbiscer and Veverka (1995)
estimate Bo. g, and w for dark asteroids (B-, C-. D-. F-, G-, P-, T-types) from which a
range of S(0) from 0.15 to 0.65 can be derived. Schevchenko et al. (1996) measure G
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(slope parameter) for individual asteroids. Using these measurements, pv (visible
geometric albedo), and the conversions described by Verbiscer and Veverka (1995). we
estimate S(0)=0.07 for 59 Elpis. a C-type asteroid with pv-=0.044 and S(0)=0.12 for 130
Eiektra a G-type asteroid with

pv =0.076.

Furthermore. French (1987) measured the phase

curve of the Trojan asteroid 1173 Anchises and found no opposition surge. They also
found that the phase curve for 2674 Pandarus (another Trojan) was consistent with no
opposition surge, although the phase coverage wasn't as good so a small surge could not
be ruled out. Based on this work, the present study considers both the case with no
opposition surge and the case of an opposition surge given by Eqns. 11 and 12. The
results of model calculations of both cases are presented in this paper.

3.2.2 Phase Functions/Phase Reddening
The brightness of reflected light for most real objects is a function of the phase
angle at which the object is observed. The details of this phase function are dependent on
the physical and optical properties of the surface. Integrated brightnesses of many
asteroids have been measured over the range 0-30°. The reflectance is typically greatest
at 0° phase and steadily decreases with increasing phase angle. This curve is
approximately linear in most cases over the range 2 - 30°. with a surge in brightness at
the smallest phase angle (:S 2°). Phase functions have been measured for only a few
Trojan asteroids (French 1987). and only one (1173 Anchises) has been measured very
close to 0° phase. All are approximately linear over the measured range, and Anchises
shows no evidence for an opposition surge. The absence of a measured opposition surge
may imply that Trojan asteroids, or at least Anchises, do not support significant regoliths.
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The spectra in this study have been scaled to the estimated visual geometric
albedo. Geometric albedo is, by defmition, calculated or measured at zero phase. The
IRAS data are scaled to zero phase using the formulation of Lumme and Bowell (e.g.
Lumme and Bowell 1981, Bowell et al. 1989) assuming an average slope parameter (G =
0.15) for dark asteroids. The data presented in this study were all measured at small
phase angles (< 8°).
Along with the reflected brightness, the spectral slopes of some objects have also
been found to change with phase angle. This phenomenon, in which a spectrum
generally becomes redder with increasing phase angle, is termed "phase reddening". The
effect is minor, and only becomes important at very large phase angles. Spectra of the Stype asteroid 433 Eros measured by the NEAR spacecraft increase in slope by 10% over
the range 0 - 100° of phase. This effect was greatest at shorter wavelengths and
decreased further into the near-IR. Main belt C-type asteroids have typical phase
reddening of -0.15 ± 0.12 %/10^ A/degree. In a study of 49 Hilda asteroids (a ~ 4 AU),
Dahlgren et al. (1997) found no evidence for phase reddening up to 20° phase angle for
the 18 P- and 25 D-type asteroids they measured among this group. Since all
observations in the present study were made at phase angles < 8°. phase reddening is not
considered an important effect.

3.2.3 Optical Constants
Compositional information is included in the model spectra calculations using the
real and imaginary indices of refraction as a function of wavelength. To consider a
mineral or molecule in a mixture, optical constants over the wavelength range of the

Table 3.2
Optical Constants
Material
Pyroxene (MgxFci.xSiO?)
x-0.56 (some Ca)
X= 1
X = 0.95
x = 0.8
x = 0.7
X = 0.6
x = 0.5
X = 0.4
Olivine (Mg2vFe:.2vSiOO
y = 0.5 '
y = 0.4
Hydrated silicates^
Chlorite
Serpentine
niite
Kaolinite
Saponite
Organ ics
poly-HCN
Murchison extract
Ice tholin
Titan tholin
Triton tholin
Carbon species
Amorphous carbon''
Graphite
Water Ice
y _ 0999
T= lOOK
T= lOOK

Code

Wavelengths
(Hm)

Density''
(g/cm )

PI
P2
P3
P4
P5
P6
P7
P8

0.40 - 5.0
0.32-5.0
0.34 - 5.0
0.20 - 5.0

3.50
3.21
3.25
3.36
3.43
3.51
3.58
3.68

Jager etal. (1994)
Dorschner et al. (1995)

01
02

0.20 - 5.0

3.81
3.92

Dorschner et al. (1995)

Xa

0.25 - 3.00
2.50-4.15
0.25 - 3.00
2.50-4.15
0.25 - 3.00

2.90

Roger Clark, pers. comm.
Mooney & Knacke (1985)
Roger Clark, pers. comm.
Mooney & Knacke (1985)
Roger Clark, pers. comm.

Za
Si
Sk
Ss

"

2.55
2.80
2.65
2.50

Reference

••

••

H
M
I
T
Tr

0.04 - 40
0.07 - 40
0.06 - 40
0.02 - 920
0.05-123

1.54
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asteroid spectra being modeled (0.3 to 4.0 (im) are needed. This somewhat limits the
materials considered. In particular, a number of hydrocarbons have been suggested as
analogues to the surface materials of dark objects in the solar system based on laboratory
reflectance spectra (e.g. Cloutis 1989. Cloutis et al. 1984. Moroz et al. 1998), but their
optical constants have yet to be measured. Nevertheless, this study includes a number of
organic molecules, silicates of varying Fe content, and water ice in these mixtures. Table
3.2 lists the materials considered along with the wavelength ranges of the measurements,
references, and solid densities.

3.2.4 Technique
With the assumptions described in section 2.1. for a given number of components
in the mixture, there are three remaining free parameters: composition, mixing ratio, and
particle diameter. The technique used is to search over the entire parameter space,
calculate a model spectrum for each set of parameters, and compare each model spectrum
to the data. For a three-component mixture, for example, all the combinations of the
materials are considered (for a list of 12 materials for a 3 component mixture, this would
be 220 different sets of surface composition). A 5% grid size in mixing ratios is used,
always requiring the total mixing ratio to be 100%. The grain sizes included are 12.5. 25,
50, ICX), and 500 nm. The smallest grain size is set by the requirement of Hapke theory
that the particlc diameter be at least 3 to 4 times larger than the wavelength. The
dependence on grain size is not linear, so the diameters are varied as listed above to
produce a fairly uniform spacing of the final result. There is no upper limit to grain size
required by the scattering theory, but very few of the "best-fit" models described below
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employ the 500 (im diameter, and in tests, virtually non employ larger grains. Therefore,
the calculations are restricted to d < 500 (im. The model calculations are performed at
the same wavelengths as the data for ease of comparison. If a set of optical constants has
higher spectral resolution than the data, they are convolved to the lower spectral
resolution of the data. If the optical constants have a lower spectral resolution than the
data, they are interpolated to the wavelengths of the data.
Fore each model spectrum, the quality of the fit to the data is judged using a x"
goodness of fit test:

(13)

where 0(X,) is the value of the observed data at wavelength

Ap(X,) is the model

geometric albedo at that wavelength. a(A,i) is the formal error of the observed data, and n
is the number of degrees of freedom of the system (number of k points - 3). A lower
value of X" signifies a better fit. Ranking of the model spectra by X" and visual inspection
of the results together are used to determine which sets of parameters provide the highest
quality fits.
It is important to note that the ensuing analysis examines trends in the model
results to constrain the surface compositions of these asteroids as a whole and to
constraint the abundances of certain types of material on the surfaces. This does not
allow an absolute determination of the composition of any one surface. As can be seen in
the results below, several parameter sets (including differing composition) can produce
fmal model spectra which fit the data with similar quality. This limitation is especially
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clear when there are no absorption features to help identify any of the surface
components, as is mostly the case here. Fortunately, this study considers the spectra of
17 Trojan asteroids. The analysis therefore allows identification of trends among this
group of asteroids as well as in the model fits to specific asteroids. The results and
discussions presented below look not just for which parameter set gives the lowest x". but
also for materials that appear frequently in the "good-fit" results and with what mixing
ratios and grain diameters. From this larger base of information, a picture emerges of the
most likely surface composition of these objects.

3.3 Data
The previous chapter contains a detailed discussion of the spectra measured of
Trojan asteroids. A description of the data will not be repeated here except to comment
on the wavelength coverage and absolute brightness level of these spectra.
For these spectral models, the broadest possible wavelength coverage for each
spectrum will allow the most robust and reliable results. Each additional wavelength
point or region included in the final spectrum provides an additional constraint on the
spectral shape and therefore on the surface properties of the asteroid. These observations
measured spectra spanning the entire range of 0.8 to 4.0 |i,m for 5 asteroids. For 9
additional asteroids the data extend from 0.8 to 2.5 nm, while for 3 more objects the
observations covered the 1.95 - 4.0 |im range. For two objects, only K-band (1.95 - 2.5
|im) spectra were obtained.
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Table 3.3
Composite Spectra of Trojan Asteroids
Object

588 Achilles
617 Patroclus
624 Hektor

Pv'

Visible

0.033

24-color. ECAS
0.047 24-color. ECAS
0.03" 24-color, ECAS.
Vilas
911 Agamemnon 0.044 24-color
0.075 ECAS. SMASS
1143 Odysseus
1172 Aneas
0.040 24-color. ECAS
1437 Diomedes 0.031 Jewitt & Luu
1867 Deiphobus 0.042 ECAS
2759 Idomeneus 0.057 Jewitt & Luu
2797 Teucer
0.062 Jewitt & Luu
C
3540 Protesilaos
3793 Leonteus
0.072 Jewitt & Luu
4060 Deipylos
0.078
4063 Euforbo
0.061
C
4835 1989 BQ
5144 Achates
0.058
5254 Ulysses
0.087
-

-

-

-

I-. J-, H-bands K-band
(0.8- 1.8 um)

L-band

2MASS
LoRes
LoRes

LXD
LoRes
LoRes

LXD
LXD
LXD

LoRes
LoRes(2002)
Howell
LoRes
LoRes. Howell
LoRes
LoRes (2002)
LoRes
LoRes
LoRes
LoRes
LoRes

LoRes
LoRes (2(X)1)
NSFCAM
LoRes
NSFCAM
LoRes
LoRes (2(X)1)
LoRes
LoRes
LoRes
LoRes
LoRes
NSFCAM
LoRes

LXD
LXD (2002)
LXD

-

LoRes

-

Lebofsky
-

LXD
-

-

-

NSFCAM
-

References; LoRes. LXD. NSFCAM; Our work, previous chapter. 24-color: Chapman and Gaffey (1979).
ECAS: Zellner et al. (1985), Vilas: Vilas et al. (1993), SMASS: Xu et al. (1995), Jewitl & Luu: Jewitt
and Luu (1990). 2MASS: Sykes et al. (2000), Howell: Howell (1995). Lebofsky: Lebofsky et al. (1990).
'' Visible geometric albedo from the Supplemental IRAS minor planet survey (Tedesco etal. 2002). except
where otherwise marked
'' Albedo measured by Cruikshank (1977)
• No measured albedo. In modeling, we used average of all measured Trojans: 0.0502.

A search for published data on the asteroids in our database was performed in
order to expand the wavelength range and fill in some gaps of the spectra to be modeled.
This search uncovered visible spectra or spectrophotometry for most of these objects,
near-infrared photometry for several for which the current measurements do not include
0.8 - 2.5 ^im spectra, and 3-nm spectrophotometry for one object. The different parts of
the spectra generally overlap each other, so all portions of these were easily scaled
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Figure 3.1 The geometric albedo provides an important additional constraint for spectral
modeling. In the top frame, the spectra of Odysseus and Hektor appear very similar when
expressed as normalized reflectance (normalized to 2.2 (im). Analysis of these normalized
spectra may lead to identical interpretations in terms of surface materials. In the bottom
frame, the spectra of these two Trojan asteroids differ from when another when their
geometric albedos are considered. This difference is significant enough to lead to slightly
different interpretations from spectral modeling.

relative to one another using the overlap region. The data used to create the composite
spectra used in our modeling are summarized in Table 3.3.
The composite spectra are also scaled to geometric albedo in order to model the
overall brightness level of the spectra as well as the spectral shape. The albedo provides
a strong additional constraint on the composition. Consider Fig. 3.1. where in the top
frame spectra of 1143 Odysseus and 624 Hektor are expressed as normalized reflectance
and look quite similar, whereas the bottom frame shows that the albedo of Hektor is
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much lower than that of Odysseus. This difference has a noticeable impact on the model
results for these two asteroids. The composite spectra are scaled to the visible geometric
albedo measured by IRAS for 14 of these asteroids. Cruikshank (1977) measured the
visible geometric albedo of Hektor. For the 2 objects for which no measured albedo is
available, the average of the albedos of all Trojan asteroids observed by IRAS was used.
In several cases, no visible data is available as well, so an average V-I (0.55 - 0.85 fim)
color index calculated from composite spectra which contain both visible and nearinfrared data is used to scale from visible albedo to infrared albedo. The albedos and V-I
indices used or calculated for each object is included in Table 3.3.

3.4 Model Runs
Insights into how the model reacts to changes in the input parameters
(composition, abundance, particle diameter) are important for appropriate interpretations
of the results. The model calculations presented in this work were performed in several
stages in order to ensure an understanding of these dependences. All the stages are
presented here along with the final analysis to aid in the clarity of the ensuing discussion.

3.4.1 Pure Materials and Grain Diameter Dependences
The initial step is to examine spectra of pure materials calculated using the
scattering theory described above. This will elucidate the shapes of and absorption bands
present in the spectra of the different components, which, in turn, will allow an
assessment of the role each component plays in the mixtures described below. The
effects of varying grain diameter are also investigated. Grain size can affect the albedo
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level, spectral slope, and spectral contrast, so changing this parameter can also alter the
role a mineral or material plays in a mixture.
3.4.I.J Pyro.xene
The inputs include optical constants of eight pyroxenes of varying Fe content (0 60%) measured by Jager et al. (1994) and Dorschner et al. (1995). Pyroxenes are a group
of silicate minerals ([Fe.Mg]Si03) very common in igneous rocks on the Earth.
Pyroxenes are also abundant on the surfaces of other solar system objects, being detected
by reflectance and emission spectroscopy on asteroids (e.g. Gaffey etal. 1989), the moon
(Pieters 1993 and references therein). Mars (Soderblom 1992), Mercury (Vilas et al.
1984. Sprague et al. 1994). and in comets (Hanner et al. 1994). Laboratory studies of
interplanetary dust particles (Bradley et al. 1988). meteorites (Mason 1968), and analysis
of measurements from the Venera landers on Venus (Kargel et al. 1993) have also
identified pyroxenes. Characteristic absorption bands of pyroxenes in this wavelength
range occur near I ^im and 2 ^m. These are due to crystal field absorptions in Fe cations
(d-d orbital transitions within the individual cations).
The spectra of pyroxenes are dependent on the amount of iron in the mineral (Fig.
3.2). Low Fe pyroxenes (P2 and P3) are relatively bright and flat with small or
unnoticeable 1- and 2- ^im absorption bands. For a given particle diameter, higher Fe
content lowers the albedo at all wavelengths and induces stronger absorption bands (since
these absorptions are due to orbital transitions in the Fe ion), especially the 2 (im band.
Increasing the fraction of iron in the mineral to moderate levels also tends to redden the
spectral slope. Additional iron seems to begin to flatten the slope again, but at a lower
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Figure 3.2 Spectra of pure pyroxenes calculated using the spectral model and optical constants
described in the text. Spectra are shown for each of the five particle diameters used to model
the spectra of Trojan asteroids. The code we use to designate each material and the iron
content of each pyroxene are listed in the upper left-hand comer of each plot. Note that the
ordinate scale is larger for the P2 plot. Spectra of pyroxenes tend to darken, flatten, and
decrease in spectral contrast as the particle size increases. The spectra darken and redden as
the Fe content is increased to moderate levels, at which point additional Fe flattens and
continues to darken the spectra. These trends are discussed in more detail in the text.
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Figure 3.2 continued

albedo level than the low Fe pyroxenes. The model spectra quickly reach the lowest
albedo levels (saturate) in the UV/visibly (by P4), but the overall albedo at longer
wavelengths keeps decreasing with more Fe, so the spectral slope flattens.
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Grain size is also an important variable for these minerals. For low Fe pyroxenes,
spectra with small grains are bright, and increasing the size of the grains darkens the
surface and decreases the spectral contrast. These two effects are also apparent for higher
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Fe pyroxenes. Additionally, the slopes of spectra of minerals with more iron flatten for
larger grains. In other words, for >20% Fe, small grains produce dark spectra with red
slopes, whereas large grains produce dark, flat spectra.
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Due to the trends with varying iron content and particle diameter, several
statements are possible about the roles of pyroxenes seen in the mixtures below. Low Fe
pyroxenes will tend to raise the albedo of a mixture and keep the spectral slope flat or
cause it to flatten. Medium Fe pyroxenes (20 - 40% Fe) with small grains (< 25 |im)
generally induce a red spectral slope. Higher Fe pyroxenes (P7 and P8) and medium Fe
pyroxenes with large grains often have the result of lowering the albedo and flattening the
spectral slope.
3.4.1.2 Olivine
Dorschner et al. (1995) also measured optical constants of two olivines. These
contain 50 and 60 % iron. Olivines ([Fe,Mg]2Si04), occur on the Earth mainly in mafic
igneous rocks. Like pyroxenes, they have also been detected on other solar system
surfaces, as well as in meteorites and interplanetary dust particles. Olivines display a
characteristic absorption at 1 |i.m. also due to crystal field transitions in the Fe""*" ion.
The spectral behavior of these two olivines is similar to the higher Fe pyroxenes
described in the previous section. The albedo and spectral slope of the olivine with more
iron (02) are lower and flatter than those of the olivine with less iron (01). Both samples
have a red slope for small grains. This slope flattens as grain size increases (visible
albedo remains fairly constant, while the albedo decreases at larger wavelengths). The 1|im absorption band is extremely weak in both of these samples at all grain diameters.
While the spectral slope for these olivines has been described as red, this slope is
generally much shallower than that of the higher Fe pyroxenes. Because of this, olivines
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Figure 3.3 Spectra of olivines calculated using the spectral model and optical constants
described in the text. The model code and iron content are printed in the upper left-hand
comer. Note that the scale for the olivine plots is smaller than that used in most of the other
mineral plots (Figs. 2-6). The trends with regard to grain sizes and Fe content are similar to
those for pyroxenes and are discussed in the text.
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are usually not used as a reddening agent in the mixtures below. Including either of these
two olivines in a mixture tends to result in a low albedo and flatter spectral slope.
The optical constants just described for pyroxenes and olivines cover the
necessary wavelengths for our modeling and allows the additional parameter of silicate
iron content in model mixtures that include silicates. They are used here with some
caution, though. Dorschner et al. (1995) prepared the samples from which these optical
constants were measured as an analogue to silicates in interstellar grains, which may be
glassy or chaotic (Jager et al. 1994). These laboratory samples contained no grains as
large as even 1 |im. It is possible that larger grain diameters may affect the spectral
structure. Nevertheless, these are the only olivine and pyroxene optical constants which
have been published that cover the wavelength range of these observations, particularly
the 3 - 4 |im region.
3.4.1.3 Carbon Species
The albedos of Trojan asteroids are very low among solar system objects. It is
common to use carbon species to lower the albedo of synthetic comparison spectra (e.g.
Gradie and Veverka 1980, Wilson et al. 1994 Cruikshank et al. 2001. Owen etal.
2001). This course is also followed in this study because sufficient irradiation of surfaces
containing simple ices and/or organic material by UV photons, cosmic rays, solar wind,
and micrometeorites results in a net increase in the relative number of C atoms in the near
surface layer (Thompson et al. 1987). Graphite and amorphous carbon fill this role for
this modeling. The graphite optical constants were measured by Draine (1985). The
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Figure 3.4 Model spectra of graphite and amorphous carbon. The model code and material is
listed in the upper left-hand comer. The dependence on particle diameter for these materials
is insignificant; all Five curves fall on top of one another on this scale. These are the most
common dark, spectrally neutral components in mixtures presented here.
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amorphous carbon optical constants used are those for measured for soot produced by
burning benzene in air (Rouleau and Martin 1991. Preibisch et al. 1993).
Both of these materials are dark with a slight red spectral slope. The amorphous
carbon sample is slightly darker than the graphite. There is barely any dependence on
particle diameter for the spectra of either species. Graphite has a slight upturn near the
L'V. which is similar to the shape seen in visible spectrophotometry of several Trojans.
As mentioned above, these materials are mainly used to set the albedo of the
mixtures. Because the amorphous carbon is darker, it is more common to mixtures that
provide good fits to darker asteroids.
3.4.1.4 Organics
Organic compounds have also been suggested as the material responsible for the
low albedo and red spectral slope of many dark solar system objects, including Trojan
asteroids (Gradie and Veverka 1980. Jewitt and Luu 1990. Luu et al. 1994). Spectra of
organics can vary significantly, depending on the specific elements and types of chemical
bonds building the molecule. Five different organic materials are considered in this
modeling. Tholins are the refractory residue resulting from a plasma discharges in simple
mixtures. Titan tholin is the result of such a discharge in a gaseous mixture (90% N:.
10*^ CHa) approximating the atmosphere of Triton (Khare et al. 1984). Triton tholin is
the same for a mixture (99.97c Na. 0.1% CH4) approximating the atmosphere of Triton
(McDonald et al. 1993). Ice tholin is formed from irradiation of a 1:6 C2H2/H2O mixture
in the solid state, approximating condensed ethane clathrate possibly present in the initial
formation of cometary nuclei and distant asteroids and satellites (Khare et al. 1993).
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Figure 3.5 Model spectra of organic materials used in this study. The name of each material and
the corresponding code used in the model are listed in the upper left-hand comer of each plot.
Note that the scale for Triton tholin is larger than the scales on the other plots. Increasing
grain size tends to darken spectra of these organics and reduce the spectral contrast. The
absorption coefficients for Triton tholin are very small near 2.5S |Xm and near 4 |im, so much
larger grains are required to darken the spectrum of this material in these regions.
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Figure 3.5 continued.

Polymeric HCN (poly-HCN) is a compound rich in nitrile (-C=N) groups and containing
several other side groups (Khare et al 1994). Also included is insoluble organic residue
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from the Murchison carbonaceous chondrite meteorite (Khare et al. 1990).
The tholins are all very red in the visible. The Murchison extract is also red in the
visible, but with a somewhat flatter slope, but poly-HCN is fairly neutral. Titan and
Triton tholin both also maintain a steep red slope into the infrared, though their spectral
shapes differ from one another. Ice tholin contains an absorption in the middle of this
range, most likely due to O-H and possibly C-H overtone and combination bands. PolyHCN is slightly red out to 2.5 (im, while the Murchison organics are neutral or even
slightly blue. These organics exhibit significant absorptions in the 3 - 4 |im region.
McDonald et al. (1993) attribute the 3-|im bands in Titan and Triton tholin mainly to NH stretching features. The 2.9 (im absorption in ice tholin is likely an O-H stretching
fundamental, while the 3.4 - 3.5 fim complex is due to C-H stretching features (Khare et
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al. 1993). The same general bands are also assigned to the absorptions in the Murchison
extract (Khare et al. 1990). Khare et al. (1994) attribute the 3.0 ^m band to N-H
stretching, the 3.14 |im band to N-H or C-H stretching, and the 3.5 ^im band to a -CH:
group.
The dependences of modeled spectra of these species on particle diameter are
very similar to those of silicates described above. All five organic materials decrease in
brightness with increasing grain diameter. The only exception to this trend is Triton
tholin near 2.6 (im and 4 fim. which stays bright for all grain diameters. The spectral
slopes also generally flatten with increasing grain diameters. Additionally, larger grains
tend to increase the absolute depth of absorption bands, but decrease the overall spectral
contrast since the "continuum" level is also decreasing. Thus absorption bands are often
more noticeable in these substances for smaller grains.
Titan and Triton tholin are much redder in the visible and near-IR than the other
materials, so they often have the effect of reddening a spectral mixture, but their ~3 ^m
absorption can limit their inclusion in mixtures. The Murchison extract and poly-HCN
generally act as dark, neutral components, especially when given large grain diameters.
Ice tholin is not part of any of the mixtures that produce reasonable fits to the data. It
induces large absorption bands in the resulting spectra that are not seen in the data.
3.4.1.5 Water Ice and Hydrated Silicates
Based on cosmochemical considerations, it is possible that Trojan asteroids may
contain some fraction of water ice. at least in their interiors. If these objects formed at or
beyond their present location, which is very plausible, then solid H2O should have been
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Figure 3.6 Model spectra of water ice and hydrated silicates used in this study. The name of
each material and the corresponding code used in the model are listed in the upper left-hand
comer of each plot. Note that the scale for these is larger than for most of the plots in Figs. 25. See the text for a discussion of these materials and their spectra.
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Figure 3.6 continued.

available for accretion (e.g. Prinn and Fegley 1989. Cyr et al. 1998). Hydrated silicates
(silicate minerals with OH or H:0 bound to the molecule) have been detected on several
dark main belt asteroids (Lebofsky et al. 1990. Jones et al. 1990, Rivkin et al. 1995). but
these features are mostly absent on asteroids in the outer belt. Jones (1990) invoked solar
induction heating to drive the hydration reactions in asteroids in the mid-belt while
leaving the outer belt (and beyond) objects unaltered. Chlorite and serpentine are the
specific minerals considered as representative hydrated silicates. Water ice and hydrated
silicates are included in mixtures in an attempt to place upper limits on the near surface
abundances of these materials.
Water ice exhibits a very strong, broad absorption near 3 ^m. This feature is due
to two O-H vibrational modes (Vi and v?) in the H2O molecule. Bands near 2.0. 1.5, 1.27.
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and 1.04 fim are weaker and are due to various overtones and combinations of the
fundamental modes. Chlorite and serpentine both contain absorptions in the region from
0.6 to 1.1 ^m due to Fe"^ and/or Fe'* charge transfer, near 1.4. 1.9. and 2.8 ^m due to OH. and a complex near 2.3 ^m due to combinations of the O-H stretching bands with a
bending mode of Mg-O-H or Al-O-H or with other lattice modes (King and Clark 1989).
Chlorite has a red spectral slope at X < 2.3 ^im. while serpentine is neutral or slightly blue
in this range.
Similar to anhydrous silicates and organics described above, these materials tend
to darken with increasing particle diameter. Larger grains also result in a flatter spectral
slope and less spectral contrast for the hydrated silicates. Water ice stays bright in the
visible for all grain sizes, so the slope is still very blue for large grains.

3.4.2 Three-Component Data Fits
Section 3.2.3 describes the general technique used to identify spectral mixtures
that provide reasonable fits to an asteroid spectrum for a given set of input parameters.
However, the approach is not to just throw in a complete number of input parameters and
repon the results. With a method such as this, it would be very difficult, perhaps
impossible, to analyze the roles each component plays in different mixtures and to
understand the importance of one or a few materials in the overall suite of resulting
mixtures. Trends among results are more interesting than individual mixtures, and the
need for proper interpretation of these trends warrants a more careful approach.
The model is therefore run with several sets of possible surface components for
each object. The first step considers only anhydrous silicates: the olivines and pyroxenes
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described above. From this stage it is apparent whether silicates alone can provide
approximately correct albedo and slope for a given object. Amorphous carbon and
graphite are then added to the mix with the anhydrous silicates. These carbonaceous
materials help adjust the shape and level of the spectra of silicate mixtures and can aid in
masking the silicate absorption bands. Additionally, it is possible (e.g. Cruikshank et al.
2001) that the surfaces of Trojan asteroids are composed mainly of silicates. This set of
input components allows us to assess that possibility. Next, the model is run with only
organics and the two carbon species as compositional parameters. The results from this
run allow a comparison of the relevance of organics to that of silicates in the mixtures.
Comparison of the two sets of results shows where each group of materials fit the data
well and where they fail to adequately match the asteroid spectra.
The next model calculations in this process consider organics. anhydrous silicates,
and the carbon species ail together. Computation times increase greatly with a large set
of input parameters. At this point, rather than considering all 16 of the species in these
groups of materials, a slightly more limited set of input compositions is used. After
completing model calculations with the three sets of input compositions described in the
previous paragraph, the results are examined for all of the objects to see if any particular
molecule or mineral could be safely excluded. It became apparent that ice tholin was
never part of a reasonable fit to any of our asteroid spectra. Also, pyroxenes with 5%.
50%. and 60% Fe content and the olivine with lower Fe content were not frequently
included in these mixtures, and in cases where they did appear, other materials, possibly
with different particle diameters, would adequately fill the role these were performing in
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the mixture (e.g. darkening and/or flattening the spectrum). In the end. this set of model
runs include the 11 species which most commonly appeared in the best results of the
previous sets of model calculations: poly-HCN. Murchison organic extract. Titan and
Triton tholins. Pyroxenes with 0. 20. 30. and 40% Fe. olivine with 60% Fe. amorphous
carbon, and graphite.
In the sub-sections that follow, the results of this process for each of the objects
for which we have measured spectra are described. All of the models discussed in this
section are 3-component mixtures. Adding a fourth component does not significantly
improve the fit (see section 4.3). but does greatly increase the computation time. Water
ice. hydrated silicates, and 4-component mixtures are considered in later sections.
These subsequent sub-sections each begin with a discussion of the data used to
create the composite spectrum to be modeled. A very detailed description of the results
of each stage of the modeling for 624 Hektor is given in order to illustrate clearly the
process followed. To save time and space, a much briefer description of the results for all
other objects is presented.
3.4.2.1 624 Hektor
Spectra of Hektor from 1.9 to 4.0 jim in February 2001 and from 0.8 to 2.5
March 2002 at the IRTF are presented in chapter 2. For the final spectrum used in this
modeling, these spectra are combined with several previously published data sets. The
composite spectrum includes a combination of 24-color spectrophotometry from
Chapman and Gaffey (1979) and data from the Eight Color Asteroid Survey (ECAS) of
Zellner et al. (1985) for wavelengths < 0.5 ^im. For the spectral region from 0.5 to 0.8

in
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Figure 3.7 Characteristic results of spectral modeling for 624 Hektor. Mixtures are represented
by labels that list the codes for materials included in the mixture (see Table I), the mixing
ratios (wt%), and the particle diameters. This format for the mixture labels is used
throughout this work, a) These are the best results for mixtures only involving anhydrous
silicates. The overall albedo level and spectral slope are accommodated by this limited set of
inputs, but there are significant deviations of the models from the data, b) Including
amorphous carbon and graphite along with olivine and pyroxene in the mixtures improves the
model fits noticeably, especially in the visible, c) Mixtures involving only organics and
carbon species are able to match the spectral shape of the data very well at A. < 2.5 |im. but
the tholins required to produce the red spectral slope in these mixtures also induce
absorptions in L-band that are not present in the data, d) This plot shows the most favorable
results when all selected materials described in the text are included as possible surface
components. The acceptable models all rely on P4-P6 to produce the red spectral slope and
some dark material to set the albedo level. A small amount of organic material may be
included, but is strongly constrained by the L-band data. Figs. 8-24 should be compared to d.

^im a spectrum of Hektor from Vilas et al. (1993), binned to a lower spectral resolution,
is used. The error bars on the binned Vilas spectrum are statistical standard deviations
from combining data points. The IRTF measurements from March 2(X)2 for the range
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Figure 3.7 continued.

from 0.8 to 2.5 ^im. and those from February 2001 for 2.85 to 4.0 ^im complete the
spectrum. Each of these data sets overlapped with the adjacent data, and are scaled
relative to each other using these overlap regions. The entire spectrum is scaled to a
visible geometric albedo of 0.03 measured for Hektor (Cruikshank 1977. Hartmann and
Cruikshank 1978).
Initial model runs assume no opposition effect. The results indicate that silicates
alone can match the magnitude of the spectral slope, even though, as seen in the previous
chapter, Hektor has one of the reddest spectra in the near-IR of the objects measured. In
particular, moderate amounts (< 35%) of pyroxene with 30% Fe (P5) with small grains
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Figure 3.7 continued.

(< 25 (im) most commonly provide the slope in these mixtures. Significant amounts of
olivine (40-80%) darken the model spectra and flatten them at longer wavelengths.
These two components alone provide the bulk of the albedo level and shape of the
mixture. The third component varies among the remaining pyroxenes, but is only present
in small amounts and has only a minimal effect on the final spectrum. While the best of
these mixtures match the overall spectral slope reasonably well, they do not provide a
satisfactory shape. These mixtures show moderately strong 1 and 2 |im silicate
absorption bands that are not present in the data. Also the slopes are too steep in the
visible (Fig. 3.7a).
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Adding carbon species to the mixtures improves the overall fits slightly. The
combination of moderate amounts (< 40%) of pyroxene with 30 - 40% Fe (P5 or P6) and
small grains to redden the spectrum with amorphous carbon to set the albedo level can
match the spectral slope well. The third component varies among different silicates, but
is only marginally important to fine-tune the final shape of the spectrum. These model
spectra provide much improved fits to the visible data, but still contain a l-jim absorption
absent from the data (Fig. 3.7b).
Mixtures with only organics and the carbon species provide very good fits to the
slope and spectral shape of the data shortward of 2.5 ^m. These all include small
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amounts (< 35%) of Triton tholin with small grains (< 25 |im) to provide the red slope
and larger amounts (40 - 80%) of amorphous carbon to set the albedo level. Small
amounts of the other organics with various grain sizes help to slightly adjust the final
spectral shape. While these mixtures reproduce the spectrum at X, < 2.5 ^im quite well,
the organics. particularly Triton tholin in this case, induce a very large absorption in Lband which is not apparent in the data. This example shows very well the importance of
obtaining data over the widest possible wavelength range for the best physical
interpretation. Without the L-band data we might conclude that organics provide the best
fit to the data, but the addition of data in this region excludes these mixtures (Fig. 3.7c).
Models allowing mixtures of anhydrous silicates, organics, and carbon species
give only small improvements over the runs with just silicates and carbons. These
mixtures still depend on moderate amounts (15 - 50%) of pyroxenes with 20 - 40% Fe
(P4-P6) to redden the model spectra. Amorphous carbon is most commonly included to
set the albedo level, but some reasonable mixtures also use olivine or graphite. This just
depends on the other components included in the mixtures, as to how much level
adjustment is necessary. As before, the third component varies. Small amounts (< 10%)
of Titan tholin are fairly common, as are Murchison organic extract and other pyroxenes.
The absorptions in L-band from the organics fall within the noise level of the data set for
these mixtures (Fig. 3.7d).
The model mixtures with the lowest x" values for Hektor are displayed in Table
3.4 for each of the above categories of input components. The trends discussed above for
each group of model runs are apparent. This list also shows the necessity of visually
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Table 3.4
Hektor Model Mixtures
Components

Mixing Ratios

Particle Diameters

x"

(Um)

Silicates only
P4 / P5 / 02
P5 / P6 / 02
P2 / P5 / 02
P4/P5/01
P5/01 /02
Silicates + Carbons
P4 / P6 / D
P6/D/G
P6/D/G
P2 / P6 / D
P2 / P6 / D
Organics + Carbons
H / Tr / D
M / Tr / D
T/Tr/D
H/Tr/D
T/Tr/D
Sil. + Org. + Carb.
T / P5 / D
T/P4/ 02
M / P6 / G
T / P5 / D
Tr/P5/02

20/ 10/70
20/ 10/70
15/20/65
70/5/25
15/70/ 15

100/ 12.5/50
12.5/50/25
100/25/50
500/ 12.5/50
12.5/50/25

17.09
18.16
19.69
20.91
20.97

20 / 30 / 50
10/45/45
30/35/35
35/5/60
15/35/50

25/12.5/12.5
12.5/50/ 100
12.5/12.5/25
500/12.5/100
50/ 12.5/12.5

12.57
13.21
14.33
14.46
15.31

30/25/45
55/15/30
15/15/70
15/5/80
55/15/30

100/25/12.5
500/25/ 12.5
100/25/25
500/25/ 100
500/25/ 12.5

15.21
16.27
16.39
16.67
16.69

10/55/35
5/45/50
10/ 15/75
5/30/65
5/45/50

50/25/12.5
25/25/12.5
12.5/12.5/50
100/25/50
12.5/100/25

9.88
10.81
11.38
12.93
13.44

examining the results rather than completely relying on the X" values as a judge of
goodness-of-fit. The organics + carbons mixtures result in low x" values because they
match the data well at ?i< 2.5 ^m where the error bars are quite small, but visual
inspection of Fig. 7c excludes these all due to the extremely poor fit in L-band.
Including an opposition effect in the model calculations, as described near the end
of section 3.2.1. does not alter the overall results, although there are some minor
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Figure 3.8 A sample of model fits for 624 Hektor in which the model is run including the effects
of a moderate opposition surge. The results in terms of species and abundances involved in
the best mixtures are very similar to the case ignoring any opposition surge. Results are
largely insensitive to the inclusion of an opposition surge for the other objects studied as well.
To save space, we therefore present the results for the case of no opposition surge for the
remaining asteroids.

differences. Pyroxenes with 20 - 40% Fe and small grains generally provide the red
spectral slope. Murchison extract or poly-HCN with large grains (> 50 p.m) is more
common in mixtures with the opposition effect. Figs. 3.4 and 3.5 show that with large
grains these materials are darker than the carbon species, and here they help lower the
albedo of the model spectrum after the opposition effect raises it slightly.
Trends among the model results are far more interesting and informative than
picking out the mixture that may produce the "best-fit" to the data. Through the above
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detailed description of the model runs and results for Hektor. several trends emerge.
Moderate amounts of pyroxenes with 20 - 409c Fe are included in all the best model fits
to account for the red spectral slope. Triton tholin also does a good job of matching the
slope at X < 2.5 (im. but is excluded from good model fits because it induces a large 3 |im
absorption band in the model spectra. Amorphous carbon most regularly sets the albedo
level, but for some specific mixtures graphite or olivine takes over this role. Some
organics can be included as the third component (e.g. Titan tholin. Murchison extract),
but only at low abundances (< 20%). and their presence is not necessary for an adequate
fit to the data.
3.4.2.2 588 Achilles
The visible portion of the composite spectrum is a combination of
spectrophotometric observations from the ECAS and 24-color surveys. K- and L-band
spectra of Achilles are those measured at the IRTF using the SpeX LXD mode in
February 2001. To bridge the gap between these datasets. photometry from the 2MASS
(Two-Micron All Sky Survey) database (Sykes et al. 2000) at J- (1.24 ^m), H- (1.65 ^.m).
and K-bands (2.16 |im) is included. The visible spectrophotometry and near-IR
photometry do not overlap, so they are each extrapolated to 1.1 |im using a linear fit to
scale these datasets relative to one another. The LXD data is scaled to the 2MASS Kband data point. The entire composite spectrum is then scaled to the visible geometric
albedo measured by IRAS (0.0328) for this object.
The S/N of our L-band spectrum of Achilles is much higher than the S/N of the Lband spectrum of any other Trojan asteroid. Therefore, this spectrum is able to constrain
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Figure 3.9 Several model spectra are plotted along with the composite spectrum of 588 Achilles.
P6 most commonly accounts for the red spectral slope. Organics are precluded from the
mixtures by the featureless, high-S/N L-band spectrum. Notice that the albedo scale for the
plots of model results varies for each object.

the presence of organics as the reddening agent more tightly. In all of the mixtures that
provide a reasonable fit to the spectrum, moderate amounts (15 - 30%) of pyroxene with
30 - 40% Fe (P5 - P6) and small grains (12.5 ^im) are responsible for the slope of the
model spectrum. Amorphous carbon commonly sets the albedo level, especially for
models without an opposition effect. Low Fe pyroxene is sometimes required to raise the
albedo slightly. When an opposition surge is considered, Murchison extract or poly-HCN
with large grains (> 50 |J,m) is included in the mixtures to lower the level slightly. With
large grains, these materials do not induce significant 3

absorptions in the spectrum.
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With this high S/N L-band spectrum, the model results indicate that organics
cannot be responsible for the red slope on Achilles. Pyroxene with 30 - 40% Fe is
responsible for the spectral slope in all good-fit mixtures. Amorphous carbon is often
included to set the albedo level, but olivine or graphite sometimes fills this role as well.
Murchison extract or poly-HCN help lower the albedo of the mixture when an opposition
surge is included.
3.4.2.3 617 Patroclus
Spectra of Patroclus from 0.8 to 2.5 ^m (prism) and 1.95 to 4.0 ^im (LXD) are
also from the data measured at the IRTF. For the composite spectrum, two visible data
sets (0.33 - 0.8 |im) are combined, one from the EGAS and one from the 24-color survey.
The prism data recorded at the IRTF are used for the range 0.8 - 2.5 |im, and the LXD
data for X > 2.85 ^m. The wavelength ranges of these data sets all overlapped, so relative
scaling was simple using the overlap regions. The composite spectrum is scaled to the
visible albedo measured by IRAS (0.0471).
The near-IR spectral slope of Patroclus is much flatter than that of Hektor.
Amorphous carbon or graphite alone can do most of the work of matching the level and
slope of this object. Without an opposition effect, these components are both slightly too
dark, so a moderate amount (20 - 60%) of low Fe pyroxene (P2) is required to raise the
albedo. Small amounts of other silicates or poly-HCN or Murchison extract may be
included to fine tune the shape or level, but have very little significance. When including
an opposition effect, amorphous carbon alone matches the spectrum well. Other
components simply adjust small details of the spectrum. Pyroxenes with 30 - 40% Fe
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Figure 3.10 The composite data for 617 Patroclus are compared to four of the best model fits.
The spectral slope of this object is much flatter than most others measured; the albedo scale is
smaller than used for previous figures. The mixtures with G deviate from the data near 0.4
(im. and Tr produces a large 3-(i.m absorption. Otherwise, the models are able to describe the
spectral shape of this asteroid quite well.

and Triton tholin both appear in some mixtures, presumably to redden the slope slightly.
The Triton tholin induces a 3-p,m band, which is in some cases within the noise of the
data, but does not agree well with the shape of the L-band spectrum. Murchison extract
or poly-HCN is also present in a few mixtures. When present, these have large grains (>
100 ^m). so their effect is just to darken and maybe flatten model spectrum a small
amount.
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These results may be characterized by noting that the carbon species seem to be
the most important components for this object. Pyroxenes are a necessary second
component when Patroclus is assumed to have no opposition effect, and they also fit well
when an opposition effect is included. Tholins do not make a good addition to the
spectral mixtures in either case. Small amounts of other organics might be included, but
only with large grains, as darkening agents.
3.4.2.4 911 Agamemnon
The composite spectrum of this object consists of 24-color spectrophotometry in
the visible (X < 0.8 fim). data measured at the IRTF using the SpeX Lx>Res mode for the
range 0.8 - 1.8 (im, and data measured at the IRTF using the SpeX LXD mode at X >
1.95 (im. Relative scaling is accomplished using the overlap regions in the datasets. The
final spectrum is scaled to the visible geometric albedo measured by IRAS (0.0444).
The results of model runs for Agamemnon are similar to those of Hektor.
Silicates alone are able to produce a model spectrum with approximately the correct
albedo level and spectral slope, but absorption bands in the model cause the shape to be
different from the data. Mixtures of a moderate amount (25 - 60%) of pyroxene with
30% Fe (P5) and small grains (12.5 ^im) with amorphous carbon or graphite match the
overall spectral shape quite well. Small amounts of other materials are included as the
third component just to fine tune the model spectrum. These include Titan tholin with
large grains (to help mask the 3 |im absorption). Once again, mixtures involving Triton
tholin match the spectrum very well at A. < 2.5 ^im, but contain a large absorption at 3 ^im
not present in the data. These results hold for both no opposition effect and when an
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Figure 3.11 The composite data for 911 Agamemnon are displayed with several model spectra.

opposition surge is considered. The only minor difference between these two cases is
that without an opposition surge, a small amount (< 10%) of low Fe pyroxene (P2) is
sometimes mixed in to raise the albedo slightly, whereas without an opposition surge
some Murchison extract or poly-HCN with large grains is included to lower the albedo
slightly.
Models for Agamemnon use small grained pyroxene with 30% Fe (P5) to produce
the red spectral slope apparent in the data. Amorphous carbon or graphite in the mixture
sets the correct albedo level. Organics cannot be used as the reddening agent. This
requires small grains (to keep a steep red slope) which induce large absorptions in L-
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band. Small amounts of organics with large grains could be included to flne-tune the
slope and/or level of the model spectrum.
3.4.2.5 1143 Odysseus
The final spectrum used for Odysseus is an amalgamation of five separate
datasets. EGAS spectrophotometry is incorporated for X < 0.5 nm. Most of the visible
portion (0.5 -0.8 |im) is from the Small Main-belt Asteroid Spectroscopic Survey
(SMASS, Xu et al. 1995). This spectrum is binned to lower resolution, and the error bars
presented are deviations within the binned regions. The 0.8 - 1.8 |im region is a
spectrum obtained at the IRTF using the SpeX LoRes mode in March 2002. The K-band
(1.95 - 2.5 |im) section is data obtained using the same instrument mode in February
2001. This spectrum is used because the S/N is much higher in K-band than the 2002
data. The L-band data is a spectrum measured at the IRTF in March 2002 using the LXD
mode of SpeX. These datasets are scaled relative to each other using sections of overlap.
The entire spectrum is scaled to the visible geometric albedo measured by IRAS for
Odysseus (0.0753).
The albedo of Odysseus is significantly higher than those of Hektor and
Agamemnon. Moderate amounts (20 - 50%) of pyroxenes with 20 - 40% Fe (P4-F6)
with small grains (12.5 ^im) appear in all the models that provide reasonable fits t o
account for the red spectral slope. Tholins do not provide good fits in this case, even at "K
< 2.5 ^m. It seems that those materials may darken the mixture too much for the "high"
albedo of this object. Varying amounts of low Fe pyroxene (P2) is included in mixtures
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Figure 3.12 A sample of the best-fit model spectra for 1143 Odysseus is compared to the
composite data. This asteroid has a noticeably higher albedo than Hektor; note the different
albedo scale. As a result. P2 is included in mixtures to raise the albedos of the model spectra.

along with the pyroxenes listed above in order to raise the albedo of the model spectrum.
The third component is generally a spectrally neutral material to adjust the final shape,
help hide silicate bands, etc. (e.g. amorphous carbon, graphite. Murchison extract or polyHCN with large grains). These results hold for models with an opposition surge and
those without.
Similar to the other objects reviewed so far, mixtures which best match the
spectrum of Odysseus rely on small grained, medium Fe pyroxenes to produce the red
spectral slope. Because of the higher albedo of Odysseus, however, these mixtures also
seem to require some low Fe pyroxene to raise the albedo of the model spectrum.
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Tholins do not appear in any of the best-fit models, presumably because they are too
dark, but also because of the large 3-^m absorption they generally induce.
3.4.2.6 1172 Aneas
The final spectrum for Aneas is constructed from four separate datasets. The
visible portion of the composite spectrum is a combination of spectrophotometry from the
ECAS and 24-color surveys. Howell (1995) measured colors for Aneas in the V-, J-. H-,
and K-bands. K- and L-band spectra of this asteroid were recorded at the IRTF in
September 2002 using the SpeX LXD mode. Using the near-IR colors from Howell
(1995). the brightness of the K- and L-band spectra are easily scaled relative to the visible
data. The J- and H-band photometric points from Howell (1995) are also retained in the
composite spectrum. The final spectrum is scaled to the visible geometric albedo
measure by IRAS (0.0403) for this object.
The S/N of the L-band spectrum for Aneas is particularly low. This spectrum
therefore does not constrain the 3-nm shape of the model spectra very tightly. Several
groups of mixtures can adequately reproduce the X < 2.5 |im spectral shape. Several of
these use Triton tholin to redden the spectrum. The 3-jim absorptions caused in the
model spectra by this material are often within the noise of the L-band spectrum.
Pyroxenes with 20 - 40% Fe (P4-P6) also provide a red spectral slope. These do not
induce a 3-^im absorption, and alone may be too bright in L-band for this spectrum.
Amorphous carbon is included in most mixtures to set the correct albedo level. Titan
tholin. graphite, olivine, poly-HCN. Murchison extract, and low Fe pyroxene are all part
of various mixtures which also provide adequate fits to the data.
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Figure 3.13 Measured data for 1172 Aneas are plotted along with three of the best model fits.
The S/N of the L-band spectrum for this asteroid is very low. so the shape of the spectrum at
X > 2.5 |j.m is not well constrained.

Models of the spectrum of Aneas do not put tight constraints on possible surface
materials. The low S/N in the L-band spectrum allows even large absorptions to be
present in the model spectra. Pyroxenes more commonly appear in mixtures to provide a
red slope than tholins. but the tholins cannot be excluded. Silicates alone are capable of
reproducing the data satisfactorily, but so are organics.
3.4.2.7 1437 Diomedes
Only two sets of data are used to construct the spectrum of Diomedes in this
modeling. The visible (0.41 - 0.73 |im) portion is taken from Jewitt and Luu (1990). An
electronic version of spectra from this paper is not available, so the data points included
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Figure 3.14 Several model fits are compared to the composite spectrum of 1437 Diomedes. The
spectrum is very flat among the Trojan asteroids measured; note the reduced albedo scale.
There is no published L-band data for this object, so the 3-^m spectral shape cannot be used
as a constraint for the models.

here were read off of the plots in their paper. The spectra presented there are mostly
linear, so the points used here are a good approximation to their spectra. Errors of 3% are
arbitrarily assigned to these data for our x" calculations. The 0.8 - 2.5 ^im spectrum is
from the measurements at the IRTF in February 2001. These two data sets do not quite
overlap (they are separated by 0.07 |i,m). so a linear extrapolation is used for each of the
two data sets for relative scaling. No L-band data is available for Diomedes. The
spectrum is scaled to the visible geometric albedo measured by IRAS for this object
(0.0313).
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The spectrum of Diomedes is very flat among Trojan asteroids. Mixtures that fit
this spectrum well all contain large abundances (> 65%) of some dark, spectrally neutral
material (e.g. amorphous carbon, large grained Murchison extract or poly-HCN.
graphite). Nevertheless, these mixtures also still include small amounts (< 15%) of
pyroxenes with 20 - 40% Fe (P4-P6). Mixtures of just these two materials (e.g. P6 + D)
produce spectra which match the Diomedes spectrum nearly as well as the threecomponent mixtures. The third component in the mixtures is often Titan or Triton tholin.
Murchison extract, or poly-HCN. Since Diomedes has not been measured at 3 - 4 fim.
the organic abundance cannot be constrained based on the 3-nm absorption as for other
objects. Results are quite similar for models run with and without an opposition surge.
One minor difference between the two is that without an opposition surge, the pyroxene
included has 40% Fe (P6) with 12.5 |im grains. When an opposition surge is included,
the pyroxenes commonly have 20 - 30% Fe (P4-P5) with 25 - 50 fim grains.
As for Patroclus, the most abundant components in these mixtures are carbon
species, especially amorphous carbon. Pyroxenes with 20 - 40% Fe are also common in
mixtures that fit the data well. Several mixtures also contain organics which cannot be
excluded in this case because the object spectrum lacks L-band data.
3.4.2.8 1867 Deiphobus
For Deiphobus, five separate data sets are combined to produce the final
spectrum. EGAS spectrophotometry provides the visible portion of the spectrum. The
0.8 - 1.3 |im region is from a spectrum measured using the SpeX LoRes mode at the
IRTF. The quality of the longer wavelength portion of that spectrum is low due to poor
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Figure 3.15 Three characteristic model spectra are displayed together with the composite data
for 1867 Deiphobus. There is no absorption near 3 (im apparent in the spectrophotometry of
Lebofsky et al. (1990). excluding tholins as the species responsible for the red slope.
Pyro.xene mixtures are able to adequately reproduce the spectral slope and the L-band shape
of the data.

weather conditions and is not used here. The K-band included here was measured using
NFSCAM at the IRTF in August 1999. The 3 (im spectrophotometry is from Lebofsky et
al. (1990). Photometry from Howell (1995) is used to scale the K- and L-band data
relative to the visible brightness. The data point in H-band at 1.65 (im is also from the
Howell photometry. The composite spectrum is scaled to the visible geometric albedo
measured by IRAS (0.0422).
The spectrum of Deiphobus has a steeper spectral slope than just described for
Diomedes. As a result, mixtures for this object generally contain moderate abundances
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(20 - 509c) of pyroxene with 20 - 40% Fe content (P4-P6) and small grains (< 25 |im) to
redden the spectrum. Triton tholin can also provide a good spectral match at X < 2.5 ^im,
but the 3-|im absorption band present in mixtures including this material is not seen in the
3-|iim spectrophotometry of Lebofsky et al. (1990). Graphite is common in mixtures
which do not include an opposition effect, whereas amorphous carbon fills the same role
when an opposition surge is included. Other minor species (Murchison extract. Titan
tholin, olivine with large grains) tend to help flatten the spectrum a bit at the longer
wavelengths.
Mixtures for Deiphobus rely on amorphous carbon or graphite to set the overall
albedo level of the spectrum. Pyroxenes with 20 - 40% Fe and small grains provide the
red spectral slope. Organics are unlikely as the reddening agent since there is no apparent
3 |im absorption in the data.
3.4.2.9 2759 Idomeneus
As for Diomedes, data are only available for Idomeneus at X. < 2.5 ^im. The
visible portion of the spectrum is taken from plots from Jewitt and Luu (1990). For this
object, the visible spectrum is not completely linear, as represented by a change in slope
at -0.6 (im. Error bars are arbitrarily set at 3% for the X" calculations. The data from 0.8
to 2.5 |im are taken from the observations described in the previous chapter. The visible
data were extrapolated to 0.85 |im to allow relative scaling of the data sets. The final
spectrum is scaled to the visible geometric albedo measured by IRAS for this object
(0.0571).
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Figure 3.16 The composite data for 2759 Idomeneus is plotted along with three of the best
model fits. There is no published L-band data for this object. The error bars shown on the
visible portion of the spectrum are arbitrarily set at 3% for the x' calculation. In this case, the
model spectra do not reproduce the data as well. The model fits are all poor between 1.0 and
1.5 fim. and most are also poor in the visible. The visible geometric albedo of this asteroid is
relatively high among Trojan asteroids.

The spectrum of Idomeneus only extends to 2.5 (i,m, there are no longer
wavelength data available for this object. The carbon species seem to set the albedo level
of the mixtures in the visible region. These materials do not provide a sufficient spectral
slope, so pyroxenes with 20 - 40% Fe content often appear in the mixtures to fill this
role. However, the shapes of these mixtures are not satisfactory, and, for this object,
organics are included to match the slope and adjust the shape of the best-fit mixtures.
These mixtures produce spectra with large absorptions in L-band, but there are no data in
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that region for Idomeneus to constrain the shape. Mixtures for this object that contain
medium Fe pyroxenes (P4-P6) to help redden the spectrum also tend to contain Titan
tholin. whereas mixtures that include Triton tholin for this purpose require low Fe
pyroxene (P2) to raise the albedo. None of the mixtures that approximate the correct
near-IR shape do a great job of matching the shape in the visible. Often the model
spectra are too low at -0.4 ^m and too steep throughout the visible.
The results are not as convincing for Idomeneus. Anhydrous silicates can account
for the red spectral slope, but they alone do not match well the overall shape of the
spectrum. Tholins help with the shape, but their presence cannot be excluded or further
supported for this object because of a lack of S-^im data. Two separate groupings of
tholins plus silicates (plus carbon) stand out.
3.4.2.10 2797 Teucer
For Teucer. data are once again taken from plots in Jewitt and Luu (1990) for the
visible region. The 0.8 - 1.8 ^im data are from measurements in March 2002 at the IRTF
using the SpeX LoRes mode. The K-band portion is from the spectrum measured using
the same instrumental mode in February 2001. The S/N ratio is much higher for the
earlier measurements. The L-band data in March 2(X)2 at the IRTF using the SpeX LXD
mode. The visible data were extrapolated for relative scaling of the data sets, but the
other portions all contain overlapping regions. The final spectrum is scaled to the visible
geometric albedo measured by IRAS (0.0624).
The spectrum of Teucer is similar to that of Idomeneus. The two asteroids are
cited by Milani (1993) as possibly belonging to a dynamical family within the L5 swarm.
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Figure 3.17 Measured data for 2797 Teucer are displayed together with three characteristic
model fits. The error bars in the visible are arbitrarily set at 3% for the x' calculation. This
spectrum and albedo is similar to that of Idomeneus. and the model fits suffer the similar
deficiencies. Organics (Tr) provide an improved spectral shape at /i< 2.5 |am. but induce an
absorption near 3 |im that is not present in the data.

Graphite provides the correct albedo for models which consider an opposition surge. For
mixtures without an opposition effect, graphite is too dark and some low Fe pyroxene
(P2) is generally included to raise the albedo. Pyroxene with 20 - 40% Fe (P4-P6)
properly reproduces the red slope. Some mixtures also involve Titan tholin to adjust the
spectral shape. Mixtures that involve Triton tholin, similar to those for Idomeneus, are
excluded because they show a 3 ^m absorption not present in the data.
Once again, pyroxenes with 20 - 40% Fe seem to be the best candidates for
causing the spectral slope. Some reasonable results do include Titan tholin, but all
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contain these pyroxenes. Many of the mixtures involving Titan tholin produce L-band
absorptions that are barely within the noise of the data. For mixtures assuming no
opposition surge, low Fe pyroxene is often part of the mixture to raise the albedo.

3.4.2.11 3540 Protesilaos
The only data available for Protesilaos is the 0.8 - 2.5 (im spectrum recorded at
the IRTF in February 2001. IRAS did not measure an albedo for this object. An average
of the albedos measured by IRAS for Trojan asteroids, weighted by their measurement
error, was calculated to use for this object (0.0502) and one other (4835 1989 BQ) for
which there is no published albedo. There is also no published visible spectra or
broadband infrared photometry for Protesilaos. In order to scale the near-IR spectrum to
the assumed visible geometric albedo, an average V-I (0.55 - 0.85 |i,m) color index was
calculated from the objects for which data is available in both bands (V-I = 0.23). With
this uncertainty about the actual albedo and visible spectral slope, not as much confidence
is placed in the results for this object.
Silicates alone can reproduce this spectrum fairly well. A mixture of silicates
with amorphous carbon or graphite is also satisfactory, as are mixtures of organics and
the carbon species with no silicates. This example shows very well the difficulty in
drawing conclusions from a dataset with reduced wavelength coverage.
These mixtures do require either pyroxene with 20 - 40% Fe and small grains or
Triton or Titan tholin to provide the red spectral slope in the model spectrum. There is no
limit on the L-band shape of the model spectrum produced by the tholins since we have
no data in that region. The mixtures that provide reasonable fits to the data are varied in
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Figure 3.18 Several model fits to 3540 Protesilaos are compared to the measured data. There is
no published visible or L-band data for this object, nor does a published albedo exist. We
have used the average of the albedos of all Trojan asteroids measured by IRAS (0.0502) for
this object. Therefore the model results are not as robust. Several groups of mixtures
adequately reproduce the available data.

this case. Amoiphous carbon, graphite, olivine. poly-HCN. and Murchison extract each
combine in various ways to produce acceptable models. There are no strict
compositional constraints form this limited data.

3.4.2. J2 3793 Leonteus
The composite spectrum of Leonteus includes visible data read off of plots in
Jewitt and Luu (1990) and an 0.8 - 2.5 ^m spectrum we measured at the IRTF in March
2002. Error bars on the visible data are arbitrarily set at 3%. The final spectrum is scaled
to the visible geometric albedo measured by IRAS for this object (0.0717).

174

0.130:

—

^

0.120|
O
T3
0
n
<
o

— — T/P2/G 5/10/85 50/12.5/50
P2/P5/02 10/10/80 12.5/12.5/50

0.110

P2/P5/G 15/10/75 12.5/12.5/25

0.100

0

0.090

0
o

0.080 F

E
o

•

Tr/P2/02 5/30/65 12.5/25/25

0.070

3793 Leonteus

0.060
0.5

1.0

1.5
2.0
Wavelength (^lm)

Figure 3.19 Model spectra are compared to the composite data for 3793 Leonteus. There is no
published L-band spectrum for this object. The error bars in the visible portion of the
spectrum are arbitrarily set at 3% for the x' calculation. This visible and near-IR spectral
slope for this object is somewhat small among Trojan asteroids, and the albedo is relatively
high. Note the albedo scale on the plot. The quality of the three-component model fits is
fairly poor for this asteroid.

Leonteus has a somewhat flat spectral slope among Trojan asteroids (Table 2.3).
This asteroid may also be part of the possible dynamical family containing Teucer and
Idomeneus (Milani 1993), but has a much shallower spectral slope than those two
objects. Pyroxenes mixed with amorphous carbon or graphite adequately reproduce the
object spectmm. Mixtures involving organics (mainly Titan tholin, Murchison extract, or
poly-HCN) are also satisfactory, and there is once again no constraint on the 3-nm shape
of the spectrum. The albedo of this object is rather high, and most of the mixtures
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include low Fe pyroxene (P2) to raise the albedo, although its presence is not quite as
common when including an opposition effect. None of these mixtures provide a very
good match to the visible portion of the spectrum.
The results for Leonteus seem slightly different than those of other objects so far.
Since the slope is not steep, a large amount of spectrally neutral material (carbons.
Murchison extract. poly-HCN) is in the mixtures. Moderate abundances (15 - 55%) of
low Fe pyroxenes raise the albedo and keep a flat slope. Small amounts (5 - 15%) of
Titan tholin or pyroxene with 20 - 40% Fe are included to give the little bit of reddening
present in the data.

3.4.2.13 4060 Deipylos
The only region of the spectrum available for Deipylos is the 0.8 - 2.5 ^im data
obtained at the IRTF in March 2002. IRAS measured a visible geometric albedo for this
object (0.0776). but no published visible spectra or near-IR photometry exist to scale the
near-IR spectrum to the IRAS albedo. The average V-I color index described in section
3.4.2.11 is used for this scaling.
Deipylos has a unique shape in the 0.8 - 2.5 |im range among the asteroids
presented. The red spectral slope flattens out near 1.25 ^im, then reddens again longward
of 2.2 |im. The albedo is also relatively high. The surface of this object may be different
from those of other Trojan asteroids.
The pyroxenes with 20 - 40% Fe (P4-P6), which have been a staple in the
mixtures for other objects, do not provide the correct spectral shape for Deipylos. Low
Fe pyroxene (P2) is abundant in mixtures that produce reasonable fits. This material
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Figure 3.20 The measured data for 4060 Deipylos are plotted along with three of the best model
fits. There is no published visible or L-band data for this object. The spectral slope is rather
small, the albedo is somewhat high (note the albedo scale), and the spectral shape is unique
among the asteroids presented. Mixtures with T, P2, and 02 or D are able to reproduce the
general shape, but none of the three-component model fits are able to match the data
extremely well.

raises the albedo while maintaining a flat spectral slope. Titan tholin induces the correct
overturn near 1.25 |im. Olivine helps to redden the model spectrum again in K-band,
although amorphous carbon is also acceptable.

3.4.2.14 4063 Euforbo
A spectrum of Euforbo in the range 0.8 - 2.5 ^im obtained at the IRTF in March
2002 is u.sed here. The only other published data available for this object is the IRAS
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Figure 3.21 Model spectra are compared to the measured data of 4063 Euforbo. There is no
published visible or L-band data available for this object, so there are fewer constraints on the
spectral shape. Therefore, several groups of mixtures are able to adequately reproduce the
spectrum.

albedo (0.0611). The V-I color index described above is used to scale the IRTF spectrum
to the measured visible geometric albedo.
The reduced spectral range available for Euforbo again makes it difficult to draw
conclusive results from this modeling. Nevertheless, several trends are noticeable. The
red slope of this object is best supplied by moderate levels (15 - 55%) of pyroxene with
20 - 40% Fe (P4-P6) with small grains or by Titan tholin. There is no L-band data
available to help constrain the 3-jim shape of the model. Mixtures involving the
pyroxenes also generally include a small amount of Titan tholin (5 - 20%) and large
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amounts (45 - 80%) of graphite. These mixtures are especially common in model runs
that consider an opposition surge. Mixtures that involve Triton tholin to produce the red
slope often include low Fe pyroxene (P2) to raise the albedo and Murchison extract or
amorphous carbon. These groupings are similar to those seen for Idomeneus, which has a
similar albedo and spectral shape.
Anhydrous silicates can produce an adequate slope for Euforbo. but fail to match
the spectral shape of this data. Tholins seem to help supply the correct shape. There is
no L-band data to support or refute their presence. Two distinct groupings of pyroxenes
and tholins stand out, but the mixtures involving pyroxene with 20 - 40% Fe and Titan
tholin are more common.

3.4.2.15 4835 1989 BQ
The only data available for 1989 BQ is an 0.8 - 2.5 |im spectrum obtained at the
IRTF in February 2001. IRAS did not measure an albedo for this object. The same
average albedo described above and used for Frotesilaos (0.0502) is employed. The
average V-I color index described above is also used to scale the spectrum to the visible
geometric albedo.
As with Frotesilaos, this spectrum can be fit reasonably well with a broad suite of
mixtures. One difference, in this case, is that spectra from mixtures with just silicates and
carbons exhibit 1 and 2

|Lim

absorption bands that do not fit the data well. Adding some

organics to the mixtures seems to mask these bands.
These mixtures do require either pyroxene with 20 - 40% Fe and small grains or
Triton or Titan tholin to provide the red spectral slope in the model spectrum. There is no
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Figure 3.22 The measured data of 4835 1989 BQ are plotted along with several model spectra.
There is no published visible or L-band data available for this object, nor does a published
albedo exist. The average of the albedos of all Trojan asteroids measured by IRAS (0.0502)
is used for this object. Therefore the model results are not as robust. Several groups of
mixtures adequately reproduce the available data.

limit on the L-band shape of the model spectrum produced by the tholins since we have
no data in that region. The mixtures that provide reasonable fits to the data are varied in
this case. Amorphous carbon, graphite, olivine. poly-HCN. and Murchison extract each
combine in various ways to produce acceptable models. There are no strict
compositional constraints form this limited data.

3.4.2.16 5144 Achates
The only data available for Achates are the K- and L-band spectra presented in
chapter 2 and the visible albedo measured by IRAS (0.0576). K- and L-band spectra of
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Figure 3.23 The measured data of 5144 Achates are plotted along with several model spectra.
There are no published spectra shortward of 1.95 |iJTi for this object, though its albedo was
measured by IRAS. We have used the average V-K colors of the other Trojan asteroids
presented in order to scale the K- and L-band spectra to the measured visible geometric
albedo.

Achates were recorded in August 1999 at the IRTF using NSFCAM. and in September
2000 using SpeX in the LXD mode. Here, the NSFCAM spectra are used, because they
are judged to be of higher quality due to better obset^ing conditions. An average V-K
color index is calculated from all the objects for which complete data is available over the
0.5 - 2.5 ^im range, and used to scale the K- and L-band spectra to geometric albedo.
No spectrum or photometry shortward of 1.9 |xm is available for Achates, so the
shape of the sf)ectrum in that region does not provide a constraint for this object. All of
the mixtures which produce reasonable fits to the data contain pyroxenes with 20 -40%
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Fe (P4 - P6). Presumably, these are needed to provide the correct albedo level in the Kand L-bands. This cannot be considered a robust result since this level was set for the
data by an average of V-K for other Trojan asteroids rather than an actual measurement
for this object. Titan tholin. Murchison extract, amorphous carbon, and graphite all are
frequently included to flatten the spectrum in this range. Titan tholin induces a broad
absorption in L-band which is just barely within the noise of the data, but it provides a
better fit in K-band than other materials. Triton tholin is not involved in any good-fit
mixtures here because the 3 |j,m feature it is responsible for does not appear in the data.
For this object, the mode! spectrum needs to mostly be flat and at the correct level
K-and L-bands. This does not constrain the results as much as having a complete
spectrum down the visible wavelengths. Even so. the presence of an L-band spectrum
with no apparent absorptions is able to limit the presence of some organics. Triton tholin
cannot produce a fit. and only small amounts of Titan tholin are compatible with the data.

3.4.2.17 5254 Ulysses
A spectrum of Ulysses in the range 0.8 - 2.5 (xm was measured at the RTF in
March 2002. There is no other published spectral or photometric data available for this
object. IRAS measured a relatively high albedo for Ulysses (0.0869). The average V-I
color index described above is used to scale the spectrum to the measured visible
geometric albedo.
The restricted wavelength range available once again hinders robust modeling for
this object. Low Fe pyroxene (P2) is included in almost all of the mixtures that produce
reasonable fits to the data in order to raise the albedo of the model spectra. Triton tholin
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Figure 3.24 Mode! spectra are compared to the measured data of 5254 Ulysses. There is no
published visible or L-band data available for this object, so there are fewer constraints on the
spectral shape. Ulysses has the highest visible geometric albedo among the Trojan asteroids
presented in this study. The quality of the three-component model fits is fairly poor for this
asteroid.

and pyroxene with 20 - 40% Fe (P4-P6) are both capable of providing the red spectral
slope. The former is more common when no opposition effect is included, whereas the
latter appears more in mixtures when an opposition surge is considered. Small amounts
of Titan tholin often help adjust the spectral shape. There is again no L-band data to help
distinguish whether pyroxenes or tholins are more appropriate in the mixtures.

3.4.3 Discussion of Three-Component Model Results
The results from the three-component model calculations presented in the
previous section for each object are summarized in Table 3.5. While the results for each
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asteroid are interesting for that particular surface, there are also trends among these
results that have important implications for the Trojan asteroids as a group. As stated
earlier, it is lessons learned from these trends that we consider most reliable, rather than
the goodness-of-fit of any single mixture.
The asteroids studied can be placed into four general groups based on the
outcome of our spectral modeling. These groups are well characterized by the albedo and
color index (spectral slope) of the object. Protesilaos, 1989 BQ, and Achates are not
included in these groupings since albedo or color index have not been measured for these
objects.
1. Dark and red. The best mixtures to adequately reproduce the spectra of these
objects (Achilles, Hektor, Agamemnon. Aneas. Deiphobus) rely on moderate
abundances of pyroxene with 20-40% Fe for the red spectral slope. Tholins could
also account for the red slope at >, < 2.5 |im, but they induce absorptions not seen
in the L-band spectra of these asteroids. Amorphous carbon or graphite set the
correct albedo level for these dark surfaces. Other components fine-tune the
model spectra to the details of the data for each object.
2. Dark but flatter. For these objects (Patroclus and Diomedes), amorphous carbon
and/or graphite alone are able to provide both the correct albedo and approximate
spectral slope. Small amounts of pyroxenes included in the mixtures adjust minor
details of the spectral shape of the data. Organics induce structure in L-band not
seen in the Patroclus data.

Tahio 3.5
Summary of Thr«T-('nmpononf MoHol Rrsiilts
f)hicct
624 Mcktor

V

0,85 - 2.2 |.lm

albedo

color index
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FM-P6 redden.
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IVscription

or G set albedo. Tholins could also redden, but poor in I,-band
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Pyroxenes or tholins conld redden; !"> or O set albedo level
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617 Patroclus

(V047

0..X00 + 0.030

1437 pioiTiedes'

n.O"*!
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0,061
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0.540 ± 0.052
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7
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7
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3. Brighter and red. Similar to the first group, mixtures that produce model spectra
that closely fit the data for these objects (Odysseus, Idomeneus. Teucer, Euforbo,
Ulysses) commonly use moderate amounts of pyroxene with 20-40% Fe to give
the model an appropriate slope. Organics often induce absorptions not seen in Lband data of Odysseus and Teucer. Though there are no such constraints for the
other three asteroids, pyroxenes are more common to the "good" mixtures
because organics generally darken the model spectra too much for this group.
Low Fe pyroxene is frequently included for these objects to raise the albedo of the
model spectra.
4. Brighter and flatter. The "high" albedo of these two objects (Leonteus and
Deipylos) is also supplied in the model mixtures by low Fe pyroxene. Model
spectra matching the Leonteus data also include spectrally neutral material (e.g.
graphite, Murchison extract) to maintain a relatively flat near-IR slope. Deipylos
has a more complicated (but still not very red) spectral shape, for which mixtures
including Titan tholin and olivine provide the best match. We do not have L-band
data for either of these objects, but few of the model spectra with reasonable fits
to the data contain appreciable amounts of organics.
Of the groupings above, the division by color index is more robust. There is a
diversity in the near-IR spectral slopes of these objects, but the distribution is not
continuous among this sampling. There exists a large gap in color index between the
more steeply sloped objects (larger color index) and those with a flatter spectral slope
(smaller color index). The diversity in brightness, on the other hand, may be a continuum
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rather than two discrete groups. This idea is supported by a trend among the abundance
or presence of low-Fe pyroxene in the model results which is seemingly dependent on
brightness. There seems to be a continuous progression from low albedo objects, whose
model fits do not include any low-Fe pyroxene, to objects with moderate albedos (e.g.
Idomeneus). for which a significant fraction, but not all, of good model fits contain lowFe pyroxene, to the brightest objects (e.g. Ulysses), whose model fits all depend on lowFe pyroxene to raise the albedo. There is also not a large gap in visible geometric albedo
between those objects classified above as "dark" and those classified as "bright".
Nevertheless, the observation that mixtures for some Trojan asteroids require a
component in the mixture to raise the albedo, and that organics are often too dark to be
included in mixtures for these objects, remains whether we divide the results into discrete
groupings or not.
A global view of the results of the spectral model indicates that pyroxenes are
probably present on the surfaces of Trojan asteroids and are more likely responsible for
the red spectral slope seen in data of these objects than are organics. Pyroxenes are used
in at least some of the best-fit mixtures of every object modeled to provide the red slope,
and are the only reasonable candidate to explain the slope for several objects. This would
not be strong evidence if based on the results for one or a few asteroids, but it gains
significance when the results for more and more objects continue to demonstrate the
same trend. Organic material, particularly the tholins considered here, can also redden
the visible and near-IR portions of a spectrum. However, these materials induce large
absorptions in L-band from fundamental modes of vibration of several chemical bonds
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(e.g. N-H. C-H. O-H). Organics are excluded as the reddening agent on these surfaces
for every object for which L-band data is available (except Aneas, for which the S/N of
the data is particularly low). In fact, even those asteroids without the constraint offered
by L-band data often have pyroxenes appearing more frequently than tholins in model
mixtures provided a reasonable match to the data. Large grains for the organics can help
to mask the L-band absorptions, but this also flattens and darkens the spectrum for these
substances. In this case, it would be possible for organics to be present, but they would
likely not be responsible for the red slope. That is not to say absolutely that there is no
organic or hydrocarbon material on the surfaces of Trojan asteroids. It is suggested in the
previous chapter that a few possible discrete absorption features in several of these
spectra may be due to hydrocarbon materials. However, it seems unlikely based on the
long wavelength data and the results of this spectral modeling that organics are
responsible for causing the strongly red spectral slope in these spectra. These results lead
to a tentative conclusion that it is more likely that these surfaces are as red as they are
because of the presence of relatively small-grained pyroxenes.
Unfortunately, the spectra collected do not contain absorption bands at 1 or 2 ^im,
which would be more conclusive proof of the presence of silicate minerals. The mixing
ratio of pyroxenes required to produce the red slope is relatively small (generally 1535%). Larger amounts of pyroxenes than that cause absorption bands not present in the
data. The mixtures that produce good spectral matches to the data generally contain large
amounts (40-80%) of amorphous carbon or graphite. As discussed above, these materials
mostly serve to set the albedo level of the calculated spectrum. Large amounts of these
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(and other spectrally neutral substances) help mask the silicate absorption bands, which
may explain why those features are not present in the data.
Each model has been run once assuming no opposition effect and once with an
opposition surge as described in section 2.1. The important results and trends described
in the current section are valid for both assumptions. The effects of including an
opposition surge in the models are minimal. For a given mixture and set of input
parameters, inclusion of the opposition effect in the model will raise the overall albedo
slightly. The shape of the model spectrum is not strongly affected. Therefore,
differences between individual results with and without an opposition surge are restricted
to minor details related to small variations in albedo (e.g. incorporating amorphous
carbon instead of graphite, or using a slightly different grain diameter for the neutral
component).

3.4.4 Four-Component Models
An obvious question at this point is whether additional components added to the
mixtures will improve the model fits. The three-component mixtures were able to
produce model spectra with at least adequate fits to all of the Trojan asteroid data.
Nevertheless, a few of these fits show some minor deficiencies. For example, the model
calculations for Idomeneus and Ulysses both fall slightly below the J-band portion of the
data, and the shape of the Idomeneus visible data is not well reproduced. Model
calculations are therefore performed with four-component mixtures to investigate
whether any new additions to the mixtures make significant improvements to the fits and
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to see if any new insights concerning the surface composition of these asteroids can be
gained.
Allowing four materials in each mixture greatly increases the number of possible
mixtures, and therefore the time to run the model, for a set number of possible surface
components. In order to reduce the run time, a subset of seven or eight substances is used
rather than the full twelve described above for the three-component models. The
materials that appeared most frequently in favorable results for the three-component fits
are chosen for the four-component fits. Thus, the list of materials used varies for each
object, and is listed in Table 3.6. along with an assessment of whether the fourth
component appreciably improved the model fit and a brief summary of the fourcomponent results for each model.
Most of the four-component model spectra offer no or only very small
improvements over the three-component spectra. In the three-component results, we
noticed that for many of the objects two components do most of the work of setting the
albedo level and shape to something approximating the data, while the third component
often provides final small adjustments to better match the data. This same idea is at work
here in that the fourth component is generally responsible for adjusting small details of
the model spectrum, so, in most cases, no significant improvements are apparent.
For a few objects, however, the fourth component does provide a noticeable
improvement in the model fit. The spectrum of Deipylos has a unique shape among the
Trojan asteroid spectra we measured, and the three-component models are not able to
reproduce this shape well. Those model spectra are either to low in K-band or too fiat
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Figure 3.25 Results of models considering four-component mixtures for several asteroids. The
plots contain the composite data for each object, the best three-component model fit, and two
of the best four-component fits. The results for all objects are summarized in Table V. a)
There is no significant improvement to the fit to the data for 624 Hektor. This is the case for
most of the asteroids. Three-components generally seem to be sufficient to describe the 0.3 4.0 ^.m spectral shape for most of these objects, b) The fit to the data is noticeably improved
with a fourth component for 2759 Idomeneus. The spectral shape in the visible and between
1.0 and 1.5 (im is much improved. The fourth component seems to allow P2 to set the level
while the three others adjust the spectral shape, c) The spectral shape of 4060 Deipylos is
different than the other asteroids measured. Inclusion of a fourth component enables the
model spectrum to match this slightly more complex shape, d) The four-component models
also provide an improved fit to the data for 5254 Ulysses. Perhaps the improvement again
comes from being able to use
to raise the albedo and still having three components
available to adjust the shape. For the most part, three-component mixtures are able to
adequately reproduce the spectra. Adding a fourth component to the model mixtures does not
change the interpretations of the model results.

overall. Adding the fourth component here allows the model spectrum to bend at the
correct place near 1.2

and then increases its slope again to match the K-band. Three-

component fits for both Idomeneus and Ulysses are low in J-band, and for Idomeneus
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Figure 3.25 continued.

also poor in the visible, but the four-component fits correct these deficiencies. These
larger improvements tend to occur with objects that have a relatively high visible
geometric albedo. Mixtures for these objects usually include low-Fe pyroxene to raise
the albedo. For three-component mixtures, this only allows two components to produce
the correct shape and slope. For four-component mixtures, the low-Fe pyroxene can set
the albedo and still leave the other three components to provide the appropriate spectral
shape. The lower albedo asteroids, on the other hand, do not require the inclusion of lowFe pyroxene to set the albedo level, so the improvement for the fourth component is not
as great.
Titan tholin is included in most of the best-fit model mixtures for several
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asteroids. In these mixtures, the mixing ratio of Titan tholin is always < 15%, but is most
often only 5%. The 3-|im absorption caused in these model spectra by Titan tholin is
generally within the noise of the L-band data, but it induces a shape in the L-band that
does not match the data well or is at the very edge of the noise. The benefit of Titan
tholin is that its spectral shape at X. < 2.5 ^m provides a reasonable approximation to the
shape of most of the Trojan asteroid spectra in this range, but its abundance (and even its
presence) is limited by the L-band data. As a fourth component, this substance can
favorably adjust the slop, but still causes some trouble at longer wavelengths. Triton
tholin. on the other hand, is not common at all in the four-component results. A few
objects with L-band data prefer Triton tholin to account for the slope shortward of 2.5 (im
in the three-component fits, even though the 3-nm absorption it induces is absent from
the data (e.g. Deiphobus). With a four-component mixture, the red spectral slope can be
created without Triton tholin. so there is then no 3-^m band.
Adding a fourth component to the model calculations does not change the
interpretations of the model results. The same materials are responsible for the same
parts they play in three-component mixtures, as described above. The fourth component
does help the fits to some of the higher albedo objects, because these mixtures can use
low-Fe pyroxene to set the albedo level, leaving three materials to mix together to
provide the spectral shape. The fourth component is not important for low albedo objects
since their albedos are already well matched by the same materials as help with the shape.

3.4.5 Limits on Organic Abundance
Based on the results from three- and four-component models, it seems unlikeiy
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that strongly red-sloped organics dominate the surfaces of Trojan asteroids. The L-band
data constrain the depth of any absorptions in the 3-^m region, and therefore the
abundance of organic materials. This data may be used to provide more exact limits as to
how much of this material may be on these surfaces, and what the role of organics may
be in the spectra produced by these mixtures.
The contribution of a particular species depends on the mixing ratio, its particle
diameter (as discussed in section 3.4.1), and on the other materials included in the
mixture and their particle diamters and relative abundances (Fig. 3.26). The estimation of
limits is therefore not completely straightforward and depends on the parameters of the
mixture. The results from the three- and four-component models discussed above are
used as guides for these estimations. To be more rigorous, though, model spectra are also
computed on a finer grid of mixing ratios for improved precision on these constraints.
Data in the L-band, where strong fundamental absorptions from bonds within these
molecules appear, is important for providing constraints on the presence and abundance
of organics. so estimations of limits for these materials are restricted to the 9 objects for
which L-band data is available.
Organics have been invoked specifically to explain the combination of low albedo
and red spectral slope in the visible and near-IR (Gradie and Veverka 1980, Jewitt and
Luu. 1990. Luu et al. 1994). Many organic molecules do exhibit a similar spectral shape
to many dark asteroids, but there has, to date, been no evidence other than this (i.e.
absorption bands) for organics on the surfaces of these objects. It is important at this
point to distinguish the role of organics in a mixture. The three- and four-component
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Figure 3.26 The contribution of a particular species to a spectrum (and therefore the
interpretation of abundance limits) depends on the mixing ratios, its grain size, and the grain
sizes for the other species. These effects are demonstrated for simple mixtures of Triton
tholin and amorphous carbon. The depth of the band near 3 nm due to Triton tholin varies
not only with changes in mixing ratio, but also with changes in relative grain sizes. It is
therefore important to consider these grain size effects when estimating abundance limits
based on the appearance of an absorption band in a mixture. To produce abundance limits for
organics. water ice. and water of hydration, the best model fit is found for a given abundance
while allowing the mixing ratios, grain sizes, and identity of the other components in the
mixture to vary. The alternative would be to hold the mixing ratios, grain sizes, and identities
constant while only varying the abundance of the species in question. This less robust
method would allow the possibility that a different set of mixing parameters for the other
components would affect the band depth and/or shape, but would not be detected. This
would lead to mistaken abundance estimates.

model results demonstrate that tholins in particular can be used in a mixture to redden the
spectral slope. Generally, smaller grain diameter for these substances provides a steeper
slope. The parameters that lead to a steep slope also lead to a deep 3-|im absorption, so
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spectra of mixtures that use tholins as the reddening agent also tend to have deep
absorptions in L-band. However, organics can also be included in a mixture without
being responsible for the red slope. In many cases in the results discussed above.
silicates provided the red spectral slope while organics (especially Murchison extract and
poly-HCN. but also Titan and Triton tholin) acted as a dark mostly neutral component,
maybe adjusting the shape slightly. When organics take this role, the mixture is often
such that the L-band absorption is somewhat muted, so more of the limits on the
abundance are higher. For these mixtures, it is important to note that, though organics
may be present, the evidence often cited for these materials (red slope) does not actually
indicate their presence. Limits to organic abundance are discussed in two categories:
limits if organics provide the red slope and limits if they are allowed to simply be a dark
mostly spectrally neutral component.
The case of Hektor demonstrates this distinction clearly. For model spectra
calculated considering only the 3-^m band depth and not the red spectral slope as a
constraint, a small amount of Triton tholin can be included in the mixtures. If the Triton
tholin grain diameter is 12.5 p.m, up to 5% of this material may be present, and this limit
increases to 20% if the grain diameter is increased to lOO^im. While these mixtures
match the data reasonably in K- and L-band. they do not match at all at A. < 1.9 jim (Fig.
3.27a). The tholin in these mixtures is not producing the red slope seen in the data.
When the spectral shape at the shorter wavelengths is also used as a constraint, but
pyroxene with 20-40% Fe is still allowed in the mixture, the most Triton tholin that can
be fit is 5-10% (Fig. 3.27b). In this mixture, the pyroxene is providing the red slope.

198

0.10

Tr/M/02/G 5/2/12/80 12.5/100/12.5/12.5
Tr/M/P4/G 10/2/2/85 50/50/12.5/12.5
Tr/M/P4/G 20/5/5/70 100/25/12.5/12.5

o

"D

E 0.08
<
o

© 0.06
E
o
(D

O 0.04
624 Hektor

(a)

0.02
1

2

3

Wavelength (^im)
Figure 3.27 An overview of the determination of limits on the abundances of organics in
mixtures for 624 Hektor. a) For these mixtures, the only constraint is that the absorption
band due to Triton tholin near 3 fim must be within the noise of the data. With large grains,
the L-band data can accommodate up to -20 wt*!^ of Triton tholin. These mixtures, however,
do not reproduce the low reflectance in the visible, b) For these mixtures, the models are
required to match the spectral shape at ^ < 1.9 (im as well. P4-P6 are included in the
mixtures, is not responsible for the red spectral slope. In these mixtures, with other reddening
agents, up to -10 wt% of Triton tholin can be included, c) For these mixtures. Triton tholin is
solely responsible for the red spectral slope. In order to reproduce the spectral shape, small
grains are required, which produces a very large absorption near 3 (im. Even 2% of Triton
tholin with these small grains induces too large of an absorption. Less Triton tholin will not
produce the red slope required. From these steps, we conclude that Triton tholin (and by
extension other organics) cannot be responsible for the red spectral slope measured for
Hektor. Up to -15 wt% of Triton tholin could be present, but another species needs to be
present to produce the spectral slope, d) Similar to b. but for Titan tholin. Titan tholin also
cannot be solely responsible for the red spectral slope. A.s a dark component in the mixtures,
5-10 v,t9c of Titan tholin could be present.

When Triton tholin Is responsible for the visible and near-IR spectral slope, the
abundance limits are much more strict. In this case, even 29c Triton tholin induces a 3|xm absorption which is excluded by the data, while 1 % is not enough to produce an
appropriate spectral slope (Fig. 3.27c), In mixtures where Triton tholin is not responsible
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Figure 3.27 continued.

for the slope, the mixture can be arranged such that the 3-^m absorption is within the
noise for the Hektor L-band spectrum up to 20 %. There is no mixture for which Triton
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tholin can produce the red slope and match the L-band data. The conclusions are very
similar for Titan tholin. There is no mixture in which Titan tholin alone can account for
the spectral slope of Hektor. but this material, in small amounts, is incorporated into fourcomponent models to fine-tune the spectral shape. In this role. Titan tholin can be
included at levels up to 5% if olivine is included to increase the spectral slope at X > 3.5
|im (Fig. 27d). The limits discussed here are specifically for models with no opposition
effect, but the same limits hold for models which include an opposition effect.
Limits on the abundance of tholins on the surfaces of the other eight objects are
very similar to those of Hektor. and are summarized in Table 3.7. In the table, the first
limits column is the amount allowed if the tholin is responsible for the red spectral slope,
and the second limits column is the amount allowed if pyroxenes account for the slope

and the tholin is included as a mostly neutral, dark component. Six of these nine spectra
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Table 3.7
Limits on Organic Abundances
Object / Material

588 Achilles
Tr
T
617 Patroclus
Tr
T
624 Hektor
Tr
T
911 Agamemnon
Tr
T
1143 Odysseus
Tr
T
1172 Aneas
Tr
T
1867 Deiphobus
Tr
T
2797 Teucer
Tr
T
5144 Achates
Tr
T

Limits (wt %)
Slope and L-band''"'^
only
L-band"

Notes

0
0

10
20-25

N/A
N/A

20
30

0
0

15
5-10

0
0

10
15

0
0

15
20

20
2.5

30
15

0
0

15
15

0
0

15
20

Tr as slope; 5% too deep in L, not red enough
Depth at 15% Tr ok. but poor shape

N/A
N/A

15
20-30

No data at X.<1.9 ^m, so slope not a constraint

Shallow slope, requires little reddening
Depth of Tr band is ok. but shape is bad

For Tr as red slope, 2% is too deep in L,
1 % is not red enough

Noise large in L; Limits constrained by slope
Shape for T as slope is poor for 2.5%. but
L-band is ok up to 15% T

•* Limits m this column are those established if the tholin is the reddening agent m the mixture. In other
words, the near-IR slope and L-band shape are both constraints.
" Limits in this column are those established if the tholin is not required to provide the red spectral slope.
In other words, only the L-band shape is used as a constraint.
• The limits listed are with a particle diameter for the tholin of 100 Jim. The limits are smaller with
smaller grain diameters.

specifically cannot accommodate either Titan or Triton tholin as the reddening agent in
the mixtures. The slopes of these objects are steep enough that the mixing ratios and
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Figure 3.28 Abundance limits for a) Triton tholin and b) Titan tholin in mixtures for 588
Achilles. The L-band spectrum of Achilles has the highest S/N of the data we measured in
that range, so it should provide the strictest constraints on the appearance of absorptions near
3 |j.m in mode! mixtures. When the tholins are included in the mixtures with large grains,
they act as a mostly spectrally neutral, dark component. They do not induce large 3-nm
absorptions in this case, nor do they produce a red spectral slope. In this role, up to 10 wt%
Triton tholin and -20 wt % Titan tholin can be accommodated.
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grain diameters required of the tholin to produce the slope also induce a deep 3-jim
absorption. Patroclus is an exception because its spectral slope is not nearly as steep as
the other asteroids. The L-band data for Aneas is extremely noisy, so even fairly deep
absorptions are acceptable; the constraints for this object are not as stringent. For cases
when pyroxenes are present to provide the red slope, some tholin may be included in the
mixtures. Most of these data allow 10-15% Triton tholin or 15-20% Titan tholin in the
model mixtures. These limits are for large grains, which flatten the slope and mute the
absorption bands. The spectrum of Achilles has the highest S/N in L-band, so this object
provides the strictest upper limits. Models matching even this spectrum can include up to
10% Triton tholin and 20-25% Titan tholin (Fig. 28). This is an indication that when
iholins do not have to supply the red slope, the mixture can be arranged to incorporate a
moderate amount of tholins without producing too large of an absorption band at long
wavelengths.
Throughout this discussion, two materials. Titan and Triton tholins, have been
used to represent red-sloped organics. While these are the only red-sloped organics for
which measured optical constants are available, there have been published spectroscopic
studies of other organics suggested as analogs for the surface composition of dark
asteroids. Cloutis (1989), Cloutis et al. (1994) and Moroz et al. (1998) present spectra of
various bitumens and other carbon bearing materials. These studies show the same
correlation between spectral slope and absorption band depth as described above.
Namely, organics with steep red slopes also exhibit very deep absorption bands, whereas
organics without appreciable absorption bands have much flatter spectral slopes. Moroz
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Figure 3.29 a) Reflectance spectra of several bitumens. This figure is reproduced from Moroz et
al. (1998) Fig. 1. The materials at the top of the plot have high H/C ratios and the chemical
structure is mostly aliphatic. Spectra of these materials have very red spectral slopes in the
visible and near-IR. They also contain very strong absorptions in L-band (near 3.3 |im) due
to C-H stretch vibrations and significant absorptions at shorter wavelengths due to overtones
and combinations. Along the sequence going down on the plot, the H/C ratio in the materials
decreases, and the chemical structure changes from mostly aliphatic to mostly aromatic. As
these changes occur, the visible/near-IR spectral slope flattens, and the strong absorption
bands weaken and vanish. All of the organic materials shown here with very red spectral
slopes also contain significant absorptions. It therefore seems likely that the results that
tholins cannot be responsible for the red slope of Trojan asteroid spectra without inducing
strong absorptions not present in the data can be extended to other organics. b) Reflectance
spectra of an asphaltite with different size fractions. This figure is reproduced from Moroz et
al. (1998) Fig. 2. Their studies show that as grain size is increased for these organics, the
spectrum darkens, the slope flattens, and the spectral contrast decreases. These are the same
trends produced by the spectral model used in this work.

et al. (1998) examined bitumens from the asphaltite (low-temperature, low density, high
H/C, mostly aliphatic structure) to the anthraxolite (most thermally processed, higher

205
0.40
<25
25-45

0.30

45-63

tS 0.20
63-90
90-125

0.10

0.00
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Wavelength (microns)
Figure 3.29 continued

density, low H/C, mostly polyaromatic structure) end-members, and determined that the
spectral changes from very red with deep absorptions (asphaltite) to almost neutral with
no absorptions (anthraxolite) are due to a gradual loss of hydrogen (particularly aliphatic
hydrogen) from the molecules (Fig. 3.29a). Moroz et al. (1998) also study the effects of
particle size on the spectra and find the same effects described for these models:
increased particle size causes a flatter spectral slope and less spectral contrast (Fig.
3.29b). Optical constants are not available for these materials, so it is not possible to
systematically determine upper limits to the abundances of these materials on the
asteroids measured. Nevertheless, since the spectral behavior is the same as for the
tholins included in the present study, it is expected that results would be similar for the
bitumens. The strong absorption bands present in the organics that have red spectral
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slopes place strong limits on the use of these materials to provide the slope seen for
Trojan asteroids. Organic extract from the Murchison meteorite and poly-HCN have also
been included in these models. In all mixtures, these materials act as dark spectrally
neutral components. Some mixtures that provide reasonable fits to the data can include
significant amounts of these organics (generally < 50%), but they never provide the red
slope.
The results from studies of the Trojan asteroids for which data is available at X. >
2.5 |im lead to the conclusion that L-band data can be used to enforce strict limits on the
use of organics to redden the spectrum. Large abundances of organics may be
incorporated into model mixtures, but only if the mixtures are such that the organics are
not responsible for the reddening. Several authors have proposed organics on the
surfaces of dark asteroids to explain the steep red slope in the visible and near-infrared
parts of the spectrum. With constraints allowed by the present L-band measurements, it
seems unlikely that organics can be the explanation of the red slope of spectra of Trojan
asteroids.

3.4.6 Limits on Water Ice and Hydrated Minerals
By comparison with other dark asteroids and outer solar system objects, it is
prudent to consider whether Trojan asteroids contain a significant fraction of HiO in their
interiors and on their surfaces. The spectra presented here display no indications of HiO,
and. in this section, upper limits on its abundance on the surfaces of these objects are
estimated. Water could be in one (or both) of two forms these surfaces: water ice or
water of hydration, both of which are considered here. The spectral model described
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Table 3.8
Limits on Water Ice and Hydrated Silicate Abundances
Object
588 Achilles
100
12.5 |im
617 Patroclus^
100 |im
12.5 |xm
624 Hektor
100 ^m
12.5 p.m
911 Agamemnon
100 ^.m
12.5 ^im
i 143 Odysseus
100 ^im
12.5 nm
1172 Aneas
100 |im
12.5 |im
1867 Deiphobus
100 jim
12.5 ^m
2797 Teucer^
100 (im
12.5 nm
5144 Achates
100 |um
12.5 p.m

Water
Limit
Constraint

Chlorite
Limit Constraint

Serpentine
Limit
Constraint

8%
1 %

L-band
L-band

15%
1%

K-band
L-band

20-25%
3%

K-band
K, L-band

10%
3%

K-band
L-band

10%
5%

K-band
K, L-band

20%
5%

K-band
K-band

2.5%
2.5%

K-band
L-band

10%
10%

K-band
L-band

25%
8%

K-band
K-band

5%
3%

K-band
L-band

2.5%
2.5%

K-band
L-band

15%
8%

K-band
K. L-band

25%
5%

K-band
K-band

15%
5%

K-band
>.<1.9 p.m

30-35 %
20%

K-band
K-band

30%
10%

K-band
K-band

8%
1%

K-band
L-band

20%
5%

K-band
K-band

1-3%
1-3%

K-band
K-band

20%
8%

K-band
K-band

25%
5%

K-band
K-and

15%
2%

K-band
L-band

20%
10%

K-band
K-band

20%
5%

K-band
K-band

25-30 %
K-band
25 %
10%
K. L-band 7.5-10%

20-25 %
K-band
10%
K, L-band

K-band
K-band

•' For the limits listed, the K-band spectra of these two objects that do not exhibit possible absorption
features were used.

above is again used to estimate the maximum amount of each material that can be
included in mixtures representing the asteroid surfaces. Four-component models are
calculated, with the material for which a limit estimate is desired included as one of the
components. The spectral model is used to ensure that the mixtures produce spectra
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which still match the overall character of the data. For these calculations, the initial
mixing ratio grid step is 2.5%. and finer steps are investigated manually. The limits are
estimated by monitoring the resulting model spectra and noting at what mixing ratio
absorption bands from the water ice or hydrated mineral begin to extend beyond the noise
of the data. The strength of these absorption bands (and hence the derived abundance
limits) is dependent on particle diameter, so limits for these materials with both 100 |im
and 12.5 |im grains are presented. Since the 3-^m absorption band in these materials is
used as a constraint, limits are only estimated for the nine asteroids for which we have Lband data. Results for both water ice and the two hydrated silicates examined are listed
for each object in Table 3.8.
The spectrum of water ice contains a very strong and broad absorption near 3 ^m
due to the V| and V3 (symmetric and asymmetric stretch) fundamental vibrational modes,
as well as progressively weaker absorptions near 2.0. 1.5, 1.27, and 1.04 ^m due to
overtones and combinations of the fundamental modes. The strongest of these
absorptions, the fundamental at 3 |im, provides the constraint for the abundance of water
ice with 12.5 |im grains for most of our objects. This band is somewhat muted for larger
grains, and often the absorption is within the noise of the L-band data. Because of the
much lower noise in the K-band data, the absorption at 2 ^m generally provides the
constraint for the abundance of water ice with 100 |im grains. Once again, the results for
Hektor are discussed in some detail to illustrate the technique and reasoning, then the
results for the other objects are summarized more briefly. Mixtures used for Hektor all
include water ice, pyroxene with 40% Fe (P6), and amorphous carbon, with graphite,
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olivine. Titan tholin. or pyroxene with 20% Fe (P4) as the fourth component. Spectra
from the mixtures with Titan tholin are all too low in L-band due to the tholin
absorptions, so these are not used to estimate limits on water ice abundance. As shown in
Fig. 3.30a. the absorption bands for mixtures with 2.5% H2O grains that have diameters
of 100 |i,m are well within the noise of the data. However, when the H:0 fraction is
increased to 5% for this grain size, the feature in the model spectrum at 2 ^m becomes
too large and the fit is no longer adequate in K-band. For this fraction, the 3-^m
fundamental absorptions remain within the noise of the data. The 3-|im feature exceeds
the noise in the L-band data for fractions larger than 15% for 100 |im grains of H:0. The
limit to the abundance of water ice with 100 (im grains is therefore a few weight % and is
constrained most strongly by the K-band data. Model spectra for mixtures with 12.5 |im
grains of H:0 are displayed in Fig. 3.30b. Absorption bands from mixtures with 2.5%
H;0 are once again within the noise of the data, but with the smaller grains, the 3-|im
band is much more prominent. For mixtures with 5% H2O. it is now the 3-(im region of
the model spectrum that extends beyond the noise in the data. For Hektor. the limit for
12.5 nm grains is also a few weight %, but constrained now by the L-band data. Through
similar reasoning, it is determined that the majority of these Trojan asteroids can support
at most between 5 and 8% H2O ice on their surfaces if the grain diameter is 100 |im. The
limits for Aneas are larger because of the higher amount of noise in the data. The limits
for Teucer, Hektor, and Odysseus are lower, only a few %, most likely due to the low
noise in the K-band sp)ectra of these objects. The limits with 12.5 nm grains of H2O ice
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Figure 30. Model fits to the measured data of 624 Hektor for mixtures including water ice with
a) 100 M.m grains and b) 12.5 |im grains. K- and L-bands are both used as constraints for
these estimates. The spectrum of Hektor can support at most only a few wt% of water ice.
Results for other Trojan asteroids are listed in Table 3.8.
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are only one to a few % for all of these objects. In this case the abundance is limited by
the size of the 3-(im band, with the exception of Aneas for which the limits come from
the effect on the spectrum at X<1.9 (im since the L-band noise is so large.
Hydrated minerals contain H2O or OH attached to the main structural unit of the
mineral. These minerals also exhibit absorptions near 3 ^m due to O-H stretching, but
the exact location and width of this absorption vary for different minerals. Absorptions
may also occur near 2.2-2.3, 1.9, 1.4, and 1.2 |im due to overtones and combinations of
various stretching and bending modes of chemical bonds within the molecules. For this
study, the absorption near 2.3 [im generally provides the most stringent constraint on the
abundance of hydrated silicates for these data. The 3-nm band is a stronger absorption,
but the K-band data are much higher quality than the L-band data. Therefore when
steadily increasing the mixing ratio of the mineral, the 2.3-^m band in the model
spectrum most frequently exceeds the noise in the data before the 3-^im band, even for
small grains. Limits are computed with two different hydrated silicates, chlorite
[(Mg.Fe)3(Si.AI)4O|0(OH)2] and serpentine [Mg3Si205(0H)4]. The spectral shapes of
hydrated silicates can vary significantly between minerals, and these two samples are
able to represent different shapes (Figs. 3.6b and 3.6c). The spectrum of chlorite has a
red spectral slope and a rather broad 3-^m absorption band, whereas the spectrum of
serpentine is flatter in the near-IR with a narrower absorption band near 3 ^im (King and
Clark (1989). Model spectra for the Hektor data from mixtures with 100 |im and 12.5
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Figure 3.31 Model fits to the measured data of 624 Hektor for mixtures including a) chlorite
with 100 urn grains, b) chlorite with 12.5 ^m grains, c) serpentine with 100 p,m grains, and d)
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Figure 3.31 continued.

|im grains for chlorite are shown in Figs. 3.3 la and 3.3 lb and for serpentine in Figs.
3.3 Ic and 3.3 Id. For 100 nm chlorite grains, the mixtures can contain at most 10%
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chlorite. Larger amounts of this mineral are excluded by the lack of a large absorption
band at 2.3 ^m in the K-band data. The S-^im absorption is not prevalent in these model
spectra. For 12.5 |im chlorite grains, the same absorption in the model spectrum limits
the chlorite abundance to < 5%. The 3 |im absorption is present here and is also barely
within the noise for 5% chlorite. For serpentine with 100 |im grains, the abundance is
also limited by the K-band absorption, but the limit is a bit higher at 25% for this mineral.
With these large grains, the 3-p.m absorption is again quite small. For 12.5 ^m serpentine
grains, up to about 8% serpentine can be fit in the mixtures before the 2.3-|im absorption
becomes too large. The 3-^m band in the model spectrum is within the noise of the data
up to about 12%. Therefore, the surface of Hektor could contain as much as 25 wt% of
hydrated minerals if they have large grains, and only 5-8wt% if the grain size is smaller,
but these limits too depend somewhat on which particular species is being considered.
Upper limits for the other asteroids in this study are similar to those for Hektor. Most of
these Trojan asteroids could contain 15-20% chlorite with 100 |im grains on their
surfaces, although for Hektor and Patroclus the limits are only 10% and Aneas could
contain as much as 35%. The maximum abundance of chlorite with 12.5 nm grains is 510% for all but two of these objects. The Achilles data can only support 1% chlorite
before the 3-|im absorption becomes too large for the L-band data of this asteroid, and
the Aneas data may contain as much as 20% chlorite with these small grains. The upper
limit on the amount of serpentine with 100 |im grains allowed is within the 20-30% range
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for all nine objects. For 12.5

serpentine grains the limit is 5-10% for all but Achilles,

which can only support a few weight %.

3.5 Discussion
The spectra of Trojan asteroids presented here do not exhibit obvious absorption
features that would reveal the surface composition of these objects. Some possible
features are discussed in the previous chapter, but these are generally at the level of the
noise or not seen in every spectrum, so confirmation is necessary. Our only recourse to
help constrain the identity of surface materials present is to analyze the spectral shapes,
albedos, and lack of detectable absorptions. In order to be as rigorous and quantitative as
possible with this analysis, the complete spectrum of each object is modeled(from the
visible through the near-IR where possible) using scattering theory to calculate the
spectra of simulated mixtures of possible surface materials for comparison with data.
Spectral modeling leads to the interpretation that silicates may likely be an
important component in the surface composition of Trojan asteroids. Silicate minerals
are the most common materials included in mixtures that provide the best fits to the data.
Pyroxenes can redden the spectrum of the mixture in which they are included, or raise the
albedo, depending on the iron content of the mineral. The olivines considered here are
effective at providing a low albedo and a red spectral slope in L-band. The data
measured of Trojan asteroids do not show absorption features at I and/or 2 jim, which are
diagnostic of silicate minerals, so it is not possible to make an absolute determination of
their presence. Nevertheless, these data seem to rule out other materials as the reddening
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agent on these surfaces, and silicates appear in almost all the best-fit spectral model
results for all 20 of the asteroids we observed. Silicates are therefore a likely component
on the surfaces of Trojan asteroids.
A significant fraction of dark, spectrally neutral material is also probable on these
surfaces. In some cases, silicates with large grains could explain the low albedos of some
of these objects, but for most a significant fraction of dark material is included in the
model mixtures to lower the albedo. The preference for this dark material rather than
large grain silicates arises primarily because of the lack of silicate absorption features in
the data. If only silicates are present on Trojan asteroid surfaces, we should detect the
absorption bands mentioned above, even if the grain diameters are large enough to lower
the albedo. Amorphous carbon, graphite, or other dark, spectrally neutral material in
significant fractions can help to mask the silicate bands along with lowering the albedo.
This dark material could be the product of billions of years of irradiation chemistry, or
may have been part of the original complement of species available to form these objects
during the time of accretion.
The dark material on the surface could also include organic materials. The Lband spectra we measured rule out materials with strong fundamental absorptions in the 3
- 4 ^m range. Large particle sizes can help diminish the spectral contrast of those strong
absorptions. The model results suggest that a small amount of large grained organics
could be present on the surfaces without inducing features detectable in these data. Large
grains also diminish the spectral slope in the visible and near-IR for organic materials, so
these cannot be responsible for the red spectral slopes in the data. Smaller grains would
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increase the spectral slope, but would also induce the fundamental absorptions, which are
not present in the L-band data. There are a large number of organic molecules that
appear in nature, and only a few are included here to represent their possible effects.
Still, the trends described with respect to particle size, spectral slope, and absorption band
strength or contrast seem to hold for other, naturally occurring organic materials (e.g.
Cloutis 1989. Cloutis et al. 1994, Moroz et al. 1998). The interpretations of the results
are based on these trends rather than any individual model mixture, so it is considered
unlikely that the red spectral slope measured for Trojan asteroids is due to the presence of
organic material on their surfaces.
Interpretations of spectra of P- and D-type asteroids, and Trojan asteroids in
particular, have often invoked organics to explain the red spectral slope in the visible and
near-IR. With the absence of silicate absorption bands in these spectra, and no L-band
data available to search for absorptions indicative of organics, these interpretations were
reasonable. Additionally, other dark, red-sloped objects (e.g. Pholus and the leading side
of lapetus) do show discrete absorption features that could be due to organic material.
Comparisons between Trojan asteroids and these objects may also have lead some
authors to conclude that Trojan asteroids are red for the same reasons, although the
visible spectral slopes of Pholus and the lapetus dark material are much larger than those
of Trojan asteroids. While these results do not contest the fact that there may be organic
material on the surfaces of these asteroids, this work does show that the combination of
low albedo and red spectral slope alone does not provide sufficient evidence for organic
materials. In fact, when the data are expanded to longer wavelengths, it seems more

likely that the visible and near-IR spectral slopes are more likely due to silicates on the
surface rather than organics.
With the L-band data and high sensitivity K-band data measured, fairly tight
constraints on water ice abundance on surface are possilbe. These reflectance
measurements only sense the upper few tens to hundreds of microns. A refractory mantle
could easily mask interior ice. so any interior ice fraction is possible. For instance, the
Deep Space 1 mission measured infrared spectra of the nucleus of comet Borrelly while it
was active, but these spectra show no signature of water ice. Constraints on hydrated
silicates are not as tight. This could be a substantial component and still be hidden in
individual spectra, although with many spectra one might expect to be able to detect these
if they were very common on all of the surfaces measured. Many main belt C-type
asteroids appear to contain hydrated minerals. The current view is that these underwent
aqueous alteration as the result of a heating event subsequent to their formation (Jones et

al. 1990). This event is predicted not to have extended to the outer belt and Trojan
regions, so by this view the silicate fraction on Trojan asteroids should be anhydrous.
Himalia. an irregular satellite of Jupiter, is spectrally similar to C-type asteroids and may
display evidence of hydration (Brown et al. 2002, Jarvis et al. 2000, Brown 2000), and
Jarvis et al. (2000) have suggested that it may be an ejected main belt object (or the
remnant of one). Tight constraint on the abundance of hydrated minerals on the surfaces
of Trojan asteroids would help say for certain they did not come from main belt, or
determine what fraction may have.
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All conclusions concerning the composition of objects based on this type of
spectral mixture modeling should be read with a note of caution. This type of modeling
can provide many different results for individual objects and/or input materials. Attempts
have been made to minimize the possibility of misinterpretation by using many mixtures
for many objects over as wide of a wavelength range as possible and analyzing trends in
the results for each object and among objects. A broad range of possible components has
been used rather than assuming too much about the compositions beforehand. Obviously
the species considered had to be limited somewhat. Species are used that are
representative of different materials, but there could certainly be specific molecules or
minerals that are not well represented. There are also other real effects not considered in
this model, such as coating of surface grains with very fine particles of other materials.
For these reasons, and since the models are not trying to match discrete absorption
features or analyzing pieces of these asteroids in the lab, absolute determinations of
surface composition are not possible. This is why this discussion does not attempt to
make concrete conclusions about the surface composition. The interpretations made are
those that are warranted by the quality of the data and the amount of care taken in
constructing the spectral model and analyzing the results.
These results do not lead to conclusive views concerning the origin and evolution
of Trojan asteroids. According to solar nebula condensation models (e.g. Prinn and
Fegely 1989, Pollack and Bodenheimerl989), silicates should have been abundant
throughout the solar nebula. In the outer part of the main belt and beyond, the silicates
would have been mixed with a larger fraction of volatile material as the temperature
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decreased, but they should still have been available for accretion. The interpretation that
silicates are likely to be responsible for the red slopes of Trojan asteroids may therefore
not be too surprising. The surfaces do not seem to contain silicates hydrated to the level
of many main belt C-type asteroids. This may imply that they were formed beyond the
region affected by the heating event postulated by Jones et al. (1990), but the constraints
from the current work are not very tight. There may or may not be water ice in the
interiors of these objects, but, if present, it would be under a mantle possibly analogous to
those on comets. This mantle could be residual silicate dust grains leftover from
sublimation of an icy component, a layer formed by long term radiation chemistry on the
surface, or. maybe more likely, a combination of the two. If an irradiation product is a
significant part of the surface composition, it must be processed sufficiently (as described
in the chapter 2) such that the strong fundamental absorptions are no longer present.
This is a sample of 17 among over 1000 objects known to reside in the Trojan
swarms. Some spectral variability is apparent among this sampling of 17 asteroids, and it
is reasonable to assume that this variability extends among the rest of the population. It
is possible that no one scenario for the origin of these objects is correct, but rather that
they each have supplied some fraction of the Trojans to the Lagrange points. For these
reasons, surveys of this group of objects should certainly continue. Perhaps smaller
Trojans are more likely to be collisional fragments and may show signs of their interior
composition. Additional near-IR spectra, especially in the L-band, of these objects with
S/N matching or surpassing that which we obtained for Achilles would provide better
clues to the composition of Trojan asteroids.
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CHAPTER 4
ANALYSIS OF DARK MATERIAL IN THE SOLAR SYSTEM

4.1 Introduction
Spectra of Trojan asteroids contain no discrete absorption features that would
allow a straightforward assessment of surface mineralogy. With quantitative spectral
modeling, it is possible to place some limited constraints on the surface composition of
these low albedo objects, but other methods are necessary to help provide a more
complete understanding of what materials may be on their surfaces. There are several
other groups of objects in the solar system containing dark material. Comparisons of
these among one another and with Trojan asteroids provides further insights into the
material on Trojan asteroids and dark material throughout the solar system. The term
dark material, as used here, refers to the component of an object's surface that gives it a
low albedo. Low albedo objects considered in this study range from within the main
asteroid belt (-2.5 AU) to orbits that extend beyond Neptune (-32 AU). For some of
these objects, it is uncertain whether the dark material observed is part of the original,
undifferentiated matrix composing the bulk object, a thin surface mantle created by
sublimation (lag deposit) or irradiation chemistry, or even exogenous material.
Photometry and reflectance spectra of C-type asteroids reveal low albedos and
nearly flat spectra through the visible and near-IR. Discrete absorption features are

consistent with hydrous and anhydrous silicates (e.g. Gaffey et al. 1989, Bell et al. 1988.
Jones et al. 1990). Analysis of carbonaceous chondrites (presumed to originate from Ctype asteroids) shows similar mineralogy, with the addition of a significant component of
carbonaceous material (e.g. Scott et al. 1988, Cronin et al. 1988). Cometary nuclei are
harder to study due to the coma that obscures the nucleus when a comet is close to the
sun. but recent observations by ground-based telescopes and spacecraft also reveal very
dark surfaces (Keller et al. 1986, Jewitt 2002 and references therein, Soderblom et al.
2002). Observations of cometary emissions exhibit features indicative of hydrocarbon
chain species in both the ice and dust component and suggest that dust grains may consist
of silicate cores with carbonaceous mantles (A'Heam et al. 1995, Manner et al. 1996. Li
and Greenberg 1998). Saturn's moon lapetus has a unique hemispheric dichotomy in
which the leading hemisphere is much darker than the trailing hemisphere. The dark
material on the leading hemisphere has a red slope through the visible and near-IR.
Though no absorption bands are apparent in data with A.<2.5 (im, a strong absorption near
3 |im mostly due to H2O ice seems to require the addition of complex hydrocarbon to
match the exact shape of this band (Owen et al. 2001). Voyager images of the other icy
satumian satellites show the presence of dark "wisps" on most of these surfaces (Buratti

et al. 1990). Triton's surface contains many dark streaks, presumably the fallout from
geyser eruptions (Kirk et al. 1995). The rings of Jupiter, Uranus, and Neptune also seem
to be coated in or composed of low albedo material (Meier et al. 1999, Baines et al. 1998,
Porco et al. 1995). Measurements of Kuiper belt objects (KBOs) and Centaurs are
currently discovering more objects with low albedos and red spectral slopes (Barucci et
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al. 2001. Fernandez et al. 2002). KBOs have semi-major axes beyond the orbit of
Neptune, while Centaurs have semi-major axes among those of the giant planets. The
Centaurs are dynamically short-lived, and are most likely KBOs that have been perturbed
into orbits closer to the sun (Duncan et al. 1995). These may be the source for Jupiter
family (short period) comets (A'Heam et al. 1995).
There is ample evidence for an abundance of dark material in the solar system.
However, it remains uncertain whether these materials on ail these different objects are
fundamentally related or not. In some respects, the spectra from various surfaces seem
quite similar, but some differences are also seen. This issue directly impacts the
interpretation and understanding of Trojan asteroids. Are the surface materials on this
group of asteroids related to those on outer solar system bodies with similarly shaped
spectra (e.g. Pholus and lapetus)? Are the surface characteristics similar to cometary
nuclei? Or might the Trojan asteroids be more closely related to their main belt
counterparts and represent compositional trends extending from the main belt?

4.2 Method
In this chapter, published spectra of objects from the different groups mentioned
above are examined. The spectral modeling method described in the previous chapter is
applied in order to analyze the measured spectra. The spectral shapes are more varied for
this diverse set of dark solar system objects, so the modeling technique is slightly less
structured. The same three-component models are run with the same inputs, but the
results of these are then used to modify further runs manually. The adjustments allowed
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Table 4.1
Optical Constants
Material

Code

R.H. Brown, unpublished

1.0-5.0='
1.0-5.0=*

0.8"
0.8"

J4

0.3 - 4.0

1.5

25% Tr
10'7c T
609c m90

J6

0.3 - 4.0

1.5

98.5'7f Xa
1.57c D

Y1

98.5% Za
1.5% D

Y2

0.3 - 4.0

2.54'-"

.J•

m90
ml 20

1

Methanol (CH3OH)
T=90K
T=120K

00
00
ir

Warren (1984)
Grundy & Schmitt (1998)
Hudgins et al. (1993)

q

0.92

h2o-100

d

Density
Cg/cm^)

Water Ice. T=100K

Intra-granular mixtures
s6% Tr
10% T
\09c I

Reference

Wavelengths
(Hm)
0.06 - 0.96
0.96 - 2.74
2.76-4.26

•" For visible portion, the absorption coefficient (a = 47tkA.) is assumed constant and very small (0.0001)
and extrapolate the measured values of n using a polynomial.
" From CRC Handbook of Chemistry and Physics.
• Weighted average of components.

include additional grain diameters, finer mixing ratio grids, up to five components, and
even a few additional materials. The additional materials are listed in Table 4.1 with the
abbreviated code used for each, their densities, and references for the optical constants.
The results from the spectral models calculated here and previous interpretations are
combined to investigate possible compositions of dark material throughout the solar
system.
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Table 4.2
Object List
Object
10 Hygiea

Description
C-type asteroid

31 Euphrosyne
511 Davida
19P/Borrelly
J6 Himalia
lapetus
Dark Material
Pholus

C-type asteroid
C-type asteroid
Jupiter family comet
irreg. jovian satellite
satumian satellite
(leading hemisphere)
centaur

Previous Interpretatons
silicates (incl. hydrated), carbon.
organics^

Ref.
1,2,3

silicates, carbon, organics, ice?''
C-type asteroid?, hydrated silicates'^
organics, H:0. hydrated silicates?''

1,2,4
1.2,3
5
6,7
8.9

organics, H2O, silicates?"^

10

"

M

References for spectra:
1; Chapman and Gaffey (1977a,b). 2: Bell et al. (1988). 3: Jones etal. (1990)
4: Feierberg et al. (1985), 5: Soderblom et al. (2002). 6: Tholen and 2^llner (1984)
7; Brown etal. (2(X)2). 8: Bell etal. (1985), 9: Owen et al. (2(X)l)
10: Cruikshank et a/. (1998)
References for previous interpretions:
•' Gaffey et al. (1989). Jones et al. (1990)
" Cochran and Barker (1999). Hanner et al. (1996). Li and Greenberg (1998)
' Jarvis et al. (2000). Dumas etal. (1998). Brown (2(XK)). Geballe etal. (2(X)2)
Bell et al. (1985). Wilson and Sagan (1995). Vilas et al. (1996). Owen et al. (2001)
Binzel (1992). Luu
(1994). Wilson ef a/. (1994). Cruikshank er a/. (1998)

In chapter 3. and for most of the mixtures here, only intimate particulate mixtures
are used. In this type of mixture, each grain is composed of only one species, and grains
of different composition are mixed in the regolith. A photon entering such a surface may
encounter several grains within the surface, but will only encounter one composition
within each grain (i.e. "salt and pepper" mixture). For several of the spectra here, it is
beneficial to use, or at least consider, mixtures at the intra-granular level. In this case, a
photon may encounter several compositions within a single grain. Grains of several
compositions can stili be mixed at the granular (salt and pepper) level, even if each grain
now consists of several different materials. Intra-granular mixing is accomplished in the
model described here by calculating a weighted average of the
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Figure 4.1 Spectra of the different groups of dark solar system objects examined in this study
are displayed together on the same scale for comparison. The open diamonds are the centaur
5145 Pholus. The open squares are the dark material on the leading side of lapetus. The
spectrum of the irregular jovian satellite Himalia are plotted as the open triangles. The shortperiod comet 19P/Borrelly is represented by the solid line. The gray circles are a
representative C-type asteroid. 31 Euphrosyne. Two Trojan asteroids, 624 Hektor and 1143
Odysseus are plotted as dark circles. Hektor is the lower of these and Odysseus is the upper.
The error bars for Hektor. Odysseus and Euphrosyne are plotted but are smaller than the
symbols on this scale.

optical constants of the materials being mixed. This approach assumes uniform
distribution of the components within the grain rather than modeling a particular
structure. An example of multi-composition grains in nature is silicate grains in cometary
coma. Based on mid-infrared spectroscopy, these grains are strongly suspected to be
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coated in carbonaceous material (Greenberg 1982. 1998). The intra-granular mixtures
considered and the code used each are included in Table 4.1.
Seven objects were chosen for this study based on their distinctive spectral
properties and possible connections to Trojan asteroids. Not all repositories of dark
material mentioned above are included, mainly because they cannot be observed with
sufficient sensitivity at this time. The selections are limited to objects for which
sufficient data with adequate sensitivity is available to allow reasonably robust spectral
modeling. The objects included in this study are listed in Table 4.2. along with a short
description and previous interpretations of their surface mineralogy. While all of these
objects can be loosely described as dark with either neutral or red visible spectral slopes,
their spectra across the range studied here (0.3 - 4.0 |im) are diverse. To illustrate this
point and to prepare for the analysis below, the spectra of these objects along with those
of several Trojan asteroids are displayed in Fig. 4.1.

4.3 Results
4.3.1 lapetus
The spectrum of lapetus modeled here is a composite of two previously published
data sets. The 0.3 - 2.4 ^m portion of the spectrum was measured by Bell et al. (1985).
They noted that the dark (leading) hemisphere is not completely covered in dark material.
The polar ice caps extend into onto the dark side, and therefore the dark side spectrum
represents an areal mixture of dark material and bright (trailing) hemisphere material.
They used their measured spectrum of the bright side and a simple linear mixing scheme
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to "unmix" these components. Their unmixed dark material spectrum is used here. The
2.4 - 3.9 (i.m spectrum is from Owen et al. (2001). For this study, the same method and
mixing ratios as Bell et al. (1985) used are applied to correct the Owen et al. (2001)
spectrum for bright material contamination. A measured bright side spectrum in this
region is not available, so a simulated L-band spectrum is used. The Bell et al. bright
side spectrum is modeled as a simple two-component mixture of amorphous carbon and
water ice using the spectral model described in the previous chapter. This simulated
spectrum is extended to 3.9 ^m and is removed as the bright contamination. The effect in
this wavelength range is actually quite minimal.
The L-band data displayed here have been binned to lower spectral resolution
(from R ~ 1250 to R ~ 250). Several subtle features become noticeable in the binned
spectrum that are not noted by Owen et al. (2001). A sharp structure at ~3.35 |im is
compatible with C-H stretch absorptions in light hydrocarbons (e.g. CH4). Unfortunately,
this is also in the region of strong absorption (by CH4) in the Earth's atmosphere, so the
structure may possibly be the result of incomplete extinction correction. VIMS on
Cassini will not be constrained by the Earth's atmosphere and will be able to determine if
this is a real absorption feature. An inflection also appears between 3.41 and 3.47 nm on
the shoulder of the strong 3-nm absorption. An absorption here may also be due to C-H
stretching. While these possible minor features are enhanced by the removal of the bright
component, they can also be distinguished without unmixing in a binned version of the
Owen et al. spectrum.
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Figure 4.2 .Mixtures including water ice at different temperatures are compared to the L-band
spectrum of the leading hemisphere of lapetus measured by Owen er al. (2001). The surface
temperature of lapetus has been estimated at -100 K (e.g. Grundy et al. 1999). The mixtures
suggested by Owen et al. (2001) do not match their measured data if water ice at the correct
temperature is considered. The solid line is a model using their reported parameters with
optical constants of H^O near 273 K. whereas the dashed line uses optical constants of H^O
measured at 100 K. The dash-dot and dotted lines are simpler mixtures of just H^O and
amorphous carbon, with H:0 temperatures of -273 K and 100 K respectively to illustrate the
effect of Triton tholin in these mixtures. Note that the particle sizes (6.3 |im) required to
match the short wavelength edge of the lapetus feature with HiO are smaller than the lower
limit for Hapke theory at 3 ^^m.

Interpretations of the dark material on lapetus have been quite varied. Of
particular interest here are previous analyses of spectral data. Bell et al. (1985) model
their unmixed spectrum (K < 2.5 |im) with a simple linear mixture of meteoritic organics
and hydrated silicates. They conclude that the dark material is indigenous to lapetus.
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formed by surface chemistry induced by Phoebe dust bombardment. Vilas et al. (1996)
analysis of a visible spectrum reveal a feature centered at 0.67 ^m that they attribute to
Fe^" charge transfer transitions in iron alteration minerals (e.g. goethite and hematite),
which are products of the aqueous alteration of anhydrous silicates. Analysis of a visible
spectrum of Hyperion by Jarvis et al. (2000) finds the same feature, suggesting similar
surface materials on these two moons. Owen et al. (2001) model the uncorrected Bell et
al. dark side spectrum and their own measured L-band spectrum with an intimate mixture
of amorphous carbon, Triton tholin, and water ice. [Note: Owen et al. report that they
use optical constants for water ice at 100 K (Hudgens et al. 1993) in these mixtures.
However, we can reproduce their calculations only with -273 K water ice. Mixtures
using their reported parameters with 100 K water ice do not match the lapetus absorption
past -3.25 nm (Fig. 4.2).] These models ignore contamination by the bright side. Triton
tholin is an N-rich organic. Thus, they propose that the dark material may have come to
lapetus from Titan.
The spectral shape of lapetus is more complex than those of the Trojan asteroids.
Fitting the steep, convex, featureless slope at X < 2.5 nm while simultaneously matching
the exact shape, position, and depth of the absorption in L-band has proven to be difficult
with the optical constants available. Nevertheless, the procedure has provided insights
into what materials do not fit into the mixture and what may be needed to accurately
reproduce the spectrum.
Upon close inspection, none of the materials for which optical constants are
available present themselves alone as perfect matches to the detailed structure of the
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Table 4.3
Comparison of Materials to lapetus Spectrum
Material

Positive Attributes

Negative Attributes

H2O at lOOK

Strong 3-nm band
Turnover at ~3.7

3-^m band is too wide and long A.
side is too steep
Edge of 3-(i.m band at too short X
R3.7(ini/R2 4nn, too large
H- and K-band absorptions

Chlorite

Strong 3-M.m band
Red slope at X. < 2.3 ^im

Edge of 3-^m band at too short X
No turnover at 3.7 ^im
Strong 2.3
band not in data

Serpentine

Strong 3-nm band

3-|j.m band in wrong position
(-2.75 ^m)
Strong 2.3
band

Triton Tholin

Strong 3-|i,m band, approximately Peak and edge of absorption at
correct shape (width)
slightly too short X
Red slope at X < 2.5 (im
R3 7nn/R2 4nm too large
Near-IR slope not convex like data
No turnover at 3.7 |im

Titan Tholin

Strong 3-nm band
R3 7tim/R2.4nm appropriate
Red slope at A, < 2.5 (im

3-^im band too wide
Structure at -2.4
not in data
Poor shape in visible (concave)
No turnover at 3.7 fxm

Ice Tholin

Strong L-band absorptions
-3.4
band
Visible shape

3-|im band weak compared to
3.4^m band.
Overall L-band shape poor
R3 7niT/R2.4mn too large
No turnover at 3.7 jim

Methanol

3-|im absorption edge at longer
wavelength than data can be
mixed with others to give
correct wavelength for edge
Turnover at -3.7 |im
Wide absorption can also create
inflection at -3.4
seen in
binned data

3-^m band very wide
-3.8 ^m feature not in data
R3 7nn/R2.4nii, too large

232

lapetus dark material spectrum, but mixtures of organics are necessary to reproduce the
spectral shape. The materials investigated and their positive and negative attributes as
regards the lapetus spectrum are listed in Table 4.3. Anhydrous silicates could explain
the red slope at A. < 2.5 ^m, but not the absorption feature in L-band (Fig. 4.3a). Water
ice and hydrated silicate (represented by chlorite and serpentine) 3-|im band shapes are
not alone quite correct for lapetus. and in large amounts these materials induce H- and Kband features not present in the data (Fig. 4.3a). Model mixtures can support very small
amounts of these materials to help adjust details of the spectrum, but they cannot explain
its main characteristics. If HiO is a minor component, the unmixing performed to
complete!} remove the H- and K-band water absorptions is not appropriate. Cassini will
measure disk-resolved spectra, which should reveal for certain whether the HiO seen in
the dark side spectrum is from the polar caps or from ice intimately mixed within the dark
material.
Organics and light hydrocarbons contain O-H. C-H and N-H bonds which all
produce strong fundamental absorptions in the L-band region. The combinations of these
molecular bonds in the complex materials used here to represent organics produce a
variety of characteristics, some of which are beneficial to model s of lapetus. While no
individual organic considered here is alone a good analog for the lapetus dark material,
mixtures combining these beneficial characteristics (perhaps representing a completely
different organic material on the surface) are able to match the data reasonably well.
Triton tholin contains a relatively narrow (compared to H^O and other organics) 3-|im
band (due primarily to N-H stretching bands, McDonald et al. 1994), but the short
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Figure 4.3. a) Silicates and organics are both able to match the spectral slope and shape of
lapetus at X < 2.5 |im. Hydrated silicates and water ice can also at least approximate the 3-|im
band in the data, but too much of either induces H- and K-band absorptions in the model, b)
Organics are required to adequately reproduce the spectrum of the dark material on lapetus.
Methanol included in these mixtures helps move the short wavelength edge of the 3-|im
absorption in the models to longer wavelengths to more closely match the data, but it also
induces structure near 3.7 |j.m not in the data. None of the models match the data well in this
region.
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wavelength edge is at a shorter wavelength than seen in the data, and the reflectance at
3.7 ^.m is too high compared to that at 2.4 ^im. Titan tholin has a good reflectance at 3.7
(im relative to 2.4 (j,m. but the L-band absorption is too wide (due to multiple C-H. -CH2.
and -CH3 groups. McDonald et al. 1994). and the visible shape is poor. Ice tholin has a
much stronger C-H feature at 3.4 ^m. which matches well with the inflection in the
binned spectrum, and the visible shape is very similar to the data. Absorptions in
methanol (CH3OH) are too broad and centered at the wrong (longward) wavelength, but
mixed with other tholins this can shift the short wavelength edge of the 3-nm band in the
model to longer wavelengths to match the data, and can help produce a slight turnover at
3.7 p.m. Intimate mixtures as described above can combine all or most of these materials
to produce an adequate spectrum (Fig 4.3b). This is not meant to imply that all of these
separate organic materials are present on the surface, but that the dark material is an
organic substance that exhibits these characteristics, which are expressions of chemical
bonds common to complex organic molecules.
The spectrum of the dark material on lapetus is similar to those of Trojan
asteroids in the range 0.8 - 2.5 p.m. This visible portion of the lapetus dark material
spectrum is redder than measured for the Trojans or other asteroids, and the L-band shape
is quite different. While anhydrous silicates can adequately explain the k < 2.5 ^im
portion of the dark material spectrum, the full data set requires model mixtures dominated
by organic materials. This result is distinct from the case for Trojan and main-belt dark
asteroids.
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4.3.2 5145 Pholus
The Pholus composite spectrum is presented by Cruikshank et al. (1998). This
spectrum consists of visible data from Binzel (1992) and 1.15- to 1.42-|im data measured
over several years (1992 - 1995) by the authors. The data examined here have been
binned to lower spectral resolution (from R - 300 to R - 50). The spectrum of Pholus is
extraordinarily red, particularly in the visible, and contains several absorption features in
the near-IR. Previous spectroscopic analyses (Binzel 1992. Davis et a/. 1993, Wilson et
al. 1994. Luu et al. 1994. Cruikshank et al. 1998) agree that the spectrum represents a
mixture that includes organics for the red slope and water ice for the 1.5- and 2.0-nm
absorptions. Cruikshank et al. (1998) and Luu et al. (1994) both interpret the 2.275 (im
feature as due to light hydrocarbons.
The analysis performed here confirms these earlier studies. Unlike the other
objects analyzed, several discrete characteristics of the Pholus spectrum can be assigned
to specific molecules or groups of materials. The 1.5- and 2.0-^m absorptions are readily
explained by water ice (Fig. 4.4b). The detailed shapes of these bands may be affected
by noise in the original spectra so slight mismatches in band shape is not considered
important. Additionally, shapes could be affected by minor absorptions in other
components (e.g. the organics responsible for the slope or the light hydrocarbons possibly
responsible for the feature near 2.3 nm). The spectral slope at /. < 1.35 ^.m is best
explained by organics (Fig. 4.4a). Overtone and combination bands in simple
hydrocarbons or organics most readily explain the feature at 2.275 fim (Fig 4.4b). These
may be bands in the same materia! that is responsible for the visible spectral slope.
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though they are modeled here as two different materials. Ammonia has been suggested
as a component to explain this feature (Wilson and Sagan 1995), but the band in NH^ is at
2.24 ^m. which does not match the feature here, and several other absorptions in NH^ are
not present in the data. Hydrated silicates also often exhibit absorption bands near 2.3
|im. Fig. 4.4c shows a model calculated with serpentine. The overall shape is
satisfactory, but the K-band absorption is at 2.33 ^im, longward of the feature in the data.
An examination of other phyllosilicates in the USGS spectral library (Clark et al. 1993,
http://speclab.cr.usgs.gov/spectral-lib.html) identified no hydrated silicates with the Kband absorption in exactly the correct location for the Pholus data.
Spectra of many red-sloped organics display absorption band complexes near 2.3
|im due to overtones and combinations of C-H and other bonds within the molecules (e.g.
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Fig. 3.29, Moroz et al. 1998). None of the organics for which optical constants are
available exhibit these absorptions. Methanol is used to induce absorptions in the correct
location in these mixtures. Unfortunately, no simple mixtures of methanol and tholins
are able to adequately reproduce the full spectral shape. The best model fit to the entire
spectrum includes serpentine in the mixture, but the absorption in this mineral is at 2.33
(im, not 2.27 (im as in the data. Due to the location of this feature and the spectral shape
organics seem to be the most likely species to cause the absorption in the data, but optical
constants for the appropriate material to fit the Pholus data are not available.
Pholus provides the best spectroscopic evidence yet for the presence of organic
materials on the surfaces of small solar system bodies. The 0.8 - 2.2 ^m spectral slope is
comparable to that of lapetus and Trojan asteroids, but the visible spectral slope is much
steeper. The near-IR data show much more spectral activity than any of the other spectra
of dark material obtained so far.

4.3.3 Himalia (J6)
The data of Himalia analyzed in this study are a composite of two data sets. The
near-IR (1.0 - 4.0 |im) was recorded by the Visual and Infrared Mapping Spectrometer
(VIMS) on the Cassini spacecraft in December 2000 as it flew by the Jovian system
(Brown et al. 2002). Since the spectrum was measured from space, there are no telluric
absorptions to degrade the data at certain wavelengths as there is for spectra measured
from the ground. Still, pointing uncertainties and the distance of the spacecraft from this
small moon make Himalia difficult to find on the frames and induce the high level of
noise. The visible portion of the spectrum is taken from the EGAS database (Tholen and

239

Zellner 1984). The near-IR and visible data overlap in wavelength coverage and are
easily scaled to the correct relative levels. The entire spectrum is scaled to the visible
geometric albedo (0.03) measured by Cruikshank (1977). Previously measured near-IR
spectra (0.8 - 2.5 |im) reveal a neutral, featurless spectrum, very similar to C-type
asteroids (Dumas et al. 1998, Brown 2000). Visible spectra of Himalia are also similar to
those of C-type asteroids (Tholen and Zellner 1984, Jarvis et al. 2000) and may show
evidence for oxidized iron in hydrated silicates (Jarvis et al. 2000).
The VIMS data of Himalia offer the first glimpse of one of the jovian irregular
satellites at A. > 2.5 nm. The spectrum is slightly red, but the slope is much lower than
that of Trojan asteroids. This slope is easily fit by anhydrous silicates, generally with
fairly large grains (> 50 |im) so that the slope is not too red. Organics can also be
included in the mixtures, again with large grains, but are not necessary components as
they are for the slope of Pholus. The VIMS data contain an absorption feature at -2.9
fim. Most of the substances with 3-(i,m bands for which optical constants are available do
not fit this band. The absorption bands in this range for water ice and tholins are much
wider than the feature in the data. There is also an absorption in this range in the
Murchison organic extract, but it is both too weak and too wide. The 3-^m band in polyHCN does provide a reasonable fit to the feature in the data, although the poly-HCN band
may not be quite as strong enough. The best fit to the feature in the Himalia spectrum
comes from the hydrated silicate serpentine. The O-H fundamental absorption in this
mineral is in the proper location and has the correct width (Fig. 4.5). The 3-|im
absorption in the other hydrated silicate tested (chlorite) is too wide.
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Figure 4.5 The spectrum of Himalia is very similar to those of C-type asteroids. The data
measured by the VIMS instrument on Cassini contain an absorption near 3-^m that is
compatible with hydrated silicates, which are also observed on C-type asteroids. Y2 is an intragranular mixture consisting of 98.5% serpentine and 1.5% amorphous carbon. Some organics
(dashed line) also exhibit absorption features in this range.

While the visible and near-IR spectral slope of Himalia does not by itself provide
strong constraints on the surface composition, the absorption feature at -2.9 ^im detected
by VIMS does help limit the possible surface materials. Materials with broad absorptions
in this range (including many organics, water ice, and some hydrated silicates) are
excluded by the band shape. Serpentine and poly-HCN both provide acceptable fits to
the band shape in the data. It is not possible with these data to distinguish between these
two substances. Carbonaceous chondrite meteorites, which may be analogs for C-type
asteroids, contain abundant organic material, so it may be that Himalia, considering its
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spectral similarity to C-type asteroids, may contain some of this material. On the other
hand, it seems more likely, in light of the interpretation of Jarvis et al. (2000) that an
absorption at -0.7 ^irn in the visible spectrum of Himalia is due to oxidized iron in
phyllosilicates, that the feature in the VIMS data is another expression of hydrated
silicates on the surface. The dark material on this surface is not well constrained by these
data.

4.3.4 Comet I9P/Borrelly
The Miniature Integrated Camera And Spectrometer (MICAS) aboard the Deep
Space 1 spacecraft measured the near-IR spectrum of the nucleus of Borrelly during a
close flyby in September 2001 (Soderblom et al. 2002). MICAS recorded disk-resolved
spectra for 45 swaths across the nucleus. These spectra are all quite similar, so the data
analyzed here are disk-integrated. MICAS also measured an average visible albedo of
0.03. The near-IR spectra do not extend shortward of 1.25 ^m, so an exponential fit of
the data are extrapolated to the visible to scale the near-IR reflectance to this average
geometric albedo. This solar reflectance spectrum has been corrected for thermal
emission by the comet nucleus, so the red slope should not be due to thermal
contributions. As with the VIMS data of Himalia, MICAS did not have to contend with
telluric absorptions, so the spectrum is very clean in wavelength regions generally
inaccessible to ground-based astronomers.
Images returned by Deep Space 1 indicate variations in brightness and texture
across the nucleus. Nevertheless, the albedos measured at different locations are all in
the range 0.01 - 0.035, indicating that the entire nucleus is covered by dark material.
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Borrelly was active at the time of the encounter, so ices were at or near the surface in at
least a few locations. Even so, none of the spectra recorded by MICAS displays
absorption bands of any ices. The only absorption apparent in the data is a small feature
at -2.39 |im. Soderblom et al. (2002) note that various complex hydrocarbons exhibit
absorptions in this region.
The spectral shape of Borrelly is significantly different from those of any of the
other objects analyzed in this work. Those shapes in the near-IR are either flat over the
entire range or flatten past ~ 1.4 ^m. The spectrum of Borrelly, on the other hand,
steepens at longer wavelengths. The best fits to this spectrum include tholins and
anhydrous silicates in the mixtures. The most frequently used silicates in these mixtures
are pyroxenes with 40 -50% Fe content (P6-P7) with grain diameters < lOO^m. Triton
tholin and/or ice tholin are the organics that help provide the correct shape. These are
both red in the wavelength range covered by the Borrelly spectrum, whereas Titan tholin,
for instance, is very red at shorter wavelengths and flattens in this range. Ice tholin is red
in this range partly because of a large absorption at 1.4 fim, so Borrelly data at shorter
wavelengths would further constrain the presence of a material similar to ice tholin.
Silicates alone do not provide the best fit primarily because they fall below the data at the
short wavelength end, possibly due to the onset of the 1-^im band in silicates (Fig. 4.6).
Mixtures without any silicates (mixtures including only hydrocarbons and carbon
species) require both Triton tholin and ice tholin. These models are often too high at the
shorter wavelengths as the ice tholin rises out of its absorption band at 1.4 |im (Fig. 4.6).
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The Borrelly data have very high S/N and no water ice or hydrated silicate features are
detected, so these cannot be a component of the dark material.
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Trojan asteroid spectra at >. < 2.5 |im can generally be fit by mixtures including
either organics or silicates to redden the spectrum. The L-band data then provide a
constraint on the role of organics in spectra of these objects. The shape of the Borrelly
spectrum is also well fit by organics or silicates, but there is no L-band data available for
the additional constraints as with Trojan asteroids. Mixtures that include hydrocarbons
fit the data slightly better than silicates alone. In light of these results and the absorption
feature near 2.4 |j,m. it appiears that organics are a significant component of the dark
material on the surface of Borrelly. Other comets are known to contain (and release)
silicate dust and organic material, so perhaps these results are not too surprising.
Extending the spectral coverage to longer (L-band) and shorter (visible) wavelengths
would vastly improve interpretations of surface composition. Unfortunately, this is not
likely for Borrelly since its nucleus is faint and obscured by a coma as seen from Earth.

4.3.5 C-type Asteroids
The three C-type asteroids modeled here (10 Hygiea. 31 Euphrosyne. and 511
Davida) were selected because published data exist for them over a similar wavelength
range as the Trojan asteroids. The visible data for all three objects are taken from the 24color spectrophotometry of Chapman and Gaffey (1977a,b). The data from 0.8 to 2.5 nm
are pan of the 52-color asteroid survey reported by Bell et al. (1988). Jones et al. (1990)
presented the 3-^m spectrophotometry included for the L-band region of the spectra of
Hygiea and Davida. The photometry near 3 |im for Euphrosyne was measured by
Feierberg et al. (1985). The composite spectrum of each asteroid is scaled to the visible
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geometric albedo measured by IRAS (Tedesco et al. 2002) for that object (0.0717.
0.0543. and 0.0540 for Hygiea, Euphrosyne, and Davida, respectively).
C-type asteroids are characterized by their low albedos (-0.06) and flat or very
slightly red spectral slopes. Due mainly to their spectral similarity to carbonaceous
chondrite meteorites. C- asteroids are generally assumed to have surface mineralogy that
mimics the composition of carbonaceous chondrites (hydrated silicates, carbon, organics.
and other opaque materials, e.g. Gaffey et al. 1989). The analysis by Jones et al. (1990)
found spectral signatures of hydration for 66% of the 32 C-type asteroids in their sample.
The three asteroids under examination exhibit obvious, broad absorptions near 1 ^m,
presumably from silicates, although the band in the Euphrosyne spectrum is not as
pronounced. The spectrum of Euphrosyne does seem to contain a possible absorption
near 2 |im as well, perhaps indicative of pyroxene. Hygiea and Davida also exhibit
absorption features near 3 ^m. These are interpreted by Jones et al. (1990) as signatures
of water of hydration, though the L-band shapes are quite different from one another.
C-type asteroids and their presumed meteorite counterparts have been studied
extensively, so the general compositional interpretations described above for these
objects are robust. The analysis of three members of this class performed here is
undertaken as a test of the validity of interpretations drawn from this model and to
provide some ground truth for comparisons with Trojans and other objects. In line with
expectations, the model results support the accepted view for these asteroids. The
spectrum of Euphrosyne is consistent with a simple mixture of anhydrous silicates (Mgrich pyroxenes, P2 and P3, in this case) and amorphous carbon. The visible shape, I - and
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bands and L-band shape are all well matched by this combination of materials

(Fig. 4.7)
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The best model fits to the Davida data consist of mixtures that include anhydrous
silicates (P2. P3. 02), hydrated silicates (Xa, Za), and amorphous carbon (Fig. 4.7). A
few mixtures also contain the darker, flatter-sloped organics (poly-HCN and Murchison
extract). Other organics (tholins) are too red through the near-IR to be responsible for the
3-^im absorptions. These mixtures describe the data well at X. > 0.9 ^m, but the depth of
the l-^im silicate band is not well matched. Crystalline silicates (see Fig. 2.11,
hypersthene and olivine2) display much stronger absorptions than the amourphous
silicates with available optical constants, and may describe the surfaces of main belt
asteroids more accurately. The 3-^im absorption is matched with hydrated silicates. The
most satisfactory fits to the data have the hydrated silicate mixed at the intra-granular
level with amorphous carbon (98.5% chlorite, 1.5 % amorphous carbon). The results for
Hygiea are very similar to those for Davida, although the mismatch in the visible portion
of the spectrum is much worse (Fig. 4.7). Possible minor absorptions near 2.3 nm in the
spectra of Hygiea and Davida are also well matched by hydrated silicates. Differences in
3-^m band shape and depth could be accounted for by slightly varying phyllosilicate
compositions and/or varying the ratios with which they are mixed with amorphous carbon
at the intra-granular level.
C-type asteroids are generally described as dark with neutral spectral slopes, but,
in contrast to spectra of Trojan asteroids, these data do contain mineralogical signatures
that can be used to constrain surface composition. Spectra of all three asteroids exhibit
silicate absorptions, both hydrous and anhydrous. While in general an absorption near 3
^m could be due to organics. the nearly flat near-IR spectral slope supports the
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conclusion that hydrated silicates, not organics, are the cause of this absorption when
present in spectra of C-type asteroids.

4.4 Discussion
The results of quantitative spectral modeling of these objects representing several
groups of dark bodies suggest that the dark material throughout the solar system is as
varied as the spectra that have been measured. One initial question of this study was
whether the material lowering the albedos of small bodies throughout the solar system is
the same for all objects. This work shows that while the low albedos of some objects are
set adequately with large-grained silicates, others require highly carbonized materials
(amorphous carbon or graphite), and still others depend on organics of various
compositions to match their spectra. The composition of material on dark surfaces is
diverse and may therefore be telling us something about physical and chemical processes
active in different regions of the solar system now and in the past.
In some regards, spectra of Trojan asteroids resemble those of outer solar system
objects more than other asteroids. Trojan spectra do not contain the I - and 2-^m silicate
absorptions or the hydration feature near 3 nm often present in spectra of C-type
asteroids, nor is there a downturn in the UV also seen in C asteroid data. Nevertheless,
these modeling results imply that the surface composition of Trojans is more similar to Ctype asteroids than to outer solar system bodies or nuclei of short period comets.
The Pholus spectrum exhibits several discrete absorption features that can be
attributed specifically to ices and light hydrocarbons. The extremely red spectral slope
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seems to be caused by tholin-like heavier hydrocarbons. The surface of Pholus may also
contain silicates, but the modeling results are distinctly different than those for Trojans.
Pholus (and the other Centaurs) almost certainly originated in the Kuiper belt (Duncan et
al. 1995). and their current orbits are short-lived due to gravitational perturbations by
giant planets. There may be no "typical" KBO; those which have been measured
photometrically display a wide range of colors (Davies et al. 2000. Barucci et al. 2001).
Barucci et al. (2001) split KBOs and Centaurs into four groups based on colors, and
Pholus in the reddest of these groups. Nevertheless, extremely red colors are common in
the Kuiper belt and Centaur regions.
Is the ultra-red organic material a thin surface mantle produced by UV and cosmic
ray irradiation, or is it an integral part of Pholus and other red KBOs and Centaurs? This
is a difficult question to answer. Irradiation processing has been fairly well studied and is
a likely mechanism for altering surfaces over long timescales (Thompson et al. 1987.
Allamandola £»/a/. 1988. Cruikshank

a/. 1998). If this is the sole cause for dark, red

surfaces, one might expect all KBOs and Centaurs to be similarly dark and red. Many
KBOs and Centaurs have more neutral colors and do not seem to support an ultra-red
surface. Perhaps recent resurfacing (e.g. from rubble mantling during comet-like activity
produce by sublimation of "super" volatiles such as CO) has covered an irradiation
mantle on less red objects (Jewitt 2002) or break the mantle to expose large areas of the
underlying materials. If this is the case, the more neutral surfaces should be fresher and
show evidence for unprocessed light hydrocarbons. This follows from comets, in which
emission features due to hydrocarbon chain molecules are from the fresh, active volatiles,
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not the longer exposed dust component (Li and Greenberg 1998). This resurfacing
scenario would postulate an old surface for Pholus, so hydrocarbons should be processed,
i.e. less likely to display light hydrocarbon features. The opposite trend is observed.
Less red objects have shown no indications of any absorptions other than water ice.
Another possibility is that KBOs and Centaurs display such spectral variation because
they are varied compositionally. Maybe these data are indicating that the outer solar
nebula was not well mixed and this led to diverse compositions upon accretion.
Astronomers are just beginning to rigorously study this relatively newly discovered group
of objects and do not yet have data of sufficient quantity or quality to answer these
questions. Nevertheless, it is clear that the Trojan asteroids do not share the surface
properties of Pholus. even if some spectral properties are similar.
The spectrum of the dark material covering the leading hemisphere of lapetus is
very similar to spectra of Trojan asteroids in the 0.8 - 2.5 ^m range, but is much redder
in the visible and contains a large 3-^m absorption. Model mixtures of the L-band region
require organics to accurately match the shape of this absorption. The H- and K-band
regions of the lapetus dark material do not exhibit discrete absorption features as seen in
the Pholus spectrum. The lapetus data are not of extremely high sensitivity or very high
spectral resolution, and removal of the bright material spectrum seems to have induced
additional noise, especially in K-band. It would be very worthwhile to observe the dark
side of lapetus again throughout the near-IR with modem instrumentation in order to
perform a more sensitive search for absorptions similar to those seen for Pholus. The
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VIMS instrument on Cassini should obtain high quality disk-resolved spectra which will
be able to address the nature of this material on lapetus.
The near-IR spectrum of comet Borrelly is very red. Model mixtures require
Triton tholin and/or ice tholin to match the slope. Additionally, a small absorption
feature near 2.4 |im may be a signature of organics on the surface. Hydrocarbon chain
molecules are regularly detected in comets (e.g. A'Heam et al. 1995), so perhaps the
likelihood of organics on the surface should not be surprising. Short period comets are
widely considered to have come from the Kuiper belt (e.g. Duncan et al. 1988). The
surfaces of these migrating objects would likely become more heavily processed as the
new comet becomes more active upon entering the inner solar system. Overall, the
visible spectral slopes of cometary nuclei are not as red as KBOs, perhaps this is a result
of such processing (Jewitt 2(X)2). The visible spectrum of Borrelly has not been
measured and so cannot be directly included in this analysis. Borrelly is a member of a
group of short period comets defined by A'Heam et al. (1995) that is depleted in
hydrocarbon chain molecules (Cochran et al. 1999). This grouping of short period
comets could conceivably be another expression of diversity in the original compositions
of Kuiper belt objects. Some authors have suggested the Trojan swarms as a source of
short period comets (Hartmann and Tholen 1990, Jewitt and Luu 1990, Marzari et al.
1995). Differences in surface composition between these sets of objects interpreted by
this study do not support any connection.
The spectrum of Himalia is very similar to those of C-type asteroids, including a
possible water of hydration feature. The irregular satellites are generally considered to be
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captured objects that did not form within the jovian system. Jarvis et al. (2000) suggest
that Himalia may have originated as a main-belt asteroid, possibly as part of the Nysa
dynamical family, and was later ejected from the main belt and captured by Jupiter.
The spectrum of Himalia is not very similar to Trojan asteroid spectra, so there is no
reason to believe that the Trojans underwent a similarly eventful history.
Inferred composition of surface materials of representatives of several dark
objects finds significant differences from Trojan asteroids. Differences from Borrelly.
the lapetus dark material, and Pholus lead us to conclude that Trojans probably did not
originate in the outer solar system. These conclusions are based on comparisons with
only one object from each group. Including more objects from each group in this
analysis, once data become available, is necessary for more robust conclusions.
Differences of Trojan asteroid spectra from those of main-belt C-type asteroids imply that
Trojans did not form within the main-belt as Himalia may have. Therefore, it seems most
probable that the Trojans formed in the Jupiter region and were trapped in the Lagrange
points and held stable for a few billion years for us to study today. It is difficult to
determine the composition of these asteroids without discrete features in their spectra, but
perhaps continued monitoring of smaller Trojans, which are mostly fragments of once
larger bodies, will eventually lead to concrete compositional determinations. These
would allow an assessment of this important transition region.
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CHAPTERS
SUMMARY AND CONCLUSIONS

The properties of the solar nebula in the transition region between the rocky inner
solar system and the icy outer solar system are only poorly known. Primitive objects,
which are unaltered or only slightly altered since formation, are the key to unlock the
door to understanding conditions in the solar nebula at the time of formation. Several
dynamical classes of objects currently reside in this middle part of the solar system near
Jupiter, but not ail are relevant to studies of conditions in this region 4.5 billion years ago.
Jupiter family comets most likely formed in the Kuiper belt (Duncan et al. 1988) and
jovian moons (possibly excepting the irregulars) formed within the jovian sub-nebula, so
these cannot provide information concerning the solar nebula near 5 AU. The Trojan
asteroids, therefore, remain the best hope for characterization of this important region.
This chapter summarizes information and insights gained from this study of Trojan
asteroids and discuss implications for conditions in the early solar nebula.

S.l The Nature of Trojan Asteroids
Near-IR spectra of 20 Trojan asteroids were measured in this study: All were
measured in K-band, eight were measured in L-band, and fourteen were measured in I-,
J-. and H-bands. Previous studies of Trojan asteroids, mostly visible and low-sensitivity
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near-IR (A. < 2.5 p,m) spectroscopy, attribute the low albedo and red spectral slope
apparent in the visible and near-IR to the presence of organics on the surface. The intent
of the present observational work was to obtain higher sensitivity data at X. < 2.5 ^im to
search for overtone and combination bands of the materials suspected to be on the
surfaces of Trojan asteroids (e.g. organics, silicates, water ice), and to extend the
observations to the L-band where much stronger fundamental bands from these materials
occur.
The newly measured spectra do not contain any unambiguous molecular
absorption features. Several possible features appear at the level of the noise in the data.
If these are real, they may be due to organics. Potential features in two asteroids
(Patroclus and Teucer) are absent from spectra taken on different dates. This may imply
rotational variability from materials segregated on the surface. Further study of these
objects is necessary. Since none of these possible features can be confirmed at this time,
an absolute determination of surface components from discrete absorption features cannot
be made. All of the Trojans measured display a red spectral slope that extends through
L-band. No large absorption features in the L-band region, which are common to redsloped organics, appear in these spectra. Though all the Trojan asteroids measured
exhibit a red spectral slope, there is some diversity in the magnitude of this slope among
the objects observed. This and the diversity in possible absorption features may be due to
post-accretional evolutionary (collisional?) differences.
In order to perform a more rigorous analysis of the available Trojan asteroid data,
I also conducted quantitative modeling of the spectra using Hapke scattering theory. This

method is not able to absolutely determine surface composition: there are many
parameters included so solutions are not always unique. However, this approach can
provide useful constraints on the presence of certain materials based on the absence of
absorption features and overall shape of the spectrum.
Results of the spectral modeling imply that it is very unlikely that organics are
responsible for the red spectral slope observed for Trojan asteroids. Organics for which
optical constants are available and those studied spectroscopically by other authors all
show a correlation between spectral slope and absorption band depths. Spectral models
calculated using organics to supply the red slope contain large absorptions in L-band that
are not present in the data. Model results do allow that organics may be present on these
surfaces in small amounts, especially if the grain diameters are large. In this role, they
may be responsible for helping to lower the albedo, but not for providing the spectral
slope. In fact, from comparisons with comets and carbonaceous meteorites (presumably
from C-type asteroids), one might expect organics to be at least a small component of
Trojan asteroid composition. Silicates (pyroxene) are able to explain the red slope in the
spectral models without inducing any L-band absorptions. The data do not exhibit any
discrete silicate features, but these can be masked by dark material. The modeling also
allows upper limits to be placed on the abundance of H2O ice and hydrated silicates on
the surfaces of Trojan asteroids.
Qualitative spectral analysis and quantitative spectral modeling of newly
measured spectra of Trojan asteroids converge on the interpretation of a mostly silicate
surface composition for Trojan asteroids. These surfaces must also have a significant
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component of dark material, which may include small amounts of organic species.
Several possible absorption features at the level of the noise in the data require
confirmation.

5.2 Relation to Other Dark Objects and Location of Origin
Possible connections have been suggested between Trojan asteroids and several
other groups of solar system objects. The present work includes spectral modeling of
several other dark solar system objects, and the results are compared to those for Trojan
asteroids. This allows for better assessment of any possible connections and provides
some further insight into the possible surface composition of Trojan asteroids.
The results of the modeling for Trojan asteroids are more similar to the results for
C-type asteroids than for those of any of the other objects. C-type asteroids and Trojans
all have spectra for which the models may allow a small amount of organics, but only
require silicates and some dark, spectrally neutral material. Model results for Pholus,
lapetus, and Borrelly, along with discrete absorption features in their spectra, provide
substantial evidence for the presence of organics. These three objects also ail show
evidence for water ice on or near their surfaces, either spectrally (Pholus and lapetus) or,
in the case of Borrelly, by active sublimation creating a coma. These trends indicate that
Trojan asteroids formed in an environment more similar to that of C-type asteroids rather
than that of dark outer solar system objects. Suggestions that Trojan asteroids may be
linked to Kuiper belt objects (Shoemaker et al. 1989) and short period comets (Hartmann
and Tholen 1990) are not supported by this work.
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Spectra of Trojan asteroids are, however, not identical to those of C-type
asteroids. Trojan spectra have a redder spectral slope. Also, Trojan asteroid spectra do
not exhibit the 3-^m absorption bands indicative of hydrated silicates that are common
for C-type asteroids. The spectrum and model results for Himalia are more similar to
those of C-type asteroids than those of Trojan asteroids. A similarity between Himalia
and C-type asteroids has previously been noted by other authors, some of whom have
suggested that Himalia may have originated as a main-belt C-type asteroid. Therefore, it
does not seem that Trojans are genetically related to irregular jovian satellites, although
many of the irregular satellites have not yet been studied in detail. These differences
between Trojans and C-type asteroids imply that the two groups did not form in an
identical environment. Differences from outer solar system objects imply that Trojans
did not share their environment during formation either. It therefore seems likely that
Trojan asteroids formed at a heliocentric distance similar to that at which they now
reside, and information gained about the solar nebular from their composition concerns
this important transition region.

5.3 Implications for Solar Nebula Composition
It has long been recognized that outer belt and Trojan P- and D-type asteroids
have a redder visible spectral slope than main belt C-type asteroids. Gradie and Veverka
(1980) suggest that the combination of low albedo and red spectral slope for these objects
may be explained by the presence of kerogen-like organic compounds. In fact, they use
constructs of montmorillonite (a hydrated silicate), magnetite, coal tar residue, and
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carbon black to model the visible spectra of Trojan asteroids. Gradie and Tedesco (1982)
incorporated this suggestion into their model of the composition of the asteroid belt, as
described in Section 1.3. The Trend from C- to P- to D-type asteroids is explained in this
model as the result of increased organics to due decreasing temperatures with increasing
heliocentric distance. Throughout the past 20 years, the suggestion of organics as the
main surface component on Trojan asteroids has guided the interpretation of new data,
even as near-IR data returned no signatures of these molecules (e.g. Luu et al. 1994.
Dumas

a/. 1998).
It is difficult to fit the results of this study into the above paradigm. These data

show no specific evidence for organic materials, and the outcome of spectral modeling
points strongly toward anhydrous silicates as the reddening agent on Trojan asteroids. In
light of this, the Gradie and Tedesco model may benefit from a slight alteration. Perhaps
there is not a significant difference in the relative amount of organics available in the
material from which these three classes of asteroids accreted. The heliocentric trend
among dark asteroids could then be explained by a difference in modification history, not
formation, of these objects. The view that D-type asteroids are more primitive than Ctypes is maintained, but direct analogies with dark, organic bearing surfaces of the outer
solar system are not.
C-type asteroids have almost certainly undergone some degree of modification
after their formation. Jones et al. (1990) explain the presence of hydrated silicates
(observed spectroscopically) by reactions driven within the asteroid by solar induction
heating. Petrologic studies of carbonaceous meteorites also find that aqueous alteration
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of silicate minerals occurred within the parent object (presumably one or more C-type
asteroids) rather than in the nebula before accretion (e.g. Scott et al. 1989. Zolensky and
.McSween 1988). Similar studies of organic materials in carbonaceous meteorites find
that some of those materials are also consistent with aqueous formation within the parent
object (Cronin et al. 1988). The spectroscopic signatures of C-type asteroids were
certainly affected by this modification; we see the absorptions due to hydrated silicates.
It is conceivable that the spectral slope was also altered. The P-type asteroids may have
been slightly altered by such and event; enough to decrease the spectral slope (slight
alteration of silicate or organic component), but not enough to induce a hydrated silicate
signature at 3 |im. The D-type asteroids would remain the most pristine. The mechanism
for modification is still most likely solar induction heating as described by Jones et al.
(1990).
This hypothesis is based on circumstantial evidence rather than firm proof. It is
consistent with the available data and with nebular thermochemistry models (section 1.5).
However, continued testing in the form of more observations and laboratory work are
necessary, and ideas for directions of these studies are discussed in the next section. This
suggestion does not require a whole new view of nebular composition, but allows for the
mounting evidence that perhaps organics were not significantly more abundant near
Jupiter than they were in the main belt during accretion.
Cruikshank et al. (2001) also recognize that the 0.3 - 3.6 nm spectrum of a single
Trojan asteroid (624 Hektor) can be explained by mixtures of anhydrous silicates and
opaque materials. In contrast to the work here, they allow that while organics are not
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required, they may also be the reddening agent. Their suggestion for the absence of
features due to organic and volatile species in the spectra is devolatilization of the surface
layer by micrometeorite bombardment. If this is the case, we might expect to see some
variation among Trojan asteroids as the surface layer of some asteroids may be breached.
We might also expect to see trends toward less surface devolatilization for smaller
Trojans, which may have fresher surfaces.

5.4 Future Work and Directions of Study
Observations of Trojan asteroids to date, including the study discussed here, have
not yet produced a conclusive characterization of this group of objects. Recent
obser\'ations call into question earlier interpretations of the surface composition based
solely on visible spectral slope, but new suggestions for surface composition are also
based on spectral shape, though now over a broader wavelength range. Presented in this
section are further observations and laboratory work that will help to further characterize
the nature of Trojan asteroids and may help to distinguish more concretely between the
view of organic dominated objects (Gradie and Veverka 1980), organic dominated
objects whose surface has been devolatilized (Cruikshank 2001), and silicate dominated
objects (this work).
5.4. / Observations
The L-band region is very diagnostic of the organic species and volatiles
important for Trojan asteroids. Higher sensitivity L-band spectra of more objects are
important to search for the fundamental absorptions from these materials. In the absence
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of these features, high S/N data in this region allow strict upper limits to be derived for
these species. If the Gradie and Veverka view of Trojan surfaces supporting very red
organics is correct, further searches should uncover these fundamental absorptions.
Otherwise the strict upper limits will be very helpful, especially when obtained for many
objects, for characterizing the possibilities of different composition, as is done in chapter
3 of this work. With several telescopes in the 6 - 8 m class being recently commissioned,
and the advent of adaptive optics for use with spectroscopy as well as imaging, more
fainter Trojans are accessible to study in this region.
It would also be useful to measure spectra of more objects at all wavelengths
(visible through near-DR) to better characterize the diversity among these objects. If the
Gradie and Veverka view is correct, more high sensitivity data in H- and K-bands may be
expected to uncover overtone and combination bands of organic species. For the
Cruikshank devolatilization theory, significant diversity in spectra at all wavelengths
would be expected, as the devolatilized surface layer of some Trojans would be breached
by impacts. These breaches may have occurred at different times in the past, so re
processing would also be at different stages for these objects, adding to the spectral
diversity. Furthermore, rotational spectral variability may also be expected on some
objects with localized breaches of the devolatilized layer.
As a subset of the above two suggestions for observations, observations of smaller
Trojan asteroids would be particularly interesting. Binzel and Sauter (1992) expect that
all Trojans with diameters < 90 km are collisional fragments rather than unbroken
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primordial objects. The surfaces of the small asteroids may then be fresher and more
diagnostic of the interior composition.
Similar observations of more cometary nuclei and objects in comet-like orbits
(possibly extinct or inactive comets) would allow a better comparison with comets as a
group than the analysis of just one Jupiter family comet presented in chapter 4. Though
this work concludes that Trojan asteroids as a group are not likely identical to Jupiter
family comets, it may be that a small fraction of Trojans are objects that migrated from
the Kuiper belt similarly to Jupiter family comets (e.g. Shoemaker et al. 1989). Better
characterization of cometary surfaces would allow identification of any of these among
the Trojans.
Thermal emission spectra (e.g. from SIRTF or SOFIA when it comes online) may
also be used to search for features representative of these materials at longer wavelengths.
This technique has been used for cometary and interstellar dust and planetary bodies such
as Mercury (e.g. Manner et al. 1996, Emery et al. 1998, Sprague et al. 2002). but has not
yet been proven for observations of faint asteroid surfaces. Nevertheless, emission
features in this range (~5 to 40 ^m) are diagnostic of silicates, water ice, and organics.
5.4.2 Laboratory Work
Analysis of spectra of objects using quantitative spectral modeling as presented in
chapters 3 and 4 would benefit greatly from the measurements of optical constants of
more materials over the entire wavelength range studied here. In particular, there are
classes of organic materials (e.g. Cloutis 1989, Moroz etal. 1998) not included in this
study solely because of the lack of measured optical constants. A wider variety of
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silicates, both hydrous and anhydrous, would also be useful. Spectra of hydrated silicates
can vary widely based on composition, including different band positions and shapes.
Measured reaction rate constants and diffusion coefficients of reactions and
species in the solid state are also sparse. A theoretical study of irradiation induced
surface chemistry was considered for this project, but there is insufficient data on the
rates of most of the relevant reactions. Such a study would permit a more comprehensive
analysis of the implications of current surface composition (as measured
spectroscopically) for formation conditions.
5.4.3 Spacecraft
Of course, the best way to characterize any solar system object is to visit it. A
mission to Trojan asteroids would permit imaging and high quality spectroscopy of
surfaces. A more rigorous plan would be to sample the surface and subsurface of these
objects at various depths in order to understand surface composition, interior
composition, and the connections between the two. Unfortunately, spacecraft missions
are expensive, and plenty of solar system objects are in line before Trojan asteroids.
Nevertheless, one day we may have sample from these objects in hand to analyze closely
and properly characterize these bodies.

Intentionally Blank
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