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PREFACE

The whole is greater than the sum of its parts. This philosophical, rather
than mathematical, expression describes what we have tried to accomplish in
bringing together a large number of authors to prepare a new source book
describing our knowledge about the asteroids. During the week of March 8~
11, 1988 over 160 scientists from 14 countries gathered in Tucson for the
Asteroids II conference. In this setting, amidst invited reviews and contrib-
uted presentations on current research, teams of authors having a wide variety
of backgrounds and viewpoints began the work of compiling the chapters for
this book and papers for the April 1989 special Asteroids issue of the journal
Icarus. This process in itself has led to a new level of understanding as authors
worked together over several months to establish presentations of what is
known and unknown throughout the broad field of asteroid science. The col-
lective magnitude of this task cannot be underestimated. We are indebted to
the authors and referees for their efforts to produce the parts that form this
book as a whole.

Asteroids 11 is not a sequel, per se, to the 1979 book Asteroids. It is a
fresh new treatment intended to stand on its own as a complete description of
the current understanding of the field. We are proud of the large international
collaboration in this volume, a sign of an active and growing discipline. All
authors were given the charge to write their chapters at the graduate-student
level and to keep in mind that their readers would most likely be students and
researchers who are not experts in their specialty. The subjects in each chapter
are concisely introduced and references are given to additional background
material when necessary. The reviews contain extensive references to the orig-
inal literature and cross-references to other chapters. For each chapter, authors
were also asked to highlight problems and uncertainties for which future work
might lead to significant advances. It is these areas that will probably be of
most interest to students and outside researchers. The styles and presentation
levels vary somewhat from chapter to chapter, as can be-expected for a volume
with such a large number of contributors. Given infinite time and patience
among the authors and editors, additional iterations could have produced a
highly homogeneous (but less interesting) final product.

This book is structured in the order it which a new reader might ap-
proach the field, beginning with an introduction to the asteroids, a description
of exploration techniques, details on their physical properties, discussions of

[ xi]



xii PREFACE

their origin and evolution, an examination of their interrelations with mete-
orites and comets followed by an attempt at a “Big Picture” framework for our
current knowledge. A look to the future is given in the section on space stud-
ies. The tabulation in Part VI is intended to serve as a useful resource for
students and researchers alike. An extensive glossary has been compiled
which reflects the growing interdisciplinary nature of asteroid science be-
tween astronomers, meteoriticists and geologists. New students will want to
examine the glossary and refer to it frequently.

Asteroids Il appears at a time when the field is at a major crossroad.
Barring misfortune, the first spacecraft encounter with an asteroid will occur
in the early 1990s. How will the paradigms presented here stand up in the
wake of in situ observations and what new questions will arise to challenge
asteroid researchers over the next decade? It is hoped that this book will serve
as a foundation for stimulating continued growth in asteroid research as we
approach January 1, 2001, the 200th anniversary of the first asteroid’s
discovery.

It is a pleasure to thank Melanie Magisos for her tireless efforts and
invaluable assistance in producing this book.

Richard P. Binzel
Tom Gehrels
Mildred Shapley Matthews
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AN OVERVIEW OF THE ASTEROIDS

RICHARD P. BINZEL
Massachusetts Institute of Technology

An introduction and overview of the field of asteroid science is presented, high-
lighting the accomplishments of the 1980s. The development and application of
many observational techniques and data from the Infrared Astronomical Satel-
lite have greatly increased our knowledge of asteroid physical properties. New
scenarios for understanding the chemical diversity and dynamical structure of
the asteroids have emerged. New insights have been gained toward understand-
ing their origin and interrelations with meteorites and comets. Suggestions and
speculations are offered on future research directions. Extensive references to
other chapters are provided to serve as a “road map” to this book.

I. INTRODUCTION

Why study the asteroids? Asteroids (and comets) represent the only ex-
isting remnant planetesimals dating back to the formation of the solar system.
The asteroids occupy the transition region between the rocky terrestrial
planets and the outer gas giants. It is generally believed that perturbations by
Jupiter led to the failure of planet formation in that region. Although asteroids
have probably undergone substantial collisional evolution since their forma-
tion, most have experienced relatively little geological, thermal or orbital evo-
lution. Thus the asteroids provide us with a blueprint to the conditions in the
early solar system. The collisional disruption of those asteroids that have ex-
perienced significant thermal evolution gives us a rich diversity of chemical
compositions and provides us with a means to study the interiors of differenti-
ated bodies.

The asteroids are also of interest because they are the source for most
meteorites; the study of asteroids, meteorites and solar system formation are

[31]



4 R. P. BINZEL

all closely intertwined. Dynamical evolution of some asteroid orbits can lead
them to trajectories that intersect the orbits of the terrestrial planets, thus
leading to the delivery of meteorite-sized bodies as well as larger ones that
result in major cratering events. A likely extraterrestrial signature in the
Cretaceous-Tertiary boundary (Alvarez et al. 1980) and their potential use as
space resources (O’Leary 1977) has heightened interest in asteroids through-
out many disciplines.

We are now approaching the bicentennial anniversary of Piazzi’s discov-
ery of Ceres in 1801 and William Herschel’s naming of these bodies as “as-
teroids” in 1802. For a brief history of the field, the reader is referred to the
chronology in Gehrels (1979b). Cunningham (19884, b) gives some additional
historical insights to the previously little-known efforts of Franz von Zach and
a group of astronomers who called themselves the “celestial police” in search-
ing for the missing planet between Mars and Jupiter during the late eighteenth
century.

The beginning of the modern era of asteroid research is usually linked to
the Physical Studies of Minor Planets conference held in Tucson in March
1971 and the resulting publication (Gehrels 1971). Figure 1 shows the rapid
growth of the field during the 1970s. With the Asteroids meeting and book
(Gehrels 1979a), the activity of asteroid research during the 1980s has re-
mained at a high level. The large attendance and broad international participa-
tion at the Asteroids II conference in March 1988 shows great potential for
continued growth in the 1990s, especially with the prospects for Hubble
Space Telescope and spacecraft flyby observations of asteroids.

400 +—
350
300
250
200

150

100

50

]

1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987

Fig. 1. Annual number of asteroid publications vs time showing the rapid growth in the field
during the 1970s and 1980s. Data are from Cunningham (personal communication, 1989)
based on Astronomy and Astrophysics Abstracts and other literature searches.



OVERVIEW OF THE ASTEROIDS 5

This chapter attempts to provide a brief introductory overview to the field
of asteroid science, concentrating on the highlights of the 1980s. A second
goal is to serve as a road map to the other chapters within this book, wherein
more extensive background and references to the original literature can be
found. The final section of this chapter gives some suggestions for future
research and offers some speculations on future directions. For a popular level
introduction to the asteroids (and asteroid scientists), the book by Cun-
ningham (1988b) is recommended. A synthesis of current dynamical, miner-
alogical and structural data into a coherent paradigm is presented in the
chapter by Bell et al.

II. A SURVEY OF THE ASTEROIDS

The number of asteroids, also called minor planets, that have received
permanent designations (i.e., numbers) has nearly doubled during the 1980s
owing largely to programs conducted at Lowell Observatory and the Crimean
Astrophysical Observatory. (See the chapter by Bowell, Chernykh and Mars-
den. Names and discovery circumstances are given by Pilcher in Part VI of
this book.) Figure 2 shows the heliocentric distribution of semimajor axes for
nearly 4000 numbered asteroids. Most are located in the main belt between
2.1 and 3.3 AU from the Sun. A few have greater or lesser semimajor axes or
have large orbital eccentricities such that they are not contained within this
region.

The innermost asteroids are called the Atens (groups of asteroids are
often named after their first discovered member, in this case 2062 Aten),
having semimajor axes inside the Earth’s orbit. Apollo asteroids have orbits
that cross the Earth’s; Amor asteroid orbits have perihelia between the Earth’s
orbit and 1.3 AU. Many Apollo and Amor asteroids have semimajor axes that
fall within the main belt (and correspondingly large orbital eccentricities), so
the regions labeled in Fig. 2 do not fully denote these populations. Collec-
tively, the Aten-Apollo-Amor objects are often referred to as AAAO, near-
Earth asteroids, or planet crossing asteroids. Dedicated AAAOQ photographic
surveys, most notably work on Palomar Mountain, California by Helin and
associates and by Eugene and Carolyn Shoemaker, have more than doubled
the number of discoveries in the 1980s to a total of over 120 objects. A new
technique using charge-coupled devices to scan for asteroids and comets has
been developed by Gehrels (1981; McMillan et al. 1986) and associates at the
“Spacewatch Telescope” in Arizona. This instrument uses charge-coupled de-
vices both in the standard “stare mode” (chapter by French and Binzel) and
also in a “scanning mode” whereby the charges are transferred at the same rate
as the telescope scans the sky.

Dynamical lifetimes for the planet crossing asteroids are short (~107 yr)
compared to the age of the solar system due to gravitational interactions lead-
ing to their ejection from the solar system or to planetary impacts. What is the
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OVERVIEW OF THE ASTEROIDS 7

source of resupply? To address this question we turn our attention to the main
belt. Figure 2 clearly shows a nonuniform distribution with distinct breaks
called the “Kirkwood gaps,” named after Daniel Kirkwood who in 1867 noted
depletions at the positions of resonances with Jupiter. (The mean orbital mo-
tion of an asteroid located at a resonance is an exact integer ratio of Jupiter’s;
e.g., at the 3: 1 resonance an asteroid completes exactly three revolutions for
every one of Jupiter.) Although the correspondence of the resonances and the
gaps have long indicted Jupiter, a physical explanation for clearing gaps at
some resonances (e.g., at 3: | and 2: 1) while leaving concentrations at others
(e.g., 3:2) has eluded astronomers for over a century.

A solution to this problem and the identification of a significant source
region for the near-Earth asteroids now appears to be in hand thanks to recent
work by Wisdom. Wisdom (1983, 1987; see the chapter by Froeschle and
Greenberg) has shown that chaotic orbit zones occur at the 3:1 and 2:1
resonances while quasi-periodic solutions occur at the 3 : 2 resonance. Quasi-
periodic orbits allow concentrations to occur while chaotic orbits lead to in-
creased eccentricities, allowing asteroids to cross the orbit of Mars where they
are removed by gravitational interactions or collisions. Wisdom (1985) and
Wetherill (1985) showed that chaotic dynamics can serve as a transportation
route to resupply meteorites and asteroids to the inner solar system from the
central main belt. While the transport methods now appear to be established,
there is less agreement on how processes such as asteroid collisions inject
bodies into resonance zones for delivery. (See the chapter by Greenberg and
Nolan and the discussion following it.) This represents an area open for con-
tinued active research.

The physical properties of AAAO (described in the chapter by McFadden
et al.) show a wide diversity comparable to that seen across the entire main
belt, consistent with their being supplied from more than one resonance re-
gion. Wetherill (1988) models the AAAO population as being supplied from
the 3:1 resonance in the central main belt and the v secular resonance (see
the chapter by Scholl et al.) in the inner belt. Wetherill (1988) also proposes
that an additional significant source for near-Earth asteroids may be extinct
cometary nuclei. The probable evolution of comets into asteroids is discussed
in the chapter by Weissman et al.

Significant clumpings of asteroids in orbital element space were first
noted by K. Hirayama in 1918 who called them “families” because he be-
lieved they are the result of the disruption of large parent bodies. Families are
identified using statistical analyses of so-called proper orbital elements, i.e.,
orbital elements that are independent of planetary perturbations. In a series of
papers spanning more than a decade, Hirayama identified a number of fam-
ilies. Contemporary researchers have continued the process of family identi-
fications, and those by Williams (1979; also see his tabulation in Part VI) have
been widely adopted as a standard over the last decade. However, not all
researchers have always agreed on family memberships because there are a
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variety of techniques for proper element computation and family identifica-
tion, as reviewed in the chapter by Valsecchi et al. Figure 1 of their chapter
shows clearly the clustering of three of the original Hirayama families:
Themis, Eos and Koronis. Other groupings are apparent (in their figure and in
Fig. 2 here) that are not considered families. Instead these are.usually called
“groups” and they represent regions that are isolated by mean motion and/or
secular resonances. Examples are the Hungarias, Phocaeas, Cybeles, Hildas
and Trojans. The Flora region at 2.2 AU may be composed of several small
dynamical families.

It is widely believed that families result from the breakup of larger parent
asteroids by catastrophic collisions. However, it remains an open question as
to whether all of the clusters that have been identified dynamically as families
are “real” in the sense that they formed in this way. Physical observations of
asteroids within many purported families have shown that only a few of the
most populous ones (e.g., Themis, Eos, Koronis) have members whose com-
positions make cosmochemical sense in trying to reconstruct a parent body
from the pieces. These unresolved problems in the areas of family identifica-
tion, origin and evolution are discussed in the chapter by Chapman et al.

In the 1980s there has been greatly increased interest in the asteroids
located beyond the main belt : the Cybeles located between the 2:1 and 5:3
resonances, the Hildas at the 3 : 2 resonance, 279 Thule at the 4 : 3 resonance
with Jupiter, the Trojans (located at the 1:1 resonance, occupying two
swarms librating about the L4 and LS Lagrangian points 60 deg preceding and
following Jupiter), 944 Hidalgo which is likely to be an extinct comet, and
2060 Chiron which may be an active comet. The count of numbered Trojans
more than doubled during the 1980s (to a total of > 50 objects) with signifi-
cant improvements in their orbits so that some structure as well as the popula-
tions of the L4 and L5 clouds can now be estimated (see the chapter by
Shoemaker et al.). Evidence for dynamical groupings suggests that the L,
cloud may contain families produced by collisions. The dynamics of the out-
ermost asteroids are discussed in Nobili’s chapter.

Recent physical observations of distant asteroids are summarized in the
chapter by French et al. It has been found that the Trojans (and perhaps Hil-
das) have more elongated shapes than their main belt counterparts which may
be due to differences in their formation or collisional evolution. Some of the
most exciting news in 1988 were reports of Chiron’s observed brightening by
0.6 mag, possibly due to outbursts of volatile material on its surface. Chiron
(semimajor axis = 13.7 AU) is heading toward perihelion (8.5 AU) in 1997
and is likely to be intensively scrutinized by observers over the next few
years. The first detection of what may be a coma was reported by Meech and
Belton (1989).

Although the orbital structure of the asteroids has been known for most
of this century, a clear picture of the compositional structure has emerged only
recently. Bobrovnikoff (1929) was the first to note different spectral colors
between Ceres and Vesta but more diagnostic multifilter spectrophotometric
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techniques were not extensively applied to the asteroids until the 1970s. Two
broad groups were recognized: neutrally colored low-albedo objects were la-
beled “C types” and more reddish objects with moderate albedos were labeled
“S types.” The letters were chosen as mnemonics for spectral similarities seen
with carbonaceous and stony meteorites (although no specific mineralogical
link was implied). By 1979 two other major classes, E (enstatite) and M
(metallic) were added and U denoted unusual or unclassifiable objects. Since
that time we have seen a boom in asteroid classifications from spectropho-
tometry starting with the Eight-Color Asteroid Survey (ECAS) conducted at
the University of Arizona (Zellner et al. 1985h) and the taxonomic system
derived by one of the survey’s key workers (Tholen 1984). Tholen’s taxonomy
employs an alphabet soup of types A, B, C,D,E,F,G,M,P,Q,R,S, T,V
which are described in the chapter by Tholen and Barucci (see their Table I
and Fig. 1 for a quick synopsis). Additional taxonomies have been developed
utilizing ECAS and results from the Infrared Astronomical Satellite. These
systems are described and compared in the chapters by Tholen and Barucci
and by Tedesco et al. (See also the taxonomic tabulations in Part VI.)

Since the earliest development of taxonomies, it was also recognized that
there was some correlation with heliocentric distance. C types appear more
prevalent in the outer main belt while S types are more common in the inner
belt. Using preliminary ECAS and radiometry data, a landmark paper by
Gradie and Tedesco (1982) showed distinct heliocentric distributions for
various compositional classes. These distributions are described in the chapter
by Gradie et al. and their Fig. 1 shows how the distributions of E, R, S, M and
C types, respectively, reach their peaks with increasing heliocentric distances
and how P and D types dominate beyond the main belt. It is possible that this
distribution may reflect a varying degree of thermal processing across the
asteroid belt with the innermost objects being the most processed and the
outermost ones being the most primitive (unprocessed). Various thermal pro-
cessing mechanisms have been proposed for the asteroids (see the chapter by
Scott et al.) with the main contenders being radioactive heating by 26Al and
electrical induction heating driven by a T-Tauri type solar wind from the pre-
main-sequence Sun. Current views tend to favor electrical induction heating.
This mechanism is also consistent with the thermal evolution paradigm dis-
cussed in the chapter by Bell et al. Bell has proposed three “superclasses” of
asteroids: igneous, metamorphic and primitive. Asteroids are placed in one of
these classes based solely on their mineralogical interpretations (chapter by
Gaffey et al.; see Sec. IV below). Figure 1 of Bell et al. shows a consistent
heliocentric distribution with the igneous objects dominant in the inner belt
and the primitive (unheated) bodies dominant in the outer belt.

III. OBSERVATIONS OF ASTEROIDS

The Infrared Astronomical Satellite (IRAS) was launched into orbit in
1983 and its nearly year-long mission provided a bonanza of data on asteroid
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albedos and diameters (see the tabulation by Tedesco in Part VI). Nearly 2000
numbered and many more unnumbered asteroids were measured as part of the
IRAS Asteroid and Comet Survey. This survey and the resulting IRAS As-
teroid and Comet Catalog are described in the chapter by Matson et al. One of
the results of this survey (see the chapters by Veeder et al. and Tedesco et al.)
is that the largest asteroids show a different albedo distribution than the small-
est ones. Do these smaller asteroids represent fragments of larger bodies and
can the albedo difference be explained if they are composed of material from
asteroid interiors?

Some important new discoveries in the field of asteroid science were
made by IRAS. First was that of dust bands within the asteroid belt, which are
likely associated with asteroid collisions and may be the source of zodiacal
dust. As discussed in the chapter by Sykes et al., there is an apparent associa-
tion of the dust bands with some of the major Hirayama families, although
random collisions may also be involved. A second IRAS discovery was of the
Apollo asteroid 1983 TB (subsequently numbered and named 3200 Phae-
thon), which Whipple (1983) noted lies in the orbit of the Geminid meteor
stream. As discussed in the chapter by Weissman et al., this object may be an
extinct comet.

The 1980s have seen many groundbased exploration techniques come of
age, most notably radar (see the chapter by Ostro). This technique can yield
diagnostic information on asteroid sizes, shapes, spin vectors and surface
characteristics. Among the most important radar results has been the deter-
mination of very high metal contents for the M-type asteroids 16 Psyche and
1986 DA, the latter being an Amor and a possible source for some iron mete-
orites. Radar observations currently can only be made of inner belt and near-
Earth asteroids, although a proposed upgrade for Arecibo could make the
entire belt available. Radar ranging can also yield precise astrometric mea-
surements and echoes from Mars (to measure orbit perturbations) have been
used by Standish (1989) to determine asteroid masses (see also the chapter by
Hoffmann). This may prove to be an increasingly important and widely uti-
lized astrometric technique in the future.

As asteroids rotate, their changing surface areas cause measurable
brightness variations and the resulting lightcurves can be used to study their
shapes and spin-vector orientations. Notwithstanding these being well-
established techniques, many refinements are still being made to lightcurve
observing methods and the chapter by Harris and Lupishko describes the cur-
rent state of the art. Pole determination techniques have come of age since the
pioneering work of Taylor, and significant progress has been made in the
modeling of asteroid shapes (see the chapter by Magnusson et al. and the
tabulation by Magnusson in Part VI). Systematic lightcurve studies over a
range of aspect angles, such as in the work of Weidenschilling et al. (1987),
are providing an important resource for continuing progress in these modeling
efforts.
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Work by Drummond and Hege (see their chapter) has significantly ad-
vanced speckle interferometry techniques for shape and pole determinations
and image reconstructions. Observations of stellar occultations still remain
the only direct Earth-based means of measuring an asteroid’s profile in detail
and great improvements have been made in accurately predicting locations
where these events can be observed (see the chapter by Millis and Dunham).
Their Table I lists 40 successfully observed occultation events, where three-
fourths have been obtained since 1979. For every one successful observation
there are probably more than an equal number of unsuccessful attempts where
despite careful planning and often lengthy travel to the location of the shadow
path, bad weather prevails. Thus their table is a tribute to a decade of dedi-
cated effort.

Using a comparison between observed intensities at visible and thermal-
infrared wavelengths, radiometry is the most widely applied method for as-
teroid diameter and albedo determinations. (This remains true even if IRAS -
measurements are excluded.) As described in the chapter by Lebofsky and
Spencer, radiometric diameter determinations are, however, model dependent
and size determinations from occultations have been extensively used for
calibrations. Considerable refinements have been made to the various models
to achieve more accurate physical representations. The increase in radiometric
measurements, combined with the advances in spectrophotometry described
in Sec. II, have led to the growth in the number of asteroids for which tax-
onomic classifications are now available.

An additional technique as applied to asteroids that has grown from in-
fancy in the 1980s is radio observations, which can yield information on the
depths and structures of surface materials. As of 1979, only two asteroids had
been measured at a single wavelength. Webster and Johnston (see their chap-
ter) have recently succeeded in detecting six additional asteroids over a range
of five wavelengths between 1.3 to 200 mm using the Very Large Array
(VLA) radio telescope. They find the surfaces to be composed of finely di-
vided dust with a range of depths from 1 to 8 cm. Many uncertainties remain
in understanding the regolith formation mechanisms as discussed in the chap-
ter by McKay et al.

One opportunity for detailed study of the regolith of a small and perhaps
asteroid-like body was unrealized with the unfortunate loss of contact with
both Phobos spacecraft in 1989. This was a serious setback to many aspects of
our studies of small bodies, particularly the detailed study of their surfaces
and the data that can only be obtained from low orbit and surface sampling.
Our best knowledge of Phobos and Deimos remains the data obtained on them
by the Viking spacecraft, as summarized by Veverka and Thomas (1979).

Related to our understanding of surfaces is the manner in which an as-
teroid’s brightness varies with changing solar phase angle, independent of
rotational variations. The most dramatic effect is a nonlinear surge in bright-
ness at low phase angles that is referred to as the “opposition effect.” Dedi-
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cated observational efforts by Harris and Young at Table Mountain
Observatory and others elsewhere (chapter by Harris and Lupishko) have sub-
stantially increased the number of phase-curve observations available for
study. Interpretation of phase curves has been the subject of much debate over
recent years; two models that succeed in fitting the observed behavior are
presented in the chapter by Bowell et al. Although these models represent
significant progress, it is difficult to constrain many of their parameters for
inferring regolith properties. These constraints on photometric analysis are
discussed in the chapter by Helfenstein and Veverka. The two photometric
models described in the chapter by Bowell et al. have as their major difference
the treatment of surface roughness and its corresponding effect on multiple
scattering. Additional theoretical and laboratory investigations may be able to
distinguish this effect. Photopolarimetry of asteroids (see the chapter by Doll-
fus et al.) is also diagnostic of their surface properties; unfortunately there
have been relatively few recent observations.

The improved characterization of asteroid phase curves has had an im-
portant consequence for observers. A new two-parameter magnitude system
for the prediction and reduction of asteroid magnitudes was adopted by the
IAU in 1985. A description of this new system may be found as an appendix to
the chapter by Bowell et al.

Perhaps the most notable observation that was not made during the last
decade was the indisputable detection of an asteroid satellite, despite concen-
trated efforts to confirm such bodies through stellar occultation observations
(chapter by Millis and Dunham). Suggestive evidence for such bodies has
continued to accumulate: extremely slow rotations for asteroids 288 Glauke
(Harris 1983) and 1220 Crocus (Binzel 1985) possibly resulting from tidally
despun binaries; bifurcated radar echoes from 216 Kleopatra (chapter by Os-
tro); and an analysis of the occurrence of double craters (Hut and Weissman
1985). However, as pointed out in the chapter by Weidenschilling et al., all
evidence for satellites of asteroids remains indirect or inconclusive. Their
dynamical modeling of satellite collisional formation and orbital evolution
argues that relatively few asteroids are likely to have satellites.

IV. ORIGIN, EVOLUTION AND INTERRELATIONS

The origin of the asteroids is intimately tied to the formation of the solar
system as a whole. Slow but steady progress in cosmogony has been made,
and various scenarios are reviewed in the chapter by Wetherill. Particular
progress has been made in identifying the conditions under which “runaway
growth” can occur, a process in which the rapid growth of a few large bodies
dominates accretion zones. In this scenario, rapid growth of Jupiter and Sat-
urn and their resulting resonances could have pumped up relative velocities in
the asteroid zone sufficiently to prevent further accretion into a single planet.
Some additional mechanism(s), such as the scattering of large planetesimals
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by Jupiter and their passing through the asteroid zone, is needed to remove
much of the mass from the asteroid belt and to boost the average relative
velocities to the current value near 5 km s—1. The question of how a large
fraction of the mass in the asteroid zone could be depleted without mixing the
compositional gradient (discussed in the above Sec. II) is examined in the
chapter by Ruzmaikina et al.

Meteorites represent direct samples of materials from the asteroid belt
(the dynamics of which are outlined in Sec. II above) and their compositions
can be used to infer the cosmochemistry of the solar nebula. A complete
interpretation, however, requires knowledge of the evolutionary processes
that occurred in the asteroid belt, including heating, melting, aqueous altera-
tion and impact processing as described in the chapter by Scott et al. Thus the
study of geology of asteroids and the study of meteorites are closely related
fields. For a broad overview from the perspective of meteoritics, the treatment
by Wetherill and Chapman (1988) is recommended.

No specific meteorite has as yet been linked to a specific asteroid despite
modest increases in the number of high resolution spectra of asteroids and a
great expansion in our meteorite collections resulting from increased field
work in Antarctica. Based on laboratory studies, some mineralogical interpre-
tations of asteroid spectra can be made and these are described in the chapter
by Gaffey et al. Their Table III lists proposed mineralogical correlations be-
tween asteroid taxonomic types as well as possible meteorite analogs. Identi-
fying meteorite parent bodies among the asteroids is also the topic of the
chapter by Lipschutz et al. One of the most puzzling (and frustrating) aspects
in comparing the observed samples of asteroids and meteorites is that they
appear to represent partially mismatched sets. The meteorites are an unrepre-
sentative sample of the interpreted mineralogy for the asteroids and in fact the
most common meteorite type, the ordinary chondrites, may have no observed
analog in the main belt. These chapters discuss the debate as to whether the
S-type asteroids are the parent bodies of the ordinary chondrites. Qualitatively
they have the same mineralogy although quantitatively the interpreted propor-
tions of the constituents differ. Observationally the S-types appear more
closely related to the stony-iron meteorites. One object, 1862 Apollo (tax-
onomic type Q), appears to be mineralogically consistent with the ordinary
chondrites although this single near-Earth asteroid is much too small to be a
sufficient source.

What is the resolution of the ordinary chondrite paradox? Various pos-
sibilities are discussed in these chapters, including the prospect that our min-
eralogical interpretations are completely wrong owing to some not understood
regolith altering process on main belt asteroids or some altering process suf-
fered by meteorites upon entering the Earth’s atmosphere. An alternative pos-
sibility arises from the paradigm described in the chapter by Bell et al. If the
post-accretionary heating mechanism had a size cutoff, below which objects
remained unheated, the ordinary chondrite parent bodies in the main belt may



14 R. P. BINZEL

have simply escaped spectroscopic detection to date because of their small
sizes and faint apparent magnitudes. The chapter by Lipschutz et al., how-
ever, points out that there is significant meteoritical evidence that implies
large (~100 km) sizes for the ordinary chondrite parent bodies.

Collisions are another evolutionary process that has occurred among the
asteroids since the time when accretion was halted and relative velocities were
increased. An understanding of asteroid collisional evolution is therefore an-
other important ingredient in deciphering the primordial structure of the as-
teroid belt. The current state of collisional modeling is described in the
chapter by Davis et al. It is estimated that since the time when relative ve-
locities were pumped up, the total asteroidal mass has decreased by a factor of
3 to 5. Many large asteroids may have suffered shattering collisions and are
now held together only by their self-gravity. The expected degree of collision-
al evolution raises a paradox. If the M-class asteroids (like 16 Psyche) repre-
sent the metallic cores of differentiated parent bodies that have been disrupted,
then there is an apparent shortage of olivine mantle material (which should
have been stripped from around the core) observed among the asteroids (A-
class objects). Perhaps comminution of these bodies also places them below
the current observational size cutoff? However, as pointed out in the chapter
by Davis et al., if such a large degree of collisional evolution has occurred,
then it is difficult to understand how Vesta could have remained unshattered
and preserved its basaltic crust.

Since collisions involve an exchange of rotational angular momentum,
important constraints on collisional evolution models are derived from statis-
tics on asteroid rotation rates and shapes obtained from asteroid lightcurves
(see the chapter by Binzel et al. and the tabulation by Lagerkvist et al. in Part
VI). Observed distributions of asteroid rotation rates show distinct differences
above and below diameters of 125 km. A possible explanation is that this size
represents a transition between larger primordial bodies and their collision
fragments. Laboratory collision experiments (see the chapter by Fujiwara et
al.) and the Hirayama families (chapter by Chapman et al.) provide other
constraints on asteroid collisional evolution. While the laboratory results on
the distributions of shapes of fragments from catastrophic disruption events
are in generally good agreement with the observed shapes of asteroids, frag-
mental velocity and size distributions are not. In addition, scaling the impact
strengths for laboratory targets upward by 7 orders of magnitude to asteroid-
sized bodies has not yet yielded results consistent with the major families.

V. SUMMARY AND FUTURE DIRECTIONS

Significant progress has been made in established areas and many new
lines of research that were only emerging (or even nonexistent) before the
1980s have seen dramatic advancements. What is in store for the 1990s? This
section takes a speculative look at possible future directions and lists some of
the outstanding research problems.
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Astrometric surveys are likely to push to fainter magnitudes resulting in
the continued rapid growth in new asteroid discoveries and permanent desig-
nations. New faint surveys must be careful to make multiple observations over
several nights to establish reliable preliminary orbits for these difficult to re-
cover objects. Charge-coupled devices (CCDs) will continue to emerge in a
variety of applications over the next decade, particularly in astrometry, spec-
troscopy and photometry (see the chapter by French and Binzel). Although
photographic plates may remain the old-fashioned workhorse for astrometry
in the 1990s, CCDs will become increasingly dominant. Larger CCDs in the
telescope focal plane will allow survey and astrometric programs such as
Spacewatch to increase their effective sky coverage and discovery rates. A
Tektronix 2048 X 2048 CCD has been put into use by the Spacewatch pro-
gram in 1989. Although much progress has been made, technical problems
remain in achieving real-time processing of such large data rates and this
presents a challenge for astronomically minded computer scientists.

The giant leap forward in dynamics in identifying chaotic orbital zones
as responsible for the Kirkwood gaps will open up many new areas of inves-
tigation. For example, the dynamics of the 2 : 1 resonance remain to be com-
pletely described. Although chaotic dynamics provide an apparent delivery
route for meteorites (and near-Earth asteroids), significant problems remain in
reconciling their characteristics with the mineralogy interpreted from asteroid
spectra. The problem of the ordinary chondrites remains an enigma. Will
spectra of fainter and smaller asteroids reveal the parent bodies for these mete-
orites or will the resolution require new insights into dynamical or thermal
alteration processes? Bell predicts that there will be size dependence to the
composition of asteroids in the inner belt.

Much of the data from the IRAS Asteroid and Comet Survey remains an
untapped resource. Searches for new asteroids need to be performed on the
few deep scans with the goal of investigating the number density of small
asteroids. Such studies will require careful consideration of bias corrections.
Groundbased radiometry is needed to follow up some of the systematic trends
in the IRAS data set and new spectrophotometry observations will allow tax-
onomic classifications to be made for many asteroids for which only the IRAS
albedo is known. Further analysis of the IRAS dust bands is needed to investi-
gate their origin and evolution and the identification of additional bands may
broaden our understanding of this process.

Asteroid spectroscopy has the potential for significant growth in the next
decade both in terms of improved resolution and pushing to fainter limits and
smaller diameters through the use of CCD detectors. This may bring about
solutions to the ordinary chondrite problem and to the case of the missing (A
class) olivine mantle material. Improved spectral resolution, especially in the
near infrared, will need corresponding laboratory work to yield enhanced diag-
nostic information on asteroid mineralogy. Increasing sophistication of spectral
measurements may lead to the introduction of new taxonomic classes or may
perhaps show clear subdivisions among existing classes, such as the S class.
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Radar, radio and speckle observational techniques have undergone sig-
nificant advancement in the 1980s largely through the efforts of individuals or
small research groups. Much of the groundwork has now been laid and there
is the potential to apply these techniques to many additional asteroids, espe-
cially if some of the proposed system improvements are made. Participation
by larger teams or additional researchers are needed to realize this new
potential.

Much work remains to be done in understanding the origin and evolution
of the asteroids. Runaway growth models for planetary accretion show many
promising aspects, but the factors allowing such growth for Jupiter while
preventing it in the asteroid zone need to be more fully investigated. Mecha-
nisms that pumped up relative velocities among the asteroids to their current
state and removed much of the mass (while preserving a compositional gra-
dient) are still not completely understood. New studies of the populations and
physical properties of the outermost asteroids have yet to be fully incorporated
into solar system formation models and further observations are needed to
confirm the recent findings. Improved models are also essential for under-
standing the evolution of pre-main-sequence stars and the corresponding
effects on planetary formation.

Continued effort is required for obtaining a complete understanding of
asteroid collisional evolution and the origins of asteroid families. Models of
coupled collision and spin evolution show promise and additional lightcurve
observations (particularly of small asteroids) are needed for shape and rotation
statistics to constrain these models. The scaling of laboratory collisions to
asteroid sizes appears to be a challenging problem. Asteroid families have
great value for constraining models if they indeed represent large natural colli-
sion experiments; additional observational (photometric and spectroscopic)
data are needed to characterize specific families. Improved proper element
determinations and studies of the time scales for the dispersion of proper
element clusters are necessary to resolve some of the problems in identifying
possible families. Researchers should take care to distinguish carefully be-
tween dynamical families—clusters of asteroids identified solely on the basis
of proper elements: and “true” families—clusters of asteroids in orbital-
element space for which physical observations are consistent with their having
originated in a common parent body.

Physical studies of the innermost asteroids are likely to see continued
advancement in the 1990s with one focus being on the possible link between
asteroids and comets. Studies of the primitive outermost asteroids and par-
ticularly 2060 Chiron (with its probable volatile activity) as it approaches
perihelion in 1997 will also be important in establishing an asteroid-comet
connection. Increased interest in the near-Earth asteroids is also likely for
characterizing their detailed mineralogy as a precursor to plans for utilizing
them as space resources. Also as illustrated by the March 1989 close Earth
approach of 1989 FC to within 0.0046 AU, their population and potential
hazard must be more extensively evaluated.
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The 1990s may be called the decade of space studies of asteroids. Obser-
vations with the Hubble Space Telescope could have a giant impact across a
broad range of topics because of its potential to survey and spatially resolve
many asteroids. (See the chapter by Zellner et al.) Will asteroids conform to
the canonical view of being individual rocky/dusty bodies or will we find
some accompanied by satellites or surrounded by debris clouds? Direct obser-
vations of asteroid shapes and spin-vector orientations will allow verification
and refinement of existing groundbased techniques. The Space Telescope,
however, will not supplant these methods since its utilization will be in high
demand by all areas of astronomy and only a very limited amount of time is
likely to be devoted to asteroids. Thus, systematic groundbased observing
programs should continue and expand into the 1990s. Radiometry (and analy-
sis of IRAS data) should continue to be the dominant method for diameter
determinations. The planned launch of SIRTF in the late 1990s may open a
new era in providing radiometric and infrared spectral data on the asteroids
over a wide range of wavelengths.

The Hubble Space Telescope also may provide the first preliminary re-
connaisance of asteroid surface geology, by mapping compositional units on
the surfaces of the largest asteroids. Such mapping could greatly complement
the tremendous results that can only be accomplished through spacecraft en-
counters (see the chapter by Veverka et al.), which will be necessarily limited
to far fewer objects than can be surveyed by Space Telescope. During the
1990s we should at last achieve our first in situ measurements of an asteroid
beginning with encounters by the Galileo spacecraft enroute to Jupiter. Such
data may revolutionize our understanding of asteroid surface chemistry, geol-
ogy, structure and morphology. Consequently, there may be a significant im-
pact on our theories for asteroid origin and evolution.

Finally, and perhaps most importantly, there will be additional unex-
pected advances through new imaginative ideas and techniques. In a large
part, these advancements and innovations will be brought about by new gener-
ations of students of asteroids.
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After a summary of the increasing activity in asteroid discovery during the past
few years, we discuss the importance of carefully thought out observing strat-
egy, in particular with regard to target selection, observing frequency and the
time distribution of observations. Problems of cataloguing and orbit linkage are
outlined, inasmuch as they affect individual observers and orbit computers as
well as the work of the Minor Planet Center. There is some discussion of appro-
priate two-way communication between observers and the Minor Planet Center.

It is our premise that the aim of asteroid discovery is to augment the set
of numbered asteroids, and that this set should comprise asteroids with orbits
that are sufficiently well determined, not only to provide a satisfactorily de-
tailed and reasonably unbiased delineation of the structure of the whole as-
teroid belt, but also to permit the ready observation of a specific member at
any subsequent time. Our opinion may not be entirely unbiased, for after the
long-defunct Heidelberg program, the observing programs directed by the
first two authors have been the most productive in achieving the above aim,
while as director of the Minor Planet Center the third author has overseen a

[21]
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plurality of the actual asteroid numberings. Nevertheless, as time goes on, it
is clear, not only that the orbital data for the numbered asteroids are becoming
progressively more accurate, but also that the totality of orbital data is provid-
ing an ever more complete description of asteroid orbits as a whole. The
actual astrometric process is not discussed here. For this, appropriate refer-
ence can be made, for example, to papers by Roemer (1971) and Gibson
(1984).

I. NUMBERED ASTEROIDS
A. Growth

The acquisition of new numbered asteroids obviously tends to progress
to objects of greater apparent magnitude. However, as has been noted before
(see, e.g., Jaschek 1978), there have been unusual departures from the con-
stant exponential growth that the accumulation of observational data generally
seems to involve. This is demonstrated in Table I, where the column of dates
on the left-hand side shows dramatic variations in the time required for the
successive doubling of the number of numbered asteroids. Although the num-
ber of objects is currently just over 4000, the doubling period from 2048 to
4096 is clearly going to be the shortest since that from 64 to 128 and is
significantly shorter than the mean doubling period of 16 years. The two ex-
cessively long doubling periods, 41 years from 4 to 8 and 53 years from 1024
to 2048, are readily explained, in the former case by the unavailability of star
charts, and in the latter by a combination of the disruption of World War II and
the overtaxing of human computers, followed by a rather cautious postwar
recovery and the introduction of automated computers.

Table I also shows the mean photographic opposition magnitude, the
values listed being the average for the 27/2 objects around each specified 2.
There are indications that the difference between the magnitudes correspond-
ing to 4096 and 2048 will be less than the mean 0.8 magnitude fading between
earlier doublings.

B. Orbital Accuracy

Cohn (1911) largely succeeded in his plan that the ephemerides of the
numbered asteroids should not be in error by more than 30’ to 60’. Such was
often far from the case during the rapid growth of the 1930s and the collapse
of the 1940s, however, and by the end of World War II as many as 13% of the
asteroids then numbered were effectively lost. Thanks to Herget’s (1971) di-
rection of the reconstruction effort, the situation had dramatically improved
by the time of the first of this series of conferences and books (Physical Stud-
ies of Minor Planets [Gehrels 1971]), although even then only 64% of the
ephemerides were accurate to within 3’ (Marsden 1971), and perhaps 3% of
the objects were still lost. Eight years later at the “Asteroids” colloquium (and
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TABLE 1
Exponential Data Growth
Numbered Discoveries

No. Date Diff. Mag. Date Diff.
1 1801.0 1.2 7.9 1801.0 1.2

2 1802.2 5'0 8.5 1802.2 i S.O

4 1807.2 40.6 8.3 1807.2 40.6

8 1847.8 4'4 9.9 1847.8 4'4

16 1852.2 2.6 10.7 1852.2 2.6

32 1854.8 6‘4 11.8 1854.8 6.4

64 1861.2 11'7 12.7 1861.2 1116
128 1872.9 13'4 12.9 1872.8 12'4
256 1886.3 17'2 14.4 1885.2 13‘7
512 1903.5 21‘5 14.2 1898.9 7.8
1024 1925.0 53'2 15.6 1906.7 10.6
2048 1978.2 (11.6) 16.7 1917.3 14'3
4096 (1989.8) : 17) 1931.6 16-8
8192 1948 .4 12.8
16384 1961.2 17’9
32768 1979.1 (14' ?)
65536 (1993 7) '

in the subsequent book Asteroids), it could be reported (Marsden 1979) that
98% of the ephemerides were off by less than 5', while the lost objects had
been reduced to the 1% level. Figure 1 illustrates the continuing improvement
of accuracy, to the extent that orbits are now routinely improved when
ephemerides are found to be off by 1’, and 98% of the ephemerides are now
good to 7"; the lost objects, specifically the two asteroids 719 Albert and—
alas for one of the editors of this book—878 Mildred, now account for only
0.05% of the whole.

C. Bias

It is sometimes hard to imagine that no Apollo asteroid was numbered
before the post-war reconstruction and that there was no numbered Aten as-
teroid until after the Minor Planet Center moved from Cincinnati. Only during
the past two years have there been numberings of asteroids that experience the
chaotic effects of close encounters with Jupiter, e.g., 3360 1981 VA and 3552
1983 SA (Hahn and Lagerkvist 1988).

In spite of the increasing interest in unusual objects, every effort is made
to ensure that each batch of new numberings also contains an overwhelming
sample of main-belt asteroids. A predominance of discoveries during the clear
nights of the northern hemisphere autumn has long been known to produce a
directional bias for main-belt objects, although recent increased activity at
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Fig. 1. Log-log plot of the great-circle residual A (absolute observed minus computed) in posi-
tions of numbered asteroids observed at the Lowell Observatory since 1979 vs the percentage
less than A. The dates and numbers of observations corresponding to the various lines are: (1)
1983 Apr. 21: 8673; (2) 1984 Jan. 1: 10,700; (3) 1985 Jan. 4: 14,516; (4) 1986 Feb. 13:
17,531; (5) 1987 Feb. 21: 19,583; (6) 1988 Apr. 14: 21,420.

other times of the year and at southern hemisphere sites is helping to reduce
this effect.

II. UNNUMBERED ASTEROIDS

A. Growth

The introduction a century ago of photography to the discovery of as-
teroids made it necessary to introduce preliminary designations for new dis-
coveries. Since 1925 these preliminary designations have basically consisted
of the year of observation and two letters, the first indicating the half-month of
the year and the second the order of announcement during the half-month; if
necessary, the second letter is recycled and numerals are added. Asteroids
have been given permanent numbers only after really satisfactory orbits were
obtained, although the required standards for such orbits were considerably
lower before World War II than afterward. The dates on the right-hand side of
Table I show the rate of doubling of the actually reported discoveries, which
do exhibit rather constant exponential growth. This count of total discoveries
consists of the standard post-1925 preliminary designation system, supple-
mented by 1562 designations in the same system for pre-1925 discoveries, the
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1046 asteroids that were numbered before 1925, the 2403 PLS (Palomar-
Leiden Survey) discoveries of 1960 and the 1422 discoveries of the Third
Palomar-Leiden Trojan Survey (T3S) of 1977; the dates corresponding to
32,768 and the estimate for 65,536 will obviously be modified when the re-
sults of the other Palomar-Leiden Trojan Surveys become available.

The current total number of discoveries, 49,466 following the batch of
Minor Planet Circulars (MPCs) issued in February 1988, is known to include
14,970 entries for the numbered asteroids, or 4.0 per object. The number of
different identifications for the 100 most recently numbered asteroids aver-
aged as high as 4.3 at the time of numbering. Since searches for identifica-
tions have become rather thorough in recent years, these ratios are presumably
greater than the average number of repetitions that must exist among the ob-
jects that have not yet been numbered. For example, there are only an average
of 2.6 different designations for the 1200 unnumbered asteroids for which
observations have been linked at more than one opposition. Even this ratio
must be too high for most of the remainder, which includes, for example, the
bulk of the discoveries from the PLS and T3S, as well as most of the 1257
UCAS (U.K. Schmidt-California Institute of Technology Asteroid Survey)
objects—which were given standard preliminary designations—and a num-
ber of other faint recent discoveries that are scarcely likely to have been re-
corded more than once. There must still be some duplication of entries among
the 7779 available single-opposition orbits, however, and furthermore, 315
preliminary designations are known to refer to comets and satellites of Jupiter
or have otherwise been eliminated.

B. Bias

In a given photographic field, the sample of asteroids actually observed
is biased by factors that arise from observing strategy and that are imposed by
the true distribution of asteroids. If a small area of sky is sampled, the dis-
tribution of asteroid orbital elements is usually heavily biased. Obviously, a
high-latitude field cannot contain low-inclination asteroids. But even a small
displacement from the ecliptic can produce a strong bias in the longitude of
the ascending node. This is quite evident in UCAS, for example. Limiting
magnitude clearly depends on trail length. Using the Metcalf method, in
which the telescope is usually tracked according to the motion of a typical
asteroid in the region of the sky being observed, there is a bias in favor of
asteroids moving at average rates, causing the sampling of a preferred orbital
semimajor axis to fainter absolute magnitudes.

As for a bias imposed by the true distribution, inner-belt asteroids are
clearly sampled to smaller sizes than outer-belt asteroids, and all main-belt
asteroids are preferentially discovered near perihelion. There are more subtle
effects, however. For example, high-latitude fields tend to sample a greater
proportion of outer-belt asteroids because of the correlation of mean orbital
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inclination with semimajor axis, yet these same distant asteroids are observa-
tionally discriminated against because of their lower average surface albedo.

C. August-November 1986 and 1987

The two northern hemisphere autumns of 1986 and 1987 have been re-
markable for their discoveries made essentially in real time. The 713 discov-
eries (of which 7 were omitted or deleted) during August—November 1986
already announced in the mid-December MPCs were twice as many as had
previously been reported so quickly from an interval of four consecutive
months. The count from August—November 1987 by the MPCs of early Janu-
ary 1988, 681 (with 10 omitted or deleted), was only slightly less (Marsden
1987,1988). Since this feverish rate of reporting appears to be setting a trend
for the future, it is useful to examine these reported discoveries in more detail.
This is conveniently accomplished using the pie chart shown in Fig. 2, where
the upper semicircle refers to the discoveries made in 1986, the lower to those
of 1987, and the widths of the sectors show the distribution according to the
length of the orbital arcs (in days) over which the various discoveries were
observed.

"ONE NIGHT
STANDS"

"ONE NIGHT
STANDS"

Fig. 2. The various areas show the distribution of asteroid discoveries by arclength and whether
orbit computations could be made. The upper semicircle refers to Aug.—Nov. 1986, the lower
semicircle to Aug.—Nov. 1987. The areas of the large sectors labeled “one-night stands” from
the left to O show that most of the asteroids were observed on a single night. The hatched areas
at the left indicate single observations and the outer dotted region the contribution of a single
observatory. Areas corresponding to 0—1, 2—4, 5-9, 10-19, 20-39, and 40 and more days are
also indicated. For arcs of more than 2 days the fraction of general orbit determinations (i.e.,
the availability of observations on 3 or more nights) is shown, the dotted region indicating
cases of identifications, and the black region that the discoveries were principal ones. The
corresponding shadings in the 1986 sector of one-night stands refer to the situation with regard
to the same discoveries as of February 1988.
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The largest sectors, covering about 60% of each semicircle and extend-
ing from the left-hand edge to the radius labeled 0, illustrate that in each year
a majority of the discoveries were observed on only a single night. The
hatched sectors at the extreme left, about twice as large in 1986 as in 1987,
indicate objects for which there was only a single observation and hence no
information whatsoever about motion. Eleven different observatories (most of
which generally conduct highly successful observing programs) contributed to
the “one-night stands,” but in both 1986 and 1987 some 35% of such discov-
eries (shown by the stippled area near the peripheries) were reported by the
same observatory, an observatory that also failed to include magnitude esti-
mates with its observations.

The remaining sectors in Fig. 2 are categorized by orbital arclength in
days, as given around the peripheries. Those extending from O to 1 illustrate
the fraction of discoveries observed on two consecutive nights. As is dis-
cussed in more detail below (see Sec. II1.C), two observations of an asteroid
can be conveniently represented in terms of “Vdisdld orbits.” Although
Viisild orbits can be fitted to multiply observed one-night stands, arcs of a
day or more are far preferable, as they also allow the possibility of making an
unequivocal identification of a newly discovered asteroid with one for which
an orbit of only poor-to-moderate quality has been determined from observa-
tions at just one other opposition.

The right-hand sectors in Fig. 2 break the discoveries into arclengths of
2-4, 5-9, 10-19, 20-39, and 40 or more days, respectively. More often than
not, objects with such arclengths are observed on three nights or more, in
which case general orbit determinations are attempted. The hatched area on
the right-hand side of Fig. 2 indicates these orbit solutions, made for 20% of
all the discoveries in 1986 and 25% of those in 1987.

It is important to note that fully 32% of the 1986 orbits and 23% of the
1987 orbits were based on observations spanning only 2 to 4 days. Except for
unusual objects discovered in the vicinity of the Earth, general orbit solutions
from arcs as short as these are of negligible value. Many short-arc general
orbit solutions give completely spurious results, so it has become the custom
to make an orbit solution appear acceptable by arbitrarily forcing the eccen-
tricity (and perhaps also the semimajor axis) to have a reasonable value. Usu-
ally, one might just as well ignore the observations on the middle night and fit
a Viisild orbit to the first and last observations (Sec. II1.C).

For a measure of the utility of the general orbit solutions, it is instructive
to examine the inner sections in the orbits sectors of Fig. 2. These sections,
4.4% of the whole in 1986 and 6.4% in 1987, illustrate the cases where the
orbit solutions have permitted identifications with observations at previous
oppositions. The black area (3.0% in 1986 and 3.3% in 1987) shows the
subset in which the current discoveries are the “principal” discoveries. Since
it is these principal discoveries that count when asteroids are given permanent
numbers, the black area is directly related to the success of the whole observa-
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tional enterprise in terms of the premise stated in the introductory paragraph to
this chapter. Few orbits with arcs of less than 10 days yield identifications,
and in 1987 no object with an arc this short counted as the principal discovery.

The chance of success increases significantly when an arc exceeds 20
days, but there is not necessarily more to be gained by observing an object for
more than 40 days. Once a new identification has been clearly established,
there is little need for more observations at the current opposition (unless the
arc happens to be very short). Any additional effort is best expended at the
next favorable opposition, when a light spread of observations over another 20
to 40 day arc will probably ensure that the object will be numbered. Arcs in
excess of 40 days are generally necessary only when there are no past identi-
fications. To guarantee the recovery of an object without identifications at
some future opposition, the current arc should of course be as long as possi-
ble, at least 60 days, say, and preferably 80 or even more than 100 days.

The final feature in Fig. 2 to be discussed is the inner portion of the left-
hand sector of the 1986 semicircle that is hatched, dotted or black. This shows
the orbit and identification situation, as of February 1988, for the one-night
stands of 1986. Of course, the fact that general orbits have been calculated
means that further observations of these objects have now become available.
For the most part, the additional observations were supplied by other ob-
servers who accidentally discovered the same objects. In several cases, these
other observers followed the objects for more than 10 days themselves, and in
combination with the positions on the discovery nights sometimes yielded
arcs of more than a month. It is important to realize that the situation with
regard to specific discoveries is continually changing, both as further observa-
tions become available, and as further computations—perhaps after a lapse of
decades—yield identifications.

III. MODUS OPERANDI

A. Qualification for Provisional Designations

When the measurement of a photographic plate meant that one had to
write down long sequences of numbers at the measuring engine, the reduction
process required scanning the pages of printed star catalogues as well as time-
consuming work on a mechanical calculator, and the uncertainties in the
ephemerides of the known asteroids were frequently large, it was customary
for the Minor Planet Center to supply a provisional designation on the basis of
a single approximate positional observation of a supposed new asteroid
discovery. :

As astrometric procedures have become automated, and as ephemerides
have improved, the Minor Planet Center has insisted that accurate positions
(or at least “semiaccurate” positions, good to ~5" to 6”) be provided—
although an exception might be made in the case of a fast-moving asteroid
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discovered in the vicinity of the Earth. On the receipt of such observations,
the Center routinely attempts to make an immediate check for the more ob-
vious identifications (e.g., with the orbits of asteroids observed at more than
one opposition). An accurate position tends to make a suspected identification
more definite; some indication of motion and magnitude in addition can be
even more helpful.

It is now proposed, in general, to supply provisional designations only
when accurate (or good semiaccurate) positions have been measured on two
different nights. Observers are urged also to indicate the magnitude and to
delay even reporting their discoveries until they have measurements on two
nights. Again, an exception may be made for an asteroid near the Earth, and
one-night stands will eventually be processed if no other observations become
available after a lapse of, say, four to six months (by which time some of them
will have been credited instead to independent discoverers who do make ob-
servations on two nights). This new procedure should (a) make immediate
identifications even more definite; (b) permit more reliable Viisild orbits; and
(c) be more fair to those careful observers who conduct extensive observing
programs far from home base and who may therefore not be able to complete
their measurements for some months.

It is also useful if the observer can provide two positions on each night,
for a Viisild orbit might then reveal any gross inconsistency. These two posi-
tions may refer to trail ends, but measurements of breaks in a gated exposure
or of two separate images (perhaps even on two separate plates, although this
would cost more in time and money) are preferable. If the Metcalf method is
used, it is necessary to vary the gating or the duration of the exposures so that
the sense of motion relative to the tracking is unambiguous. The measurement
of three (or more) positions of a main-belt asteroid on the same night is usu-
ally a waste of time.

B. The Follow Up

After recording a new asteroid on a second night, the discoverer needs to
decide whether to abandon it or to follow it up further in the hope that an orbit
can be computed and that the object will eventually be numbered with the
principal discovery credited to him. From the statistics in Sec. II.C, it is clear
that this credit is rarely assured simply by obtaining another observation on
the next clear night. If he wants to go about the task efficiently, he should in
fact wait a while and then repeat the earlier process of observing the object on
two more nights in rather quick succession. Clouds and telescope availability
may not cooperate, and interference from the Moon is inevitable, but the
observer should at least attempt to spread the two pairs of nights over an arc of
more than ten days, say, around new Moon.

A more experienced observer, particularly one who is able to calculate
his own Viisila orbits, will choose instead to span full Moon with the pairs of
nights, and this can clearly yield arcs that are well in excess of 20 days. Since
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the brightness of an asteroid generally peaks near opposition, there is merit in
conducting the first month’s observations an hour or so to the east of the
opposition point, so that the follow-up observations a month later are made a
comparable amount to the west of opposition, and the object is of similar
brightness on each occasion. As already noted, if an identification is to be
found, there is a very good chance that observations during two consecutive
dark runs will reveal it, and observations during a third dark run will then be
unnecessary. Frequently, a correct month-to-month linkage can be made on
the basis of a pair of observations on a single night in the second month. A
second night would clinch the matter, however, and if the linkage fails, the
second month’s observations would then immediately qualify as another new
discovery.

Observations made on a single night at a particular opposition are not
entirely useless, for they can give valuable additional support to identifica-
tions that are already moderately well established. Inspection of the orbits in
the MPCs will show the importance, in this connection, of many observations
made at the Crimean Astrophysical Observatory during the past quarter of a
century. Processing one-night stands is clearly not an urgent matter, however,
and chances are that these identifications will not be found until many years
after the observations have been made.

C. Viisala Orbits

The observed motion vector of an asteroid at discovery usually suffices to
indicate its approximate position in the sky for a number of days by linear
extrapolation. Exceptional cases are observations made well away from op-
position, when the motion can be highly nonlinear, and deep plates containing
images of hundreds of unknown asteroids whose identity can easily be con-
fused on a second night. For secure identification, however, it is always pref-
erable to calculate Viisild orbits for new discoveries.

First developed by Viisild (1939), and well described in English by Dub-
yago (1961), the method plausibly assumes that the asteroid is at perihelion
(or, rather less plausibly, at aphelion) at the time of the second observation. It
remains to specify just one more of the five other orbital elements, usually the
semimajor axis or the eccentricity, in order to calculate a unique apsidal orbit.
In the present treatment, we have generalized Viiséld’s original method in two
ways: first, we calculate a family of apsidal orbits using the geocentric dis-
tance as argument; and second, we allow for nonapsidal orbits by examining
the region in the sky plane where a newly discovered asteroid is likely to be at
the time of the next proposed observation.

An example, using observations of 1985 FZ made at the Lowell Obser-
vatory, shows how the method works. Having observed the asteroid twice on
each of two nights (1985 March 21 and 24), we wished to find it on a plate
taken during the subsequent lunation (on April 14). Figure 3 summarizes the
results. The locus of Viisild orbits is a shallow curve in right ascension-
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Fig. 3. Position prediction by means of the generalized Vidisdld method. The bold curve is the
locus of apsidal Vaisild orbits (solid indicates perihelic orbits, dashed aphelic). The hatched
region constrains the possible location of 1985 FZ on 1985 Apr. 14, twenty-one days after it
was last observed, assuming the asteroid to be a main-belt object. The observed position is
indicated, and bounds to the hatched region (in terms of eccentricity e, semimajor axis q,
perihelion distance g and aphelion distance Q) are explained in the text. Note that the right
ascension and declination are not to scale.

declination space, bounded at one end by the orbit becoming Mars crossing (g
= 1.6 AU) and at the other by it becoming Jupiter-approaching (Q = 4.0 AU).
Nonapsidal cases are considered by introducing fictitious positions of the as-
teroid near the Viisild locus and examining the likelihood of the resulting
orbits. The other bounds in the Fig. 3 example are set by a reasonable upper
limit on the eccentricity; the minimum main-belt semimajor axis also has a
small effect. In general, it is sufficient to restrict attention to main-belt orbits,
for which elements should be within the approximate bounds given in Table
II. However, not all the bounds come into play in a particular case. In our
example, the inclination does not provide a useful constraint. The hatched
area in Fig. 3 indicates that the asteroid should be sought in a region about 45’
X 25’ in greatest extent. In fact, it was found 8’ from the Vaiséld locus, and in
almost all acceptable orbits, the mean anomaly was between 330° and 30°.

The orbits of unusual asteroids are easily revealed by the generalized
Viisald method, so it is possible, at least near opposition, to recognize Hilda
and Trojan asteroids, and even to distinguish Hungarias from Phocaeas. The
case of Earth-approaching asteroids is more difficult to deal with because the
orbital elements are poorly constrained. It is notable, however, that the instan-
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TABLE I1
Bounds on Main-Belt Orbital Elements
Element Lower Limit Upper Limit

Inclination (deg) 0 30
Eccentricity 0.00 0.35
Semimajor axis (AU) 2.15 33
Perihelion distance (AU) 1.6 33
Aphelion distance (AU) 2.15 4.0

taneous motion near opposition is frequently sufficient to determine the semi-
major axis of a main-belt asteroid to within 0.2 AU.

D. Very Faint Objects

A particular problem does exist with observations of very faint objects,
say, where the blue magnitude is much greater than 18, or about one magni-
tude fainter than the mean opposition magnitude of asteroids currently being
numbered. Very faint objects are of course extremely numerous, and it is
relatively unlikely that they can be linked with asteroids that have been noted
at past oppositions. In applying the Viisald method to deep fields, where there
may be confusion from many asteroid images, it is useful to calculate the
motion and magnitude of the target asteroid at each predicted location.

An observer who wants to do useful work with very faint asteroids
should be prepared to make really extensive follow-up observations, for the
likelihood that observations can be secured at another opposition will depend
on the availability of a very good orbit at the first. The PLS was of course the
pioneering enterprise on faint asteroids and provided a wealth of data on as-
teroids as faint as magnitudes 20 to 21. The best PLS arcs were only 32 days,
however, so direct recoveries have been rather rare. It is also true that 40% of
the PLS orbits covered arcs of only four days (van Houten et al. 1984).

Future surveys for faint objects should therefore plan to meet the exacting
standards of the more recent UCAS (vintage 1981). Fully 75% of the UCAS
arcs exceeded 70 days, and 90% exceeded 20 days; four-day arcs were en-
tirely eliminated. The long arcs have so far led to the identification or recogni-
tion of images of 26% of the UCAS objects at other oppositions. They
therefore constitute the best pool of km-sized asteroids having reasonably ac-
curate orbits. LUKAS (the Lowell Observatory-U.K. Schmidt Asteroid Sur-
vey) is to be conducted on the same general lines as UCAS but will address
the bias problem of UCAS mentioned in Sec. II.B.

Current image-processing technology is such that the comparison of two
deep Schmidt plates of the same field can be accomplished electronically, and
it is quite feasible nowadays to take a quite large collection of plates, to
separate asteroid images/trails from the true “vermin of the skies” (stars, gal-



DISCOVERY OF ASTEROIDS 33

axies and the like), and to store the asteroid data on tape. On the other hand,
the Schmidt plates are themselves very convenient repositories for observa-
tions of asteroids. Some researchers are instead making automatic correlations
of plate centers and dates with the ephemerides of faint asteroids. It was in
this manner that Bus (1982) was able to extend a significant part of UCAS to
another opposition, and that Schmadel and West (1986) could confirm the
recovery of the lost asteroid 1179 Mally.

IV. OTHER OBSERVATIONAL TECHNIQUES

Photography has provided the means for making 98% of the asteroid
discoveries, and it is likely to remain the dominant agent for serious discovery
work for some time to come. A CCD-based project such as Spacewatch
(Gehrels 1981) obviously has considerable potential for such work, but the
unavailability of a sufficiently large CCD has so far precluded its being used
for a significant program of discovery and appropriate follow up. However,
CCD observations are becoming increasingly valuable in following up faint
objects.

The IRAS project in 1983 (Matson 1986; see the chapters by Matson et
al. and Veeder et al.) made many thousands of detections of asteroids, and the
signals at different infrared wavelengths contain potentially useful physical
data. Attempts to link these detections with photographic observations of un-
numbered asteroids have been disappointing, however, except for the few
fast-moving IRAS discoveries that were reported in real time.

The discovery of asteroids by television techniques (Taff 1981) has
yielded more results, but neither the astrometric accuracy nor the follow up
has been particularly satisfactory.

V. FOLLOW UP AT ADDITIONAL OPPOSITIONS

The problem of recovering an asteroid at a second opposition is not con-
sidered here, except to say that searches are normally made along the line of
variation, the locus of changing orbital longitude projected on the plane of the
sky. It is remarkable, however, that there exists no analytical method for pre-
dicting the accuracy of a recovery ephemeris for an asteroid observed at just
one opposition, particularly in the face of observational error. Such a formula-
tion is sorely needed.

In practice, even wide-field searches become very difficult when the
original arcs are less than about 30 days. So, although the long UCAS arcs
have led to successful, deliberate searches for images of asteroids at a second
opposition (and LUKAS is likely to involve even more of this activity), most
second-opposition observations of asteroids are currently found as the result
of the establishment of identifications with images already found and cata-
logued as asteroids. By specifying observations of a new discovery on two
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nights, rather than one, the possibility of establishing identifications is greatly
facilitated. This is true whether one is using the technique of comparing spe-
cific orbits with all the available observations or the inverse of comparing
specific observations with all the available orbits. For a review of the various
identification procedures, see Marsden (1985).

A. Definition of Principal Discoveries

If elliptical orbits are available at two (or more) of the oppositions in-
volved in an identification, the principal discovery has traditionally been de-
fined as that at the chronologically earlier (or earliest) opposition, provided
that individual elliptical orbit bears some resemblance to the final linked re-
sult. It can be argued that precedence should instead be given to the earliest
orbit to be computed that shows resemblance; but the definition of re-
semblance can be subjective.

Another suggestion, quantification in terms of observational coverage
(particularly arclength), would be difficult to enact, particularly when one
realizes that the resemblance can be greater when some of the observations are
erroneous than when all appear to be satisfactory. In any case, if multiple
designations are involved at some of the oppositions, it can make a difference
whether the multiple designations are found before or after the identifications.

Furthermore, thanks notably to some interesting work by the Canadian
amateur astronomer Lowe, there is an increasing number of identifications in
which observations have been made on no more than two nights at any opposi-
tion (see, e.g., Lowe 1987). With such identifications, the practice has been
to select the earliest opposition with observations on two nights, although the
situation can be confused by the discovery of unsuspected multiple designa-
tions or by the possible existence of a bad (but not so bad that it is an obvious
misidentification) observation on a third night.

Although circumstances might conspire to deny credit for a particular
discovery to a particular observer, it is probably true that the relative contribu-
tions of the various observers have been appropriately recognized statistically
in the total set of numbered asteroids.

B. Qualification for Asteroid Numbering

The decision by the Minor Planet Center to assign a permanent number
to a new asteroid has in recent times been made, in the case of a main-belt
object, when there is good to moderate coverage at three oppositions, or from
moderate to poor coverage at four oppositions. Earth-approaching objects are
often numbered when there is good coverage at only two oppositions. Until a
decade or so ago, newly numbered asteroids tended to have the most accu-
rately determined orbits. Increased attention during the past decade to the
orbits of older numbered asteroids makes this no longer the case, however, so
there is now a tendency to defer decisions on numbering until further opposi-
tions have been covered. In any case, an object observed at only three opposi-
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tions will automatically be included in the “critical list,” which is convention-
ally taken to refer to numbered asteroids that have not been observed in ten
years or at four or more oppositions altogether.

VI. COMMUNICATION

An important factor in the successful execution of a real-time asteroid
search program is the rapid communication of data. Modern communication
by computer, specifically using networks such as SPAN and BITNET, as well
as the computer service operated since early 1984 in part by the Minor Planet
Center, has dramatically changed the way in which observers—those in the
countries of the first world, at least—and the Minor Planet Center interact.
With just a few additional keystrokes, an observer can transmit his observa-
tions (of numbered and unnumbered as well as of unidentified asteroids) as
soon as they emerge from the computer program that performs the reduction,
and the data are received by the Minor Planet Center in a form that is imme-
diately usable. In return, the Minor Planet Center can quickly respond to the
observer with a straightforward identification for a supposedly new object or
perhaps the news that the object has been independently detected elsewhere.

Rapid communication of such information, as well as of appropriate or-
bital elements and/or ephemerides (and occasionally of suspect residuals), is
obviously useful if the observer wishes to plan his course efficiently. Ex-
changes of this type have been particularly effective in connection with highly
successful observing programs conducted by an ever-increasing number of
Japanese amateur astronomers. Here the communication is between Syuichi
Nakano (currently at the Minor Planet Center) and Takeo Kobayashi (in
Tokyo), who between them are responsible for establishing a majority of all
the asteroid identifications currently being made. When the absence of identi-
fications renders it desirable to extend arcs far from opposition, by which time
an asteroid may have become too faint for detection by its discoverer, the
Minor Planet Center sometimes requests further follow up by observers with
small-field, long-focus reflectors. Unfortunately, the scarcity of such ob-
servers and available telescopes means that these observations are not always
possible. Autumn and winter discoveries (in either hemisphere) can be best
followed up with instruments in the same hemisphere, where the ecliptic rides
high in the winter and spring evening sky.

Other observers, particularly in the second and third worlds, communi-
cate with the Minor Planet Center by telex, although this can be expensive.
Telex communication is therefore generally restricted to objects the observers
believe to be new—and sometimes only to objects that seem to be unusual.
Several of these observers communicate the bulk of their data (after some
delay, of course) on magnetic tapes or diskettes. There are still a number of
observers, however, even in parts of the first world, who submit their observa-
tions in the form of computer printout or even typescript. Because of the need
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to respond adequately to the observers in regular electronic communication,
the Minor Planet Center has sometimes had to give lower priority to the pro-
cessing of data provided in printed or handwritten form.

Direct rapid communication between observers can often be useful, par-
ticularly when one observer has discovered a new fast-moving object (cf.,
e.g., Helin 1988). In view of the new requirement for observations on two
nights, some collaboration of this type can be anticipated for main-belt ob-
jects, most of which are discovered in the course of observing programs on
known asteroids. Observers do not have to be coordinated so as not to overlap,
and it is still true that the number of duplicate discoveries is not particularly
great.

VII. CONCLUDING REMARKS

In summary, we conclude that the act of asteroid discovery is currently
succeeding admirably, if one registers that success in terms of new asteroid
numberings on the basis of photographic observations and appropriate
searches for observations at other oppositions. However, there is clearly a
disproportionate effort on discoveries observed on a single night or on three or
more nights too close together in time to yield a satisfactory general orbit
solution. Observers should try to plan their programs so that the objects they
discover are observed on two nights in quick succession, with the possibility
then of observing the objects on additional pairs of nights after enough time
has elapsed that a reliable orbit can be determined. Attention should be given
to very faint discoveries only if the observer is prepared to make extensive
follow up.

New discoveries are frequently a by-product of photographic astrometric
programs on known asteroids. In conducting such programs observers should
note that numbered asteroids on the critical list and all unnumbered asteroids
for which ephemerides are published in the MPCs are especially in need of
observation. Many of these unnumbered asteroids are not receiving the little
additional astrometric attention they really require in order to be numbered,
and the rate at which new two-opposition identifications are established is
fully three times that of new numberings. Measurements of the new objects,
as well as of known asteroids that may appear on the same plates, should be
carried out in a way that allows the results to be reproduced, and magnitudes
should be estimated for asteroids that are unidentified. Global reductions (i.e.,
involving the least-squares determination of plate constants, using reference
stars that cover most or all of the plate area), rather than dependences, should
also be carried out in a reproducible manner, using all the terms appropriate
for the particular telescope, and (until suitable new catalogues are available
covering the whole sky) with respect to a star catalogue capable of yielding
B1950 asteroid positions to 2” or better. Accurate timing of the exposures to
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within a few seconds is essential. Too many observers persist in making errors
of an integral number of hours (or days) in reporting their observations.

The communication of observations to the Minor Planet Center should be
in some kind of machine-readable form, if this is at all possible. Since the
Minor Planet Center generally updates the orbit determination for each new
discovery whenever a new observation is reported, it is also helpful if an
observer would report all his observations of it during a particular dark run in
no more than two communications (and all the observations on a particular
night at once): the observations on the first two nights establish priority for the
discovery and a Viiséld orbit, and those on the other nights a single general
orbit. Any subsequent minor adjustments of the observations should be
avoided, and (except perhaps in the case of a fast-moving object near the
Earth) semi-accurate positions should not be provided if the observer later
intends to attempt accurate measurements. When observations are communi-
cated electronically in near-real time, the Minor Planet Center attempts to
advise the observer in the same way on potential identifications and thus on
the appropriate degree of follow up.

The growth in the number of numbered asteroids is impressive but still
quite manageable. This could cease to be the case, however, if the Minor
Planet Center has to put a disproportionate effort into attending to large num-
bers of isolated discoveries and to observations that are made and reported in a
thoughtless manner. Cooperative and intelligent follow up is eminently prefer-
able to an indiscriminate increase in one-night stands and indeterminate short-
arc general orbit determinations.

In the case of the numerous very faint asteroids that are not to be well
followed up, it may be sufficient that images of them exist on photographic
plates and can easily be retrieved if and when that becomes desirable. Alter-
natively, measurements could be made available via machine-readable files
but not published in print. In either case, considerations might be given to the
publication of dates, plate centers and sizes, and approximate limiting magni-
tudes. However, as those involved in identification work well know, there is
nothing so frustrating as encountering a possible critical identification with an
old approximate position, so plate centers should be listed only if there exists
the immediate prospect that an identifier could acquire the necessary measure-
ments.

Nonphotographic methods of asteroid discovery have so far not been
particularly productive, principally because of the difficulty otherwise of se-
curing sufficiently accurate measurements with an appropriate distribution in
time. The production of larger CCD chips may or may not change this situa-
tion in the foreseeable future. The past decade or so has seen the welcome
introduction of devices such as PDS microdensitometers into the process of
plate measurement, however, and even more dramatic capabilities for auto-
matic and rapid plate measurement are clearly to be expected by the time the
“Asteroids II1” book is made.
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PHOTOMETRIC LIGHTCURVE OBSERVATIONS AND REDUCTION
TECHNIQUES

A. W. HARRIS
Jet Propulsion Laboratory

and

D. F. LUPISHKO
Khar’ kov University Observatory

Photoelectric lightcurves are used to determine the period of rotation, estimate
shape and pole orientation, and define the phase relation, or brightness as a
function of solar phase angle, of asteroids. We discuss methods of taking and
reducing observations that lead to a high level of accuracy and productivity of
lightcurves for these purposes. We also recommend the essential elements that
should be included in a report of lightcurve observations.

The variation in brightness of an asteroid can be separated into three
components: (1) that due to changing distances from the Earth and Sun; (2)
that due to rotation, causing a periodic variation of the area and/or average
albedo of the visible surface; and (3) that due to the changing solar phase
angle, or angle between the lines of illumination and viewing. The first effect
is trivial, and is commonly removed by reducing magnitudes from the ob-
served values to those that would be observed if the asteroid were at 1 AU
from both the Earth and Sun. We refer to such magnitudes as “reduced magni-
tudes” and reserve the term “absolute magnitude” to imply a measure of the
intrinsic brightness of an asteroid, e.g., V(1,0), or H in the new [AU magni-
tude system. The second and third effects are both of interest for studies of
asteroid rotation rates, shapes and pole orientations, and studies of the phase

[ 391
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relations (see the chapters by Binzel et al., Magnusson et al., and Bowell et
al.). The goal of lightcurve observations is to map out and separate these two
variations as completely and accurately as possible.

Space does not permit a complete discussion of photometric observa-
tional procedures. Hardie (1962) gives a thorough, although somewhat dated,
discussion. Harris and Young (1983) discuss some procedures specific to the
problem of asteroid lightcurves. In the following sections, we discuss the
correction for atmospheric extinction, including color and time variability,
and the use of Fourier analysis in constructing composite lightcurves and
phase relations. We emphasize the analysis of errors and the planning of ob-
servation sequences to yield the best results as efficiently as possible.

I. CORRECTION FOR ATMOSPHERIC EXTINCTION

The effect of atmospheric extinction on the measured magnitude of a star
is generally modeled (see, e.g., Hardie 1962) by

v=v,+ kX €8

where v is the magnitude as seen from the ground, v, is the magnitude which
would be observed from above the atmosphere, &, is the extinction coefficient
and X is the air mass, which is the amount of air along the line of sight
compared with that of a vertical line of sight. Because many error sources
cancel for differenced magnitudes, it is common to treat only one color band
in an absolute sense, and additional colors differentially, for example,

b—v)=(b, —V,) + k,_ X (2

where (b — v) is the magnitude difference in the two color bands, &, _, is the
differential extinction coefficient (note that the total extinction coefficient for
the blue band is k, + k,_,), and X is the air mass, as before. We use lower-
case v and b to denote instrumental magnitudes in the two color bands. (While
most of our work is carried out in the visual and blue color bands, the treat-
ment is the same for any pair of color bands and can easily be generalized for
more than two colors.) An instrumental magnitude is just the number of pho-
ton counts N, converted to a magnitude scale: v = —2.51og(N,). The extinc-
tion coefficient is a function of color; that is, bluer light is, in general,
absorbed more heavily than redder light. Thus, £,_, is generally a positive
quantity. Since most photometric systems employ filter bands of significant
width, the extinction coefficient for a given color band depends somewhat on
the color of the object observed; that is, a bluer object will suffer more at-
mospheric extinction than a redder one, observed in the same passband, be-
cause more of the energy within the passband is near the blue end. To account
for this, it is common to introduce a second-order extinction which is propor-
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tional to the color index (b, — v,). It should be noted that the whole formula-
tion of first- and second-order extinction coefficients is an approximation,
since the rate of further extinction of light decreases as the surviving light
becomes more reddened. However, in the b and v color bands and for low to
moderate air mass, the approximation is sufficient for 0.001 magnitude accu-
racy. We introduce a further refinement, allowing the extinction to be time
variable

I
N =

Ei(t - to)i + (bo - Vo)k,\: (3)

v

i=0

kb—v = Fo + (bo - Vo) va (4)

where E, and F, are the constant extinction coefficients, k,, and k_, are the
second-order extinction coefficients, and the coefficients E; . . . E,, define a
power-series representation of the time-variable component of the extinction.
The constant terms, E, and F,, are the first-order extinction coefficients tradi-
tionally denoted &, and k;_, (see, e.g., Hardie 1962). We introduce the nota-
tion E and F in order to avoid the cumbersome addition of another sub- or
superscript when these quantities become a polynomial series of terms. We
choose the units of time, and the zero point of the time scale ¢, so that time
runs from about —1 to +1 from dusk to dawn. This minimizes round-off
errors and correlations between terms in the solution. Note that this formula-
tion implies that the time-variable component of extinction does not depend
on color, and that the color-dependent component (F,, k, k}_.) is not a
function of time. The physical reason for this choice is that the primary color
dependence is due to Rayleigh scattering from atmospheric molecules, which
is rather constant. The principal variable component, absorption and scatter-
ing by particulate matter (air pollution), is more or less “gray.”

For the case of constant extinction, one can solve for k,_, and (b, — v,,)
by simple linear regression (Eq. 2), and then using (b, — v,) from that solu-
tion, solve for v, and k, by another linear regression (Eq. 1). For the case of
time-variable extinction, the problem becomes more complicated, because v,
and k,(r) are correlated in such a way that they cannot be separated from
observations of a single star. The problem is physical in nature, not mathe-
matical: the assumption of constant extinction can lead to completely wrong
values of &, and v,, if in fact k, varies even a small amount during the night.

The difficulty can be reduced by observing more than one star during the
night. Consider two stars well separated in the sky, such that they are at
significantly different air masses most of the time, but pass through the same
air mass (elevation in the sky) at some time. If one observes them at the same
air mass, then the atmospheric extinction is the same for both, and the ob-
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served magnitude difference is the true difference, (v,; — v,,). Then, at any
other time, the extinction can be found to be

k, = vy — V‘.;l__(;(c;l ~ Vo2) ) (5)

The above equation and discussion illustrate the essential requirements to ob-
tain a good solution for the time-variable extinction. In practice, a least-
squares estimation procedure is used that includes all observations of all stars
for the night, and does not require strict observance of the above conditions.
However, a better solution is obtained if one strives to observe stars over a
range of air masses at all times, and to observe pairs of stars near the times of
equal air mass.

It should be emphasized that one need not use standard stars for the
determination of extinction. Indeed, it is better to use many observations of
unknown (local-comparison) stars, than just a few observations of standards.
Only a few observations of standards suffice to place all stars on a standard
magnitude system, once the extinction function is known.

It must be kept in mind, however, that this technique requires that extinc-
tion be the same in the directions of both (or all) stars at the same time. There
are situations, such as smog over Los Angeles, as seen from Table Mountain,
where extinction is in fact not the same in all directions. One clue to this
condition is when the extinction appears to change on a time scale shorter than
an hour or so, which is the typical time scale of motion of the troposphere
where most of the extinction occurs, over an observing site. By employing a.
time-variable extinction model, one can improve the quality of reductions, to
salvage a marginal night or make a good night even better. However, there is
still no substitute for good observing conditions, and the all-sky observations
used to place local comparison stars on a standard magnitude system, or to
derive color transformation terms, should be saved for nights of very high
quality.

To solve for the time-variable extinction, we write one equation for each
v observation (1), or (b — v) differential observation (2). (b — v) observations
of asteroids can be used as well, since asteroids show almost no variation in
color with rotational phase. The resulting system of equations contains the
unknowns, v, and (b, — v,), for each star observed (or just b, — v, for an
asteroid), the extinction coefficients F, ky, k,_,, and the time-series coeffi-
cients E, . . . E,. In fact, the program we have written allows for a time
series in k,_, (F,, Fy, . . . ) as well, but in confirmation of our hypothesis
that color variability is small, we have found only slight variation in &, _, on
any night. The v and (b — v) equations are only weakly coupled, through the
coefficient k', which is very small, of the order of 0.01. In order to achieve a
reduction accuracy of <0.001 magnitude, it is only necessary to know (b — v)
to about 0.1 magnitude. Hence, for single-color photometry, one can be very
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casual about taking only a few blue observations. It is possible to select the
degree n of the time series (even zero is allowed, for a constant assumed value
of extinction), as well as to hold constant any of the other parameters, F,, k-,
and kj_,. Figure 1 is a plot of the extinction at Table Mountain Observatory
(TMO) on the night of 26 March, 1987. This night was devoted to calibration
and determination of nominal extinction values. It was not a particularly good
night, as can be seen from the value of the v extinction coefficient (0.12
corresponds to excellent transparency from TMO). The general clearing in the
course of the night is typical from this observatory, as the air pollution from
Los Angeles moves out of the basin. Note the near constancy of the b — v
extinction in spite of the considerable variation of the v extinction. This was
the only night with sufficient observations to determine reliably the color
terms, kv and kj_,. The values found are —0.012 * 0.005 and —0.025 =+
0.008, respectively. The second-order extinction coefficients can be calcu-
lated for a system of known spectral response using a nominal extinction vs
wavelength function (see, e.g., Hardie 1962). For Table Mountain Observa-
tory, we obtain expected values of —0.005 and —0.018, in fair agreement
with the measured values above.

II. REDUCTION TO A STANDARD MAGNITUDE SYSTEM

In order to minimize errors from variable extinction, it is customary to
observe asteroids relative to nearby comparison stars. If the asteroid observa-
tion is followed quickly by an observation of a nearby star, then the relative
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Fig. 1. First-order extinction coefficients E and F (k,, and k;_,), measured at Table Mountain
Observatory. The + 1a error envelopes are indicated. The rapid change in E early in the night is
not significant, as indicated by the error range; however, the general decrease in E during the
night is highly significant, and typical as the smog clears out of the Los Angeles basin. F does
not vary significantly from a constant value all night tong.
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magnitude can be determined by simply differencing the two instrumental
magnitudes. The differential magnitude outside the atmosphere is

dv=v, —v.— kX, + kX, ©6)

where subscripts a and c refer to the asteroid and comparison-star measure-
ments, respectively. In the simplest case, where k, does not depend on color
or time, k,, = k,., and the correction for extinction depends only on the
difference in air mass between the asteroid and star. However, since k, actu-
ally depends on color, the correction depends on total air mass to the extent
that g and ¢ differ in color, and if &, changes appreciably between the times of
the two measurements, another correction arises which depends on the total
air mass. In order to make the best correction possible, we compute k,, and
k.. separately from the extinction solution of the last section, thus allowing for
both time and color variation of the extinction. The colors (b, — v,) for as-
teroids or standard stars can be obtained from the extinction solution, or from
known values transformed from a standard magnitude system to the instru-
mental system.

One further small correction which we apply is to remove the slow trend
in brightness due to changing phase angle and distances to the Earth and Sun.
To do this, we assume a linear rate of change of magnitude dm/dr due to the
effects of changing distances and changing phase angle. Usually, we take
dm/dt to be simply the difference from one night to the next of the predicted
magnitude, from the ephemeris. The above relative magnitudes are then cor-
rected by —(¢r — t,)dm/dt, thus removing the linear trend in the lightcurve.
The reference time ¢, is best chosen near the middle of the time span of the
lightcurve, but can often be chosen to be at O® UT for convenience, without
introducing significant error.

In order to make full use of the observations, it is desirable to transform
observations to a standard magnitude scale, so that observations from differ-
ent observatories or different apparitions can be compared. In taking the ob-
servations for the extinction solution described above, one should include
both local comparison stars, which are observed with the asteroids, and some
standard stars, with magnitudes that are known on a standard magnitude sys-
tem. The lists of standards along the equator by Landolt (1973,1983) are
particularly useful. In general, a simple linear transformation suffices to relate
instrumental magnitudes (v,,b,) to an absolute system (V,B)

V=v,+ &b, — Vo) + )
(B—V)Zp“(bo—vo)—FCb—v' (8)

The transformation constants €, w, {, and {,_, are found by linear least-
squares fit between the measured v and b — v, and tabular V and B — V values
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for the standard stars. The V and B — V values for comparison stars can then
be computed from Eqs. (7) and (8). In general, the transformation constants e,
1, and ,_, are fairly constant for a given system from night to night, so it is
only necessary to rederive them occasionally, on nights of particularly good
conditions and complete observations. The constant {, defines the system
sensitivity, which generally changes any time the high voltage to the pho-
tomultiplier tube is changed or cycled off and on. Thus, it should be redeter-
mined for each night of observation. The other constants should be redeter-
mined any time a significant change in the system is made, such as cleaning or
recoating the optical surfaces. As noted above, this should be reserved if
possible for a night of exceptional photometric quality.

The transformation equation for converting the asteroid magnitudes from
the instrumental to standard system can be derived by combining equations of
the form of Eq. (7) for asteroid and comparison readings

V,=dv — (¢t — t.)dm/dt + v, — 5log(rA) + L, + €(by — Vo). (9

where dv is the magnitude difference from Eq. (6), the next term is the small
correction for changing distances and phase, v, is the instrumental magnitude
of the comparison star (v, from the previous section), the log term is the
reduction to unit Earth and solar distances, and the remaining terms are the
transformation to the standard color system. Note that ¢, is not necessarily
the same as that in Eq. (3), although they both refer to reference times chosen
near the middle of the time span of observations.

III. ERROR ANALYSIS

Each measurement of an asteroid, star or background sky should consist
of several readings so that the standard error can be computed from the disper-
sion among readings. Since the random fluctuation in count rate sets a mini-
mum uncertainty of N1/2 on a reading of N counts, the standard error o is the
larger of that from the measured dispersion or NV/2, The total uncertainty of dv
is

02 + o7 o2 + g2 ]
(N, =N,)? (N, — N,)?

+ [0} + oi(t, — t. 21X, — X.)2.

g, =1.17 [ v
(10)

The subscripts a, ¢ and s refer to asteroid, comparison and sky readings,
respectively, o is the uncertainty in the value of the extinction coefficient,
and o is the uncertainty in the time variation of extinction. These latter quan-
tities can be estimated from the plot of extinction and its error envelope.

In spite of the many errors combined into Eq. (10), oy, often turns out to
be quite small, perhaps only a few thousandths of a magnitude. This is espe-
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cially true when dealing with relatively bright asteroids where the intention is
to derive a very high-precision lightcurve. On the other hand, the formal error
on v, and on the transformation coefficients are often much larger, perhaps
one or a few hundredths of a magnitude. For this reason, it is useful to report
three separate error quantities:

1. The uncertainty of the magnitude level with respect to the local com-
parison star (either derived from the values of oy, for the night or the
dispersion of the points in an individual lightcurve from the fitted compo-
site);

2. The uncertainty of the magnitude of each comparison star used with re-
spect to the others used on different nights;

3. The uncertainty in the transformation of the comparison star magnitudes to
a standard magnitude system.

For some purposes, such as the uncertainty in the shape of a composite light-
curve or the phase relation when the same comparison star was used on suc-
cessive nights, only the smaller error bar o4, applies. On the other hand, when
comparing absolute magnitudes from one observatory to another or from one
apparition to another, the full uncertainty must be allowed.

IV. COMPOSITE LIGHTCURVES

It is not necessary, and often impossible, to cover the complete rotational
phase of the lightcurve on a single night. Since the variation is nearly
periodic, one can superimpose coverage on successive nights to form a com-
posite lightcurve. This can be done efficiently with a Fourier analysis fitting
procedure (see, e.g., Harris et al. 1989a). The lightcurve is represented by the
following function

Via,t) = V(@) + 2, [A,sin % (t — t,) + Bcos 2%1 (t—1,) ] (11)
I=1

where V(a,f) is the computed reduced magnitude at phase angle o and time
t, V() is the mean absolute magnitude at phase angle «, A; and B, are Fourier
coefficients, P is the rotation period, and ¢, is a zero-point time chosen near
the middle of the time span of the observations. The above function can be
fitted with a linear least-squares formulation for a fixed value of the period,
and fixed degree n. In practice, it is efficient to grid search the solution space
to determine the optimum degree n and period or periods P, and the uncer-
tainty of P. If only one acceptable value of P is found, then the period deter-
mined can be assumed to be the correct rotation period. Occasionally, more
than one acceptable value of P is found, either because of a limited data set, or
because the lightcurve is of low amplitude so that it may have more or less
than the usual two extrema per rotation cycle.
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Figures 2 and 3 illustrate a typical result of Fourier analysis of a set of
lightcurve data. Figure 2 is the composite lightcurve of 44 Nysa, based on 23
individual lightcurves. Figure 3 is the phase relation, or mean magnitude as a
function of solar phase angle, for the 23 nights of observation. The solid line
is the least-squares fit of the H — G magnitude relation. There is clearly a
deviation of the fitted function from the data. This is an example of the op-
position surge observed on high-albedo objects, and is discussed more fully in
the chapter by Bowell et al. The full documentation of the observations is
reported by Harris et al. (1989b).

The rate of change in brightness dm/d¢ used in the initial reductions,
depends in part on the phase relation (e.g., Fig. 3), which is often not known
exactly in advance. Thus, to achieve maximum accuracy, an iterative pro-
cedure can be adopted. After deriving a first estimate of the phase curve, new
values of dm/dr can be derived from that curve, and those values used to
improve the reductions of the individual lightcurves. This was done for the 44
Nysa observations shown here. Because of the unexpectedly steep phase rela-
tion near zero phase, dm/dz turned out to be about three times greater than the
initial estimates on the nights of lowest phase angle, exceeding 0.1 magni-
tude/day.

In the above fitting procedure, it is assumed that the lightcurve is exactly
periodic, and does not change form over the time span covered. In fact, the
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Fig. 2. The composite lightcurve of 44 Nysa, obtained on 23 nights from June to October, 1986.
There are 340 individual observations in this plot. The lightcurve was constructed with the
Fourier-analysis method described in the text. There was some slight change in lightcurve form
over the course of the observations, as revealed by the strings of deviant points near the ex-
trema at 14" and 15%5.
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Fig. 3. The phase relation of 44 Nysa, obtained from the same Fourier analysis as the lightcurve
in Fig. 2. The computation of the Fourier fit, including machine plotting of both figures,
required only a few minutes, and was done on a personal computer.

lightcurve may change form slowly, due to changing aspect or solar phase
angle, and the observed synodic period is likely to differ slightly from the
constant sidereal rate. The presence of these effects can be detected by fitting
shorter spans of data and comparing the results to the long-span fit. In extreme
cases, the changes in form and period can be traced in detail by a succession
of short-arc solutions (see, e.g., Hahn et al. 1989).

In planning observations, one may wish to obtain a very detailed light-
curve on one or within a few cycles; or at the opposite extreme, composite
coverage over a more extended period of time. Often factors of telescope
scheduling, weather and the period of rotation of the asteroid limit the
choices. In general, one should not depend on a single coverage to yield a
reliable, detailed lightcurve, because of the danger of confusing background
stars, atmospheric effects, etc. As with any good scientific procedure, results
should be based on repeated observations. Thus, even a lightcurve designed to
be a detailed “snapshot” at one epoch in time should be a composite of at least
two redundant coverages. On the other extreme, for maximum accuracy of
period determination, or for defining the phase relation, it may be desirable to
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fit observations from the longest possible span of time to a single composite
lightcurve. In this case, one must be careful to obtain enough data over a short
time span to eliminate possible ambiguity in the period determination, and
repeat detailed coverage often enough to evaluate deviations from strict
periodicity over the range of time spanned. Generally, these effects are negli-
gibly small over times of a week or two, or a phase angle range of a few
degrees. Thus even when obtaining a detailed “snapshot,” one can often count
on a full two week “dark run” over which to obtain full coverage. For pur-
poses of determining a rotation period or defining the mean phase relation,
one can often make composite observations spanning the entire apparition,
over several months, into a single lightcurve. Exceptions are observations of
near-Earth asteroids, where the aspect may be changing rapidly, and observa-
tions at very low phase angle, where the form of the lightcurve may change
significantly within the range of the “opposition effect,” for only a few de-
grees of phase angle. Thus, one should not combine incomplete coverage over
more than a few degrees of solar phase angle in the opposition-effect range,
less than about 5 or 6 degrees phase angle.

Having defined the time one has to obtain complete coverage, the next
question is, what constitutes “complete” coverage? Consider a sphere which
is painted with alternate sectors of black and white. For the two-sector case
(hemispherical sectors), viewed equatorially, the lightcurve amplitude is equal
to the full contrast between black and white. For increasing numbers of sec-
tors, the lightcurve amplitude becomes less, because the variation in total
white vs black area visible becomes less and less. The same effect occurs for
higher-order variations in the shape of the object, where the resulting variation
in the cross-sectional area becomes less and less, even for very large-scale but
high-order variation in the shape. Russell (1906) calculated the amplitudes of
the harmonic coefficients which result from large-scale variations in either the
albedo or the surface curvature (which is an equivalent expression of the
shape). He found that, even for unit variations in albedo (or curvature),
the 10th harmonic should have an amplitude of only 0.005 magnitude, and by
the 20th harmonic, the amplitude would be only 0.0008 magnitude. Thus, if
one wants to define the lightcurve of an asteroid to <0.01 magnitude, a 10th-
degree fit should be entirely sufficient, and a 20th-degree fit should define the
curve to 0.001 magnitude. In practice, we find that these are, if anything, over
estimates of amplitudes which occur on real asteroids. We have found no
terms exceeding a few thousandths of a magnitude above the 10th order.

It appears, then, that all of the information in a lightcurve, down to the
typical noise level of a few thousandths of a magnitude, can be expressed in
terms of about 20 harmonic coefficients. In principle, 20 perfectly spaced and
error-free data points would suffice to define the curve. We also need one
additional point per individual lightcurve, to define the mean magnitude level
for each lightcurve. It is prudent to oversample the lightcurve by a factor of
two or so to allow for imperfectly spaced data points and occasional errors in
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observation. Thus, a composite lightcurve of about 50 data points, well
spaced, should suffice to define the lightcurve down to the noise level. A
fairly high density of data points on one or two nights will help to resolve any
possible ambiguity, but otherwise it is desirable to spread the observations
over a longer time span in order better to determine the period and the phase
curve. At Table Mountain Observatory, we attempt to obtain about 10 data
points per night on a given asteroid, and alter our observing strategy as ap-
pears necessary based on preliminary reductions of the data.

Some words of caution are in order regarding the physical interpretation
of the harmonic coefficients obtained from the above procedure. Just as it is
necessary to sample the function at least twice per cycle of the highest fre-
quency component present (the sampling theorem), it is also necessary that
there be no gaps in coverage greater than one half cycle of the highest fre-
quency present; that is, if we have only the minimum necessary number of
points, they must be equally spaced. If we have oversampled, then the points
can be unequally spaced, so long as there are no gaps longer than in the case
of the minimum number of equally spaced points. If this condition is met,
then the coefficients can be taken as physically meaningful, e.g., for interpre-
tation of shape and pole orientation calculations (but see the next paragraph).
If the condition is not met, the Fourier analysis may still have value for defin-
ing the period, an “epoch of extremum,” or light level of maximum or mini-
mum brightness, so long as the relevant part of the lightcurve is not the part
with the gap in coverage. In this case, the Fourier analysis is just a convenient
curve-fitting tool, and the coefficients cannot be given physical significance,
as for example, the presence of odd harmonics which might otherwise be
interpreted as evidence for albedo variations.

A second note of caution is that harmonic coefficients in magnitude space
are not simply related to shape, or albedo, for that matter. A more fundamen-
tal basis would be a harmonic analysis in units of intensity squared, where a
geometrically scattering ellipsoid at zero phase angle would yield only a sin-
gle second harmonic term (see, €.g., Pospieszalska-Surdej and Surdej 1985).
In magnitude space, the same lightcurve would yield an infinite series of even
harmonics. On the other hand, it is difficult to deal with the changing bright-
ness level of an asteroid with phase angle, and an unknown period, in comput-
ing Fourier coefficients in intensity-squared units. Thus we recommend the
magnitude formulation above for the purpose of constructing the composite
and assessing the suitability of the resulting lightcurve for physical interpreta-
tion, but the composite should be re-analyzed in intensity-squared units for
shape and pole studies.

V. REPORTING OF ASTEROID LIGHTCURVE DATA

Recent theoretical progress in the analysis of asteroid shapes and pole
orientations, and in the interpretation of phase relations, has given cause to re-
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analyze data from earlier publications. Recognizing that one cannot fully an-
ticipate the use to which observations may someday be put, we feel it would
be useful to make some comments regarding the essential contents of a report
of lightcurve observations. It is not our intention to promote a specific format,
but only to call attention to the necessary data which must be given in order to
allow future researchers to reconstruct accurately the original observations.

The most important information which must be contained in a complete
report are quantities that cannot be found out or inferred otherwise: the instru-
mental characteristics which may influence the accuracy of the results; the
identifications of the objects observed (asteroids, comparison stars and stan-
dard stars); the magnitudes and colors of comparison stars and asteroids used
to compute final magnitudes; and the error estimates on all quantities. The
actual observations should be presented in a form such that full accuracy is
preserved. We prefer a table of times (light-time corrected), reduced magni-
tudes, and error estimates for each measurement. If such a table is too lengthy
to publish in printed form, it should be made available by the author, either
privately or, better, through an established data archive. We cannot emphasize
too strongly that this is the most important element of the publication. The
original data must be recoverable, either from figures, tables or a public data
archive.

Of less importance is information which can be reconstructed, namely
the aspect data. Nevertheless, it is convenient to list at least a summary of the
position in the sky, phase angle range observed, etc. in the written report. A
more detailed tabulation of aspect might well be deferred to a machine read-
able table, along with the observations. We prefer to list in a summary table
the ecliptic coordinates of the phase-angle bisector (the mean of the geocentric
and heliocentric positions) on one reference date (opposition, or near the mid-
dle of the interval of observations), and in the more detailed aspect table, the
geocentric right ascension and declination, as well as the longitude and lati-
tude of the phase-angle bisector, for each date of observation. Also, the phase
angle on each night should be included. Geocentric and heliocentric distances
have traditionally been included in aspect tables, but these are unnecessary if
times reported are light-time corrected, and magnitudes are reduced to unit
distances.

Generally, presenting individual lightcurves, or composites in sufficient
detail to allow one to reconstruct the original observations, is not very space
efficient. We recommend instead presenting figures in only such detail as nec-
essary to illustrate the points of discussion, and encourage those wishing to re-
analyze the data to use tabular data of full accuracy, rather than attempting to
reconstruct original data from a figure. Again, however, we must note the
importance of being able to retrieve the original data, so if it is not provided in
any other form, then the figures must be of sufficient quality and clarity that
the individual data points can be extracted.

In reporting results of lightcurve observations, care should be taken to



52 A.W. HARRIS AND D.F. LUPISHKO

provide estimates of uncertainty for the period and the magnitude level of
each individual lightcurve, and an appraisal of the reliability of the period
given—that is, are there any other possible periods, completely different from
the stated range of uncertainty? The reliability scale used in the lightcurve
data base (Part VI) should be used for this purpose.

For phase relations, two conventions have been used in reporting magni-
tudes: either the mean light level or the maximum light level. The mean level
follows naturally from the Fourier analysis above, but in the case of in-
complete lightcurve coverage, the mean level is not well defined, so there will
be cases where the maximum light, or some other reference level, may be
more appropriate. Furthermore, if the lightcurve changes amplitude or shape
in the course of observations, then neither level may be a good choice. How-
ever, for the more common case where there is no discernible change in the
lightcurve structure in the course of observations, either level can be used
equally well. We encourage reporting of both levels, or just a difference be-
tween the levels, along with a statement of the total range of variation. The
three error quantities mentioned in Sec III should be reported: the uncertainty
in magnitude level for each night; the uncertainty in relative magnitudes be-
tween the local comparison stars used; and the uncertainty in the transforma-
tion of magnitudes to a standard scale. In reporting the absolute magnitude
and phase relation, we follow the IAU magnitude system (Bowell et al. 1989),
but for comparison with earlier work, it is useful to give also the linear con-
stants V(1,0) and . We obtain these by transformation of the H and G values
as described by Bowell et al. (1989). It is important in reporting phase-
relation solutions to provide the quantities necessary to reconstruct the error
envelope for magnitude as a function of phase angle. For the approximation
given by Bowell et al. (1989), one needs to specify the mean phase angle of
the observations (), the uncertainty in magnitude at that phase angle, and the
uncertainty in the slope of the phase relation. These quantities can be deter-
mined by a linear regression of the residuals to the fit, and should be included
in a report of a fit of the H — G magnitude relation to a set of observations.

VI. AVAILABILITY OF COMPUTER PROGRAMS

Computer programs that solve the two principal problems discussed
above, the determination of the time-variable extinction function for a night,
and the construction of the composite lightcurve by Fourier analysis, are avail-
able from A. W. Harris by sending a blank 5 1/4 inch (DS/DD or DS/HD)
diskette. The programs are in Microsoft Fortran, and will be provided in IBM
DOS format. Because of the large array sizes and volume of calculations
involved, a machine of the IBM/AT class, with floating point coprocessor, is
advisable. Unfortunately, the plotting routines are quite specific to one (rather
uncommon) printer, and are not included. Commercially available plotting
routines could be used instead. All programs are in the public domain (un-
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copyrighted), and are development versions, in which a few bugs may still be
present. They are offered with no warranty or liability assumed.

Dedication and Acknowledgments. This chapter is dedicated to James
W. Young, the Resident Observer at Table Mountain Observatory. It is a trib-
ute to the high quality of his observations that such refined methods of anal-
ysis have been possible, and the quantity of his observations are directly
responsible for the development of the automated methods of analysis re-
ported here. The research reported in this chapter was supported at the Jet
Propulsion Laboratory, California Institute of Technology, under contract
from the National Aeronautics and Space Administration.
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Since their advent in 1976, charge-coupled devices (CCDs) have provided
astronomers with the ability to make observations which were virtually impossi-
ble only a few years ago. A practical discussion is presented on the relative
merits and disadvantages of charge-coupled device detectors in their applica-
tion to asteroid photometry. We briefly describe the necessary calibration steps
Jor CCD data, and suggest strategies for optimal observing efficiency. The pri-
mary methods of CCD data reduction are outlined, and two sample asteroid
lightcurves which were determined with CCDs are shown.

I. INTRODUCTION

Charge-coupled device (CCD) detectors have revolutionized astronomy
since the early 1980s. Degewij and van Houten (1979) pointed out the un-
availability of sufficient observing time with large telescopes to make exten-
sive lightcurve studies for distant objects. The increased quantum efficiency
and two-dimensional nature of CCDs has remedied this situation by making
possible precise photometric studies of objects with ¥V magnitudes in the range
of 15 to 20 using small to moderate-sized telescopes, on which large amounts
of observing time are more readily available. In this chapter, we discuss the
application of CCDs to asteroid photometry, give a very basic outline of the
reduction process for CCD images, and demonstrate that this new technique

[ 54]



CCD PHOTOMETRY 55

can be used to obtain scientifically useful information on previously “unobser-
vable” faint asteroids. We do not attempt here anything more than a brief
introduction to the operating characteristics of CCDs; excellent overviews are
given by Janesick et al. (1987) and Mackay (1986). Tyson (1986) reviews the
astronomical uses of CCDs.

The advantages of photometry from two-dimensional images have been
recognized as long as photographic plates have been used for quantitative
measurements. With careful reduction, the photometric precision of CCDs is
far superior to that attainable by the photographic technique. The first advan-
tage of two-dimensional photometry is that many objects such as the target
asteroid and several comparison stars can be recorded within a single ex-
posure, thereby making more efficient use of telescope time. Second, in stan-
dard photoelectric aperture photometry, one must use a relatively large
aperture to avoid systematic errors due to telescope tracking deviations and
seeing variations. With a CCD image, one chooses an aperture size during
data reduction after observing; therefore, it is often possible to use smaller
apertures and hence obtain more precise measurements for faint objects.
Howell (1989) discusses the determination of an optimum aperture. Third,
contamination due to nearby field stars and cosmic rays can be easily detected
and often removed from the images. Fourth, sky measurements are made
simultaneously with those of program objects, thereby reducing photometric
errors caused by short-term variability of the atmosphere. Finally, for long
exposures (>5 min), less-than-perfect photometric conditions (e.g., thin
cirrus) can yield useful data for many purposes, since the asteroid and com-
parison stars are all imaged simultaneously and transparancy variations are
averaged out over the small field of the image.

The merits of CCD photometers are great, but they are somewhat offset
by the increased complexity of CCDs over photoelectric photometers. CCDs
are kept at a stable operating temperature above that of liquid nitrogen by
means of an electronic servo system; if that system malfunctions and the de-
tector gets either too warm or too cold, the performance deteriorates
markedly. The complex electrical contacts within a CCD detector are easily
jarred loose by trips up and down mountain roads and by frequent instrument
changes. On several occasions, CCD systems have continued to function with
one or more such contacts broken, but with performance degraded in strange,
not immediately recognizable ways. For these reasons, most high-performance
CCD systems are maintained by engineering staffs with specialized training.

In addition, data analysis for the astronomer is time consuming and the
computation is expensive. Enormous amounts of data are generated: a single
CCD frame containing an asteroid and a few comparison stars contains ap-
proximately one-half a megabyte of information, although only a small frac-
tion of this is typically utilized in the reduction. A single night of observing
can easily produce more than 100 frames, making a dedicated computer with
a large storage device essential. Also, for projects where images are needed
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more frequently than once per 30 s or so, most CCD photometers are at a
disadvantage because of the long time required for readout of the image from
the chip and the transfer to the storage device on the computer. However, a
high-speed CCD photometer has been developed as described by Stover
(1986). While their expense and complexity make it unlikely that CCD instru-
ments will soon replace photomultiplier tubes as the photometric detectors in
small observatories, they are ideal for systematic photometric, spectroscopic
and astrometric studies of faint asteroids of great scientific interest. We close
this chapter with two examples of such photometric studies; for an example of
the application of CCD spectroscopy to the study of asteroids, the reader is
referred to Vilas and Smith (1985). Gehrels (1981) and Gehrels et al. (1986)
describe the use of CCDs for asteroid survey and astrometric work.

II. CCD DETECTORS AND THEIR ADVANTAGES

Fundamentally, a CCD is a two-dimensional solid-state detector, in the
structure of a grid (rows and columns) of picture elements, or pixels. Each
pixel is composed of a photoelectrically sensitive material and held at a slight
positive potential, so that incoming photons are converted to electrons and
trapped within the pixel’s potential well during the exposure time. When the
exposure is completed, a computer reads out the image one pixel at a time:
typically, the lowest row is read, pixel by pixel, then the voltages on the
second row are varied to allow the photoelectrons to move down to the first
row where they are read out pixel by pixel and so on until the entire task is
completed. The readout process and the analog to digital conversion of the
electrons is described more fully in Mackay (1986). This readout introduces a
source of noise typically amounting to 5 to 70 electrons per pixel, independent
of exposure time.

A major advantage of CCD photometry is apparent immediately: one
retains spatial information about the asteroid and its surroundings during each
observation. Faint stars which would contaminate the photometry might not
be visually apparent to an observer while centering the aperture of a pho-
toelectric photometer; with a CCD such stars are apparent in the image and
their effects can be removed (if they are not too close to the asteroid).

The processing of CCD data is facilitated by the intrinsic stability of the
devices: each pixel reacts to light in a repeatable fashion and careful process-
ing can remove virtually all the systematic instrumental effects. A final advan-
tage for lightcurve observing is instant data analysis; one would like to know
in the middle of a night’s observing whether a new target is varying on a time
scale of minutes, hours or days. Although the reduction process for CCD
frames is complicated, the multi-tasking computers in use at observatories
such as Kitt Peak and Cerro Tololo make on-line data reduction possible dur-
ing a night of observing. With such a system and a little practice, one can plot
a lightcurve during the first night for a short-period object.
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Many types of CCD chips are currently in use. Reviews of RCA CCDs
are given by Fowler et al. (1981) and Geary and Kent (1981), while Blouke et
al. (1987) review TI 800 X 800 chips. A useful comparison of RCA, GEC
and Thomsen CCDs is given by Thorne et al. (1986). Most chips have their
highest quantum efficiencies in the V to R part of the spectrum; this is ideal for
the red slopes generally seen in asteroid spectra. CCD quantum efficiencies
usually fall off into the blue and ultraviolet, and although U and B filters still
may provide useful compositional information if no other observations are
available, long integration times are needed with a small telescope for good
signal-to-noise ratio observations in the U bandpass. The low quantum effi-
ciency of the CCD and the sharp variation in quantum efficiency for most
chips across the ultraviolet region of the spectrum make accurate color trans-
formations extremely difficult; for this reason we do not recommend CCDs for
ultraviolet studies of asteroids. For blue and ultraviolet observations, the
thinned RCA chips or a thick chip which has been ultraviolet-flooded to im-
prove the quantum efficiency at short wavelengths are most suitable. At the
other end of the visible spectrum, thinned CCD chips such as the RCA de-

“vices show significant interference fringes (with pixel-to-pixel variations of

~25% in some cases) due to night-sky emission lines within the / bandpass
(Thorne et al. 1986). Such fringes cannot be easily removed by standard
calibration frames; instead a more complicated flattening process using long-
exposure sky frames must be employed. For these reasons, we recommend
using V and R filters if a transformation to magnitudes in a standard pho-
tometric system is desired.

HII. REDUCTION AND ANALYSIS OF CCD DATA

A. Systematic Effects

Ultimately, of course, the scientific goal of CCD photometry and more
traditional methods is the same: a precise record of an object’s intrinsic bright-
ness variation as a function of time in one or more colors. To reach that goal,
one must convert the raw initial images produced at the telescope into images
with a linear intensity scale. Several systematic effects must be removed from
CCD data prior to analysis. These are:

1. Removal of DC offset. The positive voltage used to hold the photoelectrons
in their potential wells during the exposure will cause a nonzero direct
current (DC) signal when the chip is read out. This offset level can be
determined from an overscan region which usually consists of rows or
columns masked off at the edge of each frame. Removal usually consists
of averaging the overscan pixels to form a single constant and subse-
quently subtracting that constant from the image. The overscan regions are
then discarded.
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Bias-frame subtraction. In addition to the individual DC level for each
frame, a low spatial frequency variation in the amplifiers across the chip
may remain. The variation occurs in both rows and columns, necessitating
a two-dimensional subtraction of a frame showing the structure of the chip.
(See Gilliland and Brown [1988] and Mackay [1986] for a complete dis-
cussion of this effect.) The simplest method of measuring the bias is by
means of a zero-second exposure with the dark shutter closed. Because
subtracting only a single bias frame would introduce readout noise from
that frame, it is usually advisable to average many bias frames before
subtraction. In systems where the DC level remains constant throughout
the night, a series of bias frames taken in the evening and in the morning,
suitably filtered and averaged, will suffice for determining the bias level.
Consultation with an expert user of the CCD photometer one is planning to
use is recommended for choosing the optimal method of removing the DC
offset and bias subtraction.

Flat-field correction. All chips retain pixel-to-pixel variations in sen-
sitivity, which can be removed by dividing the data frames by a high
signal-to-noise flat-field frame. A normalization factor is introduced to
preserve the original count rates as closely as possible. Typically, the sig-
nal level for the flat-field exposure should be about one-half the full poten-
tial well depth. Averaging and median filtering several flats will reduce the
readout noise from this step as well. Dome flats will be sufficient for
broadband photometry of many point sources; the best arrangements use
internal projectors and color-balanced lamps so that the flat fields are
closely repeatable within an observing run. To attain the best precision
(<1%), it may be necessary to use twilight sky flats or even long-exposure
astronomical images minus stars and galaxies. The subtleties of flat field-
ing are discussed by Baum et al. (1981).

Dark-current subtraction. Dark currents on most professionally main-
tained CCDs are very low and at worst add a uniform, though noisy, back-
ground level. When obtaining images, it is best if objects of interest are
placed in the field so as to avoid any “hot” pixels which have very high
dark counts. Because modern CCDs usually have very low dark-count
levels, it is better not to subtract a dark frame because the procedure adds
noise; additionally, cosmic rays present in the dark frame are introduced
into the data. Occasional dark frames taken in the afternoon (from 30 to 60
min in length) help to verify that the dark level is indeed low.

Check for cosmic-ray events. Meaningful photometry of point sources,
such as asteroids, will not be possible if one is unlucky enough to have a
cosmic-ray event within the image profile. (Some asteroids seem to be
virtual cosmic-ray magnets.) For a cosmic-ray strike on the asteroid pro-
file, one can only discard the image. Use of multiple comparison stars
(see Sec. I1.D) allows a differential magnitude for the asteroid to be de-
rived even if one comparison star is unusable due to a cosmic-ray event.
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Care also must be taken to insure that a cosmic-ray event also does not
occur in the region where sky measurements are made. In this case, use
of an alternate sky location or an interpolation and replacement of the
contaminated pixels can often allow successful photometric measure-
ments.

The above steps can be expressed mathematically. If one denotes the
initial raw image by /, the direct current level for each frame by DC, the bias
structure frame value by B, and the flat-field frame by FF, the final processed
image value for each pixel will be

- DC[) — <B — DCB>
N((FF - DCFF) - <B - DCB>>

M

Final Image =

where () indicate a quantity which is an average over many frames and N is'a
normalization factor so that the average pixel value in the denominator is
unity.

B. A Basic Cookbook for CCD Calibration and Reductions

Obtaining the calibration frames is a vital part of a successful night of
observing and thankfully these can be obtained during the afternoon without
taking away from one’s observing time. An afternoon’s preparation for a
night’s observing might proceed as follows: Take 10 to 30 bias frames, sub-
tract the DC offset from each, and average and median filter them. The
resulting bias-correction frame corresponds to the quantity <B—DCp,>in Eq.
(1) above. Take 10 to 30 flat fields in each filter, checking that the exposure
time gives the signal level as explained in Sec. III.A. Subtract the DC offset
and the bias-correction frame from each flat-field image. Average and median
filter the resulting flats for each color to obtain the corrected flat-field frame
corresponding to the quantity ((FF—DCgs)—(B—DCg))in Eq. (1). If we de-
note the average pixel value in the corrected flat-field frame by A, then the
normalization factor N is simply equal to A~!. Check the dark current with a
30 to 60 min dark frame to verify that it is indeed low. When finished averag-
ing bias and flat frames, delete the individual frames from the disk and store
the averaged frames to a raw data tape or other archival storage device. Dur-
ing the night’s observing, each new image can be saved to the raw data tape;
many observatory computers allow the images to be processed in the back-
ground while observing. After saving the raw image (/) on tape, each can then
have the DC offset (DC,) and the bias-correction frame subtracted and then be
divided by the appropriate corrected flat-field frame and normalization factor.
This yields the processed “Final Image” denoted in Eq. (1) which should be
stored on magnetic tape. '



60 L.M. FRENCH AND R.P. BINZEL

C. Strategies for CCD Observing

One’s observing strategy will largely be dictated by the telescope and
instrument capabilities and the goals of the observing run. Generally, a field
several arcmin across is desired for the CCD image with an optimal scale
being on the order of one arcsec per pixel; such a scale may require the use of
a reducing lens in the optical system. This relatively wide field has the advan-
tage (one hopes) that many viable comparison stars will be located within the
field. If the field can be rotated, the long axis of the chip should be aligned in
the predominant direction of the asteroid’s motion (usually east-west). This
will allow chosen comparison stars to remain on the chip longer before the
asteroid’s motion forces them out of the field.

Finding charts are not always needed to locate the target asteroid amid
the clutter of background stars and galaxies (“the vermin of the sky” for as-
teroid observers), although their use can increase the observer’s efficiency. An
asteroid’s motion will usually reveal its identity even for relatively uncertain
ephemerides. If the imaging system displays new images by scrolling across
the display screen and directly replacing the old image, then two short ex-
posures (without moving the telescope) can be used in a blink-comparator
method. By carefully watching the new image as it is displayed, star images
will reappear on top of themselves while the asteroid image will appear to
jump. The exposures must be long enough to reach beyond the expected mag-
nitude of the asteroid and should be separated by about 5 min. The second
option for locating the target asteroid through its motion is simply to take an
old-fashioned time exposure of about 10 min, guiding at the sidereal rate. The
asteroid’s trail in the image will reveal its presence.

Placement of the asteroid’s image in the frame for systematic observing
is a critical step. The asteroid should be imaged in a “clean” region, free of hot
pixels, bad columns, etc. It is advisable to adjust the pointing of the telescope
periodically to keep the asteroid image in the same region, while allowing the
star field to advance across the image. This keeps the flat-field characteristics
of the asteroid images nearly constant. On the other hand, flat-field uncertain-
ties will affect the comparison stars. However, by using several comparison
stars and averaging them, such sources of error are reduced. It is best to
choose comparison stars ahead of the asteroid’s direction of motion so that
they remain on the chip for the longest possible time. New comparison stars
can be chosen as the old ones drift out of the field.

Exposure times will depend on the telescope aperture, instrument sen-
sitivity and the magnitude of the object. Typical exposures to achieve 1%
precision in a broad filter on a 17th magnitude asteroid may be in the range of
3 to 5 min for a 1 m telescope. During this time, most main-belt asteroids will
display trails if the telescope is tracked at the sidereal rate. For aperture pho-
tometry (discussed in Sec. III.D), this is unlikely to have a large systematic
effect if the photometric aperture necessary for the asteroid is the same as that
required for the comparison stars.
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An advantage of wide-field imaging, where lightcurves are derived from
on-chip differential magnitudes between an asteroid and comparison stars, is
that observations can be obtained in less than ideal photometric conditions,
e.g., through thin cirrus clouds. Limitations arise if the added extinction be-
comes so severe that insufficient photons can be gathered on the object for the
desired photometric precision or if the background light level increases sig-
nificantly (such as by cloud-scattered moonlight). (See Howell et al. 1988 for
a more detailed discussion of these limitations.) Exposures taken under condi-
tions of variable extinction should be at least 5 to 10 min long so as to average
out variations over the entire field.

Finally, photometric calibrations on nights of good quality can be made
in much the same way as normal photoelectric photometry (see the chapter by
Harris and Lupishko). Photoelectric standard stars can be used, although the
brighter standards will saturate in the shorter exposure times needed with
CCDs. We recommend the standards of Landolt (1983), all located within 10°
of the celestial equator. BVRI colors for southemn standards have been pub-
lished by Graham (1982), and a new fainter extension of that list is in prepara-
tion at Cerro Tololo (D. Terndrup, personal communication). Optimally, one
should locate a small grouping of standard stars with “asteroidal colors” (0.6
< B — V <0.9) that can all be imaged within the CCD field. Because extinc-
tion coefficients are not often well determined when performing differential
photometry, it is best to try to image the standard stars at times when they are
at the same air mass as the asteroid to be observed in order to minimize
transformation errors. If a transformation to a standard photometric system is
needed (for determination of phase curves, for example), one should also
include some stars of extreme color (bluer and redder than the asteroid)
among the standards.

D. Photometry with CCD Data

The great majority of CCD photometric reduction programs perform
functions essentially equivalent to simple aperture photometers; the precise
details are dependent on the particular reduction software used. Typically, one
sets a radius for the stellar image, in pixels, and an inner and outer radius for
the extent of sky around the object. This annulus is then used to determine the
sky level for the star. The program then measures the total counts within the
stellar aperture, subtracts the expected number of sky counts based on the
annulus measurement, and computes an instrumental magnitude for the star.
Variation in an asteroid’s brightness can be monitored through differential
instrumental magnitudes between the asteroid and one or several comparison
stars on each frame. The use of several comparison stars per frame is advised
as a means of judging the observational errors and also providing for a “hand-
off” as comparison stars traverse the chip throughout the night. Observational
errors for on-chip differential photometry are more fully discussed by Howell
et al. (1988). .
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Asteroids show a perverse tendency to move through crowded star fields
exactly when we would most like to observe them—on the nights when a
lightcurve extremum which would resolve an alias is expected, or very close
to zero phase angle, for example. Because spatial information is retained, one
can often continue observing in crowded fields longer than would be possible
with standard photometers. As long as the asteroid’s “stellar” radius is not
contaminated by a nearby star, one can safely overwrite the contaminated sky
region for the asteroid with sky determined from nearby. In this manner, one
may lose only a few minutes to a close appulse, as opposed to nearly an hour.

More complicated photometry algorithms than the simple aperture
method described above make fuller use of the spatial information available.
The most widely used such program, DAOPHOT by Stetson, is designed for
photometry of extremely crowded fields, such as the central regions of globu-
lar clusters. Given initial values of the mean sky level in the frame and the full
width at half maximum of a stellar image, the program determines point-
spread-functions (PSF) for a number of bright, relatively isolated stars in the
field. These are then averaged to produce a model PSF which is then used to
fit and subtract close stellar images. The total time required to set up the initial
parameters is perhaps 2 to 4 hr for a frame containing several thousand stars;
the computer time required for such a frame may be tens of hours (Stetson
1987). Even for the small number of objects per frame which are typically of
interest to asteroid observers, DAOPHOT reductions must be run in batch
mode; thus it cannot provide the rapid analysis which is ideal for asteroid
lightcurves. In addition, most typical asteroid motions will produce anoma-
lous point-spread functions and the program will not produce good results for
these objects. In certain cases, however, such as close satellites of the slow-
moving outer planets, DAOPHOT has proven useful for removing a sloping
sky gradient. For an example of this, see the work of Klavetter (1989) on
Saturn’s satellite Hyperion.

IV. SAMPLE CCD PHOTOMETRIC OBSERVATIONS OF
ASTEROIDS

In this section we give two examples of asteroid lightcurves which would
have been difficult or impossible to obtain photoelectrically. It should be re-
membered that it is not merely the intrinsic faintness of these asteroids which
make them difficult for photoelectric photometers, but also their motion
through often-crowded star fields.

The physical properties of small main-belt asteroids are essentially un-
known. Knowledge of these properties is central to our understanding of the
origin of near-Earth asteroids of similar size and to the investigation of as-
teroid collisional evolution. Figure 1 shows the lightcurve of asteroid 1981
ED35, a 2.7 km main-belt asteroid. These observations were obtained in
November 1987, using the Perkins 1.8-m telescope and an RCA CCD at
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Fig. 1. Lightcurve of 1981 ED35, a main-belt asteroid with an estimated diameter of 3 km.
Observations were made with the Lowell Observatory 1.8-m telescope and an RCA CCD
detector (figure from Binzel et al. 1989).

Lowell Observatory (Binzel et al., in preparation). The period of 3.85 = 0.05
hr is relatively short, as would be expected for a collisionally evolved popula-
tion or collision fragments (see the chapter by Davis et al.). The amplitude of
the lightcurve, 0.18 mag., is relatively low. A CCD photometric survey of
many small main-belt asteroids is being conducted by one of us (RPB) and if
such low amplitudes prevail in a larger sample, it would indicate that colli-
sional erosion processes may be active in the main belt (see the chapter by
Binzel et al.). Also, if small main-belt asteroids exhibit relatively regular
shapes, this would contrast with the generally more elongated shapes of the
near-Earth asteroids of similar size.

Figure 2 shows the lightcurve of Trojan asteroid 1173 Anchises. This
lightcurve was obtained during July 1986 with the Cerro Tololo 0.9-m tele-
scope and a GEC CCD (French 1987). The period of 11.56 = 0.0l hr is
unremarkable, but the amplitude of 0.56 mag is much larger than the average
for main-belt asteroids. This is part of an evident trend among Trojan as-
teroids, indicating that these objects also may have a different collisional his-
tory from the main-belt objects. A more extensive discussion will be found in
the chapter on distant asteroids by French et al. and in the paper by Hartmann
et al. (1988).

Both sets of data shown here have been transformed to standard pho-
tometric systems. We note that the photometric precision, 1 to 2%, is typical
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Fig. 2. Lightcurve of Trojan asteroid 1173 Anchises, corrected for distance and solar phase-angle
effects. Observations were made with the Cerro Tololo 0.9-m telescope and a GEC CCD
detector. The smooth curve is a four-component Fourier series used to remove the effects of the
mean lightcurve in modeling the phase properties (figure from French 1987).

of what one could attain with most standard photoelectric photometers and is
entirely adequate for most purposes.

V. CONCLUSIONS AND FUTURE TRENDS

With CCDs, observations which would have been on the cutting edge 10
yr ago have become routine, and the frontiers are still expanding. CCDs will
allow physical measurements to be made of smaller and more distant asteroids
and thus provide new information for the investigation of a variety of prob-
lems. The availability of blue and infrared sensitive arrays will allow extended
spectrophotometric studies for fainter asteroids. Chips with large formats,
2048 X 2048 pixels, are being developed and these devices will be especially
valuable for asteroid searches and recovery. As even larger formats are devel-
oped in the future, faster computers and advanced software will be needed to
handle the increased data rates. Over the next decade, the capabilities of
CCDs will continue to challenge astronomers with new opportunities.
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The principles of asteroid lightcurve inversion and the information available
from photometry are carefully reviewed. General tools as well as specific tech-
niques for shape and pole determinations are summarized and their advantages
and shortcomings are discussed. We also present the results obtained so far in
this very active field and discuss their significance in the general context of
asteroid research and planetary formation.

L. INTRODUCTION

Is there any correlation between pole directions and asteroid sizes,
shapes, families, spin rates or the population as a whole? If so, what would
such findings mean in terms of collisional histories and basic physical proper-
ties of the asteroids? What can asteroid shapes reveal about their physical
nature and evolutionary regimes? It is widely accepted that answers to these
questions are essential and fundamental to reaching an understanding of the
origin and evolution of the solar system.

Asteroids have been studied by a wide variety of observational tech-
niques. Polarimetry, radiometry, radar observations and photometry are all
available, but their interpretations and modeling are often tightly coupled to
pole direction and/or shape. In many cases, our present characterization of an
asteroid is contingent upon the validity of assumptions of spherical shape and
isotropic distribution of reflected solar radiation.

We cannot ignore Russell’s (1906) demonstration that lightcurve data are
not sufficient to determine the three-dimensional shape of an asteroid. How-
ever, in the last forty years we have made both observational and theoretical
advances which provide opportunities to set limits and/or constraints on an
asteroid’s pole and shape. We now have speckle interferometry, informative
numerical and laboratory simulation studies, pole determination methods
which are not extremely model dependent, photoelectric detectors which give
photometric magnitudes, thermal infrared lightcurves (which when compared
with simultaneous visual lightcurves may reveal albedo features), occultation
measurements that can reveal an asteroid’s silhouette and radar echoes that
often provide one-dimensional images and, increasingly, two-dimensional im-
ages or projections. Thus, the tools are available to constrain asteroid poles
and shapes in a reliable manner. Once a significant number of high-quality
results exist, statistically meaningful studies can be performed which address
the fundamental questions posed above.

In this chapter, we outline the current state of the art of deriving asteroid
pole and shape constraints. We discuss the theoretical limits of geometric
constraints for both the pole and shape from lightcurve data alone and from
numerical and laboratory simulation studies. Within this context, we describe
and compare the merits of various pole determination techniques. Nomencla-
ture used throughout the chapter is given in Table I (see Sec. IV).
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II. THEORY OF LIGHTCURVE INVERSION

In increasing order of difficulty the purpose of lightcurve inversion is to
derive information on (1) an asteroid’s spin axis, sense of rotation and sidereal
period; (2) its shape; and (3) its light-scattering properties (including pho-
tometric function and albedo variegation) from disk-integrated photometry. In
a classic paper, Russell (1906) offered the first analysis of this problem, inves-
tigating in fine detail the information content of lightcurves taken at opposi-
tion, i.e., with the solar phase angle a = 0°. We follow Russell’s thoughts
rather closely in this section.

Let B(6,,b,) be the brightness of a surface element with topocentric coor-
dinates (8,,¢,) in a spherical coordinate system (r,0,) fixed to the asteroid.
We assume convex shape and let C(8,,¢,) be the Gaussian curvature of the
surface. Now, the integrated light observed from any distant position in space
will depend on the distribution of the ratio B/C across the surface and not on B
and C separately. For any convex shape C(6,¢,), we can always find a bright-
ness distribution B(0,,d,) such that B/C is equal to a predefined function, thus
it is impossible to determine the three-dimensional shape of the asteroid from

photometry.
Russell expanded the B/C ratio as a spherical harmonics series
B(es’d)s) —
CO.b) - Yo + Y,(0,,b,) + Yy(0,,d,) + Y3(0,,d,) . .. (1)
where

Y,(8,,0,) = z PE[cos(0,)][a,,cos(kd,) + b,,sin(kd,)] ?)

k=1

and derived the luminosity L(6,d) (corrected to unit distance) that would be
received at a distant point with zero solar phase assuming geometric scat-
tering:

=) 1
LO,d) = 21 2, Y,(6,d) f P,(x)xdx. 3)
n=1 0
The first terms in this series are explicitly

Lo = ( Yo+ 210.0) + 3 1,0.0) — 5 Va0.0) + & Y00 . .. ).

Note that the coefficients decrease quickly for increasing order n, thus high
spatial information on B/C is difficult to retrieve even if the observed light-
curves have high time resolution. Furthermore, the coefficients for all odd
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Fig. 1. A spherical object with the eight octants colored alternately black and white, capable of
giving zero-amplitude opposition lightcurves if it scatters light geometrically.

orders except one is zero. If the brightness B(0;,d,), is constant, also the first
order term will be zero. Some information on B/C is therefore absent in zero
phase lightcurves. As an example, Fig. 1 shows a sphere with strong albedo
contrasts, dominated by the P3[cos(0)]cos(2¢) term, which will look equally
bright from all directions if it is geometrically scattering. Nonopposition light-
curves might help in determining the odd harmonics, but this would be very
difficult because then L would be a function of two more angles and the un-
known but presumably nongeometric light-scattering properties of the regolith
would be more pronounced.

The above-mentioned loss of information made Russell quite skeptical
toward prospects for lightcurve inversion. He did, however, give some useful
diagnostic tools for testing certain hypotheses about shape, scattering law and
albedo distribution. For example, if two opposition lightcurves obtained in
opposite directions are different, then either the scattering is not geometric or
the albedo is not uniform, or both; if the difference is not sinusoidal, then the
asteroid’s shape is not convex. He further showed that it is always possible
(theoretically) to determine the position of the asteroid’s equator, (except that
the sign of the inclination remains unknown). It follows from Eq. (4) that the
Fourier expansion of an opposition lightcurve (o = 0°) observed at equatorial
aspect (0 = 90°) cannot have odd harmonics higher than the first if the scatter-
ing is geometric; it cannot have any odd harmonics if the albedo distribution is
uniform and the light scattering is geometric.

III. LABORATORY AND NUMERICAL SIMULATIONS

Laboratory simulations, numerical experiments and analytical descrip-
tions have been carried out to clarify the role of shape, viewing geometry,
surface morphology and composition in shaping an asteroid lightcurve.



70 . P. MAGNUSSON ET AL.

Analytical approaches (Surdej and Surdej 1978; Barucci and Fulchignoni
1982; Ostro and Connelly 1984; Karttunen 1989) with regularly shaped ob-
jects allow the understanding of the influence of the orientation parameters.
Numerical experiments make it easier to take into account the physical and
chemical properties of the asteroid surfaces by varying the scattering laws
(Thompson and Van Blerkom 1982; Argentini et al. 1986), and facilitates
systematic studies of nonellipsoidal shapes (Cellino et al. 19874,1988). Labo-
ratory simulations (Dunlap 1971; Barucci et al. 1982,1983,1984,1985) using
both regularly and irregularly shaped models are significant in investigating
the effects of body shape and surface morphology. The main results of work to
date are briefly summarized here.

The viewing geometry primarily affects the amplitude of alightcurve, which
usually becomes larger for aspects approaching the equatorial view and for
increasing phase angles. Fulchignoni et al. (1988) found a linear amplitude-
phase relationship in the phase range 2° to 30° with slopes depending on
surface properties, shape and the viewing geometry. The amplitude increase is
less evident for more irregularly shaped models than for smooth ellipsoidal
ones. The effects of the variation of the obliquity angle are practically. negligi-
ble for solar phases <30°, thus simplifying the interpretation of main-belt
asteroid lightcurves.

The model proposed by Cellino et al. (1987a), formed by combining
eight octants of different ellipsoids to a body with a continuous surface, offers
an interesting set of smooth objects whose lightcurves may easily be com-
puted and investigated at different aspect angles. Cellino et al. (1988) showed
that the shapes of this set of objects, even for zero phase-angle and geometric
scattering, can cause the majority of the features commonly observed in as-
teroid lightcurves, such as different shapes and magnitudes of the extrema,
extrema inversion and switching of primary and secondary extrema at differ-
ent aspects, flat maxima and/or sharp minima, number of equatorial extrema
twice that at more polar aspects, etc. Similar results were obtained earlier by
Barucci et al. (1984) from analysis of very irregular fragments from labora-
tory hypervelocity impacts.

At phase angles <30°, the effects of large structural features (chosen in
the dimension range of those observed on the smaller satellites) are negligible
within the lightcurve accuracy, while the albedo variations strongly affect the
lightcurve shape. Small/medium scale irregularities in a lightcurve are mainly
due to the albedo variation of an asteroid surface which can be studied only as
an integrated effect (Cellino et al. 1987a). In general, it is very difficult to
infer information on the geological structures of an asteroid from its
lightcurve.

The scattering of sunlight by the surface material affects the behaviour of
the asteroid lightcurves: higher amplitudes are obtained for laboratory models
compared to those obtained analytically using geometric scattering, and these
effects are amplified for larger phase angles. Estimates of the elongation of
asteroids obtained from the maximum lightcurve amplitude therefore have to
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be corrected for scattering effects (Barucci et al. 1984; Magnusson 1988;
Fulchignoni et al. 1988; Poutanen et al. 1981).

A detailed study of how magnitudes, amplitudes and lightcurve shapes
depend on the scattering law at various solar phases have been carried out by
Karttunen and Bowell (1988) using the numerical integration method of Kart-
tunen (1988). They demonstrated that lightcurves and phase curves have am-
biguous interpretations. The lightcurves of the Earth-crossing asteroids
obtained at very high phases have to be carefully interpreted because all the
effects due to viewing geometry and scattering properties are amplified, and
the effects of the various parameters can no longer be separated.

A general conclusion to be drawn from the laboratory and numerical
simulations is that essentially all characteristics of asteroid lightcurves can be
recreated with simple and physically plausible models. But these techniques
cannot prove. uniqueness and we are reminded that any photometrically de-
rived shape can just as well be attributed solely to albedo variegation or to any
mixture of shape and albedo effects (see Sec. II for refinement of this state-
ment). However, the present results make it possible to check theoretical mod-
els of asteroid properties, and permit qualitative statements about relations
among model parameters.

Many of the above results were obtained by Barucci and co-workers
using the SAM (System of Asteroid Model), located at the Laboratorio di
Scienze Planetarie of the Osservatorio di Teramo in Italy (Barucci et al. 1982).
This instrument makes it possible to construct synthetic lightcurves of labora-
tory models at a wide range of viewing geometries (0° to 90° for the aspect
and obliquity angles, 2° to 45° for the solar phase angle, and full rotational
phase coverage). The light source consists of an astrograph with a light bulb at
the focal point of a 16-cm aperture three-lens system which can give both
parallel and divergent light beams. A set of gears allows the model and its
support to attain any orientation. A photometer is mounted at the end of a
horizontal arm which can rotate around the model support, thus providing
changing phase angles. A computer drives both the observing sequence and
the data acquisition.

IV. TECHNIQUES

This section describes the basic principles inherent to the major ap-
proaches for deriving asteroid poles and shape parameters. The nomenclature
used for parameters in common to several techniques is shown in Table I. The
characteristics of the methods described in this section are summarized in
Table II. We start with methods based on photometric lightcurves, the most
abundant data source, and proceed further with techniques based on other
kinds of observations that can provide valuable checks on the photometric
results as well as give additional information.

The geometrical considerations may be explained as follows. The geom-
etry of photometric observations is characterized by two optical axes, Sun-
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TABLE 1
Nomenclature
A Amplitude of photometric lightcurve (mag.)
H(a) Reduced V-magnitude (H(a) = V. — Slog(rA))
L Reduced luminosity (L = 100-4H())
a, b, ¢ Semimajor axes of a triaxial ellipsoid model (a = b = ¢)
A, Ecliptic longitude of asteroid spin vector
Bo Ecliptic latitude of asteroid spin vector
«a Solar phase angle (Sun — asteroid — Earth)
b Rotational phase (arbitrary zero point)
0 Aspect angle (angle between observers’ line of sight and asteroid spin
vector)
v Photometric obliquity (co-angle to angle between light scattering plane
and aspect plane, i.e., planes containing « and 8, respectively)
PAB Phase angle bisector (see Sec. IV)
PGC Photometric great circle (see Sec. V.A)

asteroid and asteroid-Earth. The situation is simplified when these axes are
equal (@ = 0°) since the observed absolute magnitude then depends on two
angles only, the rotational phase ¢ and the aspect angle 6. For nonzero solar
phases (a # 0) two additional parameters are required, e.g., a and the pho-
tometric obliquity y. Since the solar phase angle is small for main-belt as-
teroids (a =< 30°) the effect of the obliquity is usually neglected and the effects
of a and 6 are assumed to be independent (no cross terms). Furthermore, it is
natural to use a representation which is symmetric with respect to interchange
of the Sun and the Earth. This is usually achieved by defining the rotational
phase and the aspect angle with respect to the phase angle bisector (PAB)
instead of the line of sight (see, e.g., Harris et al. 1984). This use of the PAB
is of critical importance for the epoch methods (Sec. IV.B), but may be ig-
nored for amplitude and magnitude methods applied at small phase angles
a < 15° (see below) (Zappala and Di Martino 1986).

A. Amplitude and Magnitude Methods

One easily understands that, if light variations of a minor planet are
primarily caused by the changing projected surface area of a smooth and regu-
lar object, the observed lightcurve amplitude and maximum/minimum bright-
ness will be more or less complex functions of the aspect angle 6, of gross
shape parameters and of the phase-angle effect (see Vesely 1971 for early
applications). In particular, for a triaxial ellipsoidal shape (semi-axes a = b =
¢) and rotation about the ¢ axis, the projected area is a simple analytical
function (Connelly and Ostro 1984) of the rotational phase ¢, the aspect angle
6 and the axial ratios a/b and b/c (see below). Most techniques take advantage
of this fact by assuming uniform and geometric scattering and use various
approaches to extrapolate the data to zero solar phase angle. In order to pre-
serve the physical meaning of the derived axis ratios, one must also consider
the effects of nongeometric scattering (see Sec. III; Magnusson 1988).
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Fig. 2. Relationship between the amplitude (corrected to o = 10° for each opposition) and the
observed longitude for 22 Kalliope based on five apparitions. Figure adapted from Zappala and
KneZevic¢ (1984).

In a frequently used method developed by Zappala (1981), and refined by
Zappala et al. (1983) and Zappala and KneZevic (1984), the axis ratios are
determined from amplitude-longitude (Fig.. 2) and magnitude-amplitude
plots. Since the maximum possible opposition amplitude (corresponding to
“equatorial” view) can always be reached in principle, a set of amplitude data
collected during different oppositions conveniently spread in longitude can
help to infer a good estimate of the a/b ratio. More difficult is the determina-
tion of the b/c ratio because the “pole-on” view cannot generally be observed
from Earth. However, using both amplitudes and absolute magnitudes, an
approximate b/c ratio is obtained (the magnitude at lightcurve maximum
rather than, e.g., mean magnitude is usually used since the former is indepen-
dent of the a/b ratio). Once the model shape is determined, it is easy to derive
an approximate aspect angle for each observed opposition. The pole solution
may be obtained from the intersections of the resulting ““aspect circles” (cir-
cles with the aspect as radii and the lines of sight, or PAB’s, as centers).

More recent solutions that simultaneously relate the dependence of the
amplitudes and magnitudes to both the aspect and phase angles and to the
asteroid shape parameters have been proposed independently by Drummond
and Hege (1986), Magnusson (1986) and Surdej et al. (1986). The last ap-
proach uses a general relationship between the reduced magnitude H(w,) and
the rotational phase ¢ for an ellipsoid model scattering uniformly and geo-
metrically

L2 = 10-0-8#() = B;cos2d + C,. )
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L o e e e N N B
14 22 Kalliope

17 August 1985

(B

13
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2 .
cos“($)
Fig. 3. Example of a reduced lightcurve. The dots correspond to photometric observations of 22

Kalliope (see Surdej et al. 1986), reduced in accordance with Eq. (5). The straight continuous

line represents the least-squares linear fit to the data from which the values of B; and C; have
been estimated.

1
0.0 0.2 0.4 06 08

Reduction of the photometric observations of a minor planet according to Eq.
(5) leads to a so-called “reduced lightcurve.” An example is shown in Fig. 3.
The coefficients B; and C; are expressed by

2
B, = [ Wf’;p(m) } [(a/b)? — 1]sin26, ©)
C, = [ g(Qq(;—l-J)CMO") }2 {1 + [(a/c)? — 1]cos20}} ¢))

and they show a simple, although nonlinear, dependence on the unknown
parameters Ay, By, a/b, b/c, bc/p(0°) and the multiple scattering factor Q
(Lumme and Bowell 1981) where p(0°) is the zero-phase geometrical albedo.
They also depend on the observed quantities A;, 3; and «; pertaining to the i#
opposition of the asteroid under study. Expressions for the function g(Q,a,)
have been given by Lumme and Bowell (1981) and Bowell et al. (1988). The
classical amplitude-aspect relation is given by the normalized slope (B/C); of
the reduced lightcurve i while the classical magnitude-aspect relation, for the
maximum brightness, is obtained by setting ¢ = 0° in Eq. (5), i.e. L2, =
(B + C);; compare with Fig. 4. A minimum number of N = 4 lightcurves i =
1,..., N recorded at distinct (different X\;) oppositions is required in order to
solve the system of N nonlinear amplitude equations for the four unknown
parameters Ay, By, a/b and b/c. If the N magnitude equations are added to the
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Fig. 4. The changing brightness of 511 Davida as a function of aspect. Two maxima and two
minima from lightcurves at several oppositions, corrected to a = 0° with the Lumme-Bowell
scattering function fit to the set of maxima and minima independently, are plotted against the
aspect angle 0. The asterocentric latitude of the sub-Earth point is 90° ~ . Note that both the
maximum and minimum are faintest and the amplitude (the difference between the two) is
greatest in the equatorial plane, characteristics of a triaxial ellipsoid rotating about its shortest
axis. Davida appears to be a good candidate for a relatively smooth and featureless triaxial
ellipsoid, with a well-determined rotational pole and set of axial ratios (see Sec. VII). Figure
adapted from Drummond et al. (19885).

system, we may solve also for be/p(0°) and Q using only N = 3 oppositions.
Such systems are conveniently solved by a least-squares method which also
gives error estimates of the parameters and checks for the existence of correla-
tions between them. Let us further insist here that the applicability of Eq. (5)
to asteroid lightcurves presupposes that these were obtained at small phase
angles a; < 15° (because only then does the scattering law approach the geo-
metric approximation close enough for our purposes [Pospieszalska-Surdej
and Surdej 1985]) and that there should be no signs of color or albedo varia-
tion in the lightcurve. Note, however, that absence of any visible signs of
albedo variegation does not imply uniform albedo (see Sec. II). Furthermore,
the trend of the reduced lightcurve should be as linear as possible (see Fig. 3).

One should be very cautious about assuming a nearly pole-on view for
minimum and low amplitude observations; the amplitude of a lightcurve is
quite insensitive to changing aspect near polar views. For instance, a triaxial
ellipsoid with axis ratios a/b = 1.5 and b/c = 1.5 gives an amplitude smaller
than 07 02 for aspects in the range 0° to 20°. Hence, uncritically assuming
zero aspect for small amplitudes can introduce serious errors in the computed
pole. Another often misunderstood point is that an asteroid reaches minimum
aspect at a longitude very close to the pole longitude. In fact, this is true only
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Fig. 5. An object that follows a path in the sky (dashed curve 2) which is highly inclined to the
ecliptic (solid circle) is seen at minimum aspect (distance 8, , to pole P) at a point Q, with
longitude A, far from the pole longitude A,. Approximation of the pole longitude with the
longitude A, of minimum opposition amplitude is valid only for low-inclination paths (object

1).

for asteroid paths parallel to the ecliptic, and large discrepancies can arise for
highly inclined orbits (see Fig. 5).

B. The Epoch Method

The epoch method (also known as photometric astrometry) involves
measuring time intervals between a lightcurve feature observed at different
viewing geometries, usually over several apparitions. The feature, whether a
lightcurve extremum, “notch” or phase of a Fourier component, should be
identifiable to a moment in time (epoch) within about 2% of the rotation
period. How can such epochs of a lightcurve feature give us information on
the axis and sense of rotation of an asteroid?

Figure 6 demonstrates how an observer on a ship can determine the rota-
tion sense of the revolving beam(s) from a lighthouse simply by noting the
changing flash frequency as he travels about the lighthouse with varying angu-
lar velocity. In the asteroid case the observer’s motion is generally not con-
fined to the equatorial plane of the asteroid (sea-level in Fig. 6) and the
orientation of this plane is one of the unknowns to be determined. We must
therefore make the basic assumption that the lightcurve feature occurs at the
same rotational phase for all aspect angles and phase angles. Without knowl-
edge of the optical properties of an asteroid’s surface, the rotational phase is
naturally measured with respect to the midpoint of the great circle arc between
the sub-Earth and sub-solar points, i.e., the sub-PAB (phase angle bisector)
point. Nevertheless, due to shadowing effects, there may be a shifting in the
arrival time of the epoch. Therefore, it is prudent to select more than one
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Fig. 6. A cartoon illustrating how by noting the “synodic” flash frequency f;,, of the lighthouse
changes with the angular velocity d®/ds of the ship, an observer on board may determine the
sense of rotation of the light source and the number of light beams m from the formula f,,, =
feia £ md®/de.

lightcurve feature, to use time intervals from epochs with a similar longitude
or lightcurve shape (to decrease the likelihood of violation of the basic as-
sumption), and to work with a data set providing homogeneous solar phase
angle coverage (to decrease systematic error due to shadowing effects).

There are four similar approaches to the epoch method, or photometric
astrometry. Two use a synodic reference frame and two a sidereal reference
frame. Authors, and their most recent references are: for synodic, Taylor et al.
(1988) and Lambert (1985); and, for sidereal, Magnusson (1986) and Drum-
mond et al. (1988b). Both Taylor and Lambert count the synodic cycles be-
tween epochs and correct them to a sidereal frame of reference by applying a
correction term that is roughly equivalent to the fractional part of a rotation
cycle that the PAB has moved. The two methods differ mainly in how the
number of revolutions made by the PAB is accounted for. Magnusson and
Drummond, using sidereal cycles, determine the sidereal period directly with
the least-squares method. All four methods scan the celestial sphere with a
grid of trial poles and use various measures to determine which pole gives the
best fit.
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Knowledge of the number of rotational cycles over long intervals is natu-
rally essential for extraction of information from the changing synodic spin
frequency. Taylor and Lambert first determine the number of synodic cycles
and then search for the pole, while Magnusson and Drummond make simulta-
neous searches for rotation cycles and pole. The search must generally include
half cycles since the lightcurve primary maximum at one opposition often
becomes a secondary maximum at another opposition (a switch). This pro-
cedure is also essential for modeling of asteroid shapes.

The epoch method is a powerful tool in that it is not strongly model
dependent and is an “orthogonal” pole routine from the amplitude-aspect and
magnitude-aspect techniques. Furthermore, it has so far been our most reli-
able tool for obtaining asteroid senses of rotation.

C. Recent Photometric Methods

Here we present a few interesting new developments in deriving accurate
information from photometry with a minimum number of approximations and
assumptions. These methods have not yet been described in the literature in
such detail that their merits and faults can be assessed properly, and we natu-
rally have discordant opinions among ourselves in this respect, but they prob-
ably reflect important techniques of the future.

A Numerical Integration Method. Uchida and Goguen (1987) have de-
veloped a versatile technique that uses all photometric data points for simulta-
neous extraction of both ‘“‘amplitude-magnitude-like” and ‘“‘epoch-like”
information on an asteroid’s pole and shape. They compare the observed mag-
nitudes of every point, for all lightcurves, with the corresponding magnitudes
of ellipsoidal models with various spin vectors. The integrated flux of the
model is computed by adding up the contributions from a large number of
plane facets (see also the integration technique by Karttunen [1989]). The axis
ratios and the spin vector of the model are varied until a simultaneous fit to all
lightcurves is achieved. The technique has been tested for 624 Hektor. A main
advantage of this method is that it can easily be applied with any scattering
law and generalized to other parameterized shape and albedo distribution
models.

Lightcurve Inversion using Spherical Harmonics. In light of the beauti-
ful results by Russell (1906) concerning spherical harmonics expansions, in
rotational phase and aspect angle, of geometrically scattered light (see Sec.
IT), it is natural to examine routes to derive pole and shape/albedo information
through such expansions. In particular, the coefficients for odd orders larger
than one should vanish for a geometrically scattering object observed at zero
solar phase when computed for the correct spin state, but are likely to deviate
from zero for erroneous pole coordinates or rotation periods. This is the key to
a method proposed by Lumme et al. (1986) in which a search is made for the
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asteroid pole and spin rate that minimize the coefficients mentioned above.
The method has so far proved difficult to apply in practice.

Spherical Harmonics Method. Provided that an asteroid’s lightcurves
have either been observed at, or properly reduced to, zero solar phase (o =
0°), the integrated brightness can be given by a spherical harmonics expansion

LO) = 2 2 Pr(wlxgcostkd + 3,) + ysin(kd + 8,)]  (8)
n=0 k=0

where . = cos@ = sinPBgsinf + cosPgcosBcos(A — Ng). Here 3, are the
unknown absolute rotational phases (epochs) which are functions of the pole
position, x, and y,, are some unknown coefficients related to the asteroid’s
shape and albedo variegations, and P% are the associated Legendre functions.

The absolute phases 8,, which are not needed for pole determination
with the spherical harmonics method, can be eliminated by constructing the
power spectrum or squared amplitude terms of Eq. (8). The second-order-
squared amplitude (usually the dominating term for asteroids) is explicitly
given by ’

% 2 o 2
Ajp) = [ 2 x2nP%(u)] + [ 2 yz,,sz)] = (1 = w2My) . 9)
n=2 n=2

Note that PZ(p) are polynomials, with (1 — p2) as a factor. The only approx-
imation needed in this method arises from the finite number of available appa-
ritions which forces a truncation of the power series of M,. There are good
reasons to believe (see Lumme and Karttunen, in preparation) that the result-
ing polynomial is fairly rapidly converging, thus the finite expansion should
be a good approximation to the actual infinite power series.

The key idea in the current spherical harmonics method lies in the fact
that, regardless of truncation order N, the 2Nt degree polynomial for A2 pro-
vides 2N + 1 known quantities from the nonlinear least-squares fit to data (as
a function of N and ) while there are only 2N — 1 unknowns, pole coordi-
nates A, By and 2N — 3 coefficients in M,. The method itself does not require
M, to be an even polynomial of w although both the *“Russell conditions”
(Sec. II) and actual data seem to indicate this. The pole solution can be sought
in an iterative way; start with M, = b, (=constant) and solve for A, and B,
using at least three reasonably well-separated apparitions. Then set M, = b,
+ b,p? and solve for the pole again. The procedure can be continued up to the
point where the number of unknowns equals to the number of apparitions. It is
possible to linearize Eq. (9) after the first iteration, thus allowing the use of
linear least-squares fitting and giving a convenient method to estimate the formal
errors of Ay and . The method has been put forward by Lumme and Karttunen
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(in preparation) who have successfully applied it to synthetic, computer-
generated data and to one asteroid, 44 Nysa.

We expect the recent Fourier expansion of the photometric asteroid data
base (Barucci et al. 1988; Lagerkvist and Magnusson, in preparation) will
make application of techniques like the above easier and stimulate develop-
ment of new methods that make full use of the photometric data.

D. Convex-Profile Inversion

Ostro and Connelly (1984) showed that any lightcurve can be inverted to
yield a convex profile, and that, under certain ideal conditions the profile
represents a two-dimensional average of the three-dimensional shape. That
average is called the mean cross section C and it is defined as the convex set
equal to the average of the convex envelopes on all surface contours parallel to
the asteroid’s equatorial plane. A convex profile can be represented by a
radius-of-curvature function or by that function’s Fourier series. Deletion of a
profile’s odd harmonics “symmetrizes” the profile. For example, an asteroid’s
symmetrized mean cross section Cg has the same even harmonics as C but no
odd harmonics. Figure 7 gives a practical illustration from a real case.

The following ideal conditions pertain to estimation of C from a
lightcurve:

1. The scattering is uniform and geometric;
2. The viewing/illumination geometry is equatorial, i.e., the Sun and the
Earth are in the asteroid’s equatorial plane;
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Fig. 7. Convex-profile inversion of a lightcurve obtained at & = 26° for 164 Eva by Schober et
al. (1982). Think of the solid profile (right) as a two-dimensional, geometrically scattering
asteroid. As this asteroid rotates, it generates a model lightcurve (tiny dots at left) which is
almost completely obscured by the actual Eva data (large symbols). If conditions (1), (2) and
(3) were satisfied, the profile would be an unbiased estimate of Eva’s mean cross section C.
The dotted profile (right) is Cs (see text). Figure from Ostro et al. (19838).
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3. All surface contours parallel to the equatorial plane are convex;
4. The solar phase angle a does not equal 0° or 180°.

These conditions are necessary and sufficient for the three-dimensional light-
curve inversion problem, which cannot be solved uniquely, to ““collapse” into
a two-dimensional inversion problem that can.

Convex-profile inversion builds on the canonical work of Russell (1906)
by (i) identifying the mean cross section as the optimal shape constraint avail-
able from a lightcurve; (ii) defining the difference between the potential infor-
mation contained in opposition lightcurves and that in nonopposition
lightcurves; and (iii) specifying the conditions that determine the accessibility
of that information. For example, we cannot estimate C’s odd harmonics from
an opposition lightcurve, but we can estimate its even harmonics and hence its
symmetrization Cg.

The methodology for estimating C and C was introduced by Ostro and
Connelly (1984). Ostro et al. (1988) assess the nature, severity and predic-
tability of systematic error (due to violation of ideal conditions) and statistical
error (due to lightcurve noise). The most severe obstacle to estimating the
mean cross section stems from violation of the first condition (uniform and
geometric scattering). Simulations suggest that even for optimum solar phase
angles (near 20°), violation of this condition introduces systematic distortion
in the estimated mean cross section. However, this distortion is not neces-
sarily severe, and, at least for fairly regular shapes, estimates of the salient
characteristics of C might not be severely biased.

E. Infrared Techniques

Infrared radiometric observations of an asteroid before and after opposi-
tion can reveal which of those geometries presents the cooler morning termi-
nator, and hence can distinguish prograde from retrograde rotation (Hansen
1977; Morrison 1977). The degree of linear polarization of emitted thermal
radiation will depend on the viewing/illumination geometry as well as on the
asteroid’s shape and thermal properties, so infrared polarimetry can, at least in
principle, constrain asteroid pole directions (Johnson et al. 1983).

Infrared lightcurves, where emitted light dominates over reflected, pro-
vide powerful constraints on albedo distribution. If an asteroid’s visible light-
curve is caused primarily by shape and only mildly modulated by albedo
features, then the infrared and visible lightcurves will be in phase with each
other. However, if an albedo feature has a major influence on the lightcurve,
then the two lightcurves will be out of phase because, for example, a cool
region, being darker, will produce greater flux at infrared wavelengths than in
the visible where a minimum flux would be detected. The classic examples of
the application of this technique are the findings of Murphy et al. (1972) that
Iapetus’ lightcurve is caused by hemispheric albedo differences, and the find-
ings of Hartmann and Cruikshank (1978; Hartmann 1979) that Hector’s light-
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curve is caused by shape. Similar analysis has led to the rejection of one
albedo model for Herculina (Taylor et al. 1987; Lebofsky et al. 1988). In
short, complementary infrared and visible lightcurves can separate the contri-
butions of albedo and shape if an asteroid possesses strong albedo markings.

F. Radar

Radar observations can constrain an asteroid’s pole direction because the
echo’s bandwidth B depends on the aspect angle 6, as well as on the asteroid’s
size and apparent rotation period. For example, for a spherical object with
known diameter D and known rotation period P, the bandwidth is given by

4D
\P

r

B = sin@ (10)

so a measurement of bandwidth provides the aspect angle, and hence con-
strains the pole direction (modulo 180°) to an “‘aspect circle.”” Radar observa-
tions of the asteroid at widely separated sky positions yield aspect circles
intersecting at pole solutions (compare the analogous situation for the
amplitude-magnitude method in Sec. IV.A).

If D is unknown, a bandwidth measuiement couples the diameter to the
aspect angle, and sets a lower bound on D corresponding to the most “‘effi-
cient” geometry for achieving high bandwidth, namely equatorial aspect (8 =
90°). A sequence of solutions with aspect angles (and circles) that shrink and
asteroid diameters that increase as the pole-on view is approached are ob-
tained. A second radar observation at a different sky position will yield a
second set of circles, and possible pole directions are intersections of aspect
circles corresponding to the same diameter D (Fig. 8).

Most asteroids are unlikely to be spherical. However, the echo band-
width will generally be proportional to the breadth D(¢) of the asteroid’s polar
silhouette at rotational phase ¢ (Ostro et al. 1988), and by sampling B during
at least half a rotation cycle, the above analysis can be applied to nonspherical
objects.

Proposed improvements to the Arecibo radio telescope could make
multiple-apparition observations routine and make feasible echo bandwidth
observations over a wide range of viewing geometries, to reveal the sense of
rotation as well as the pole direction (see the chapter by Ostro for discussion
of radar constraints on asteroid shapes).

G. Occultations

Stellar occultations provide a powerful direct method of checking, and
under the right circumstances of independently determining asteroid poles and
shapes. The chapter by Millis and Dunham provides the details, but one sim-
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Fig. 8. Constraints on § and D from two radar observations of a spherical asteroid. Each observa-
tion results in a sequence of possible aspect circles (the corresponding diameters D are
marked). The loci of pole positions where aspect circles with the same diameter intersect
(heavy curve) constitute the solution set. It will generally collapse to a unique pole (except for
ambiguous sense of rotation) if a third observation is added.

ple modeling approach is to fit an ellipse to timings of immersions and emer-
sions for a particular rotational phase. The shape and orientation of this ellipse
can serve to discriminate between ambiguous poles from other methods. Lam-
bert (1985) and Magnusson (1986) have done this for Pallas, Juno and Hebe.
For each occultation, six unknown parameters collapse into three observable
ones. Three angles (pole coordinates Ay and By, and rotational phase ¢) and
three axes’ dimensions (a,b,¢) project onto the plane of the sky as two dimen-
sions and a position angle of the ellipse for each occultation. With two oc-
cultations there are seven unknowns (a,b, ¢, \g,8¢,®,,$,) and six observables.
Thus additional information is required to solve for the model, e.g., a sidereal
period accurate enough to give ¢, — ¢,. Pallas has had two occultations,
from which it is easy to develop at least a few good constraints. For instance,
it can be shown that the model parameters (pole location and three dimen-
sions) used by Wasserman et al. (1979) and Magnusson (1986), or the model
itself, must be incorrect at some point. That is, either the long axis a must be
greater than they find and/or the shortest axis ¢ must be smaller (Drummond
and Cocke 1988) or the homogenous ellipsoid model is invalid. Finally, oc-
cultation data is our most reliable source of information on shape or surface
roughness on intermediate scales (km-sized ‘‘mountains’).

H. Speckle Interferometry

The high angular resolution technique of speckle interferometry is de-
scribed by Worden (1979), and as applied specifically to the study of as-
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teroids, by Drummond et al. (1985a,b,1988a; Drummond and Hege 1986; see
also their chapter). Two approaches are possible, one involving generally the
same assumptions as used in photometric techniques (i.e., that asteroids can
be treated as uniformly bright, smooth, featureless triaxial ellipsoids) and
another approach, image reconstruction, that makes no specific assumptions
about the object. In the first case, by following the two-dimensional power
spectra or autocorrelation of the resolved ellipse projected by the ellipsoid as
it rotates, the model’s dimensions and the orientation of the rotational pole
may be estimated by least-squares with only a two-fold ambiguity in the posi-
tion of the pole. The analysis is the same as would be used for an imaginary
series of stellar occultations of an ellipsoid in one evening that provides a
series of elliptical outlines as a function of rotational phase. Twice each period
(at maximum light under the above assumptions) the long axis would be seen
unprojected on the plane of the sky, and twice the intermediate axis (at mini-
mum light) could be directly measured. When the long axis is seen, the pole is
approximately in a direction perpendicular to this axis. The other parameters,
two angles and the dimension of the short axis, can then be calculated. Con-
trolling instrumental systematics and calibrating the point spread function are
essential to successful analysis, but apparently the biggest obstacle involves
violation of the photometric assumptions, particularly regarding albedo uni-
formity.

Still in its infancy with respect to extended (resolved) objects, image
reconstruction is an immediate goal that holds immense potential. Proper re-
construction would obviate the need for any assumptions about the object, and
would provide literal pictures of asteroids. Currently, the problem is to iden-
tify the best algorithm that is the least sensitive to calibration errors and noise.
The first attempts at image reconstruction have resulted in scientifically useful
glimpses of Vesta’s surface (Drummond et al. 1988a) that reveal dark and
bright patterns. It can be expected that clearer images obtained in the near
future will serve as checks and calibrations for other techniques and will open
new avenues of asteroid research.

V. LIMITATIONS

A. Symmetry Properties and Pole Ambiguities

A problem often misunderstood in the literature is the ambiguity of pole
solutions. Figure 9 demonstrates the effects of the various symmetry proper-
ties inherent to photometric and speckle interferometric observations. The
solutions obtained from photometric data are subject to two symmetry
properties:

1. Model amplitudes and magnitudes are symmetric about equatorial aspect
(6 = 90°) which makes it impossible to determine the direction of rotation
around the spin axis from observed amplitudes and magnitudes;
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Fig. 9. Map of the celestial sphere showing spin-vector solutions obtained using amplitudes A,
magnitudes M, epochs E, and speckle interferometry ellipsoid silhouettes S. Crosses mark
PABs of hypothetical photometric observations. The two-fold and four-fold ambiguities are
due to two symmetry properties (see text). A speckle observation (open circle) gives two
solutions with the line of sight as their bisector. Figure adapted from Magnusson (in
preparation).

2. Symmetry of the observations about the *‘photometric great circle” (PGC),
defined as the great circle which departs as little as possible (in least-
squares sense) from the directions of the PABs of individual photometric
observations (see Fig. 9). The photometric great circle has ascending node
Qpge = @ and inclination ipge = i(1 + 1/2a) (Magnusson, in prepara-
tion), where (), i and a are standard orbital elements of the asteroid. For
zero-inclination objects, the PGC will coincide with the ecliptic and give
an exact symmetry of the observations with respect to reflection in the
ecliptic plane. The pole solutions will have this same symmetry property.
A typical main-belt asteroid, with @ = 2.8AU, i = 10° and small eccen-
tricity, observed at solar elongations exceeding 90°, will produce PABs
departing on average 2° from the PGC (ipg = 12°). It is difficult in prac-
tice to resolve the pole ambiguity resulting from a symmetry broken by
such a small amount. However, for certain objects with unusual orbits,
e.g., Earth-approaching objects, we may not find a good PGC and the
ambiguity will not occur.

The effect of these symmetries is to create a four-fold ambiguity for
amplitude-magnitude methods, but only a two-fold ambiguity for epoch
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methods. The two pole solutions in the latter case will be symmetrically
placed on one side of the orbital plane (think of what happens when you make
a mirror reflection of the right-hand rule for the spin vector), thus resolving
the prograde/retrograde ambiguity (Fig. 9). By combining the solutions from
amplitude-magnitude and epoch methods, it is sometimes possible to get a
unique solution even though the individual methods failed to achieve this.

Speckle interferometric data obtained at a specific longitude, yielding an
elliptical approximation to the projected shape, but not individual surface
markings, gives two pole solutions symmetric about the line of sight (see
Drummond et al. 19854). Elimination of the pole ambiguity may therefore be
obtained with speckle data from at least two longitudes, with images recon-
structed from speckle data showing features moving across the disk, or with
speckle and photometric data combined. Occultation observations have the
same ability to resolve the photometric ambiguity (Magnusson 1986). Radar
observations at fewer than 3 longitudes give symmetries similar to photometry
(see Sec. IV.F).

B. Uncertainties

Most of the methods discussed in the previous sections use very idealized
models of asteroids, e.g., a triaxial ellipsoid with a uniform surface re-
flectivity. When albedo variegation is included, it is usually in the form of one
or two circular spots. Other hypothetical contributions to the light variation,
e.g., binarity/satellites (Tedesco 1979; Cellino et al. 1985; Binzel 1985) and
free precession (Sher 1971; Barsuhn 1983), have been ignored.

Shape and Albedo Variegation. Our limited knowledge of the optical
properties of asteroid surfaces and the inherent inversion ambiguity of disk-
integrated scattered light (see Sec. II) make most lightcurve-based determina-
tions of shapes and albedo variegation uncertain. The determined deviations
from sphericity, e.g., the (a/b) — 1 and (b/c) — 1 parameters for triaxial
ellipsoids and the departure from circularity of mean convex hulls (Sec.
IV.D), may be uncertain at the 25% level (Barucci et al. 1984). All published
models with albedo spots and craters must be regarded as one of an infinite
number of possible models that can fit the data equally well.

Pole Position. Can we compensate for the simplifying assumptions of
current pole methods with good input data? Let us assume that we have pho-
tometric data with an isotropic distribution of observations in ecliptic longi-
tude and solar phase. Would systematic errors due to departure from our
assumptions cancel out because of symmetry of data about the pole longitude?
Such a symmetry protection exists for Ay obtained with amplitude-magnitude
methods and 3, obtained with epoch methods for zero-inclination orbits (ap-
proximately valid also for moderately inclined orbits if pole coordinates are
based on the PGC instead of the ecliptic). On the other hand, (3, from
amplitude-magnitude methods and Ay from epoch methods may show large
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systematic errors no matter how well distributed and accurate the input data
is. The obvious resolution to the above error susceptibilities is to combine the
amplitude-magnitude and epoch methods as have been done by, e.g., Magnu-
sson (1986) and Drummond et al. (1988b). (See Fig. 4 in the former paper for
an illustration of the complementarity of the methods.)

In the light of the above limitations, caution is advised in using the col-
lection of pole solutions obtained to date (see the table of pole positions in
Part VI of this book).

VI. REVIEW OF RESULTS

A. Shape Constraints

Whereas a general knowledge of the distribution of asteroidal shapes
would certainly provide interesting clues on the collisional evolution of the
solar system, not a single close-up picture of a minor planet is yet available.
However, various observational and theoretical approaches have enabled one
to set up interesting constraints on asteroidal shapes.

Asteroid silhouettes are sometimes derived from stellar occultations
(Millis and Elliot 1979; chapter by Millis and Dunham). Although these re-
sults are aspect dependent, they seem to indicate that the gross shapes of the
largest asteroids are close to spherical or ellipsoidal, while radar delay-
Doppler images of small objects show more irregular and elongated shapes
(see the chapter by Ostro). Under certain ideal conditions, we have seen in
Sec. IV.D that convex-profile inversion allows one to constrain the average
equatorial cross section of an asteroid with a known pole orientation; a few
examples are given in Ostro et al. (1988).

There is no doubt that the largest homogeneous sets of asteroidal shape
parameters presently available come from the application of the amplitude and
magnitude, and speckle interferometric techniques (see Magnusson 1988;
Drummond et al. 1988b). As explained in Secs. IV.A and IV.H, these tech-
niques rely upon the fitting of observations with a geometrically scattering
ellipsoid model. The resulting two-parameter representation (a/b,b/c) pro-
vides a first approximation to the real shape of an asteroid, and facilitates
comparison with the shapes of rotating bodies in hydrostatic equilibrium (see
Fig. 10). Note that there is a considerable uncertainty in the size of the correc-
tion for nongeometric scattering (see Sec. I1I) for the most elongated objects.
Furthermore, the sample is biased towards objects with (1) large size, (2) high
amplitude, (3) fast spin and (4) small heliocentric distance. Among the conse-
quences of these biases, we can expect a strong overrepresentation of objects
far from the Maclaurin curve. A few tentative conclusions can nevertheless be
drawn from the present distribution:

1. Asteroids like 39 Laetitia, 45 Eugenia and 107 Camilla constitute candi-
dates for quasi-equilibrium rubble piles (cf. Farinella et al. 1981,1982).
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Fig. 10. A homogeneous set of ellipsoidal model parameters (a/b, b/c) for large main-belt as-
teroids. The loci of Maclaurin spheroids and Jacobi ellipsoids are also shown for comparison
(Chandrasekhar 1969). Because of known observational biases, the number of asteroids near
the Maclaurin spheroid curve is probably underestimated. Geometric scattering was assumed in
the shape determination. The arrows indicate the shift to be applied in order to correct for
nongeometric scattering (according to Barucci et al. 1984). The data comes from Magnusson
(1986,1988). See also a similar figure by Drummond et al. (19885).

Abnormally elongated (a/b > 2) asteroids such as 216 Kleopatra and 624
Hektor remain possible examples of binary fission (cf. Weidenschilling
1980);

. Most of the asteroids are located far from the Maclaurin and Jacobi curves,
suggesting evidence of significant internal strengths responsible for large
deviations from equilibrium. The objects identified in (1) might well be the
extremes of a distribution with little or no correlation with equilibrium
figures;

. Laboratory catastrophic impact experiments by Fujiwara et al. (1978) gave
a very disperse shape distribution of the fragments, with average ‘‘axis
ratios” a: b : ¢ near the simple ratio 2: V2:1. The shape distribution of
large asteroids seems to be dominated more by objects closer to spherical
shape, especially considering nongeometric scattering, with a probable un-
derrepresentation of objects near the Maclaurin line in Fig. 10;

. There is a weak correlation between the axis ratios in Fig. 10 and the spin
frequency. Natural explanations may be flattening and elongation due to
centrifugal forces, and high angular momentum transfer to oddly shaped
debris of catastrophic collisions. A larger sample of reliable asteroid
shapes is needed in order to improve upon the conclusions drawn from
amplitude - spin rate statistics (see Tedesco and Zappala 1980; Farinella et
al. 1982; and the chapter by Binzel et al.).
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B. Spin-Vector Distribution

The preferential prograde rotation of the eight major planets is some-
times attributed to collisional spin up during the accretion phase of the solar
system (see discussions by Harris [1977] and Schofield [1981]). It is therefore
natural to seek complementary information on this process by studying the
spin-vector distribution of a probable remnant population of planetesimals,
namely asteroids. Planetesimal accretion, accompanied by a hypothetical spin
alignment process, probably occurred in a dynamically well-ordered system
with low interparticle velocities (compare with preferential particle spins in
ring systems [Salo 1987]). The subsequent collisional evolution of the as-
teroids has probably tended to randomize the spin vectors through very high-
speed (~5 km s~1) collisions with randomly oriented impact parameters (see
numerical simulations by Barucci et al. 1986). Therefore, if any anisotropy is
found in the spin-vector distribution today, we can conclude that a more en-
hanced anisotropy probably existed in the past. However, the degree of ran-
domization depends on the past size of the asteroid population, which is
unknown (see Farinella et al. 1985).

What do the observations tell us? The longitudes of the poles probably
contain no evolutionary information since the precessional frequency is high
enough to erase any original anisotropy. Fig. 11 shows the distribution of
spin-vector latitudes B, based on confirmed pole determinations. The distinct
bimodality was first noticed by Zappala and KneZevi¢ (1984) and Barucci et
al. (1986) as a clustering at intermediate pole latitudes. Magnusson (1986)
suggested that part of this effect is due to a systematic error introduced by an
amplitude-magnitude method and Magnusson (1988) hypothesized that a bias
has been introduced by the epoch method’s inability to use the near-zero-
amplitude lightcurves often obtained for objects with the spin axis near the
ecliptic plane. Although Drummond et al. (1988b) suggest that the bimodality
is more obvious with respect to the orbital planes, the reality of the bimodality
is an open question.

A quantity not influenced by any known bias or systematic effect is the
ratio of prograde to retrograde rotators. That asteroids have spin vectors that
are more isotropically distributed than the major planets is now well docu-
mented. There is a small dominance of prograde rotators in the available sam-
ple that is more pronounced for the very largest objects (> 200 km). The
statistical significance of a majority of prograde rotators is 80 to 90% (Magnu-
sson 1988). If confirmed by future observations, this tendency would provide
more credit to the accretional spin alignment process and further constrain
theories of asteroid evolution.

Hypotheses of spin alignment for specific classes of asteroids have been
put forward. Binzel (1988) found statistically higher lightcurve amplitudes for
Koronis family members than for comparable field asteroids. He noted that if
the Koronis parent body had a spin vector at high ecliptic latitudes and the
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Fig. 11. Distribution of pole latitudes for a set of large main-belt asteroids. Black boxes indicate
objects larger than 200 km and gray boxes, smaller objects. See also an alternative representa-
tion, where the distribution of the spin-vector components perpendicular to the ecliptic plane is
given by Magnusson (1988).

subsequent fragmentation partially conserved spin orientation, we would ob-
serve preferentially high-amplitude equatorial lightcurves, but other explana-
tions are possible. Weidenschilling has suggested that the more dramatic
lightcurve amplitudes of several Trojan asteroids might be due to an alignment
of their spin axes perpendicular to the ecliptic plane (Hartmann et al. 1988).

VII. STATE OF THE ART AND FUTURE PROSPECTS
With roots as far back as the works of I. Groeneveld, G. Kuiper, T.

Gehrels, Y. Chang, and C. Chang in the 1950s and 1960s, pole and shape
determinations have come a long way over the last decade. Most of the tech-
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niques described in this chapter have appeared on the scene during the last
decade, and the observational material has increased enormously, both in
quantity and diversity. Asteroid pole and shape determination still requires
detailed attention to peculiarities of individual objects. An understanding of
the sources of error and the difficulties of acquisition and data reduction is
essential. Judicious selection of data from the heterogeneous sample in the
literature is required in order to derive useful information. A few examples
will illustrate the diversity of objects and problems.

The large asteroid 4 Vesta has long been suspected of having hemispheri-
cal albedo differences, which have prompted the introduction of techniques to
monitor and model it. Cellino et al. (19875) fitted a model with circular al-
bedo markings to the photometric data. Drummond et al. (1988a) have recon-
structed the first asteroidal surface images from speckle observations of Vesta.

Theoretical and laboratory studies (Secs. 1l and III) have a bearing on the
plausibility and consistency of a derived formal solution for an asteroid. For
example, the switches between primary and secondary extrema occurring in
some solutions for /6 Psyche and 201 Penelope constitute a matter of debate
(Tedesco and Taylor 1985; Magnusson 1986; Drummond et al. 1988b).

The problem of properly treating scattering becomes acute for extreme
high-amplitude objects like 216 Kleopatra and 624 Hektor (see Fig. 10).
Calibration of the dimensions of one of these objects with a nonphotometric
method would put shape determinations on a much sounder footing.

The Earth-approaching asteroid 433 Eros is really the object for which
asteroid lightcurve analysis started off early this century, and its light variation
has been monitored regularly ever since. Eros is the prime test for any method
which attempts to model and extract information about highly elongated as-
teroids at large phase angles (~60°). Additional lightcurve data on Earth-
approaching objects are mainly in the form of single apparitions, for which
decoupling of solar phase angle and aspect effects is difficult.

The large C-type asteroid 511 Davida is the object for which the various
techniques have given the most consistent results and it is a good candidate for
calibration of other techniques. The pole is accurately determined to be close
to Ny = 299° and By, = +34°, and the usual ambiguity of photometric data
(Sec. V.A) has been resolved by speckle interferometry (Drummond and
Hege 1986). The lightcurves span a wide range in asterocentric latitudes (Fig.
4) and solar phase angles, and since they are smooth and nearly sinusoidal,
indicate that Davida is nearly uniform in albedo and topography. The derived
ellipsoid model, a/b = 1.24 and b/c = 1.14, is therefore probably valid to the
extent that the geometric scattering approximation applies.

And finally, 532 Herculina, an asteroid that has a great number of light-
curves in both the visible and infrared and has also been studied with speckle
interferometry, still defies a reliable pole and shape determination (Taylor et
al. 1987; Lebofsky et al. 1988; Drummond et al. 1988c). Perhaps this is a
demonstration of the limitations of present techniques.
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New Tendencies

Large uniform observation programs have been carried out recently by
Binzel (1987) and Weidenschilling et al. (1987). The latter project, called
“Photometric Geodesy” involves some 257 lightcurves for 26 main-belt as-
teroids, and was planned and executed primarily with pole and shape deter-
minations in mind. Collaboration to present data in uniform and accessible
form is another important development (see Asteroid Photometric Catalogue
by Lagerkvist et al. 1987). Fourier analysis of this data base is in progress.
The production of uniform data sets on asteroid poles and shapes with stan-
dardized techniques (see, e.g., Zappala and KneZevic 1984; Magnusson
1986; Drummond et al. 1988b) is essential for statistical analysis. The very
good consistency between the results by Drummond et al. (1988) and Magnu-
sson (1988) for the Photometric Geodesy data indicates that the field is matu-
ring. Perhaps most important of all, new observing techniques like radar,
speckle interferometry, infrared polarimetry and occultations have opened up
new avenues for deriving poles and shapes. The continuing effort to combine
the different techniques holds great potential for the future.

Future progress in this field requires interactive development in two di-
rections: (1) continued collaborative efforts to achieve a large, uniform (obser-
vations isotropically distributed in «, 6 and &) data set of photometric
observations (perhaps also combined with radar, infrared and speckle); and
(2) detailed studies of a small number of representative asteroids using a wide
range of observational techniques, including dedicated space missions, with
the aim of producing a few reference objects that could be used as calibration
standards for the larger data base.
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Asteroid surface mineralogy is a function of the initial composition of the parent
planetesimal modified to a greater or lesser extent by endogenic processes (e.g.,
heating, metamorphism, partial or complete melting, magmatic differentiation
and aqueous alteration) and exogenic processes (e.g., regolith processes, ex-
cavation during cratering events and collisional disruption to expose internal
layers). Detailed mineralogical characterizations of asteroidal objects permit
their evolutionary history to be, at least partially, deciphered. Analysis of vis-
ible and near-infrared spectral reflectances and spectral albedos provide our
primary means of characterizing the surface mineralogy and petrology of as-
teroidal bodies. Such mineralogical analysis of asteroidal reflectance spectra is
based in quantum physics but employs a series of empirically derived interpre-
tive calibrations and methodologies. The last decade has seen significant im-
provements in both the interpretive procedures and in the observational data
base. This has resulted in a greatly improved understanding of the nature of
individual asteroids, of the asteroid population and of the early solar system
processes which have produced and modified these objects. This chapter pro-
vides an overview of the current asteroid spectral interpretive procedures and of
our present understanding of the nature and history of these minor planets.
Several very important, but still unresolved, issues are discussed, such as the
source of the ordinary chondrites.

[ 98]
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I. MINERALOGICAL INFORMATION IN REFLECTANCE
SPECTRA

Introduction

Electromagnetic radiation interacts with matter by a coupling process
between the electrical fields of the photon and the electrons or charges in the
material. The details of the interaction depend upon the wavelength of the
radiation and the physical state of the matter. At thermal or mid-infrared (>3
pm) wavelengths, this interaction is primarily with the oscillating charges in
vibrating molecules. Photons are absorbed or emitted with energies corre-
sponding to the fundamental vibrational frequencies of the molecules, or at
the overtones and combinations of these fundamentals (Herzberg 1945). For
asteroidal surface temperatures, emission is negligible at visible and near-
infrared (~0.35 to 3 pm) wavelengths, and absorption features are produced
by vibrational, crystal field (Burns 1970a), and charge transfer mechanisms
(Burns 1981). At near-ultraviolet (~0.25 to 0.35 um) wavelengths, absorp-
tions are produced primarily by charge-transfer mechanisms. At vacuum ul-
traviolet (<0.25 pm) wavelengths, absorption results from exciton (electron-
hole pair) formation, the solid-state analogue of ionization (Nitsan and Shank-
land 1976).

For objects illuminated by the Sun, the maximum incident flux is in the
mid-visible region of the spectrum, while the maximum emission due to ther-
mal processes depends on surface temperature and ranges from <3 pm for the
central sunlit hemisphere of Mercury to nearly 100 pwm for the pre-sunrise
portions of icy bodies in the outer solar system. For bodies in the asteroid belt,
the emission peak lies between 5 and 20 pwm depending upon the surface
albedo (proportion of incident flux reflected), emissivity and thermophysical
properties. _

There are several major reasons why visible and near-infrared reflectance
spectroscopy has been the most heavily exploited technique of asteroid sur-
face material characterization. First, the detectable flux is maximized at vis-
ible and near-infrared wavelengths because the illuminating solar flux peaks in
the visible region, and because the Earth’s atmosphere is relatively transparent
at these wavelengths compared to either the ultraviolet or mid-infrared. But
more importantly, in the visible and near-infrared spectral region, mineralogy
is the primary first-order determinant of spectral properties. By contrast, the
features in mid-infrared spectra are simultaneous functions of composition,
texture and temperature. For planetary surfaces, where properties such as
particle-size distribution cannot be controlled, the mid-infrared spectra pro-
vide a potentially rich but bewilderingly complex, and largely unexploited,
source of information (Logan et al. 1973,1975; Salisbury et al. 1987,
Christensen and Luth 1987). At ultraviolet wavelengths, the absorptions are
very intense and tend to suppress the diagnostic features in the spectra of
particulate surfaces (Hapke et al. 1978).
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The unresolved complexity of mid-infrared spectral features and the
weakness of ultraviolet features, combined with the general difficulty of ob-
taining calibrated photometry from groundbased telescopes in these spectral
regions, have retarded their use in characterizing asteroid surface materials.
Fortunately, many cosmically significant (e.g., meteoritic) mineral phases ex-
hibit absorption features in visible and near-infrared reflectance spectra which
are diagnostic of the presence, composition and abundance of those specific
mineral phases. The subsequent discussion, except as noted, will pertain
solely to visible and near-infrared reflectance spectroscopy. These reflectance
curves of a number of important or potentially important asteroid minerals are
shown on Figs. 1 and 2A.

Electronic Absorption Features

The most common visible and near-infrared electronic absorption fea-
tures in minerals arise from the presence of iron and/or other transition metal
cations (e.g., nickel, cobalt, copper, titanium, etc.) in specific crystallogra-
phic sites within the mineral species. The symmetry and dimensions of these
crystallographic sites (e.g., the M1 and M2 sites in olivines) are characteristic
of the particular mineral type in which they are located. The electrostatic field
resulting from the particular coordination and dimensions of the anion array
which forms the cation site produces a distinctive energy level pattern among
the electronic orbitals of the d-shell or valence electrons of the cations (see,
e.g., Burns 1970a,b). A photon can be absorbed by an electron which oc-
cupies a ground-state orbital (energy level) separated from a vacant orbital by
an energy difference equal to the energy (hv) of the photon. For transition
metal-bearing minerals, spectral features can be used: (a) to identify the min-
eral species; (b) to establish which transition metal cations are present; and (¢)
to determine the mineral chemistry and/or transition metal abundance.

Different mineral species have different crystallographic sites resulting in
distinct patterns of crystal field splitting in the d-shell electrons of any particu-
lar transition metal cation. This produces distinct visible and near-infrared
absorption-band positions for most transition metal-bearing minerals (see,
e.g., Adams 1975). Examples of the diversity of Fe2*+ absorptions are seen in
Fig. 1. The orthopyroxene spectrum exhibits two symmetric absorption fea-
tures near 1 and 2 pm. The olivine exhibits a broad asymmetric feature, a
combination of three overlapping absorptions, near 1 pum. Feldspar exhibits a
weak band near 1.25 wm from its trace content of Fe2+. Spinel shows a broad
absorption feature longwards of 1.5 wm. The geologically important transi-
tion metal species (e.g., Fe, Ni, Co, Cu, Ti, Mn, etc.) and their various
cations (e.g., Fe2+, Fe3+, etc.) have different ionic radii, and therefore un-
dergo different degrees of crystal field splitting in any particular crys-
tallographic site. Absorption-band position is thus also diagnostic of the
specific absorbing cation species (Burns 1970a,b,1981). (See Adams [1975]
or Gaffey and McCord [1978,1979] for additional discussion of the spectra of
meteoritic minerals.)
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Fig. 1. The spectral albedo curves of five anhydrous mineral species that are spectrally important
in meteoritic and asteroid assemblages: (a) nickel-iron metal (Gaffey 1986); (b) olivine
(Chassigny: Gaffey 1976); (c) orthopyroxene (the diogenite Johnstown: ibid.) [offset by +0.4];
(d) plagioclase feldspar (lunar sample 12063,79 - J.B. Adams) [offset by +0.41; (e) spinel-
bearing Allende inclusion (Rajan and Gaffey 1984, and in preparation) [offset by +1.0].

Substitution of a large cation for a smaller one in a solid solution series
[e.g., Fe2* or Ca2?* replacing Mg2* in olivine or pyroxene) systematically
expands and/or distorts the entire crystal structure. The resulting change in
the crystal field splitting of the transition metal cations produces a correlated
shift in the wavelength position of the associated absorption features.
Absorption-band position is thus diagnostic of phase composition in solid-
solution series (e.g., the olivine suite; Burns 1970b; the pyroxene suite:
Adams 1974).

Charge transfer absorptions involve electronic transitions between differ-
ent shells in a particular cation or between adjacent cations or cation-anion
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pairs. These generally occur at shorter wavelength and are significantly
stronger than the crystal-field absorptions. An overlapping series of such
charge-transfer features produces the strong blue-ultraviolet absorption edges
in many silicate and oxide minerals (Burns 1981). The extremely strong ab-
sorptions in iron oxides (e.g., the hematite spectral curve on Fig. 2A) short-
wards of 0.6-0.7 pm represent such charge transfer absorptions (Morris et al.
1985). In the Fe-bearing phyllosilicates of the CI/CM meteoritic assemblages,
several different combinations of charge-transfer features are present and are
characteristic of the particular clay mineral species (see, e.g., Gaffey 1980;
King 1986). Note the difference in the 0.5-1.3 pum spectral regions between
lizardite and antigorite, two different serpentine-group phyllosilicates shown
in Fig. 2A.

Organic molecules can also provide the coordination sites for transition
metal cations. For example, the organic porphyrin structures incorporate trans-
ition metal ions into the center of their square planar units producing intense
narrow features (Baker and Louda 1986). The geologically common nickel-
and vanadium-bearing porphyrins exhibit a strong band (the Soret band) near
0.40 wm and 0.41 pm, respectively, as well as pairs of weaker bands between
0.55 and 0.60 pm. Metal-bearing porphyrins are a common constituent of
biological materials (e.g., iron-bearing heme-porphyrin is the basic building
block of hemoglobin, and Mg-porphyrin is the basis of chlorophyll). Por-
phyrins are also produced by abiotic synthesis processes. Such metal-bearing
porphyrins are quite stable against thermal degradation which permits their
long-term survival upon and within asteroids.

Hodgson and Baker (1969) reported the presence of porphyrins in sam-
ples of CI1 (Orgueil) and CM2 meteorites (Murray, Cold Bokkeveld, Mokoia)
but not in samples of CV3 (Vigarano), E6 (Indarch), L6 (Peace River, Bru-
derheim) chondrites. Although terrestrial contamination as a source of these
porphyrins cannot be ruled out, their absence in the carbon-poor meteorites
and their production as a part of most abiotic synthesis processes, such as
those which produced the other organic compounds in the CI and CM mete-
orites, argue that these are plausible candidates for asteroid surface-material
components. Holden and Gaffey (1987) suggested that absorptions in the
spectrum of Orgueil were due to a porphyrin phase.

For conductors, such as metals, two spectrally significant electronic in-
teractions are important for the present discussion. Electrons can be excited
from the ground state to the conduction band (delocalized electrons) by pho-
tons with energies in excess of the band gap. This produces strong absorption
edges and the colors seen in metals such as gold and copper. For the meteoritic
nickel-iron alloys, there is no ground-state conduction band gap correspond-
ing to visual and near-infrared wavelengths. In such materials the spectral
reflectance is controlled primarily by the wavelength-dependent conductivity.
A photon incident upon a perfect conductor produces electron oscillations at
the photon frequency. In a real metal, the finite conductivity limits the effi-
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Fig. 2. (A) Spectral albedo curves of additional spectrally important or potentially important
asteroidal mineral species: (a) hematite (alpha-Fe,O5: R.H. Huguenin); (b) calcite (var. Icelan-
dic spar: S.J. Gaffey 1986); (c) serpentine (var. Lizardite: King, 1986); (d) serpentine (var.
Antigorite: ibid.) [Offset by —0.1]; (e) carbonaceous residue from Murchison (Cruikshank et
al. 1983).

(B) Wavelength coverage and resolution for various asteroid data sets are plotted at the same
wavelength scale as the mineral spectra in Fig. 2A. Spectral bandpasses for the UBVJHK
filters are indicated by the horizontal lines. Wavelength sampling positions are indicated by
“+7“x” or dots for the 2-beam photometer, ECAS (eight color asteroid survey), IRCVF and
52-color data. Spectral resolution for the CCD and Fourier Transform Interferometer data are
approximately 20 A and 1 A, respectively. [An asterisk (*) indicates that asteroid data is no
longer regularly being obtained with this system or that the system is no longer operational. ]
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ciency of the electron response. At higher frequencies (shorter wavelengths)
the conductivity decreases and the reflectivity as well. For the NiFe alloys, the
visible and near-infrared reflectance decreases approximately linearly with
photon frequency (inverse wavelength), as shown by the NiFe reflectance
curve in Fig. 1. (See Gaffey [1986] for additional discussion and references to
NiFe spectral properties.) Britt and Pieters (1988) note that geometry can
affect the spectral reflectance curve of NiFe, but also indicate that this will be,
at most, a very minor effect for particulate surfaces.

Visible and Near-Infrared Vibrational Absorption Features

Several molecular species which are common in the CI/CM meteoritic
assemblages produce important or potentially important visible and near-
infrared absorption features. These include water and OH-bearing minerals,
the carbonate minerals and the organic hydrocarbons.

Water. Water in the form of bound water, structural OH or fluid inclu-
sions is found in various hydrated silicates, oxides and salts common or pres-
ent in the CI and CM assemblages. The water molecule (it can be visualized
as a V-shaped configuration with the oxygen atom at the apex and hydrogen
atoms at the end of the arms) undergoes three types of vibrations: a bend (the
V-opening and closing) with a fundamental frequency corresponding to a
wavelength of 6.08 wm; a symmetric stretch (both arms lengthening or short-
ening together) at 3.05 pum; and an asymmetric stretch (one arm lengthening
or shortening) at 2.87 wm. An OH ™~ radical can only undergo the asymmetric
stretch mode of vibration. The wavelengths of the fundamentals undergo
small shifts depending upon mass of attached (or nearest-neighbor) ions and
hence upon the mineral species which contains the water or OH molecule.

The 3.05 pm and 2.87 pm fundamentals combine with the first overtone
(twice the frequency) of the bend fundamental at 3.04 pm to produce a broad
and extremely intense absorption feature in the 3 pm region. The presence of
a 3 pm feature in asteroidal spectra thus indicates water-bearing phases such
as hydrated silicates (see, e.g., Lebofsky 1980; Lebofsky et al. 1981; Jones
1988). However, the feature is normally so intense (saturated) in reflectance
spectra of water-bearing species that the actual positions of the fundamentals
cannot be accurately determined. Even under laboratory conditions, the 3 pwm
feature can generally be used to distinguish clay mineral species only in nearly
monomineralic assemblages with a very fine and uniform particle size (Farmer
1974), or in the case of essentially anhydrous silicates, to detect small traces
of water (Aines and Rossman 1984a,b). Thus paradoxically because of its
strength, the 3 pm feature has provided only minor mineralogical informa-
tion—Dbeyond the detection of hydrated species—in asteroid studies.

Combination and overtone features of the water fundamentals are present
at shorter wavelengths, with the 1.9 pm and 1.4 pm features of particular
importance. These are much weaker than the fundamentals, but are relatively
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strong in clay mineral species (e.g., in the lizardite and antigorite spectra in
Fig. 2A). In particular the 1.4 pm appears to be a sensitive discriminator of
clay mineralogy (King 1986). In CI/CM spectra, these overtone and combina-
tion features are relatively weak (<{10% below the background continuum:
Gaffey 1976; Larson et al. 1979). Weak features near these wavelengths are
difficult to observe with groundbased telescopes since the atmospheric water-
vapor absorptions interfere. The weaker overtone features are also much more
readily masked by opaque phases in intimate mixtures, so that surface petrol-
ogy will play an important part in whether they are detected. However, these
weaker bands do provide much better mineralogic discriminators than the 3
pm region, so additional effort is justified to exploit their potential. Tantali-
zingly, the CI specimen Alais exhibits a pronounced 1.9 pm feature (Gaffey
1976), which may represent a particular type of alteration environment. Addi-
tionally, the processes of aqueous alteration evident in the CI/CM suite and
invoked to explain the spectrum of asteroid 1 Ceres (see, e.g., Gaffey 1978;
Feierberg et al. 1981) can reasonably be expected to suppress the spectral
effect of the opaque phases which decrease the apparent intensity of these
overtone features in meteorite and asteroid spectra.

Carbonates. The carbonate minerals are common accessory phases in
the CI meteorites (Richardson 1978; Fredriksson and Kerridge 1988) and
could be concentrated wherever aqueous alteration has taken place on asteroid
bodies. The relatively strong overtones of the fundamental vibrational modes
of the CO; radical occurs longwards of 1.6 pm (see the calcite spectrum in
Fig. 2A), the exact positions depending on the crystal system (thombohedral
{calcite] or orthorhombic [aragonite] group) and on the dominant cation spe-
cies (calcium, magnesium, iron, etc). Transition metal-bearing carbonates
such as the dolomite and breunnerites present in the CI chondrites (Fredriks-
son and Kerridge 1988) also exhibit crystal field bands in the 1 pm region and
shortward. See S.J. Gaffey (1986,1987) for a more detailed discussion of
carbonate spectra. Although no features in CI/CM spectra have yet been as-
signed to carbonate minerals, the aqueous processes which modified those
assemblages may well have produced significant carbonate concentrations on
or within individual asteroids. The surficial evaporite deposits proposed for Io
by Fanale et al. (1974) prior to the 1979 Voyager encounter, may well be
found on Ceres or Pallas based upon what we presently believe about the
nature and evolution of these asteroids.

Hydrocarbons. Vibrations of the C-H pair which forms the basis for
hydrocarbon compounds gives rise to a relatively strong feature near 3.4 pm
in the spectra of organic compounds. The exact position of this feature is a
function of the specific organic compound, and has long been utilized in ana-
lytical chemistry to identify compounds (e.g., the infrared correlation charts
in the Handbook of Physics and Chemistry 1975). In the spectra of CI and CM
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meteorites, the C-H stretch feature is relatively weak, generally having an
intensity of 10% or less (see, e.g., Larson et al. 1979; Sandford 1984,
Cruikshank and Brown 1987; Jones 1988). It is located on the edge of the
intense 3 pm terrestrial atmospheric absorption feature, so that its detection
requires particularly careful observational procedures and extinction calibra-
tions (see, e.g., Cruikshank and Brown 1987; Jones 1988; Piscitelli 1988,
personal communication).

II. GENERAL CLASSES OF ASTEROID SPECTRAL
REFLECTANCE DATA

The available data base of asteroid reflectance spectra has improved sig-
nificantly during the 1980s, both in number and quality, although this growth
has fallen well below the estimates that one would have derived by extending
the Chapman and Zellner (1978) graph of growth for the 1970-1979 period.
Activity has actually decreased significantly in several areas, particularly po-
larimetry and UBV photometry. In some cases these shortfalls or declines
derive from the relative expansion of a competing technique or from the in-
creasing difficulty of pushing to fainter magnitudes, but in many cases arise
because of the decrease in real funding for this kind of work. Table I lists the
various spectral and spectrophotometry data sets and the number of asteroids
available for each as of early 1988.

Ideally one desires broad wavelength coverage, high spectral resolution,
and low noise data for asteroid investigations. Realistically we are limited to
existing instrumental capabilities. Figure 2 compares the wavelength coverage
and spectral resolution for several of the VNIR data sets to the wavelength
position and width of the features in the spectral curves of some candidate
asteroidal mineral species.

In addition to sophisticated instruments and access to telescope time,
careful definition of the research problem and the availability of high-quality
interpretative calibrations are necessary conditions for any sophisticated as-
teroid investigation. Although enhanced instrumental capabilities are highly
desirable, careful problem definition can often overcome, or at least amelio-
rate, limited instrumental capabilities and telescope time. Examples of the
importance of interpretive calibrations and problem definition in asteroid in-
vestigations are discussed below.

III. ANALYSIS OF ASTEROID REFLECTANCE SPECTRA

The procedures to derive asteroid properties or surface material charac-
terizations from asteroid color and spectral data can be divided into four major
approaches: classification, curve matching, feature matching and quantitative
analysis of spectral parameters. These represent a series of increasingly so-
phisticated methodologies, with progressively greater demands on both the
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TABLE I
Asteroid Data from Various Spectral Techniques
No. of Objects Technique
Broad-Band VNIR Color Data
920 UBY filters (see TRIAD index in Part VI)
589 8-color subvwxpz filters (Zellner et al. 1985)
88 JHK filters (Johnson et al. 1975; Chapman and Morrison 1976;

Matson et al. 1977; Leake et al. 1978; Larson and Veeder
1979; Veeder et al. 1982,1983a,b,1984)

Medium-Resolution (1-5%) VNIR Spectra

290 2-beam photometer, 24-filter data (0.33~1.1 pm) (Chapman and
Gaffey 1979; McFadden et al. 1984)
11 1% CVF data (0.6-2.6 wm) (Gaffey 1983,1984; Gaffey and
Ostro 1987; and Gaffey, unpublished)
119 52-color 3% CVF data (0.8-2.5 um) (Bell et al. 1988, and in
preparation)
46 3% CVF data, CGAS and filters (2.5-5 wm) (Lebofsky et al.

1981; Eaton et al. 1983; Feierberg et al. 1985; Cruikshank
and Brown 1987; Jones 1988; Piscitelli, unpublished)

Higher-Resolution (<1%) VNIR Spectra

14 FTS spectra (0.8-2.8 um) (Feierberg et al. 1981,1982)
>75 CCD spectra (0.4—1.0 pm) (Vilas and Smith 1985; Vilas and
McFadden 1989; Sawyer, unpublished)
Mid-Infrared Spectra
19 8-13 pum, 2% resolution (Feierberg et al. 1983; Green et al.
1985; Gillett and Merrill 1975)
31 8-13 wm and 8-24 pum, 10% resolution (Hansen 1976)
Broadband Mid- and Far-Infrared Photometry
1811 12,25,50,100 pm IRAS fluxes (not all channels for all objects)
Albedos
>250 Earth-based mid-infrared photometry (Brown and Morrison
1984, and references therein)
1811 IRAS (large uncertainties for faintest sources)

observational data and the interpretive calibrations. Any particular asteroid
investigation may incorporate several of these techniques in the analysis of a
data set.

Classifications

Classification is the sorting of a suite of available parameters by simple
or sophisticated means. Classification techniques tend to be of two general
types: inclusive (lumpers) or exclusive (splitters). Any data set can be sorted
into a series of classes or pigeonholed, but the relevance of the sorted parame-
ters will determine whether the derived groupings are physically meaningful.
The asteroid color-albedo classes [C, S, M, etc.] have evolved significantly
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over the past decade. The reader is referred to the chapter by Tholen and
Barucci for a detailed review of the origin and evolution of the asteroid tax-
onomic classifications.

With the parameters presently used, the asteroid classes should lump
grossly similar types of materials together and can be used to investigate prob-
lems such as the general patterns of asteroid distribution (Gradie and Tedesco
1982; see also the chapter by Gradie et al.) or the nature of asteroid families
(Gradie et al. 1979; Tedesco 1979; see also the chapter by Chapman et al.).
However, since the classification procedures do not specifically employ com-
positionally diagnostic criteria, the assignment of an asteroid to a class should
not be construed as a compositional interpretation. Although some of the des-
ignations for asteroid classes are compositionally suggestive (e.g., C, car-
bonaceous; M, metallic), the classification of an asteroid as a member of that
type does not actually establish the presence of any particular surface as-
semblage. Moreover, the very nature of the binning process includes diverse
assemblages within the same class. It must be constantly borne in mind that
the classes, while useful for many purposes, may often comprise quite hetero-
geneous groups of asteroid assemblages.

Matching Spectral Curves

The form of an asteroid’s spectral reflectance curve is determined by the
various molecular and ionic absorption features from mineral phases on its
surface. The curve-matching approach involves comparison of the asteroid
spectral curve with a catalog of spectral curves for some reference suite, most
commonly meteorite samples (see, e.g., McCord et al. 1970; Chapman and
Salisbury 1973; McCord and Gaffey 1974; Chapman 1975,1976; Matson et
al. 1976; Miyamoto et al. 1982). This method provides a relatively rapid
identification of possible analogous assemblages. As albedos have become
more available, the matches increasingly have been made to spectral albedo
curves (the wavelength-dependent albedo), a practice which significantly re-
duces ambiguities.

The major uncertainty with this technique lies in the question of just what
constitutes a good match and what such a match really means. This is compli-
cated by the incompleteness of the comparison library. Ideally the comparison
library should include spectra for all materials which might plausibly be found
on asteroid surfaces. The selection should include not only all of the different
mineral assemblages (phase abundances, phase compositions) and petrologies
(particle sizes, petrographic relations, etc.), but also the effects of mixing at
all scales, and the effects of space weathering and regolith processes. The
compilation of a complete library of comparison spectra is probably a trans-
finite task.

Any spectral matching effort quickly runs up against this limit. In the
absence of an ideal comparison library, one has to guess at the significance of
discrepancies between the observational and comparison spectra. A basic un-



ASTEROID SURFACE MINERALOGY 109

derstanding of the various molecular and ionic processes which affect spectral
curves, and of the effects of physical state, space weathering and regolith
processes can provide guidelines for estimating when a deviation between the
observational curve and the comparison curve is significant. These issues are
discussed in more detail by Gaffey and McCord (1978,1979).

Matching Spectral Features

Significant variations in the spectral albedo curve of an assemblage may
arise from variations in physical properties which are of little or no geologic
or cosmologic consequence. The isolation and matching of individual spectral
features exploits a much more direct relationship with the mineralogical and
compositional properties of a surface. For assemblages with well-defined ab-
sorption features, such as the pyroxene bands in Vesta’s spectrum, the inter-
pretation of such features is relatively unambiguous. For overlapping features
such as those found in the spectra of olivine-pyroxene mixtures, there can be
considerably more ambiguity.

Both the curve-matching and the feature-matching approaches require
a catalog of comparison spectra, but the feature-matching catalog can con-
sist primarily of representative samples of plausible mineral suites. The crea-
tion of such a comparison library is thus merely an extremely large, and not a
transfinite, task. However, the feature-matching technique places more strin-
gent requirements on the observational data, which must have sufficient spec-
tral resolution, wavelength coverage and photometric precision to permit
identification of the individual spectral features. The specific requirements
depend on the spectral properties of the surface assemblage, as can be seen
by an examination of Figs. 1 and 2A. For example, narrow features re-
quire higher spectral resolution, while weaker features require higher signal-
to-noise ratios.

Interpretations derived from matching spectral features are less subject to
questions of uniqueness than the curve-matching technique, since the inter-
pretation focused primarily on mineralogically significant parameters. The
spectral-feature-matching technique provides a much more detailed character-
ization, in which the presence and, to some extent, the composition of mineral
phases can be determined. The limitations include the more severe observa-
tional requirements and the omission of species without significant visible and
near-infrared spectral features.

Quantitative Spectral Interpretation

This approach is the logical outgrowth of the feature-matching tech-
nique, and to some extent no sharp boundary can be defined between these
two. The real distinction is the decreased dependence upon the personal ex-
pertise of the interpreter. Instead, specific spectral parameters such as band
area, band position, relative depth, relative slope are quantitatively extracted
from the spectrum by means of a prescribed procedure and these parameters
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are compared to quantitative calibrations of similar parameters developed
from laboratory spectral study of meteoritic and asteroid analogue as-
semblages. For example, the pyroxene composition in the surface material of
Vesta can be determined by correlating the absorption-band positions in
Vesta’s spectrum to the Adams (1974) calibration between pyroxene composi-
tion and band position. The attainable levels of sophistication in the detection
and quantitative characterization of phase abundance and/or composition de-
pend on the sophistication of the available interpretive calibrations and upon
the precision and accuracy with which the appropriate spectral parameters can
be determined for the particular asteroid. :

The requirement for reasonably precise absorption-feature parameters
places significant spectral resolution, wavelength coverage and photometric
precision requirements on asteroid observational data. While the pyroxene
feature might be detectable in relatively noisy or low-resolution data, its posi-
tion would be poorly defined. Useful determination of the diagnostic spectral
parameters requires observational data with both low-noise and moderately
high spectral resolution.

Several improved methods of spectral analysis or spectral feature extrac-
tion have recently been proposed. These include mathematical analysis
(Johnson et al. 1983; Huguenin and Jones 1986) and spectral modeling (Clark
and Roush 1984; Nelson and Clark 1988).

Interpretation of the derived spectral parameters requires appropriate
calibrations, the development of which often involve major laboratory efforts.
The work of Adams (1974) on pyroxene composition, and the work of Cloutis
et al. (1986) on phase abundance in olivine-orthopyroxene mixtures are good
examples of such efforts. A basic calibration also exists for pyroxene-feldspar
assemblages such as found in the basaltic achondrites (McFadden and Gaffey
1978). Each of these quantitative calibrations employs a specific procedure to
extract the appropriate diagnostic spectral parameters from the observational
spectra. Table II outlines these procedures, as well as their attainable accuracy
and limitations, for three of the available interpretive calibrations.

However, in the area of calibrations much remains to be done. Qualita-
tive or semi-quantitative studies of spectral systematics have been carried out
for a number of asteroidally plausible mineral assemblages or physical param-
eters (see, e.g., Adams and Filice 1967; Nash and Conel 1974; Feierberg et al.
1982; Rajan and Gaffey 1984; Roush and Singer 1986; Crown and Pieters
1987; Bell and Keil 1988). But, the need for quantitative interpretive cali-
brations is still very acute. Of particular need for asteroid studies are calibra-
tions for olivine-orthopyroxene-clinopyroxene assemblages, metal-mafic sili-
cate mixtures, feldspar-bearing, magnetite/spinel-bearing, and phyllosilicate-
bearing assemblages. Additionally, although physical properties (e.g., parti-
cle size) generally have only second-order effects on the spectra of meteoritic-
type assemblages, their importance varies with different assemblages and
their specific effects need to be better defined.
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TABLE II
Quantitative Spectral Interpretive Calibrations

1. Pyroxene Composition (Adams 1974)
Primary Spectral Parameter: 1 pm(BI) and 2 pwm(BII) band centers measured relative
to a linear continuum tangent to the maxima in the reflectance curve on either side of
the bands.

Parameters Determined: Molar abundance of Fe(Fs) and Ca(Wo) in pyroxenes.

Calibration: Fs = Fe/(Fe + Mg + Ca) = (BII — 1.78 pm)/0.0036

Uncertainty: *5 to 10%

Restrictions: Ca(Wo) < 10% (orthopyroxenes and low calcium
clinopyroxenes)

Calibration: Wo = Ca/(Fe + Mg + Ca) = (BI — 0.899 um)/0.00154

Uncertainty: *5 to 10%

2. Olivine-Orthopyroxene Abundance (Cloutis et al. 1986)

Primary Spectral Parameter: Relative areas of 1 and 2 wm (bands I and II) below linear
continua tangent to reflectance curve shortwards, between, and longwards of bands.
Band areas in units of reflectance or albedo times wavelength (e.g., from plots with
scales of wavelength and reflectance or spectral albedo).

Parameters Determined: Relative abundance (wt. %) of olivine [Ol] and orthopyroxene
[Opx] in binary mixtures, or when mixed with species not having discrete absorp-
tion features between 0.5 and 2.6 pm.

Calibration: Opx(wt.%) = [Opx/(Opx + Ol)] = 41.7 X [(BII/BI) + 0.125]
Uncertainty: +5% for Opx = 10% to 90%

3. Plagioclase-Pyroxene Abundance (McFadden and Gaffey 1978)
Primary Spectral Parameter: Relative areas of 1 um (band I) pyroxene and 1.25 pm
plagioclase feldspar absorption features. Pyroxene band area below a linear con-
tinuum tangent to relative maxima in curve near 0.7 and 1.5 um. Plagioclase band
area below a fitted pyroxene curve. Band area units in reflectance X wavelength or
albedo X wavelength.

Parameters Determined: Relative abundance (normative or vol. %) of plagioclase
feldspar to pyroxene.

Calibration: Plag/Py (Vol. %) = 3.46 X [(Plag band/Py band) + 0.017]
Uncertainty: +10 to 20%
Restrictions: Derived for basaltic achondrites

Spectral modeling techniques (Nelson and Clark 1988) could signifi-
cantly increase the efficiency of such laboratory calibration efforts, by provid-
ing a means of extrapolating the spectra of assemblages intermediate between
the measured samples. Such models derive the relevant optical constants from
measured spectra of end-member and a few intermediate samples, and then
use those constants to compute the spectra of assemblages with varying abun-
dances of the same phases in similar petrographic relationships. Because of
the complexity of chemical and petrologic relationships in real geologic as-
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semblages, the theoretical spectral modeling techniques compliment but do
not replace the empirical laboratory mixing calibrations. For example, despite
major progress in crystal-field and charge-transfer models of the optical prop-
erties of minerals, there is no reliable means of extrapolating the optical con-
stants between end-members of the solid solution series to the required degree
of precision. Thus, the necessary optical constants must continue to be de-
rived from measured spectra of controlled mixtures or actual samples.

Currently, characterizations of asteroid surface material are limited to the
identification of mafic assemblages, metal-rich assemblages and the clay min-
eral assemblages. Particular molecular absorptions due to hydrocarbons, por-
phyrins, water and OH-bearing phases, and carbonates (CO5) are or should be
present in the spectra of certain asteroids. To date, only the broad water funda-
mental near 3 pm has been unambiguously detected (Lebofsky, 1980; Lebof-
sky et al. 1981; Feierberg et al. 1981; Jones 1988). Cruikshank and Brown
(1987) report that they have identified the 3.4 wm CH-stretch of hydrocarbon
compounds in the spectrum of 130 Elektra.

Quantitative determinations of phase abundance are presently limited to
determinations of pyroxene-phase composition in pyroxene-dominated as-
semblages (e.g., Vesta), and to pyroxene, olivine and feldspar abundances
in olivine-orthopyroxene and pyroxene-feldspar assemblages (e.g., ordinary
chondrites, the silicate component of stony irons and basaltic achondrites).

Overcoming Sources of Uncertainty in Asteroid Characterizations

There are several means of overcoming the limitations of current asteroid
surface-material characterizations. Some are obvious such as expanding the
availability and sophistication of quantitative interpretive calibrations, and in
improved wavelength coverage, spectral resolution and photometric precision
to provide data appropriate to those calibrations. There are two additional
means of improving asteroid surface-materials characterizations that are often
given short shrift. These can be termed problem definition and observational
methodology.

Much of the available asteroid data has been obtained as part of various
spectral survey programs. Such survey data provide a valuable overview of
the asteroid population, but it often is not appropriate to address specific is-
sues. For example, the question of whether S-type asteroids include (or are
primarily) undifferentiated ordinary-chondritic assemblages cannot be ad-
dressed by simply identifying the phases present. The general olivine-
pyroxene-metal assemblage indicated by the S-type spectra is found among
both differentiated and undifferentiated meteorite assemblages. However, a
diagnostic test can be formulated by utilizing the basic definition of “chon-
drite,” which stipulates that the bulk chemistry is fixed within a small range.
The chondritic system has well-defined covariations in the composition
and abundance of the mineralogic phases. This approach was used by Gaffey
(1984) to show that the variation in pyroxene composition relative to the
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olivine/pyroxene abundance ratio was inconsistent with an undifferentiated
assemblage on the surface of 8 Flora.

It is very important to define properly the problem or question being
addressed in an asteroid investigation. As in the example above, the proper
definition of the problem can often provide a means of testing the issues in-
volved. The determination of spectral parameters that are most relevant to
particular issues being addressed is a critical part of problem definition. A
standardized set of measurements will not be appropriate to every problem.
For the Flora example discussed above, the appropriate rotational phase cov-
erage was a critical parameter in establishing the reality and determining the
nature of spectral differences across the surface.

Equally important is the utilization of an instrumental system and obser-
vational methodology appropriate to the determination of the critical spectral
parameters. There may be significantly different requirements for a survey
program vs the problem-oriented investigation of a single object or class of
objects. It is important to realize that no matter how sophisticated any particu-
lar instrument system may be, it is not appropriate to the investigation unless
it can provide data to determine the relevant spectral parameters.

The rotationally resolved spectral-reflectance studies that established the
differentiated, nonchondritic nature of asteroids 8 Flora (Gaffey 1984) and 15
Eunomia (Gaffey and Ostro 1987) took advantage of the fact that the relative
spectral variations of a rotating asteroid can be determined with a very high
degree of precision even though the accuracy of the spectra may be signifi-
cantly lower due to uncertainties in the standard-star spectral-flux calibra-
tions. Such rotational studies effectively use the asteroid itself as a calibration
standard, permitting a comparison of the predicted variability to the observed
variability.

IV. ASTEROID SURFACE MATERIAL CHARACTERIZATIONS

The status of asteroid surface material characterizations at the time of the
1979 Asteroids meeting was reviewed by Gaffey and McCord (1979). The
present discussion concentrates on the advances made since 1979.

The Asteroid Taxonomic Classes

Although the classification of asteroids into the taxonomic groups is not
specifically an interpretative procedure, the classes do have some general
compositional significance. While objects of the same class may not be miner-
alogically similar, objects in different classes are likely to be mineralogically
different.

The general types of meteoritic analogues for each asteroid class are
listed in Table III. These interpretations are derived from analysis of the spec-
tral albedo data of selected members of each class. The compositional homo-
geneity and heterogeneity varies considerably between the individual asteroid
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TABLE III
Asteroid Classes: General Mineralogic Characterizations
and Meteoritic Analogues

Type No.2 Inferred Surface Mineralogy Possible Meteoritic Analogues
A 4 olivine or olivine-metal olivine achondrite or pallasite
B 6 CI1-CM2 assemblages and as-
C 88 hydrated silicates + carbon/ semblages produced by aqueous
F 13 organics/opaques alteration and/or metamorphism
G 5 of CI/CM precursor materials
D 26 carbon/organic-rich sili- organic-rich cosmic dust grains?
P 23 cates? CI1-CM2 plus organics?
E 8 enstatite or possibly other enstatite achondrites
iron-free silicates
M 21 metal (poss. trace silicates) irons (poss. with silicate incl.)
metal + enstatite? enstatite chondrite?
Q 1 olivine + pyroxene + metal  ordinary chondrites
R 1 pyroxene + olivine pyroxene-olivine achondrite
S 144 metal = olivine = pyroxene  pallasites with accessory py.

olivine-dominated stony-iron
ureilites and primitive achondrites
CV/CO chondrites

\% 1 pyroxene * feldspar basaltic achondrites
T 4 possibly similar to types P/D

aThe number of asteroids classified as this type by Tholen (1984).

types. For example, the S type includes a wide range of assemblages includ-
ing (but not limited to) analogues of olivine-dominated stony irons, ureilites,
CV3 and CO3 chondrites (Bell et al. 1987; Bell 1988; see also the chapter by
Bell et al.), and perhaps a small component of ordinary chondrites. Moreover,
the proportions of olivine, pyroxene and metal vary considerably from one
end of the S field to the other on the principal component diagram of Tholen
(1984; see also the chapter by Tholen and Barucci). It is probable that upon
careful examination, similar diversity will be discovered within all of the
larger asteroid classes.

Characterizations of Individual Asteroids

A number of individual asteroids have been studied in detail and rela-
tively unambiguous and sophisticated surface material characterizations have
been derived. Table IV lists these objects along with a brief discussion of
each. Figure 3 shows the normalized spectral-reflectance curves of selected
asteroids, and Fig. 4 shows the spectral albedo curves for the same asteroids.



TABLE IV

Mineralogic Characterizations of Specific Asteroids

Asteroid?

Surface Assemblage and/or History

1 Ceres [G]

2 Pallas [B]

4 Vesta [V]

8 Flora [S]

15 Eunomia [S]

16 Psyche [M]

29 Amphitrite [S]

44 Nysa [E]

113 Amalthea [S]

Phyllosilicate (relatively iron-poor) with magnetite and/
or carbonaceous opaque phase(s) resulting from ex-
tensive aqueous alteration of CI/CM precursor mate-
rial (Gaffey 1978; Lebofsky et al. 1981; Feierberg et
al. 1981).

Similar to Ceres (Gaffey 1978; Lebofsky et al. 1981).

Spectrum (Fig. 3A and 4A) exhibits strong 1 and 2 pm
pyroxene features, with weaker 1.25 pm plagioclase
feldspar absorption. Surface is a pyroxene-plagioclase
assemblage analogous to eucritic basaltic achondrites
over most of surface with several regions of diogene-
tic (feldspar-poor) basaltic material. Minor olivine in
at least one small region (excavated by large im-
pact?). Nearly intact crust of differentiated body
(Gaffey 1983, and references therein).

Spectrum (Figs. 3A and 4B) shows broad shallow 1 and
2 pm absorptions and reddish spectral slope, indicat-
ing metal and olivine with minor pyroxene (ol/px ~
2.8, with considerable abundance variations across
the surface). Present surface represents an internal
metal-enriched shell or mantle-core boundary region
of differentiated parent body with the crust removed
(Gaffey 1984).

Spectrum (Figs. 3A and 4B) indicates metal and olivine
with minor ortho- and clinopyroxene (ol/px ~ 3.4).
Elongated shape appears to sample range of depths
from core-mantle region to crust within a differenti-
ated parent body (Gaffey and Ostro 1987).

Spectrum (Figs. 3A and 4B) exhibits no mafic silicate
features. High radar reflectivity indicates a metallic or
metal-dominated surface. Exposed core of differenti-
ated body (Ostro et al. 1985, and references therein).

Metal with pyroxene (~Fs,,, ~ Wos) and olivine with
(ol/px ~ 0.66). Exposed metal-rich internal shell or
core-mantle region of differentiated body (Bell et al.
1985).

Relatively featureless, high albedo spectrum indicates a
surface dominated by a nonabsorbing, spectrally neu-
tral phase such as enstatite, forsterite or some other
iron-poor silicate. Recent data (Figs. 3B and 4A) in-

dicate a weak 0.85-0.9 pm pyroxene band consistent
with the low-iron enstatite seen in meteorites. Nysa’s
surface is the crust or exposed mantle of a differenti-
ated parent body with E-chondrite bulk composition
(Zellner et al. 1977).

Spectrum (Fig. 3B) shows a strong olivine feature with
weak 2 pm pyroxene absorption. Spectral albedo
(Fig. 4B) is significantly lower than for a nearly pure
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TABLE IV (continued)

Asteroid?

Surface Assemblage and/or History

246 Asporina [A]

289 Nenetta [A]

349 Dembowska [R]

354 Eleonora [S]

446 Aecternitas [A]

1866 Apollo [Q]

olivine assemblage. Surface is dominated by olivine
with minor metal and pyroxene, and may have signif-
icant spatial variations. Assemblage represents the
lower-most mantle region in a highly differentiated
parent body (Gaffey et al. in preparation).

An essentially pure olivine assemblage derived from the
mantle of a well differentiated parent body (Cruik-
shank and Hartmann 1984). IRAS albedo is lower
than expected.

Similar to 246 Asporina (Cruikshank and Hartmann
1984). IRAS albedo is similarly low.

Spectrum (Figs. 3B and 4A) shows strong 1 and 2 pm
pyroxene features. The 1 pm band is broadened to
longer wavelengths-than that of Vesta (Fig. 4A) and
the 2 wm band occurs at shorter wavelengths than in
Vesta. Spectrum indicates a signficant olivine and a
less iron-rich pyroxene and a pyroxene-olivine assem-
blage with little or no metal, probably the silicate res-
idue left by the partial melt extraction of metal from
the upper mantle of an incompletely differentiated
parent body (Feierberg et al. 1980; Veeder et al.
1983 b; Gaffey et al. in preparation).

Spectrum (Fig. 3B) shows a strong olivine feature and a
lower spectral albedo than Amalthea. No 2-pm pyro-
xene feature. An olivine-rich olivine-metal assem-
blage, probably derived from the core-mantle boun-
dary region of a completely differentiated parent
body.

Spectrum and spectral albedo (Figs. 3B and 4B) indi-
cate an essentially pure olivine assemblage derived
from the mantle of a well differentiated parent body
(Bell et al. 1984).

Olivine and pyroxene features. Current spectral albedo
data is indistinguishable from that of an ordinary chon-
drite (McFadden et al. 1985; chapter by Bell et al.).

2Asteroid types in brackets.

V. THE PRESENT ASTEROID POPULATION AS METEORITE

SOURCE BODIES

The relationship between meteorites and the present asteroid population
is subject to considerable controversy. However, during the past decade tele-
scopic spectral studies of the minor planets have provided significant con-
straints upon this relationship, several of which are discussed below.
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Fig. 3. (A and B) Normalized (0.56 um) spectral reflectance curves of asteroids. For purpose of
clarity, the curves are offset vertically from each other by 0.5. Data and sources: [1] Ceres:
ECAS (Zellner et al. 1985) and 52-color (Bell et al. 1988, and in preparation); [4] Vesta:
2-beam photometer and IRCVF (Gaffey 1983, and in preparation); [8] Flora: 2-beam photome-
ter and IRCVF (Gaffey 1984); [15] Eunomia: 2-beam photometer and IRCVF (Gaffey and
Ostro 1987, and in preparation); [16] Psyche: 2-beam photometer (Chapman and Gaffey 1979)
and 52-color (Bell et al. 1988, and in preparation); [44] Nysa: ECAS (Zellner et al. 1985) and
52-color (Bell et al. 1988, and in preparation); [113] Amalthea: ECAS (Zellner et al. 1985);
2-beam photometer (Chapman and Gaffey 1979) and 52-color (Gaffey, February 1988, un-
published); [349] Dembowska: 2-beam photometer (Gaffey, unpublished) and 52-color (Bell et
al. 1988, and in preparation); [354] Eleonora: ECAS (Zellner et al. 1985); 2-beam photometer
(Chapman and Gaffey 1979) and 52-color (Bell et al. 1988, and in preparation); [446] Aeter-
nitas: ECAS (Zellner et al. 1985); 2-beam photometer (Chapman and Gaffey 1979) and 52-
color (Bell et al. 1988, and in preparation).
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Fig. 4. (A) Spectral albedo curves of asteroids: [1] Ceres, [4] Vesta, [44] Nysa, and [349] Dem-
bowska (““+7). Data and sources are the same as in Fig. 3 multiplied by the IRAS albedos. (B)
Same as Fig. 4A for asteroids: [8] Flora, [15] Eunomia, [16] Psyche, [113] Amalthea (offset by
+0.1), [354] Eleonora (offset by +0.1), and [446] Aeternitas (offset by +0.2).

Are the Asteroids and the Meteorite Source Bodies Incongruent Sets?

If, as seems probable, a major fraction of the terrestrial meteorite flux is
derived directly or indirectly (e.g., near-Earth asteroids as intermediate source
bodies) from the asteroid belt, then the relative proportions of various asteroid
and meteorite types indicate that the meteorite flux is both a biased and an
incomplete sample of the materials present in the belt. For example, there is a
discrepancy of a factor of approximately 400 in the ratio of basaltic
achondrites to olivine achondrites in meteorite falls and the Antarctic collec-
tions (about 100:1) compared to the ratio of the V to A types that are their
asteroidal analogues (about 1:4). Since the S asteroids should be contributing
much more to the olivine achondrite flux than to the basaltic achondrite flux,
the actual discrepancy is most probably even greater (see, e.g., Gaffey 1984;
Gaffey and Ostro 1987; see also the chapters by Lipschutz et al. and Green-
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berg and Nolan). Since only the larger main-belt asteroids are well observed
and since our understanding of the fragmentation process is imperfect, the
size difference between the members of the V and A types alone may cause
significant bias (see also the chapter by Bell et al.).

Other assemblages, such as the aqueously altered surface materials of
Ceres and Pallas, or the apparently organic-rich materials of the D- and P-type
asteroids have not been found among the meteorites at all. The rarity of these
inferred weak assemblages can be explained by the atmospheric entry selec-
tion against weak and fast moving meteoroids. The examination of cosmic
dust particles collected at high altitudes helps to overcome this source of bias.
Even allowing for such selection effects, the discrepancies suggest that the
meteorite flux at any point in time is dominated by a relatively few source
bodies. Wetherill (1985) suggests that these favorably located source bodies
are adjacent to the 3:1 Kirkwood gap at 2.5 AU. Greenberg and Chapman
(1983) suggested that the meteorite flux is affected by size and strength con-
siderations, and hence ejection velocity, in the source bodies. A major mete-
orite source from bodies in Earth-crossing orbits has also been invoked, but
since these objects are in short-lived orbits, they too must be regularly re-
plenished from some reservoir.

In any case, it is clear that the meteorites are neither a complete nor a
representative sample of the asteroid assemblages. Any model of meteoritic
sources must incorporate or reconcile this incompleteness. Asteroids do not
contribute equally to the meteorite flux, and some.do not appear to contribute
at all. It is difficult to escape the conclusion that the present asteroid bodies
and the source bodies of the present meteorite population are, to some un-
known extent, incongruent sets. Caution should be exercised since perfectly
valid conclusions drawn from meteorite studies simply may not be relevant to
the observed asteroids, and vice versa.

Where are the Ordinary Chondrite Parent Bodies?

One of the most puzzling aspects of current asteroid investigations is the
apparent absence (or extreme rarity) among the larger asteroids of the belt, of
the ordinary chondrite-like assemblages which dominate the present meteorite
flux. Dynamical models and meteoritical studies would suggest that these
meteorites should derive from a common asteroid type, probably in the region
of the chaotic zone associated with the 3:1 Kirkwood gap at 2.5 AU (Wetherill
1985). The presence of the ordinary chondrite-like Q objects in the Earth-
crossing population provides a set of intermediate source bodies, but leaves
unanswered the question of the original parent bodies.

Several testable solutions to this apparent paradox have been suggested.
One suggestion is simply that the asteroid spectral interpretations are wrong
and that some unknown regolith process is modifying an ordinary chondrite-
type substrate to produce the S spectra. The observational evidence, where it
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shows any preference, overwhelmingly indicates that most of the larger
S-type asteroids must be differentiated. The most carefully studied S asteroids
(Flora: Gaffey 1984; Eunomia: Gaffey and Ostro 1987) are differentiated sur-
face assemblages irrespective of plausible calibration uncertainties or regolith
processes. Moreover, Flora was chosen for study precisely because it had
been identified as the most likely candidate for an ordinary chondrite as-
semblage among eleven S asteroids (Feierberg et al. 1982). There is simply no
observational evidence to support the interpretation that the S types should be
the parent bodies for the ordinary chondrites, although the data does not ex-
clude the possibility of a small component of undifferentiated bodies within
the S population.

Alternate resolutions of the paradox include the model proposed by Bell
(1986; see also the chapter by Bell et al.) in which the post-accretionary heat-
ing mechanism had a lower size cut-off below which objects escaped heating.
The original ordinary chondrite parent bodies would have been somewhat
smaller than the S-type parent bodies and have escaped significant heating.
Being relatively weak, like the silicate crusts and mantles of the proto-S and
proto-M objects, the ordinary chondrite parent bodies would have suffered
significant collisional fragmentation. In this model, the ordinary chondrite
parent bodies would be small (i.e., below current observation limits) inner-
belt objects which now dominate the terrestrial meteorite flux because of a
favorable location, perhaps adjacent to the 3:1 Kirkwood gap or in Earth-
crossing orbits.

Gaffey (1984) suggested two additional models to reconcile the paradox.
For planetesimals subjected to a surface-heating event, an unheated core could
be preserved below a melted and differentiated mantle. The metal-rich surface
layers of some S asteroids could be strong metallic shells protecting ordinary
chondritic cores (Bell’s “armour-deck” model). Complete disruption of such a
body could release a horde (hoard) of small ordinary chondritic fragments.
Such ordinary chondrite assemblages might dominate the smaller size range
of the inner main-belt population.

Gaffey (1984) also suggested that ordinary chondrite assemblages might
be absent from the main belt at any size, and instead were expelled from the
inner solar system by very early dynamical processes to an external reservoir.
Comets are considered to be expelled outer solar system bodies, which are
now returning from such an external reservoir, the Oort cloud. The processes
of dynamical expulsion should not depend upon whether the body is rock or
ice, although the efficiency of expulsion to external reservoirs may vary with
initial heliocentric distance. Subsequent perturbation into orbits with small
perihelia will not depend on material type. Even in the absence of non-
gravitational forces, returning rocky bodies could be captured by Jupiter into
short-period orbits just as cometary nuclei are, or be involved in collisions
with main-belt objects injecting some fraction of their fragments in short-
period orbits.
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The apparent absence of ordinary chondritic assemblages in the main belt
places a strong constraint on the asteroid-meteorite relationship. Any model
for this relationship must reconcile the asteroidal and meteoritic evidence.
The four models described above all attempt to do this by various ad hoc
means. None are as yet generally accepted, but all have the virtue of being
testable.

Incomplete Characterization of the Asteroid Population

Although the characterization of individual asteroids has become both
more reliable and more sophisticated, work has concentrated upon the larger
asteroids. And even for the larger members of the population, our coverage is
incomplete. Almost nothing is known about the compositional nature of the
main-belt population below diameters of about 20 km. It is not known
whether the properties of the smaller main-belt asteroids are, or even should
be, similar to those of the larger asteroids.

The choice of asteroid targets in observational programs is often biased
toward the brighter objects in any particular group or class. Normally this
selects for larger bodies at smaller heliocentric distances. Bias corrections can
be applied to population studies (e.g., the S : C ratio with semimajor axis), but
not to individually characterized objects. There is a possibility of real system-
atic differences between the larger and smaller members of any class. The
variety and range of asteroid assemblages continues to expand as our data
improve.

Asteroids as Meteorite Source Bodies

With the exception of the ordinary chondrites, there are plausible source
bodies for all significant meteorite types in the belt. However, no specific
genetic links have yet been established between individual asteroids and mete-
orite specimens or groups. In terms of diversity of assemblages, the meteorite
flux is dominated by differentiated assemblages. There must be, or recently
have been, at least one inner solar system outcrop for each different meteorite
type. Current observational evidence is consistent with the meteoritic require-
ment for many more outcrops of differentiated assemblages than of un-
differentiated assemblagés.

However, it is important to maintain the distinction between the asteroids
we see today and the parent bodies whose nature and conditions were re-
corded in the meteorites. The regolith processes that produced, and the
xenolithic inclusions that are present within, the ordinary chondritic breccias
provide an early record of some region of the solar system. Care must be
taken in extending the conclusions from that remote time and uncertain loca-
tion to the asteroid belt in the present epoch. The seeming contradictory mete-
orite and asteroid data may simply be different, but basically correct percep-
tions of blindmen feeling different parts of the same elephant.
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VI. ASTEROID PERSPECTIVES ON THE EARLY SOLAR SYSTEM

Quite independently of their uncertain role as the provenance of mete-
orite specimens, the asteroids provide significant constraints on early solar
system processes and conditions. Two such constraints are discussed below.

Thermal Evolution

The first mineralogical analysis of the Vesta spectrum indicated that even
very small bodies could undergo heating sufficiently intense to produce at
least partial melting and magmatic activity. Until recently, it has generally
been assumed that Vesta was an anomaly, and that the variation in asteroid
types from an S-dominated inner belt to a C-dominated outer belt represented
the fossil signature of the compositional gradient in the solar nebula (Gradie
and Tedesco 1982). Recent work has shown that large S asteroids are pre-
dominantly differentiated assemblages and that there was a strong post-
accretionary temperature gradient across the asteroid belt (Gaffey 1984,1988;
Gaffey and Ostro 1987). At the inner edge of the belt (1.8 to 2.0 AU), essen-
tially all of the objects have experienced heating sufficient to produce some
significant degree of melting. The proportion of strongly heated bodies de-
creases almost linearly with semimajor axis to 0% at 3.5 AU.

The small size of plausible asteroid parent planetesimals and the ages of
similar events in the meteorites constrain the heating mechanisms to short-
lived radioisotopes, or to the T Tauri or superluminous periods of solar evolu-
tion. The pattern preserved within the asteroid population may permit specific
identification of the mechanism.

Missing Bits

Collisional models suggest that the present asteroid population is a small
remnant of the original planetesimal population in that region of the early
solar system. The interpretation of the larger S asteroids as the exposed cores
of numerous disrupted differentiated bodies is consistent with such models.
This interpretation also implies the release of a multitude of fragments from
the overlying metal-depleted mantles or surface layers. However, instead of
being very common, the olivine (A-type) and olivine-pyroxene (R-type) as-
teroids are rare. If the smaller members of the present population were derived
from the collisional breakup of larger members, then large amounts of
silicate-rich material derived from these surface and mantle layers have been
removed from the belt. Where has this material gone?

Conversely, the preservation of an intact or nearly intact crustal layer on
Vesta implies that the collisional disruption was dominated by single events,
rather than by cumulative erosion from an evolved population size distribu-
tion. Is Vesta really a unique intact body among the main-belt objects or
should Ceres and Pallas be included in this category? Was their initial large
size combined with chance, the primary determinant of survival?
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VII. FUTURE DIRECTIONS

The ideal means of addressing these questions would be a series of as-
teroid missions to a representative selection of the minor planets either with
sophisticated in situ mineralogic and petrologic measurements or with sample
returns. It seems unlikely that more than a few such missions will be carried
out within the professional lifetimes of most current asteroid scientists.

In lieu of such missions, Earth-based remote sensing will remain our
major source of new information. In particular, visible and near-infrared re-
flectance spectroscopy, given a sufficient level of support, promises to provide
major increments in our understanding of this ancient population and of the
early period in solar system history. Visual and near-infrared spectroscopy is
still within the linear portion of the curve of growth both in terms of its capa-
bilities and in the availability of asteroid targets. The last decade has shown
clearly that each increment in observational capability (e.g., sensitivity, reso-
lution, wavelength coverage, etc.) when coupled with parallel increases in the
sophistication of interpretive calibrations and methodologies has produced a
corresponding increment in the level of our understanding of the asteroids.

VIII. SUMMARY

The asteroids exhibit surface assemblages consistent with their being the
present-day outcrops from which most types of meteorites are chipped. The
irons, stony irons, achondrites, primitive achondrites (e.g., Lodran, etc.),
C(0/V)3 and CI1/CM?2 assemblages have plausible sources in the main belt.
The lack of identified ordinary chondrite parent bodies in the asteroid belt is a
major issue, but several testable, if ad hoc, models have been proposed to
resolve this dilemma.

The asteroids themselves tell of a strong post-accretionary heating event
in the very early inner solar system. They also suggest that a very large
amount of material has been lost from the belt, with preferential depletion of
certain types of assemblages.

Much of the input from the meteoritical, the dynamical and the asteroid
spectroscopy communities is seemingly contradictory. These apparent para-
doxes almost certainly arise from a too narrow perception of the real elegance,
complexity and subtlety of the system. The relationships between asteroids
and meteorites are likely to be less simple, and hence, more interesting than
presently believed. We all have a part of the elephant, but none have the
complete picture.
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Measurement of thermal emission from asteroids, when coupled with a deter-
mination of their visual magnitudes, is a powerful technique for the determina-
tion of asteroid diameters and albedos. In recent years, thanks to stellar
occultations, asteroid thermal models which assume a mature surface regolith
(dusty, with low thermal inertia), have been refined so that model diameters are
now consistent with the occultation diameters. When applied to main-belt as-
teroids the derived diameters now are probably accurate to better than 10%. In
some cases, however, these models have been found to fail for a variety of
reasons. In particular, they fail to characterize the shape, surface roughness,
rate and sense of rotation and maturity of the surface regolith all of which affect
the observed thermal flux. A variety of more sophisticated theoretical models
can be used to determine the importance of the variables. Such models suggest
that Ceres and Pallas, at least, have much smaller thermal inertias than does
the Moon. Thermal polarimetry and spectroscopy can also be used to obtain
physical and mineralogical information about asteroid surfaces.

Infrared observations of asteroids have been used to study a number of
problems in the interpretation of the physical and mineralogical properties of
asteroids. For asteroids, which are illuminated by the Sun, the spectral region
beyond 5 pm is dominated by radiation thermally emitted from the asteroids

[ 128 ]
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themselves. Below 2.5 pm, their flux is dominated by reflected solar radia-
tion, and between 2.5 and 5 pm is a transition region (Fig. 1). The wavelength
where this transition occurs is strongly dependent on the asteroid’s albedo,
solar distance and thermophysical properties.

In this chapter, we discuss the region beyond 5 pm, where thermal emis-
sion dominates. We limit our discussion to wavelengths =< 100 pm. Sub-mm-
and mm-wavelength studies are discussed in a paper by Redman and Feldman
(1989, in preparation), while the radio region is discussed in the chapter by
Webster and Johnston. IRAS observations are discussed in the chapters by
Matson et al., Veeder et al. and Tedesco et al. The model used for the reduc-
tion of the IRAS data, the standard thermal model, is the same as that dis-
cussed in Sec. II below.
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Fig. 1. A comparison of the reflected and thermal flux from two 100-km radius asteroids. (a)
Both asteroids at 1 AU from the Sun, one with a geometric albedo of 0.05 and one with a
geometric albedo of 0.20, typical of C- and S-class asteroids, respectively. While the reflected
fluxes differ, the thermal fluxes are indistinguishable at the scale of this figure. However, the
crossover from reflected to thermal shifts about 0.4 pm. (b) One asteroid at 1 AU and the other
at 5 AU, both with geometric albedos of 0.05. The crossover from reflected to thermal shifts by
about 2.5 pm.
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I. RADIOMETRIC DIAMETER DETERMINATION AND
THERMAL MODELS

Thermal infrared observations of asteroids (5 to 20 wm) have been used
for the determination of asteroid diameters and albedos for nearly two decades
(Allen 1970,1971; Matson 1971a,b). Radiometric diameter determination in-
volves finding a diameter and albedo that will simultaneously match the ob-
served reflected sunlight and thermal emission from an object. A given visual
magnitude can be matched by a large dark object or a small bright one, but the
former will be warmer as well as larger than the latter and so will show much
greater thermal emission. To make the technique quantitative, various as-
sumptions are needed to determine a bolometric albedo from a visual magni-
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Fig. 2. The steps required to determine a radiometric diameter from observations of a body’s
visual and thermal radiation. V(1,0) is the V magnitude corrected to zero phase and to distances
from the Sun and Earth of 1 AU. An initial guess at the model diameter is required, and the
process is iterated until the thermal flux of the model converges on the observed value, using
Newton/Raphson or similar techniques.
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tude and diameter, and a thermal model is required to predict the emission
expected from a body of given size and bolometric albedo. The flow chart in
Fig. 2 summarizes the steps required; each is discussed below.

Three basic models have been developed for the reduction of radiometric
observations: the nonrotating or standard thermal model, the fast-rotating
(rocky or isothermal latitude) thermal model, and the thermophysical model.
As we discuss below, all three models assume a balance of solar insolation
with re-emitted thermal radiation. For simplicity, the asteroid is assumed to be
spherical. This can be generalized in the form

™ /2
wR¥(1 — A)S = meoR? f T4, d)cos ¢ ddpdo (N
- Y—1/2
where R is the radius of the asteroid, A is the bolometric Bond albedo, S is the
solar flux at the distance of the asteroid, m is a normalization constant for
adjusting the surface temperatures to compensate for the angular distribution
of the thermal emission (infrared beaming) so that the correct flux is obtained
at zero phase angle, € is the wavelength-independent emissivity, o is the
Stefan-Boltzmann constant and 7(6, ¢) is the model temperature at longitude 6
and latitude ¢. Figure 3 illustrates the generalized model, with the spherical
asteroid being illuminated by the Sun and rotating about some arbitrary axis.
Tgs represents the subsolar temperature. Note that v has been called B in
previous papers. We have renamed it because, as we shall see below, B is
often used to represent several other parameters, leading to confusion.

The nonrotating and fast-rotating models (Fig. 4) are idealized end mem-
bers of the thermophysical model which assumes certain properties of the
asteroid: rotation rate and direction, pole orientation, and thermophysical
properties of the surface material. Discussions of these models may be found

Fig. 3. Illustration of the generalized thermal model with a spherical asteroid illuminated by the
Sun and rotating about some arbitrary axis.
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TERMINATOR
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Tmox

NONROTATING
(Standard Thermal Model )

(b)

FAST- ROTATING
( Standard Thermal Model )

Fig. 4. Illustration of the two end-member thermal models. (a) The standard thermal (nonrotat-
ing) model, with the temperature dependent only on the solar incidence angle. (b) The fast-
rotating (isothermal-latitude) model, with the temperature dependent only on the distance from
the equator.

in Matson et al. (1978), Morrison and Lebofsky (1979), Lebofsky et al.
1985,1986b and Spencer et al. (1989). We discuss all of these models in detail
below.

II. THE STANDARD (NONROTATING) THERMAL MODEL

The Standard Thermal Model (STM) for asteroids is a simplistic thermal
model that has been evolving over the last 20 yr (Morrison and Lebofsky
'1979; Lebofsky et al. 1986b). Specifically, the model assumes the ideal situa-
tion of a nonrotating spherical asteroid in instantaneous equilibrium with solar
insolation. It also assumes that the asteroid is observed at 0° solar phase angle,
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i.e., the subsolar and sub-Earth points on the asteroid coincide. In reality,
observations are never made at exactly 0° phase, so the observed fluxes must
be adjusted to 0° phase (see discussion below). However, given the uncertain-
ties of telescopic observations, and the usually limited data sets, more sophis-
ticated models have not been warranted for most asteroid observations.

Since the surface is in instantaneous equilibrium with insolation, 7(8,d)
takes the form

_ | Tggcos1/48 cosl4 & if 0 < mw/2
16.4) = { 0 if 0 = 7/2 @

or, because of the symmetry about the subsolar point

_ | Ts5cost4 Q if Q < 7w/2
@ { 0 if Q=m/2 (3)

where Tgg is the subsolar temperature and {1 is the subsolar/Earth angle, i.e.,
the solar zenith angle (Fig. 4a).
Thus, from Eq. (1) we have
1 —A)S |14
a - As ] . 4)

Tss = [ neo

Parameters and Assumptions in the Standard Thermal Model

There are a number of parameters and assumptions that go into the STM
which we now discuss: these are summarized in Table I.

Thermal Phase Coefficient. Matson (1971b) observed that asteroids
had solar phase coefficients B in the thermal infrared that ranged from about
0.005 to 0.017 mag deg~'. Therefore, a mean value of 0.01 mag deg—! has
been used in all standard thermal modeling as a typical phase coefficient to
correct the observed thermal fluxes to the zero phase assumed in the thermal
models. Recently, Lebofsky et al. (1984,1986a,b) showed that in the case of
Ceres, the phase coefficient may be different before and after opposition.
They determined that this was due to the effects of rotation, the so-called
morning/evening effect. We will return to this point later. However, the mean
phase coefficient that they observed was still about 0.01 mag deg—1, as was
the phase coefficient for several other well-observed asteroids (see Fig. 8
below).

Relationship Berween Visual Geometric and Bolometric Bond Albedo.
The relationship between the visual magnitude and the thermal flux is used to
determine the diameter and albedo. The visual magnitude is a function of the
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TABLE I
Parameter Values
Parameter Value Source
M 0.756 Lebofsky et al. 1986
€ 0.9 Lebofsky et al. 1986
p/py 1.0 Morrison and Lebof-
sky 1979

Be 0.01 mag deg™! Matson 1971a,b

N 0.1373 Wem—2 Neckel and Labs 1984
Veoun —26.76 Campins et al. 1985

N (0 mag flux at 10.6 pm) 9.6 X 10717 W cm—2pm~! Rieke et al. 1985
Q (0 mag flux at 21.0 pm) 6.4 X 1078 W em—2pm~! Rieke et al. 1985
Q (0 mag flux at 20.2 pm) 7.5 X 10718 W cm—2pum~! Lebofsky et al. 1986b

asteroid’s diameter and the visual geometric albedo, and the visual solar mag-
nitude. As shown in Egs. (1) and (4), the thermal flux is a function of asteroid
diameter, the bolometric Bond albedo, and the solar flux. The geometric and
Bond albedos are related by the equation

A =pq : )

where p is the bolometric geometric albedo and ¢ is the bolometric phase
integral. All recent thermal models also incorporate the absolute magnitude
system for asteroids adopted by IAU Commission 20 at the November 1985
General Assembly. This system is described in the appendix to the chapter by
Bowell et al. and uses zero phase magnitudes which include the opposition
effect (see the tabulation by Tedesco in Part VI). The magnitude system is
based on an empirical phase function for the scattering of light from solid
surfaces developed by Bowell et al. (see the chapter by Bowell et al.). The
phase function can be used to estimate the bolometric phase integral g

g=029+0.684G (6)

where G is the slope parameter. Since the absolute visual magnitude at zero
phase (within the uncertainty of the lightcurve variation), total radiated flux of
the Sun and g are known or calculable, then the observable thermal flux
uniquely determines the diameter and bolometric geometric albedo of an
asteroid.

Finally, since most reflected light observations are reported in the broad-
band Johnson V filter, while determination of the bolometric geometric albedo
requires knowledge of the entire reflectance spectrum, one other assumption
is generally made
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Pv=rp (7N

where p,, is the magnitude at V (band center at 0.56 pwm). This simplifying
assumption leads to errors in the determination of A that are only a few per-
cent (Hansen 1977) and small in comparison to the other uncertainties that go
into the determination of A.

The Factor 1

The STM does not predict accurately the thermal emission from solar
system objects of known size, unless the beaming factor m is included. As
shown by Eq. (4), m is effectively an adjustment to the subsolar temperature
T, it was first introduced in that form by Jones and Morrison (1974). 7 is
needed for two reasons: (1) no real rotating asteroid radiates all its heat on the
day side, as the STM (without m) assumes, and (2) individual points on the
surface radiate their heat preferentially in the sunward direction, and not iso-
tropically, again as the STM assumes.

The anisotropy of thermal emission was first noticed on the Moon by
Petit-and Nicholson (1930). The disk-integrated flux from the full Moon is
enhanced due to a combination of two effects: first, the subsolar brightness
temperature as seen at low phase angles is enhanced compared to the calcu-
lated equilibrium surface temperature for vertical solar incidence, and second,
the brightness temperature away from the subsolar point falls off towards the
limb more slowly than the cos!/4 {) dependence expected for equilibrium tem-
peratures, so that brightness temperatures toward the limb are even more en-
hanced than subsolar brightness temperatures (Saari and Shorthill 1972;
Mendell and Lebofsky 1982). Both these effects are reproduced more or less
successfully by a rough-surface thermal model: depressions are warmer than
their surroundings because they receive thermal radiation and scattered sun-
light from the surrounding walls as well as direct solar radiation, and they
radiate their heat preferentially in the sunward direction (Winter and Krupp
1971; Spencer 1989). Because the Moon’s rotation period is so long, these
presumed roughness effects are the dominant cause of departures from the
equilibrium temperatures on the Moon, and the above-mentioned effects of
rotation are negligible. Asteroids, on the other hand, rotate much more
rapidly, and the emission from the night side has a potentially important influ--
ence on 7} (Hansen 1977, Spencer et al. 1989), a fact that has sometimes been
forgotten.

The factor n modifies the STM by multiplying surface temperatures by
the factor n—1/4. The total sunward thermal emission is increased by 1/m (Eq.
1), but because of the nonlinearities of the Planck curve, the increase at any
given wavelength is a more complex function of . For a smooth, nonrotating
body, n = 1.0. Surface roughness tends to decrease m by enhancing the
sunward emission, and rotation of a body with nonzero thermal inertia in-
creases .
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The key to radiometric diameter determinations is the equating of the
solar flux intercepted by the body with the sum of its reflected and thermally
radiated fluxes. Asteroids are generally dark objects, and most of the flux they
intercept (97% in the case of Ceres, for which A=0.03) is absorbed and re-
radiated thermally rather than reflected. It is therefore more critical to model
accurately the total thermal emission than the total reflected flux, and most of
the uncertainty in asteroid radiometric diameters is due to uncertainty in 1 and
B rather than in p/p,, or q.

It should be emphasized that the beaming factor v is applicable only for
zero solar phase angle. Since flux is enhanced at low phase angles, energy
conservation requires that it must decrease with increasing phase angle at a
rate faster than predicted by Lambertian emission models. This is where the
thermal phase coefficient B fits in. The Lambertian model predicts a fall off
of only about 0.002 mag deg~!, but what is observed is about 0.01 mag
deg—1. Thus, the greater fall off in flux with phase angle should eventually
compensate for the enhanced flux used at zero phase. Clearly, this is not an
ideal model, but it does appear to be valid out to at least 20° phase.

Attempts to Determine m

Early attempts to determine the appropriate value of m for asteroids, for
the purpose of diameter determinations, are summarized in Morrison and
Lebofsky (1979). Typically, a value of m was chosen that yielded the correct
diameters for the Galilean satellites, or gave asteroid diameters consistent
with polarimetric determinations (see, €.g., Jones and Morrison 1974). Others
(Hansen 1976,1977) used theoretical arguments to determine the appropriate
choice of m. The consensus in 1979 was that } = 0.85 to 0.90 was appropriate
for normal asteroids, though exceptions were known (see Sec. III below).

Since 1979, there have been two attempts to improve the calibration of
asteroid radiometric diameter determinations, using the occultation diameters
of various asteroids. Though initial comparisons of radiometric and occulta-
tion diameters were made by Morrison and Lebofsky (1979), the first detailed
effort to use occultation diameters for calibration was made by Brown et al.
(1982), using the asteroids Pallas and Juno, as well as the Galilean satellite
Callisto. Their approach was not to determine m directly but to define an
adjusted 10- and 20-p.m flux for a zero-magnitude object F'y, so that when the
observed asteroid magnitudes are converted into fluxes using this zero point,
the fluxes agree with the predictions of the standard thermal model with the
assumption of m = 1.

The advantage of this approach is that it sidesteps any uncertainty in the
absolute 10- and 20-pm calibration (as expressed by the true flux for a zero-
magnitude object F,,). Errors in the absolute calibration will not affect diame-
ters determined using the Brown et al. technique, provided that their magni-
tude system is used. At a particular wavelength, the ratio of the actual to the
(standard) model flux is given by F,,/F",, s0 F'y, can be related to the actual
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sunward enhancement of asteroid thermal emission (v), if Fy, is known. A
limitation of the approach is that it cannot easily be generalized to other wave-
lengths, for instance the wavelengths of the IRAS asteroid data. Table II in-
cludes a summary of the Brown et al. flux enhancement factors. Spencer et al.
(1989) have taken the thermal observations of Brown et al. (1982) and
Lebofsky et al. (1986b) (discussed below) and re-reduced them using im-
proved parameters where appropriate. Table II also shows the results of the re-
reduction, in the form of both flux ratios and m values so that the two sets of
observations can be compared.

The second attempt to use occultation diameters to calibrate radiometric
diameter determinations was that of Lebofsky et al. (1986b). They used the
absolute calibration of Rieke et al. (1985) and determined the value of m that
resulted in radiometric diameters for Ceres and Pallas in agreement with the
observed occultation diameters. Table II compares their results with those of
Brown et al. It is interesting to note that Brown et al., who expressed their
results in terms of flux enhancement at each wavelength, determined a very
similar flux enhancement at 10 and 20 p.m for each object, while the data of

TABLE II
Comparison of Standard Thermal Model Calibrations
10 pm 20 pm
F/F, » mn F/F, 2 mn

Workerse Object Orig.® Recal.c Orig. Recal. Orig. Recal. Orig. Recal.
Brown et al. 1 Ceres — 1.45 — 079 — 1.52  — 0.59
(1982) 2 Pallasd 1.43 1.60 — 073 142 1600 — 0.55
3 Juno 1.48 1.46 — 076 144 143 — 0.61
J,y Callisto 1.43 1.37 — 087 137 134 — 077
Lebofsky et al. 1 Ceres — 1.53 075 075 — 136 — 0.69
(1986b) 2 Pallas — 1.60 0.77 074 — 141 — 0.68

Spencer rough-surface  1.41 0.80 1.22 0.78

(1989)F model

aF/F is the observed flux ratioed to the flux from the standard thermal model with the assumption n = 1.0.

®These columns refer to values given in the original publication (or in the case of Brown et al. 1982, obtained
by ratioing the given Fy, values to the 0-mag fluxes of Ricke et al. 1985, correcting for the difference in
magnitude system).

<These columns refer to values recalculated from the observed magnitudes by Spencer et al. (1989), using
improved values for diameter and albedo where appropriate.

dThe large difference between the original and recalculated values for the Brown et al. Pallas observations is
due to an error in the solar phase angle in their original calculations.

¢The absolute 10- and 20-pm calibration of Rieke et al. (1985) is assumed throughout. Brown et al. data are
converted to the Rieke magnitude system using the difference in assumed magnitudes for « Boo. Wave-
lengths are 10.0 and 20.0 pm throughout except for the Lebofsky et al. data, which use 10.6 and 20.2 pm.

fThe Spencer (1989) rough-surface model assumes a thermal inertia of 3 X 104 erg cm~2 =12 K~1, an
albedo of 0.0, and a surface entirely covered in hemispherical depressions (rms slope = 49°), at 3.0 AU
from the Sun.
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Lebofsky et al., who expressed their results in terms of a temperature enhan-
cement (which is what 1 describes), shows a more similar 7 (and therefore a
different flux enhancement) at each wavelength. However, the two methods
are in broad agreement at 10 wm, and indicate larger sunward flux enhance-
ments (smaller values of m) for typical asteroids than was supposed when
Asteroids (Gehrels 1979) was published. The largest tabulated 10-um 7 is for
Callisto, and probably indicates a real difference in thermal properties be-
tween this large, icy, slowly rotating satellite and typical asteroids. This un-
derscores the dangers involved in using objects other than asteroids to
calibrate asteroid radiometry. At 20 wm, the situation is more uncertain and
the values of m or F/F, determined from the Brown et al. and Lebofsky et al.
data for the same objects differ significantly. This is probably due to the
greater uncertainty in both absolute calibration and the relative magnitudes of
standard stars at 20 pm.

Lebofsky et al. (1986b) averaged their 10-pum m values for Ceres and
Pallas to obtain a mean value of 0.756 = 0.014. Because m represents a
temperature adjustment, there is some physical justification for assuming that
a similar value applies over a large wavelength range, and the rough-surface
thermophysical model of Spencer (1989) predicts little variation in m with
wavelength, as shown by the sample result in Table II. The value of 0.756 was
assumed to apply at IRAS wavelengths and was used for determination of the
diameters in the IRAS asteroid catalog. However, note that even the Lebofsky
20-p.m data, as re-reduced by Spencer et al. (1989), shows n values of 0.69
and 0.68, significantly smaller than the 10-m value. Recent results for Ceres
have cast doubt on its suitability as a standard for radiometric diameter deter-
minations. In the IRAS data set (see the chapter by Matson et al.), Ceres is
anomalous when derived diameters at different wavelengths are compared.
Also, the work of Ostro (see his chapter) has shown that most asteroids have
higher radar reflectivities than does Ceres. Radar reflectivity increases with
regolith compaction and metal content, both of which will increase thermal
inertia, so Ceres may have atypical thermal properties.

A further potential problem with using any asteroids as calibration ob-
jects is that their spin-axis orientations and thermal inertias are rarely known
with any accuracy. This is discussed in the upcoming section on thermophysi-
cal modeling.

III. OTHER THERMAL MODELS

The question of the generality of the standard thermal model and its
associated value of m is difficult to tackle observationally, because we have
accurate occultation diameters for only a few asteroids, and for these only at a
few select cross sections. Some small Earth-approaching asteroids show ob-
vious deviation from standard behavior, and sufficiently detailed observations
of a few asteroids such as Ceres also show emission inconsistent with the
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standard model. Departures from standard-model behavior will result in sig-
nificant errors in the radiometric diameters so derived. Theoretical thermal
models that relax some of the assumptions of the standard model can be used
to test the generality of the standard model, and to deal with the special cases.
These topics are discussed next.

" Ellipsoidal Shape

Brown (1985) explored the effects of nonspherical shape on asteroid ther-
mal emission. He calculated the ratio of the thermal flux from an ellipsoidal
asteroid to that from a spherical body with the same instantaneous projected
area, assuming the standard thermal model. The flux ratio varies wildly de-
pending on the shape and orientation of the ellipsoid, but for approximately
spherical bodies, the deviations are relatively small. For instance, at 2.5 AU,
if a spherical asteroid is assumed to have m = 1, then an ellipsoidal body with
axial ratios a/b = 1.5, ¢/b = 1.0, and the a axis pointed at the observer and
the Sun, will have a flux ratio ellipsoid/sphere of ~0.77 at 10 um and 0.85 at
20 pm, yielding n = 1.19 and 1.23, respectively. Because the effects of
nonsphericity are different at 10 and 20 pm, discrepant 10- and 20-pm diame-
ters for an asteroid may be one indicator of an aspherical shape.

The Fast-Rotating (Isothermal-Latitude) Model

For small, Earth-approaching asteroids, the standard thermal model
sometimes gives albedos which imply compositions inconsistent with those
inferred from visual spectroscopy. In all cases, the model albedos are high by
as much as a factor of two over the albedos expected from the spectrally
determined compositions (Lebofsky et al. 1978,1979). The derived albedos
are more consistent with the other data if a fast-rotating thermal model is
used.

The fast-rotating model differs from the standard thermal model in that it
assumes the extreme case of a spherical asteroid whose surface is extremely
rocky (high thermal inertia) and/or executes relatively rapid rotation, and/or
is very cold. Such an object has a very large thermal parameter ® as defined in
the following section. This results in a temperature distribution that is isother-
mal in longitude (temperature constant through the day and night) and de-
pends only on latitude, so the model is also called the isothermal-latitude
model. If the Sun is in the equatorial plane, temperature decreases with lati-
tude due to the decreased solar insolation

T(8,0) = Tyax cosl/* b )

where

Tynx = | =8 ] ©

TET
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(cf. Eq. 4 and Fig. 4b). There is assumed to be no beaming due to roughness,
as supported by the models of Spencer (1989) which show that the thermal
effects of roughness disappear for very large ©.

The Thermophysical Model

In reality, most asteroids probably lie somewhere between the two ex-
treme cases just discussed. The appropriateness of the equilibrium (STM) or
isothermal-latitude models can be described by the thermal parameter ®
which is defined by

zr\/E;

eaT3

(C]

10)

(Spencer et al. 1989). I is the thermal inertia, w the angular velocity of rota-
tion and 7 is the subsolar equilibrium temperature, from Eq. 4 with ) = 1.
For the standard thermal model, where temperatures are always in equilibrium
with sunlight, ® = 0; ® — o for the isothermal-latitude model. Values of ®
between about 0.1 and 10.0 are poorly described by either model, and a ther-
mophysical model, which numerically calculates the diurnal flow of heat be-
tween the surface and subsurface, is required. For the Moon, ® = 0.025, but
® = 1.04 for Ceres if it has the Moon’s thermal inertia, because of its lower
temperature and much faster rotation. Thermophysical models are thus likely
to be necessary to understand the thermal emission of many asteroids.

Spencer et al. (1989, Appendix) describes the simplest form of ther-
mophysical model in detail. The model numerically solves the one-
dimensional thermal-diffusion equation with the surface boundary condition
determined by the diurnal variations in insolation, and assumes constant ther-
mal parameters with depth and temperature, and absorption of all insolation.at
a smooth surface with albedo independent of solar incidence angle. Relaxa-
tion of any of these assumptions produces more complex and potentially more
realistic models (see, e.g., Winter and Saari 1969; Brown and Matson 1987;
Spencer 1989).

The thermophysical model was first discussed by Matson (19715). Ther-
mophysical models were next applied to observations of the Apollo asteroid
Eros (Morrison 1976; Lebofsky and Rieke 1979). Lebofsky et al. applied a
similar model to infrared observations from 10 to 1100 pm of asteroid 10
Hygiea, but the data were not of sufficiently high quality to distinguish be-
tween a thermal inertia of zero and the lunar value.

Spencer et al. (1989) give a detailed description of the effects of @ on
thermal emission for spherical bodies, as determined by a numerical ther-
mophysical model. One important result is that spin-axis orientation should
have a significant effect on thermal emission unless © is very small. If the spin
axis points at the Sun, temperatures are always in equilibrium with sunlight,
regardless of ©. However if the Sun is in the equator, there is significant
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nightside thermal emission, and daytime thermal emission decreases with in-
creasing @. As a result, the sunward thermal emission from an asteroid whose
spin axis is not perpendicular to its orbit should vary around the orbit. How-
ever, the data so far available show no such variations. Figure 5 shows the
beaming parameter m for Pallas as a function of subsolar latitude, using the
pole orientation from Magnusson (1986). The lack of variation in emission
with subsolar latitude is most easily explained if Pallas has a thermal inertia
20% of the lunar value or smaller. The situation for Ceres is very similar,
though the pole position is less reliable. If most asteroid thermal inertias are
this small, the STM is more nearly appropriate for modeling the thermal emis-
sion of asteroids, and the effects of spin-axis orientation are reduced. Note,
however, that the thermal inertia of the asteroid-like Martian moon, Phobos is
similar to the Earth’s Moon (Lunine et al. 1982).

Another implication of the thermophysical models of Spencer et al.
(1989) is that because of the 73 term in the expression for @, bodies at large
distances from the Sun radiate a larger percentage of their flux from the night
side, resulting in reduced sunward thermal emission and thus smaller radi-
ometric diameters than otherwise identical warmer bodies at smaller helio-
centric distances. Standard radiometric methods are thus subject to a
systematic bias, in that the diameters of distant, cold asteroids such as the
Trojans tend to be overestimated (Fig. 6). For instance, a 50-km diameter
Trojan at 5.2 AU with a 10-hr rotation period, a thermal inertia of 1X10* erg
cm~2 s—1/2 K~1 (the value for Ceres suggested by Spencer 1989), an albedo
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Fig. 5. Observed STM beaming parameter v for Pallas as a function of subsolar latitude, assum-
ing the pole of Magnusson (1986): filled squares from Lebofsky et al. (1986); open squares
from Brown et al. (1982). Also shown is the variation expected from a thermophysical model
with thermal inertias of 1, 2, 5 and 10 X 10# erg cm~2 s~V2 K1, and assuming a surface
roughness equal to the lunar value. A thermal inertia much lower than the lunar value of 5 X
10# is suggested for Pallas (figure from Spencer et al. 1989).
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Fig. 6. The error in radiometric diameter as a function of distance from the Sun R, for various
assumed thermal inertias, an albedo of 0.03, a 10-hr rotation period, and the Sun in the equa-
torial plane. This is derived from a smooth thermophysical model with a roughness correction
that assumes lunar surface roughness (see text). Results are shown for wavelengths of 20 and
10 pm. For each wavelength, the five curves, from uppermost to lowermost, refer to thermal
inertias of 1, 2, 5, 10 and 20 X 10 erg cm~2 s~¥2 K~ 1. Depending on thermal inertia, there
are likely to be considerable systematic errors in diameters and albedos determined by standard
radiometric methods, especially as a function of AU (figure from Spencer et al. 1989).

of 0.030 and a subsolar latitude of 0° would yield a diameter of 45 km and an
albedo of 0.038 using standard radiometric techniques at 10 pm, and 47 km
and 0.034 at 20 wm. If the Trojan had a lunar thermal inertia of 5 X 104, the
10-pm diameter and albedo would be 30 km and 0.09, and the 20-pum values
would be 38 km and 0.053. Unfortunately, as can be seen from this example,
it is difficult to quantify and thus correct for the bias as it depends so much on
the assumed thermal inertia, which as discussed previously is poorly known
for asteroids.

Rough-surface Thermophysical Models

None of the above models include the effects of surface roughness
which, as discussed above, tends to increase the sunward thermal emission
from an asteroid. Hansen (1977) modeled temperatures on a rough surface
and the consequent thermal emission from a rough asteroid, but he did not
consider simultaneously the effects of thermal inertia, and had to make non-
physical assumptions about the global temperature distribution. Recently,
Spencer (1989) has constructed a more general asteroid thermal model which,
like Hansen’s, calculates temperatures on a surface covered in spherical-
section indentations and thus attempts to model physically the sunward beam-
ing of the thermal radiation, but which also includes the effect of thermal
inertia and multiply scattered sunlight. The model calculates the value of m



RADIOMETRY AND THERMAL MODELING 143

required in the STM to obtain the same sunward flux, for various combina-
tions of surface roughness, obliquity and the thermal parameter ©. This value
of m is used as a measure of the model thermal emission. The most important
simplification of this model is the assumption of a spherical asteroid, so it is
complementary to that of Brown (1985).

Figure 7 summarizes some results, showing that the calculated value of m
varies greatly with surface roughness and ®. However, 7 varies little with
surface albedo for fixed roughness and ®. The thermal emission from the
Moon requires an rms slope of about 40° at cm or larger scales according to
this model. If Ceres has the same roughness as the Moon, Ceres’ observed
10-pm m value of 0.76 (Lebofsky et al. 1986b) implies a thermal inertia much
smaller than the Moon’s, consistent with the lack of variation of emission with
subsolar latitude discussed in the thermophysical model section.

The rough surface model can for the first time, also model the variation
in asteroid thermal emission with solar phase angle. Figure 8 shows a fit by
Spencer (1989) to the thermal phase curve for Ceres obtained by Lebofsky et
al. (1986b). The difference in the thermal emission of Ceres before and after
opposition is matched with a rough-surface thermophysical model that has
prograde rotation and thermal inertia 20% of the lunar value. This is consis-
tent with the other evidence for very low thermal inertias already mentioned
(the small m values and lack of variation in emission with subsolar latitude)
but it provides a measurement of the thermal inertia rather than just an upper
limit.
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Fig. 7. Beaming parameter m as a function of thermal parameter ® and rms slope, from the
Spencer (1989) rough-surface thermophysical model. Subsolar latitude and albedo of zero are
assumed. Dots show the points at which the model was run to generate the contours. Note that
the @ axis is logarithmic for ® > 1.0 and linear for ® < 1.0.



144 L.A. LEBOFSKY AND J.R. SPENCER

T T T T T T
T T T
s ~O . s
w1 AN
< . RN
= g AN
C N
S 2F s
b ] { —
< RO Matson (1971) -
et ~—— Smooth Thermophysical >
3 Rough Thermophysical an
I - STM N

- = Ceres: Lebofsky (1986)

C_ 1 | ] 1 1 ] 1 ] L]

-20° 0° 20°
Solar Phase Angle

Fig. 8. Rough thermophysical model fit to the 10-wm phase curve of Ceres. The vertical axis
shows the difference in 10 wm magnitude from zero phase. Data are from Lebofsky et al.
(1986b), corrected to uniform geocentric and heliocentric distance. The rough thermophysical
model has an rms slope of 44°, prograde rotation about an axis normal to the orbital plane, and
a thermal inertia of 1 X 10 erg cm=2 s~12K~1. The smooth thermophysical model is similar
but with a smooth surface; STM is the standard thermal model (zero thermal inertia), and
(Matson 1971) refers to the standard empirical thermal phase curve of 0.01 mag deg~! (figure
from Spencer 1989).

IV. OTHER THERMAL OBSERVATIONAL TECHNIQUES
Distinguishing the Effects of Shape and Albedo

The visual lightcurves of asteroids can be caused by one of two effects
(or a combination of both): nonspherical shape or albedo spots. Thermal in-
frared measurements, when coupled with visual or near-infrared reflected
measurements of the lightcurve, can be used to discriminate as to whether its
variations are due to shape or albedo. A spotted, spherical asteroid will have
reflected and thermal lightcurves that are out of phase. At reflected wave-
lengths, maxima occur when high-albedo areas are visible, while minima oc-
cur when dark areas are in view. Conversely, in the thermal infrared, maxima
occur when warmer dark areas are visible. However, if the lightcurve is due to
nonspherical shape, both the reflected and thermal lightcurves will be in
phase, peaking when the largest cross section is presented. For asteroids 433
Eros (Lebofsky and Rieke 1979) and 624 Hektor (Hartmann and Cruikshank
1980), the reflected and thermal lightcurves are distinctly in phase, implying a
varying cross-sectional area (nonspherical shape). More recently, Lebofsky et
al. (1988) investigated a model which implied a spotted surface for Herculina
(Taylor et al. 1987). Lebofsky et al. modified the STM to account for a spotted
surface, and this model predicted out-of-phase thermal and reflected light-
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curves. However, they observed in-phase lightcurves, demonstrating that the
lightcurve was due to shape, not albedo spots.

Thermal Polarimetry

This is a relatively unexplored technique which shows some potential.
Surface thermal emission in directions away from the local surface normal is
polarized, to a degree that depends on the emission angle, the surface rough-
ness and the dielectric constant. The disk-integrated emission from a nonrotat-
ing body seen at zero phase is unpolarized, by symmetry, but if the object is
rotating, the warmest region moves into the afternoon, away from the subso-
lar point, and is no longer seen with zero emission angle. The disk-integrated
emission, dominated by the warmest region, thus becomes polarized, and by
observing at several different epochs, it is possible to determine both the pole
orientation and the thermal inertia. So far, this has only been done for Ceres,
by Johnson et al. 1983, who gave the first estimate of Ceres’ pole position and
sense of rotation, and also determined that the thermal inertia is similar to the
Moon’s. However, this pole position and thermal inertia are inconsistent with
the thermal observations of Ceres by Lebofsky et al. (1986b), as interpreted
by Spencer et al. (1989) and discussed in the previous section on ther-
mophysical models. Also, Millis et al. (1987) show lightcurve evidence that
the pole position of Ceres is almost normal to its orbit, not highly inclined as
the Johnson et al. polarimetry suggests. However, if these conflicts can be
reconciled, the technique may eventually prove useful in determining asteroid
pole positions and thermal inertias.

Thermal Spectroscopy

Thermal radiation carries compositional as well as temperature informa-
tion, in the form of discrete spectral features resulting from variations in emis-
sivity with wavelength. The Moon shows emission features in the 10-pwm
region due to silicates (Murcray et al. 1970), and extensive laboratory mea-
surements have investigated the dependence of thermal-emission spectra on
composition, surface structure and surface temperature distribution (see, e.g.,
Conel 1969; Salisbury et al. 1987). However, the only published observations
of discrete features in asteroid thermal-emission spectra have been those of
Feierberg et al. (1983). They observed six main-belt asteroids and found prob-
able silicate emission features in the spectra of two of them (19 Fortuna and 21
Lutetia) centered at 10 and 11 wm, respectively. The spectra of the others (11
Parthenope, 14 Irene, 349 Dembowska and 64 Angelina) were featureless to
within the precision of the observations. Lutetia is an M type and the presence
of the silicate feature rules out a pure metal-surface model for that body. There
therefore appears to be some useful compositional information in thermal-
emission spectra of asteroids, and there is room for much more work in this
area.
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V. SUMMARY AND CONCLUSIONS

Thermal models of asteroids have come a long way over the past two
decades. From the early models that ignored (or at least avoided) many of the
physical properties of asteroids have come more sophisticated models that
more closely represent physically realistic asteroid models. In many ways
even these new models still represent simplifications, but more and more they
are helping us understand the true nature of asteroids and their surfaces.
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PRECISE MEASUREMENT OF ASTEROID SIZES AND SHAPES
FROM OCCULTATIONS
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Occultations of stars by asteroids provide opportunities to measure asteroid
dimensions with an accuracy not currently achievable in other ways from Earth-
based observatories. During the past decade, significant progress has been
made in the identification, prediction, and observation of asteroid occultations.
As a result, several such events have been well observed, and important infor-
mation concerning the size, shape, density and internal structure of asteroids
has been learned. Prospects for continued effective application of the occulta-
tion technique to asteroid studies are good, but additional properly equipped
observers would be helpful.

I. INTRODUCTION

Precise measurement of the size and shape of an asteroid is one of the
more challenging tasks confronting groundbased astronomers. The angular
diameter of the largest minor planet never exceeds 0.84 arcsec, a value com-
parable to the seeing disk at even the best observing sites; most asteroids
subtend significantly smaller angles. Consequently, direct diameter measure-
ments made with filar micrometers or similar devices have been published for
only a few asteroids (Dollfus 1971), and these were admittedly very inaccu-
rate. Given that useful measurements of the dimensions of asteroids and other

[ 148 ]



ASTEROID OCCULTATIONS 149

small solar system bodies are not possible using classical methods, indirect
techniques based on polarimetry (see the chapter by Dollfus et al.) and in-
frared radiometry (see the chapter by Lebofsky and Spencer) were devised.
Both methods have been widely applied to asteroids, but the accuracy of the
resulting diameters depends on the validity of the assumptions inherent in
each. Speckle interferometry also has been used to measure the size and shape
of a few asteroids (see the chapter by Drummond and Hege). This method
appears to hold significant promise, but the processing of speckle data is com-
plex, and an objective assessment of the uncertainties in the resulting size
determinations is difficult at present. The same is true of diameter determina-
tions based on radar data (see Ostro’s chapter).

There is an additional way of measuring directly the dimensions of an
asteroid which requires few assumptions, is capable of very high accuracy,
and can be carried out with modest instrumentation. This method, which is
the subject of this chapter, is based on observation of occultations of stars by
asteroids. In the course of such a chance passage of a minor planet across an
observer’s line of sight to a distant star—which, incidentally, is a common
occurrence (see Millis and Elliot 1979)—the asteroid will be seen to approach
the star, block it from view for a time, and then move away on the other side.
By simply measuring the time interval during which the star is occulted, one
can easily calculate the length (in linear, rather than angular, units) of one
chord across the asteroid. Because of horizontal parallax, observers at differ-
ent locations in general will see the star pass behind different portions of the
asteroid. With enough appropriately located observers, one can map the ap-
parent limb profile of the asteroid as closely as desired.

While the applicability of occultation observations to measurement of the
dimensions of asteroids was understood as early as 1952 (Taylor 1962), sig-
nificant success in actual use of the technique was slow in coming. In the early
years, predictions realistically could be made for only a fraction of the poten-
tially observable occultations. Furthermore, observers were not yet well orga-
nized and equipped, and reliable methods of predicting the location of the
narrow stripe across the globe, within which a particular occultation would
occur, had not been worked out. Between 1952, when Taylor began issuing
occultation predictions, and the end of 1974, only three asteroid occultations
were observed: one by Juno and two by Pallas. None of the three had suffi-
cient observational coverage to permit determination of more than lower
limits on the diameters of these objects. In 1975 a widely publicized occulta-
tion by 433 Eros was seen by eight observers (O’Leary et al. 1976), but the
uncertainty in these visual timings was too great to permit other than a crude
measurement of the figure of this small, fast-moving body.

The potential of the occultation technique for measuring asteroid dimen-
sions was finally realized in May 1978, when Pallas occulted SAO 85009
(Wasserman et al. 1979). That occultation was observed photoelectrically at
six sites on the ground and from the Kuiper Airborne Observatory. Based on
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these observations, it was possible to determine the dimensions of Pallas’
apparent profile with an uncertainty of less than 2%, which, in turn, permitted
the asteroid’s density to be computed with sufficient accuracy to be interest-
ing. The successful observation of the Pallas occultation and nearly contem-
poraneous reports by occultation observers of possible minor planet satellites
(see, e.g., Bowell et al. 1978) resulted in greatly heightened interest in as-
teroid occultations. The state of this research area at the time of the 1979
Tucson Asteroids Conference was reviewed by Millis and Elliot (1979). Here
we will emphasize primarily developments which have occurred in the inter-
vening years.

II. OCCULTATION PREDICTIONS

Star Catalog Searches

The most common means of identifying upcoming occultations of stars
by asteroids has been comparison of asteroid ephemerides with the positions
of stars given in star catalogs. As noted before, this work was initiated by
Taylor, who carried it on virtually single-handedly for nearly three decades.
Initially, the comparison was necessarily done by hand, a painstaking and
time-consuming task. With the advent of electronic computers, the process
could be automated and, as a result, occultation searches have been steadily
expanded to include more asteroids and larger star catalogs. A recent search
conducted by Wasserman et al. (1987), for example, is complete for all num-
bered asteroids (within certain constraints on angular diameter) and spans a
composite star catalog containing 326,000 stars. Complementary searches
have been performed by Goffin (1988) and others. Because of these vastly
extended searches, one can say with confidence that virtually all occultations
of stars in the major astrometric catalogs (SAO, AGK3, Perth 70 and Lick-
Voyager) are being identified with adequate time for planning observations.
Dunham (1988) has extended the searches to fainter stars in the astrographic
catalogs, but the accuracy of these predictions is degraded by the lack of
proper motions and the early epoch (often over 75 yr old) of these positions.

Photographic Searches

A more complete inventory of stars which may be occulted can be had by
taking plates covering the future paths of asteroids of interest. The path of
each asteroid across the relevant plates is traced using a microdensitometer
under computer control. Stars falling near the path are tagged, and their posi-
tions subsequently measured relative to a network of astrometric catalog stars.
The positions of these stars are then input to star catalog search routines, as
discussed above, to identify those stars that will actually be occulted. Since
recent plates are normally used, errors introduced by lack of proper motions
are insignificant and the overall prediction accuracy is better than that of
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catalog searches. Additionally, occultation candidate stars too faint to be in-
cluded in the star catalogs, but bright enough to produce detectable occulta-
tions, will be found. Photographic searches for asteroid occultations are very
time consuming compared to catalog searches, and only a few have been
published (see, e.g., Millis et al. 1984c). Nevertheless, the very successfully
observed occultation by Ceres on 13 November 1984 was first identified in
this way (Millis et al. 1983b).

Prediction Refinement

Orbital elements of the low-numbered asteroids have been improved con-
siderably in recent years, but ephemeris errors of typically 0.5 arcsec remain.
The SAO and AGK3 star catalogs, from which the bulk of occultations are
identified, contain zonal and random errors often greater than 1 arcsec. How-
ever, an accuracy of =0.1 arcsec is commonly needed to locate the narrow
occultation paths accurately enough to insure that a majority of the observers
will be within the actual path. As a consequence, catalog predictions must be
refined before observations of an occultation can be attempted with any rea-
sonable chance of success. In practice, the necessary astrometric accuracy
usually can be achieved with astrographs having plate scales of about 60
arcsec mm~! or less. It is important that the plates be taken when the target
star and asteroid are close enough in the sky to be contained within a single
plate. For that reason, fields of view of at least 1°5 are needed for most occulta-
tions to allow enough time for coordination and notification of observers, and
fields of 3° or more are preferred to permit utilization of the more accurate but
less dense AGK3R, SRS or Perth 70 reference catalogs. An alternative ap-
proach which has worked well has involved use of the automatic photoelectric
meridian circle at Bordeaux Observatory. With this instrument, it sometimes
has been possible to produce precise predictions with greater lead time than is
typically the case with plates.

III. OBSERVATIONAL TECHNIQUES

Due to the narrowness of asteroid occultation ground tracks and the need
to accommodate changes in weather and path predictions, adequate observa-
tional coverage of these events invariably requires the augmentation of fixed
observatories with portable telescopes. Well over half of all observations of
asteroid occultations have been obtained by mobile observers. Furthermore,
because the instrumental requirements are modest, occultation research repre-
sents one of the few areas in which students, amateur astronomers and
teachers at small colleges and universities can contribute effectively to plane-
tary research.

When observing an occultation, one is simply trying to detect the change
in the brightness of the blended star-asteroid image at the moments of disap-
pearance and reappearance of the star and to establish accurately the times of
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these two events. Actually, depending on the signal-to-noise characteristics
and time resolution of the observations and the angular diameter of the oc-
culted star, immersion and emersion sometimes will not occur instantaneously
and a Fresnel diffraction pattern may be resolved in the lightcurve (Millis
1986). In such cases, the angular diameter of the occulted star can sometimes
be derived by fitting models to the occultation lightcurve (see, e.g., Reitsema
et al. 1981). Modeling is also required to determine the precise time of geo-
metric occultation but, in general, it will occur when the starlight has been
reduced to between 50% and 25% of its unocculted level, depending on the
star’s angular diameter (Nather and Evans 1970).

Because a typical asteroid occultation lasts from 10 to 20 s and we wish
to establish the object’s diameter with an uncertainty of 1% or 2%, one should
strive for timing that is accurate to 0.1 s or better. However, less accurate data
can often be useful. Three observational techniques, as described below, have
been used to record asteroid occultations.

Photoelectric Observations

In most instances, the preferred way of recording an occultation is with a
photoelectric photometer and a high-speed data recording system. With such
equipment, it is routinely possible to determine the times of immersion and
emersion to an accuracy of a few millisec. Photoelectric equipment also pro-
duces a tangible, objective observational record which can be scrutinized at
leisure in order to assess the accuracy of the timing and the reality of various
features of the lightcurve. Moreover, photoelectric equipment is capable of
detecting significantly smaller brightness changes than is the eye or video
equipment, which means that many occultations involving comparatively
faint stars will be observable in no other way. These will include almost all
occultations involving bright asteroids such as Vesta and Ceres. Signal-to-noise
considerations in photoelectric detection of occultations have been thoroughly
discussed by Millis and Elliot (1979). Descriptions of photoelectric photome-
ters and data systems especially designed for observing occultations with
small portable telescopes have been published by Baron et al. (1983) and
Hubbard et al. (1985). Completely satisfactory observations are possible with
photometers substantially more rudimentary than those described by these
authors, but it is nevertheless true that the primary disadvantages of the pho-
toelectric method are the cost and complexity of the equipment.

Television Recordings

Video recording of occultations is less common than photoelectric re-
cording, but the popularity of this method is growing. A low-light-level
camera is attached to the telescope so that the focus falls on the camera vidi-
con. The video signal from the camera is recorded with a VCR along with
time signal and verbal comments on the audio track. Times accurate to within
the 0.03 s frame rate can be obtained by slow playback of the videotape with a
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0.01 s time display. Since the video field of view is generally several arcmin,
requirements for polar alignment and guiding are much less stringent than for
photoelectric observations. Moreover, video equipment is more compact than
most currently used portable photoelectric systems, making the former easier
to transport, especially by airplane. Although not nearly as accurate as in
photoelectric records, photometric information can be derived from video rec-
ords, and relatively shallow events that would be missed by a visual observer
can be detected. Several individuals have successfully observed a variety of
asteroid occultations with video equipment (D. W. Dunham et al. 1983; E. W.
Dunham et al. 1984; Manly 1984).

Visual Methods

Since most amateur observers are not equipped to record occultations
photoelectrically or with video equipment, many occultation observations
consist of simple visual timings. Normally, a tape recorder is used to record
shortwave radio time signals, verbal comments and often a manually gener-
ated signal to mark immersion and emersion. While visual occultation obser-
vations are generally less accurate and sometimes less reliable than photo-
electric and video observations, they are still often quite useful (see Millis and
Elliot 1979).

The record shows that visual observers can routinely detect events in-
volving stars at least as bright as the asteroid. Experienced individuals can
establish the times of immersion and emersion to within a few tenths of a
second, but almost invariably, visual timings will be systematically late—
often by substantially more than the expected reaction time. This systematic
error can be allowed for in the analysis of the data, as will be discussed later.
Furthermore, near the edges of a ground track, timing errors are less serious
since a moderate timing error translates into only a small error in the radial
dimension of the asteroid. Consequently, visual observers can play a particu-
larly important role in defining the precise track boundaries.

IV. ANALYSIS TECHNIQUES

The methods of analysis appropriate to occultation data are well devel-
oped and have been discussed by several authors (see, e.g., Smart 1960;
Wasserman et al. 1979; Millis and Elliot 1979; Reitsema et al. 1981; Dunham
et al. 1984). We give only a brief outline here. In an occultation, the shadow
which the asteroid casts in the light of the occulted star sweeps across the
surface of the Earth along the occultation ground track. Because the star is
effectively at infinity, the cross section of the shadow, when cut by a plane
instantaneously perpendicular to the line connecting the asteroid and star, has
the same size and shape as the apparent profile of the asteroid at the time of
occultation. By convention, this plane is referred to as the fundamental plane
and is defined to pass through the center of the Earth. One then defines an x,y
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coordinate system in this plane which moves such that its origin is always at
the center of the shadow. The coordinates of an observer at the time of immer-
sion or emersion, projected onto the moving coordinate system, defines a
point (§',m’) on the edge of the shadow. £ and 7" are given by

& = pcos &’ sin H —Acos §, sin(a, — o) (1)
and

M’ = plcos 8« sin ¢’ — sin &« cos ¢’ cos H)

— A[sin §, cos 8. — cos 3, sin 8« cos(a, — )] 2)

where a,, 8,, ax, 3« are the right ascensions and declinations of the asteroid
and star, respectively; A is the asteroid’s geocentric distance in units of the
Earth’s équatorial radius; p is the observer’s distance from the center of the
Earth (in the same units); ¢’ is the observer’s geocentric latitude; and H is
the hour angle of the star. By computing &' and m’ for all observers at both
immersion and emersion, one obtains a map of the asteroid’s limb profile.
Usually an asteroid will rotate only a negligible amount during the time re-
quired for its shadow to sweep across all observers.. However, combinations
of circumstances are possible (rapid rotation, events occurring near stationary
points or long ground tracks) for which this effect is significant. In these
cases, the derived limb profile is in some sense an average over those faces of
the asteroid presented to the Earth during the interval spanned by the total data
set.

The completeness of the limb profile map from a particular occultation
data set obviously depends on the number of observers and their distribution
across the occultation ground track. The degree of coverage can be so dense
that the occultation data practically give the limb profile directly, as was the
case for the 29 May 1983 occultation by Pallas (Fig. 1). At the other extreme,
one has observations from a single site, which give only a lower limit on the
asteroid’s longest dimension. More typically, one must work with observa-
tions from an intermediate number of sites scattered across the track. One
such “typical” data set, from an occultation by Ceres (Millis et al. 1987), is
shown in Fig. 2. In order best to represent the asteroid’s profile, a circle or
ellipse is fitted by least squares to the data points. The diameter of the best-
fitting circular profile or the lengths and orientation of the semimajor and
semiminor axes, if an elliptical profile is assumed, are derived from the least-
squares fit, as are corrections in right ascension and declination to the as-
teroid’s ephemeris.

Either the radial residuals or the timing residuals can be minimized in the
least-squares solution. Which approach is better depends on the character of
the particular data set under consideration. If all the observed times of immer-



Fig. 1. Chords across 2 Pallas derived from observations of the 29 May 1983 occultation of 1
Vulpeculae (D. W. Dunham et al. 1983).
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Fig. 2. An elliptical limb profile fitted by least-squares to observations of the 13 November 1984
occultation by 1 Ceres (Millis et al. 1987). Straight lines represent chords across the asteroid
derived from sites where both immersion and emersion were recorded. Filled circles are points
from sites where only immersion was successfully observed.
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sion and emersion are believed to be sufficiently accurate that the residuals
primarily reflect real limb irregularities, then minimization of radial residuals
is preferred (see, e.g., Millis et al. 1987). If, on the other hand, timing errors
are believed to be the dominant cause of departures from the fitted profile,
then minimization of timing residuals is appropriate (see, €.g., E. W. Dunham
et al. 1984). Additionally, there may be instances, such as the Ceres occulta-
tion illustrated in Fig. 2, where observations near the edge of the ground track
are critical in distinguishing between a circular and an elliptical limb profile.
Because observations near the edge of the track could have large timing errors
and still produce comparatively small radial residuals, one may wish to do the
solution both ways for such cases (Millis et al. 1987).

Analysis of occultation data is often complicated by the probable pres-
ence of systematic timing errors in some of the observations. As was men-
tioned earlier, visual observers, for example, are able to measure the duration
of an occultation more accurately than the absolute times of immersion and
emersion (Millis et al. 1985). Accordingly, when combining visual observa-
tions with photoelectric and video data, the response times of the individual
visual observers have often been included as additional free parameters in the
least-squares solution (see, e.g., Millis et al. 1983a). This procedure has the
effect of allowing the visual chords to slide in time relative to the photoelectric
and video data while holding the lengths of the visual chords constant. A
better fit to the data is obtained, but the result must be evaluated critically to
insure that the magnitudes of the shifts are reasonable and that they are justi-
fied by the surrounding photoelectric or video measurements. One must bear
in mind that large timing errors are sometimes present in photoelectric and
video data because of blunders by the observer, equipment malfunction or
misidentification of the features in the occultation lightcurve that correspond
to immersion and emersion.

Observations of a single occultation yield only the dimensions of that
face of the asteroid seen at the time of the occultation. (The same is true of a
single measurement by any other technique, though this fact is often not
stressed.) Ideally, one would like to observe several occultations by the same
minor planet at a variety of aspects, but only for Pallas have even two occulta-
tions been well observed (see Drummond and Cocke 1988). Usually one must
resort to other means of evaluating how representative the results of a single
event are of the body’s overall three-dimensional figure. The rotational light-
curve is one piece of information that is available for many asteroids which
provides a clue to an asteroid’s shape (see the chapter by Magnusson et al.). If
the body displays the same low-amplitude lightcurve regardless of ecliptic
longitude, then its shape is very likely to be approximately that of a sphere or
an oblate spheroid with small obliquity. In either case, a single well-observed
occultation gives directly a good representation of the asteroid’s overall
figure. If the lightcurve amplitude is large, then estimation of the three-
dimensional shape is less certain. However, a model can be constructed based
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on the occultation profile, the phase of the lightcurve at the time of occulta-
tion, and the shape and amplitude of the lightcurve.

V. RESULTS

Diameter Determinations

Table 1 summarizes those asteroid occultations for which two or more
chords have been observed. Consequently, the table includes virtually all con-
firmed events, although, in some cases, meaningful diameter determinations
were not possible because the chords were too closely spaced. We are exclud-
ing single-chord events because they give no information about an asteroid’s
shape and give only a lower limit for the mean diameter. However, single-
chord occultations are astrometrically useful, and sometimes a lower limit has
some value. For a complete list of observed events, including those with only
one chord, see D. W. Dunham et al. (1989).

The dates of occultation and names of the asteroids involved are given in
the first two columns of Table I. The taxonomic classes of the asteroids, taken
primarily from Tholen (1984), are listed in column 3, followed in the next
column by their orbital zones. Zones I through IV span the main belt, pro-
gressing from the inner edge outward (see Zellner [1979] for exact definitions
of zone boundaries). All asteroids for which accurate occultation data exist
have typical main-belt orbits except Pallas, whose orbit has an abnormally
large inclination. The numbers of photoelectric/video (p) and visual (v) obser-
vations of each occultation are given in column 5. Column 6 contains the
asteroids’ diameters as derived from the occultation data. The quoted uncer-
tainties are taken from the original papers listed in the last column or are
estimates based on the least-squares solutions, the completeness of observa-
tional coverage and the amplitude of the objects’ rotational lightcurve. An
indication of the quality of the occultation diameter determination is given in
column 7. Only for quality A and some B events are the diameters firmly
established from the occultation observations. The asteroids’ published radi-
ometric diameters are listed in column 8. Where possible, we have quoted
results from IRAS and those values are accompanied by error estimates (Mat-
son et al. 1986). Otherwise, TRIAD (Bowell et al. 1979) values are given.

One of the primary objectives of measuring asteroid diameters by the
occultation technique has been to permit a better calibration of the radiometric
method of size determination. Indeed, two recalibrations have been performed
based on occultation data (Brown et al. 1982; Lebofsky et al. 1986). One
might conclude, on the basis of the generally satisfactory agreement between
the two types of diameters in Table I, that this task has been completed. In
fact, there is room for very significant improvement. Brown (1985) has shown
that the standard thermal model will yield effective radiometric diameters
which are substantially in error for asteroids that are significantly aspherical,
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while Spencer (1988) has suggested that errors as large as 40% can result from
failure of the standard thermal model to account adequately for the effects of
surface roughness, rotation and heliocentric distance. Consequently, accu-
rately measured effective diameters are needed for a much broader sample of
asteroids in order to assess the dependence of the radiometric method on these
various parameters. The asteroids in Table I clearly are not a representative
sample of the entire asteroid population. Most of the well-observed events
involve C (or related) types. There are no E types listed in Table I, and the two
events involving M types suffered from either poor observational coverage or
an unfavorable aspect (minimum of a large-amplitude lightcurve). Only three
observations were made of each of the two occultations by outer-belt (zone
1V) asteroids.

Shape

While radar, speckle interferometry and photometry do give clues to an
object’s shape, occultation observations without question provide the most
accurate measures of asteroid shape which are currently possible short of a
flyby or rendezvous mission. In view of the violent collisional history of
main-belt asteroids, pronounced departures from symmetric limb profiles
might be expected for many minor planets. However, evidence of global-scale
limb irregularities has been seen in the occultation data for very few objects.
In all cases in Table I for which there are accurately timed observations from
sites well distributed across the ground track, it has been possible to fit the
data satisfactorily with either a circular or elliptical limb profile. In the case of
Ceres, for example, the observed limb profile agrees well with that expected
for a body in hydrostatic equilibrium (Millis et al. i987).

On the other hand, it should be emphasized that the occultation data
do give conclusive evidence of real limb irregularities. Typically, in well-
observed occultations, radial residuals between the fitted profile and the obser-
vations have been a few (i.e., 0 to 5) km. Most authors have argued that these
residuals are primarily due to asteroidal topography and not to timing errors in
the observations or uncertainties in the locations of the observers (see, €.g.,
Millis et al. 1981,1987; Dunham et al. 1983). Hence, an important result
which has emerged from occultation observations is that asteroids in the di-
ameter range from 100 to 1000 km apparently are rough on a scale of a few
km. In fact, the residuals derived from occultation data place only a lower
limit on the vertical scale of the topography, because the measurements sam-
ple only relatively widely spaced points around the limb, because the limb
profile itself is simply the envelope of the higher terrain near the limb
(Thomas 1988) and because often some chords are allowed to slide as dis-
cussed in Sec. IV.

It is of interest to compare the degree of limb irregularity observed for
the asteroids with that seen in other solar system objects of comparable size.
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Fig. 3. Mean residuals of the observed limb, with respect to the best-fitting circular or elliptical
limb profile, plotted as a function of the log of the mean radius of the body. Filled circles are for
three of the Uranian satellites; squares are for the asteroids whose numbers are indicated.

In Fig. 3, rms radial residuals for several asteroids (expressed as a percent of
the object’s mean radius) are plotted as a function of the log of the object’s
mean radius. The rms residuals were derived from data given in the papers
referenced in Table I. Also plotted are comparable data for 1985 Ul, Miranda
and Ariel from Thomas and Veverka (1987) and Thomas (1988) who have
fitted smooth limb profiles to Voyager images of the Uranian satellites. The
degree of limb irregularity appears to be greater for the asteroids than for the
icy satellites of Uranus, which no doubt reflects the greater structural strength
of the former class of objects. When expressed as a percentage of the radius,
the rms residual increases as the size of the body decreases, but the absolute
vertical scale of limb irregularities seen on those asteroids plotted in the figure
is on the order of a few km, regardless of the size of the object.

Possible indications of very large limb irregularities exist in the occulta-
tion data set for two asteroids. In these two cases, 93 Minerva (Millis et al.
1985) and 324 Bamberga (Millis et al. 1988), visual observers, who, on the
basis of the least-squares solution for the asteroid’s limb profile, should have
been in the ground track, reported that no occultation occurred. Because these
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observers were closer to the expected edge of the track than all successful
observers, their negative reports cannot be discounted. If they are correct,
both Minerva and Bamberga have substantial chunks missing, presumably as
a result of past major collisions.

Density

Another major goal of occultation research has been to make possible
density determinations of useful accuracy for those minor planets whose
masses are known. Because density provides clues to both composition and
origin, it is extremely important to measure this parameter for asteroids. Un-
fortunately, the masses of only a few asteroids are known. Vesta’s mass has
been derived from this body’s perturbations of the orbit of 197 Arete. Sim-
ilarly, the masses of Ceres and Pallas have been determined from their mutual
perturbations and from the action of Vesta on Ceres (see Schubart and Matson
1979). Scholl et al. (1987) measured the mass of 10 Hygiea from its effect on
the orbit of 829 Academia, but the value they derived is uncertain by 50%.
Most recently, Standish (1989; see also the chapter by Hoffman) has used
Earth—Mars ranging data to derive the masses of Ceres, Pallas and Vesta. The
results of Schubart and Matson and of Scholl et al. are summarized in Table
II. Standish finds that Ceres is 10 to 20% less massive and Pallas 20 to 40%
more massive than do Schubart and Matson; the mass of Vesta, he finds to be
nearly the same.

The diameters of Pallas and Ceres are known from occultations (Wasser-
man et al. 1979; Millis et al. 1987). Densities based on these diameters and
the masses determined by Schubart and Matson are given in Table II. If Stand-
ish’s values for the masses of these two objects are adopted, the densities
would, of course, change proportionally. Additionally, Drummond and Cocke
(1989), based on two occultation data sets, have derived smaller dimensions
for Pallas than did Wasserman et al. The corresponding density is about 20%
greater than the figure quoted in Table II. Three values for the density of Vesta

TABLE II
Asteroid Density

Mass Density
Object (10-1° M) (g cm—3) Reference
1 Ceres 5.9 £ 0.32 2.7 +0.14 Millis et al. 1987
2 Pallas 1.08 = 0.222 2.6 0.5 Millis and Elliot 1979
4 Vesta 1.38 = 0.122 3.62 = 0.35 Drummond et al. 1988
33x1.5 Schubart and Matson 1979
2.4 *03 Cellino et al. 1987
10 Hygiea 0.47 = 0.23b 2.05 =1 Scholl et al. 1987

aFrom Schubart and Matson 1979.
bFrom Scholl et al. 1987.
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are listed in the table: one based on the Drummond et al. (1988) diameter
determination from speckle observations, one based on the average of the
radiometric and polarimetric diameters and one based on analysis of rotational
lightcurves by Cellino et al. (1987). The latter figure is dependent on the
rather dubious assumption that the shape of Vesta is determined wholly by self
gravitation. The density quoted for 10 Hygiea is from Scholl et al., who
adopted the radiometric diameter from the TRIAD file (Bowell et al. 1979).
Except, perhaps, for Vesta, the uncertainty in the densities of the asteroids
listed in Table II is determined primarily by the uncertainty in the masses, not
by the uncertainty in the diameters. In any case, the densities of Ceres and
Pallas are sufficiently well constrained to conclude that these two bodies are
primarily rocky in composition. Vesta also is probably rocky, but a well-
observed occultation would permit the actual value of its density to be more
firmly established.

Minor Planet Satellites

In their chapter, Weidenschilling et al. outline the evidence that some
asteroids may have satellites. While we will not repeat the details here, we
note that some of the evidence and much of the impetus for renewed interest in
this topic has come from occultation observations in which observers usually
outside the main ground track reported that the target star was briefly occulted
by objects other than the asteroid itself (see, e.g., Bowell et al. 1978;
Williamon 1980; Arlot et al. 1985). Regrettably, in the late 1970s several
satellite detections were claimed which were not well justified by the underly-
ing occultation observations. While this brief outbreak of “‘satellite fever”
quickly passed, it left the perception that occultation observations are inher-
ently unreliable means of detecting minor planet satellites and, therefore, will
not play a significant role in establishing the reality and frequency of minor
planet satellites. This perception is in error.

Clearly, the best hope of gaining incontrovertible evidence of the exis-
tence of a contact-binary-type asteroidal system in the forseeable future will
be from a densely observed occultation. Likewise, densely monitored occulta-
tions in which no secondary events are seen further constrain, in a statistical
sense, the frequency of occurrence of satellites. It is worth noting that occulta-
tion observations are capable of detecting satellites which are too faint and/or
too close to their primary to be found by either the speckle or direct-imaging
techniques. We wish to emphasize that photoelectric occultation observations
made at a single site under good sky conditions are capable of establishing,
without independent confirmation, whether a particular feature in the pho-
tometric record results from a true occultation of the star rather than from an
obscuration of both star and asteroid. In an occultation, the signal will fall to
the level of the sky plus asteroid, while in a total or partial obscuration due to
clouds, airplanes, guiding errors, etc., it almost certainly will fall to some
other level. If the star and asteroid are significantly different in color and the
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observations are made in two widely separated passbands with a two-channel
photometer, the reality of lightcurve features can be doubly confirmed. There-
fore, occultation observers equipped with photoelectric photometers should
establish accurately the contributions to their observed signal from the sky, the
star and the asteroid, and they should extend their coverage of an occultation
from many minutes before to many minutes after the predicted time of the
event. In this way, either a minor planet satellite eventually will be unequivo-
cally detected, or it will be established through continued failure to find them
that such bodies, if they exist at all, are inconsequential freaks.

VI. THE FUTURE

Observational Strategy

There are two sets of criteria that must be addressed when deciding
which of the large number of potential asteroid occultations identified each
year to pursue seriously. One set is pragmatic in nature (i.e., what are the
chances that the occultation can be observed with sufficient coverage to real-
ize the scientific objectives of the enterprise). The other set of criteria ad-
dresses the scientific potential of the occultation (i.e., is the object interesting
and important).

Many practical matters must be considered in evaluating a future occulta-
tion including the duration of the occultation, the relative brightnesses of star
and asteroid, the proximity of the Moon, the probability of clear sky and the
availability of appropriate observing sites. At least as important as these, how-
ever, is the accuracy to which the location of the occultation ground track can
be predicted. If an adequate number of observers cannot with certainty be
located within the track, then the occultation usually should not be given
serious consideration. Millis and Elliot (1979) introduced a parameter Q as a
measure of the predictability of an occultation. This parameter is given by Q
= 20A/d, where g is the expected uncertainty in the predicted angular separa-
tion of the star and asteroid at closest approach (expressed in radians), A is the
geocentric distance of the asteroid (in km), and d is the estimated diameter of
the asteroid (km). Stated another way, Q is twice the ratio of the angular
uncertainty in the predicted separation of star and asteroid at closest approach
to the angular diameter of the asteroid. Predictions from Lowell Observatory
(see, e.g., Wasserman et al. 1987) have routinely included a tabulation of this
parameter. These investigators, by convention, have assumed o to be 0.1
arcsec, a value consistently achieved in predictions based on plates taken with
the Carnegie Double Astrograph at Lick Observatory. Past efforts to observe
events for which Q was greater than 2 usually have not been successful, and
almost all of the truly well-observed asteroid occultations have had values of
O less than 1. The lesson from the past decade of concerted effort to observe
asteroid occultations, then, is “concentrate on small-Q events” (i.e., large
angular diameter asteroids).
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Preparation of a list of asteroids whose occultations are important on
astrophysical grounds is a subjective undertaking. Nevertheless, there are
some obvious candidates for such a list. Vesta is the one remaining asteroid
whose mass is accurately known, but whose diameter has not been measured
by the occultation technique. Obviously, it would be desirable to compute
with certainty the density of this spectrally unique minor planet. Other intrin-
sically interesting objects are those for which radar observations and/or pho-
tometry indicate unusual shape. 624 Hektor (Hartmann 1979) and 216
Kleopatra (Ostro et al. 1986) are prime examples, though Hektor’s angular
diameter is so small as to render prediction of its occultations difficult. As has
been noted earlier, we need to observe occultations involving asteroids span-
ning a broad range in taxonomic class and orbital zone. One can list other
criteria by which important target asteroids can be identified. However, it is
probably premature to select occultation targets primarily on the basis of the
intrinsic importance of the asteroid involved. We have only begun to study the
asteroids by the occultation technique. Of the 18 asteroids listed by Millis and
Elliot in 1979 as high-priority candidates for occultation measurements, oc-
cultation data of sufficient quality to warrant inclusion in Table I have since
been obtained for only 7. Too few minor planets have been probed at the very
high resolution possible with occultations to identify with confidence in ad-
vance those that will yield important results. Many surprises no doubt await
us, but we can discover those surprises only by efficiently and thoroughly
observing as many events as possible. In the opinion of the authors, that
means concentrating observational efforts on those occultations for which cir-
cumstances indicate the highest probability of success.

Potential for Improving Predictions

The major astrometric catalogs described in Sec. II do not include hun-
dreds of thousands of 10th- to 12th-magnitude stars, occultations of which
could be readily observed. The Space Telescope Guide Star Catalog that is
expected to become available in 1989 will include recent positions of all of
these stars accurate to 1 arcsec or better. This promises to result in many more
predicted asteroid occultations and will obviate the need for astrographic
catalog and special photographic searches. The other astrometric catalogs will
be needed since the Guide Star Catalog will not include stars brighter than 9th
magnitude, and because the astrometric catalogs are more accurate. The U.S.
Naval Observatory’s Zodiacal Zone (ZZ) Catalog, expected to become avail-
able also in 1989, will be a considerable improvement over AGK3 and SAO
data. The ZZ Catalog, constructed to support the Galileo mission, seeks to
improve the positions and proper motions of all SAO stars within 13° of the
ecliptic. These two catalogs, combined with recently improved orbital ele-
ments of the asteroids, will result in more accurate preliminary predictions
from catalog searches.

With more comprehensive and improved searches, we will know better
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which events should be refined with last-minute astrometry. The ZZ Catalog
will provide a much better reference frame for astrometrists than the SAO or
AGK3R. Using the former, plates of the asteroid (and target star, if it is not in
the ZZ Catalog) taken a month or more in advance should locate the path
within about 300 km, allowing plenty of time to organize observers. The ZZ
Catalog, being much denser than AGK3R or SRS/Perth 70, will also allow
use of astrometric telescopes with smaller fields of view for both preliminary
and last-minute astrometry. If more astrometrists who currently observe as-
teroids routinely would devote a small fraction of their effort to photographing
particular asteroids at times needed to improve occultation predictions, this
work would greatly benefit.

Nothing is more disheartening to an observer than to succeed in deploy-
ing equipment under clear skies only to see the asteroid miss the star because
of errors in the predictions. Disillusionment caused by one or two such experi-
ences undoubtedly has depleted the ranks of occultation observers. Is there
hope of achieving significant improvement in the astrometry on which final
occultation predictions are based? Perhaps. Experiments, stimulated by the
work of Monet and Dahn (1983), are currently in progress at the Mas-
sachusetts Institute of Technology and the Lowell Observatory aimed at using
CCD’s for obtaining high-precision measurements of the relative position of a
star and asteroid during the last few days prior to an occultation. This ap-
proach avoids problems inherent in the photographic process but has others of
its own. For example, in order to cover a sufficiently large area, the CCD must
be operated in a strip-scanning mode (sec Gehrels et al. 1986), and over-
lapping scans must be carefully registered. It remains to be seen what level of
astrometric precision will be possible with CCD strip-scanning astrometry.

The Hubble Space Telescope is another potential source of very high-
accuracy astrometry. According to Duncombe et al. (1982), positional mea-
surements with an uncertainty of only 0.002 arcsec rms will be possible with
the Fine Guidance Sensors on H.S.T. Obviously, the Space Telescope will not
be used routinely for occultation predictions, but this long-awaited facility
could contribute in a powerful way to the prediction of especially important
events.

The Need for More Observers

It would be incorrect to conclude from the preceding section that the
quality of available predictions is the factor primarily limiting progress in
asteroid occultation studies. Such may have been the case a decade ago, but, at
present, progress is contrained mostly by an inadequate number of appropri-
ately equipped observers—particularly outside the North American continent.
Visual observers have contributed importantly to occultation research and will
continue to do so. However, it is important that more individuals equip them-
selves with the photoelectric or video equipment required for precise timing of
occultations. Wider use of such instruments, which are now available com-
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mercially at relatively modest cost, holds the key to a major advance in as-
teroid occultation research. Our goal should be a feasible number of occulta-
tions densely and accurately observed, not large numbers of events recorded
at one or two random sites.
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SPECKLE INTERFEROMETRY OF ASTEROIDS

JACK D. DRUMMOND and E. KEITH HEGE
University of Arizona

We summarize Steward Observatory’s two-dimensional power spectrum signa-
ture analysis of speckle interferometry observations. Results for six asteroids are
presented. The poles and triaxial ellipsoid dimensions of 4 Vesta, 433 Eros, 511
Davida and 532 Herculina have been previously reported. New results for 2
Pallas and 29 Amphitrite are given, as well as further results for Vesta. Image
reconstruction is ultimately required to minimize biasing effects of asteroid sur-
face features on the simpler power spectrum analysis. Preliminary imaging re-
sults have been achieved for Vesta and Eros, and images for these two are
displayed. These results show great promise for further resolving ambiguities
Jfrom conventional measurements, as well as for providing insights into the na-
ture of surface features of asteroids. Speckle interferometry and radiometry di-
ameters are compared, and diameters from the two occultations of Pallas are
also addressed.

I. INTRODUCTION

Speckle interferometry is a high angular resolution technique first sug-

gested in the form used here by Labeyrie (1970,1978). To overcome the ap-
proximately one arcsec limit to resolution imposed by the Earth’s atmosphere,
and to approach the theoretical resolving power of large telescopes according
to the Rayleigh criterion (= \/D), short exposure (At =~ 0.01 to 0.05 s) nar-
rowband (= 10 to 30 nm) images of an object are recorded. These short
exposures (specklegrams) can then be combined (Fourier transformed) to ob-
tain information down to the resolution limit of the telescope. Worden (1979)
gives an introduction and some intuition-building illustrations of the phenom-
enon. For more comprehensive reviews of speckle interferometry and related
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methods, see Bates (1982), Bates and McDonnell (1986) and most recently
Roddier (1988).

Since the angular sizes of all asteroids are <1 arcsec, but many are
greater than the resolution limit of large telescopes, they are suitable candi-
dates for speckle techniques. The Fourier moduli of the specklegrams of the
resolved asteroids contain diffraction limited information. This information
can be obtained from either the image power spectrum or its autocorrelation
function, but it is necessary to calibrate these observations of extended
sources by inverse filtering with similar observations of a point source in order
to calibrate residual seeing effects as well as the effects of the combined tele-
scope and speckle camera optical transfer function. Furthermore, the effect of
individual photons must also be calibrated. These calibrations are usually
(most easily) made in the power spectrum domain.

In Worden’s overview of speckle interferometry, he also gave a descrip-
tion of an atmospherically compensated image-intensified speckle camera.
Present cameras are similar except that digital video readout (or photoelectron
event coordinate readout in the newest systems) replaces the original pho-
tographic recordings of specklegrams.

Worden’s simple summary of speckle interferometric data processing did
not treat seeing calibration and photon noise bias effects, which we will ad-
dress in this chapter. In speckle interferometry it is assumed that image per-
turbing processes in the atmosphere acting on the object irradiance function
o(r) can be represented by a linear convolution with an instantaneous point
spread function s,,(r) valid over the quasi-stationary exposure time At, at time
t,.. Specifically, s,,(r) is the speckle pattern of a point source at z,,,.

Let r = xi + yj represent a two-dimensional vector in image space (x,y)
and f = ui + vj the corresponding vector in frequency space (u,v). Then,
representing the two-dimensional specklegram by i, (r) = o(r) * s,,(r), and its
Fourier transform by 7,,(f) = O®)S,.(f) = FT(,(r)), the speckle inter-
ferometric power spectrum PS is the biased estimate

PS = E{PS ()} = <|I(F)>>4, = |O(D)2<|SE)2> eY)

for the ensemble of specklegrams m = 1,2,...,M. The average of the ensem-
ble of M observations is denoted by < ... >,,, where typically M = 103 to 10°
for speckle interferometric observations of asteroids.

The speckle photon-statistics biased estimate of Eq. (1) can be written

PS = { O0(®)P<|S@®)2> + <SO)>}|D(F)[? @

where <S(0)> = N is the mean number of photons per specklegram, inde-
pendent of the object, after averaging over M frames. For a perfect detector,
this is a constant bias but for the Steward Observatory speckle interferometer
system (Hege et al. 1982) it is colored by the detector’s photon detection
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transfer function D(f). This is explained further by Christou (1988), who also
discusses methods for calibrating and removing the biasing effects of the de-
tector D(f) and of the photon statistics S(0).

The unbiased PS estimate of the object o(r) is then

s, = S0 — & = o) (S0P )

This unbiased estimate contains both seeing information as well as dif-
fraction limited imaging information. In speckle interferometry the seeing
information is calibrated with reference to a point source, effectively an unre-
solvable 8(r). M. specklegrams of the point source are similarly observed for
which the biased estimate <|/.(f)|2>,,, yields the unbiased seeing estimate

PS, = <|1*(f)l2>M*

pap N = BOP S0P = s.0P). @

If the seeing statistics for both measurements are identical (i.c., the seeing is
stationary), then <|S«(f)|2> = <|S(f)|>>>, and in the photon counting case,
the unbiased, seeing calibrated speckle interferometric power spectrum esti-
mate of o(r) is

PSy . IO IDOP} — N
PS.  {{(1.(B|2)y. /ID®)|2} — N. )

|0(f)|2 =

The effects of variable seeing are discussed by Christou et al. (1985,1987).
Methods for applying the seeing calibration in this more likely observational
circumstance are discussed by them, and by Hege et al. (1986).

In practice, the linear deconvolution (Eq. 5), hereafter referred to as PS,
is to be applied with strict attention to the following caveat: both PS, and PS.
approach zero at the diffraction limit cutoff of the telescope, f. = D/X, and
both contain (unbiased) measurement noise. Therefore, the ratio (Eq. 5) be-
comes unreliable near |f| = f. where the quotient of small noisy numbers
becomes erratic.

The foregoing assumes that the data integrations are performed in the
power spectrum domain, but the observed quantities <[/(f)[2>,, and
<|[(F)[2>,,, can also be accumulated in the image domain as the Fourier
transforms of averages of autocorrelation functions,

(D2 )y = FT {< f (@i (@ = DA > . } ©)
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and similarly for the reference point source. In the faint object limit (which

includes all asteroid observations) for which the specklegrams i,(r) are ob-
served as sets of N,, photon responses with point spread function d(r),

N
(X)) = 2 d(r) * 3(r — 1)) %)

j=1

The autocorrelation integral collapses to a histogram of image pixel vector
differences (Nisenson and Papaliolios 1983; Hege and Vokac 1986),

< f @it - 0df >M = <N,,, JNE: 5, — 1, — 1) >M

ACF

N

m

M
> 2 (A, : 8)

m=1 jk

|
SES

The average vector autocorrelation (Eq. 8), for all vector address differ-
ences Ar; , = r; — r, in each frame, is the quantity accumulated in the Stew-
ard Observatory asteroid speckle interferometry program. In the ideal detector
case, where d(r) = 8(r), the unbiased estimate of ACF obtains if the terms for
which i = j are omitted from Eq. (8). This unbiased ACF can be accumulated
from data obtained with, e.g., the Stanford MAMA detector (Timothy and
Morgan 1986). The quotient of FT(ACF), divided by a similar FT(ACF«) for a
point source, yields directly the unbiased power spectrum estimate (Eq. 5),
|O(f)|?. The results with the PAPA detector (Papaliolios et al. 1985) are not so
cleanly unbiased, and flat-field corrections are required.

II. AUTOCORRELATION/POWER SPECTRUM ANALYSIS

A. Background

To interpret the two-dimensional autocorrelation (Eq. 8) of an asteroid
image, more particularly its seeing calibrated Fourier inverse, the two-
dimensional object PS (Eq. 5), we extract asteroid image signatures as fol-
lows. A triaxial ellipsoid asteroid would project a series of ellipses onto the
plane of the Earth’s sky as the asteroid rotates, as can be seen during a stellar
occultation (see the chapter by Millis and Dunham). The observed major and
minor axes, and position angle, will vary in a unique fashion as a function of
rotation. Drummond et al. (19854) derive the equations relating these poten-
tially observable parameters back to triaxial ellipsoid axes dimensions and to
three Euler angles then used to locate the spin axis direction. The lengths of
the major and minor axes, and the position angle of the major axis, for the
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two-dimensional elliptical PS projections (Eq. 5) are fit to the same parame-
ters for the power spectra of uniform disks using a nonlinear least-squares
routine. The image power spectrum signature is sufficiently elliptical and uni-
form that the parameters required to fit for the two projected axial dimensions
and position angle can be extracted from them.

The model of an asteroid as an ellipsoid is a mathematically tractable,
first-order approximation to the actual shape of an asteroid. Since for most
purposes any body can be described by its principal axes, the ellipsoid as-
sumption is a very general and powerful abstraction. Departures from a true
ellipsoid (and perhaps from other simplifying assumptions) are sometimes
evident as secondary effects that bias the first-order approximation. A triaxial
ellipsoid rotating about its shortest axis (a = b = c) is widely used in asteroid
work (see, e.g., the chapter by Magnusson et al.), and has been found to be
appropriate for the Saturnian satellite Mimas (Dermott and Thomas 1988),
and for the Uranian satellites Miranda and Ariel (Thomas 1988). An ellipsoid
shape would be a natural stable outcome for a body in gravitational and/or
hydrostatic equilibrium, such as would be formed by either coalescence or
catastrophic collisions resulting in so-called rubble piles (Davis et al. 1979,
and their chapter in this book; Farinella et al. 1981; Catullo et al. 1984; Zap-
pala et al. 1984). Rotation about the short axis is the most stable configura-
tion, and even precession induced by perturbations and collisions is expected
to be damped out for asteroids over a small fraction of the lifetime of the solar
system (see the chapter by Binzel et al.).

For dark atmosphereless bodies observed at low solar phase angles, uni-
form brightness is to be expected for reasonable scattering laws (see the chap-
ter by Bowell et al.). Moreover, limb darkening, which may be 5 to 10% for
completely smooth bodies, is shown to be reduced to <5% in meteorites by
roughness (French and Veverka 1983). Deformation of a triaxial ellipsoid
shape by the presence of mountains, craters, etc., may be important for
smaller bodies, but should be much less severe for larger asteroids. Even with
a random distribution of such deformations, it is still possible to treat the
object as a triaxial ellipsoid with noise (irregularities of outline). Unless a
deformation has a different albedo, it has no effect on speckle interferometric
measurements until it lies on the limb. Similarly, Fulchignoni and Barucci
(1984) have shown that even for the largest craters known (in terms of the
body diameter), for Phobos, Mimas and Tethys, the presence of a crater with
the same albedo as the surrounding asteroid material cannot be detected in a
lightcurve. See also the chapter by Magnusson et al. for further justification
and use of the adopted assumptions.

B. Results from Power Spectrum Signature Analysis

433 Eros. Key to the development of the present form of speckle inter-
ferometer power-spectrum signature analysis (PSSA) is the well-observed
small Earth-approaching asteroid Eros. Observations of Eros taken a month
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TABLE I
Diameters and Poles from Speckle Interferometry
Asteroid a b [ Ecliptic Pole (1950)
2 Pallas 537 = 29 488 £ 11 485 = 11 100 — 22 £ §
295 + 16 = 8
4 Vesta 566 = 15 531 £ 15 467 = 15 311 + 67 = 18
29 Amphitrite 186 = 18 152 = 15 144 = 10 134 — 36 = 12
303 +35 £ 12
433 Eros 41 =3 15x2 14 £2 23 +37 =14
511 Davida 465 = 90 358 = 58 258 = 356 196 — 12 = 29
291 + 37 =29
532 Herculina 263 = 14 218 = 12 215 £ 12 132 -~ 59 = 7
128 + 74 = 7

apart, with substantially different geometries at high solar phase angles,
spurred derivations of equations expressing the projection of triaxial ellipsoids
to ellipses. This permitted the use of a nonlinear variance minimization
method to relate the observed two-dimensional major and minor axes and
position angle signatures back to the three-dimensional triaxial ellipsoid figure
and rotational pole of the model asteroid (Drummond et al. 1985a). Figure 1
shows 7 two-dimensional power spectra of Eros from two nights in December
1981, arranged in order of rotational phase. The lower half of each frame is
the actual seeing calibrated power spectrum (Eq. 5), and the upper half is the
ellipse fit to that PS. Since PS are centro-symmetric, it is sufficient to fit and
display a half plane. If Eros were a smooth triaxial ellipsoid, these elliptical
PS signatures would have the same shape as the ellipses projected onto the
plane of the sky. At the very least, Fig. 1 clearly shows signatures of an
elongated object spinning in space with the sub-Earth point close to the rota-
tional pole. (Hereafter, the term SI will specifically designate the speckle
interferometry PSSA process. As used at Steward Observatory, Sl is a specific
and well-calibrated application of the specific and well-defined model just
described.)

The results from the two runs for Eros are summarized in Table 1. The
two-fold ambiguity for the pole is resolved from SI alone because of the
differing geometries of the two runs. This pole is consistent with the pole
derived from photometric methods. Table II gives the average of the 8 most
recent pole determinations (including the SI pole) listed in Part VI of this
book. The dimensions in Table II are the averages and standard deviations
from SI, radiometry (Lebofsky and Reike 1979), radar (Jurgens and Goldstein
1976), and the consensus model of Zellner (1976), all listed by Drummond et
al. (1985a). The biggest discrepancy between SI and other results appears to
be in the pole, but given the smallness of the target, the large (40 and 52°)
solar phase angles involved in the SI observations and the distinctly nonellip-
soidal shape of the reconstructed image shown in Sec. III.C, the agreement is
actually quite good.
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TABLE II
Diameters and Poles from Combining SI and Others
Asteroid a b c Ecliptic Pole (1950)
2 Pallas 570 = 22 525 = 4 482 = 15 74 — 17 £ 24
4 Vesta 566 * 15 531 £ 15 467 = 15 311 + 67 = 18
29 Amphitrite 210 = 30 188 = 39 174 = 19 138 — 33 £ 16
433 Eros 38+2 15 =1 14 =1 17 + 16 = 11
511 Davida 417 = 48 333 = 25 292 + 34 299 +34 £ 9
532 Herculina 7+ 7? 7+ ?rE? ?x?

2 Pallas. The first asteroid studied with SI by Steward Observatory was
2 Pallas in 1979 (Hege et al. 1980q,b). Its extremely elongated signature was
initially interpreted (plausibly) as an indication for a large Pallas satellite, but
was later found to be the product of incomplete calibration. This led to our
present observing methods, where we measure the asteroid (and two calibra-
tion stars) throughout its rotation, and to our PSSA methods, which properly
interpret changing signatures of the projected image. This has enabled us to
derive the dimensions and pole of Pallas from a later run.

On 9 and 10 April 1982, 9 observations were made at Steward Observa-
tory’s 2.3 m telescope with the Steward Observatory intensified video speckle
camera (Hege et al. 1982). The results from these Pallas observations (pre-
viously unpublished) are given in Table I. Substantial, systematic departures
from a triaxial ellipsoid model are evident as a nonrandom distribution of
residuals to the fit of the major and minor diameters and position angles. We
have come to realize that such departures are characteristic of the impact of
albedo features on our PSSA.

Pallas is the only asteroid with two well observed stellar occultation out-
lines (which are free from albedo effects) that give very reliable direct mea-
surements of its size and shape at the two epochs. In considering these
occultations, and the two models of the triaxial ellipsoid shape and rotational
pole derived from them by Wasserman et al. (1979) and Magnusson (1986), it
can be shown that neither model yields the exact occultation outlines as repre-
sented by the observed chords. Drummond and Cocke (1988) show that with
the ellipsoid equations derived by Drummond et al. (1985a), the two occulta-
tions give a narrowly defined pole (to within a two-fold sense-of-rotation am-
biguity) and triaxial dimensions. For the nominal occultation parameters for
Pallas, they found that the ¢ axis could be no greater than 120 km. Since this
is unrealistically small, and since the first occultation had much larger uncer-
tainties on the measured parameters than the second, Drummond and Cocke
examined a range in solutions found by varying the first occultation parame-
ters by their uncertainties. Evidently, the size of the outline on the first occa-
sion was (only slightly) overestimated, since only smaller dimensions yield
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better (larger c) solutions. Taking the average and standard deviations for the
various possible realistic (¢ = 300 km) solutions, they give a pole for Pallas at
(71;—19) or (251;+19) with a 10° radius error circle, and dimensions of
583(£18) x 527(%3) X 409(£52).

The weighted averages between the direct techniques of SI and occulta-
tions are given for the axial dimensions in Table II. Because of the geometries
of the observations, SI determines the ¢ axis better than the occultations, but
the occultations define the b axis more precisely. Lebofsky et al. (1986) have
recently revised the radiometric scale with Ceres and Pallas occultation results
and derive an average diameter of 532 km for Pallas. The IRAS diameter
(Matson et al. 1986) is 523 = 20 km. The mean diameter (abc)!/3 of the
model of Pallas from SI and the occultations given in Table II is 524 km, with
a range of 503 km for the minimum average diameter seen at equatorial as-
pects to 547 km for the maximum cross section seen at polar aspects. The pole
in Table II is the average between the speckle pole at (100;—22), the occulta-
tion pole from the mean of the possible solutions at (71;—19), and the pole at
(54;—6) from lightcurve analyses by Magnusson (1986).

4 Vesta. Retiring our traditional intensified video speckle detector in
favor of Harvard’s PAPA and Stanford’s MAMA two-dimensional photon
counting arrays, we have obtained excellent observations of 4 Vesta. As re-
ported by Drummond et al. (1988a), 10 observations were made with the
PAPA detector over two nights in November, 1983. Triaxial ellipsoid dimen-
sions and the usual two poles were obtained from PSSA. In addition, the
superior characteristics and geometric fidelity of the detector allowed success-
ful image reconstructions, discussed further in the next section. Three years
later, over three nights in October, 1986, we obtained some 65 observations
with the MAMA detector, which generally corroborated the results from the
earlier run. The two-fold ambiguity inherent to SI leads to a two-fold ambigu-
ity in the location of the rotational pole, but comparing the two possible poles
from each run, it was found that the prograde poles were slightly closer than
the retrograde poles, and were located in one of the two possible prograde
regions as determined from lightcurve analysis. Thus the pole of Vesta seems
to be rather well located. The two possible poles from the PAPA run were
(336;+55) and (209;—50), while the two from the MAMA run were around
(278;+71) and (145;,—60). Treating the results from each of the three nights
of the MAMA run independently, the weighted average of four pole deter-
minations involving 10, 17, 23, and 25 observations from the two runs is
given in Table I, and since it can be regarded as definitive (with the assump-
tions and to within the uncertainties involved), is repeated in Table II.

The weighted average for the triaxial ellipsoid dimensions determined on
four nights by SI are given in both Tables I and II. The mean diameter of
Vesta’s projected disk would vary between extremes of 498 and 548 km, with
(abc)1/3 = 520 km. This is much closer to the radiometrically determined 530
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km in the TRIAD file than the 579 km from polarimetry. (These diameters
were inadvertently attributed to the opposite techniques by Drummond et al.
[1988a].) Brown et al. (1982) have suggested that the radiometric diameters
in the TRIAD file should be reduced by 5% on the average, which would yield
504 km for Vesta’s radiometric diameter. The IRAS diameter is listed as 501
+ 24 km. It appears that most of the radiometric observations were made near
Vesta’s equatorial plane, where the average projected diameter would range
between 498 and 514 km.

29 Amphitrite. Previously unpublished results from PSSA of 5 obser-
vations of Amphitrite on 1 July 1985 are given in Table I. It is well known
from its irregular photoelectric lightcurves that Amphitrite must possess either
substantial albedo variations over its surface or higher-order shape parame-
ters, making conclusions and interpretations of SI signatures somewhat dan-
gerous. On the other hand, with the large number of available lightcurves and
with the converging consensus of axial ratios from photometric analysis, the
shape and pole of this asteroid appear to be well determined.

From the photometric determinations of the rotational axis listed in Part
VI of this book, two ambiguous poles emerge, at (139;—33) and (328;—40),
both with about 15° errors. The two possible poles from SI are listed in Table
I, only one of which is consistent with the photometric determinations. Thus,
the pole ambiguity is resolved in favor of the first listed pole. The average
from the 6 photometric and one SI determination is listed in Table II.

The mean a/b ratio for Amphitrite from 6 photometric determinations in
Part VI of this book is 1.11 * 0.04 and from 4 determinations, the average
b/cratio is 1.09 * 0.07. The ratios from Sl are a/b = 1.22 = 0.17 and b/c =
1.06 = 0.13. In light of the good agreement between the photometric and SI
axial ratios, it is surprising to find that the mean TRIAD polarimetric and
radiometric-diameters of 197 and 200 km, respectively, and the IRAS value of
219 =+ 5 km do not agree well with the mean SI diameter of 160 km, with an
extreme range of 148 to 168 km corresponding to (bc)'/2 and (ab)!/2, respec-
tively. The reason for the discrepancy undoubtedly lies in the surface albedo
structure inferred from the lightcurves, but it is not clear whether this influ-
ences SI or radiometry more. Adopting a mean diameter of 190 km, midway
between the SI and the IRAS values, and adopting the consensus (photometric
plus SI results) axial ratios of 1.21:1.08:1.00, the best estimates of the di-
mensions are given in Table II, where the adopted uncertainties are the vector
sum of the uncertainties in Table I and the differences between the dimensions
in the two tables.

511 Davida. From only 5 observations in one night, covering only a
quarter of a rotation, the results given in Table I were derived from PSSA
(Drummond and Hege 1986). Although it was suggested that the difficulty in
finding a triaxial ellipsoid solution was perhaps due to albedo features, subse-
quent photometric analysis strongly suggests the contrary, that Davida is very
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smooth and uniform. In fact, Magnusson et al. (see their chapter) offer it as a
possible “standard.” Despite the large associated error, SI does resolve the
ambiguity in the photometric pole determinations. Part VI in this book shows
that the two possible poles are located around (95;+30) and (300;+35), but
considering the two possible poles from SI in Table I, we identify the latter as
being the correct one (see Table II).

Because of the small number of observations and the low albedo of the
object, the SI diameters have large associated errors. Yet, it is still surprising
that the mean SI diameter of 350 km, with a range of (bc)!/?2 = 304 km to
(ab)!/?2 = 408 km, differs so much from the TRIAD radiometric diameter of
323 km or the downward revised 307 km. However, the IRAS diameter of 337
=+ 5 km stands in much better agreement with the SI mean diameter. For our
best estimate of the diameters in Table II, we use the well-determined axial
ratios from the Magnusson et al. chapter and a mean diameter midway be-
tween the IRAS and SI values. The adopted uncertainties are the difference
between the diameters in Tables I and 1I.

532 Herculina. Herculina presents a peculiar case. Its sometimes sin-
gle max/min and sometimes double max/min lightcurves have proven difficult
to explain. The first attempt to develop a model was given by Drummond et
al. (1985b) to explain the SI observations. The pole and dimensions from SI
are given in Table I. In order to account for peculiar SI measurements at
certain rotational phases, and to account for the lightcurve history, a bright
spot was postulated. However, with a photometric astrometry method, Taylor
et al. (1987) found an entirely different pole, and offered a spherical model
with two dark spots. Nevertheless this model was, in turn, rejected because
Lebofsky et al. (1988) showed from thermal lightcurves that the visible light-
curve amplitude was caused by changing cross sectional area and therefore
Herculina could not be a sphere. Current modeling efforts (Drummond et al.
1988b) to help interpret its lightcurves are concentrating on a triaxial ellipsoid
shape with major albedo or topographic (crater) features. Even low-resolution
images from speckle data should be very helpful in understanding Herculina.

It would be premature to list parameters with any degree of confidence in
Table II. While the original TRIAD radiometric diameter of 220 km is in good
agreement with the SI mean diameter of 231 km, the revised diameter of 209
km falls outside the range inferred from SI of 216 to 239 km. However, the
IRAS diameter of 231 * 4 km agrees exactly with the SI mean diameter.
Further observations of Herculina with all techniques are needed before any-
thing definitive can be said about its shape, but its average size seems well
determined and the pole from Taylor et al. (1987) at (96;— 1) derived from the
timings of lightcurve features appears firm.

C. Comparison of SI to Other Diameters

Figure 2 shows the mean diameters (abc)1/3 from Table I plotted against
the radiometric diameters from the IRAS file (Matson et al. 1986). The verti-
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Fig. 2. SI vs IRAS radiometric mean diameters. The vertical bars giving the range of allowable
SI diameters, from (bc)!/2 to (ab)!/2, are not error bars but correspond to the minimum and
maximum possible mean diameters according to Table I. The dots and their horizontal error
bars are from the IRAS file (Matson et al. 1986), and the open circles, also plotted with
ordinates corresponding to SI diameters, are TRIAD diameters reduced by 5%, except for 2
Pallas which comes from Lebofsky et al. (1986).

cal lines on the mean diameters are not error bars, but represent the extreme
possible range of mean diameters, from (bc)!/2 in the equatorial plane to
(ab)1/? at polar aspects according to the SI values in Table I. Observations
should statistically tend to occur near the bottom of this range since an as-
teroid’s orbit guarantees that the Earth will cross the equatorial plane every
sidereal period, but only in the exceptional circumstance where the rotational
pole lies nearly in its orbital plane could a polar view be provided. The hori-
zontal lines are error bars from the IRAS list. For comparison, the diameters
from the TRIAD file (Morrison and Zellner 1979), reduced by the 5% sug-
gested by Brown et al. (1982), are shown as open circles. The Pallas diameter,
however, is from Lebofsky et al. (1986), where a refined thermal model was
used. Also note that Eros does not have an IRAS measurement, so only a
reduced TRIAD diameter is used.

Except for 29 Amphitrite, the agreement between the SI and radiometric
diameters is quite good. Pallas’ radiometric diameter has been considerably
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reduced from the original TRIAD diameter of 589 km. For two asteroids (511
and 532), the agreement between the SI and IRAS diameters is much better
(moved to the right in Fig. 2) than the TRIAD diameters with the indiscrimi-
nate 5% reduction. The direct correlation (slope = 1) of SI with IRAS diame-
ters stands convincingly, and with no worse scatter than the former consensus
(TRIAD) diameters.

In cases where surface-structure effects are significant, SI is known to
produce biased estimates. When unresolvable surface structure dominates, SI
yields an underestimate of the size of the object. This appears to be the case
for Pallas and Amphitrite. Large dark regions could have the opposite effect.
Analysis of reconstructed images is expected to be less sensitive to these
biasing effects. One of the strong points about the PSSA results is that all
three axes diameters are derived at once, so that the vertical lines on the filled
points in Fig. 2 can be drawn in the first place. With SI, each asteroid is
treated independently; SI yields a complete analysis involving no indetermin-
able parameters.

III. IMAGE RECONSTRUCTION

A. Background

The image of an object, o(r), can be reconstructed from measurements of
the object’s complex visibility function by inverse Fourier transform

o(r) = FT1[V(f)] )

where, as in Sec. I, r and f represent image ordinary space (x,y) and image
frequency space (u,v), respectively. The complex visibility, V(f), is conven-
iently represented, after Euler, in terms of its amplitude and phases

V() = A(f)eie®d, (10)

The image amplitude A(f) is just the square root of the image PS (Eq. 5)
calibrated as described in Sec. 1.

The image phase measurements in the Knox-Thompson method are ob-
tained from the same set of M Fourier transformed specklegrams as required
for the image PS (Eq. 1), the complex quantities /,(f) = FT[i, (r)],m =
1,2,...M. Knox and Thompson (1974) showed that phase differences, and
hence by numerical integration the phases, can be accumulated from two quite
similar complex cross spectrum accumulations in the two-dimensional f =
(u,v) plane

CS,(f) = <I¥(u v, (u+ 1,v)>,, (11a)
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and
CS(f) = <Ev)I(u,v + 1)>,, . (11b)

An initial estimate of the image phases ¢(f) can be obtained by starting
with ¢(0) = 0, as it is always possible to assume that the reconstructed image
is to be centered in the data frame. To avoid problems in averaging phases
with *2mn periodic ambiguity, it is necessary to work with phasors, two-
dimensional vector-like quantities which are not influenced by such ambigu-
ity. To visualize the problem, consider two noisy quantities, &, = 7 + €, and
&, = —m + €,. The simple average produces 0 + 1/2(e; + €,), whereas the
correct average is 1 (or m + 2mn, but not 0) +1/2(e; + €,). We use a nor-
malized phasor Ph(f) defined such that its argument is the required &(f). Thus
we begin with the complex normalized phasor

Ph(0) = (1,0) (12)

The phases at all other points in the (u,v) plane within the diffraction limit |f]
< f. are then integrated from the measured phase differences by iteration of
Eq. (12) using the complex cross spectra Eq. (11) according to the rules

Ph(f + 1) = CS(f)/Ph(f) (13a)
and
Ph(f + j) = CS (f)/Ph(f) . (13b)

By successively stepping in i and J, any arbitrary frequency f can be reached
from 0.

The frequency f + 1 + j is the same as the frequency f + j + 1, but the
path specified by the order of the terms is different. The path integral along the
two paths may produce different results due to measurement errors. Results
are averaged for the two numerical integration paths at each step in the itera-
tion of Eq. (12) by Egs. (13),

Ph(f + i+ §) = 1/2[Ph(f + i+ §) + Ph(f + § + D] . (14)

The phase estimate &(f) is then obtained from the argument of Ph,(f),
the two path phasor averages,

&(F) = arg[Ph, ()] . (15)

This is only the first estimate since there are an increasingly large number
of paths from O to f as |f| increases. What is desired is a method which finds
the properly weighted least squares solution for Ph,(f) for all possible paths to
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f. Such general methods are only now being investigated (Takajo and Tak-
ahashi 1988; Freeman et al. 1988).

In order to improve the phase approximation, the two-path average (Eq.
14) can be subjected to an iterative relaxation algorithm (such as that used in
adaptive optics image-compensation systems by Hardy et al. 1977). This is
accomplished by starting at the DC point, Ph(0) = (1,0), and spiraling
around it toward higher spatial frequencies. Again, the spiral has two senses
depending on whether the first step is along i and then j, or the converse.
Because of (unbiased) measurement noise, the two senses give different re-
sults, which are again averaged. The quantity computed at each step, £ # 0, of
this spiral smoothing involves 4 complex quotients describing the 4 nearest-
neighbor phase relationships

Cs.() )

Phe () = 1/4 {< Ph(f + 1)

( CSv(f)'A >*+ CSu(f—.Ai) . csv(f—g) } (16)
Ph,(f + J) [Ph, (£ — DI*  [Ph(f — PI”

where (...)* denotes complex conjugate. This average ensures that locally at f
the value of the new phase estimate &(f) = arg(Ph(f)) is consistent with the
measured phase differences CS,(f) and CS (f) for its nearest neighbors &(f
* i) and &(f = j).

This process converges, for |f| <f,, after several iterations of Eq. (16) in
which Ph,(f) is replaced by its new estimate Ph(f) after each iteration. Con-
vergence is achieved when the “variance” of the iteration

€= 2 [Phf) — PhD)]2 a7
If<f.

decreases significantly, typically after 20 to 200 iterations. This is not, how-
ever, a “least squares” solution, but it is nevertheless a weighted solution
since the complex cross spectra CS,, and CS,, contain the image amplitudes.

Just as there is an image plane analog of the PS (the ACF), there are
equivalently image plane analogs to the two phase difference cross spectra
(Egs. 11), the two corresponding unbiased complex cross correlation func-
tions, similar to Eq. (8)

E exp(—i21-rxk/L)8(Arj,,;— r) (18a)

M jk=1;j+k

2'»—

and
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N,

M M
1 1 .
XCy(r) = 72 > = > exp(—i2my/L)S(Ar;, — r)  (18b)
m=1 "M jr=1;j*k

where L is the size of the data domain. The cross spectra (Eqs. 11) are then
obtained from these complex weighted cross correlations (Eqs. 18) by Fourier
transformation. Hence the complex visibility measurements can be made in
either data domain.

The phases ¢(f), obtained from Eq. (16), and amplitudes A(f), obtained
from Eq. (5), can be combined (Eq. 10) to retrieve the image of the object
(Eq. 9). Further refinement of the image estimate given by Eq. (9) can be
obtained using methods developed by Feinup (1978,1979,1986) and co-
workers (Feinup et al. 1982; Feinup and Wackerman 1986). This image esti-
mate refinement effectively imposes the additional physical constraints that an
image is positive definite and, for finite objects, bounded by its support.

In summary, the reconstructed image is positive definite, with a finite
support, and is consistent with its observed seeing calibrated image ampli-
tudes and its observed image phase differences (see Drummond et al. [19884]
for descriptions of further calibration procedures as applied to Vesta).

B. Images of 4 Vesta

Ten images of Vesta were reconstructed and discussed by Drummond et
al. (1988a). The data were taken with Harvard’s PAPA detector (Papaliolios et
al. 1985), and with the close cooperation of C. Papaliolios, P. Nisenson and
S. Ebstein. The images are due to A. Eckart. A problem with multiple detec-
tion of photons, yielding biased estimates of amplitudes (Eq. 8) and phase
differences (Egs. 18), (which has since been corrected) produces an artificially
bright central spot in all of these images. Ignoring this known artifact, the
images were sufficient to reveal dark and bright areas on the surface. A model
of surface spots was developed based on the images. When combined with the
triaxial ellipsoidal shape derived from the PSSA, this model can reproduce all
low solar phase-angle lightcurves ever taken, down to the rotational phase and
amplitude.

From theoretical considerations of its inferred basaltic crust, it could be
argued that the derived triaxial shape (Drummond et al. 1988a), where a/b =
1.10 = 0.04 from 10 observations, cannot be correct, that a/b must be 1.0,
and that Vesta has an equilibrium shape (Cellino et al. 1987). It should be
pointed out that the SI results are observational, with the model being driven
by the images, and not vice versa. However, estimates of figures obtained as
fits to images with surface structure can also be biased. The possibility cer-
tainly exists that Vesta’s a/b ratio may be closer to unity, with the observed
spots dominating the lightcurves more than the unequal axes. Some 65 later
observations with Stanford’s MAMA detector, provided through the courtesy
of J. Morgan and J. G. Timothy, and reduced at Steward Observatory by R.
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Fig. 3. Intensity profiles from a reconstructed image of 433 Eros. (a) is the outline of the as-
teroid’s reconstructed image, and (b) and (c) are intensity profiles of the same image from
different perspectives. The image was reconstructed from the PS shown third from the right in
the top row of Fig. 1.

Watkins, are shown to produce unbiased estimates of amplitudes, yielding a
PSSA a/b ratio nearer to unity, 1.07 = 0.04, as reported in Table 1.

C. Image Phase Reconstructions for 433 Eros

In collaboration with the speckle group at Steward Observatory, Bates
and coworkers at the University of Canterbury in New Zealand (Bates and
Fright 1983,1984; Bates and Lane 1987) have obtained a reconstructed image
of the second observation of Eros on 18 December 1981, which corresponds
to the third PS from the right in the top row in Fig. 1. (In Drummond et al.
[19854], the observation is the sixth point in their Figs. 2 and 3, the third
frame in Fig. 9 and the sixth drawing in Fig. 10.) This previously unpublished
image was produced from the PS amplitudes only, and therefore involved
reproducing the phases from the amplitudes as well.

Line drawings of the image are given in Fig. 3a, and intensity profiles are
presented in two different perspectives in 3b and 3c. The intensities between
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the dotted and solid line in the projected image and exterior to the dotted line
in the intermediate perspective are biased because of known instrumental ar-
tifacts along these rasters. The solar phase angle at the time was 40° and the
latitude of the sub-Earth point was —74° according to the pole in Table I, or
—62° with the pole from Table II. The projected image reveals that Eros is
shaped more like a peanut than a strict triaxial eliipsoid, and the intensity
profiles suggest that the brightness distribution across the small asteroid is not
uniform at 40° solar phase angle. Both of these points would contribute to the
difference between the poles in the two tables. Does this picture suggest that
Eros may be a “chip” off a larger body or does Eros look more like the
nucleus of a comet?

D. The Future

The question is now how to obtain unbiased estimates of an asteroid’s
figure from noisy images modulated by observable surface structure. One

Fig. 4. Reconstructed image of 4 Vesta. This reconstruction of an image was made with the
Knox-Thompson algorithm applied to the first Vesta observation of 14 Nov. 1986. The size of
Vesta at this time was 0.50 by 0.47 arcsec with the position angle of the long axis oriented 50°
West (counterclockwise) of North (left) as determined from PSSA.
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image of Vesta from the set of 65 currently being constructed from data taken
with the MAMA detector is shown in Fig. 4 and illustrates the problem. The
improvements obtained by Takojo and Takahashi (1988) with least-squares
phase retrieval from phase-difference measurements in computer simulations
lead us to expect similar improvements will be forthcoming in our Vesta map-
ping project.
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RADAR OBSERVATIONS OF ASTEROIDS

STEVEN J. OSTRO
Jet Propulsion Laboratory

Echoes from 33 main-belt asteroids (MBAs) and 19 near-Earth asteroids (NEAs)
have provided a wealth of new information about these objects such as sizes,
shapes, spin vectors, and such surface characteristics as decimeter-scale mor-
phology, topographic relief, regolith porosity and metal concentration. On aver-
age, small NEAs are much rougher at decimeter scales than MBAs, comets or
the terrestrial planets. Some of the largest MBAs (e.g., 1 Ceres and 2 Pallas)
are smoother than the Moon at decimeter scales but much rougher than the
Moon at some much larger scale. There is at least a five-fold variation in the
radar albedos of MBAs, implying substantial variations in the surface porosities
or metal concentrations of these objects. The highest MBA albedo estimate, for
16 Psyche, is consistent with a metal concentration near unity and lunar poros-
ities. The diversity of NEA radar signatures is extreme. The radar albedo
of 1986 DA is twice that of Psyche and strongly suggests that this Earth-
approacher is a ~2-km metallic fragment with hardly any regolith; it might be
the source of some of our iron meteorites. NEA polar silhouettes range from
slightly noncircular to highly elongated and distinctly nonelliptical. Delay-
Doppler images of 1627 Ivar show this ~7-km object to be elongated, irregular,
nonconvex and bifurcated. The radar signatures of NEAs often seem extraor-
dinarily complex compared to those of large MBAs, and suggest an abundance
of exotically shaped objects in the near-Earth population. Echoes from 1986 JK,
detected at 11 lunar distances from Earth three weeks after its discovery, yielded
Doppler-frequency measurements adequate to ensure future optical recovery of
this asteroid. “Radar astrometry” of NEAs is important even for asteroids with
an extensive optical astrometric history, because a handful of delay-Doppler
measurements can shrink the positional error ellipsoid of the prediction ephem-
eris by a factor =2 for decades.

[ 192 ]
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I. INTRODUCTION

Radar observations of asteroids have increased exponentially since this
book’s predecessor was published (Gehrels 1979) (Fig. 1 and Table I; cf.
Pettengill and Jurgens 1979, their table). This chapter reviews the relatively
small portion of the results already reported in the literature, but its primary
emphasis is on techniques, observational strategies and physical interpretation
of radar signatures.

Radar observations of asteroids are powerful for a variety of reasons, the
most prominent being the high degree of control exercised by the observer on
the signal transmitted to illuminate the target. This illumination is an intense,
coherent radio signal whose polarization and time/frequency modulation are
designed by the astronomer to match particular scientific objectives. By com-
paring the echo’s characteristics to those of the transmitted waveform, one can
deduce the asteroid’s radar properties. Thus, the astronomer is intimately in-
volved in an active observation and, in a very real sense, conducts a controlled
laboratory experiment on the asteroid.

As discussed below, resolution of echoes in Doppler frequency and/or
time delay provides one-dimensional or two-dimensional images of an as-
teroid, even though the target’s angular extent is miniscule compared to that of
the radar beam. Because of the macroscopic wavelengths employed, radar is
sensitive to near-surface structure at “human” as well as much larger, “to-

CUMULATIVE # OF RADAR-DETECTED ASTEROIDS
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Fig. 1. Cumulative number of radar-detected asteroids. See Table 1.
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pographic” scales, and to regolith porosity and metal abundance. Moreover,
since radar measurements are ‘‘line of sight,” radar constraints on asteroid
orbits, dimensions and spin vectors are distinct from, and complementary to,
optical “plane of sky” constraints on those quantities. The principal limita-
tions of asteroid radar astronomy arise because of insufficient echo strength;
most asteroids rarely, if ever, pass within the detectability windows of current
planetary radar telescopes.

II. TECHNIQUES

Echo Detectability

What factors determine an asteroid’s radar echo strength? Let P be the
transmitted power, A the radar wavelength, G the antenna gain, A, = GA?/4w
the antenna’s effective aperture, R the target’s distance and o the target’s radar
cross section, defined as 41 times the backscattered power per steradian per
unit incident flux at the target. Then the received power will be (see, e.g.,
Ostro 1987a)

Pr=P;GA, o/ (4w)?2R*. (1)

The receiver noise power can be written Py = kT Af, where k is Boltzmann’s
constant, 7', the receiver system temperature and Af the data’s frequency reso-
lution. Since we can determine and remove the mean background noise level
Py, the echo power Py is detectable as long as it dwarfs the random fluctua-
tions in Py. Those fluctuations are chi-square distributed, but for values of Af
and the integration time At satisfying Af-Ar >> 10, the distribution is approx-
imately Gaussian with standard deviation AP, = Py/(Af-Af)1/2. (See, e.g.,
Jenkins and Watts 1968.) We can maximize the signal-to-noise ratio, SNR =
Py/AP,, by picking a frequency resolution matched to the echo spectrum,
whose bandwidth will be proportional to D/AP, where D and P are the target’s

diameter and rotation period. Defining the target’s radar albedo as ¢ =
o/(mD?/4) and substituting, we have

SNR = (system factor) X (target factor) X (Arl/2 2)
where
system factor = P, G2 \5/2 /T 3)
and

target factor = G D3/2 P1/2 /R4, 4)
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A signal-to-noise ratio > 5 normally indicates a detection, but useful resolu-
tion of the echo demands much larger values. For example, interesting delay-
Doppler imaging is difficult if SNR is much less than ~100. Propagation of
noise into error in estimates of such echo characteristics as spectral bandwidth
is examined by Jurgens and Bender (1977).

Radar Systems

The two radar facilities active in asteroid studies are the National Astron-
omy and Ionosphere Center’s Arecibo Observatory in Puerto Rico and the Jet
Propulsion Laboratory’s Goldstone Radar in California. Wavelengths for all
asteroid radar observations during the past decade have been 13 cm at Arecibo
and 3.5 cm at Goldstone. Order-of-magnitude values of each system’s charac-
teristics during recent asteroid work are Pr = 400 kw, G = 107-1 and T, = 25
K.

The Arecibo instrument, located at 18°3 N latitude, consists of a fixed,
305-m, spherical reflector (Fig. 2). Movable line feeds, suspended from a
triangular structure some 130 m above the dish, correct for spherical aberra-
tion and can be pointed in altitude and azimuth, enabling the telescope to track
asteroids within 20° of the zenith, i.e., for durations up to ~2.9 hr. Gold-
stone, located at 34° N latitude, consists of a parabolic antenna with horn
feeds (Fig. 3). It is fully steerable and has access to the entire sky north of
declination —50°, a capability that compensates for its peak sensitivity during
recent asteroid observations being almost an order of magnitude less than
Arecibo’s. Among the 51 radar-observed asteroids, Goldstone obtained the
only detection in two cases and the strongest echoes in two others. However,
improvements being made in Goldstone, including enlargement of the dish’s
diameter from 64 m to 70 m, will leave it ~1/3 as sensitive as Arecibo’s, so
3.5-cm asteroid studies should expand sharply during the next few years.

Measurements: Time Delay and Doppler Frequency

In a typical radar experiment, a signal is transmitted toward the target for
a duration near the roundtrip light travel time to the target, and then echoes are
received for a comparable duration. During reception, the maser-amplified
signal is mixed to lower frequencies and filtered, and then digital samples of
the signal’s voltage are either recorded directly or, depending on the nature of
the radar experiment and the transmitted waveform’s time/frequency struc-
ture, first Fourier transformed or decoded using online hardware into a format
more amenable to post-real-time processing (Ostro 1987a).

The time delay T between transmission of a pulse and reception of the
echo from a target at distance R is of order 2R/c, where c is the speed of light.
Among the radar-detected asteroids, echo time delays have ranged from 29
seconds for 1986 JK at 0.029 AU (Ostro et al. 1989) to 35 minutes for a recent
Arecibo observation of Pallas at 2.1 AU.

For a target whose velocity component in the direction of the radar is



Fig. 2. The Arecibo telescope in Puerto Rico. Top: an aerial view of the entire instrument;
bottom: a close-up of the structure suspended above the spherical reflector. The A13-cm feed,
used for asteroid radar observations, extends from the middle, uphill part of the carriage house
closest to the viewer.
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Fig. 3. The Goldstone antenna in California.

Vrap, echoes are Doppler shifted by a frequency given, to first order in
Vrap/C, by v = 2vpapfrx/c; a 1-Hz Doppler shift corresponds to a radial
velocity of a half wavelength per second. Asteroid radial velocities can be as
large as several tens of kilometers per second, causing Doppler frequencies on
the order of a MHz at A = 3.5 cm. Asteroid Doppler shifts have been reported
with quoted errors as low as 0.05 Hz at A = 13 cm, or 3 mm s~1, while recent
observations (Ostro, Shapiro, Campbell and Hine, unpublished results) have
yielded time-delay measurements with intrinsic precisions on the order of a
few microseconds for near-Earth asteroids and several tens of microseconds
for main-belt asteroids.

Radar Astrometry

Because line-of-sight radar astrometric measurements have much finer
intrinsic fractional precision than their optical plane-of-sight counterparts,
they are potentially valuable for refining our knowledge of asteroid orbits.
Noting that reliable prediction ephemerides tend to be more difficult to de-
velop for near-Earth asteroids than for MBAs, Yeomans et al. (1987) per-
formed a series of uncertainty analyses to assess quantitatively the degree to
which radar astrometry can improve the accuracy of NEA ephemerides. They
studied a variety of possible optical and radar data histories to explore how
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errors in predicted plane-of-sky asteroid positions vary as a function of time
after a series of optical astrometric measurements, and how radar delay and
Doppler estimates can improve the predictions. Radar provided only a modest
absolute reduction in ephemeris uncertainty for a numbered asteroid with a
half-century-long optical astrometric history and a well established orbit, but
dramatic improvement in future ephemerides of various asteroids with optical
astrometric histories only a few months long.

For a newly discovered NEA, a few radar observations could easily mean
the difference between successfully recovering the object during its next close
Earth approach and losing it entirely. However, even for a numbered NEA
with a secure orbit, a few delay-Doppler measurements can shrink the posi-
tional error ellipsoid by a factor of two for at least a decade. Such modest
refinement could prove critical in planning stellar occultation observations
and would certainly be valuable for asteroids targeted for spacecraft flyby and
rendezvous missions. Figure 4 illustrates results of the Yeomans et al. (1987)
error analysis for 1986 DA, an object with a good astrometric history.

Delay-Doppler Dispersion of Echo Power

Each backscattering element on an asteroid’s surface returns an echo
with a particular time delay T and Doppler frequency v, and we use o(7,v) to
denote the asteroid’s delay-Doppler distribution of echo power. Contours of
constant delay are equidistant from the radar. The asteroid’s delay depth, or
the dispersion A7 in o(1,v), is the time difference between the shortest and
longest delays, i.e., between arrival times for echoes from the subradar point
and the limb.

The echo’s Doppler frequency dispersion Av, or simply the bandwidth B,
depends on the asteroid’s size and spin rate as well as on the viewing geome-
try. An asteroid’s instantaneous echo bandwidth can be expressed as

B = (4wD/\P) sin )

where P is the synodic rotation period, a the aspect angle (between the spin
vector and the line of sight) and D the sum of the distances from the plane
containing the radar line of sight and the asteroid’s apparent spin vector € to
the backscattering surface elements with the greatest positive (approaching)
and greatest .negative (receding) radial velocities. Figure 5 shows geometric
relationships between an asteroid’s shape and its echo power spectrum. The
view along Q shows the asteroid’s pole-on projection, i.e., its “polar sil-
houette.” D is this silhouette’s width, or breadth, measured normal to the line
of sight. Equivalently, D is the breadth of the silhouette’s convex envelope or
“hull.” Ostro et al. (1988) show how the hull can be estimated from a collec-
tion of echo spectra with adequate rotational phase coverage, frequency reso-
lution and signal-to-noise ratio.

We can think of the hull H either as the shape of a rubber band stretched
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on the asteroid’s polar silhouette can be estimated from echo spectra adequately distributed in
rotational phase (figure from Ostro et al. 1988).

around the polar silhouette or as the pole—oh projection of the asteroid’s three-
dimensional convex envelope. In simpler words, H furnishes a pole-on view
of the asteroid with concavities “filled in” and with dimensions in units of
kilometers/sin . Thus H sets a lower bound on the asteroid’s dimensions and
pole-on projected area, which in turn can be used to refine albedo estimates.
Furthermore, by treating the center-of-mass frequency (f, in Fig. 5) as a free
parameter, one can optimize estimation of Doppler frequencies for asteroids
with unknown and potentially irregular shapes, minimizing systematic error
in radar astrometric measurements.

For very large, main-belt asteroids, prior knowledge of sizes and spin
periods often is very good, so here echo bandwidth measurements are most
valuable as pole-direction constraints. This topic is discussed in the chapter by
Magnusson et al.
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Albedo and Polarization Ratio

In most modern asteroid radar observations, we transmit a circularly po-
larized signal and use two parallel receiving channels to receive echoes in the
same circular polarization sense as transmitted (the SC sense) as well as in the
opposite (OC) sense. Coherent, single back reflections from dielectric inter-
faces whose sizes and radii of curvature greatly exceed the wavelength would
produce echoes almost entirely in the OC populations. SC echo power can
arise from multiple scattering, from single backscattering from interfaces with
wavelength-scale radii of curvature (e.g., rocks) or from subsurface refraction
effects. Therefore, the circular polarization ratio, p. = o¢,/0,,, serves as a
useful gauge of the asteroid’s generalized, wavelength-scale complexity, or
roughness, within the radar penetration depth of the surface. Measurement of
the disk-integrated radar quantities w, and the “radar albedo™ &,. comprise
primary objectives of most asteroid radar observations. [The geometric al-
bedo, used in optical astronomy, equals (1 + w.)6,./4.]

For targets with very low ., the ratio’s physical interpretation is unique,
because the surface must be smooth at all scales within about an order of
magnitude of the wavelength and the subsurface material must be virtually
devoid of wavelength-scale structure to depths of several 1/e power absorp-
tion lengths L. If we know the asteroid’s gross shape, its spin period and the
aspect angle, then we can determine the asteroid’s radar backscattering law,
which can be modeled to yield the rms slope of surface elements with respect
to the gross shape as well as the backscatter gain, g = &,, /p, where p is the
Fresnel power-reflection coefficient for normal incidence. That coefficient de-
pends on the electrical properties of the asteroid surface. If the upper few
meters are homogeneous, porous, dry, unconsolidated regolith consisting of
particles no larger than ~\/100, then p and L depend just on bulk density
(Ostro et al. 1985a; Garvin et al. 1985). Bulk density is a function of the
porosity and the volume fractions and specific gravities of the rock and metal
phases. Thus, in principle, radar measurements let us estimate regolith char-
acteristics that are poorly constrained by other methods. Metal concentration
is of particular interest, since it bears on the asteroid’s meteorite association
and hence its thermochemical history, as well as on its potential economic
value as a space resource.

Using &, to estimate p may lead to overestimation of the Fresnel coeffi-
cient, and hence to overestimation of bulk density, if g > 1. The gain would
be unity for a smooth sphere, but larger for larger rms slopes. However, at
least for applicable rough-surface scattering models compatible with . near
zero, gains closer to two than to unity seem very unlikely; a sphere with an
rms slope of 0° would have g = 1, and one with rms slope comparable to the
angle of repose for particulates (~35°) would have g ~ 1.1. Moreover, al-
though taking &, to estimate p may inflate estimates of regolith bulk density,
we expect this positive bias to be offset by an “artificial” reduction in p if the
regolith density near the surface is not constant, but instead increases gradu-
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ally down to depths >A/4. Such a configuration creates an impedance match
between the regolith and free space, severely attenuating the reflected power
(Simpson 1976).

III. RESULTS FOR MAIN-BELT ASTEROIDS

This section summarizes results obtained by Ostro et al. (1985a) for 20
main-belt asteroids. Figure 6 shows the dual-polarization radar signatures for
15 of those objects, averaged over the observed rotational phases and filtered
to the indicated frequency resolutions. Asteroid echoes obtained to date lack
the sharply peaked OC spectral signature seen for the Moon and the inner
planets. That signature arises because single back reflections from smooth
surface elements dominate the echo and the rms surface slope is very small
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Fig. 6. Dual-polarization radar echo spectra obtained for 15 asteroids by Ostro et al. (1985a). OC
and SC spectra (solid and dotted curves, respectively) are filtered to the indicated frequency
resolution. Echo power is plotted against Doppler frequency. Central vertical bars represent =1
standard deviation of the receiver noise. Horizontal arrows show the maximum echo bandwidth
expected.
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(~6°); most of the echo comes from a region within ~6° of the subradar
point. In contrast, asteroid echo spectra are very broad (that is, there is very
little limb darkening), so we know that asteroids are rougher than the Moon at
some scale(s) no smaller than a few cm. As can be seen in Figs. 6 and 7, most
MBASs tend to have low circular polarization ratios, indicating that single back
reflection from smooth surface elements is the dominant scattering mecha-
nism. For such objects, the roughness scale responsible for the broad OC
spectral shapes must exceed many m, and the severity of that roughness must
exceed the Moon’s. :

Exploiting the high signal-to-noise ratio of their OC echo for Pallas and
the existence of outstanding stellar-occultation chords and a reliable spin
period for that object, Ostro et al. (1985a) performed model fits which argue
strongly for rms slopes =20°. (Those estimations also yielded an aspect angle
estimate consistent with optical constraints on the pole direction.) Therefore,
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Fig. 7. Main-belt asteroid radar albedos and circular polarization ratios, plotted vs asteroid di-
ameter (figure from Ostro et al. 1985q).
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Pallas appears to be smooth at “human” scales but topographically rough.
Given the available constraints on spin vectors, dimensions, and hence max-
imum echo bandwidths of other MBAs, Ostro et al. (1985a) deduced that
most MBAs appear rough at some scale no smaller than a few m. Note that
km-sized residuals between stellar-occultation chord ends and elliptical mod-
els (see, e.g., Millis et al. 1987; Wasserman et al. 1979) argue for the pres-
ence of topography at scales monumental compared to the minimum scale
dictated by the radar data.

Additional evidence for large-scale structure on asteroids comes from
radar spectra obtained for 9 Metis (Fig. 8). The presence of a huge spike on
one side of the spectrum taken over a narrow rotational phase interval, but not
in spectra at other phases, suggests that the source of the spike is a major
topographic construct. An even more extreme example is provided by echoes
from the large M-class object 216 Kleopatra (Fig. 9; Ostro et al. 1986a).
Spectra taken about 90° apart indicate that Kleopatra is two to three times
longer than it is wide. The spectrum presenting the maximum breadth is bifur-
cated, supporting the conjecture (Weidenschilling 1980, and references
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Fig. 8. Radar echo spectra obtained for 9 Metis. OC echo power is plotted vs Doppler frequency.
The top spectrum, which is plotted on a different scale in Fig. 6, is a 15-run sum of all data
obtained by Ostro et al. (19854) in March 1984. Those data span 300° of rotational phase. The
bottom spectrum, from a single run, spans about 28° of rotational phase; its severe asymmetry
may be due to a huge flat area on the receding side of Metis, oriented almost normal to the line
of sight during this run.
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Fig. 9. Echo spectra obtained for 216 Kleopatra at rotational phases ~90° apart (Ostro et al.
1986a). Echo power, in k2 of radar cross section per 75-Hz resolution cell, is plotted vs
Doppler frequency (kHz). The bar at (0,0) shows %1 standard deviation of the receiver noise.

therein) that Kleopatra is a “dumbbell-shaped” asteroid. Thorough observa-
tion of a stellar occultation by Kleopatra on 14 August 1989, predicted by
Wasserman et al. (1987), might elucidate this object’s shape and possible
duplicity.

Figure 7 demonstrates that MBA circular polarization ratios range from
near zero to ~0.3. Whereas the mean value of ., for S-class objects might be
slightly larger than that for the C class, the two distributions clearly overlap.
The figure also suggests the possible tendency for the S-class objects’ deci-
meter-scale roughness to increase with decreasing size.

Combining estimates of radar cross section with occultation or radio-
metric diameters, Ostro et al. (1985a) estimated the radar albedos of 20 as-
teroids, finding them to range from 0.047 for Ceres to 0.29 for Psyche. The
dispersion implies substantial variations in regolith porosity or metal abun-
dance, or both. Psyche’s albedo estimate is consistent with porosities compar-
able to the typical lunar value (~0.5) and metal concentrations near unity, but
it also is consistent with a bare-rock surface and a metal concentration typical
of enstatite chondrites. The first hypothesis seems preferable because we ex-
pect any asteroid as large as Psyche to possess a thick regolith. Still, we must
remember that the premises for the two hypotheses are dictated by Psyche’s
taxon (M) and by the absence in our meteorite sample of enstatite chondrites
with metal concentrations near 0.7. Taken by themselves, the radar results are
quite consistent with such a mineralogy and a porosity (~0.3) near the low
end of lunar values. The issue of Psyche’s meteoritic affiliation is not closed,
but if the first hypothesis is correct, Psyche might be the collisionally stripped
core of a differentiated asteroid, and by far the largest piece of refined metal in
the solar system.

For S-class MBAs, the radar albedos provide joint constraints on poros-
ity and metal abundance, but the metal abundances for the candidate meteorite
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analogs (~0.5 for stony irons vs < 0.2 for ordinary chondrites) are too close
to each other to let us choose reliably between the two hypotheses.

IV. RESULTS FOR NEAR-EARTH ASTEROIDS

Whereas the largest MBAs might have nearly spherical shapes, few prior
constraints apply to configurations of asteroids much smaller than 100 km.
For this reason, a prime goal of NEA radar investigation is to obtain concrete
dimensional information. Jurgens and Goldstein (1976) pioneered this effort,
applying techniques developed by Jurgens (1982) to model the 3.5-cm OC
spectra of 433 Eros in terms of a homogeneously scattering ellipsoid. Their
post-fit residuals led them to conjecture that this ~20-km object might be
more egg-shaped than ellipsoidal. Ostro et al. (1983) applied the same method
to 13-cm echoes from 1685 Toro and noted significant departures from the
simplified model, possibly including a surface feature with enhanced radar
brightness and p... Combining their radar and photoelectric measurements for
2100 Ra-Shalom with infrared-radiometric size information, Ostro et al.
(1984) developed joint constraints on its dimensions, pole direction and spin
period, again finding it difficult to reconcile the radar data with a homoge-
neous, axisymmetric model.

Ostro et al. (1985b) list spectral bandwidths for eight NEAs, noting that
for Toro, Ra-Shalom, 1627 Ivar, 1862 Apollo and 2201 Oljato, differences
between bandwidths measured at different rotational phases indicate that the
polar silhouettes of those objects are not circular. They report that Oljato’s
spectra were double-peaked on 1 July 1983 but not on three other nearby
dates, possibly indicating a complex shape. For Ivar (Fig. 10), the fractional

ECHO POWER

DOPPLER FREQUENCY (Hz)

Fig. 10. Echo spectra obtained for 1627 Ivar at rotational phases ~90° apart. OC echo power is
plotted vs Doppler frequency.
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variation in B is twice that in o,,, suggesting an aspect far from equatorial.
Ostro et al. (1986b) describe first results of efforts to estimate the hulls of the
polar silhouettes of Ivar and Apollo. Both asteroids are distinctly nonellipti-
cal, with Ivar the more elongated. The same authors report that delay-Doppler
images of Ivar show a bimodal, asymmetrical distribution of echo power and
suggest a bifurcated shape. For 1986 DA, the spectra are strongly bimodal for
each of two rotational phase intervals ~180° apart, while spectra at other
phases range from fairly symmetrical to extremely asymmetrical.

Circular polarization ratios of NEAs tend toward larger values than those
of MBAs. For most of the objects observed by Ostro et al. (1985b), . varies
with rotational phase, suggesting substantial surface heterogeneity. For Apol-
lo, . varies dramatically across the disk; polarization features exist, but only
for tiny (<<0.1) fractions of a rotation, and the features’ rotational dependence
suggests considerable structure at m-to-decameter scales.

The radar properties of 1986 DA are unique among planetary radar tar-
gets: a very low circular polarization ratio but an enormous radar albedo.
Ostro et al. (1987) report that delay-Doppler images of this object show it to
be 1 to 2 km in size, and that the radar albedo is at least twice as large as
Psyche’s and about ten times that of the Moon. The most plausible interpreta-
tion of this radar signature is that 1986 DA’s composition is very rich in metal,
and that there is little coverage of the surface by porous regolith thicker than a
few cm. Hence this object might contribute some of our iron meteorites, or
perhaps might share a common origin with them.

In summary, the radar signatures of NEAs often seem extraordinarily
complex compared to those of large MBAs. Given the small size of the NEA
radar sample, the results strongly suggest an abundance of exotically shaped
objects in the NEA population.

V. FUTURE PROSPECTS

Upgrades recently proposed for the Arecibo and Goldstone radars would
dramatically extend their reach, permitting major advances in asteroid explo-
ration. At present, Arecibo can barely skim the inner edge of the main belt,
but an upgraded instrument would have access to asteroids throughout the belt
(Fig. 11; Ostro 1987b). The number of detectable asteroids would increase by
two orders of magnitude; those asteroids easy to observe with the current
telescope would be observable at signal-to-noise ratios greater than those
achieved to date for any asteroid. During its first decade of operation, an
upgraded Arecibo could provide valuable delay-Doppler images (>>10
pixels on target) of two dozen MBAs and two dozen NEAs, plus accurate
hulls for over 100 objects. It could estimate albedos and polarization ratios for
some 600 MBAs and half of the currently numbered NEAs.

An upgraded Goldstone would be as sensitive as today’s Arecibo, but
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Fig. 11. Effects of the proposed Arecibo upgrade on radar detectability of main-belt asteroids
(Ostro 1987h). This overview of the main belt, from Chapman (1979), shows some 2000
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boxes, other classes as crosses, and unclassified objects as dots. The larger boxes and crosses
indicate sizes >80 km. Vertical lines are means of the distributions (approximate form
sketched at left) of the range of the Arecibo radar today and after completion of proposed
upgrade.

fully steerable. It could reveal the 3.5-cm properties of the same objects
Arecibo has seen at 13 cm, permitting stronger constraints on scales of surface
structure. Unlike Arecibo, Goldstone could take advantage of close ap-
proaches in the southern sky; the list of accessible targets would increase by
several tens of percent, and we would have considerably greater geometric
leverage in determining pole directions.

With the upgraded instruments, most newly discovered NEAs would be
observable, and the resulting delay-Doppler astrometry could secure their or-
bits and thereby enlarge the pool of space mission candidates. Radar measure-
ments could also assist asteroid missions navigationally, e.g., with high-
precision ranging to targets of MBA flybys.
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This chapter reviews the advances in the quantity and quality of the radio obser-
vations of asteroids and in the understanding of the physics of the asteroidal
microwave emission since the first Asteroids volume in 1979. The data now
cover the four largest asteroids (Ceres, Pallas, Vesta and Hygiea) at several
wavelengths and four smaller asteroids (Interamnia, Eunomia, Euphrosyne and
Bambergia) at one wavelength. The spectra show that most asteroids are cov-
ered by a layer of material with the physical properties of finely divided dust and
that there is a marked change in physical properties at a depth of a few cm.
Spectral analysis shows that this surface material is in layers of variable depth
(typically a few cm) and has dielectric properties which vary somewhat from
asteroid to asteroid. Disk-resolved observations of Ceres and Vesta (resolution
typically 7 or so pixels along a diameter) provide no evidence of strong (=30%
of peak brightness) microwave surface markings implying a nearly uniform spa-
tial distribution of the microwave properties of the material. The future avail-
ability of mm wavelength synthesis arrays and large single antennas with good
performance in the mm wavelength range should allow observations of the
smaller asteroids which will complement both the infrared and cm wavelength
observations. The planned improvements to the Very Large Array will also add
to the available data. Together with sub-mm wavelength, infrared and radar
data, these data will provide valuable insights to the appropriate physics for a
general thermophysical model for the prediction of asteroidal emission. Such a
model will be of great value in the future study of surface properties.
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I. INTRODUCTION

Since the publication of Asteroids (Gehrels 1979), the observation and
analysis of the microwave continuum emission from asteroids has experienced
extensive growth. This can be attributed to both an increase in the knowledge
of the physics of microwave emission from natural surfaces and the comple-
tion of new observing instruments. The bulk of the growth in knowledge of
the physics of the emission has been abstracted from work on the interpreta-
tion of satellite and aircraft observations of the Earth. The major new observ-
ing system is the Very Large Array (VLA) of the National Radio Astronomy
Observatory.

The recognition that the physical characteristics of the asteroidal surface
have an effect on the infrared emission different from the effect on the micro-
wave emission has allowed a significant advance in the understanding of the
physics of the radio emission. It appears that the dielectric properties of finely
divided materials dominate the microwave spectrum. This insight was made
possible by the ability of the VLA to measure the continuum emission of the
largest asteroids over a wavelength range from 6 cm (and in the case of Ceres
20 cm) to 1 cm. At the same time, single antenna mm wavelength measure-
ments have improved to the point that 3.3 mm wavelength measurements of
the largest asteroids now have a useful signal-to-noise ratio for spectral inver-
sions and, at least in the case of Ceres, valuable measurements have been
made at wavelengths as short as 1.32 mm.

Table I lists the number of currently available measurements of cm and
mm wavelength emission of asteroids. In those cases where an analysis of the
continuum spectrum has been undertaken, the reference is to the spectral anal-
ysis rather than the publication of the individual measurements. Note that half
of the objects listed have been observed only at wavelengths near 2 cm. This

TABLE 1
Radio Continuum Observations of Asteroids?

Wavelengths Observed

Asteroid 1.3mm 33mm 2cm  6cm 20 cm Reference
Ceres 1 2 3 3 1 Webster et al. 1988
Pallas 3 3 Johnston et al. 1989
Vesta 1 1 2 Johnston et al. 1989
Hygiea 3 1 Johnston et al. 1989
Interamnia 1 Webster et al. 1987
Eunomia 1 Webster et al. 1987
Euphrosyne 1 Dickel 1979
Bambergia 1 Dickel 1979

aThe numbers in each column are the numbers of published or in press observations at each
wavelength as of January 1989.
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is due to the intrinsic strength of the signal and to the sensitivity of the re-
ceivers used at the single antennas and the VLA.

II. PHYSICS OF MICROWAVE EMISSION FROM ASTEROIDS

Clearly a complete model of the microwave emission of asteroids is a
formidable task. First, as in the case of the infrared emission, one requires a
model temperature distribution. This model should take into account the vari-
ation of thermal parameters with depth as well as the nature of the surface. It
should be evolved to equilibrium with the insolation and must be oriented
properly with respect to both the insolation direction and the direction of
observation. In the microwave region there are, of course, no spectral lines or
bands from solid materials. However, the greater penetration depth of micro-
wave radiation requires a radiative transfer calculation which uses the depen-
dence of dielectric properties on depth to at least a few 10s of cm.

Many of the factors influencing the temperature distribution are as impor-
tant in the microwave as in the infrared. For example, the rotation rate, pole
position and cross section for insolation and its time dependence all contribute
to the equilibrium of the microwave and infrared energy balance. One also
needs to treat the thermal conductivity and emissivity and properly use the
bolometric albedo or an appropriate analog to connect the thermal distribution
with the observed emitted radiation.

Other factors make a more important contribution to the emitted micro-
wave radiation than to the emitted infrared radiation. Even for simple two
layer models (Webster 1987), the depth dependences of porosity, dielectric
constant and loss tangent (more properly, the real and imaginary parts of the
dielectric vector) can yield microwave brightness temperatures very different
from those of an equivalent blackbody. In addition, surface physical structure
both on size scales much larger than (topography) and on the order of (con-
ventional roughness) a wavelength make significant changes to the overall
level of the continuum spectrum (Keihm 1984).

Some recent literature can provide valuable insights into the problem of
calculating the microwave spectrum of asteroidal bodies. Keihm (1984), in an
analysis of the factors influencing the determination of heat flow from micro-
wave measurements of the Moon, demonstrates the crucial importance of
near-surface dielectric properties in calculating the expected brightness tem-
peratures. His analysis clearly shows the increasing dominance of the loss
tangent as the wavelength decreases. He also finds that near-surface porosity
can be responsible for as much as a 10% gradient in the lunar brightness
temperature between 5 and 30 cm wavelength. Webster (1987) has shown that
these considerations carry over to calculations of the microwave spectra of
asteroids. In particular, most of the current controversy over whether the mi-
crowave spectra of asteroids can be matched to the properties of known mate-
rials is resolved by noting that finely divided materials have loss tangents
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which increase strongly as the wavelength of observation decreases. For
wavelengths shorter than 2 cm, this effect can limit the depth influence to
values near to those typical of the infrared.

In addition to the astrophysical literature, investigators concerned with
the interpretation of passive microwave observations of the Earth have been
forced to consider many of the same physical processes that concern us here.
The literature in this field is scattered through several journals including the
IEEE Transactions on Geosciences and Remote Sensing, the Remote Sensing
of the Environment and the Journal of Geophysical Research: Solid Earth and
Planets. Some of the most useful material (e.g., dielectric properties mea-
surements) can be difficult to find. However, the three volume treatise by
Ulaby et al. (1981,1982,1986) is a valuable starting place. In particular, sev-
eral levels of sophistication in the calculation of microwave emission are de-
scribed in detail in vol. 2. In adapting the work from terrestrial observations to
the radio astronomical case, it is important to note that the terrestrial observers
are normally concerned with thermodynamic temperatures much higher than
the asteroidal case. Further, the accuracy of the terrestrial measurements is
much higher than the radio astronomical case due both to the much higher
signal-to-noise ratio of the data and to the better absolute calibration of the
observing instruments.

III. RESULTS ON INDIVIDUAL ASTEROIDS

Before discussing the detailed interpretations of the individual con-
tinuum spectra, we will review those features of the physical structure of an
asteroid which can be discerned in the microwave continuum spectra without
a model analysis. We will only give a schematic discussion here. The inter-
ested reader should consult Dickel (1979), Keihm (1984) and Webster (1987)
for additional details. As an example, we will use the measurements of Ceres
analyzed by Webster et al. (1988). The model-based analysis will be reviewed
later in this section.

In Fig. 1, we plot the observed brightness temperatures of Ceres pub-
lished in Table 1 of Webster et al. (1988). A diameter of 950 km was adopted
and the observed brightness temperatures have been normalized to a helio-
centric distance equal to the semimajor axis of Ceres’ orbit (2.766 AU). We
have fitted a horizontal line to the observations shortward of 6 mm wavelength
and a separate horizontal line to the observations longward of 6 mm. Note that
the expected brightness temperature for a rapidly rotating blackbody is <2 K
different from the line fitted to the region shortward of 6 mm wavelength.
Also, the difference between the fitted line at 1.32 mm and the observations is
an effect of the phase at which the asteroid was observed (see below and
Webster et al. 1988).

The two brightness temperature regimes imply that the surface material
has a very strong dependence of loss tangent (more properly, the imaginary
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Fig. 1. Radio continuum spectrum of Ceres. The data points and error bars are taken from Table
1 of Webster et al. (1988). Although the fitted horizontal lines are carried across the figure for
clarity, the upper line was fitted only to the mm wavelength data and the lower line was fitted
only to the cm wavelength data.

part of the dielectric vector) on wavelength. The high short-wavelength
brightness temperature shows that the radio penetration depth is much less
than the thermal depth and implies a large loss tangent. At longer wave-
lengths, the low brightness temperature shows that the radio penetration depth
is much greater than the thermal depth and implies a small loss tangent. Mate-
rials with this behavior are finely divided powders or dusts (see Ulaby et al.
1986, Appendix E). The surface of Ceres is therefore covered by finely di-
vided material. The physical properties of this material are the same as dust.

The excellent fit of the horizontal line to the brightness temperatures
longward of 6 mm and the much lower value of the fitted brightness tempera-
ture show that the microwave emission is predominantly from a depth region
whose physical properties are relatively uniform and are different from the
properties of the surface material. The abruptness of the variation between the
short-wavelength data and the long-wavelength data is a measure of the
abruptness of the transition between the two depth regimes. Thus, there is a
near discontinuity (on the scale of a few mm) in the bulk physical properties
of the material a few cm (about 3 cm from the gradient and the difference
between 3 mm and 2 cm) within Ceres.

The simplest model consistent with the data is a two-layer model without
lateral heterogeneity (Webster 1987). Because the brightness temperatures are
averages over more than one rotation (especially at cm wavelengths), the ap-
parent structure reflected in the spectrum cannot show any evidence of lateral
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heterogeneity. The model analysis thus allows the objective determination of
the average apparent dielectric properties of the surface material and the aver-
age depth of the discontinuity. If the signal-to-noise ratio of the longest wave-
length data is high enough, the dielectric and physical properties of the
material below the apparent discontinuity can also be estimated. Although the
determination of the dielectric properties of the substrate is, to a degree,
model dependent, the determination of the surface dielectric properties and
the depth to the discontinuity uses the two-layer model as a mechanism of
convenience. Additional discussion of the consequences of various limitations
in our knowledge of the physics of the emission for any model analysis,
whether two-layer or more complex, can be found in the last two sections of
this review.

The bulk of the results discussed here are published model analyses for
the largest four asteroids (Ceres, Pallas, Vesta and Hygiea); see Webster et al.
(1988) for the details of the procedure employed. Results are summarized in
Table II. The concentration on the four largest asteroids is, of course, due to
the relative ease of observing these asteroids compared with the smaller ones.
One 11 hr observing run on Ceres at 2-cm wavelength gave a signal-to-noise
ratio of nearly 50 while one 11 hr observing run on 704 Interamnia (diameter
about 340 km) yielded a signal-to-noise ratio of 11.5. The need for relatively
long observing time to obtain high quality flux densities even with the VLA

TABLE II
Summary Results of Detailed Analysis of Asteroid Radio Continuum Spectra

Ceres. A finely divided layer about 3 cm deep overlying a much more compact layer.
The transition between the two layers is relatively sharp. The surface layer dielectric
properties are best matched by a water-poor clay. The substrate dielectric properties
may differ significantly.

Vesta. A finely divided layer about 6 cm deep overlying a much more compact layer.
The surface and substrate dielectric properties are best matched by basaltic dust and
basalt, respectively.

Pallas. A finely divided layer at least 6 cm deep. It is not possible from the existing
data to determine the dielectric properties of the substrate with any confidence. The
surface dielectric properties are closer to basalt than clay.

Hygiea. A finely divided surface layer at least 8 cm deep. The surface dielectric
properties are closer to basalt than clay. No effects of the substrate can be found in the
data.

Interamnia. A finely divided surface layer much more than 3 cm deep.

Eunomia. A 1 cm deep surface layer which is either porous with 10% voids (most
probable) or dust-like.
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will necessarily limit the rate of growth of the existing data base rather se-
verely. This is also true for longer-wavelength observations of the largest as-
teroids. One 11 hr observing run on Ceres at 20 cm wavelength gave a signal-
to-noise ratio of 8. For the other larger asteroids, the ratio is proportionally
less. For Vesta, the expected ratio would be <4.

Webster et al. (1988) have analyzed the microwave continuum spectrum
of Ceres (Fig. 2). This spectrum extends from 1.32 mm wavelength to 20.12
cm wavelength and includes observations at 2 cm and 6 cm for a large range
of phase angles. At cm wavelengths (20, 6 and 2 cm) the observed brightness
temperature was found to be roughly constant and much lower than the bright-
ness temperature at 3.3 mm and 1.32 mm wavelength. Given the occultation
diameter, it was found that this spectrum is consistent with a finely divided
surface layer composed of water-poor clay about 3 cm deep. This layer over-
lies a substrate which may be chemically different from the surface layer and
is physically distinct from the surface layer. The data show that the substrate
is denser than the surface layer. Disk-resolved observations at 2 cm (Fig. 3),
while degraded by the low declination of Ceres, showed no evidence of limb
brightening or darkening. Some hint of low-intensity surface brightness fea-
tures was present but the low declination of Ceres has made it difficult to
confirm the reality of the features.

Although the data for Vesta are not as extensive as for Ceres, the contin-

= Ceres
¥ 200 I
o |
o«
2 180 L —
g r ~ A EXPECTED
@ T BLACKBODY
% 160 |- TEMPERATURE _
w
—
v 140 | ]
\
z
-
- | —
k120 J
Q P
c
0 100 — ﬂ
fa)
[¥0)
N
5 80 -
<
=
T ¢ I l
g 1Tmm 1cm 10¢cm

WAVELENGTH

Fig. 2. Radio continuum spectrum of Ceres, after Webster et al. 1988. See reference for details
on the individual measurements. The solid line (dashed for wavelengths shorter than 2 mm) is
the calculated spectrum at O deg phase angle for the model structure discussed in the reference.
Error bars are based on the observations and do not include diameter errors.
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Fig. 3. Synthesis image of Ceres at 2 cm wavelength. Data set of 19 May 1981. The resolution is
about 7 pixels per diameter (~ 135 km per pixel). Angular size marks are separated by 1 arcsec.

uum spectrum of Vesta (Fig. 4) has a similar shape to that of Ceres (Johnston
et al. 1989). In this case, we inferred a layer depth of about 6 cm and found
dielectric properties which resemble those reported for basaltic dust (Dickel
1979). Because we only have observations at 3 wavelengths (3.3 mm, 2 cm
and 6 cm), the properties of the substrate are less well determined than in the
case of Ceres. However, it is possible to eliminate water ice as a constituent of
either the surface layer or the substrate (<5% by volume). The substrate di-
electric constant was found to be near 7.2 (2 cm wavelength) while the loss
tangent was found to be near 0.54 (also 2 cm wavelength). These values are
consistent with those previously reported for basalt (Dickel 1979). Note that
the formal errors are at the 20% level. Disk resolved observations at 2 cm
wavelength (Fig. 5) show a featureless disk with a sharp edge.

In the cases of Pallas and Hygiea, the data set is restricted to observations
at 2 cm and 6 cm. Accordingly, we have no sensitivity to the dielectric proper-
ties of the substrate. For both asteroids, the lower cm wavelength brightness
temperatures compared to the infrared (Pallas) or sub-mm (Hygiea) are diag-
nostic of a finely divided surface layer. If we adopt basalt dielectric properties
for the surface material, a surface layer depth of =8 cm results for Hygiea
while a depth of >6 cm results for Pallas. These results are principally deter-
mined by the gradient between the two values. Although it was not possible to
determine the dielectric properties to a high accuracy, we were able to estab-
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Fig. 4. Radio continuum spectrum of Vesta, after Johnston et al. 1988. See Fig. 1 for additional
details.

lish that the dielectric constant is nearer to 7 than to 2 and that the loss tangent
is as strong a function of wavelength as is observed in the case of Ceres and
Vesta.

As Table I shows, all of the smaller asteroids detected in the microwave
have been observed at only one wavelength. In most cases, the pre-VLA data
does not have sufficient signal-to-noise ratio to do much beyond comparing
the observed brightness temperature to the expected blackbody value. This
comparison suggests the possibility of a ““‘standard model” type of analysis for
the determination of photometric diameters in the radio. Only in two cases is
it possible to carry the analysis much beyond this. For Eunomia and Interam-
nia (Webster et al. 1984,1987), the availability of high accuracy sub-mm flux
density measurements allows at least a crude analysis of the kind done for the
major asteroids. As would be expected, the surfaces of these asteroids do not
appear to have the physical characteristics of bare rock. These asteroids ap-
pear to be covered by a dust-like layer of at least one cm and perhaps more.
Clearly, this layer can only be the upper part of a more extensive regolith
which cannot be detected in microwave observations above 8 GHz due to loss
tangent effects. VLA observations at a wavelength of 6 cm would require
observing times of the order of 24 hr to produce a signal-to-noise ratio of 10
for Eunomia while times of the order of 12 hr would be required for Interam-
nia. Note that these times were calculated for the best of all possible observing
geometries (opposition at minimum Earth-asteroid distance). It will thus be
extremely difficult to add to these results with the present technology.
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Fig. 5. Synthesis image of Vesta at 2 cm wavelength, after Johnston et al. 1988. The disk of
Vesta is fully resolved with 8 pixels per diameter (~65 km per pixel). Note the uniformity of
the brightness distribution. The apparent ellipticity of the image is not an artifact of the ellipti-
cal beam.

Independent of model analyses, it seems possible to draw some general
conclusions from the admittedly limited data concerning the microwave “ap-
pearance” of asteroids. Bare surfaces, that is, surfaces with the physical prop-
erties of solid rock, must be the exception for asteroids with diameters above
about 200 km. Regardless of the dielectric properties of the material, emission
at wavelengths shorter than 3 cm seems to be dominated by the very near
surface due to the strong increase in loss tangent with decreasing wavelength.
A dusty surface appears to be the rule for larger asteroids. Water ice, which
has a unique spectral signature, does not appear to be a major (<15% by
volume) contributor to the microwave emission of any of the asteroids ob-
served. The high observed brightness temperatures (>>100 K) eliminate free
metals as a constituent of the surface material (<<<2% by volume).

IV. THE EFFECTS OF INSTRUMENTATION
ON THE INTERPRETATION

It is important to note that, as is often the case, the improvement in the
technology of observing systems has made these new results possible. In the
mm range, the technology is only just reaching the point that major observing
programs of asteroid flux density measurements are possible with single an-
tennas. Aperture synthesis at mm wavelengths has lagged behind that in the
cm region because of the technical difficulty of implementing high sensitivity
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aperture synthesis at wavelengths shorter than 1 cm. Although mm wave-
length arrays are beginning to make their presence felt in other aspects of
radio astronomy, it- will be a little time yet before such systems are able to
observe even Ceres with the kind of high signal-to-noise ratios which are
needed. For the present, the improvement of the quality of the apertures of the
single-antenna mm wavelength telescopes as evidenced by the new 30 m tele-
scope at Pico Velata and the corresponding developments in receiver technol-
ogy appear to offer the best hope for new data.

In the cm range, it is clear that VLLA-class instruments are the key to new
data. The large equivalent collecting area and the ability to track a moving
source by shifting the phase tracking center are powerful tools in the fight to
increase signal-to-noise ratio and eliminate the influence of confusing sources
on the measurements. The largest single antennas either do not have a suffi-
ciently large aperture to obtain the high signal-to-noise ratios required or do
not allow tracking over a sufficient range of hour angle to permit the ac-
cumulation of the long (8 hr or more) integration time required in a reasonable
amount of observing time. As it stands now (1989), the true performance of
the VLA as an imaging tool has not been pressed except for the 2 cm observa-
tions of Vesta reported by Johnston et al. (1989). For the other large asteroids,
there are some formidable observational problems to overcome. At 2 cm, a
VLA observer is faced by the problem of correction for atmospheric effects on
fringe phase at the very low declinations of especially Ceres and by an ex-
treme sensitivity to the stability of the atmosphere. For the past four oppo-
sitions of Ceres, we have attempted to improve on the map published by
Webster et al. (1988) without success. The atmospheric perturbations on the 2
cm data obtained more than compensated for the higher signal strength due to
instrumental improvements. Only further motion along Ceres’ orbit (to a
higher declination) or much improved atmospheric stability will improve this
situation.

The brightness temperatures which result from the employment of the
best of the current systems are of sufficient quality to allow the use of interpre-
tive schemes which have traditionally been the province of satellite and air-
craft-based observations of the Earth. As the treatise by Ulaby et al.
(1981,1982,1986) shows, the relatively high accuracy of the terrestrial data
has allowed the interpretation techniques to reach a high level of sophistica-
tion. Although we cannot, as yet, make full use of these techniques due to the
limited accuracy of the radio astronomical data, major portions of the formal-
isms can be adapted with success. In particular, a somewhat simplified ver-
sion of the simultaneous estimation technique has enabled us to estimate
objectively layer depths and dielectric properties with a high degree of confi-
dence. However, in making the identification of the dielectric properties with
material types, we are faced with a formidable problem. Due to the lack of
good published short-wavelength laboratory measurements of dielectric prop-
erties, it is necessary to make extreme extrapolations in wavelength. In the
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case of the Ceres observations discussed by Webster et al. (1988), the di-
electric properties of clay had to be extrapolated from 10 GHz to 200 GHz.
The improvement in the laboratory state-of-the-art evidenced in Appendix E
of Ulaby et al. (1986) gives us hope that valuable laboratory data will be
published soon.

With the improvement in data quality, the importance of ancillary data in
the interpretation has grown. It is now clear that the circumstances of the
observation are essential elements in the interpretation. In particular, as the
wavelength decreases, the phase of the asteroid at the time of observation is
crucial. Although this effect can be negligible at long wavelengths (i.e., <1 K
at 20 cm for the structure derived for Ceres by Webster et al. 1988), at mm
wavelengths this effect can be of major significance (20 K at 1.32 mm wave-
length for a phase angle of —21 deg). The data now require consideration of
this and such parameters as rotation period and pole position.

Although the improvement in data quality is clear, it is important to
recognize the limits to the model interpretation set by the accuracy of the data.
The most sophisticated of the interpretative formalisms developed by the ter-
restrial and lunar observers require data quality which is still beyond the state
of the art for asteroid observations. The complex calculations of emitted radi-
ation and the full inversion schemes are still not applicable here. Webster
(1987) has shown that the current state of the observations is still satisfied by
two-layer models 8 yr after Dickel (1979) made the same point. At present,
the information content of the spectra is restricted to homogenous layer depth,
surface dielectric properties and substrate dielectric properties, and compac-
tion of the material (ie, dust vs solid).

V. THOUGHTS ON FUTURE DIRECTIONS

The recent developments in single antenna technology and in aperture
synthesis at mm wavelengths hold great promise for very high signal-to-noise
ratio observations of asteroidal brightness tempertures. These data are crucial
as they provide the link between the infrared and cm wavelength regions.
Future improvements in this wavelength regime promise to allow two major
efforts. The first is a general survey of the radio emission of a statistically
significant sample of asteroids. This will be made possible by a combination
of the improvements in observing systems and the fact that the asteroid emis-
sion is intrinsically stronger in the mm compared to the cm wavelength re-
gion. Second, the technology is on the threshold of being able to measure the
variation of mm wavelength brightness temperature as a function of rotation
for the largest asteroids. These efforts will be made possible not only by the
improvement of receiver technology and antenna surface quality (which also
applies to single antennas as well) but also by the increased understanding of
mm wave aperture synthesis which comes from the use of aperture synthesis
arrays.
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One important problem faced by the single antenna observers which is
crucial to their success at mm wavelengths is the need for high quality
ephemerides for the smaller asteroids. Although the existing ephemerides pre-
dict the short term (daily) motion well enough to allow fringe phase tracking
at cm wavelengths, the mm wavelength observers using single antennas re-
quire positions accurate to an arcsec in both coordinates. Even with 30 m
antennas; current technology mandates significant integration times merely to
detect the emission at 3.3 mm wavelength. Thus, relatively precise positions
are mandatory for successful high signal-to-noise measurements. The obser-
vations reported by Webster et al. (1984,1987) suggest that the current stan-
dard ephemerides are accurate to no better than 5 arcsec for all but the largest
asteroids and a few special cases among the smaller asteroids. Unless this is
improved for a large number of cases, single antenna observers working at
mm wavelengths will be restricted to the four or so largest asteroids and a very
few smaller asteroids. Clearly, ephemerides incorporating recent position
measurements and detailed numerical integrations can produce predicted posi-
tions of the required accuracy. However, for a survey of the mm wavelength
emission of a statistically meaningful sample of asteroids (which could easily
include asteroids whose diameters are around 75 km), the amount of spe-
cialized ephemeris preparation required could be formidable. We encourage
those who are pursuing improvements in the quality of standard ephemerides
to continue this crucial effort with vigor. The alternatives are to wait for mm
system performance which allows observers to find the asteroidal source by
the “peaking up” procedures used with other radio sources or to engage in a
considerable and specialized ephemeris improvement activity before under-
taking any extensive observing programs.

In the cm wavelength region, we can look forward to the construction of
additional spectra and the extension of existing spectra to other, especially
longer, wavelengths. Although the technical problems (strength of signal,
confusion, etc.) are formidable, these data provide the best means of gaining
an indication of the dielectric properties of the material which underlies the
surface. In addition, the continued refinement of the cm wavelength parame-
ters as more occultation diameters become available promises to allow the
development of a radio version of the ““standard model.” At present, it seems
likely that such a model will have an emissivity of about 0.8 at 2 cm wave-
length and will show a wavelength dependence which corresponds to a dust-
like surface layer at least 1.5 cm deep. With a reliable “standard radio
model,” it should be possible to determine photometric diameters from micro-
wave data of sufficient quality to allow the easy recognition of objects with
unusual microwave properties.

Lebofsky et al. (1985) have pointed out that the current state of ther-
mophysical modeling does not allow a single description of the emission char-
acteristics of asteroids that covers the entire wavelength range from the
thermal infrared to the microwave. In part, this lack can be ascribed to the
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differing accuracy of the observations in the individual wavelength regions.
However, the difficulty of recognizing the appropriate physics for such a gen-
eral description is the most important factor. The observations themselves
must be the guide to the appropriateness of the physical processes which
should be included. In particular, observations in the mm wavelength range
are likely to be of crucial importance in linking the very near-surface charac-
teristics of the infrared observations with the much deeper ones of the micro-
wave observations. In this context, the radar observations assume a pivotal
role because these data give the passive observers the means for deconvolving
the influence of surface roughness from the influence of topography.

We are still just beginning the effort to understand the physical structure
of the asteroids. Already, one fundamental result has emerged: various studies
have shown that Pallas, Vesta and Hygiea have dust layers of similar depth.
. However, infrared, radar and microwave data all point to very different struc-
tures and perhaps compositions. Some explanations of this difference have
suggested that it is primarily a result of differing evolutions occurring at dif-
ferent locations within the asteroid belt. Does this current understanding (lim-
ited though it is) of the possible causes of the divergence of the structures of
Pallas, Vesta and Hygiea carry over to all asteroids? One would expect so;
proving this will be an important and difficult task.

In the more general context, it is important to know whether it is mean-
ingful to ask what the near-surface properties of a ““typical”” main-belt asteroid
are. If differing structure is the rule and not the exception, a full understand-
ing of the structure and of the evolution of asteroids will probably require the
analysis of many different varieties of small bodies. It is also perhaps obvious
that the surface physics of asteroids is dominated by the impact history. How-
ever, it is necessary to consider what we can learn from the observations about
the physics of small-body formation and whether this understanding can be
translated to improvements in the theory of planet formation.
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ASTEROID MASS DETERMINATION: PRESENT SITUATION AND

PERSPECTIVES

MARTIN HOFFMANN
Observatorium Hoher List der Universitdts-Sternwarte Bonn

Basic methods for asteroid mass determinations and their errors are discussed.
New results and some current developments in the astrometric method are re-
viewed. New methods and techniques, such as electronic imaging, radar rang-
ing and space probes are becoming important for asteroid mass determinations.
Mass and density estimations based on rotational properties and possible satel-
lites are also discussed.

I. INTRODUCTION

A mass determination of any celestial object requires gravitational inter-

action and known absolute kinematic data. The most efficient gravitational
interactions for asteroids are long-lasting encounters at small distances. They
can either be very efficient single encounters or repeated encounters with simi-
lar geometries, thereby accumulating the gravitational effects. To determine
masses one must have the following:

1.

2.

A good knowledge of the kinematic behavior of the perturbing asteroid to
define the geometric conditions during the interaction;

An excellent knowledge of the kinematic behavior of the perturbed object
to derive even marginal deviations from unperturbed conditions (e.g., its
orbit);

An excellent knowledge of further gravitational interactions with the major
planets (which are generally much stronger than the perturbing asteroid);

. An excellent coordinate reference system,;

A good estimate of the errors involved in the measuring process.

[ 228 ]
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There are two ways of measuring gravitational perturbations: (1) in the line of
sight by radar ranging and radial motion determinations; (2) perpendicular to
the line of sight by the measurement of celestial coordinates and their com-
parison with theoretical orbits. In some cases, further information is needed,
for example, rotation lightcurves. The material collected for this chapter pref-
erentially covers publications subsequent to the review by Schubart and Mat-
son (1979).

II. THE ASTROMETRIC METHOD

The astrometric method seeks to obtain asteroid mass determinations by
analyzing the motion resulting from gravitational interactions with other as-
teroids. Observed residuals of positions with respect to ephemerides are at-
tributed to perturbations from insufficiently known masses. For all known
asteroid-asteroid encounters, the encounter distance is large compared with
the radii of their spheres of action (where their gravity dominates over that of
the Sun). Therefore, only residuals in excess of 1 arcsec, resulting from per-
manent changes of the orbital elements, can be observed with sufficient preci-
sion and utilized by the astrometric method. The strength of an interaction can
be characterized by the deflection angle, which is inversely proportional to the
encounter distance and the square of the encounter velocity. It can also be
described by the transfer of momentum which is inversely proportional to the
encounter distance and the (linear) encounter velocity (Bender personal com-
munication, 1988). In these cases, two-body approximations are used for a
time interval near the closest encounters. The differences between a three- or
n-body integration are usually small, but they may be dependent on the three-
body geometry at the moment of the encounter, especially if the orbits are
nearly tangential (Carusi and Valsecchi 1980; Greenberg et al. 1988).

The astrometric method yields a mass determination by iteratively com-
paring the observed positions of a perturbed asteroid with an ephemeris com-
puted by numerical integration taking into account all other known perturbing
masses (€.g., the major planets). Then, equations of condition for the mass of
the perturbing body are solved (numerically) and the initial orbital elements of
the perturbed asteroid are improved (as an example, see Scholl et al. 1987).
Depending on the formal accuracies of the available observations and the
precision requirements in the analysis, the following factors are important:

1. The right ascension and declination measurements should be weighted ac-
cording to their precision.

2. There may be a magnitude equation for right ascensions with respect to
clock stars (meridian observations), and possibly a color equation due to
refraction.

3. Corrections may be necessary for different (older) catalogs, e.g., preces-
sion corrections or local catalog errors.
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4. Minor resonance effects by other large objects may need to be taken into
account, e.g., in the case of Ceres that by Vesta.

5. There are astrometric position errors due to phase and rotational effects
such as spots and shapes (Sec. I1.D).

6. A calculation for slightly different masses of the major planets should be
tried to evaluate the solution’s sensitivity to these uncertainties.

7. If there is a possibility for adding new observations, some care should be
taken on the distribution of the data over the orbit of the test asteroid.

8. Relativistic effects may become significant for highest accuracy.

9. If necessary (old) observations should be corrected for light time.

This method may be modified by replacing right ascension and declination by
range data. Obviously the greatest residuals will occur for main-belt objects at
perihelion oppositions.

A. New Asteroid Mass Determinations by the Astrometric Method

During the last decade improved or new results could only be determined
for two objects: 1 Ceres (Landgraf 1988; Schubart, personal communication
1988), and 10 Hygiea (Scholl et al. 1987). Landgraf reconsidered the pertur-
bations on the orbit of 2 Pallas from Ceres. By adding numerous new observa-
tions and a careful treatment of previous error influences, his new result is 5.2
X 10719 M. Schubart (personal communication, 1988) compared some re-
cent sets of observations of Pallas and of 197 Arete with ephemerides based
on the last differential corrections produced together with the mass determina-
tions of Ceres and Vesta, respectively. The recent observations of Arete are
well represented so that Schubart’s (Schubart and Matson 1979) last deter-
mination of the mass of Vesta appears to be reliable. The recent observations
of Pallas, especially those obtained at perihelion oppositions, show a small
systematic deviation from the ephemeris of Schubart (1976). That systematic
effect indicates that Schubart’s (1974) mass of Ceres may be too large by a
small amount. Scholl et al. considered a single very close encounter of 829
Academia with the fourth largest asteroid, Hygiea, in 1927, and derived for
the latter a mass of 4.7 X 10=11 M,

B. Further Opportunities for the Astrometric Method

Several attempts have been made to identify further very close encoun-
ters between asteroids. Lists of such events were compiled by Davis (personal
communication, 1988), Hoffman (1988), Kuzmanoski (personal communica-
tion, 1988) and Scholl (1988, unpublished). These are summarized in Table 1.
Searches for close encounters are tedious unless a preference for close en-
counters can be derived easily from the orbital elements, such as: '

1. A close encounter that has been found for one epoch, and there is a com-
mensurability of the revolution periods of the involved objects;
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TABLE I
List of Very Close Encounters Between Asteroids

Year of Close

Large Asteroid Target Asteroid Reference Encounter
1 Ceres with 91 Aegina (Davis 1988) 1973
3 Juno with 1767 Lampland  (Kuzmanoski 1988) 1982
10 Hygiea with 395 Delia (Davis 1988) 1966
15 Eunomia with 1284 Latvia (Scholl 1987) 1964
15 Eunomia with 1313 Berna (Scholl 1987) 1955
16 Psyche with 1725 Crao (Davis 1988) 1984
65 Cybele with 526 Jena (Kuzmanoski 1988) 1984
92 Undina with 2950 1974VQ2 (Kuzmanoski 1988) 1985
324 Bamberga  with 1939 Loretta (Kuzmanoski 1988) 1988
704 Interamnia  with 993 Moultona (Davis and Bender 1973
1977; Landgraf 1988)
804 Hispania with 1002 Olbersia (Hoffmann 1988a) 1982

2. Pairs of objects that have very similar inclinations and longitudes of the
ascending node;

3. Pairs of objects that have nearly equal semimajor axes and very low
eccentricities.

Each of these three cases reduces the number of degrees of freedom of the
encounter geometry by one. The first case has been used by Davis and Bender
(1977), the second by Kuzmanoski (personal communication, 1988) and the
third case by Hoffman (1989, in preparation).

Among these searches and selections, the question of the equality of the
distribution of orbital elements is always inherent. In particular, the influence
of the resonant structure of the belt and the existence of families must leave
their signature on the distribution of close encounters. This problem was
touched empirically in some detail by Hoffmann (1988). The actually identi-
fied close encounters of all available lists do not show a preference for family
members. On the other hand, the available sample of close encounters shows
considerable deviations in the distribution of orbital elements from the aver-
age belt population. If this effect turns out to be real, it may have conse-
quences for the internal dynamical processes in the asteroid belt. Assuming
equal densities, the histogram of mass ratios of asteroid encounter pairs with
mutual distances < 0.01 AU is given in Fig. 1. Obviously, the lack of extreme
mass ratios is caused by the incompleteness of the number of known small
asteroids. This is also evident in Table II, showing the diameter frequency of
individual objects. There is a search bias that increases the number of the
largest objects because almost all searches for very close encounters have
dealt only with encounters involving at least one large asteroid (e.g., Table I).
A completeness of known asteroids can be assumed down to the diameter bin
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Fig. 1. Mass ratio frequency among the 20 closest encounter pairs of known asteroids, assuming
equal densities. The curve shows the expected distribution from the currently known mass
function of asteroids.

of 46 km. For smaller asteroids, the difference between the numbers of identi-
fied and expected encounter objects increases sharply, indicating the potential
opportunities for an amplification of mass determinations. Furthermore, the
list of very close encounters may not be free of selection effects, as the num-
ber of these events is surprisingly high (Fig. 2).

More distant encounters of asteroids may only be useful for mass deter-
minations if they are very long lasting, and involve very large objects. For
example, the similarity of the semimajor axes of 31 Euphrosyne and 511
Davida, two 300-km sized objects, may look promising, but their very differ-

TABLE I1I
Asteroid Diameter Frequency

Number of Encountering

Asteroids
Diameter .
(km) Observed Expected

>220
100-220
46-100
22-46
16-22
4.6-10
2.2-4.6

=20
~40
~80
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Fig. 2. Frequency of encounter distances of the 20 closest asteroid encounters as a function of the
cross section (AU2). For each cross section interval, 4 of the 20 encounter distances should be
expected, as indicated by the line.

ent inclinations and eccentricities allowed only one high-velocity encounter
within 0.1 AU, a little more than a century ago.

C. Advanced Technologies for the Astrometric Method

Astrometric observations of asteroids are still primarily made by classic
photographic methods—mostly because no other method is able to rival the
information capacity of large, wide-field plates. For single objects, which can
be located in a moderately small field, the astrometric accuracy of various
electronic detectors are replacing photographic plates. The higher quantum
efficiency for electronic cameras leads to a faster detection of the program
objects, and each pixel can be calibrated with respect to its position. This is
very important for moving objects like asteroids. Therefore, general improve-
ments over data obtained by photography can be expected from the applica-
tion of two-dimensional electronic detectors, in particular, CCD cameras.
Recent accuracy determinations are of the order 001, about a factor of 10
better than can be obtained with photographic plates.

Improvements may also be expected from extracting the astrometric con-
tent from occultation observations. This is valid both for occultations of as-
teroids by the Moon and of stars by asteroids. To estimate the expected
accuracy, two examples are given: first, 1-m telescope, with the Moon at first
or third quarter and asteroid magnitude 10. This means a total visual sky
background brightness of 10th magnitude (approximately) within a diaphragm
of 15 arcsec diameter. A detection of the object with a signal-to-noise ratio of
5 can be obtained by a photomultiplier within 2 X 10—3s, neglecting scintilla-
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tion. This can provide an accuracy of 4 X 103 arcsec mainly in right ascen-
sion for a central occultation track if the position of the limb of the Moon is
known with infinite accuracy. Second, a 1-m telescope with a moonless dark
sky and star and asteroid magnitude 12, daily motion 0225: timing the stellar
occultation to within 0.1 s, yields a signal-to-noise ratio of 100, correspond-
ing to a motion of 10—3 arcsec. No star position is known with such accuracy.

Still another improvement over photographic method is high-resolution
speckle interferometry of asteroids in close vicinity to reference stars, e.g., an
asteroid located in front of a dense star field or star cluster. The astrometric
accuracy will depend on the aperture of the telescope.

Finally space astrometry is promising. In the near future this will be the
domain of the Hubble Space Telescope, and the HIPPARCOS satellite which
may have a much longer lifetime.

The HIPPARCOS mission will have a strong mutual interaction with the
determination of asteroid masses. Its position measurements of asteroids will
enable an accurate determination of the dynamically defined fundamental sys-
tem. On the other hand, this fundamental system is needed for the determina-
tion of asteroids relying on the residuals of their positions. Control observa-
tions (groundbased and by the HST) are planned (Duncombe et al. 1984).
Some basic consequences of HIPPARCOS are the following:

1. The astrometry will be homogeneous and directly related to the fundamen-
tal system;

2. It should be possible to detect trends of residuals on the order of 0”01 over
2 yr;

3. Accurate pre-encounter positions and orbital elements can be obtained for
close asteroid encounters of the future;

4. It should be possible to detect mass effects of smaller objects, objects with
larger encounter distances, and higher relative velocities. However, this
improvement will call for the inclusion of a multitude of minor (so far
neglected) effects in the reductions and there may not be enough observa-
tions per object for their separation. One example of such effects is the
resolution of surface details for the largest asteroids.

5. The observations will unfortunately be restricted to bright-test objects only.

For higher-precision data the combined effects of all asteroids within individ-
ual zones may need to be reconsidered similarly to the reduction approach of
Mayo (1979). Williams (1984) preferred to assume the mass structure of the
asteroid belt as lumpy because of the dominant mass concentrations in large
objects. However, our observational evidence on smaller asteroids (and their
mass law) is still far from complete.

D. Center of Light vs the Center of Mass

The displacement of the photocenter of an asteroid with respect to its
center of mass due to phase effects is in general not negligible. This phase
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effect not only includes the light defect (nonilluminated part of the disk) but
also the scattering properties and limb darkening of each surface element, in
particular close to the terminator. Opposite to the geometric effect of light
defect, the scattering properties are closely related to the integrated phase
curve (brightness vs phase angle) and must be treated for each asteroid indi-
vidually (see the chapter by Bowell et al.). The contribution of this phase
effect is significant especially for typical moderate asteroid phase angles,
when the geometric light defect is small. Usually this phase-dependent dis-
placement of the light center will exceed 10% of the diameter. Arlot (1982)
discussed this phenomenon for photographs of Jupiter and its satellites.
Displacements of the photocenter due to irregular shape and albedo spots
are of a similar order of magnitude. In this case, a detailed knowledge of the
geometric conditions of the shape and rotational phase and spot positions is

0.00

-0.20

-0.40 : .
-15 -05 0.5 1.5

Fig. 3. The displacement of the center of light of two spheres of a constant surface brightness in
contact with each other. The x-axis denotes the apparent separation of the centers (in units of
the primary’s radius) along the observer’s line of sight. The displacement is also in units of the
primary’s radius. Model parameters are ratio of radii: 0.5; aspect angle: 60°; phase angle 15°;
illumination angle 45°. The secondary component is assumed to be in front of the primary.
Curve (1) shows the displacement along the semimajor axis of the projected circular orbit;
curve (2) that for the displacement perpendicular to curve (1). Curves (3) and (4) show the
respective displacements of the center of mass, assuming equal densities. The resulting light-
curve is shown at the top (arbitrary zero magnitude).
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important because the combination of both effects tends to increase asymme-
tries of magnitude and light-displacement graphs. In the case of drastic
changes in the geometric conditions (e.g., a highly irregular shape or an al-
bedo spot crossing the terminator), a critical treatment of the conditions dur-
ing one longer integration may even be required. Fortunately, large asteroids
are of fairly regular shape and there are only a very few clear-cut cases of
distinct albedo spots, Vesta being the most well known (Drummond et al.
1988). A first attempt to detect the displacement of the photocenter of Vesta
due to spots was made by Geffert and Hoffmann (1981).

There is a multitude of other possible complicating influences which
might arise for at least some asteroids. These include: limb effects (multiple
reflection); color effects; the center of mass # the geometrical center; contact
or orbiting binaries.

Computing the center of light may follow analytic lines as shown by
Drummond et al. (1985), or it can be done by numerical integrations of the
illuminated surface elements of individually defined components (e.g., poly-
hedric models [Cellino et al. 1987], which may even include larger craters).
An example of a displacement model is given in Fig. 3, where a contact-
binary asteroid is treated, but with several simplifying assumptions. The
shape of the contact zone of a contact-binary asteroid is difficult to predict,
and the phase effect of its surface elements may even be dependent on the
illumination angle (nonsymmetrically). It will be useful to check the model by
a comparison with the resulting and observed lightcurves, whose fine struc-
tures may be diagnostic (as shown by the peculiar nose-shaped light minimum
in Fig. 3).

III. THE RADAR METHOD

Radar techniques are expected to improve asteroid mass determinations
dramatically in the near future. An astrometric observation is an angular ob-
servation, and the actual position of an object in space is determined with an
accuracy depending on the distance (like proper motions of stars). This is not
the case for radar observations, which are absolute data (like radial velocity
data of stars). Details for the applications of radar astrometry can be found in
Yeomans et al. (1987) and in the chapter by Ostro. Range data with respect to
Mars of basically any kind (with explicit application to Viking data) were
discussed by Williams (1984). Standish (1989) analyzed a large collection of
Mars range data including radar observations for effects of the masses particu-
larly of the three largest asteroids. The mass of Ceres was found in close
agreement with the previous results by Landgraf (1988).

IV. SPACE PROBES

Several proposals have been brought forward to measure the masses of
asteroids in situ. These missions include the projects ASTEREX, CRAF,
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GALILEO, CASSINI, VESTA and PIAZZI. Their common theme is a flyby
of one or several asteroids. Mass effects may then be detected, depending on
encounter distance and velocity, by Earth-bound or star sensor checks of the
changes of the spacecraft’s orbit; active radar ranging by the probe; or obser-
vations of released test objects in the vicinity of the asteroid.

V. ASTEROID SYSTEMS: ROTATIONS AND SATELLITES

Masses of asteroids may also be estimated by their intrinsic gravitational
effects. These will, depending on the internal structure and the rotation ve-
locity, evoke approximations to hydrodynamic equilibrium figures. Addi-
tionally, the structure of the surface is a consequence of the erosional
interactions of the asteroid’s environment under specific conditions of rota-
tion, internal strength and gravity. Reactions to torques may also be indicative
for the mass of asteroids. Each of these methods requires an accurate knowl-
edge of the dimensions and the shape of the asteroid. This subject is discussed
in detail in several other chapters (see, e.g., Millis and Dunham; Drummond
and Hege; Magnusson et al.). This relation of shapes and rotation was dis-
cussed for 1566 Icarus by Gehrels et al. (1970), and for 433 Eros by Zellner
(1976). They assumed densities of 3 g cm™3 and 4 g cm™3, respectively.
Cellino et al. (1987) deduced a density of 2.4 g cm—3 for Vesta as a homoge-
neous body with a flattening as a consequence of a rotational equilibrium
figure. Comparing the observed rotation periods of asteroids with possible
triaxial equilibrium ellipsoids, Farinella et al. (1981) find densities of 1.1 to
1.4 g cm—3 for objects of 100 to 300 km diameter with periods of 6 hr, and 2.4
to 3.2 g cm~3 for similar objects with periods of 4 hr. Weidenschilling (1981)
finds by similar considerations densities of 2 to 3 g cm—3 for objects with
rotation periods of 4 hr. There is also a prolonged discussion concerning the
dependence of asteroid rotation rates on their taxonomic types, that would
influence the consideration of densities with respect to equilibrium figures
(see Lagerkvist 1983 and the chapter by Binzel et al.).

Precession will in general play no important role among asteroids, al-
though it may be present in some special cases and then may be useful for
mass determinations. Burns and Safronov (1973) discussed free precession of
an asteroid after a collision; details on forced precession among asteroids can
be found in the discussion of 1220 Crocus by Binzel (1985). Lightcurves for
precessing spheroidal asteroids were calculated by Barsuhn (1983).

Although some doubt has now arisen for some previously announced
detections of binary systems among asteroids, this possibility should be men-
tioned. Binary configuration seems to be the most important condition for mass
determination in the universe. In the case of asteroids, there are two configura-
tions to be considered: tidally evolving binaries and contact binaries.

Details on the binary phenomenon among asteroids can be found in the
chapter by Weidenschilling et al.; therefore, only remarks concerning the
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masses of binary asteroid components are given here. Binary asteroids may
contribute in this respect as an extension of the implications by rotating single
asteroids, and by analyzing the “Keplerian content” of the binary motion.
Both methods are applicable for each of the two configurations mentioned
above. Equilibrium models of binary asteroids were discussed by Leone et al.
(1984) and applied to 624 Hektor and 216 Kleopatra by Weidenschilling
(1980), who found densities of 2.5 g cm~3 and 3.9 g cm~3, respectively.
Assuming a single-body model for Kleopatra, a density of only 1.7 g cm—3
would result (Zappala et al. 1983). Wijesinghe and Tedesco (1979) discussed
the lightcurve of 171 Ophelia, and concluded that it could be modeled by an
eclipsing-binary asteroid system with a mean density of 1.7 g cm—3. Cellino
et al. (1985) derived densities for possible binary asteroids ranging from 1.1
to 5.0 gem—3.

VI. SUMMARY

The accuracy of current mass determinations have only slightly improved
from the attempts 20 years ago. They are still not much different from the
order of magnitude that one would reach just by reasonable assumptions.
Technological progress has improved the precision for a few massive objects
and shows promise for the next decade. The variety of different new ap-
proaches to the problem clearly indicates a common interest in these basic
data which are sometimes closely related to very different phenomena.
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Experimental data on catastrophic disruption experiments are the starting point
for understanding larger-scale asteroidal collisions. We review the existing data
on shattering impacts using natural silicate, ice and cement-mortar targets. A
comprehensive data base containing the most important parameters describing
these experiments was prepared. The collisional energy needed to shatter con-
solidated homogeneous targets and the ensuing fragment size distributions have
been well studied experimentally. However, major gaps exist in the data on
fragment velocity and rotational distributions, as well as collisional energy par-
titioning for these targets. Current scaling laws lead to predicted outcomes of
asteroid collisions that are inconsistent with interpretations of astronomical
data. This scaling problem is a major deterrent to constructing more plausible
models of large asteroidal collisions.
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I. INTRODUCTION

Asteroids, as well as many planets and satellites, have evolved to their
present state through various classes of collisional events. Many properties of
asteroids such as the distributions of sizes, shapes and rotation periods should
be interpreted in the context of studies of collisional phenomena. Hence, un-
derstanding the collisional processes of two solid bodies is indispensable for
the study of asteroids and other solar system bodies. In this chapter we treat
only catastrophic processes, which have played a crucial role in the collisional
evolution of asteroids and small satellites.

Our goal in studying the process of catastrophic disruption is to under-
stand the outcomes of collisional events. We must clarify how the fragmenta-
tion modes, size distributions, fragment shapes, velocity distributions, spin
periods of fragments, energy partitioning, and so on, depend on the many
possible combinations of parameters specifying the impact condition, such as:
size, shape, density, strength of both projectile and target, impact velocity,
impact geometry and target spin rate. The usual starting point for studies of
asteroidal collisions is the laboratory. Many experiments that shatter cm-scale
targets to varying degrees by impacting small projectiles have been carried
out. Unfortunately, the experimental data base cannot readily be extended to
substantially larger sizes due to our inability to accelerate massive projectiles
to km s~! impact speeds. This is in contrast to cratering studies, where data
exist for a wide range of sizes starting with laboratory cratering experiments,
and going to chemical and nuclear explosion tests in the field, and finally up to
natural impact craters. However, there are up to 7 orders of magnitude differ-
ence in size between laboratory fragmentation experiments and asteroid im-
pacts. The only way to connect the experimental data with asteroid size bodies
is through scaling theories. Application of scaling laws to asteroids and small
satellites is needed not only to understand their collisional evolution, but also
to test what effect changing the scaling-theory parameters has on the observed
physical properties of these bodies.

In Sec. II.A, the experimental results obtained to date are presented.
These data include information on the collisional classification of destruction
mode (fracture pattern); mass fractions of the largest fragments; fragment size
and shape distributions; rotation periods and velocities of fragments; and en-
ergy partitioning. In Sec. III, theoretical approaches to the construction of
scaling rules are introduced, and some problems that arise in applying the
scaling to asteroid families are pointed out. Finally in Sec. IV, future research
areas are suggested.

II. LABORATORY EXPERIMENTS

A. Experimental Methods

The experimental techniques used in low- and high-velocity impact ex-
periments for accelerating macroscopic projectiles are summarized in Table I.
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TABLE I
Experimental Techniques
Accelerating Max. Velocity Typical Operating
Technique (m s—1) Velocities (m s—1) References
Drop method ~50 — Hartmann 1978
Nakamura et al. 1983
Single-stage gas gun ~1500 ~1000 Curtis 1962
Powder gun ~2000 ~1000 Mizutani et al. 1981
Matsui et al. 1982
Two-stage light gas ~10000 30005000 Seigel 1965
gun
Modified explosive- ~10000 6000-10000 Martelli and Newton
shaped charge 1977

Our purpose here is to focus on the experiments themselves; therefore only an
overview of the characteristics of each method is provided. For further details
on the accelerating techniques, the interested reader is directed to the refer-
ences given in Table 1.

B. Summary of Experiments

A large number of catastrophic fragmentation experiments have been
performed covering a wide range of impact velocities (from 50 m s—! to 9 km
s—1), target materials (natural rocks, cement mortar, glass, ice, ice-silicate
mixtures, etc.) and shapes, projectile materials, impact geometries, etc. Data
from all available experiments have been organized into a computer-compiled
data table for comparison and analysis (this data base can be obtained from
DRD). The main results to be inferred from the experiments done to date are
outlined in the following subsections.

C. Classification of Collisional QOutcomes

The outcomes of a collisional event can be classified in order of increas-
ing destruction based on the collisional energy density (E/M;) of the event,
where E is the projectile kinetic energy and M- the target mass (Fujiwara et al.
1977). The possible outcomes, ranging from rebound and cratering to cata-
strophic fragmentation for rocky targets, are shown in Table II for two em-
pirically defined velocity regimes: v =< 1 km s~! (low velocity) and v = 1 km
s~ (high velocity).

It is interesting to note that depending on the impact speed for silicate
and mortar materials, two different fragmentation modes occur. In the high-
velocity regime, the outer layers of the target are spalled off leaving a large
central core (core shattering), while in the low-velocity regime the target is
shattered into cone-shaped fragments, pointing towards the impact point



‘0861 OloWeNNs], pue exemImg /.61 ‘[8 19 eremimg HR6T T8 12 1SeR), ‘4861 ‘ZRGT ‘[ 10 INSIBJA SIOUAINJIY e

uoTjeIuSW uoneIuOU
-8eay orydonsered 01 X [= -3exy oydonseed 0] X 6=
Surepeys 2102 $01 X 1= (f/a)= 01 X 1 Suponeys SU0d 01 X §= (*W/I)= o0l X §
s98ps 93 woiy
Surjeds ‘101010 Sumrds [eurp
paurjap-jjom ‘1o3ref O1 X 1= (Fira)= 601 X 1 -mI5uo| :punoqal 901 X C=
uunssyy [eip
Suugend o0l X I= -BI YJIM pUNOgal o0l X S=
wodnnQ (-8 3n) dwoednnQ (-8 813)
aduey A31uy aduey A3xuy
(x-S wy [= A) £PoPA YSIH (1-5 uny I= A) KJPOPRA MO']

»SP3IR], L0y 0juo sjusunIIdxXH AIDOPA-YSIH PUE -M07 JoJ SIUI0NN() [EUOISI[I0)) JO UOHEILISSE[)
II A'TdV.L



244 A. FUJIWARA ET AL.

(cone shattering). Core shattering and cone shattering are sketched in Fig. 1a
and b.

A few exceptions to the fragmentation modes listed in Table II have been
reported. In the high-velocity regime no core-type fragmentation was ob-
served by Fujiwara and Asada (1983) for clay targets, or by Capaccioni et al.
{1986) for basalt and mortar targets, who instead observed longitudinal split-
ting similar to cone-type destruction. On the other hand, no cone-type de-
struction was observed by Matsui et al. (1982) in low-velocity experiments
into cubic basalt targets. For icy targets, neither cone- nor core-type destruc-
tion has been observed. Rather, an intermediate stage where the target is
broken into a few large pieces separates the cratering regime from cata-
strophic fragmentation. This intermediate stage occurs at E/M; ~ 5 X 105 erg
g~ ! (Lange and Ahrens 1981; Kawakami et al. 1983).

a)

b)

IMPACT

Fig. 1. The two modes of catastrophic disruption of a spherical rocky target by high-velocity
impact are schematically illustrated. (a) shows core-type shattering while (b) depicts the cone
type of fragmentation. Arrows show the sense of the rotation of the fragments (figure from
Fujiwara 1986).
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The degree of fragmentation undergone by the target is usually quantified
by the parameter M, /M, where M, is the mass of the largest remaining frag-
ment after collision. This parameter is equal to 1 for simple rebound and is
defined here to be between 0.5 and 1.0 for cratering outcomes and = 0.5 for
catastrophic fragmentation. Of special interest is the transition threshold be-
tween cratering and shattering, when M, /M, = 0.5, which is called a barely
catastrophic outcome. A fundamental concept in describing catastrophic frag-
mentation is the threshold collisional specific energy Q* = (E/Mp)*, defined
as the kinetic energy per unit mass of the target required to produce a barely
catastrophic outcome. (Related to Q* is the impact strength S, defined to be
Q*/p, where p is the target density.) This parameter is principally a function
of material type and physical state, although it is also affected by the impact
speed and geometry, target and projectile shape and relative sizes, and parti-
tioning of the collisional kinetic energy between target and projectile. Values
of Q* for glass, basalt and granodiorite targets (Gault and Wedekind 1969;
Fujiwara et al. 1977; Cintala and Horz 1984) have been determined to be ~7
to 8 X 10° erg g~!, while for ice targets they lie ~2 to 3 X 10° erg g~!
(Hartmann 1978; Cintala et al. 1985). To illustrate the range of collisional
outcomes for different target materials, the ratio M; /M is shown as a function
of the collisional specific energy (see Fig. 2) for a wide range of experimental
conditions.

There is a power-law relationship between M;/M; and E/M (linear in
the log-log plot of Fig. 2) for different target materials. Furthermore, a similar
slope is observed for rocky as well as ice targets; however, a given degree of
destruction will be obtained in an ice target with only a few percent of the
specific energy required for rocks. This is in qualitative agreement with the
difference in tensile strength for the two materials. Data for ice-silicate targets
follow a similar trend, but the energy required for a given degree of fragmen-
tation is ~3 to 5 times that for pure ice. The wide scatter in the data points out
that the relation between M, /M, and E/M; may depend on other parameters,
such as impact velocity and the size and physical properties of the projectile
(Matsui et al. 1982; Cintala and Horz 1984). While most of the data in Fig. 2
are for central impacts, a few data points from impacts at oblique incidence
are shown. As a general trend, M;/M; seems to increase with increasing
impact angle (as measured from the normal to the target surface) for a con-
stant specific energy (Fujiwara and Tsukamoto 1980). However, this trend is
not very straightforward, and it is masked by large uncertainties at large an-
gles, and by the dearth of experimental points.

The effect of decreasing the target temperature on fragmentation was
investigated for icy, ice-silicate and rocky targets (Smrekar et al. 1986; Lange
and Ahrens 1981,1982). No effect was observed for rocky targets, while ice-
silicate and icy targets were affected in opposite ways. The critical energy
required to obtain a given degree of fragmentation increased with decreasing
temperature for icy targets, but decreased for the case of the ice silicates. The
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Fig. 2. M,/M,vs E/My (in erg g~!) for various experimental conditions. For the case of oblique
impacts, the numbers shown near the experimental points “h” indicate the angle of incidence of
the impact, measured from the normal to the target surface. ICE: a—Hartmann, 1978; b,c—
Lange and Ahrens, 1981 (257, 81 K); d—Cintala and Horz, 1985; e—Kawakami et al., 1983.
BASALT: f—Hartmann, 1978; g—Fujiwara et al., 1978; h—Fujiwara and Tsukamoto, 1980
(oblique); i,j—Matsui et al., 1982,1984 (cube, sphere); k—Takagi et al., 1984. DIFFERENT
MATERIALS: 1,m,n,o-—Matsui et al., 1982 (granite, dunite, tuff); p,q,r—Gault and
Wedekind, 1969 (synthetic tektites, glass); s,t—Smrekar et al., 1985 (granodiorite, warm,
cold); u—Cintala and Horz, 1984 (granodiorite); v—Takagi et al., 1984 (pyrophyllite); z—
Davis et al., 1986 (mortar cement).

effects of different parameters, such as the target shape, projectile material,
impact geometry, temperature, etc.; the collisional outcomes are not well un-
derstood at present and must be more thoroughly investigated.

D. Size Distribution of Fragments

The size (mass) distributions of the fragments produced during the cata-
strophic disruption of targets of different composition impacted by low- and
high-velocity projectiles have been investigated by many authors (Gault and
Wedekind 1969; Hartmann 1969; Fujiwara et al. 1977; Hartmann 1980; Lange
and Ahrens 1981,1982; Matsui et al. 1982,1984; Kawakami et al. 1983;
Nakamura et al. 1983; Takagi et al. 1984; Bianchi et al. 1984; Cintala and
Horz 1984; Horz and Cintala 1985a,b; Capaccioni et al. 1986; Davis et al.
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1986). The size distribution curve is well represented by a power law that is
usually presented in one of three forms:

(a) Cumulative Mass Distribution:
M(<s) ~ sk 1)

defined as the total mass M of fragments smaller than a given size s; the
exponent k is the power index.
(b) Cumulative Frequency Distribution:

NC>s) = A, s~ 2)
or
N(>M) =B, M~8 A3)

where N(>s) and N(>>M) are the cumulative number of fragments larger
than size s and mass M, respectively; A, and B,, are constants; a and 3 are
the indices of the distribution.

(c) Incremental Frequency Distribution:

dN(s) = C, s~ ds @)
or
dANM) = D,, M3 dM 5)

which represent the linear incremental relationships for the number of
fragments dNV within linear increments ds and dM, respectively. C, D,,
are constants; y and 3 are the power indices.

The relationships between the exponents of these distributions are:
vy =382 a=v—1; B=3d-1; k=3(1-p).

The value of the exponent depends on the amount of shattering of the target;
the greater the degree of fragmentation, the steeper the exponent becomes.
This fact simply reflects the increasing preponderance of small fragments
from highly shattered targets. It is interesting that a variety of target materials,
(silicates, glass, ice and ice silicate) when fragmented to the same degree,
present quite similar size (mass) distributions which can be represented by
Egs. 1 to 5. However, the whole range of measurable fragment sizes usually
cannot be well represented by a single exponent for the power law (Fujiwara
et al. 1977; Matsui et al. 1982,1984; Bianchi et al. 1984; Takagi et al. 1984,
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Capaccioni et al. 1986). Rather, the size distributions are usually divided into
two or three segments with the slope of the distribution being generally
steeper for larger fragments (see Fig. 3). The change in slope between large
and small fragments generally occurs at fragment sizes ~1/10 that of the
original target. With decreasing impact specific energy, there is a possible
small shift in the position of the inflection point towards larger fragment sizes,
indicating a predominance of small fragments. This behavior seems to indi-
cate that the fracturing process occurs in two stages, possibly correlated to the
pressure at which the change from plastic to elastic flow occurs in the target
(Fujiwara et al. 1977; Di Martino et al. 1989), although the possibility that the
mass distributions have been somewhat affected by further fracturing of small
fragments after the main impact (e.g., collisions with the walls of the experi-
mental chamber) cannot be excluded.

A useful way of representing the fragment distribution in the large-size
range was introduced by Kresdk (1977). In the Kresdk log-log diagram,
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Fig. 3. Size distribution of fragments from catastrophic fragmentation of basalt targets illustrat-
ing the change in slope between large and small fragments (figure from Fujiwara et al. 1977).
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M;/M7 is plotted versus (2j—1), where M; is the mass of the j* fragment
(ordered by mass). In Fig. 4(a), fragments with sizes >15 mm, obtained in the
experiments by Capaccioni et al. (1986) are presented in a Kresék plot, while
in Fig. 4(b) the same plot is shown for some well-known asteroid families
(Zappald et al. 1984). In the Kresak plot, one can see that after the few largest
fragments, these distributions become nearly linear. While there are differ-
ences in the slopes of the distributions, the similarity between the plots repre-
senting the experimental data and those for the asteroid families is striking.
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Fig. 4. (a) Log-log plot of the mass of the single fragments normalized to the target mass and
ordered by their size (M; is the mass of the j® fragment); (b) the same as in (a), but for several
asteroid families numbered according to Williams’ (1979) classification.
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Low-velocity experiments produce fragmental size distributions that are
not significantly different from those found in high-velocity impacts (Matsui
et al. 1982). Hartmann (1980) shot low-velocity projectiles against artificial
conglomerates. An interesting result was found in that the size distribution of
fragments from the conglomerate was similar to that of fragments produced
from competent targets. This result suggests that the fragmentation model can
be applied to bodies ranging from loosely bound aggregates to solid coherent
bodies.

In ice-fragmentation experiments performed at temperatures of 81 K and
275 K, Lange and Ahrens (1981) found that ice shatters in a manner similar to
rocks with a single power-law fragment size distribution (for masses <0.1
M), where the exponent increases with increasing specific energy. Decreas-
ing temperature increases the strength of ice, such that the relative abundance
of large fragments increases for constant impact-energy density. Kawakami et
al. (1983) carried out experiments on ice at a temperature of 265 K and added
a power-law fit for the 15 largest fragments, whose slope increases with in-
creasing energy density to a single power-law fit for the smaller fragments.

The effects of multiple impacts against targets of different materials
(glass, gypsum, granodiorite, plagioclase, pyroxene and olivine) were ana-
lyzed by Gault and Wedekind (1969), Nakamura et al. (1983) and H6rz and
Cintala (1985a,b). They concluded that multiple impacts produce the same
degree of shattering and fragmental size distribution as single impacts when
the same total energy is applied.

E. Shape Distribution

The shapes of fragments from catastrophic collisions as defined by axes
a, b and ¢, these being the maximum dimensions of the fragment in three
mutually orthogonal planes (a = b = ¢), have been found to behave in a very
regular way (Fujiwara et al. 1978; Fujiwara 1986). In Fig. 5 the distribution of
b/a vs c/a is plotted for the collisional fragments from a basalt target (Capac-
cioni et al. 1984). There are no extreme shapes among these fragments, most
being grouped in the central region with b/a and c¢/a >0.2. Figure 6 depicts
histograms of b/a and c/a showing that the axial ratios are quasi-normally
distributed around mean values of the axial ratios b/a ~0.7 and c¢/a ~0.5,
i.e., corresponding to a: b : ¢ in the simple proportion 2 : V2: 1. This result is
particularly intriguing because it seems to indicate a general property of colli-
sional fragments which is repeated with great regularity in widely different
experimental conditions (Fujiwara et al. 1978; Matsui et al. 1982,1984;
Bianchi et al. 1984; Capaccioni et al. 1984,1986). Furthermore, this result has
been found to be valid for fragments as small as ~100 pwm (Capaccioni et al.
1986). The only exception has been observed for ice by Lange and Ahrens
(1981) who found that fragment shapes depend both on temperature and on
E/My; results from ice at 81 K are similar to the results described above, while
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at 257 K, the axial ratios are lower and increase with increasing specific en-
ergy (i.e., the fragments are more plate-like).

The surface geometry of collisional fragments has been investigated
using fractal analysis techniques (Fujimura et al. 1986). That is, irregularities
in the fracture surfaces of dunite and basalt fragments from catastrophic colli-
sions have been quantitatively expressed by “fractal dimensions” and com-
pared with analogous data for fragments from static compression tests. The
fractal dimension of collisional fragments was found to be consistently lower
(i.e., their surfaces are rougher) than that of fragments from static compres-
sion tests; thus, fractal analysis could turn out to be a powerful tool to discrim-
inate between different fracturing modalities.

F. Velocity of Fragments

Fragment velocity data from catastrophic disruption experiments are still
quite sparse, and are limited to the velocities of selected fragments from basalt
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targets which could be seen in the filmed records of the experiments. Analysis
of high-speed movies (Gault and Wedekind 1969; Fujiwara and Tsukamoto
1980; Fujiwara 1987) shows that fragment velocities are highest near the im-
pact point and decrease with increasing distance from the impact point. The
fragments fly away successively from the surface to the interior, and generally
do not collide with one another. In a core-type impact, the core fragment is
traveling at a very low velocity. As a representative velocity, the velocity V, of
fragments from the antipodal point of the spherical basalt target was deter-
mined to be (Fujiwara and Tsukamoto 1980):

V,=3.2 X 10~3(E/M)0-76 6
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(cgs units) for the high impact-velocity range. Takagi et al. (1984) plotted
their own V, obtained in the lower impact-velocity region, together with Fu-
jiwara and Tsukamoto’s data, as a function of the scaling parameter called the
nondimensional impact stress P; = PV,/YV, (where P,V ,, Y and V, are impact
pressure, projectile volume, target compressive strength and target volume,
respectively). In this representation, both data sets agree well in spite of the
differing impact conditions (Fig. 7).

G. Rotation of Fragments

Rotation of fragments is commonly observed except for the core and
antipodal fragments. Generally, the fastest rotators originate near the impact
point. Figure 8 shows that while many fragments rotate with very short peri-
ods, they are still longer than the rotational bursting limit. The minimum
rotation period is expected to be proportional to the size (Fujiwara and
Tsukamoto 1981) and fit to the data (solid line in Fig. 8). The sense of rotation
of the fragments from catastrophic collisions is illustrated in Fig. 1a (Fujiwara
and Tsukamoto 1981; Fujiwara 1987). It should be noted that if the expected
lower bound line is extrapolated to asteroid sizes, the predicted rotation rates
agree with observed rates (to within a factor of 2 or so) for 100 km-sized
asteroids. The physical basis for this extrapolation must be studied in future
investigations.

H. Energy Partitioning

Partitioning of the impact energy into various energy modes (transla-
tional and rotational kinetic energy of fragments, comminution energy, heat,
etc.) is the most physically fundamental quantity for understanding the whole
process of catastrophic disruption. Experimental determination of energy par-
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Fig. 7. Velocity of fragments from the antipodal point V, as a function of P; (see text). ¥, p and ¢
are, respectively, strength, density and sound velocity of the target material. The Fujiwara and
Tsukamoto data (open circles) are in the high-velocity regime (2.7 km s~1), while that of
Takagi and Mizutani (filled circles) are for the low-velocity regime (<1 km s~1).
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titioning for three core-type impacts (Fujiwara and Tsukamoto 1980) showed
that the total kinetic energy imparted to larger fragments having 70 to 80% of
the target mass is only about 0.3 to 3% of the impact energy, and the com-
minutional energy for this mass fraction is of the order of 0.1% of the impact
energy. For catastrophic disruption by high-velocity impact into finite basalt
targets, most of the collisional energy goes into kinetic energy of the finer
fragments near the impact site, comminution and heat (Asada 1985). A simi-
lar energy partitioning is found from high-velocity cratering impacts into
semi-infinite basalt (Gault and Heitowit 1963). They also found that 1% or
less of the impact energy propagates into the whole target as an elastic wave;
this is the energy we expect to be available for catastrophic fragmentation and
ejection of the fragments. This result, too, is consistent with that of Fujiwara
and Tsukamoto (1980) for catastrophic disruption.

At lower impact velocities, a smaller fraction of the impact energy is
expended in the kinetic energy of fine fragments, comminution and heat, and
a larger fraction is available for catastrophic fragmentation and ejection of the
bulk of the target mass. Waza et al. (1985) shows that in the splitting and
cone-type disruption of basalt and tuff targets, about 10 to 20% of the impact
energy is transferred to the large fragments.

Partitioning of projectile kinetic energy into translational and rotational
motion for individual fragments was determined by Fujiwara (1987). The re-
sults show the maximum ratio of rotational energy to translational energy for
individual fragments to be on the order of 10=2 or less.
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III. SCALING THEORY

A. General Scaling Law

The purpose of a scaling theory is to provide a rigorous framework that
allows experiments to be extrapolated or scaled to other conditions that may
either be impractical or impossible to attain experimentally. A complete scal-
ing law would allow suitably designed experiments to be used to predict the
distribution of sizes, velocities, shapes and rotational states of collisional
fragments. Although significant progress has been made in recent years, there
remains a large gap which separates the current state of collisional scaling
from this ideal case. In this section, we review scaling theories, identify some
of the difficulties and summarize areas where additional research is needed.

Explicit scaling theories have been developed only recently. However,
collisional experiments have been performed and used in discussions of as-
teroidal evolution for nearly two decades. The application of laboratory re-
sults to asteroid collisions implicitly involves certain (sometimes unstated)
scaling assumptions. The most popular assumption has been that, for a given
type of target material, collisional outcomes depend only on the specific en-
ergy E/M; of the event. The specific energy was referred to in some of the
early fragmentation studies (Gault and Wedekind 1969; Fujiwara et al. 1977;
Hartmann 1978). One of the concepts that grew out of these initial studies is
that the fragmentation threshold is a function of the specific energy alone.
Since that time, models of asteroid evolution have commonly assumed that
other variables, such as fragment size distributions and velocities, are deter-
mined by E/M;, independent of the size of the event (see, e.g., Dohnanyi
1969; Housen et al. 1979; Fujiwara 1982).

Davis et al. (1979) developed a model based on the above assumption
regarding collisional fragmentation. However, they recognized the fact that
sufficiently large asteroids would re-accumulate some of their collisional de-
bris. Compared to their small laboratory counterparts, these asteroids would
require a larger specific energy to cause fragmentation and dispersal of the
fragments. Hence, while this model did not allow for a dependence of the
fracturing process on size scale, it did include the effects of debris re-
accumulation at large sizes.

Fujiwara (1980) first suggested that the fragmentation threshold for small
bodies might depend on target size. In essence, he assumed that the threshold
specific energy is proportional to the tensile strength of the target which, in
turn, was assumed to be proportional to R—12, where R is the target radius.
The size-dependent strength stems from earlier suggestions by Moore et al.
(1965) and Gault et al. (1972) that fragmentation is governed by the growth
and coalescence of cracks and the assumption that the size of the largest crack
is proportional to the size of the target. According to the Griffith model of
crack growth, cracks of length L begin to grow when the stress exceeds a
threshold value that is proportional to L~ 12, Thus, if the largest cracks (which
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are the first to initiate growth because they activate at the lowest stress) con-
trol the failure of the target, then the fracture stress would be proportional to
R~V2, Under these assumptions, the threshold specific energy is proportional
to R—12 and therefore should decrease as target size increases, at least for
bodies small enough that gravitational forces are not important.

Farinella et al. (1982) and Paolicchi et al. (1983) constructed a model
based on the idea that the energy required to fragment a body depends not on
the volume of the body, but rather on the area of the surfaces created. By
adopting a power-law size distribution for the fragments, they showed that the
energy required to initiate fragmentation Q* is proportional to the —1/6
power of the target mass, or R—1"2. This is the same result as obtained by
Fujiwara (1980) by different assumptions.

Davis et al. (1983,1985) noted that large asteroids should be significantly
strengthened by the effects of gravitational self-compression. The idea was
that fracture would only occur if tensile stresses due to the passage of the
shock wave in the asteroid exceeded the combined effects of the material
strength and the self-compressive loading. They calculated the fragmentation
threshold for large gravity-dominated bodies by adding a term representing the
average compressive stress to the specific energy required to overcome the
material strength. As a result, the threshold specific energy in their model is
constant for small, strength-dominated bodies, and is proportional to R2 for
large bodies. Davis et al. found that the increased strength of large asteroids
helped to reconcile previous discrepancies between the observed size distribu-
tions of asteroid family members and model calculations.

Holsapple and Housen (1986) approached the scaling question in a more
general way using dimensional analysis. Some of the scaling results from
their work are shown in Table III. One advantage of their approach is that it
permits complex (and unknown) relationships among variables to be ex-
pressed more simply in terms of a reduced number of nondimensional param-
eters. This scaling model includes two specific generalizations over previous
models. First, the impactor is described by both its size and velocity (or equiv-
alently, its energy and velocity) whereas previous studies were based on the
energy alone. The inclusion of both the energy and velocity is motivated by
scaling studies of impact cratering (see, e.g., Holsapple and Schmidt 1987)
which have shown that for cratering, analyses based on energy considerations
alone are not valid. These studies have also shown that a variety of impact
phenomena are well described by a particular combination of the impactor
energy E and velocity U given by E UGr~2/2, where W is a constant deter-
mined primarily by the porosity of the target material. Note that when p =
2/3, the additional velocity dependence vanishes resulting in energy scaling
of the impactor. However, for nonporous materials such as hard rocks, p has
been found to be about 0.55, which is distinctly lower than the energy scaling
limit.

The second generalization included in the Holsapple and Housen (1986)
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TABLE III
Dimensional Analysis Scaling
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Notes: (a) The strength parameter, Ds, is defined as Hs = Q(Shp)
3p-2

(b) The gravity parameter, 1, is defined as Tl = Q (pG) M2 R-3Hy
(c) F represents a generic functional dependence, which differs from one equation to the next.
(d) The threshold is defined such that my /M = constant

(e) The characteristic velocity is defined such that My/M = constant

Variables:
M = Target mass U = Impactor speed
R = Target radius G = Gravitational constant
p = Target density K, A, B are scaling exponents
S = Target strength measure (see text)

(see text)

model is that the target material is described by a generalized mechanical
property S* which has dimensions of (stress) (length)4(time)?, where A and B
are constants. Any material model characterized by any single-strength mea-
sure can be realized by suitable choices of A and B. For example, if A and B
are both zero, S* simply has units of stress. In this case, S* represents the
fracture strength of a material whose strength is constant. If one assumes
energy scaling (i = 2/3) together with A = B = 0, then the specific energy
QO* at the fragmentation threshold is constant in the strength regime (Table
III). In this case, Q* = S,/p, where S, is defined as the impact strength with
units of energy density (ergs cm—3). This represents the model of Davis et al.
On the other hand, A = 10 and B = —13 results in Q* proportional to R—1/2,
corresponding to the model of Fujiwara (1980) and Farinella et al. (1982).
Holsapple and Housen adopted as a nominal case a rate-dependent material
model in which the fracture strength is proportional to the 1/4 power of the
strain rate. This behavior has been observed in dynamic measurements of the
tensile strength of rock (see, e.g., Grady and Lipkin 1980; Cohn and Ahrens
1981). Under the nominal strain-rate model, Q* should decrease as target size
increases, according to R—%24 (Holsapple and Housen 1986). The physical
basis for this is the fact that the strain rate of loading processes effectively
decreases with increasing target size.
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As noted by Davis et al. (1983,1985), fracture of large bodies will only
occur if the stress wave caused by the impact can overcome the combined
effects of the material fracture strength and the gravity-induced compressive
loading. In the approach of Holsapple and Housen (1986) the view is that the
stress pulse caused by the impact event must overcome both that initial com-
pressive stress and the strength of the material. Therefore, there is an effective
local strength that is simply the sum of that pre-stress and the material fracture
strength for their general model. Note that Davis et al. add the gravity stress to
the specific energy required for fracture. For the Holsapple and Housen ap-
proach, the result for sufficiently large bodies where the gravity stresses domi-
nate the material strength, gives O* proportional to R3». This agrees with the
Davis et al. model under their assumed energy scaling. It increases with R
because of the gravitational self-compression which increases with size.

Holsapple and Housen also derived scaling relations for fragment size
and velocity distributions. For example, they defined a characteristic fragment
velocity v.. At the fragmentation threshold, v, can be shown to be indepen-
dent of size for the constant fracture stress model (A = B = 0). On the other
hand, for the strain-rate model, v, is proportional to R—1/7, so that fragment
velocities should decrease with increasing target size. This is due to the fact
that the target effectively becomes weaker (because the strain rate decreases)
as R increases. In the gravity regime, the characteristic velocity is propor-
tional to R.

Takagi et al. (1984) introduced a different approach to scaling laws for
fragmentation and compared them to experimental results. In their analysis,
as discussed in Sec. II.F, they suggest that many aspects of collisions should
be correlated by the nondimensional impact stress parameter P,. According to
this model, fragmentation occurs above a threshold value of P,. This can be
shown to be equivalent to Q* = U® for a given target material. The exponent 6
depends on the collision speed: for large U, 6 approaches O and for small U it
approaches —1. Thus, while this model allows a dependence of the fragmen-
tation threshold on encounter velocity, it does not include a dependence on
size scale.

Figure 9 presents a comparison of the scaling predictions for the thresh-
old specific energy O* as a function of target size. There are clearly signifi-
cant differences between the scaling estimates. Attempts to use the existing
laboratory data to discriminate the theories are inconclusive at present due to
the limited size scale and velocity regimes of the experiments (Holsapple and
Housen 1986).

B. Scaling With Material Types

The strength parameter (S, or Q%) characterizing the target material
needed in the scaling theory described above is usually determined by impact
experiments in the laboratory. While the experimental data base has grown
significantly in the past decade, it is still far from complete. A methodology is
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required to enable us to extend the experimentally determined values of im-
pact strength to new material types and structures.

The simplest scaling law for impact strength is to assume that it is pro-
portional to the compressive or, better yet, the tensile strength of the body.
This law was assumed by earlier workers, e.g., Davis et al. (1979,1985), in
order to calculate collisional outcomes for materials on which there were no
available experimental data. Davis and Ryan (1989) tested the proportionality
scaling law for impact strength using the compiled experimental data base
mentioned earlier in Sec. II.B. Figure 10 shows the experimental data on
impact strength as a function of the laboratory-measured value of compressive
strength. Compressive strength, which is generally proportional to tensile
strength, was adopted because it is available for a wider variety of materials.
The experimental data lends support to the assumption that strength is the
dominant factor in determining the energy needed to fracture a body. How-
ever, strength is not the whole story; refined analysis of the data shows that a
strain-rate dependent strength is a superior law to that of strength alone (Davis
and Ryan 1989).
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The only significant exceptions to the above scaling laws were found
from experiments using clay targets by Fujiwara and Asada (1983) and those
using weak mortar targets (Davis and Ryan 1989). These materials have im-
pact strengths that are about 1.5 to 2 orders of magnitude larger than predicted
using static compressive strengths. The reason for this large impact strength is
not clear, but may relate to the granular, nonhomogeneous nature of these
materials. Perhaps such structures do not propagate the impact-stress pulse
efficiently, but dissipate much of the collisional energy close to the impact
site. Hence, much higher collisional energies would be needed to shatter such
bodies as compared with competent targets.

C. Comparison of Scaling-Law Predictions with Astronomical Data

We may test the validity of scaling theories by comparing their predic-
tions for size and velocity distributions of collisional fragments with those
observed within asteroid families assuming, of course, a collisional origin of
these families (see the chapter by Chapman et al.). Strain-rate scaling (Sec.
III.A) predicts that in the strength regime, the energy required to shatter a
body decreases as target size increases (Fig. 9). This implies that large-scale
asteroid collisions with an impact speed of 5 km s~! are low-strength, low-
strain-rate events. For example, if the collisional strain rate € can be approxi-
mated by V/D,, where V is the impact speed and D, the projectile diameter,
then for asteroid collisions € = (S/Dp) s—1, where Dp is in km. An asteroid
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impact involving a 5-km diameter projectile would occur under strain rates
comparable to those of machine-measured (static loading) laboratory condi-
tions (~1 s~!) in striking contrast to laboratory impact studies which involve
high rates of strain (~10# s—1). Thus, the laboratory measured impact strength
can be significantly larger (~ a factor of 10 if the 1/4 power scaling for the
strain rate is correct) than the low strain-rate value.

However, strain-rate dependent scaling fails to yield satisfactory results
when used in algorithms for collisional evolution for the formation of asteroid
families. When incorporated in the numerical model described by Davis et al.
(1985) and starting with the “best” initial population from that paper, the
weaker asteroid strengths lead to more collisional grinding, and a depleted
asteroid population in the size range ~80 to 150 km (see the chapter by Davis
et al.). Also, the existence of large fragments in the populous asteroid fam-
ilies, each thought to have originated from the disruption of a parent body,
certainly suggests a strength-dominated fracture regime. The large diameter
(up to ~300 km) of the parent bodies demands very large impact strengths in
order to form sizeable fragments, up to ~10° ergs cm—3 according to this
model. However, strain-rate scaling predicts a much lower strength at these
sizes when based upon laboratory measurements for strong basalt. Either the
material composing the parent bodies responds to impacts as if it were very
strong or the strain-rate scaling is incorrect.

Fujiwara (1982) used the proper elements for the Themis, Eos and
Koronis families to calculate the relative velocities of family members. He
estimated the total energy that the observed fragments would have had follow-
ing the breakup of the parent asteroid. The impactor energy can then be calcu-
lated if one assumes a value for the fraction fxg of kinetic energy which is
transferred from the impactor to the debris. The data points shown in Fig. 9
for the three families represent the specific energy based on Fujiwara’s nomi-
nal value of fgg = 0.1. Lower limits are also shown. These were calculated by
assuming that all of the impactor energy is transferred to the fragments (i.e.,
Jxe = 1). The nominal estimates of Q* for the three families are significantly
higher than the values measured for rock in the laboratory. This is consistent
with the observations of Davis et al. (1985) that large asteroids must behave as
if they are considerably stronger than the targets typically used in fragmenta-
tion experiments.

In addition to the above contradictions to observational evidence that
strain-rate scaling implies, there is also a problem with characterizing frag-
ment velocities. Ejection velocities determined for family members (based on
the dispersion of their orbital elements) are typically greater by a factor of 5 to
10 than those exhibited in laboratory impact experiments. It is suspected
though, that this is simply a consequence of the strength scaling difficulties,
since for bodies dominated by solid-state strength, fragment velocities are
likely to scale with the square root of the specific binding energies (Holsapple
and Housen 1986). Therefore, if impact strengths appear to be too low by a
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factor of 25 or so, it is not surprising to find observationally determined frag-
ment velocities are approximately 5 times too slow as well.

There is better agreement, however, between experimental results and
asteroid observations for sizes and shapes. We have already noted similarities,
particularly in the low-mass tail of the distribution, between plots for colli-
sional fragments and distributions of some representative asteroid families
(see Fig. 2b). A second interesting comparison can be drawn for the shape
distribution. As discussed in Sec. II.E, the shape distribution of collisional
fragments is fairly regular over a wide range of impact conditions. These can
be directly compared with asteroid shapes inferred from lightcurves (Capac-
cioni et al. 1984; Catullo et al. 1984). The average value of b/a for 194 main-
belt asteroids with D < 100 km was found to be in good agreement with the
experimental results, thus supporting the hypothesis that they are of colli-
sional origin. However, a much more spherical shape, with average b/a
values closer to one, was shown by larger asteroids, where self-gravitation
effects could be expected to be relevant and act to smooth out large-scale
irregularities. An intriguing discrepancy emerges when considering Apollo-
Amor objects, a significant fraction (~1/4) of which are elongated to a level
very rarely encountered among fragments (b/a < 0.4). Some physical expla-
nation is required for this puzzling feature, possibly related to a peculiar ori-
gin or evolution of these Earth-approaching objects.

IV. AVENUES FOR FUTURE RESEARCH

To develop scaling theory further, systematic acquisition of more data for
a wide variety of parameters for both the projectile and the target is necessary.
Available data on kinematical behaviors are still limited. The velocity dis-
tribution as a function of size has not yet been determined for the full size
range of fragments, in spite of the fact that this is essential for realistic model-
ing of asteroid collisional evolution. It must be remembered that most of the
present experimental data have been obtained in normal-incidence impact ex-
periments, while most of the natural impacts among asteroids are oblique.
Therefore, more data are needed to cover collisions at a variety of impact
angles.

Tailoring experiments to take into account more realistic situations for
actual asteroids is important. Asteroids may have structures such as mantles
and cores, and may have suffered repeated impacts, resulting in the body
having either many pre-existing fractures or a rubble-pile structure. The ques-
tion as to how the gravitational self-stress combines with the material strength
could in principle be addressed with experiments using a pre-stress imposed
by an external pressure loading. Impact experiments using significantly larger
targets cannot be conducted due to our inability to launch very large projectiles.
However, large-scale catastrophic disruption experiments using explosively-
generated stresses are a possibility. There is literature from the mining and
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nuclear tests industries on the breakup of rocky materials, which might give
guidance on the appropriate scaling in the strength regime. Finally, numerical
code calculations cannot be used to choose unambiguously between the theo-
ries because, as demonstrated by the approach of Holsapple and Housen
(1986), the very choice of the strength measure dictates much of the resulting
scaling. However, such calculations would be useful to study the appropriate
measure of strength of impact events, and to determine results in the gravity
regime.
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Observations made by the Infrared Astronomical Satellite (IRAS) during 1983
constitute the largest, most complete and least biased of the asteroid surveys to
date. 1811 asteroids and 25 comets with known orbits were measured. Thermal
Sflux densities at 12, 25, 60 and 100 um, as well as (in the case of asteroids) their
derived radiometric albedos and diameters have been compiled in the IRAS
Asteroid and Comet Survey. Useful low-resolution spectra were obtained for 47
numbered asteroids. There is evidence in the IRAS data base for a large popula-
tion of asteroids with unknown orbits. The methods of observation are outlined.
The survey strategy and the data reduction are discussed. The rationale is given
for the various IRAS asteroid and comet data products. Some directions for
Suture research using IRAS data are suggested.

I. INTRODUCTION

In 1983 the Infrared Astronomical Satellite (IRAS) was launched into
Earth orbit for the purpose of mapping the infrared sky. From January to
November, it observed sources of infrared radiation on the celestial sphere. In
the course of the mission it returned the data which constitute the basis for the
IRAS Asteroid and Comet Survey. This survey is the largest, most complete
and least biased survey of asteroids and comets yet conducted. It is largest
because of the number of objects observed. Its completeness arises from the
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fact that the whole sky was surveyed (though, by no means were all known
asteroids observed). It is least biased because the space environment permits
more uniform observing conditions than obtainable from the Earth’s surface
and because the observations were of thermal emission rather than of reflected
sunlight. This latter advantage is due to the fact that (for the observed range of
minor planet and comet albedos) the detection of an object at thermal wave-
lengths is a less sensitive function of albedo than it is in the visual.

Measurements of thermal emission from small bodies are required for
our present method of estimating the fundamental properties of size and al-
bedo. Knowledge of these properties is the key to the study of asteroids as
individual bodies. Effective diameter is perhaps the most important parameter
in the physical and thermal modeling needed for comparative planetological
study of asteroids, and their comparison with satellites, planets and the parent
bodies of the meteorites. Albedos are also needed in order to scale properly
relative spectral reflectance data and obtain spectral albedos, the required data
for discrimination between a number of asteroid classes. Albedo is also key to
the determination of the surface temperature.

The work of the asteroid and comet survey was carried out with broad
participation of researchers active in the field. Initial thinking about the pos-
sibilities of such a survey occurred as early as the spring of 1976, when a
number of informal discussions occurred in Pasadena. By late summer, the
importance of such a survey was widely discussed at IAU Colloquium No. 39
in Lyon, France. It was recognized that such a survey could easily be the most
important survey yet undertaken, and might provide a new basis for studying
the relationships between asteroids, comets and meteorites. Serious planning
started in the spring of 1980 when the first IRAS Asteroid Workshop was held
in Asilomar, California. Here an overall assessment, from both scientific and
practical points of view, was made and the detailed planning for the imple-
mentation of this survey was initiated. Shortly thereafter, the planning func-
tion for the survey was assumed by the IRAS Project and an Asteroid
Advisory Group (AAG) was formed at Jet Propulsion Laboratory as an ele-
ment of the Project. A series of periodic Asteroid Workshops was initiated and
through these the scientific community at large assisted by providing technical
advice and independent assessments of the work performed (IRAS Asteroid
Workshops No. 1-4, 1983-1985). At these meetings the matters of complete-
ness and reliability were studied and it was decided that the data products
should, above all, be reliable—even at the expense of completeness.

The purpose of this chapter is to present a brief overview of the IRAS
Asteroid and Comet Survey. First, the actual observing of asteroids by IRAS
is discussed. In addition to the spacecraft and its telescope, this includes the
temporal and spatial strategy for the execution of observations. In the IRAS
data stream, the recognition of asteroid data was not trivial. Many real as-
teroid observations were left behind as each of the filtering steps were applied
in order to achieve the needed reliability. Later, these lower-quality data were
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gathered together in a “reject” file available for statistical studies. The asteroid
data were processed into a number of data products which now reside at the
National Space Sciences Data Center (NSSDC) at the Goddard Spaceflight
Center in Greenbelt, Maryland.

Next, our attention is turned to those asteroids whose orbital elements are
not known. Several approaches were developed for the study of these objects;
these are discussed in Sec. IV. By far the greatest value of these data is for
retrieval of radiometry of asteroids whose orbital elements have been deter-
mined since the survey. The IRAS asteroid data remain a rich scientific re-
source; this chapter closes with some suggestions for future research. Some of
the first-order scientific results from the survey are discussed in the chapter by
Veeder et al. The use of the IRAS survey results to classify asteroids is dis-
cussed in the chapter by Tedesco et al.

The scope of this book does not permit a discussion of the IRAS comets.
For that part of the survey, the reader is referred to papers by Walker (1986)
and Walker et al. (1986). Near-real-time analysis of IRAS data is another
subject beyond the scope of this book; it was carried out at the Preliminary
Analysis Facility (PAF) in the United Kingdom where attention was focused
on the unique opportunity to discover fast-moving (i.e. near-Earth) asteroids
and new comets. Such timely discoveries have permitted additional observa-
tions both from IRAS and from groundbased observatories. Descriptions of
these discoveries and activities at PAF have been written by Davies et al.
(1984), Stewart et al. (1984) and Green et al., (1985a,b).

II. OBSERVING ASTEROIDS WITH THE INFRARED
ASTRONOMICAL SATELLITE

The satellite was launched into an approximately circular orbit of 900 km
altitude. The inclination was set at 99° with the orbit plane precessing about 1°
per day so that it was Sun-synchronous (see Fig. 1). Thus, the satellite orbited
approximately above the Earth’s terminator, with the telescope pointed out-
ward scanning the sky. The telescope can be thought of as projecting a virtual
image of the focal plane array (Fig. 2) upon the sky, to be swept in turn across
all of the sources observed and yielding the survey data stream.

The focal plane of the IRAS telescope contained an array of 62 infrared
detectors (Fig. 2). Their spectral coverage was divided into four wavelength
bandpasses: 12, 25, 60 and 100 pm. The relative spectral response for each of
the IRAS bandpasses is shown in Fig. 3. The effective wavelength of these
passbands for asteroid work has been calculated by Lebofsky et al. (1986)
who present tabular data useful for interpreting IRAS asteroid observations.

The survey observing mode consisted of many scans of the sky such as
that illustrated in Fig. 1. The positioning of the satellite orbit over the termina-
tor and the outward-looking scan paths led to an observing geometry for the
asteroids as sketched in Fig. 4. On a typical observation, the asteroid was
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Fig. 1. The orbit of IRAS. A typical scan is indicated. The dark patch represents that portion of
the sky imaged on the focal plane at a particular instant of time (figure from Kia and Fowler
1987).

closer to quadrature than to opposition. This geometry is a systematic differ-
ence between the IRAS observations and the usual norm for groundbased
observations. For asteroids, the IRAS geometry has two disadvantages which
reduce the observed flux: most asteroids were not near their closest approach
to the Earth and, because of the angle, the terminator as well as part of the
cooler night-time surface was visible on the disk.

The strategy of the survey was to sample the sky both spatially and tem-
porally. The spatial objective was to observe the whole sky and this was 95%
realized. The temporal sampling procedure enabled the separation of signals
from sources fixed on the sky from transients such as asteroids, comets and
noise. The procedure consisted of rescanning the same strip of sky after sev-
eral different time intervals in order to check which sources yielded repeatable
observations. Time scales were seconds, hours and months (which were typ-
ically 10 days to several months). The check for repeatability on the time scale
of seconds was carried out using the data from different detectors in the focal
plane. Objects traversed the focal plane in a straight line, as indicated in Fig.
2, and yielded a predictable pattern of detections. Sources which did not
match this template, both in direction across the focal plane and in arrival
times at each detector, were not processed further. Thus, signals produced in
the detectors by very fast moving, close objects (e.g., other satellites or debris
in Earth orbit) were rejected at the first step in the processing.
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ASTEROID

Fig. 4. Typical geometry for IRAS asteroid observations. Solar elongations (angle SE) were
generally about 90°, and were restricted to between 60° and 120°. By comparison, most
groundbased asteroid observations are made between 160° and 180° of solar elongation.

The next check was made after a period of hours when data were avail-
able from a subsequent orbit and when the scan path would be shifted by 0725
(at the Earth’s equator). The data from the two scans of the same sky region
were compared. Objects fixed upon the sky, if their signals were great
enough, should repeat. Objects that failed this hours-confirmation test were
flagged. The faster moving asteroids were one class of objects which usually
failed the hours-confirmation test.

About two weeks to months later, the same region of sky was again scanned
twice and the new hours-confirmed sources were compared with those pre-
viously found. This, then, was the “months-confirmation” test and a positive
result was a necessary condition for entry into the IRAS Point Source Catalog.
A class of objects which failed this test were the slow moving asteroids.

All sources which failed hours-confirmation were tested for a simple and
very broadly construed “asteroid-like” color. Those passing this test were writ-
ten to special files to be used later as a prime data source for the IRAS Aster-
oid Data Processing System (ADAS) (IRAS Asteroid and Comet Survey 1986).

III. ASTEROID RECOGNITION AND ASSOCIATION

The chief difference among the asteroids and comets and the other IRAS
sources was their motion on the sky. Asteroidal ephemerides were computed
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and compared with the paths of the IRAS sky scans. Spatial coincidence at the
same epoch was the indication that a particular asteroid would be in the IRAS
field of view. It was necessary for the asteroid trajectory to come within 15
arcmin of the telescope boresight trajectory during a single sky scan. This is
shown schematically in Fig. 5.

Once a candidate asteroid was found, its position as observed by IRAS
was compared to the ephemerides predictions. In making this comparison, it
was necessary to take into account likely uncertainties in orbital elements as
well as all the uncertainties in the observed position. Comparison was then
made between these two probability density functions. Passing this test with a
score above a predetermined threshold, allowed the observed source to be
identified with a particular asteroid (Kia and Fowler 1987; Fowler and
Chillemi 1986; Chillemi and Fowler 1986; Fowler and Rolfe 1982). At the
time when the candidate asteroid sightings were separated from the bulk of the
IRAS data, orbital elements were available only for the first 3318 numbered
asteroids. Also, good orbits were available for 135 additional asteroids and 21
of these were measured by IRAS.

While the sky-scanning strategy assured an accurate mapping of the fixed
sources on the sky, it did not guarantee that all of the asteroids would be
observed. In one case, 9 Metis, the asteroidal rate of motion was relatively
slow but, by chance, all of the scan patterns fell such that not a single observa-
tion of Metis was obtained. Another example of an asteroid that slipped
through the scan pattern was 1983 LC, an Amor asteroid, which was moving
rapidly in an apparent retrograde trajectory on the sky (Green et al., 1985a).

SATELLITE
BORESIGHT
TRAJECTORY

ASTEROID
TRAJECTORY

~—

Fig. 5. Projection on the celestial sphere of the trajectory intersection between an asteroid and an
IRAS scan (figure from Kia and Fowler 1987).
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IV. ASTEROIDS WITH UNKNOWN ORBITS

In addition to the numbered asteroids discussed thus far, the IRAS data
contain many observations of asteroids whose orbital elements are not known.
These data are of value for several purposes. First, as orbital elements become
available for new asteroids, these IRAS data can be searched for observations
of the same asteroids. If flux measurements were obtained, then diameters and
albedos can be calculated. Secondly, the data can be used to draw some statis-
tical conclusions about asteroids as a whole.

We have tried a number of approaches toward collecting these asteroids
into a catalog. Using signal-to-noise, color and other tests, we have produced
a number of tabulations. However, the reliability of any given sighting ap-
pears to be relatively low. Thus, we were faced with the prospect of a product
which perhaps contained fewer asteroids than other sources. We did not re-
gard this as a useful data product because it offered only a marginal refinement
over the original input file itself. This is to be contrasted with the reliability in
excess of 96% that we obtained for the released data products.

We have estimated the numbers of additional asteroid sightings that may
be available in the Survey data. These estimates are tabulated in Table I. The
first column indicates the data type. In the second column the number of
asteroid sightings is estimated. In the right-most column, we estimate the
number of asteroids that are responsible for the sightings. The first entry is for
all of the data at hand. The remaining entries are for various subsets of the
data. The reliability of the observations in these tracks remains to be deter-
mined.

IRAS asteroid tracks are defined as a series of sightings of the same
asteroid. These sightings are offset both spatially (on the sky) and in time. An
example of a track produced by an uncatalogued asteroid is shown in Fig. 6.
The length of the track is about 0°4. Many tracks exist in the data. If the
region about the galactic center is rejected and if known debris streams are
masked off, then there are approximately 550 sightings that group into about
260 tracks.

TABLE 1
Estimates for Additional Asteroid Candidates within the Survey

Detections at Number of Number of

Bandpasses Sightings Asteroids
Input total 2.5 X 108 104
25 pm (only) 3.5 X 10* 3500
12 & 25 pm 5000 500
25 & 60 pm 2000 200

12, 25 & 60 pm 600 100
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Fig. 6. The track of an unknown asteroid.

V. ASTEROID DATA PRODUCTS

The detailed definitions of these products are to be found in the IRAS
Asteroid and Comet Survey (1986, Ch. 8, App. B). A summary is listed here
in Table II. The system of software used for the production of these asteroid
data was called the Asteroid Data Processing System (ADAS). A block dia-
gram and description of ADAS is presented in Fig. 7.

The final data products (FDP) are discussed here in order of subject
grouping: asteroids, comets, probable asteroids/comets, survey analysis and

1 I .
—_——de| e — e —
1 H FINAL ]
As [ [ | ASTEROID
AK AM DATA
______ PRODUCTS
DATA BASE —{
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——— DATA FLOW
~ — = LOGIC FLOW
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Fig. 7. Block diagram of the Asteroid Data Processing System (ADAS). This was the system that
produced the final asteroid data products (shaded box on the right). The system utilized two sets
of data as its input (shaded boxes to the left): candidate asteroid sightings from SDAS (Scien-
tific Data Analysis System) and files of groundbased photometric and orbital data supplied by
the IRAS Asteroid Advisory Group (AAG). The various modules are: IN: input and database
production; AK: known asteroid processor (i.e., asteroids with known orbital elements); AS:
asteroid sighting processor; AM: asteroid motion processor; AD: asteroid diameter and albedo
calculation; and FP: final products format processor. The data base could interact with the user
(user interface: UI) and used to produce special products, SP, such as tabulations, graphs and
other specified output.
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TABLE II
IRAS Asteroid and Comet Final Data Products
Name Type»
Possible Asteroids/Comets (FDP 1) Data base
Catalog of Asteroid Sightings (FDP 2) Data base
Probable Asteroids/Comets (FDP 3) Data base
Asteroid Names and Pointers (FDP 12) Data base
Asteroid Groundbased Data (FDP 13) Data base
Asteroid Statistics (FDP 6) Data base
Comet Catalog Data base
Asteroid and Comet LRS Spectra (FDP 9) Data base

Asteroid and Comet Supplement (FDP 16), which Book
contains all of the documentation for the above
as well as the following:
Asteroid Catalog (FDP 4)
Graphic Data (FDP 5)
Asteroid Statistics (FDP 6)
Fast Moving Objects (FDP 7)
Asteroid and Comet LRS Spectra (FDP 9)
Rejected Sightings (FDP 15)

2Data base refers to a machine readable medium only while others have
been presented in the printed format indicated.

archive. The names for the final products are accompanied by their original
FDP numbers. These numbers have been used consistently throughout all of
the documentation, whereas some of the descriptive names have evolved. The
final asteroid data products consist of a summary catalog, a catalog of sight-
ings, a collection of Low-Resolution-Spectrometer (LLRS) spectra and various
files of groundbased data that were prepared for use in reducing the IRAS
data. In all, there are a total of five products.

The Asteroid Catalog (FDP No. 4) is a distillation of the IRAS asteroid
results, organized by asteroid number. One value is given for each property,
such as albedo and diameter. The Catalog of Asteroid Sightings (FDP No. 2)
is a listing of the reliable asteroid sightings. It is replete with all of the detail
of observational circumstances, detection qualities, position accuracies and
the quantities computed from orbital geometry and the asteroid thermal
model. The Asteroid and Comet LRS Spectra (FDP No. 9) is a catalog of 47
useful spectra of asteroids. The Asteroid Ground-Based Data (FDP No. 13) is
a catalog of the various groundbased data on asteroids that were needed in
order to reduce the IRAS observations and derive quantities such as diameters
and albedos. Contained herein are data on 24-color spectrophotometry, the
eight-color asteroid survey, lightcurves, polarimetry and UBV photometry.
Asteroid Names and Pointers (FDP No. 12) is a file that contains the asteroid
names, provisional designations and pointers. The pointers identify the types
of data available for each asteroid in FDP No. 13. Thus, this product is essen-
tially an index.
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All of the foregoing data products have been released and are available
from the National Space Science Data Center (NSSDC) and the affiliated Eu-
ropean Data Center in Strasburg, France (see Appendix A in the /RAS As-
teroid and Comet Catalog [1986] for information on how to obtain data).
There are other sets of data which have not yet been released and reside at the
Infrared Processing and Analysis Center at Caltech. These include working
versions of FDP’s 1 and 3. The information in FDP’s 5, 6, 8 and 15 is printed
in the IRAS Asteroid and Comet Catalog, Preprint No. 1 (1986).

VI. FUTURE WORK

While the present IRAS Asteroid and Comet Survey is the fruit of a
tremendous amount of work, there is much more research that can be done.
Below we discuss some of the opportunities for future work.

A. Serendipitous Survey

Throughout the course of the survey, pointed observations were made of
many objects of interest. In this mode a small region of the sky (typically ~ 1°
in greatest dimension) was repeatedly scanned. Thus, there are often many
sightings of the same source available for co-addition to improve the signal-
to-noise ratio. These data have been collected into the IRAS Serendipitous
Survey Catalog (SSC) (Kleinmann et al. 1986). It contains some 43,866
point-like sources which lie in 1813 fields. The limiting magnitude is typically
a factor of 4 better than for the survey mode. The effective sky coverage is
1108 deg?. We estimate that the number of asteroid observations to be re-
covered from the pointed observations amount to about 10% of the number in
the survey data. These data have the advantage that fainter sources can be
recovered and thus provide a means to study a population of smaller asteroids.

B. Update and Reprocessing

At the time when the asteroid and comet survey was processed, known
asteroids up to No. 3318 were included. At this writing, almost a thousand
additional asteroids have been numbered. Many observations of these as-
teroids reside in the IRAS data and thus it is possible to compute diameters
and albedos for them. Also, many new and/or better visual magnitudes have
become available for the asteroids included in the survey. Thus, ADAS can be
rerun in order to produce a more extensive and a more accurate set of data
products. While quantitative improvement can be realized (~25% in the num-
ber of asteroids and improved groundbased photometry for ~ 20%), the
potential research value is even higher. Most of the asteroids which have been
added are smaller objects. The IRAS albedo data have provided the basis for
supposing that some unique compositional asteroid classes may have only
small asteroids (Tedesco et al 1988; also the chapter by Tedesco et al.). Updat-
ing and reprocessing the IRAS asteroid data will yield a data base suitable for
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research on this question. Thus, there is much more to be gained than just
numerical improvement in reprocessing the final data products.

C. New Processing Strategies

In a fundamental sense there may be much to be learned by trying new
processing strategies on the IRAS data. In the Asteroid and Comet Survey, we
required that all of the sources be detected at 25 wm. However, there are many
sources which were detected at 60 wm but do not show up well enough at 25
pm to be included in the survey. Also, there were many sources whose 12 wm
to 60 pwm flux ratios were asteroid-like, but were not detected at 25 pwm due to
noisy or dead detectors. These and other subsets of the observations have not
yet been studied and can be made available for research by using different
acceptance criteria in ADAS or other processor and producing a new data base
or catalog.

There is a significant overabundance of faint 25 wm point source detec-
tions toward the plane of the ecliptic. Most of these sources failed to meet the
acceptance criteria that we used for the Asteroid and Comet Survey. However,
the symmetric distribution of these detections about the ecliptic and their in-
creasing density as the ecliptic is approached suggest that they are solar sys-
tem sources. A detailed investigation of these data should be carried out.

D. Sky-Flux Images

IRAS sky-flux images are 1675 X 16°5 regions of the sky which have
been produced by mosaicing survey scans. Mosaics are then made available as
hard copy. Many faint features, especially large extended sources, can be
recognized. For example, Sykes et al. (1986) have made use of these and
similar products to identify debris trails from comets.

E. Types of Processing That Can be Done at the Infrared Processing
and Analysis Center

The Infrared Processing and Analysis Center (IPAC) is the prime site for
the processing and study of IRAS asteroid data. In addition to the several
unreleased asteroid data products, all of the IRAS data are available as well as
all of the software which is tailored to the handling of asteroid data. One
example of specialized software is the blinker. The blinking method of as-
teroid recognition became available too late for use in the Asteroid and Comet
Survey. The blinker software emulates a blink plate comparator by plotting
data from the individual sources on a computer screen. Data from successive
scans over a given region on the sky are alternately displayed on the plot,
permitting a visual determination by inspection of which sources are station-
ary, which are moving, and which are probably noise. Other types of cus-
tomized processing can be designed and implemented for specific research
problems. The facilities of IPAC are available to astronomers who have been
selected as participants of approved guest investigator programs.
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ASTEROID RESULTS FROM THE IRAS SURVEY
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The IRAS Asteroid and Comet Survey yielded a data base of infrared flux den-
sities for 1811 individual asteroids. Albedos and diameters for these have been
derived via a standard thermal model. IRAS sampled a large number of small
asteroids and detected many dark asteroids in the outer belt. High-albedo as-
teroids remain rare. Observations of the brighter asteroids at multiple wave-
lengths show the expected range of color temperatures through the main belt.

The production of the IRAS Asteroid and Comet Survey (1986) is de-
scribed in the chapter by Matson et al. This large data base resulted from the
association of infrared sources detected against the sky by IRAS with the
predicted positions of asteroids whose orbital elements were well known at
the time of final processing. The dynamical parameters of these numbered
asteroids as well as their absolute visual magnitudes are the result of many
groundbased photographic discovery and photometric followup programs.
These inputs were then combined with the infrared flux densities for each
asteroid observed by IRAS to derive physical properties such as albedos and
diameters. The size and uniformity of the IRAS survey yields good statistics
on trends within various subpopulations of asteroids. These fundamental re-
sults may then be cross correlated with other data sets. Some implications for
spectral-albedo classification and interpretation of composition are described
in the chapter by Tedesco et al.

This chapter presents an overview of some of the first-order results of the
IRAS asteroid survey. The variation of color temperatures within the main
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belt are discussed. Other expected trends due to intrinsic properties of as-
teroids are highlighted. The spatial distribution of asteroids observed by IRAS
will be examined for how both visual and infrared sampling and peculiarities
of the IRAS processing may bias the results. The future of the survey and
some of its limitations will also be mentioned.

I. COLOR TEMPERATURES OF ASTEROIDS

For those candidate asteroid sources which were bright enough to be
detected by IRAS at more than one wavelength, the flux density ratios of
adjacent bands were used as a powerful discriminant against confusion with
background fixed sources. For example, most stars have stronger emission at
12 pm than at longer wavelengths because they are hot whereas cold dust
clouds become more prominent in the galactic plane at 60 and 100 wm than at
shorter wavelengths. In contrast, the spectra of main-belt asteroids peak
within the IRAS 25-pm bandpass. '

A color-color plot of all the sightings of asteroids detected at 12, 25 and
60 wm shows a great deal of scatter (cf. Veeder 1986, Fig. 2—10). Many of
these sightings include hits in only a single pair of detectors at 12 and/or 60
pm due to an emphasis on completeness over reliability during the first cut.
Figure 1 shows the result of a straightforward co-addition of flux density
ratios for those asteroids with at least four accepted sightings during separate
scans each of which included detections in all of the three shortest wavelength
IRAS channels. The scales have been expanded such that hot (7' >280 K)
stars plot off the figure to the upper right and cold (T' <175 K) molecular dust
clouds plot off the figure to the lower left. The scatter of the asteroid ratios is
improved as much as may be expected within the photometric accuracy of the
IRAS system. In both dimensions, the color temperatures observed for as-
teroids are a relatively weak function of albedo. The correlation with helio-
centric distance is much stronger. The color temperatures of thermal models
for asteroids thus range along a narrow diagonal. About 3 bands of color
temperatures for asteroids are resolved across the main belt such that hotter
ones are seen in the inner belt closer than 2.5 AU (towards the upper right) and
the colder ones are found in the outer belt beyond 3 AU (towards the lower
left).

II. SPATIAL DISTRIBUTION OF ASTEROIDS

The IRAS survey considered all asteroids whose orbital elements were
known at the time of final processing. These asteroids were previously discov-
ered during photographic surveys to some limiting magnitude. As a function
of size, this visual sample is strongly biased towards high albedos as well as
small perihelion distances (cf. Zellner 1979; Gradie and Tedesco 1982). De-
tection in the thermal infrared (slightly) favors those asteroids with low al-
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Fig. 1. Infrared colors of asteroids with known orbital elements and more than 4 IRAS sightings
plotted as flux density ratios. Effective temperatures increase towards the upper right. Inner-

belt asteroids (M) have subsolar temperatures as warm as ~ 300 K. Outer-belt asteroids ()
have subsolar temperatures as cold as ~ 200 K even though they are also dark. Main-belt
asteroids with heliocentric distance between 2.5 and 3 AU are plotted as open circles (O).

bedos because they are warmer for a given size at a given heliocentric
distance. However, the more relevant effect here for IRAS is again the de-
crease of observed flux density with heliocentric and geocentric distance as
well as size. As expected from the combination of the IRAS and stronger
visual bias, small asteroids remain incompletely sampled in the outer belt.
The largest main-belt asteroid, 1 Ceres, is a very strong infrared source at
all IRAS wavelengths. IRAS was sufficiently sensitive at 25 pm to detect
objects as small as 2201 Oljato (whose diameter is about 2 km) if they hap-
pened to be near the Earth. IRAS also detected many other objects whose
orbits have not yet been determined. These asteroid candidates remain rela-
tively uncharacterized for the present but eventually may be associated with
future groundbased discoveries.

Figure 2 shows the diameters derived for high-albedo (p,, > 0.1) as-
teroids plotted against their heliocentric distance at the time they were ob-
served by IRAS. The results from multiple sightings of individual asteroids
tend to scatter vertically due to lightcurve variations and photometric uncer-
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Fig. 2. Diameter plotted against heliocentric distance for IRAS asteroids with high visual geo-
metric albedos (p,, > 0.1). Separate model diameters have been derived from the observed flux
density at 25 wm for each accepted observation.

tainties between different scan tracks across the focal plane array. The well-
known Kirkwood gaps in the distribution of asteroid semimajor axes map into
depleted areas at the expected distances in this figure. Only a few asteroids
were detected in the Hungaria region (near 1.8 AU) because these objects not
only tend to be small but also tend to have very high albedos (py, > 0.3); they
are therefore relatively cold and faint in the infrared even though they are in
the inner belt.

Figure 3 shows the diameters derived for low-albedo (py, < 0.1) asteroids
plotted against their heliocentric distance at the time they were observed by
IRAS. Their general size and spatial distributions are similar to those of the
high-albedo asteroids in Fig. 2. Low albedos are somewhat more common in
the outer main asteroid belt to the extent that all asteroids detected by IRAS
beyond 4 AU are dark despite the visual bias against the discovery of such
objects. IRAS also detected several Trojan asteroids near the Lagrangian
points both preceding and trailing Jupiter because those with known orbital
elements tend to be relatively large.
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Fig. 3. Diameter plotted against heliocentric distance for IRAS asteroids with low visual geo-
metric albedos (p,, < 0.1). Separate model diameters have been derived from the observed flux
density at 25 pm for each accepted observation.

III. THERMAL MODELS FOR ASTEROIDS

. The “standard” thermal model used to reduce the IRAS asteroid sightings
has been described by Morrison and Lebofsky (1979), Lebofsky et al. (19864,
b) and in the chapter by Lebofsky and Spencer . Since the IRAS data stream
did not include any simultaneous visual observations, visual magnitudes had
to be assumed. This ignores the problem of the changing cross section of
asteroids with rotation as seen in their lightcurves. Moreover, the derived
albedos and diameters for each asteroid are then not independent. Since multi-
ple wavelength coverage overdetermines the model solution for bright as-
teroids, the results of each detection at each wavelength for each sighting were
averaged with equal weight. The range of albedos extends up to a value of
0.49 for 44 Nysa and the range of diameters extends up to a value of 913 km
for Ceres.

Figure 4 shows the average diameters for asteroids with multiple sight-
ings (i.e., two or more) plotted against their average visual geometric albedos
from the IRAS thermal model. The scale of this figure has been expanded to
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Fig. 4. Average model diameter vs average model visual geometric albedo for IRAS asteroids
with multiple accepted observations. A few large and/or bright asteroids are outside the range
of this plot.

show detail at small sizes and low albedos. Veeder (1986) includes com-
parisons of sightings showing the largest and brightest asteroids. Large as-
teroids are concentrated at values of ~0.05 and ~0.15 for their albedos; this
trend is seen here to continue down below 100 km. Relatively more dark
asteroids are represented in the IRAS results than in the similar distribution
observed within the groundbased TRIAD data (cf. Zellner 1979; Morrison
and Zellner 1979). Large asteroids whose albedos are ~0.1 remain rare
among IRAS observations and all sizes of asteroids with very high albedos
(i.e., py > 0.3) are also very rare. A few albedos < 0.01 were rejected as not
physically real. There are few diameters found smaller than ~10 km due to
incompleteness in the list of known orbital elements and the signal-to-noise
limit of the IRAS survey. A significant number of small asteroids appear to
have derived model albedos near a value of 0.1 in contrast to the relative
absence of large asteroids in this range (cf. the chapter by Tedesco et al.).
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Whether this effect is physically meaningful or an artifact of the asteroid pro-
cessing system is still an open question.

IV. CAVEATS

Although the IRAS survey sampled the sky uniformily (Matson 1986),
there are subtle variations within the IRAS asteroid products. Veeder (1986)
details several characteristics of the IRAS asteroid data for consideration by
the serious user. Some of the more obvious complications are a direct result of
the strong correlation of size with flux density and of the requirement for
relative completeness in a sample limited by background noise. In particular,
the signal-to-noise ratio decreases with flux density which in turn results in a
corresponding decrease in the relative reliability near the asteroid survey cut-
off. It should be remembered that single asteroid sightings by IRAS are not
confirmed by definition and deserve low weight during further analysis com-
pared to those asteroids which yielded multiple sightings. In addition, sight-
ings which include detections at more than one wavelength are more reliable
than those that only have detections at 25 pm. A few of the faint asteroid
sightings at 25 pm may be confused with background sources near the galac-
tic center.

The IRAS point-source sky survey was limited by a signal-to-noise cut-
off of 3. Therefore, as a statistical consequence, the flux densities of sources
fainter than one Jansky were systematically overestimated as a function of flux
density down to the cutoff (~ 0.5 Jy at 25 pm). During asteroid product
generation, this led to overestimating the derived cross sections and under-
estimating the derived albedos for such faint asteroids by up to a factor of
about 2 at the cutoff. Since size is strongly correlated with observed flux
density, the diameters produced may be systematically too large by a few to
tens of percent for the smallest asteroids depending upon the details of select-
ing such a subset. The fact that asteroids changed their positions between
IRAS scans complicates correcting for this effect which may also be an in-
verse function of the number of accepted sightings.

A few asteroid associations generated very low values for their derived
albedos. Such results are probably due to confusion with faint background
sources rather than an intrinsic physical property of the asteroids in question;
they were therefore rejected from the final products by selecting a value of py,
equal to 0.01 as an otherwise arbitrary cutoff. These rejected sightings tend to
be concentrated toward the galactic center (see Veeder [1986] for further dis-
cussion of additional caveats).

V. FUTURE PROSPECTS

The IRAS asteroid data base will continue to support additional analyses.
The issues concerning small asteroids with albedos near a value of 0.1 will be
addressed further. The possibility that such objects might be fossil metallic
cores left over from catastrophic disruptions needs to be tested. All the small
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asteroids within the IRAS data base will be thoroughly examined to see if they
are in fact similar to the well-characterized large asteroids and whether the
trends within the size distributions of different classes of asteroids continue
down to the survey cutoff. Subpopulations of the members of dynamical fam-
ilies detected by IRAS will be intercompared.

Groundbased infrared observations will also be used to follow up some
IRAS omissions and discrepancies. IRAS did not scan all the asteroids and
many additional ones with new orbital elements are now available. Another
outstanding issue is the case of several asteroids which have S classifications
based upon visual spectra but low albedos reported by IRAS. Veeder et al.
(1987, 1989) have already checked the near-Earth asteroids 1685 Toro and
1980 Tezcatlipoca which seem in fact to have moderate albedos well within
the range expected but contrary to their IRAS results. Other dark main-belt S
asteroids remain to be investigated in greater detail. Some should clearly be
observed again at visual wavelengths. In any case, there are a large number of
IRAS asteroids that only have far-infrared data and now need visual and near-
infrared colors in order to classify them satisfactorily and take advantage of
cross correlations between various data sets in order to study the asteroid
population as a whole.
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Albedos and spectral reflectances are essential for classifying asteroids. For
example, classes E, M and P are indistinguishable without albedo data. Col-
orometric data are available for about 1000 asteroids but, prior to IRAS, albedo
data was available for only about 200. IRAS broke this bottleneck by providing
albedo data on nearly 2000 asteroids. Hence, excepting absolute magnitudes,
the albedo and size are now the most common asteroid physical parameters
known.

In this chapter we present the results of analyses of IRAS-derived as-
teroid albedos, discuss their application to asteroid classification, and mention
several studies which might be done to exploit further this extensive and
unique data set.

I. RESULTS FROM ANALYSES OF IRAS ASTEROID ALBEDO
DATA

It has been known for over a decade that the albedo distribution of the
asteroids is bimodal (cf., Morrison and Lebofsky 1979). As demonstrated in
Fig. 1, the albedo distribution for large (i.e., diameters =60 km), well-
observed IRAS asteroids is also bimodal (Tedesco et al. 1987b), in agreement
with the results of earlier studies utilizing groundbased data. Figure 2, how-
ever, shows that the distribution for small, well-observed IRAS asteroids is
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Fig. 1. Albedo histogram for large, well-observed IRAS asteroids. (Large means IRAS diameter
> 56.2 km and well-observed means having two, or more, accepted sightings, at least two of
which were obtained within 36 hours of one another.)

Fig. 2. Albedo histogram for small, well-observed IRAS asteroids. (Small means IRAS diameter
= 56.2 km and well-observed means having two, or more, accepted sightings, at least two of
which were obtained within 36 hours of one another.)
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Fig. 3. Albedo histogram for small, well-observed IRAS asteroids belonging to the Themis and
Eos dynamical families. (Small and well-observed have the same meaning as in Fig. 2.)

much different; the prominent gap in the distribution for the large asteroids at
albedos near 0.1 is filled in when only the smaller asteroids are considered.
Even if most of this effect is attributable to flux overestimation (cf., the chap-
ter by Veeder et al.), the possibility exists that the albedo distribution of small
asteroids may differ from that of the larger asteroids.

To illustrate this point, consider the albedo distribution for asteroids be-
longing to the Themis and Eos dynamical families (Fig. 3). Here, the distribu-
tion resembles that for the small IRAS asteroids. (Most of the Themis and Eos
asteroids observed by IRAS have diameters << 60 km.) This result is in agree-
ment with groundbased studies of these families (Gradie 1978; Gradie and
Tedesco 1982a). Hence, there is independent evidence to support the idea that
at least certain groups of small asteroids have albedo distributions which peak
in the vicinity of 0.1.

II. TAXONOMIES EXPLICITLY INCORPORATING IRAS ALBEDO
DATA

Barucci et al. (1987) were the first to incorporate IRAS asteroid albedos
into a classification scheme. These authors used all 489 asteroids for which
both eight-color photometry (Zellner et al. 1985) and IRAS albedos (IRAS
Asteroid and Comet Survey, 1986) were available. (See the chapter by Tholen
and Barucci for additional details.)

Most IRAS-derived albedos are reliable but a substantial fraction lack
needed corrections (e.g., for flux-overestimation) and a few may be erroneous
(Veeder 1986; Tedesco et al. 1987a,b). For this reason care must be exercised
when incorporating IRAS-albedo data into asteroid classification schemes.

The flux overestimation problem was recognized after the publication of
the IRAS photometry for point sources (IRAS Point Source Catalog, 1985).
The second version of this catalog (IRAS Point Source Catalog V.2, 1986)
contained a statistical correction for the fainter sources. However, the “fiux
overestimation correction” applied to stars in this catalog is not directly appli-
cable to asteroids. For asteroids thus affected, the thermal model underesti-
mates the albedos and overestimates the diameters (cf., Veeder 1986).
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The taxonomic system introduced by Tedesco et al. (1989) mitigates this
problem by using only albedos based on well-observed IRAS asteroids.
Clearly, this approach is only a “work-around” but, as of this writing, the
problem of how to validate the less-well-observed IRAS asteroids has not
been resolved. In the near term, each researcher must assess the probable
accuracy of each IRAS-derived albedo before using it. The key to recognizing
possibly spurious results lies in looking at the 25 pm flux density and its
signal-to-noise ratio, together with the number of realized vs expected sight-
ings. If the flux density is below 1 Jy and/or the number of expected sightings
greatly exceeds the number of sightings realized, then the accuracy of the
average albedo given in IRAS Asteroid and Comet Survey (1986, Final Prod-
uct Number Four) is probably significantly lower than the formal uncertainty.

The system introduced by Tedesco et al. is a convenient, pragmatic
scheme which will be useful for classifying large numbers of asteroids ob-
served in surveys. The rationale for this three-parameter taxonomy lies in the
fact that the most readily measured, physically meaningful parameters for an
asteroid are its spectrum and its albedo. Asteroid spectra show, at most, strong
absorption features in two regions of the spectrum between 0.3 and 1.1 pm.
In addition, these two features, which may be blends of overlapping bands,
are located in the same spectral region from class to class. One of these fea-
tures is located longward of 0.7 pm and, whenever that band is present,
another located shortward of 0.55 wm is also present. The shorter wavelength
absorption feature, however, may be present alone. In cases where no feature
is present, the 0.3 to 1.1 pm reflectivity either remains constant or increases
with increasing wavelength. Given these facts, it is clear that, in most cases,
three parameters are sufficient to characterize asteroid spectral-albedo data,
viz., the strengths of the short- and long-wavelength features and the albedo.
The U-V color index (0.36 to 0.55 pm) is a measure of the strength of the
short-wavelength absorption feature while the eight-color v-x (0.55 to 0.85
pm) color index provides a measure of the strength of the long-wavelength
feature (Tedesco et al. 1982). Both Tholen (1984) and Barucci et al. (1987)
reached similar conclusions; namely that these three parameters are sufficient
to identify the most important classes.

The three-parameter method begins by generating a six-sided error box
for each asteroid formed by the three parameters and their uncertainties. Each
of the previously defined volumes in the three-dimensional parameter space
are searched in turn. If the error box, in its entirety, is found to be included in
one of them then it is assigned as a member of that class. If part of the error
box lies outside the class volume, but not within the class volume of another
class, then a question mark is appended to the single-letter class. If the error
box intersects two class volumes then a two-letter class is assigned. When an
error box intersects three or more class volumes all class labels are concate-
nated. In practice, only one of the 357 asteroids in the high-quality classifica-
tion data set generated a three-letter class and none were assigned four or
more letters. Finally, if the error box is found to lie wholly outside of all class
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volumes then it is considered to be unclassifiable in this system. Fourteen such
asteroids were found.

Figure 4 displays histograms for each of the 11 classes recognized in the
three-parameter system. It is based on the 303 asteroids (85% of the defining
sample) with single-letter, i.e., “certain,” classifications.

Four classes (A, D, E and P) have albedos which fall well outside of the
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Fig. 4. Albedo histogram for certain matches to the eleven taxonomic classes defined in the
three-parameter asteroid taxonomy. The individual class histograms are overlaid, not stacked.
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three bins centered on 0.1. (These bins include albedo values between 0.072
and 0.141, inclusive.) Of the remaining classes the C, F and S classes have
5%, 11%, and 14% of their members, respectively, with albedos in this gap;
62% of the M class and 83% of the G class are found in the gap while this is
true for 100% of the K and T classes.

None of the K or T class members has a diameter > 110 km. Two of the
six K class asteroids in the defining sample are members of the Eos family,
one is a member of Williams (1979) family 148, and the others are not family
members. None of the five T-class asteroids belong to a Williams family.

There are 581 well-observed numbered IRAS asteroids with IRAS di-
ameters > 56.2 km. About 12% of these have IRAS albedos between 0.072
and 0.141, inclusive (i.e., which lie in a broad gap centered near an albedo of
10%), and about 1.4% have albedos between 0.090 and 0.112, inclusive (i.e.,
which lie in a narrower gap centered near 10%). There are 673 well-observed
asteroids with diameters = 56.2 km. Thirty percent of these lie in the broad
10% gap and 8.4% in the narrow 10% gap. Hence, it appears that asteroids
with albedos near 0.1, (and, hence, presumably primarily of classes G, K, M
and T) are about 2.5 to 8.4 times more common among asteroids with diame-
ters < 56.2 km than among larger asteroids. The result for diameters << 56.2
km, however, is uncertain because the numbered asteroid population is com-
plete only down to about this size.

To overcome the incompleteness problem, and until such time as a reli-
able bias-corrected sample of smaller asteroids is available, we can do the
following. Consider two albedo bins, one in the 10% gap (0.090 to 0.112,
inclusive) and one just above the gap (0.142 to 0.178, inclusive). Other fac-
tors being equal, the higher albedo group should be the more complete at
smaller diameters. Hence, the ratio of the number of asteroids in the lower-
albedo bin to the number in the higher-albedo bin should remain constant until
incompleteness in the numbered population begins to set in, at which point it
should begin to decrease as preferentially more higher-albedo asteroids are
discovered. For the samples of asteroids used above, this ratio is 0.21 for the
larger asteroids but increases to 1.30 for the smaller asteroids. Hence, the
increase in the proportion of asteroids in the 10% gap with decreasing size is
apparently real.

Without knowledge of the composition of the G, K, M and T classes,
little of substance can be said concerning the reason for this increase. One is
tempted to speculate, however, that here we may be seeing the (relatively
small) interior pieces or, possibly, cores of disrupted asteroids.

III. FUTURE WORK

In the immediate future the classification-related applications of IRAS
albedo data include the following.
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1. Generate preliminary classifications for asteroids lacking v-x data but with
U-V data and for asteroids with U-V and v-x data but lacking any albedo
data. (Fortunately, this latter group is small.)

2. For the approximately 1000 asteroids with an IRAS albedo but lacking
color data, one can eliminate a number of classes. For example, if the
albedo is << 0.07, classes A, E, M and S are not allowed, while for albedos
>0.33, all classes other than A and E are excluded. Of course, before
attempting this exercise, the reliability of the IRAS albedo must first be
established. Since flux overestimation, from whatever cause, will result in
a systematically low albedo, one must be especially careful in excluding
moderate- to high-albedo classes on the basis of a low IRAS albedo.

3. The most efficient approach to increase the number of asteroids with reli-
able classifications is to obtain colorimetry for those with good-quality
IRAS albedos. This should serve to keep visual observers busy for some
time. :

4. A follow-up groundbased radiometry program is needed to help better un-
derstand the low-flux IRAS results and to complete the coverage for impor-
tant individual asteroids not observed by IRAS. Such a program is already
under way using the NASA Infrared Telescope Facility at the Mauna Kea
Observatory.

5. Once we understand how to interpret the low flux IRAS results a bias-
corrected distribution of the taxonomic classes, similar to that given by
Gradie and Tedesco (1982b) but to smaller sizes, can be determined.

Clearly, the application of JRAS-albedo data to the area of taxonomic
classification has only begun. Applications employing this data base and
follow-up ground and space-based observing programs should prove to be
fertile fields of investigation for decades.
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ASTEROID TAXONOMY
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The spectral reflectivity of asteroid surfaces over the wavelength range of 0.3 to
1.1 pm can be used to classify these objects into several broad groups with
similar spectral characteristics. The three most recently developed taxonomies
group the asteroids into 9, 11 or 14 different classes, depending on the tech-
nique used to perform the analysis. The distribution of the taxonomic classes
shows that darker and redder objects become more dominant at larger helio-
centric distances, while the rare asteroid types are found more frequently among
the small objects of the planet-crossing population.

I. INTRODUCTION

In many ways, asteroid taxonomy is analogous to the stellar spectral
classification system. With just a single letter, the color and principal spectral
features of a star can be described. An asteroid spectral classification performs
a similar function, indicating the color, albedo and major spectral features of
the object. In many cases, the classification also suggests a likely mineralogy
for the asteroid as well as its thermal history, although the actual taxonomic
class definitions are divorced from any mineralogical considerations.

It is not the purpose of this chapter to review the evolution of asteroid
taxonomy. Instead, the reader is referred to a fairly thorough history provided

[ 298 }]
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by Tholen (1984) and two landmark papers by Chapman et al. (1975) and
Bowell et al. (1978).

The introduction, removal and re-introduction of the letter designations
for the various asteroid classes has been a continuing source of confusion for
many asteroid, comet and meteorite researchers. An ingenious figure devised
by Bell and first published by Tholen and Bell (1987) summarizes the evolu-
tion of asteroid taxonomic class letter designations through 1984. We re-
produce that figure here as Fig. 1.

Although other asteroid classifications have been performed that recog-
nize even finer distinctions between objects (see, for example, Table IV of
Chapman and Gaffey [1979] or Table 1 of Gaffey and McCord [1979}), the
most popular taxonomies have been the ones based on a few broad classes of
objects, as pioneered by Chapman et al. (1975). Since that classic work, four
more taxonomic schemes have evolved along these same lines. The first of
these was produced by Bowell et al. (1978) using essentially the same kind of
data and somewhat more mature techniques than its predecessor. A substantial
amount of additional colorimetry led to a major revision by Tholen (1984),
and additional radiometry was utilized by both Barucci et al. (1987) and
Tedesco et al. (1989) for yet another pair of variations. For the remainder of
this chapter, we shall refer to these five systems as the CMZ, Bowell, Tholen,
Barucci and Tedesco taxonomies, respectively.

An important augmentation of the Tholen taxonomy has been prepared
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Fig. 1. Evolution of letter designations used by the main asteroid taxonomies through 1984,
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by Chapman (1989). We call the reader’s attention to this work because of its
importance, but because it does not represent an independent, newly defined
taxonomy, we will not discuss it here in the same context as the other
taxonomies.

II. OBSERVATIONAL DATA

All asteroid taxonomies involve an analysis of the distribution of values
in some parameter space. This process necessarily involves the observational
data for a large number of objects, if statistically significant results are to be
achieved. Thus the observational techniques that have been applied to the
. largest number of objects are the ones whose resulting data have been used to
generate asteroid taxonomies.

The most widely available observational parameter for the asteroids is
the brightness, or apparent magnitude, which, when corrected for distance
and phase angle, becomes the absolute magnitude. Most of these measure-
ments are crude estimates made from the photographic plates utilized for the
majority of modern discoveries. By itself, however, the magnitude is not a
useful taxonomic parameter. During the course of the Infrared Astronomical
Satellite (IRAS) all-sky survey, the thermal emission from thousands of as-
teroids was measured (see the chapters by Matson et al. and Veeder et al.). By
comparing the amount of light reflected by an object with the amount of light
emitted, and balancing these against the amount of light received from the
Sun, one can deduce the effective diameter and mean albedo (reflectivity) of
the asteroid (see the chapter by Lebofsky et al.). Because the reflectivity of
asteroid surface materials can range from a few % to as high as 50% at visible
wavelengths, the albedo is quite useful for taxonomic purposes and now rep-
resents the most commonly available taxonomic parameter. Only recently has
this situation become the case, however.

Prior to the 1983 IRAS survey, the observational technique most widely
applied to the asteroids was standard Johnson UBV photometry, which yielded
U-B and B-V color indices. The earliest two-color plots clearly separated the
C and S asteroids recognized in the CMZ taxonomy, but the M and E classes
defined in the Bowell taxonomy were poorly separated in UBV space.

Because some of the absorption features of the common meteoritic min-
erals pyroxene and olivine occur at near-infrared and infrared wavelengths, it
became clear that important compositionally diagnostic information could be
obtained from observations at wavelengths longer than those covered by stan-
dard UBV. Such observations were carried out primarily by Chapman and
Gaffey (1979) using as many as 25 medium-band filters covering the wave-
length range of 0.3 to 1.1 pm. Rather than attempting to work in a 24-
dimensional space, they extracted four useful parameters (BEND, DEPTH,
IR and R/B) from these spectra, two of which were used for defining the C
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and S classes in the CMZ taxonomic system. All except the IR parameter
were utilized in the Bowell taxonomic system.

The advantages of wavelength coverage and resolution provided by the
24-color system were partially offset by the system’s inability to obtain high-
quality data on the fainter asteroids. Thus a broadband variant of the 24-color
system was developed that utilized just 8 filters covering the same wavelength
range. The project was known as the Eight-Color Asteroid Survey (ECAS)
and produced reflectance spectra for 589 different asteroids between 1979 and
1983 (Zellner et al. 1985). Whereas the “first generation” taxonomies (CMZ
and Bowell) were based on radiometry, polarimetry, UBV colors and the pa-
rameters from the 24-color spectrophotometry, the “second generation” tax-
onomies (Tholen, Barucci and Tedesco) are based on ECAS data and
radiometry.

III. METHODS OF CLASSIFICATION

Of the five taxonomies mentioned in the previous section, all have essen-
tially the same goal, namely to group the asteroids into a few broad classes,
yet the techniques used to arrive at that goal are strikingly different. In this
section, we only briefly describe the methods used for the CMZ and Bowell
taxonomies, given that they were already developed a decade ago at the time
of the Asteroids book (Gehrels 1979), and present in somewhat more detail the
techniques used for the more recent Tholen, Barucci and Tedesco taxonomies.

A. CMZ and Bowell Taxonomies

The CMZ taxonomy recognized only the C and S classes. Natural
hiatuses in the distributions of five optical parameters were used to define the
two classes; those objects that did not clearly fall into one of the two groups
were designated U (unclassifiable). The five parameters included the radi-
ometric albedo, the minimum value of the polarization phase curve, the B-V
color and the spectrophotometric parameters DEPTH and R/B. (see Table II
of Chapman et al. [1975] for the class definitions.)

Once the observational techniques used for the CMZ taxonomy were
applied to a larger number of objects, it became clear that two asteroid classes
were inadequate to describe the sampled population. Numerous two-parameter
plots enabled Bowell et al. (1978) to recognize three new classes of objects:
M, E, and R. To the five parameters utilized in the CMZ taxonomy, they
added the U-B color and the BEND spectrophotometric parameter. The
Bowell taxonomy was then defined in terms of strict limits on these seven
observational parameters. (See Table I of Bowell et al. [1978] for the class
definitions.)

B. Tholen Taxonomy

The Tholen taxonomy is based on the minimal tree algorithm with the
results displayed on a principal components plot. Before going into the details
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of the minimal tree algorithm, a brief discussion of principal components
analysis is appropriate.

Consider a sample of objects for which two quantities have been mea-
sured, x and y. If x and y are correlated, then we may rotate the coordinate
system so that one of the two axes coincides with the best-fit line; the other
axis remains orthogonal to the first axis. With this rotation, the variance along
the first axis has been maximized, and the variance along the second axis has
been minimized. The first axis is then called the first principal component and
the second axis is called the second principal component.

This simple two-dimensional case can be easily generalized to the seven
dimensions of the ECAS data. In the case of the ECAS data, 68% of the
sample variance is represented by the first principal component, and another
27% is represented by the second principal component. The remaining 5% of
the sample variance is distributed among the other five component axes. Thus
a single two-parameter plot is capable of displaying 95% of the variance in the
ECAS data. Figure 2 shows the first and second principal components for the
405 asteroids with the highest-quality ECAS data.

The reason why 95% of the variance is contained in just two principal
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Fig. 2. First and second principal component plot for 405 asteroids with high-quality ECAS data.
Note that the centroid in subvwxpz space has been subtracted from the asteroid data so that the
centroid in principal component space would fall at O for all components. The scale is arbitrary
and was chosen so that the eigenvalues would add up to the number of dimensions, which is 7
in this case.
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components is because asteroid reflectance spectra have just two major fea-
tures in the 0.3 to 1.1 wm wavelength range covered by the ECAS data, one in
the ultraviolet and one in the infrared. The ultraviolet feature is the stronger of
the two and therefore shows the highest correlation with the first principal
component. For example, the asteroids with the strongest ultraviolet absorp-
tion feature, the A class, fall in the lower right corner while the objects with
the weakest ultraviolet absorption features fall along the upper left edge of the
distribution.

The principal-components analysis was performed primarily to provide a
means of displaying the ECAS data and the taxonomic classes that resulted
from the analysis of the data in as efficient and compact a manner as possible.
The actual taxonomy itself was produced in several steps which we shall
describe here rather briefly; for complete details, see Tholen (1984). First, a
minimal tree was produced using the highest-quality asteroid data. The result-
ing tree is shown in Fig. 3. Normally, such a tree is displayed as a dendro-
gram, but such a diagram for 405 objects would be particularly unwieldy.

For a given sample, the minimal tree is unique, a definite advantage over
most of the other clustering techniques examined. On the other hand, the
cutoff for an asteroid to be included in the high-quality sample is arbitrary, and
the minimal tree will certainly change as the sample size is changed.

The longest branches of the minimal tree (relative to the lengths of the
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Fig. 3. Minimal tree diagram for the same sample of asteroids plotted in Fig. 2. The sum of the
lengths of all branches in this tree is a minimum for this particular sample.
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neighboring branches) were then cut to produce the initial clusters. The num-
ber of clusters produced at this stage is somewhat arbitrary. Certainly, shorter
branches could have been cut, resulting in a greater number of classes with
fewer members each. Only a few broad classes were created, however, as in
the popular CMZ and Bowell taxonomies. These classes were assigned the
letter designations A, C, D, S and T. Single-member classes were created for
the unique objects 4 Vesta (V), 349 Dembowska (R), and 1862 Apollo (Q).
Note that cutting only the longest branches of the minimal tree is analogous to
identifying the natural hiatuses in the distribution, as done in the CMZ and
Bowell taxonomies.

The C-asteroid population differed from the other classes in that it had a
densely populated core with some isolated branches dangling away from the
core in three distinct directions. By cutting somewhat shorter branches, three
subgroups were created, namely the B, F, and G classes. In some applica-
tions, these subclasses are significant (see Sec. V); in other applications, how-
ever, it is entirely appropriate to reabsorb these classes into the C class.

Some researchers have recommended subdividing the S class in the same
fashion. To do so, however, phase reddening effects would need to be taken
into account. Objects with multiple observations, such as 433 Eros and 3199
Nefertiti, have clearly demonstrated the effects of phase reddening on the
position of an object in eight-color parameter space. In most cases, however,
insufficient data exist to determine and remove phase reddening. Note that the
neutral spectra of the C asteroids seem to be more immune to phase reddening
effects, and because of their typically greater distances, the range of phase
angles at which C asteroids have been observed is smaller than for typical S
asteroids.

At this stage of the analysis, the measurement uncertainties were intro-
duced, and each object’s classification was compared with the classfications
of from one to three (depending on their error bars) of its nearest neighbors in
seven-dimensional space. Not only did this step account for measurement
uncertainties, it also made the resulting classifications less sensitive to the
initial choice of the high-quality sample size. If the nearest neighbors fell in
different clusters, multiple classifications were introduced. The process was
repeated until all the classifications stabilized. This set of objects was then
used as the basis of comparison for all other objects (the ones not in the high-
quality sample), whether or not they had been observed through the entire set
of eight filters.

Up to this point, the albedos of the objects had not been taken into con-
sideration. The asteroids were classified according to their colors only. Once
separated by their colors, however, the albedo distribution for each class was
examined for consistency. One particular class of objects split into high, mod-
erate and low albedo groups, the first two of which became the E and M
classes. The low-albedo objects formed a subset of the C class and became the
P class. Although the initial cluster forming process did not recognize distinct



ASTEROID TAXONOMY 305

C and P classes on the basis of-colors alone, the objects in the P class did fall
at one end of the C distribution, between the D class and the dense core of the
C class, and therefore they were permitted to exist as a separate class. It is
important to recognize that in this taxonomic system, the P asteroids by defini-
tion occupy the same color space as the M and E classes and that they repre-
sent the reddish end of a nearly continuous distribution of reflectance spectra
of objects that had previously been classified entirely as C.

Figure 4 shows the domains of the various asteroid taxonomic classes in
principal components space. The letter designation X is used in this figure to
represent either E, M or P objects, which are spectrally degenerate.

C. Barucci Taxonomy

The G-mode method (Coradini et al. 1977) is a multivariate statistical
method that allows the user to classify automatically a set of N samples de-
scribed by M variables. The samples are clustered in homogeneous taxonomic
classes without the need for any a priori criteria. The method takes into ac-
count the measurement errors and looks for the true number of degrees of
freedom characterizing the groupings. The original M variables are collapsed
into one new variable, whose distribution is the superposition of as many
quasi-Gaussian components as there are homogeneous classes. The criteria
for assigning each sample to a given class are based on the rules of statistical
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Fig. 4. Domains of the asteroid classes. The letter designation X represents an abbreviation for
the spectrally degenerate E, M, and P classes.
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inference. The confidence level of the decision is the only a priori choice,
which defines the level of detail in the classifications (analogous to the deci-
sion of what length branch to cut in the minimal tree method). When the
samples are grouped into homogeneous classes, a check on the role of each
variable in determining the classification permits one to eliminate the useless
variables (those that do not distinguish any class). In that way the “noise” in
the classification is reduced and the nondiscriminating variables can be dis-
regarded in the acquisition of data. For more details about the G-mode method
and its application to the asteroid data, the reader is referred to the paper by
Barucci et al. (1987).

D. Tedesco Taxonomy

The Tedesco taxonomy utilizes only three observational parameters,
namely the Johnson U-V color, the ECAS v-x color and the IRAS albedo. By
choosing color indices that sample different absorption features and are there-
fore not strongly correlated, Tedesco et al. (1989) have succeeded in utilizing
substantially more than %s of the information available in the ECAS plus
IRAS data, despite the fact that they used only 3 out of the 8 available param-
eters.

Clusters were identified by direct visual examination of stereo pairs of
two-dimensional plots containing the three-dimensional data. Preliminary
boundaries were created around each of the visually identified clusters and
then later refined when only localized regions were examined stereoscop-
ically. They identified 11 classes of objects, although these 11 classes are not
sufficient to classify all the observed asteroids; certain unique objects, such as
2 Pallas, 4 Vesta, and 349 Dembowska were not classified in their system.

Subsequent classification of the entire sample of objects with all three
parameters available was performed by comparing the volumes occupied by
the 11 classes with the three-dimensional error box for each object. Classifica-
tions consisting of multiple letter designations were generated when an error
box overlapped the volume of more than one class.

E. Advantages and Disadvantages of Each Method

The principal advantage of the CMZ and Bowell taxonomies is the ease
with which newly observed objects can be classified. All one needs is Table II
from Chapman et al. (1975) or Table I from Bowell et al. (1978) and the new
data to determine the classification. New classifications in the Tedesco tax-
onomic system are almost as easy to generate, with the principal complication
being the slanted plane tests made necessary by the close spacing of certain
classes.

Both the Tholen and Barucci methods are somewhat more difficult to
apply to a newly observed object than either the CMZ, Bowell or Tedesco
methods. To generate a classification in the Tholen system, one must deter-
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mine the three nearest neighbors (taken from the 405 objects in the high-
quality ECAS set) and assign the newly observed object the designation of the
nearest neighbor, plus additional designations of the second and third nearest
neighbors, if their classifications differ from that of the nearest neighbor, and
only if measurement uncertainties warrant the comparison with the more-
distant neighbors. The albedo, if available, must then be checked for con-
sistency with class norms, or in the case of the X class (an abbreviation used
for the E, M, and P objects in their common color space), the class ambiguity
can be resolved.

To classify rigorously a newly observed object in the Barucci system,
one must repeat the entire G-mode analysis. Another disadvantage of the
G-mode method is that a complete set of variables is required. In the case of
the asteroids, both the ECAS data and the IRAS albedos are available for only
438 objects at this time. An advantage of Barucci’s implementation of the
G-mode method is that both the colors and the albedo are considered
simultaneously.

Because of the larger data bases they had to work with, the Tholen,
Barucci and Tedesco taxonomies recognize additional classes consisting of
objects that had previously been either misclassified or grouped together with
other dissimilar objects. Note that the Bowell taxonomy was superior to the
CMZ system for this same reason.

The minimal tree algorithm as applied by Tholen is more forgiving of
measurement errors than either the CMZ, Bowell or Tedesco taxonomies. For
example, if a noisy measurement caused an object to fall just outside the
boundary defined for a particular class, that object was designated as U (un-
classifiable) in the Bowell taxonomy; 80 Sappho is a good example. The
Tholen taxonomy does not have “brick-wall” boundaries; objects are
classified according to their distance from the nearest neighboring asteroids
and cluster centers, and Sappho indeed retains an S classification. If the dis-
tance of an object from a cluster center is sufficiently greater than the mean
distance of the other cluster members, a U could be appended to the classifica-
tion to call attention to its unusual character.

Another advantage of the Tholen, Barucci and Tedesco systems is the
homogeneity of the data used in the classification process. The seven parame-
ters utilized by the Bowell method were available for very few objects, which
meant that the parameter space had not been as thoroughly explored as the
eight-color parameter space.

It is important to remember that the Bowell taxonomy worked on the
basis of exclusion; all recognized types were initially allowed and the ob-
served physical parameters were used to eliminate those classes whose char-
acteristics did not match those of the observed object. The Tholen taxonomy
works by inclusion; the object is assigned the classification of the nearest
neighbors in their common parameter space. Note that this technique permits
the classification of objects even if they have not been observed using the full
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set of filters. As the reader can imagine, there are advantages and disadvan-
tages to both the exclusion and inclusion techniques. Obviously, exclusion
works best when there are only a few classes to deal with; only six letter
designations were utilized in the Bowell taxonomy, and never more than four
appeared in a classification, thus the exclusion method was appropriate. With
the large number of classes recognized by all of the newer taxonomies, inclu-
sion represents the preferred method.

A weakness of the Tedesco method lies in the limited number of parame-
ters utilized by the algorithm. Because the three principal distinguishing char-
acteristics of asteroid spectra are described by only one parameter each,
random errors could easily cause misclassifications. If multiple parameters are
utilized, as in the Tholen and Barucci taxonomies, random errors will tend to
average out, thus lowering the likelihood of a misclassification. Another lim-
itation of the Tedesco taxonomy is its inability to classify all the observed
asteroids. Should someone stumble across another Dembowska-like asteroid
in the future, there is no classification in the Tedesco system that can be
assigned to this hypothetical object. This scenario is similar to the situation
that actually occurred in late 1983, following Tholen’s discovery that the five-
color spectrum of 3551 1983 RD was indistinguishable from that of Vesta.
Fortunately, the V class had just been created, and therefore a meaningful
classification for 1983 RD was immediately available. Note that the V class
now consists of four objects (Tholen et al. 1988; Cruikshank et al. 1989).

IV. RESULTS OF CLASSIFICATION

Applying the methods described in Sec. III to the data described in Sec.
IT results in classifications for several hundred astroids. These classifications
are tabulated in Part VI of this book. Classifications in the Barucci system are
available for only those objects with a complete set of ECAS data and IRAS
albedo, while classifications in the Tholen system are given for objects with
either ECAS or just UBV data. Nonrigorous classifications are also provided
for a handful of objects observed only in the 24-color system; the classifica-
tions were arrived at by a direct visual comparison of the 24-color reflectance
spectra with the mean eight-color reflectance spectra for the various classes.
Classifications in the taxonomic system of Tedesco et al. (1989) appear in a

separate tabulation in Part VI of this book.
The results of the taxonomy developed by Tholen are summarized in

Table I. The table presents all of the letter designations and other symbols
currently in use, and a short description of the reflectance spectrum and al-
bedo for each class. Mean spectra are shown for the various classes in Fig. 5.

The Barucci taxonomy is based on the analysis of a sample of 438 as-
teroids described by the ECAS data and the IRAS albedo. The taxonomy has
been obtained by choosing the 97.7% confidence level, which corresponds to
an expected number of 10 misclassified asteroids. The asteroids are grouped
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Fig. 5. Mean reflectance spectra for the asteroid classes. Tick marks on the ordinate are spaced
0.2 magnitudes apart. These spectra are based on the Tholen taxonomic classifications. For the
mean spectra based on the Barucci classifications, see Fig. 1 of Barucci et al. (1987).

into 9 principal classes, some of which are divided into subclasses having the
same general trend of the variables even if there is some significant difference
among the subclasses. To avoid increasing the entropy of the nomenclature,
the 9 principal classes have been given letter designations as in the Tholen
taxonomy (i.e., B, C, E, M, G, D, S, A, and V). A number following the
letter of each class indicates the subdivision: O is used for the main class, and
successive integers indicate the subclasses, ordered according to increasing
albedo values. The Tholen F class is absorbed into the B class of this system,
the T class is included in the D class, the P class is joined with the C class, and
the Q, R, and V objects in the Tholen system are lumped together into the V
class.

Five percent of the asteroids have been classified as B in four subclasses,
characterized by low albedos (0.04 to 0.08) and a quasi-flat spectrum with a
maximum at the ECAS b band and decreasing toward the infrared bands. The
largest class is the C class, with a flat spectrum slightly increasing from the s
to z band, and albedo range of 0.04 to 0.06, which includes 41% of the
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sample. The E (1%), M (9%) and G (1%) groups have spectra similar to the C
asteroids but the albedos are distinctively higher: 0.38, 0.12 and 0.09, respec-
tively. D asteroids (7%) are divided into 4 subclasses and have a spectrum
with high values in the infrared region increasing from w to z and albedos in
the range of 0.04 and 0.07. Four subclasses contain the S asteroids (33%),
which have albedos ranging from 0.14 to 0.17 and a spectrum increasing from
the u band and then generally flat in all the redder bands. A (1%) asteroids
have a high albedo and a spectrum with a maximum in the w band decreasing
toward both the ultraviolet (steeply) and the z band. 4 Vesta, 192 Nausikaa,
and 349 Dembowska are included in the V class, which has the same charac-
teristics as the S group in the s, u, b, v and w bands but shows lower values in
the red portion of the spectrum where there is a deep absorption band due to
olivines and pyroxenes.

It is very important to remember that asteroid taxonomy is defined in
terms of the observational data used in the analysis. The taxonomic systems
currently in use are based on the reflectivity of asteroid surfaces between 0.3
and 1.1 pm. Therefore, one cannot take JHK data, for example, and rigor-
ously classify an asteroid according to the 0.3 to 1.1 wm scheme. Similarly,
one cannot rigorously classify an asteroid as an M type, simply because a high
radar reflectivity implies a high metal content.

V. DISCUSSION

That S-type asteroids are found more frequently in the inner part of the
main asteroid belt and C-type asteroids more frequently in the outer part of the
belt has been known for some time. See Zellner (1979) and the chapter by
Gradie et al. for a review. With the extensive surveys since that time, how-
ever, the spatial distributions of the less populous asteroid classes have also
been examined. One such study was performed by Gradie and Tedesco
(1982). They found that some of the other classes also showed pronounced
peaks in their distributions, notably the P and D classes. This work preceded
the new taxonomic class definitions produced by Tholen (1984), however, so
the reader will find no mention of the A class asteroids, and the E+R peak at
the inner edge of the belt should now be recognized as containing no R as-
teroids, at least as defined in the Tholen taxonomy.

The raw distribution of taxonomic types as observed by the Eight-Color
Asteroid Survey was shown in tabular form by Tholen (1984, Table X). Bell
has reproduced this table in graphical form, and it appears as Figure 1a in the
chapter by Bell et al. Unlike the earlier graph by Gradie and Tedesco and
Figure 1 in the chapter by Gradie et al., no attempt has been made to correct
this distribution of taxonomic type vs distance for observational bias. For a
more detailed discussion of the distribution of taxonomic types vs heliocentric
distance and diameter, see Chapman (1989) and the chapter by Gradie et al.

Until 1983, Vesta was the only known example of an object with a basal-
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tic achondritic surface, which led to some questions about how commonly
asteroids were differentiated. In that year, however, an Earth-approaching as-
teroid designated as 1983 RD (later numbered as 3551 but not yet named at
the time of this writing) was found to have a reflectance spectrum indis-
tinguishable from Vesta’s at visible and near-infrared wavelengths. Medium
resolution spectrophotometry over the wavelength range 0.8 to 2.5 um during
the object’s favorable apparition in 1986 confirmed the presence of the two
pyroxene bands and its compositional similarity to Vesta. Since that time, two
more Earth-approaching asteroids have been discovered with similar surface
compositions: 3908 1980 PA and 4055 1985 DO2 (Tholen et al. 1988; Cruik-
shank et al. 1989). These small objects are most likely the crustal fragments of
some collisionally disrupted Vesta-like parent body, although we cannot rule
out the possibility that they represent chips off the surface of Vesta itself.

Similarly, the reflectance spectrum of 1862 Apollo has been observed a
couple of other times among the Earth-approaching population, though not
unambiguously, but no counterpart has been found among the main-belt as-
teroids. Are such surface materials unique to the planet-crossing population,
or to the objects with small diameters?

As mentioned in Sec. III, the B, F, and G subclasses of the C class can be
significant in some applications. For example, Feierberg et al. (1985) noticed
a correspondence between those objects classified as G and those objects hav-
ing 3.0 wm absorption features due to water of hydration. Similarly, many of
the objects without water of hydration features were classified as F. This dis-
covery led to a more detailed comparison of the U-B color and the depth of the
water of hydration absorption feature for a set of 14 C-type asteroids (includ-
ing the F and G subclasses). A highly significant correlation was found. Be-
cause the ultraviolet absorption feature is caused by the Fe2+ to Fe3+ charge
transfer absorption, the correlation indicates that the lower temperatures that
permitted the formation of hydrated minerals also promoted higher oxidation
states of the iron. For more details, see the paper by Feierberg et al. (1985).

The analysis of the distribution of taxonomic classes has led to some
important hypotheses regarding the formation and evolution of the asteroids.
For more details, see the chapter by Bell et al.

VI. FUTURE WORK

Asteroid taxonomy is still in its adolescent stages. We have witnessed
tremendous growth in the sophistication of asteroid taxonomy commensurate
with the growth in the available observational data. We can certainly expect
the observational data base to continue growing, so it stands to reason that
asteroid taxonomy will continue to mature in the forseeable future.

Perhaps the biggest problem facing those who utilize these taxonomic
systems is the confusion created by the proliferation of asteroid taxonomies.
There are now three “second generation” taxonomies, all of which use many
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of the same letter designations as their predecessors. Although the mean class
characteristics in each system are fairly similar, which is one reason why the
same letter designations have been retained, the classification for any individ-
ual object could be quite different in the three systems. All three systems are
likely to coexist for some time, so nobody should expect any immediate solu-
tion to the confusion. For now, we can only recommend that those who make
reference to the classifications of asteroids also make clear reference to the
system in which they are working.

The most significant change to the current asteroid taxonomic schemes
will likely occur after a large sample of homogeneous infrared (longward of
1.1 pm) spectral reflectance data has been incorporated into the class defini-
tions. As an example, Bell et al. (1988) has already sampled all (except Q) of
the recognized taxonomic classes at 52 wavelengths between 0.8 and 2.5 pm.
Eos family members stand out in this sample as being distinctly different from
typical S asteroids.

That Eos family members are unusual is nothing new. Their B-V colors
have long been known to straddle the gap between the C and S asteroid
classes (Gradie 1978). The observation of their reflectance spectra further into
the infrared showed somewhat greater similarity to the S asteroids, however,
and as a result these objects have been classified as S asteroids in both the
Tholen and Barucci taxonomies. Bell’s infrared data is rather compelling,
however, and we have confidence that a new taxonomy that includes observa-
tional data longward of 1.1 pm will split these objects from the S asteroids. In
anticipation, we have already discussed the letter designation for this class,
and chose the letter K, simply because it falls midway between C and S in the
alphabet, much in the same way the B-V colors fell midway between those of
C and S asteroids. We do want to emphasize, however, that the K class has not
yet been formally defined in either the Tholen or Barucci taxonomic systems.
Coincidentally, Tedesco et al. (1989) independently created a K class to repre-
sent some Eos-like asteroids, choosing the same letter designation for the
same reasons.

Even without the addition of infrared data, undoubtedly others will apply
different classification algorithms to the existing data bases. There is no “right”
or “wrong” approach when it comes to assigning asteroids to classes. The
overall similarity of the Tholen, Barucci and Tedesco taxonomies does indi-
cate that strikingly different methods will recognize the same basic patterns in
the data, and so we can anticipate that other methods will do likewise, assum-
ing that approximately the same number of broad classes are created.

Finally, advances in detector technology will permit the observation of
even fainter, and therefore smaller, objects in the main asteroid belt. These
observations will enable us to examine the distribution of taxonomic classes
among the smaller asteroid population. Given the apparent differences be-
tween the Earth-approaching small-asteroid population and the main belt, we
can expect some interesting discoveries to be made.
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DISTRIBUTION OF TAXONOMIC CLASSES AND THE
COMPOSITIONAL STRUCTURE OF THE ASTEROID BELT
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The distribution of asteroid taxonomic classes and, presumably, actual composi-
tion varies systematically with heliocentric distance and is seen qualitatively in
the results of a variety of taxonomy methods. In general, the distribution of
taxonomic classes is characterized by moderate-albedo asteroids dominant in
the inner belt with low-albedo asteroids prevalent in the outer belt and beyond.
If the differences in taxonomic classes are assumed to be due to differences in
composition, then the asteroid belt can be divided into many compositionally
distinct regions defined by peaks and troughs in the distributions of the various
classes. Unfortunately, differences in the class definitions used by different clas-
sification methods are manifested in the bias-corrected distribution of the
classes, which makes detailed interpretation of these trends difficult. UBV color
differences among members of the moderate-albedo S class show a distribution
in semimajor axis which indicates subgroups in the S class. Explanations of the
causes of the overall trends range from primarily dynamical to primarily in situ
arrangements of igneous, metamorphic and unaltered primitive material, but a
combination of several of these factors may be more likely. Size distributions
which probably reflect collisional evolution, differ for different classes; S, M and
P are approximately power laws, while C types are deficient at ~60 km diame-
ter relative to the number at 100 to 150 km diameter.

[ 316 ]
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The present spatial, compositional and size distribution of the asteroids
appears-to have been determined by both primordial and evolutionary pro-
cesses. The heliocentric distribution of the orbits of asteroids which must be
in part a primordial imprint and in part an evolutionary artifact shows, quite
clearly, the dominance of dynamics by Jupiter. Studies of the physical proper-
ties of individual asteroids, i.e., the albedo, spectral reflectance, radar and
polarization properties, which must also contain a primordial as well as an
evolutionary imprint, provide clues about composition and geochemical evo-
lution of the asteroids and the solar system in general. Interpretations of stud-
ies of the physical properties of the asteroids rely heavily upon the idea of an
asteroid taxonomy, i.e., the clumping together of objects into classes with
similar physical properties. Once classes are defined, distributions in space,
composition and size can be studied in a statistically meaningful manner.

The intent of this chapter is to review previous studies of the distribution
of the asteroid taxonomic classes and to analyze the techniques, results and
interpretations of these studies. We provide an overview of previous studies in
an attempt to identify the strong and weak points, point out important caveats
for the interpretation of results, and most important, provide some insight into
the problem that will be used as a starting point for future investigations.

I. HISTORICAL PERSPECTIVE

Early studies of the UBV colors of asteroids (Fisher 1941; Kitamura
1959; Wood and Kuiper 1963; cf. review by Chapman et al. 1971) noted that
outer-belt asteroids (@ > 3.0 AU) have systematically bluer UBV colors than
do the inner-belt asteroids (@ < 2.3 AU). Unfortunately, the significance of
this finding could not be appreciated due to the small sample of asteroids
studied and the lack of corresponding theoretical and geochemical studies of
meteorites.

The realization that the physical properties of asteroids vary significantly
with heliocentric distance developed as the result of systematic spectrophoto-
metric, thermal-radiometric and polarimetric surveys of the asteroids in the
1970s. Chapman et al. (1975) analyzed the physical properties (radiometric
and polarimetric albedos combined with near-infrared spectrophotometry) of
110 asteroids and came to the conclusion that, at least for asteroids with di-
ameters > 90 km, the low-albedo objects (called C class in their study)
became more prevalent, in an absolute as well as a relative sense, in the outer
belt. Although the C class of Chapman et al. has subsequently been sub-
divided into several classes, the basic trend of increasing proportions of lower-
albedo objects with increasing heliocentric distance remains unchanged.

Different Taxonomies

Variations in the heliocentric distribution of the physical properties of
asteroids have been studied in a variety of ways. Perhaps the most useful
method has been the development of asteroid taxonomies, which allows for
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the statistical analysis of hundreds or thousands of asteroids. In most tax-
onomies, small variations in physical properties of observations are ignored
so that groups of asteroids with nearly identical or, at least, very similar physi-
cal properties (albedo, color, etc.) can be identified.

Not all classification schemes are identical and hence do not necessarily
produce identical results. Not only is there a distinction between a pattern-
recognition-classification method and a mineralogic-classification method,
but there are different approaches in each method which in turn affect the
results. It is wise not to assume that class identifiers used by one scheme are
the same in all other schemes. There is not yet, nor is there likely to be, an
accepted well-defined set of class definitions because, depending upon the
data one has and the specific problem to be addressed, one scheme may be
more applicable than another (see also the chapters by Tholen and Barucci,
Tedesco et al., and Chapman et al.).

The pattern-recognition-classification method was first used by Chapman
et al. (1975) who introduced single letters which identified asteroids with
similar albedo and spectrophotometric properties. This was the beginning of
the C, S, M, etc., taxonomic system. This method, used on larger and larger
samples of asteroids by Bowell et al. (1978), Zellner (1979a) and in a variety
of other studies of specific groups of asteroids, relied upon the demarcation of
subjectively defined boundaries around well-separated groupings of observ-
able parameters. Reliance on the interpretation of the physical properties of
the asteroids is not required for this group-identification process. In fact, com-
plete ignorance of any physical interpretation is desired because this addi-
tional information, if used to draw boundaries or identify groupings, would
make the classes somewhat contrived. The latest scheme using this approach
is that of Tedesco et al. (1988).

The application of cluster-analysis methods to the asteroid classification
process has led to a classification system different from those previously de-
scribed. Tholen (1984) and Barucci et al. (1987) have produced new sets of
classifications that, for the most part, include the major classes identified by
the previous method (see the chapter by Tholen and Barucci). Unfortunately,
there is not a one-to-one correspondence in class memberships defined by
these various approaches. Attempts such as Chapman (1989), to classify
newly observed asteroids into extensions of the classes identified by cluster
analysis have been made using a “boundary method” (placing boundaries
around the clusters defined by another technique).

The “mineralogical” or physical classification, which relies upon the
geochemical interpretation of the spectrophotometric and albedo properties of
each asteroid, is best exemplified by the approach of Gaffey and McCord
(1978,1979). Extensive mineralogical interpretations of the 0.4 to 1.1 pm
spectrum combined with the albedo of individual asteroids were used to iden-
tify a number of types of asteroids. Subtle differences in the spectral proper-
ties of asteroids were exploited to relate individual asteroids to individual
meteorites or meteorite types. The interpretations of results of this method are
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highly dependent upon the validity of the association of an asteroid with a
specific meteorite type. Any error in the identification of minerals or composi-
tion would certainly influence greatly any analysis of the distribution of as-
teroid compositions, using such classes.

A variation on this method has been used by Bell (1985; see also the
chapter by Bell et al.) who has divided the asteroids into three basic groups or
“superclasses” interpreted as being primitive, metamorphic and igneous.
Whether an asteroid falls into one or another superclass is dependent upon
Bell’s interpretation of the physical and compositional properties of the ar-
bitrarily defined classes.

The reader is cautioned that a discussion of the distribution in space and
size of the compositional classes of the asteroids and the study of the large-
scale structure of the asteroid belt becomes controversial if classes from the
various methods and schemes are mixed indiscriminately. As an example,
consider the case of the P-class asteroids first recognized as a separate class of
asteroids by Gradie and Tedesco (1982). This class of asteroids is described by
Gradie and Tedesco as being of low albedo yet spectrally similar to the
M-class asteroids. The application of cluster analysis technique by Tholen
(1984) quantified the definition of the class and the letter P was retained as the
class identifier. This new quantification changes the number of objects falling
into the class originally labeled P by Gradie and Tedesco (1982). Subse-
quently, Barucci et al. (1987) classified 438 asteroids using G-mode analysis
which failed to isolate a separate P class; instead classic P types became part
of other classes, in particular, their classes C and M. Chapman (1989) refined
the P class as defined by Tholen (1984) using the spectral parameters “bend”
and “IR” which again changed the number of objects in the class. Recently,
Tedesco et al. (1989) have redefined the P class according to a two-color plus
albedo scheme nearly identical to the original method used by Gradie and
Tedesco (1982). Although all of the various investigations have varied the
definition or boundaries of the P class which in essence changed the class
itself, the class identifier P has remained the same throughout, which results
in some confusion.

Bias Corrections

The true, rather than the apparent, distribution of compositional classes
is of interest since the apparent distribution is affected by a variety of observa-
tional biases. These biases include (1) the incomplete inventory of the asteroid
population; (2) the tendency to observe brighter asteroids (hence closer,
larger, higher albedo asteroids) in the case of many groundbased observations;
(3) the underestimation of albedo for some small IRAS-observed asteroid due
to the flux overestimation at low signal-to-noise (see chapter on Classification
of IRAS Asteroids by Tedesco et al. and the chapter on Asteroid Results from
IRAS Survey by Veeder et al.); and (4) the selection of certain dynamically
interesting regions (e.g., families) of the asteroid belt.
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Several approaches have been used to eliminate observational biases in
the asteroid sample due to inventory and faintness biases. Zellner and Bowell
(1977) and Gradie and Tedesco (1982) used the semimajor axis zones defined
by Kiang (1971) to define bias factors (estimated ratio of total number to
observed number of a particular compositional class) based on a mean opposi-

“tion magnitude cutoff of B(a,0) <16.5 mag. Zellner (1979a) modified the
definitions of these zones, in essence creating new zones, to account for ec-
centricity and inclination factors before doing a bias analysis. This method
necessarily causes the cutoff at small diameters to be a function of heliocentric
distance and the bias analysis for the total population is limited to diameters
larger than the cutoff diameter in the most distant zone.

The bias corrections for asteroids observed by IRAS are very different,
because the detections are a function of infrared brightness, not apparent vi-
sual magnitude (cf. chapter by Matson et al.) which favors low-albedo as-
teroids (the opposite of groundbased optical surveys). In addition, the bias (3)
discussed above must be taken into account. Bias due to asteroid families can
be lessened by removing family members from the analysis and replacing the
family by a single asteroid of a given taxonomic type, at least for those fam-
ilies (Koronis, Eos and Themis) which we suspect are caused by the collisio-
nal disruption of a single homogeneous parent asteroid.

The most recent analysis of the dynamical morphology of the asteroid
belt for use in bias analysis is that of Zellner et al. (1985a). The distribution in
orbital inclination, eccentricity and semimajor axis of 2888 numbered as-
teroids was used to define 19 zones. These zones, given in Table I, account for
major family groups, such as the Koronis, Eos and Themis families, as well as
dynamically isolated regions such as the Phocaea group of asteroids. Unfortu-
nately, as noted by Zellner et al., the zones for the families were defined using
osculating elements rather than proper orbital elements which means that the
zones are not as tightly constrained as they might be.

The number of asteroids in Zellner et al.’s analysis, 2888, represents an
80% increase in sample size compared with Kiang’s (1971) analysis. In some
cases, such as for Kiang’s M (Mars-crossing) zone, a six-fold increase (95 in
the combined zones AAA, HU and MC of Zellner et al. [1985a] vs 15 in
Kiang’s [1971]) in numbered objects permits a better definition of the zones in
the inner asteroid belt and the terrestrial planet-crossing region. Since the
Zellner et al. (1985a) analysis, the numbered asteroids have been augmented
by 35%, similar in numbers to the increase between the analysis of Kiang
(1971) and Zellner et al. (1985a). Any future attempt at bias analysis should
incorporate all available data on orbital elements.

II. DISTRIBUTION OF TAXONOMIC CLASSES

Studies of the distribution of taxonomic classes are limited by the avail-
ability of observational data. Class assignments, which require that certain
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spectrophotometric, albedo or other data of a specified quality are available
for the classification process, are frequently based on incomplete physical
observations.

The first attempt to derive bias-corrected frequency distributions of tax-
onomic classes by Chapman et al. (1975) demonstrated that the heliocentric
distribution of types was not uniform. The more detailed analysis of the
TRIAD data base by Zellner (1979a) using the classification system of Bowell
et al. (1978) confirmed the previous results of Chapman et al. and of Zellner
and Bowell (1977) that the general configuration of the belt was of moderate
albedo S-class objects, predominantly in the inner belt (a < 2.4 AU) and low-
albedo objects (clumped together in the Bowell et al. [1978] C class) domi-
nant in the outer belt (a > 2.4 AU). Apparent in the distribution was the local
enhancement of moderate-albedo objects at 3.017 AU due to the Eos family.

Gradie and Tedesco (1982) used a set of observational data, namely the
preliminary results of the Eight-Color Asteroid Survey (ECAS) (Zellner et al.
1985b) and the preliminary results of a groundbased 10- and 20-pm radi-
ometric survey (Gradie and Tedesco 1989), that was more complete in terms
of available observations and the extent of the asteroid belt observed. That
study was aimed specifically at outer regions of the belt that had been poorly
observed in early surveys and had excessively large bias factors in Zellner’s
(1979a) study. The bias factors in the Gradie and Tedesco (1982) study were
reduced significantly in many areas, some to order unity for diameters > 50
km. For example, among the outer-belt asteroids, 38 of the 51 Cybele mem-
bers numbered at the time were sampled.

The class definitions for the major classes C, S, M, E and R used by
Gradie and Tedesco (1982) are essentially those defined by Zellner (1979a)
for inclusion in the Tucson revised index of asteroid data (Zellner 1979b).
Qualitative descriptions (only) of the properties of the classes F, D and P
were offered by Gradie and Tedesco (1982). The lack of quantitative descrip-
tions of class boundaries has led to confusion over the qualifications for mem-
bership in the P class, as discussed above. In spite of this shortcoming, the
significant increase in asteroids sampled with semimajor axes < 2.2 AU and
> 3.0 AU, the increase in asteroids with both reliable albedo and spec-
trophotometric observations, and the recognition of these new classes of as-
teroids has led to a significant new view of the heliocentric distribution of the
asteroids.

Figure 1 shows the bias-corrected heliocentric distribution of classes de-
fined by Gradie and Tedesco (1982). This figure should not be compared di-
rectly with the heliocentric distribution of classes drawn from alternate
taxonomies without first understanding the caveats and differences associated
with each taxonomy (see the chapter by Tholen and Barucci, Sec. III). Such
figures represent the distribution of taxonomic classes (of a particular defini-
tion) with heliocentric distance. Before one can interpret these distributions in
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Fig. 1. Top: plot showing the observed relative type distribution of the bias-corrected sample for
the types E, R, S, M, F, C, P and D defined by Gradie and Tedesco. Smooth curves are drawn
through the data points for clarity. Bottom: plot showing the number distribution in semimajor
axis for the 1373 asteroids in the bias-corrected sample used by Gradie and Tedesco (1982).
The darkly shaded portion is the fraction of the bias-corrected sample for which taxonomic

types existed for their study. Major resonances with Jupiter are indicated. (Figure adapted from
Gradie and Tedesco 1982.)
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terms of cosmochemical models, one must first understand the relationship
between a taxonomic class and mineralogy. Although a preliminary interpre-
tation is offered in the chapter by Bell et al., a thorough understanding of this
relationship at the level of detail required for a full cosmochemical interpreta-
tion does not yet exist.

The general character of the belt as seen in earlier studies (the moderate-
albedo S objects most populous in the inner belt and the low-albedo object
classes [C, P and D] most populous in the outer belt) has been confirmed by
subsequent studies. In terms of both absolute and relative numbers, the peak
in the distribution of the C class near 3 AU, the P class near 4 AU, and the D
class at 5.2 AU must be considered real. Also, there is an apparent concentra-
tion of M-class objects in the middle of the belt between 2.5 and 3.0 AU.

Subtle structure exists within the large-scale trends presented in Fig. 1.
For example, Dermott et al. (1985) found that the mean U-V color of S-class
asteroids varied noticeably and systematically with heliocentric distance. Fig-
ure 2 shows how the mean U-V color of nearly 200 S-class asteroids decreases
as a function of increasing semimajor axis. S-class asteroids closer to the Sun
are significantly redder than those farther away. This bend in U-V color cannot
be due to observational effects such as phase reddening since the difference in
average phase angle of observation between the “inner” and “outer” asteroids
is only 2713. This small difference in mean phase angle corresponds to a U-V
change of only 0.004 magnitude. A possible interpretation suggested by Der-
mott et al. is that there are at least two subclasses of S-class asteroids with two
different mean locations, the redder objects clustering at 2.2 AU with the rest
possibly being distributed evenly from 2 to 3.2 AU.

Significant improvement in the study of the distribution of taxonomic
classes has been possible since the completion of the IRAS Asteroid and
Comet Survey (1986), which yielded albedos for more than 1700 numbered
asteroids. Chapman (1989) has used the IRAS albedos (IRAS Asteroid and
Comet Survey 1986) in conjunction with a variety of groundbased data sets to
develop an augmented taxonomy. Since this taxonomy uses a significantly
broader set of physical observations—including intermediate-band spec-
trophotometry and polarimetry, which were used in the original Chapman et
al. [1975] and Bowell et al. [1978] taxonomies—then was used by Gradie and
Tedesco (1982), one must be careful in comparing the heliocentric distribu-
tions.

Chapman has used unique “best-guess” classes for 939 asteroids with
additional constraints on the taxonomy for a total of 1721 asteroids to produce
an eighteen-class taxonomy (Tholen’s classes augmented by a subdivision of
the S class). IRAS Asteroid Survey albedos were used in conjunction with
other groundbased observations (spectrophotometry, polarimetry, etc.) when-
ever groundbased albedos were not available. The letter identifiers are identi-
cal to those used by earlier workers but the meanings may be subtly different.
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Fig. 2. Variation in the mean U-V color for 191 S-class asteroids with semimajor axis as com-
puted by Dermott et al. (1985). The asteroids were sorted in order of increasing semimajor axis
and then separated into independent samples of 10 asteroids. The error bars were estimated
from the variance of each sample.

Chapman’s approach was designed to bootstrap from, and extend, Tholen’s
(1984) taxonomy and should not differ appreciably from Tholen’s analysis for
most classes but may differ more for poorly sampled minor classes (e.g., G,
B, F, etc.). The bias analysis of Chapman uses the 19-zone system of Zellner
et al. (1985a) given in Table I rather than the Kiang (1971) system used by
Gradie and Tedesco (1982). The subgroups of the S class defined by Chapman
demonstrate, in agreement with Dermott et al. (1985), that there are different
preferred heliocentric distances for different S subgroups.

Figures 3 and 4 show the results of Chapman’s analysis of the bias-
corrected distributions of classes. The general characteristic of moderate-
albedo objects dominant in the inner belt and low-albedo objects dominant in
the outer belt has not changed. The concentration of M-class objects in the
middle belt is still apparent. However, important differences are apparent and
must be explained. For example, the dominance of the C-class objects in the
main belt, seen by Gradie and Tedesco (1982) as a distinct peak in the dis-
tribution is diminished in Chapman’s distribution.

One significant difference is the apparently greater predominance of
P-class objects in the middle belt than was found by Gradie and Tedesco
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Fig. 3. Percentage of bias-corrected asteroids as a function of semimajor axis from 2.1 to 5.2 AU
for the major classes S, C, P and D defined by Chapman (1989). Percentages apply to cumula-
tive numbers of asteroids with diameters larger than the completeness limits of total numbered
asteroids, for albedos ~3%, for each zone. Note the break in the semimajor axis scale.

(1982). It is clear that the change in the apparent distribution of the P class is
driven more by the change in the class definition than by the discovery of
more P-class objects. Tedesco et al. (1989) point out that from the same high-
quality data set, they find 15 P-class objects, Tholen (1984) finds 47 P-class
objects, and Barucci et al. (1987) find none at all. Such differences must be
due to the different definition of the P class by each investigator, not by better
estimates of membership in a well-defined unique P class. Chapman’s results,
in addition may reflect better sampling of P types (as defined by Tholen) as
well as inadequate correction for biases in IRAS albedos.

One change in the distribution found in the Chapman study, which is
probably not due to the changes in class definitions, is the apparently steeper
gradient in S-class abundance with increasing heliocentric distance than was
seen by Zellner (1979a) or Gradie and Tedesco (1982). The change in gradient
may reflect the true relative abundance of small S- and C-class objects in the
near-to-middle regions of the belt because earlier groundbased studies were
biased against small low-albedo objects in any particular heliocentric zone.
However, differences in the bias-correction analysis, i.e., using Zellner et
al.’s (1985a) zones rather than Kiang’s (1971) zones could influence the bias-
corrected relative abundances. For example, inclusion of small Flora-family
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Fig. 4. Percentage of bias-corrected asteroids as a function of semimajor axis from 2.1 to 5.2 AU
for the minor classes M, F, T and B+G (shown as a backwards “C”) defined by Chapman
(1989). For reference, the distributions for S and D (see Fig. 3) are indicated. Along vertical
lines are the percentage by class for the special zones HU, MC, PH, NY, KOR, EOS and THE
defined in Table I.

members in the analysis will cause the S-class distribution to appear to have a
steeper gradient than in a study that omits the Floras.

The availability of new observations encourages the development of
more sophisticated taxonomy schemes. It is apparent that as the number, types
and precision of physical observations increases, so will the number of as-
teroid classes. In essence, the “arbitrary” classification method, which tends
to group asteroids into large classes, will approach the “physical” classifica-
tion method, which tends to find each asteroid unique. Chapman’s division of
the S-class asteroids into seven subgroups is one such example. It is likely that
these subgroups bear a relationship to some of the asteroids classes developed
by Gaffey and McCord (1979) from the narrowband spectrophotometric ob-
servations. The fact that the S class displays a broad dispersion in parameter
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space is beyond doubt. Interpretation of the reasons (i.e., mineralogy, com-
position, surface properties, space weathering, etc.) is another matter.

Gaffey and McCord (1978) grouped the 65 asteroids classified in their
system into either primitive assemblages or thermalized assemblages which
are not too different from the terms primitive and metamorphic used by Bell
(1988). In spite of their small sample of asteroids, Gaffey and McCord (1978)
concluded that the thermalized bodies concentrate toward the inner part of the
belt.

A completely different approach to studying the distribution of asteroid
compositions has been undertaken by Bell (1985) who uses three “super-
classes” interpreted as primitive, metamorphic and igneous. Bell’s study was
driven by the limited number of objects used in the Gaffey and McCord
(1979) study relative to the large data set available in the broadband pho-
tometric studies. The relationship between Tholen (1984) classes and Bell’s
superclasses is given in the chapter by Bell et al. Heliocentric distributions of
the nonbias-corrected relative abundances of these superclasses are shown in
their Fig. 1. The merit of this superclass approach is that it emphasizes the
most general trends in the asteroid belt, which perhaps tell about the largest-
scale processes operating during the formation and evolution of the asteroids.

III. SIZE DISTRIBUTION

The size distribution of the asteroids is a statistical characterization of an
inherent property of the population. In fact, as we will show, there are a
variety of size distributions, significantly different from each other, which
characterize subgroups of the asteroid population, such as different taxono-
mic classes, members of different families, and so on. This property of the
population is very significant for understanding the origin and collisional his-
tory of the asteroids. An extensive literature, commencing with the classic
paper of Piotrowski (1953), has developed concerning asteroid collisional
physics and the generation of size distributions through collisional evolution.
The motivations for this work include asteroid cosmogony, the generation of
meteorites, interpretations of size distributions for crater populations on plan-
etary and satellite surfaces, and assessment of hazards to spacecraft flying
through interplanetary space.

Collisional physics is discussed in the chapters by Fujiwara, et al. and
Davis et al. Here we briefly summarize some salient points so that we can
have a physical context for our discussions of observed size-frequency popu-
lations. Under a number of simplifying assumptions, a population of particles
collisionally interacting and fragmenting should evolve toward a power-law
size distribution with an exponent of —3.5 (incremental; equivalent to the
alpha = 1.833 of Dohnanyi [1971]). However, more sophisticated numerical
models of asteroid collisional evolution (see, e.g., Davis et al. 1979,1985,
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and their chapter) show that the picture is rather more complicated, due in
part to the role of gravity. The exponent that results from the simulations is
closer to —2.5, in the size range of 20 to 200 km, for evolved populations. It
may steepen to —3.5 at still smaller sizes (Davis et al. 1985). A slope of —4.0
has the property that equal masses are contained in equal logarithmic intervals
of size. All shallower slopes imply domination in mass by the largest bodies.
A slope of —3.0 has the property that there are equal areas in equal log-
arithmic intervals; thus, for example, a crater field produced by the impact of
a population of asteroidal projectiles with a slope steeper than —3.0 (e.g.,
—3.5) will saturate first at small sizes, whereas if the slope is shallower than
—3.0, the largest craters will dominate the crater field.

A bump in the size distribution is not normally expected for an evolved
population. Thus, evidence of such bumps have been taken, in the past, to
indicate a remnant of an original, perhaps Gaussian-shaped, population (cf.
Kuiper et al. 1958; Anders 1965; Hartmann and Hartmann 1968; Chapman
1974). Numerical simulations of incomplete collisional evolution from initial
Gaussian-shaped distributions illustrate this behavior (cf. Davis et al. 1985,
his Fig. 8).

Initial attempts to compare observation with theory (see, e.g., Kuiper et
al. 1958; Dohnanyi 1971) were largely invalid due to the fact that it was not
recognized until the 1970s that there is a complex mixture of asteroids of very
different albedos in the asteroid population; therefore, there were significant
biases in deduced diameter distributions. A significant step was taken by
Zellner (1979a), who published bias-corrected size distributions for several
different taxonomic classes in several different annular zones of the asteroid
belt; his Figs. 6 and 7 show that the size distributions, for different subsets of
asteroids, are very dissimilar. C-class objects in the outer belt had a nearly
linear (i.e., power-law) shape, whereas those in the middle of the belt showed
a prominent hump near 150-km diameter (alternatively, a major dearth near
50-km diameter), reminiscent of an incompletely evolved initially Gaussian
population.

Zellner’s graphs must now be regarded as obsolete, since the C class he
was using (essentially all low-albedo asteroids) has since been subdivided. As
described above and in the chapter by Tholen and Barucci, the C class now
refers to a more narrowly defined low-albedo class, and there are numerous
other subclasses, most notably the P class. Chapman’s (1989) new, prelimin-
ary study of asteroid taxonomic types is the first set of bias-corrected statistics
that addresses the question of asteroid size distributions since completion of
the new taxonomy. As described earlier, he used a groundbased sample of
asteroids—in order to perform the well-known procedures for correcting for
biases in a groundbased sample (Zellner 1979a)—but he also used IRAS data
to improve knowledge about the albedos. Since the cataloged IRAS albedos
have some biases of their own (cf. Tedesco et al. 1987), the work should be
regarded as preliminary.
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Figure 5 shows the bias-corrected size distribution of Chapman’s (1989)
classes on a log-log plot. Note the striking difference between the shape of the
C class, which has a major deficit of bodies about 60 km in diameter, and the
nearly linear relationships for the S, M and P classes. When the size distribu-
tions are plotted for the different annular zones, and the heliocentric variation
in mix of types is taken into account, the new results help us understand
Zellner’s (1979a) original results. Zellner did not recognize the distinctions
between P, B, G, F and some D classes and included all those objects in the C
class, so his statistics for the outer main belt were heavily affected by the
presence of other classes in his sample. Chapman’s (1989) new results con-
firm Zellner’s (1979a) conclusion that there is a bump in the distribution for C
classes in the middle of the belt, but it is also evident for C-class objects (with
Chapman’s P-class objects now excluded) in the outer belt, as well. The size
distribution for Chapman’s main-belt P-class objects can be well characterized
only in the outer main belt, where the log-log size distribution is fairly linear.
We have already mentioned that linear slopes are interpreted in terms of
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Fig. 5. Diameter-frequency relationship for all the asteroids (total) and the classes C, S, F, T, D,
P, M and B+G (shown as a backwards “C”) as defined by Chapman (1989). Data plotted are
bias-corrected counts in equal logarithmic intervals of diameter.
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extensive collisional evolution, while distributions in size like that exhibited
by the C class imply little collisional evolution. However, since all of these
asteroids are collisionally interacting with each other, there must be some
other explanation. Perhaps C-class objects about 100 km or more in size are
preferentially protected by gravity strengthening, while smaller C-class ob-
jects are extensively depleted by collisions; in a general sense, the numerical
simulations of Davis et al. (1985) yield just such a distribution. The S and M
classes, on the other hand, may be dominated by inherent strength to larger
sizes, assuming they are of stony-iron and iron compositions, respectively.
Still there remains the question of why the P-class objects, which are thought
to be ultra-primative carbonaceous types, show a more S-like size distribu-
tion; they would not be expected to be physically strong. Actually, the slopes
of the linear distributions are shallower than predicted by Dohnanyi (1971) for
a strength-dominated, collisionally evolved population; the slopes are shallow
for the S-class objects and, especially, for the P-class objects (see the chapter
by Chapman et al. for further discussion). When refinements are made to the
IRAS data set, it should be possible to extend more reliably studies of size
distributions to smaller diameters as well as to larger heliocentric distances,
where the P’s predominate. We may hope that they will help us address these
perplexing questions.

The chapter by Bell et al. offers predictions about the compositional mix
of small asteroids. In particular, it suggests that there should be a number of
A-class objects at sizes of =< 30 km diameter, and an abundance of Q-class
objects at << 10 km diameter. At this point, we lack sufficient data about small
main-belt asteroids to confirm these predictions. Three of the nine possible or
probable A-class objects that have been identified so far are in Mars-crossing
or Amor-like orbits, and all of the Q-class objects are, as well. It remains to be
seen whether this is simply an observational selection bias—so that small A-
and Q-class objects will eventually be found in the main belt as well—or
whether the chief difference is truly in the distribution with semimajor axis.

In conclusion, there are important differences in the size distributions for
different groups of asteroids. In the broadest sense, they match the outcomes
of numerical simulations that take gravity into account. But it is difficult to
interpret the size distributions as resulting from evolution to a steady state at
all diameters. The size distribution for the P-class objects requires further
analysis.

IV. DISCUSSION

Most of the observed differences in physical properties among the as-
teroids are surely due to differences in composition. In spite of the differences
in class definition, the rather ordered heliocentric distribution of the composi-
tional classes is real and must be due to either primordial, evolutionary or
dynamical processes, or to a combination of all three.
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Primordial processes imply those processes that operated before the end
of planetary formation and are suggestive of those events that were controlled
primarily by the temperature, pressure and composition of the nebular dust
and gas. Gradie and Tedesco (1982) suggested that the process is a vestige of
the thermal and geochemical processes operating in the solar nebula during
the formation of the original asteroids. If it is true that asteroids are remnant
planetesimals that “remember” their original distribution in space and physi-
cal and chemical properties, then detailed chemical analysis of asteroids of
each type should provide insight into the temperatures, pressures and chemis-
try of the nebula during planetary formation.

The combination of the observed heliocentric distribution in the S and C
classes and the implied differences in composition between the S asteroids
(moderate-temperature siliceous condensates) and the C asteroids (low-tem-
perature siliceous condensates) as suggested by Gaffey and McCord (1979), is
qualitatively consistent with the predictions of some solar system chemical-
condensation models (Larimer 1967; Lewis 1974; Grossman and Larimer 1974).
The concentration of S objects between 2 and 2.75 AU and the concentration
of C objects between 2.5 and 3.5 AU suggest a source region for the formation
of S objects closer to the Sun than for the C objects.

The low albedo and spectral characteristics of the P and D classes sug-
gest a composition of low-temperature, carbonaceous-rich, silicate materials
(Gradie and Veverka 1980). Gradie and Tedesco (1982) speculated that the
differences between the observed physical properties of the P and D objects
and those of the C objects are most likely due to differences in the tempera-
ture, pressure and composition of the solar nebula, since the P and D asteroids
peak in frequency near 4 AU and 5.2 AU, respectively. It must be remembered
that this interpretation is highly speculative since very little, if anything, is
known about the compositions of the P and D asteroids.

The inner part of the belt, 2.0 AU, is dominated by the highly reflective,
specially neutral, E-class asteroids suggested by Zellner et al. (1977) to be
consistent with higher temperature, spectrally neutral (or oxidized iron-free)
silicates. Gradie and Tedesco (1982) interpreted this accumulation of objects
to be indicative of a warmer inner belt, at least compared to the region beyond
3.0 AU where the C-, P- and D-class objects predominate.

Post-formation evolutionary processes most definitely operated to mod-
ify the compositional structure of the asteroid belt. Vesta is considered a pri-
mary, if not unique, example of extensive post-formation modification of an
asteroid exterior and, most probably, interior. Evidence from meteorites, pre-
sumed to have originated from asteroids, points to the fact that both high-
temperature processes (melting of iron and subsequent slow cooling) and low-
temperature metamorphic processes (formation of aqueous-alteration products
in some carbonaceous chondrites) occurred.

The issue of post-formation evolution is one of degree—how much did
post-formation evolution change the observed compositional characteristics of
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the asteroids? Bell et al. address this issue. The metamorphic and igneous
classes involve substantial alteration of the original compositions perhaps due
to internal heating by 26Al or externally induced electromagnetic heating from
a T-Tauri phase solar wind (Sonett and Reynolds 1979). To what degree these
post-formation alterations mask the original distribution of compositions is
unknown. However, it may be possible to unravel some of these effects since
external heating due to a solar wind could be size- and heliocentric-depen-
dent, at least for objects of identical composition.

Post-formation reshuffling of the asteroids by dynamical means cannot
be overlooked as a possible cause for some of the nonrandom structure in the
distribution of compositions. Wasson and Wetherill (1979) noted the possibil-
ity that bodies formed initially in the outer solar system can be transferred into
orbits between Mars and Jupiter having long-term stability. Short-period
comets perturbed by nongravitational forces are notable examples of objects
moved from the outer solar system into stable orbits in the inner solar system.
Likewise, bodies may be removed from the innermost part of the solar system
and caught in metastable Mars-crossing orbits (Wetherill 1979) where they
provide fragments for subsequent capture into orbits in the main belt. If the
present location of an asteroid does not necessarily correspond to the helio-
centric distance at which it was formed, then the interpretation of the com-
positional distribution of the asteroid belt becomes exceedingly complex.
However, the existence of the nonrandom distribution may mean that what-
ever reshuffling of objects occurred has been done in a systematic manner. It
cannot be discounted that detailed chemical analysis of the various asteroid
types may shed considerable light on the role of celestial dynamics as well as
the role of thermodynamics during the formation of the asteroid belt.
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In 1983 the Infrared Astronomical Satellite discovered three bands of dust: one
above, one below and one approximately in the plane of the ecliptic. These
bands are located in the asteroid belt and are believed to arise from collisional
activity. Debris from an asteroid collision, over time, fills a torus having peaks
in particle number density near its inner and outer corners, corresponding to
the locus of perihelia and aphelia, respectively. As a consequence of this geome-
try, such a swarm should produce two pairs of bands that straddle the ecliptic—
a perihelion band pair and an aphelion band pair (which generally overlap
along the line of sight from Earth). Indeed, processing of the IRAS data now
resolves the band structure into at least three such band pairs, with indications
of several more pairs distributed over a large range of ecliptic latitudes. Some
of these bands appear to be associated with major Hirayama asteroid families,
while others are not. Possible origins of the observed dust bands include: (1) the
gradual comminution of the asteroid belt as a whole, in which the local dust
population is maximum where the concentration of asteroids is greatest (e.g.,
Sfamilies); (2) one or a few large random asteroid collisions enhancing the local
population of small debris, which in turn is comminuted into dust; and (3) the
disintegration of one or more large comets. Dust bands are not necessarily
constant features of the solar system. They form, gradually fade, and may be
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replenished, but estimates of the time scale and frequency are model dependent.
Also, within the context of a given model, observations of dust bands may con-
strain the collisional history of the asteroid belt, including asteroid family ages,
and may provide information on small-particle dynamics. Interpretation of the
distribution of bands suggests that collisions in the asteroid belt are a principal
source of zodiacal dust, transported to the vicinity of the Earth by Poynting-
Robertson drag.

I. INTRODUCTION
A. The Discovery of the Zodiacal Dust Bands

One of the major discoveries of the Infrared Astronomical Satellite
(IRAS) was of three parallel bands of dust roughly straddling the plane of the
ecliptic (Low et al. 1984). Zodiacal dust bands were first noticed in the IRAS
data as a pair of symmetrically placed bumps of 12 and 25 wm emission
superimposed on the smooth zodiacal background (Fig. 1). The same emis-
sion could be seen in the 60 and 100 wm data at a lower intensity, indicating a
fairly high temperature (about 200 K) for the emitting material.

During its All-Sky Survey, the IRAS telescope scanned the sky in circles
of constant solar elongation, its nearly polar orbit precessing by ~ 1° a day in
order to remain above the terminator on the Earth. (See the chapter by Matson
et al., Fig. 1.) The entire sky can be mapped over a period of six months in
this way. More specifically, for the first two-thirds of its ten-month life, IRAS
used elongations between 80° and 100° to scan nearly the entire sky 4 times
(Neugebauer et al. 1984; IRAS Explanatory Supp. 1988). Each scan had a
width of 0°5, and was shifted in longitude by about 0725 on the subsequent
orbit, observing by overlapping scans the same location twice after ~ 103
minutes. This was called an “hours-confirmed” observation or HCON. The
initial observing strategy was to allow the telescope to map a section of sky in
this fashion by slowly changing its solar elongation for about one week
(HCON 1), after which the telescope was repositioned and the same section of
sky was observed a second time (HCON 2).

As the sky survey unfolded, the emission bumps were found to be dis-
tributed more or less completely around the solar system. The initial impres-
sion was that two disks or belts of material had been found, presumably in the
inner solar system because of their geometry and high color temperature.
Such independent bands would, at some longitude, cross each other and the
ecliptic. However, as the mapping became more complete the emission was
found to form parallel bands above and below the ecliptic plane. They did not
cross. This configuration was difficult to explain at first, because the upper
and lower bands were thought a priori to be composed of separate groups of
material which would have to cross the mid-plane given the Sun’s central
force. IRAS Science Team member D. Beintema suggested the correct expla-
nation: A band pair can arise from a single distribution of material with an
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Fig. 1. Brightness profiles for an IRAS scan on 24 June 1983 at elongation 91°1 (Hauser et al.
1984). The ecliptic plane is crossed at longitude 1°3. The galactic plane is crossed near ecliptic
latitude +60° and galactic longitude € = 96°8. All discrete features are from real sources. The
prominent source near the south ecliptic pole at 60 and 100 pm is the Large Magellanic Cloud.
At 12 pm and 25 pm, the thermal emission is dominated by a broad zodiacal component while
galactic emission dominates at the longest wavelengths. The arrows indicate bumps in the

profile corresponding to the y bands.

ensemble of orbits which shared a common inclination, but whose nodes were
uniformly distributed over all ecliptic longitudes. This distribution produces a
band pair because each individual particle spends most of its time at its ex-
treme separation from the ecliptic, traveling roughly parallel to the plane,
much like a pendulum is preferentially found at its maximum amplitude. A
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TABLE 1
Dust Band Pairs

Geocentric
Ecliptic Latitude
(HCON 1 and 2)

Name (deg) Comments

a =(0 to 2.5) Unresolved with 8 (Low et al. 1984). Resolved and
associated with Themis family (Sykes 1986).

B *(1to0 3.5) Unresolved with o (Low et al. 1984). Resolved and
associated with Koronis family (Sykes 1986).

Y *(8.5to 11.5) (Low et al. 1984). Associated with Eos family (Der-
mott et al. 1984).

E 4t06 Possible pair with F' (Sykes 1988).

F —4to —6.5 Possible pair with E (Sykes 1988).

G 6.5t08 Possible pair with H (Sykes 1988).

H —5.5t0 —8.5 Possible pair with G (Sykes 1988).

J 12.5to 15 Probable pair with K (Sykes 1988). Associated with
Io family (Sykes 1989).

K —13to —16 Probable pair with J (Sykes 1988). Associated with
Io family (Sykes 1989).

M 15 to 17.5 Probable pair with N (Sykes 1988).

N —17 to —20 Probable pair with M (Sykes 1988).

particle spends little time near the ecliptic plane because there it has a large
velocity component normal to the plane.

A high-pass spatial filter can be employed to remove the smooth zodiacal
background from the IRAS survey scans, revealing many details of the zodia-
cal dust bands. This process was used to produce the emission maps shown in
Fig. 2. The originally recognized band pair is seen ~ 10° above and below the
ecliptic. Part of the central band is due to the peak in the smooth zodiacal
emission near the plane leaking through the high-pass filter, but there is also
clearly another pair of bands similar to the 10° bands, but spaced only one or
two degrees from the ecliptic plane. These inner bands were later separated
further into two pairs of bands (Sykes 1986).

Further analysis of the IRAS data has suggested that four additional pairs
of bands may also exist (Table I) (Sykes 1988), and that these bands extend
over 40° of ecliptic latitude. In the IRAS skyflux maps, the central bands (a
and B) have apparent widths of < 0°5. The other bands, particularly the -y
bands, are several degrees in apparent width (Sykes 1988). As will be seen
later, the broad morphology of most dust bands has a significant impact on the
number of bands which are possible to observe. So, from the original three
bands reported by Low et al. (1984), as many as 14 bands (7 pairs) have now
been detected.
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B. Initial Analysis

During its last months of operation, IRAS surveyed the sky a last time
(HCON 3), but changed its scanning pattern to begin at extreme solar elonga-
tions of 60° and 120°, and smoothly approach 90° elongation from both sides,
and then reverse the procedure until the whole sky was covered (Fig. 2b). This
map includes only 72% of the sky because the survey was prematurely termi-
nated by liquid helium exhaustion aboard the satellite. The bands, in particu-
lar, show clear variation in their separation corresponding to changes in
viewing geometry, and can be readily understood if the density enhancements
giving rise to the bands are confined to a small range in distance from the Sun,
maintain a constant linear separation around their circumference, and lie out-
side the orbit of the Earth. This variation in parallactic separation yielded
heliocentric distances and proper inclinations for the observed band material
of 2.3 AU and 8°7 (Gautier et al. 1984), 2.5 AU and 8°1 (Hauser et al. 1985)
and 2.44 AU and 8°4 (Dermott et al. 1989). None give error estimates, but the
values seem to be reasonably consistent.

Color-temperature calculations by Low et al. (1984) produced values
between 165 and 200 K. A rapidly rotating gray body of this temperature
would be located between 3.2 and 2.2 AU, well within the main asteroid belt,
and is consistent with the locations determined by parallax. Consequently, it
was suggested that the dust bands arose from small particles generated by
collisions among asteroids (Low et al. 1984). This idea was reinforced by an
apparent association between the latitudes of the bands and the proper inclina-
tions of some major Hirayama asteroid families (Dermott et al. 1984), which
are believed to have been produced by the catastrophic disruptions of large
asteroids (Table II; see the chapters by Chapman et al. and by Valsecchi et
al.). At the same time, Sykes et al. (1984) calculated that the random cata-
strophic disruption of a small asteroid (~ 10 km in diameter) could possibly
generate sufficient debris to be observed by IRAS as a band pair.

Models for the asteroidal origin of the dust bands have since followed
two general paths which will be examined in more detail in Section III. The
first path (Dermott et al. 1984,1985,1986,1988,1989) assumes the asteroid
belt to be in collisional equilibrium, and that the size distribution of the parti-
cle population at all locations within the asteroid belt is characterized by a
power law with a single index over all sizes from tens of km to tens of pm.
The surface area of dust at any given location thus increases monotonically
with the local volume of asteroids. Since asteroid families represent con-
centrations of asteroids in a—sin i space, there should be corresponding
peaks in the dust population. Hence, dust bands should be associated with
asteroid families.

The second path (Sykes and Greenberg 1986; Sykes 1986,1988,1989) is
a nonequilibrium theory of dust-band origin which asserts that occasional ran-
dom catastrophic disruptions of asteroids result in debris whose subsequent
comminution products give rise to the dust bands. In this case, dust bands are
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not associated with known asteroid families a priori and may be found at
other locations. This model predicts that dust bands should fade with time,
and that the population of dust bands is replenished by new collisions. Though
focusing on the more frequent disruptions of asteroids tens of km in diameter,
this model predicts that bands arising from disruptions large enough to create
the largest Hirayama families should be detectable by IRAS for = 1 Gyr.

An alternative theory for dust-band origin is the disintegration of a large
comet, which will be considered separately in this chapter (Sec. III.C). This
comes about from the fact that the potentially most prominent cometary sup-
pliers of the zodiacal cloud have similar inclinations to dust bands (Dermott et
al. 1984).

In the next section a mathematical model of a dust-band torus will be
presented to provide some insight into what we are studying in terms of a
spatial distribution of particles. The effects of secular gravitational perturba-
tions and dispersions in orbital elements on this spatial distribution are then
considered, which provide additional means of determining dust-band loca-
tions as well as determining the effects of different physical processes on the
small-particle population comprising a dust band. The different origin sce-
narios described above are presented, along with their observational conse-
quences. Within the context of the (nonequilibrium) random-collision hypoth-
esis, we examine how dust bands form, how their surface areas decrease with
time, and how many dust bands are likely to be seen as old bands are replaced
by newer ones from more recent catastrophic disruptions.

II. THE DUST BAND TORUS

A. An Analytical Model

The spatial distribution of the dust we see as a dust band pair can be
idealized by considering an ensemble of dust particles whose orbits have iden-
tical semimajor axes a, proper eccentricities e and proper inclinations #, but
perihelia and nodes distributed over all longitudes. For purposes of exposition
here, we neglect, for the moment, the effects of secular gravitational perturba-
tions. The material fills a torus whose particle number density is (Sykes 1989)

p(r.B) = R(NO(B) ()
where

C, r 12 a2(l — e2)2 }1/2
rla <2a—r) {1 + e?r2 — [a(l — e2) — r]? )

OB) = (2m2)~1(cos?P — cos)~1/2 3)

R(r) =
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within the limits
al—e)=r=a( + e), (@)
i=p=i )

Here C, is a constant of normalization, r is heliocentric distance and B is the
heliocentric latitude with respect to the plane of symmetry (which is close to
the ecliptic plane).

These equations describe a spatial distribution that is a torus with a squar-
ish cross section (Fig. 3a), centered on the Sun, whose radial extent is
bounded by the perihelion and aphelion distances, and whose latitudinal ex-
tent is bounded by the proper inclination of particle orbits. Maxima in volume
density occur at the “corners” of the torus. The latitudes of the maxima, seen
from the Sun, correspond to the proper inclination of the particle orbits. That
is why, from the Earth, these concentrations appear as pairs of bands strad-
dling the ecliptic. The geometry is such that maxima in volume density at
perihelion and aphelion give rise to both perihelion and aphelion band pairs
(see Dermott et al. 1985), which overlap each other when seen from the Earth.
However, IRAS detects more flux from perihelion bands for two reasons:
larger particle number densities and higher temperatures.

B. The Effects of Dispersions in Orbital Elements

Particles that make up a dust band torus do not have identical a,¢ and i;
there must be some dispersion in orbital elements. This significantly affects
the spatial density of dust-band particles (Fig. 3b), and hence the locations at
which their flux is seen. Two mechanisms by which the orbital elements of
dust-band particles are distributed will be examined. The first mechanism is
the collisional production of dust, considered in the next subsection. The sec-
ond, considered in the section following, is Poynting-Robertson drag.

Collisional Dispersion. Studies of collision ejecta indicate that smaller
particles tend to have larger ejection velocities (Melosh 1989), which yields a
greater dispersion in orbital elements for small particles than for large ones.
Moreover, in a plausible particle-size distribution (steeper than 1/diameter),
small particles experience more collisions with other objects of comparable
size than do large particles. The orbital elements of small particles will
spread, consequently, more rapidly than large particles. The most obvious
effects are associated with a distribution in orbital inclinations, which pri-
marily determines the angular separation of the bands we observe. For a Gaus-
sian distribution with fixed mean values, increasing the dispersion in proper
inclination, results in (a) increased band widths and (b) shifting peak emission
of the latitudinal profile to lower latitudes (Sykes 1989; Fig. 4a). Thus, in the
case of an asteroid family, a pair of bands consisting of associated dust having



(a)

b

Fig. 3. (a) The particle number density distribution in a radial cross section of a Koronis dust
band torus whose particles have orbital elements equal to the mean values of the Koronis
asteroid family (with no dispersion in elements). The Sun is to the left. The jagged edges are an
artifact of sampling. (b) Convolution by Gaussian dispersions in proper inclinations (1) and
semimajor axis (20) of the model Koronis torus increases the volume of the torus, particularly
in the radial direction, while separations between peak densities at perihelion and aphelion
decrease both radially and in latitude. (Sykes 1989).
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Fig. 4. (a) The latitudinal profile of the dust bands shown after being convolved with a Gaussian
distribution of orbital inclinations with standard deviation 3i. Increasing dispersion in inclina-
tion results in decreasing latitudinal separation of the dust bands and decreasing contrast be-
tween the band peaks and centers. A, A, , and A_ indicate the shift of peak and band edge
latitudes, respectively, and are defined in the text. The mean elements of the particles remain
unchanged. (b) Radial profiles of the particle number density of a model torus associated with
the Koronis asteroid family are shown for different dispersions in semimajor axis and (c)
eccentricity. Densities are normalized to the value at @ = 2.875 AU. The 1o values correspond
to the standard deviation of those terms over the orbits of known family members (Table 11
calculated from Williams 1979). Increasing dispersion in both terms results in a decrease in the
radial separation of the perihelion and aphelion bands, as well as a decrease in their contrast.
The mean elements of the particles are unchanged (Sykes 1989).
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submillimeter diameters would be expected to be observed at lower latitudes
than if the dust-band particles had a distribution of orbital inclinations identi-
cal to kilometer and larger family members.

The outer edge of an individual band (defined as the latitude where peak
flux drops by half) increases slightly (A ,) with respect to the mean inclination
of particle orbits with increasing dispersion in inclination &i. Similarly, the
latitude of the peak flux and inner band edge (defined as the latitude where the
flux equals the average of the values at the midplane and peak) are displaced
away from the mean inclination towards the midplane by A, and A_, respec-
tively. The empirical relations describing these shifts are (Sykes 1989):

e - ous (3)"
M .13

%zué(%)] 7

% =~ 1.73 (?)0'84 i ®)

Another effect that can be seen in Fig. 4 is the decreasing contrast of the inner
edges of the bands with increasing dispersion in inclination. The ratio of peak
flux (Fp) to the flux at the midplane (F) is approximated by

F, (81‘)0-5
7 0.71 - ©)

C

a factor of 2 lower than the upper limit of 1.414/V8i/i determined by Der-
mott et al. (1985). The relations (6) through (9) are good to within a few % for
i < 20° and &i/i < 0.25.
Dispersions in semimajor axis and eccentricity act to increase the helio-
centric distance of the peak flux from the perihelion bands while decreasing it
“for the aphelion bands (Figs. 4b and c). Perihelion and aphelion bands associ-
ated with asteroid families overlap along the line of sight when observed from
the Earth, since the latitudinal displacement of their peaks is small. Increasing
dispersion in semimajor axis and eccentricity thus decreases an already small
peak-to-peak separation.

Dispersion Due to Poynting-Robertson Drag. The thermal flux from
the dust bands is due principally to those particles in the 10 to 100 pm size
range because of their greater surface area (Sykes and Greenberg 1986; Der-
mott et al. 1986), and it is possible that the orbits of these particles decay
significantly due to Poynting-Robertson drag before they are either dy-
namically scattered (Dermott et al. 1986) or are comminuted to sizes which
are ejected from the immediate vicinity by radiation pressure (Sykes 1989). If
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orbital decay is significant, then the particles in the dust bands will have a
wide range of semimajor axes, and may show significant dispersions in proper
eccentricity and inclination, forced inclination, and forced ascending node
(these “forced” elements are functions of semimajor axis and will be dis-
cussed more fully in Sec. II.C below). These dispersions arise from two
causes: (1) Passage through various resonances, particularly the 1:3 gap at
2.5 AU, results in a dispersion of the proper eccentricities and inclinations
(Dermott et al. 1989). (2) If the particles have a range of semimajor axes, then
they must also have a range of forced orbital elements (cf. Fig. 5). This may
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Fig. 5. (a) Variation of the ecliptic latitude of a dust band with ecliptic longitude, as measured in
a Sun-centered coordinate system. The latitudinal width of the band at all longitudes is 2i',
twice the proper inclination of the dust particle orbits. The amplitude of the apparent sinusoidal
variation is determined by the forced inclination i. (b) Variation of the forced inclination i and
the corresponding longitude of the ascending node (), with semimajor axis. The elements with
subscript J are the present orbital elements of Jupiter. (c) Plane view of the distribution of
elliptical particle orbits in a dust band. To order e, the figure is circularly symmetric about the
point C which is displaced from the Sun by an amount ae; in a direction opposite to that of the
forced pericenter &, (d) The variation of the forced eccentricity ¢, and the corresponding
longitude of the forced pericenter @, with semimajor axis (Dermott et al. 1985).
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be particularly important for those particles close to the inner edge of the
asteroid belt (@ < 2.5 AU), and it may be that the dispersion of the orbital
elements in this region of the belt defines the inner edges of the dust bands if
the particle orbits have decayed (Dermott and Nicholson 1989).

The effect of dispersion due to Poynting-Robertson drag is not the same
as collisional dispersion (where the mean orbital elements are unchanged). In
the former case, the shift in the peak dust-band emission to higher or lower
ecliptic latitudes is a function of the longitude of observation (Sykes 1989).
Also, a simple decrease in the heliocentric distance of dust pericenters results
in an increase in the apparent angular separation of a band pair as a conse-
quence of parallax.

C. The Effects of Secular Gravitational Perturbations

A careful examination of the dust-band images in ecliptic coordinates
(Fig. 2) shows that they are not symmetric about the plane of the ecliptic. The
orbits of the dust-band particles are perturbed by Jupiter and other planets
whose orbits are slightly inclined to the ecliptic. Ensembles of particles with
the same semimajor axes will precess about a common plane where the
torques produced by these gravitational perturbations vanish. This defines the
plane of symmetry of the dust-band torus which has an inclination (relative to
the ecliptic) i; and ascending node {); which vary with semimajor axis (Figs.
5a and b). These gravitational perturbations also act to distort particle orbits,
introducing a “forced” component to their eccentricities. Some of the effects
of this on the dust-band torus are shown in Dermott et al. (1985). The torus
shifts away from its Sun-centered position by an amount ae; in a direction
opposite to that of & (Fig. 5¢), which now defines the longitude of pericenter
of the torus. Figures 5b and d show the variations in these parameters as a
function of semimajor axis. We see that as the semimajor axis moves closer to
Jupiter (the dominant perturber) beyond 2.6 AU, these forced element compo-
nents approach values for Jupiter’s orbit. The shifting of the torus center gives
rise to a longitudinal temperature variation in a band pair which is diagnostic
of its distance (Dermott et al. 1985).

The existence of these various effects allows for the potential extraction
of all the orbital elements of the dust-band particles. The semimajor axis can
be determined by the direct measurements of () and &;. The use of {);in this
way is described for the 3 bands in Sec. IIl.A. The apsidal longitude @ is that
at which dust-band temperatures are highest. Given the semimajor axis of the
torus-particle orbits, their proper eccentricity and forced eccentricity can be
decoupled through the longitudinal variation of dust-band temperature (Der-
mott and Nicholson 1989). The proper inclination and forced inclination of
the dust bands can be decoupled from measurements of band-center latitudes
and band separation as a function of longitude (Dermott et al. 1989; Sykes
1989). Secular gravitational perturbations also result in the distortion of the
dust-band torus, resulting in the north and south bands no longer being exactly
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plane parallel. Determining the angle between the planes containing the indi-
vidual bands making up a band pair provides another means of calculating the
forced eccentricity (Sykes 1989).

III. THE ORIGIN OF THE DUST BANDS

A. The Collisional Equilibrium (Asteroid Family) Hypothesis

This hypothesis assumes that the dust population at a given location is
related to the population of observable asteroids at that same location. This
has been examined by assuming that, at each point in the asteroid belt, all
sizes of particles are characterized by a single equilibrium size distribution
arising from the general comminution of the asteroid belt through mutual
collisions. This model predicts that prominent dust bands are associated with
known concentrations of asteroids such as the asteroid families. By de-
monstrating a relationship between dust bands and asteroid families, the equi-
librium hypothesis provides one vehicle by which dust production can be
understood in the asteroid belt as a whole, as well as its relationship to the
observed zodiacal dust complex.

The relationship between the Hirayama asteroid families and the promi-
nent dust bands has been a central question in the study of the latter since it
was first posed by Dermott et al. (1984). In the following, the consistency
between the calculated surface areas and volumes of the dust bands and the
major Hirayama asteroid families is examined. Two basic approaches are then
taken to determine whether the dust bands derive from asteroid families. The
first method is the direct (or indirect) measurement of some of the orbital
elements of the dust bands. These can then be compared with the correspond-
ing elements of the asteroid families. The second method is the generation
of predictive models which are then compared with the IRAS dust band ob-
servations.

Estimating Dust Band Volume. The surface optical depth of the promi-
nent dust bands was estimated to be ~ 10—8 (Low et al. 1984), corresponding
to a total surface area of ~ 2 X 1019 cm2 (Dermott et al. 1984). It is assumed
that the size-frequency distribution of the dust-band particles is described by a
single power law of the form

dN(m) = Km—9dm (10)

where dN is the number of particles having masses between m and m + dm, K
is a constant and ¢ is the mass index. Following Dermott and Nicholson
(1989), this converts to the following cumulative power law in radius,

1 ro 3@ — 1
N(")—W_—l)‘(f) (11)
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where N(r) is the number of asteroids with radii >r and r, is a constant,
similar in magnitude to the largest particle (in this case asteroid) radius. The
total area A of the particles is then given (for g > 5/3) by

_ T [ ro ] ¥ = »
A= G- [rmi,, (12

where r_;, is the lower cut-off in the size distribution, while the total volume
of the particles V can be obtained from the radius R, of a sphere with the same
volume. V = (4/3)wR32 and, to a good approximation (for g < 2),

R, =r 312 — q)]7 /3. 13)

Values of R, that are needed to account for the observed areas are shown in
Fig. 6 for a range of values of r;, and g. The theoretical equilibrium solution
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Fig. 6. The total surface area of particles contained within a sphere of equivalent radius R, shown
for a range of power-law distribution index ¢ and the lower cut-off in the particle-size distribu-
tion, r,,;,. The horizontal line shows the area for the central dust band, inferred from Low et al.
(1984) (figure from Dermott and Nicholson 1989).
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for asteroids (Dohnanyi 1978) has a population index ¢ = 1.837 (indicated by
the vertical line in Fig. 6). If ¢ is in the vicinity of this value, and the size
distribution extends down to ~ 10 wm, then we can conclude from Fig. 6 that
spheres containing the inferred volume of dust band particles (up to asteroids
tens of kilometers in radius) must have equivalent radii of ~ 100 km. The
equivalent radii shown in Fig. 6 are similar to the radii of Hirayama family
progenitors (Gradie et al. 1979; Dermott et al. 1984). Assuming a single size-
frequency index, however, does result in large variations in surface area pro-
duced by a given mass of material if the index or minimum particle size is
varied. In a nonequilibrium case (Sec. III.B.; Sykes and Greenberg 1986),
though the initial population index may be close to g = 2, subsequent colli-
sional evolution calculated by Sykes and Greenberg (1986) shows that the
population quickly changes from the initial power law. The result is that much
smaller bodies (with equivalent radii of ~ 10 km) could be dust band parents,
and numerical experiments indicate that the theory is not very sensitive to the
initial value of g.

Measuring Dust Band Orbital Elements. 'The simplest means of deter-
mining the semimajor axes of dust band particles is to determine the orienta-
tion and/or the inclination of their plane of symmetry relative to the ecliptic.
Utilizing different methods, contradictory results have been obtained for the
central dust bands.

Using the 0°5 IRAS Zodiacal History File (see IRAS Explanatory Suppl.
1988), Dermott et al. (1988) separated dust-band profiles from the broad
zodiacal background utilizing a Fast Fourier Transform and high-pass filtering
with a Parzen window. Plotting the latitude of the central dust band (Fig. 7),
in which the o and B bands are not resolved, it was estimated that the
forced inclination of the composite central band is 172 and that the longitude
of the associated ascending node is 527 The forced inclination clearly differs
from that of the zodiacal cloud (1°5) and is what one would expect for the
Themis (at o = 3.1 AU) and Kornis (at a = 2.9 AU) asteroid families (see Fig.
5). However, the node is the same as that of the background cloud and dis-
agrees with the expected longitude of ~97° for particles at a distance of 3 AU
(Fig. 5).

A parallactic measurement (Fig. 8) of the resolved § band pair was ob-
tained by Sykes (1989) using the IRAS skyflux maps (IRAS Explanatory
Suppl. 1988). The proper inclination of the particle orbits measured was 2°1,
consistent with the Koronis asteroid family. Sykes found the ascending node
for this band pair to be 90° = 6°, reasonably consistent with the value of 96°
expected for particles with the semimajor axes of the Koronis family. The
discrepancy with the earlier measurement is thought by Sykes (1989) to arise
from the contamination of the Fourier-filtered dust-band profiles of Dermott et
al. (1988) by a possible cusp-like high-spatial frequency component of the
broad zodiacal emission.
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Fig. 7. Variation of the latitude of the center (measured between the half-power points) of the
central dust band as with day of the year, as seen at 25 um in the IRAS Zodiacal History File.
Data obtained when IRAS was in the leading or ascending leg of its motion around the Earth
are represented by squares, while the data from the trailing or descending leg are represented
by triangles. The vertical lines give the forced inclination of the central band and the location of
the nodes (Dermott et al. 1988).

Comparison with Family Dust-Band Models. Dermott and Nicholson
(1989) have constructed a three-dimensional numerical model that permits the
calculation of the distribution of night-sky brightness that would be produced
by any particular distribution of dust-particle orbits. This model includes the
effects of planetary perturbations on the dust-particle orbits, reproduces the
exact viewing geometry of the IRAS telescope, and allows for the eccentricity
of the Earth’s orbit. The result is a model for the variation with ecliptic lati-
tude of the brightness observed in a given waveband as the line of sight of the
telescope sweeps through the model dust bands at a constant elongation angle.
The models assume the same dispersion in orbital elements as that displayed
by the known family members. In Fig. 9, this model is used to generate a
predicted profile for the Eos and Themis asteroid families and is compared
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Fig. 8. Geocentric ecliptic coordinates of the north and south 8 bands as measured from un-
filtered IRAS skyflux plates (25 pm). The latitude of each band-pair component was binned
and averaged every 0°5 in longitude (filled circles). North and south component values were
then averaged (open circles) in order to determine the geocentric ecliptic longitude of the
ascending node as seen in both HCON 1 and HCON 3 roughly eight months apart. This
corresponds to the longitude at which the average latitude crosses the ecliptic plane. The
Earth’s longitude Ag is given for the times of plane-crossing observations. HCON 1 observa-
tions plotted were made in the direction opposite to the Earth’s motion, while the HCON 3
observations plotted were made in the direction of the Earth’s motion (Sykes 1989).
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Fig. 9. An observed dust band profile (smooth curve), after high-pass filtering, compared with
the prediction of a model based on the distribution of orbits in the Eos and Themis families
(Dermott and Nicholson 1989).

with a high-pass filtered scan from the Zodiacal History File. The model dis-
tributions for the asteroid families are too sharply peaked to account for the
observed profiles. Dermott and Nicholson then examine the effects of disper-
sion due to evolution under Poynting-Robertson drag, and this yields some
improvement in the comparison of model and filtered profiles. However,
while the agreement between observed dust bands and specific models of
orbitally evolved particles originating in the prominent Hirayama families is
suggestive, definitive results from this approach are not yet available.

Sykes (1989) utilizes the dust-band model of Sec. II and maps the inner
and outer edges of the latitudinal profile of the dust bands as well as the
location of peak emission onto the two-dimensional IRAS skyflux maps. This
allows the o and (3 bands to be individually studied (Fig. 10a), whereas they
are indistinguishable at the lower resolution of the Zodiacal History File. Like
Dermott and Nicholson (1989), Sykes initially assumes that the mean orbital
elements of the dust-band particles are the same as the corresponding family
members. The only parameter varied is the dispersion in proper inclination
which is assumed to be Gaussian. Separations between perihelion and ap-
helion bands are found to be small, and increasing dispersions in semimajor
axis and eccentricity only makes that separation smaller. Mapping routines
fully reproduce the IRAS pointing geometry.



Model Themis
Bands

Fig. 10. (a) An IRAS skyflux map (Plate 95, 25 wm) boxcar high-pass filtered, using a filter
width of 1° along the scan direction, allowing the o and {8 bands to be distinguished. The edges
of model (b) Koronis and (c) Themis dust bands are then projected onto the skyflux map for
comparison with the observed bands (Sykes 1989).
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Comparison of Koronis and Themis models with the 3 and o bands,
respectively, yields excellent fits to the data as observed in the IRAS skyflux
maps at all longitudes (Fig. 10b,c). This assumes dispersions in proper in-
clinations equal to those of the Koronis and Themis family members. Modify-
ing the Koronis and Themis family models by decreasing the semimajor axis
and other associated orbital elements (including forced components) consis-
tent with orbital decay by Poynting-Robertson drag, results in significant di-
vergence from the observed locations of the o and 8 bands. Ata = 2.4 AU,
the discrepancy can be as large as 1°5 in latitude. This compares with a width
of ~ 0725 for the B bands in the IRAS skyflux plates.

The v bands are very closely tracked by the model Eos bands in the
filtered Zodiacal History File images (cf. Fig. 1), indicating an orientation and
inclination of the <y torus that may be similar to that of the Eos family. How-
ever, the nominal Eos family band model yields a latitude of peak emission
which is systematically greater by ~ 1° than that observed for the y bands.
Also, the pericenter distances of the bands determined by parallax (Sec. [.B)
indicate a value ~ 0.4 AU smaller than that of Eos family members. The
former may be resolved by increasing the dispersion in proper inclinations of
the model Eos bands by a factor of ~ 2. This also results in significant broad-
ening of the bands (Fig. 3), which seems to agree with the several degree
width of the individual v bands. Dispersion due to Poynting-Robertson drag
(Sec. II.B) may also account for band broadening and a decrease in apparent
latitude (Dermott et al. 1989), though such effects are viewing-geometry de-
pendent and may not occur at all longitudes observed (Sykes 1989). On the
other hand, the apparent discrepancy in pericenter distances may be explained
by the Poynting-Robertson drag. An alternative explanation in both cases is
that the v bands and Eos asteroid family are not causally related.

In addition to the more prominent o, 3 and +y bands, fainter dust bands
reported by Sykes (1988) (Table I) were compared to model bands associated
with several other known asteroid families (Table II). This resulted in a possi-
ble correlation between the o family and the J/K bands (Sykes 1989). How-
ever, no bands were detected in association with the Flora, Nysa or Maria
families. Flora and possible Maria bands had been predicted previously on the
basis of the collisional equilibrium hypothesis (Dermott et al. 1985). Their
absence, coupled with the apparent existence of bands not associated with any
prominent asteroid families, presents a challenge to the collisional equi-
librium hypothesis of dust-band origin.

B. The Nonequilibrium (Random Collision) Hypothesis

The asteroid belt contains tens of thousands of objects in mutual-crossing
orbits. On average, the population of particles may be described by some
equilibrium size-frequency distribution as discussed in the previous section.
However, when two asteroids collide, a small area of orbital element space
will be filled with their debris. As this debris experiences further collisions
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with background interplanetary dust particles, the local dust population will
be enhanced. If the collision is large enough, the resultant dust population
deriving from the comminution of its debris, may have enough surface area to
be detected by an instrument such as IRAS. Eventually, removal of dust
through radiation forces and the continual erosion of the debris population
results in the decline of the surface area of dust. Then at another location,
another collision takes place and the process is repeated.

The nonequilibrium, or random collision, hypothesis of dust-band origin
views dust bands as the product of a stochastic process in which they are
created and destroyed over geologic time, while maintaining a certain average
population whose spatial distribution may be different at different times. This
is in contrast to the equilibrium hypothesis, in which the dust-band population
and spatial distribution is effectively steady state.

In the following subsections, some of the consequences of the none-
quilibrium model are examined: band pairs must form on finite time scales;
their surface area changes with time as mass is collisionally redistributed from
larger sizes to smaller; a pseudo-equilibrium population of bands must be
maintained due to constant “gain” and “loss” rates. Finally, predictions
grounded in the nonequilibrium hypothesis must be tested against the IRAS
data.

Dust-band Formation. The collisional disruption of an asteroid results
in fragments having a dispersion in semimajor axes that is likely small com-
pared with the semimajor axis of the parent body. For example, the major
Hirayama families (see also the chapter by Valsecchi et al.) have a dispersion
of semimajor axes corresponding to relative orbital velocities of ~ 100 m s—1,
compared with absolute orbital velocities of ~ 17 km s—1. In fact, it is a
mystery how even a value as great as 100 m s—1 could have been achieved.
Such a small dispersion in semimajor axes results in these debris being dis-
tributed around the orbit of the parent body on time scales of ~ 103 yr.

The orbits of asteroids (and therefore debris in the asteroid belt) experi-
ence secular precession of their apsides and nodes as a consequence of grav-
itational perturbations by Jupiter and the other planets. The dust-band torus is
formed as the orbits of collisional debris precess at different rates due to small
differences in their orbital elements, primarily semimajor axis, so that with
time their nodes spread around the ecliptic relative to each other. Two mecha-
nisms operate simultaneously to distribute the nodes of particle orbits. The
first is differential precession due to the differences in semimajor axes for
particles of a given size. The second is a mass fractionation of the nodes
arising from the size-dependent variation of semimajor axes with time due to
Poynting-Robertson drag on smaller particles (Sykes and Greenberg 1986).

Increasing the dispersion in semimajor axes increases the rate at which
band pairs are formed by this mechanism, as does increasing the mean semi-
major axis of the particle orbits. This last is a consequence of the stronger
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gravitational effects of Jupiter as the particle orbits approach Jupiter’s orbit.
From Fig. 11, minimum formation time scales range between 105 and ~ 107
yr, with dust bands associated with the Themis, Koronis and Eos families
forming in less than 109 yr.

Mass fractionation of the orbital nodes occurs as Poynting-Robertson drag
decreases the semimajor axis of small particles with time, relative to large
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Fig. 11. The longitudes of the ascending nodes of an ensemble of collisional debris orbits in-
creasingly dispersed due to differences in semimajor axes among the debris after ejection.
Nodal dispersion as a function of time is shown for different mean ejection velocities in the
inner (a) and outer (b) part of the asteroid belt. When the nodes have been distributed over
360°, band formation is complete. Band formation is more rapid in the outer belt due to the
closer proximity of Jupiter (Sykes and Greenberg 1986).
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particles. Small particles consequently precess at increasingly lower rates with
respect to large particles. Depending on the size-frequency distribution of
particles created in the initial catastrophic disruption, this mechanism can
potentially result in more rapid band-pair formation (~ 105 to 106 yr) than
differential precession due to the initial dispersion in semimajor axes (Fig. 12).

Surface Area Evolution. The debris that comprises a dust-band torus
will not maintain its original mass distribution. Particles are comminuted by
collisions with background interplanetary dust particles, both cometary and
asteroidal in origin. Catastrophic fragmentation, rather than gradual erosion,
dominates the comminution (Dohnanyi 1978), and the breakup of larger parti-
cles into smaller particles increases the surface area of the dust bands, tending
to increase their brightness. Mass (and surface area) from the torus is even-
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Fig. 12. The ascending nodes of debris orbits from a single collisional event shown as a function
of time. Poynting-Robertson drag coupled with Jovian gravitational perturbations acts to de-
crease the rate of orbital precession by small particles relative to large particles by decreasing
their semimajor axes with time. This results in band-pair formation by mass fractionation of
debris orbits. The distribution of ascending nodes by this mechanism (thin curves) and by the
initial dispersion of semimajor axes (thick curves) are shown at different times for a single
collision in the inner (a) and outer (b) part of the asteroid belt. Particle mass densities of p = 3
g cm~3 are assumed, and a dispersion in ejection velocities of 100 m s—1. For reference, the
inner circle represents the orbit of the Earth. As in Fig. 11, band-pair formation in the outer belt
is more rapid than the inner belt due to the closer proximity of Jupiter (Sykes and Greenberg
1986).
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tually lost when the debris is comminuted into small enough fragments that
they are swept away by Poynting-Robertson drag or radiation pressure (Fig.
13). For most meteoritic compositions this corresponds to particle diameters
between approximately 0.08 and 4 pm (Burns et al. 1979).

In the competition between production and loss rates of surface area in a
dust-band torus, gradual loss eventually wins out with time (Fig. 13c). Thus,
the eventual fate of any band pair in the nonequilibrium model is to fade away
(Sykes and Greenberg 1986).

How Many Dust Bands Should We See? According to the nonequilibri-
um model, the population of bands above a limiting surface area will be deter-
mined by two quantities: the mean time between collisions which generate
more than the minimum required surface area (the gain term), and the lifetime
of bands before they fade below this limit (the loss term). The ratio of the
gain-to-loss terms determines the number of bands one would expect to ob-
serve at any given time. Based on their models, Sykes and Greenberg (1986)
calculated that there should be on the order of 2 pairs of bands with surface
areas equal to or exceeding that estimated for the bands reported by Low et al.

Log Band Pair Surface Area {cm?)

8
REMOVED Log Time (years)

Fig. 13. (a) Debris from the catastrophic disruption of an asteroid indicating an initial size-
frequency distribution which subsequently (b) undergoes collisional redistribution of its mass
from larger to smaller particles. Eventually, particles are small enough that they are rapidly
removed by radiation forces from the ensemble comprising a dust-band torus. (¢) The surface
area of dust-band tori gradually diminishes with time. The differing rates of change in surface
arca at different times is a consequence primarily of particle collision lifetimes which change
with particle size. As time progresses, larger particles begin to be comminuted, supplying the
smaller particle population at different rates (Sykes and Greenberg 1986).
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(1984) and ~30 pairs of bands an order of magnitude fainter. This agreed
nicely with the number of bands at the bright end (Low et al. 1984), but
seemed to conflict with the smaller number of faint bands detected by Sykes
(1988). The problem was resolved when it was found that the dust bands are
not sharp features, but have typical widths of a few degrees (the exception
being the a and { bands). Assuming Gaussian profiles, Sykes (1988) showed
that the superposition of so many faint and bright bands would produce some-
thing of a continuum above which only 2 to 5 bands (or clusters of bands)
could be detected in addition to the «, § and vy bands. Thus, the non-
equilibrium model is consistent with the numbers of bands now detected.

The dust bands predicted by Sykes and Greenberg (1986) were disrup-
tion products of asteroids tending to have diameters between 5 and 10 km. A
significant fraction of these bands also arose from the disruption of 30 to 90
km diameter bodies. Thus, the prominent «, 8 and y bands (with the possible
exception of the 8 bands), assuming association with the Themis, Koronis and
Eos families, respectively, were not predicted by Sykes and Greenberg
(1986). Bodies large enough to form the Themis and Eos asteroid families
disrupt so infrequently (on time scales of the age of the solar system) that they
were not included in the collision statistics. However, the Sykes and Green-
berg model can explain the observation of these bands in the event of such
large collisional disruptions. This is due to their long observational lifetimes.
At the other end of the size scale, asteroids much smaller than 5 km in diame-
ter would not produce enough debris to form a detectable band pair.

The mean time between catastrophic collisions generating a mass of de-
bris equivalent to a 5 to 10 km asteroid was found to be between 105 and 106
yr—on the order of both the dust-band formation time and lifetime (for sur-
face areas exceeding 1018 cm?2, ~ 1/10 that of the prominent bands). Conse-
quently, it was thought that faint partial band pairs might be observed whose
nodes were not distributed over all longitudes. One such partial band was
reported to be detected (Sykes 1986,1987), but later evidence suggested that
the structure had moved over a period of eight months, indicating that it may
actually be a debris trail of a type not previously observed (Sykes 1988).

C. The Comet Hypothesis

It cannot be concluded a priori that because the zodiacal dust bands are
located in the asteroid belt, that they have an asteroidal origin. Numerous
short-period comets have low inclinations; the peak in the distribution of the
observed inclinations is actually close to 10°. Many of the observed short-
period comets also have perihelion distances between 2 and 4 AU and, be-
cause of selection effects, there is probably a large number of such comets
with perihelia within the asteroid belt that remain undetected (Burns et al.
1984, Dermott et al. 1989).

IRAS discovered that many short-period comets have associated dust
trails detected over large portions of their orbits (Sykes et al. 1986a). In Fig.
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1, the dust trails associated with P/Tempel 2 and P/Encke are clearly seen.
This represents a possible significant increase in the contribution of cometary
dust to the zodiacal dust complex, particularly in the submillimeter and milli-
meter size ranges (Sykes et al. 19865). Another source of zodiacal dust of
possible cometary origin are the Type II dust trails (A to D in Fig. 1) (Sykes
1988). These recently detected structures may arise from the ejection of large
particles at high velocities (~ 100 m s—!) from a comet nucleus during a
perihelion passage, in comparison to the lower velocities (< 10 m s~ 1) associ-
ated with the originally detected Type I trails. They may also represent the
breakup of cometary nuclei. In either case, the dust trail particles will tend to
evolve into a dust band torus as described in Sec. III.B, though with a much
greater radial width than for asteroidal debris due to the larger typical come-
tary eccentricities.

As a torus forms, the cometary material is spread out over a substantially
larger volume, tending to decrease the surface brightness of the dust observed
unless it is increased through comminution of the larger particles or the emis-
sion of additional material from the parent comet. In the case of the latter,
emissions from short-period comets are expected to last only about 10,000
orbits (the nominal lifetime of a short-period comet), which is smaller than the
dust band formation time scales. Unless the comet itself is disrupted, the
population of large particles whose comminution provides the observed dust
population is likely to be minimal. Therefore, dust bands associated with
cometary emission are likely to be very short lived. There remains the possi-
bility, however, that emissions from a large number of small, undetected
short-period comets of similar inclination could superpose to yield an observ-
able dust-band torus.

The disruption of a cometary nucleus might allow for a dust band to be
formed as bright as any detected by IRAS. Though highly uncertain, the size-
frequency distribution of the large-particle population of comets is thought to
have a size index g ~ 2.1 (Sekanina 1979). This is similar to the initial size
distribution assumed for a catastrophically disrupted asteroid by Sykes and
Greenberg (1986). From Fig. 6, such breakup would require an initial come-
tary radius of only ~ 10 km, similar to that observed for Halley (Sagdeev et
al. 1986; Keller et al. 1986). The frequency with which such cometary disrup-
tions occur would then determine the probability of the resultant band pair
being observed.

One means of distinguishing between asteroidal and cometary models of
the bands is probably a combination of the forced orbital element and parallax
methods (Dermott et al. 1989). The forced orbital element method determines
the semimajor axis of the particles, whereas the parallax method determines
an “effective distance” which is probably closely related to the pericenter
distance, a(1 —e). Thus, it should be possible, in principle, to determine the
proper eccentricities of the particle orbits, thereby indicating whether the par-
ticles derive from comets.
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IV. DISCUSSION

Neither the equilibrium nor nonequilibrium models of dust-band origin,
as currently formulated, present a complete picture of the IRAS dust-band
observations. The equilibrium model fails to explain the existence of bands at
nonfamily locations and the absence of bands associated with the Flora, Nysa
and Maria families. Both theories can explain the o, 3 and vy bands and their
respective relationships to the Themis, Koronis and Eos families. The non-
equilibrium model of Sykes and Greenberg (1986) overestimates the surface
brightness of bands arising from the disruption products of small asteroids
(unless it eventually turns out that y bands are not associated with the Eos
family). It also predicts the detection of partial bands, which have yet to be
unambiguously observed.

On the other hand, the equilibrium model led to the initial correlation
between the prominent bands and the major Hirayama asteroid families (Der-
mott et al. 1984), and the nonequilibrium model inspired the search for and
detection of zodiacal structures including additional dust bands (Sykes 1988).
Both models predicted that a significant fraction of the zodiacal dust complex
derives from the asteroid belt.

If the asteroid belt is a principal source of zodiacal dust, then that dust
must be transported to the inner solar system by Poynting-Robertson drag.
Initially, it seems contradictory that the previous statement be true while the
dust bands—regions where dust is obviously being generated—evidence little
if any orbital decay (Hauser et al. 1985; Dermott and Nicholson 1989; Sykes
1989). Sykes (1989) interprets these observations as indicating particle sizes
whose collisional lifetimes are short in comparison with their Poynting-
Robertson decay times, and that the removal of their comminution products
from the ensemble of dust-band particles must be rapid. This does not mean
that the particles simply disappear, rather that they are no longer distinguish-
able from the broad zodiacal background depicted in Fig. 1. One possibility is
that a significant fraction of the smaller particles are comminuted into sizes
sensitive to radiation pressure, resulting in large semimajor axis orbits. These
particles are then essentially removed from the ensemble of dust-band parti-
cles on time scales of an orbital period. These particles eventually decay by
Poynting-Robertson drag, but their surface area is spread over a large volume
and hence contribute little to the local dust-band surface brightness.

Dermott and Nicholson (1989) believe that Poynting-Robertson drag will
turn out to explain the broadness of the bands and the apparent displacement
of parallactic distances of the dust bands inward from the pericenters of their
associated families.

~ The association of dust bands with asteroid families may help to shed
some light on the nature and evolution of the latter. The major Hirayama
families are thought to have originated with the breakup of large parent as-
teroids (Kuiper 1950; see the chapter by Valsecchi et al.). That the dust bands
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have orbital elements consistent with the mean elements of the corresponding
families indicates (from the perspective of the nonequilibrium model) that we
probably are looking at comminution products of debris from the original
family-forming collision, rather than from the random disruption of a smaller
family member (which would likely have a different inclination). Thus, the
dust-band, surface-area evolution model can be utilized in an attempt to con-
strain the ages of asteroid families. This was done by Sykes (1986) utilizing
the dust-band, surface-area evolution model of Sykes and Greenberg (1986).
A total surface area of 2 X 1019 was assumed for bands associated with the
Themis, Koronis and Eos families, which is probably something of an over-
estimate, particularly for the Themis family which has a relatively low surface
brightness in the IRAS skyflux maps. A surface area of 10!® cm? was assumed
as an upper limit to the dust in the Nysa family. The calculated times elapsed
since the disruption of the family parent bodies are listed in Table III, and
should be considered as very model dependent. If the calculated values are
correct, this model indicates that the Koronis family is younger than both the
Themis and Eos families. This result is consistent with rotational studies of
family members (see the chapter by Binzel et al.). If the Nysa family was the
product of a catastrophic disruption, then its lack of an associated dust band
suggests that a family-forming collision was indeed ancient.

The Sykes and Greenberg model says that dust bands deriving from the
disruption of an asteroid on the order of a few 100 km in diameter should be
detectable by a detector like IRAS for at least 1 Gyr. Also, according to this
model, the probability of any such event occurring in the last several Gyr is
very small. The fact that two such events occurred (Themis and Eos) and that
other families with similar-sized parents arose from even earlier collisions
suggests two things: (1) collisional activity was much greater in the asteroid
belt more than 1 Gyr ago, or (2) many families may not have derived from a
single collisional event, but that they may be associations arising from segre-
gation or lumping (in orbital element space) as a consequence of dynamical
resonances, such as the Phocaea family (Williams 1971).

TABLE III
Asteroid Family Formation Estimates

Family Minimum Parent Minimum Age
Body Diameter (yr)
(km)
Themis 300 1.5 X 108
Koronis 90 1.3 x 108
Nysa 200 1 x 10°
Eos 189 5.8 x 108
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IRAS first detected the dust bands in 1983, providing a new data base
and phenomenology against which models of asteroid collisional activity and
small particle dynamics could be tested. A wealth of more information is yet
to come as more spacebased infrared telescopes are launched (beginning with
the Cosmic Background Explorer (COBE) in the fall of 1989, to be followed
by the Infrared Space Observatory (ISO) in the 1990s, and the Space Infrared
Telescope Facility (SIRTF) early in the next century). The instruments being
launched will allow not only for more detailed studies along lines reviewed
here, but also will allow spectroscopy studies to be undertaken, opening
whole new areas of investigation to link dust to asteroids and comets and link
dust in the asteroid belt to extraterrestrial dust collected in the Earth’s atmo-
sphere and elsewhere.
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A satisfactory solution of the problem of the identification of asteroid dynamical
families, apart from its intrinsic interest, represents a prerequisite for a mean-
ingful study of the more general problems such as the collisional evolution of the
asteroid belt and the origin of compositional inhomogeneities or trends in it.
Unfortunately, published studies on this subject are in disagreement for many
families, though not for the major ones found by Hirayama. The various aspects
of this complex issue are reviewed and discussed, and some methodological
guidelines are presented.

1. INTRODUCTION

A. Review of Asteroid Family Classifications

The idea of asteroid concentrations in the space of orbital parameters
dates back to 1918, when Hirayama found that the distribution of asteroids in

[ 368 ]
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the a-e-i space (osculating orbital semimajor axis, eccentricity and inclina-
tion) is not uniform, even taking into account the discontinuities due to the
mean motion resonances with Jupiter (Kirkwood gaps). In a series of papers,
Hirayama (1918,1919,1920,1923,1928,1933) was able to single out the exis-
tence of a number of clusterings, that he called families, some of which were
very well defined and included many members, whereas other clusterings had
more confused boundaries and only a few members. The Hirayama families
Themis, Eos and Koronis are evident in Fig. 1.

After Hirayama’s work there have been many other studies dedicated to
the identification of asteroid families (Brouwer 1951; Arnold 1969; Lindblad
and Southworth 1971; Carusi and Massaro 1978; Williams 1979; Kozai
1979). Van Houten et al. (1970) have also looked for asteroid families in the
Palomar-Leiden Survey (PLS) but the absence of the numbered objects in
their sample makes any comparison of their work with that of most other
researchers difficult. The so-called proper elements (see Sec. I1I for a defini-
tion of proper elements) were used as parameters in all classifications of as-
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Fig. 1. Distribution of the proper sine of inclination vs semimajor axis for the first 1500 num-
bered asteroids. The Hirayama families Themis (T), Eos (E) and Koronis (K) are marked.
Kirkwood gaps are visible. The detached Phocaea region is at the upper left.
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teroids into families carried out so far (Carusi and Valsecchi 1982; Froeschlé
et al. 1988).

Table 1 lists the main characteristics of the published classifications. As
can be seen, there are differences in the size of the asteroid sample, in the
method for proper-elements computation, and in the method for identifying
families; moreover, only in some cases have statistical checks been made.
Particularly noteworthy is this difference in the sizes of the samples, caused
by not only the increase of numbered asteroids with time, but also by the
inclusion by some authors of the best orbits from the PLS, whose selection
effects are different from those affecting the sample of numbered asteroids
(see Sec. II for a discussion).

Looking at the column of Table I which shows how many families were
identified by each author, it is easy to see that the range spanned by this
important number is of an order of magnitude, and illustrates a basic contro-
versy that must be resolved, i.e., whether there are only a few heavily popu-
lated families or whether there are also many less populated ones.

The differences among the classifications are discussed in Carusi and
Valsecchi (1982); we only mention here that, given these differences, it is not
surprising that there is less agreement among the results of the various classifi-
cations than one would expect. There is general agreement on the populous
families Themis, Eos and Koronis; there is less agreement on the clusters of
lower population, and they suspect that most of the low-population families
are spurious.

While some researchers doubt that the less populated families are real
and Table I shows that there is a disconcertingly large spread in the number of
families found by different investigators, it should not be thought that there is
total disagreement. Lindblad and Southworth (1971) singled out five of
Brouwer’s families of low population as significant. They also recovered
some of the clusterings of van Houten et al. (1970). Arnold (1969) found it
necessary to alter or rearrange (with new numbers) nearly all of Brouwer’s
low-population families. Of the families first discovered by other investigators
and little altered by Williams (1979), five were from Lindblad and Southworth
and two each from Brouwer and Arnold. All investigators except Carusi and
Massaro found the Maria family. Detailed examination shows that there are
complicated regions of clustering in the proper-element space found by sev-
eral recent investigators. While one investigator may give a single family
identification to the large-scale group, others may break it down into smaller
groups. Such cases exhibit failures of uniqueness when comparing the fam-
ilies of different investigators, but they need not be failures of statistical sig-
nificance. Thus the large spread in the number of families exhibited in Table I
tells us something about uniqueness, but nothing about statistical significance.

After the peak of studies aimed at the identification of asteroid families
between 1969 and 1979, in the last decade there has been only the work by
Williams and Hierath (1987), concerning PLS asteroids. In a slightly different
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context, i.e. focusing only on the four major classical Hirayama families
Themis, Eos, Koronis and Flora, Klac¢ka (1989) has examined the sample of
numbered asteroids currently available (a total of 3720 objects), looking for
new members of those families.

B. Problems Arising from the Comparison of Existing Classifications

The rapid acquisition of data on the physical properties of asteroids
makes available a huge amount of information useful for reconstructing the
history of the belt and for understanding its present state. Studies on the colli-
sional evolution of asteroids and on the origin of compositional inhom-
ogeneities in the belt can greatly benefit from a deeper understanding of the
origin and evolution of dynamical families and, in fact, this understanding
appears to be a necessary condition for those studies. On the other hand,
dynamical families will be better understood when the general picture of the
collisional evolution becomes clearer.

The reasons for the discrepancies among published classifications should
be related to the fact that these classifications differ in many respects (data
sample, method for proper-element computation, method for family identi-
fication and rejection criteria for family membership; see Carusi and Valsecchi
[1982]), each of which, in principle, may be significant in determining the
results. Unfortunately, although things such as sizes of statistical samples of
orbital elements should lend themselves to quantitative treatment, in practice
it is difficult to quantify the effects of these methodological differences be-
cause each of the published classifications differs from the others in more than
one (if not in all) of the respects mentioned above.

Furthermore, there is a fundamental question for which the various au-
thors have given different answers or no explicit answer (see Carusi and Val-
secchi 1982), namely what is an asteroid family and how does it differ from a
clumping of asteroids in phase space. The commonly accepted view is that an
asteroid family is constituted by a group of asteroids whose proper elements
a, e and i appear to form a cluster distinguishable from the background and, in
addition, that these asteroids are genetically related because they come from
the disruption of a larger parent body. Groupings that are due to lack of as-
teroids in nearby volume elements of the phase space should not be termed
families: an example of this is Phocaea (Fig. 1), which Williams showed to be
isolated by secular resonances and a Kirkwood gap (Williams 1971; Gradie et
al. 1979; see also the discussion in Sec. II.A). Incidentally, one could specu-
late that there could be a third type of cause for the grouping, if there existed
some dynamical process “pushing” asteroids in specific zones of the phase
space. Currently we do not have proof that any asteroid groupings have been
formed in this way, but this is a possibility that should be kept in mind.

Once one accepts that dynamical families can be composed of genetical-
ly related bodies, it is natural to examine the taxonomy to see if family mem-
bers differ from background asteroids. This problem is reviewed in the chapter
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by Chapman et al. Table I shows a large spread in the number of families
found by recent researchers and the disagreements add an additional uncer-
tainty to the interpretation of physical-properties data for the controversial
families. It is necessary to have clear in mind the distinction between dy-
namical considerations and physical ones, at least until we are able to identify
asteroid families from the dynamical point of view only in a way less contro-
versial than in the past. Physical evidence should not substitute, but rather
corroborate, dynamical evidence for identifying families. Physical observa-
tions are therefore very important for interpreting plausible mechanisms of
formation.

II. OBSERVATIONAL SELECTION

A. Resolution of Asteroid Families from their Background

As stated in the introduction, asteroid families are identified as clusters
of objects in three-dimensional phase space of proper elements: semimajor
axis a, eccentricity e and inclination i. The background makes it essentially
impossible to identify all the family members with certainty. The difficulties,
affecting not only family membership but also the assessment of the reality of
less populated families, tend to increase with increasing density of the back-
ground and decreasing degree of concentration of the family. The nonrandom-
ness of the background in all proper elements makes it impossible to apply
simple and uniform criteria for their resolution.

Ninety-four % of numbered objects fall into three semimajor axis zones
separated by mean motion resonances with Jupiter: 4/1 (a = 2.065), 3/1 (a =
2.501), 5/2 (a = 2.825) and 2/1 (a@ = 3.278). The mean numbered population
per unit of a is nearly the same, within +5%, for these three zones, so that
there is no general trend on a large scale. On smaller scales, however, definite
irregularities appear. Around the zone limits, there are the major Kirkwood
gaps, where the population drops nearly to zero. Additional irregularities are
due to less effective resonances, but mainly just to the presence of asteroid
families.

Other zones of avoidance, produced by secular resonances (Williams and
Faulkner 1981; chapter by Scholl et al.), appear in the a-i plane (Fig. 1). Most
important are those produced by the secular precession of the orbital axis at
the mean rate of Jupiter, running through the whole belt between i = 25° and
30°, and by an analogous effect with the mean rate of Saturn, starting at i =
0°, a = 2.0 and rising at a decreasing rate up to i = 21° in the outer part of the
belt. In the a-e plane there are no additional gaps. Only the upper boundary of
e is slowly rising and then declining, as the perihelia recede from the orbit of
Mars and the aphelia approach to within I AU of the orbit of Jupiter.

The distributions in inclination and eccentricity are rather similar, some-
what resembling a Poisson distribution (for histograms of their osculating
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values see, e.g., Scholl [1987]). The overall medians are 7° and 0.14, respec-
tively. The distribution does not deviate very much from a random one for 2°
< i < 10° and 0.05 < e < 0.20. A slow progressive decline at higher values
of i and e is tied with the general structure of the asteroid system, preferring
motions parallel to those of the major planets. A steep drop at very small
inclinations, approaching a direct proportionality to the inclination angle, is
due to the fact that a random dispersion of orbital planes corresponds to a
random dispersion of their poles, rather than to that of the inclination angles.
An analogous effect applies to the eccentricities.

The operation of the background irregularities can be illustrated on the
already mentioned example of the Phocaea region, which was among the first
seven families discovered by Hirayama (1918), and is still included in the list
of Kozai (1979) as a broadly dispersed family of 34 members. Its concentra-
tion is indeed well recognizable when mapping the population of the asteroid
belt. However, as pointed out by Williams (1971), its boundaries are set by
the 3/1 Kirkwood gap and three secular resonance gaps, so it appears that we
are not dealing with a family of objects produced by collisional disintegration
of a common parent body, but with an island which remained there after its
surroundings had been depleted by perturbations.

B. Effects of Observational Selection

Our information on asteroid families is strongly biased by observational
selection. Since accurate orbit computations are a prerequisite for the deter-
mination of family membership, the list of numbered objects serves as the
primary data base. The difference of this sample from the total number of
asteroids down to a given size (or mass) limit is appreciable, and manifests
itself in three aspects: in the discernibility of the families, their relative popu-
lation, and internal structure.

The variety of observational selection effects is discussed in detail by
Kresdk and Klac¢ka (1988). Here only some implications concerning the as-
teroid families will be summarized and illustrated for the four major families:
Flora (without divisions into smaller groupings which have been suggested by
several authors), Koronis, Eos and Themis. The relative population of these
families in different samples is intercompared in Table II. All the values are
percentages of the whole asteroid population consisting of: all asteroids num-
bered by the end of 1987 (3720 objects); all numbered asteroids detected by
the IRAS Survey (1811 objects); asteroids of semimajor axis ¢ < 5 AU and
absolute magnitude H < 10.0 (684 objects); asteroids of a < 5 AU and diame-
ter D > 50 km (711 objects); asteroids of a << 5 AU and D > 100 km (232
objects).

The classification of family membership is taken from Klacka (1989); the
orbital elements and absolute magnitudes from Minor Planet Ephemerides for
1988 (Batrakov et al. 1987) up to No. 3516, and from Minor Planet Circulars
(Marsden et al. 1986,1987) for Nos. 3517-3720. The listing of IRAS sight-
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TABLE II
Population of Main Families (percentages)
Flora Koronis Eos Themis Sum
Numbered asteroids 13.4 3.1 4.1 5.4 26.0
IRAS asteroids 53 1.9 53 5.7 18.3
H < 10.0 mag 1.0 1.0 2.0 2.0 6.1
D > 50 km 0.7 0.0 0.8 2.4 3.9
D > 100 km 0.4 0.0 0.4 1.7 2.5

ings is from Matson et al. (1986), with diameters based on the thermal model
by Lebofsky et al. (1986). Only for the objects missed by the IRAS Survey
(7% at D > 50 km, 5% at D > 100 km), the TRIAD data by Bowell et al.
(1979) are adopted. In the statistics of absolute magnitudes and diameters, the
Trojans and 2060 Chiron are omitted because, for these types of objects, our
present record is still incomplete below H = 10.0 and above D = 50 km.
Also, they are far outside the main asteroid belt.

Table II shows that the striking prevalence of the Flora family among the
numbered asteroids is not matched by the IRAS Survey. At a given apparent
magnitude, the infrared satellite had a stronger signal from the darker, larger
asteroids than from the brighter ones, so that families of dark asteroids, such
as Themis, were sampled with higher efficiency than families with brighter
members, such as Flora. When passing to the absolute brightness scale, the
share of these families among all asteroids decreases considerably: from 26%
of numbered objects to 6% at H < 10.0. The effects of heliocentric and geo-
centric distance are removed, but those of the albedo are still present. In the
size distribution, the representation of the four major families becomes still
smaller: only 2.5% for D > 100 km. This is also the approximate fraction of
the total mass of the asteroid system falling in these families.

In addition to the concentration in the g-e-i space, defining the families,
some authors have found significant irregularities in the distribution of the
other two proper elements, perihelion longitude and nodal longitude. Such
concentrations were interpreted by Alfvén (1969) and others as asteroid jet
streams, features of fundamental significance for the problems of asteroid
origin and evolution. Later, it was shown that the presence of such concentra-
tions is just a result of selection effects. Since asteroids are, with very few
exceptions, discovered near opposition, each position of the Earth on its an-
nual orbit favors some osculating perihelion longitudes. Thus the selection is
strongest in time-limited search programs like the Palomar-Leiden Survey
(van Houten et al. 1970), where the latitude limitation of the exposed area
introduces an additional selection according to the nodal longitudes (Kresdk
1971). Even in the total current data set, the selection effects are quite signifi-
cant due to the annual variation of asteroid discovery rates. This is a com-
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posite effect of the perturbational alignment of the asteroid orbital axes to that
of Jupiter; variations of the galactic latitude of the opposition point (producing
considerable periodic changes in the density of the stellar background, and
thereby in the detectability of faint asteroids); variations of the declination of
the opposition point (affecting its culmination altitude and night length at
observatories which are very unevenly distributed in geographic latitude); and
seasonal variations of the weather conditions at principal northern hemisphere
observatories. The resulting annual variations in discovery reach an amplitude
as high as 1:6 between the minimum in June and maximum in October (see
also the chapter by Bowell, Chernyk and Marsden). They can be approxi-
mately modeled and fully explain the irregularities once attributed to the pres-
ence of jet streams (Kresdk and Klacka 1988).

III. THEORIES OF SECULAR PERTURBATIONS OF ASTEROIDS
AND THE DERIVATION OF PROPER ELEMENTS

A. Classical Linear Theory

Within the formalism of the analytical theories of secular perturbations,
proper elements are defined as constants of integration of the differential equa-
tions of variation of orbital elements; proper eccentricity and inclination ap-
pear in the solutions as amplitudes, while proper longitudes of perihelion and
node represent phases of the corresponding free oscillation terms. The linear
theory of asteroid secular perturbations (also called Laplace-Lagrange theory)
has been most frequently used for derivation of the proper elements; in it (see
Brouwer and Clemence 1961), eccentricities and inclinations appear in the
first power in the differential equations, but in the second degree in the dis-
turbing function.

Let us consider an asteroid of negligible mass perturbed by n planets, and
the second-degree expansion of the disturbing function in the nonsingular
variables

h=esin®

k=ecos®

P = sin i sin ()

Q = sin i cos §}. 68
The solutions of the differential equations of motion are obtained in the form
of sums of free and forced oscillations of 4, k, P and Q; these solutions
depend on known frequencies and phases of planetary motions and on con-
stants dependent, in their turn, on the masses of the perturbing planets and on

the ratios between the semimajor axis of the perturbed asteroid and those of
the planets. In practice, one substitutes in these solutions the asteroid osculat-
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ing elements for a particular epoch, and taking the corresponding forced os-
cillation values from tables (see, e.g., Brouwer and van Woerkom 1950), one
easily derives the proper elements.

The linear theory has some important drawbacks that prevent the derived
proper elements from being as accurate as one could wish for reliable family
classification:

1. It does not eliminate the short-periodic perturbations;

2. It does not account for resonance effects, apart from a couple of the most
important secular resonances;

3. It does not include terms in the disturbing function of higher order/degree,
etc.

Although it has long been clear that the accuracy and long-term stability
of the proper elements are of crucial importance for the reliability of asteroid-
family classification, only recently has this problem been investigated in
greater detail. The accuracy and long-term stability of the proper elements
derived from linear theory of secular perturbations were analyzed by Carpino
et al. (1986). They have numerically integrated the orbits of a number of real
asteroids as well as those of a swarm of fictitious objects in the frame of the
elliptic restricted three-body problem. By filtering out the short-periodic per-
turbations by means of a suitable numerical filter, they monitored the behavior
of the proper eccentricities and inclinations computed from the linear theory.
As expected, significant short- and long-periodic variations with amplitudes
ranging from few thousandths to few hundredths were found, even for objects
of moderate eccentricities and inclinations; moreover these variations were
strongly amplified in the proximity of mean-motion resonances. The obvious
conclusion that can be inferred from these results is that the proper elements
derived from linear theory suffer from significant “noise,” which in some
cases can seriously affect the family membership assignment.

B. Williams’ Theory

Analytical theories which, like the linear one just discussed, use expan-
sions in terms of the eccentricity and inclination of the asteroid must lose
accuracy for large values of either. Kozai (1962) showed that a fourth-degree
term in the disturbing function (proportional to €22 cos 2w) can give rise to
sizable perturbations for many known asteroids and he demonstrated that
there is a libration region for large values of e or i. Kozai showed that 1373
Cincinnati was such an argument of perihelion librator; several such librators
are known today. For ordinary (nonlibrating) asteroids this perturbation has
half of the period of the argument of perihelion circulation and it causes the
eccentricity to have maxima at ® = 90° and 270°, minima at 0° and 180°,
while the inclination has its maxima and minima the reverse of the eccen-
tricity. The secular perturbation term that Kozai first investigated does not
appear in the Laplace-Lagrange theory since that theory is truncated at
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second-degree terms in the disturbing function. Any improvement to the
Laplace-Lagrange theory proper elements would have to incorporate Kozai’s
effect in a new theory.

The theory of Williams (1969) combined the argument-of-perihelion de-
pendent terms with those driven by the eccentricities and inclinations of the
major planets. Because the planetary eccentricities and inclinations, particu-
larly Jupiter’s, are small compared to those of most asteroids, they were re-
tained to first degree in the differential equations analogous to Laplace-
Lagrange theory. A conventional expansion was not used for the asteroid’s
eccentricity and inclination. An expansion is made about a reference proper a,
¢ and sin i for a hypothetical reference asteroid near to the asteroids of inter-
est. The differential equations are separated into the part dependent on the
planetary eccentricities and inclinations and the part which depends on plane-
tary perturbations from circular, uninclined orbits. The reference asteroid’s
eccentricity and inclination are retained in closed form in the latter part and
the changes in the eccentricity and inclination caused by the planetary eccen-
tricity and inclination terms are expanded out of the former. The differential
equations are split into zero- and first-order parts. Gauss averaging (which is
equivalent to calculating the perturbation on one elliptical ring by another,
where the line density of the rings is inversely proportional to the velocity of
the body at that location) is performed numerically for each asteroid-planet
pair and summed.

The averaged differential equations for the zero-order state, the partial
derivatives of the zero-order state with respect to proper a,e and sin i, and the
first-order terms for each of the 17 nonzero frequencies of Brouwer and van
Woerkom’s secular theory of the planets (1950) are then simultaneously nu-
merically integrated over an argument of perihelion range of 0° to 90°. Sym-
metry and periodicity properties can then be used to extend the solution to any
value of argument of perihelion.

The tabulated solution is used to derive the proper elements of any as-
teroid near to the reference proper elements. Several hundred boxes are used
to cover the asteroid belt. Though not part of the secular perturbation theory,
several of the more important short-period terms are subtracted from the os-
culating elements of each asteroid before applying the secular perturbation
theory to get proper elements.

Proper elements computed with this theory have been published for as-
teroids numbered through 1796 (Williams 1979), through 2065 (Williams,
table in Part VI) and the 1227 Palomar-Leiden survey minor planets with
better-quality orbits (Williams and Hierath 1987).

The accuracies of these proper elements are generally better away from
secular resonances (Williams and Faulkner 1981) and away from commen-
surabilities (which abound in the outer belt). Improvements can be made.
Secular perturbation theory for the planets has advanced in recent years (Ap-
plegate et al. 1986; Carpino et al. 1987; Laskar 1988) and could replace the
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theory of Brouwer and van Woerkom. This would particularly help objects
near the sixth and tenth secular resonances which are slightly displaced in the
older theory. The most useful improvement would be the addition of secular
terms which arise from second-order effects of short-period terms. These
terms are strong next to major mean-motion resonances and have some signifi-
cant influence beyond 3 AU. The strongest effect is on the perihelion rate and
hence on the location of the secular resonances (Williams and Faulkner 1981;
Froeschlé and Scholl 1987).

C. The Higher Order/Degree Theory of Yuasa

The hig