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We critically review the data on the sizes, shapes, albedos, and colors of cometary nuclei.
Reliable sizes have been determined for 65 ecliptic comets (ECs) and 13 nearly isotropic comets
(NICs). The eftective radii fall in the range 0.2—15 km for the ECs and 1.6—37 km for the NICs.
We note that several nuclei recently measured by the Hubble Space Telescope are subkilometer
in radius, and that only 5 of the 65 well-measured EC nuclei have effective radii larger than
5 km. We estimate that the cumulative size distribution (CSD) of the ECs obeys a single power
law with an exponent qg = 1.9 + 0.3 down to a radius of ~1.6 km. Below this value there is an
apparent deficiency of nuclei, possibly owing to observational bias and/or mass loss. When
augmented by 21 near-Earth objects (NEOs) that are thought to be extinct ECs, the CSD flattens
to gg = 1.6 = 0.2. The cumulative size distribution of NICs remains ill-defined because of the
limited statistical basis compared to ECs. The axial ratios a/b of the measured nuclei of ECs
have a median value of ~1.5 and rarely exceed a value of 2, although it must be noted that the
observed a/b values are often lower limits because of uncertainties in the aspect angle. The
range of rotational periods extends from 5 to 70 h. The lower limit is significantly larger than
that of main-belt asteroids and NEOs (~2.2 h, excluding the monolithic fast rotators), and this
has implications for the bulk density of cometary nuclei. By combining rotation and shape data
when available, we find a lower limit of 0.6 g cm=3 for the nucleus bulk density to ensure sta-
bility against centrifugal disruption. Cometary nuclei are very dark objects with globally aver-
aged albedos falling within a very restricted range: 0.02-0.06, and possibly even narrower.
(B-V), (V-R), and (R-]) color indices indicate that, on average, the color of cometary nuclei is
redder than the color of the Sun. There is, however, a large diversity of colors, ranging from
slightly blue to very red. While two comets have well-characterized phase functions with a
slope of 0.04 mag deg-!, there is evidence for steeper (2P/Encke, 48P/Johnson) and shallower
(28P/Neujmin 1) functions, so that the observed range is 0.025-0.06 mag deg-!. The study of
the physical properties of cometary nuclei is still in its infancy, with many unresolved issues, but
significant progress is expected in the near future from current and new facilities, both ground-
based and spaceborne.

1. INTRODUCTION

planetesimals from which the cores of the outer planets

1.1. Motivation for Studying Cometary Nuclei

There are many reasons why the investigation of comet-
ary nuclei can advance our understanding of the solar sys-
tem, and this topic is discussed in detail by Weidenschilling
(2004) and by Lunine and Gautier (2004). Briefly, cometary
nuclei are the most primitive observable objects remaining
from the era of planetary formation. As such, they provide
information on the thermophysical conditions of the proto-
planetary disk and on the formation mechanism for the icy

were built. Furthermore, the physical evolution of cometary
nuclei over the past 4.6 G.y. must be explained within the
context of any unified theory of the solar system, and com-
parative studies of cometary nuclei and dynamically related
bodies [e.g., transneptunian objects and Centaurs (see Jewitt,
2004)] should provide insights into the physical and colli-
sional histories of these objects.

Through impacts over the age of the solar system, com-
etary nuclei have significantly affected the formation and
evolution of planetary atmospheres and have provided an
important source of volatiles, including water and organic
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material, to the terrestrial planets. Interest has been building
recently in the contribution of cometary nuclei to the Earth
impact hazard, which has previously focused mainly on as-
teroids. Another important motivation for studying cometary
nuclei is that their bulk properties may dictate what steps
should be taken for hazard mitigation in the event of a pre-
dicted collision.

1.2. Origin and Evolution of Cometary Nuclei

Various scenarios have been proposed to explain how
cometary nuclei formed from the microscopic grains within
the dusty disk of the solar nebula (Weidenschilling, 2004).
Different formation mechanisms may have been operational
at different places within the nebula, and this may have led
to diversity in the physical properties of cometary nuclei
depending on where they formed. Even if there was a com-
mon formation mechanism for all cometary nuclei, diver-
sity could persist because of differences in the physical and
chemical conditions at different heliocentric distances (e.g.,
collisional environment, chemical composition, radiation
environment, etc.).

Dynamical arguments support the hypothesis that comet-
ary nuclei originate from at least two different regions of
the solar system: The vast majority of the ecliptic comets
are thought to be collisional fragments of Kuiper belt ob-
jects [the so-called transneptunian objects (see Duncan et
al., 2004; Barucci et al., 2004)], while most of the long-
period and Halley-type comets probably formed in the vi-
cinity of the giant planets and were subsequently ejected
to the Oort cloud where they were stored for most of their
lifetimes (Dones et al., 2004).

We follow the classification scheme proposed by Levison
(1996) and distinguish between ecliptic comets (ECs) and
nearly isotropic comets (NICs). This scheme is not pro-
foundly different from the historical tradition, but it has the
merit of being based on strict dynamical parameters, namely
the Tisserand parameters of comets that are (nearly) con-
stants of motion with respect to Jupiter. ECs have 2 < T; <3
and are equivalent to the Jupiter-family comets (JFCs), in-
cluding 2P/Encke (although it is now practically decoupled
from Jupiter). ECs in general have orbital periods less than
20 years, hence the quasi-correspondence with the popula-
tion of short-period comets. NICs have T; < 2 and group
together the Halley-type comets (which have a lower limit on
their periods, in general, of 20 years) and the long-period
comets (old and new). Based on their dynamical histories,
the population of NICs is further divided into two subpopu-
lations: (1) dynamically new NICs, which are on their first
pass through the inner solar system and typically have semi-
major axes, a, greater than ~104 AU, and (2) returning NICs,
which have previously passed through the inner solar sys-
tem and typically have a < 104 AU. The returning NICs are
further divided into two subclasses: external returning com-
ets (ERCs) with periods greater than 200 years, and Halley-
type comets (HTCs) with orbital periods less than 200 years.

‘We note that short-period Comets 8P/Tuttle (P, = 13.51 yr,
Ty = 1.623), 96P/Machholz 1 (P, = 5.26 yr, T; = 1.953),
and 126P/IRAS (P, = 13.29 yr, T; = 1.987) are now classi-
fied as NICs.

Because of their different origin, the question arises as
to whether the two populations (ECs and NICs) have in-
trinsically different physical properties, or whether they
reflect a continuous spectrum of planetesimals in the early
solar system, making them more similar than different. The
nuclei of ECs suffer significant heating episodes during their
frequent passages through the inner solar system, where
sublimation processes erode the surface layers, devolatilize
the interior, and possibly alter the shape and structure of
the nucleus. Weissman (1980) showed that ~10% of the
NIC:s split on their first perihelion passage and Levison et al.
(2002) suggested that 99% of them are disrupted sometime
during their dynamical evolution. This may suggest differ-
ent physical properties for the ECs and the NICs, although
convincing, direct evidence of such differences has not yet
been found.

In summary, there are a variety of processes associated
with the formation and evolution of comets that could affect
the physical properties of cometary nuclei. There should be
no expectation that comets form a homogeneous group with
respect to their physical properties, and it will be interest-
ing to investigate possible correlations of those properties
with the comet’s place of origin and its subsequent history.

1.3. Historical Perspective

To understand how far we have progressed in the study
of cometary nuclei, we summarize briefly some of the im-
portant results of the twentieth century. As is commonly
done, we define the border between “pre-history” and “re-
cent history” to coincide with the publication of the classic
paper on cometary nuclei by Whipple (1950).

1.3.1. Pre-history. Before 1950, the paradigm govern-
ing the cometary “nucleus” did not involve a central, mono-
lithic body. Rather, the “nucleus” was envisaged as an un-
bound agglomeration of meteoritic solids. In this sandbank
model, described by Lyttleton (1953, 1963), all the particles
comprising a comet were on independent but very similar
orbits, and there was no gravitational binding. This model
was consistent with the observations of many cometary phe-
nomena, i.e., the morphological complexity of the inner
comae of comets, as well as (qualitatively) the odd behaviors
that comae sometimes display. The term “nucleus” itself
was used with imprecision, as noted by, e.g., Bobrovnikoff
(1931) and Vorontsov-Velyaminov (1946). Most often, the
“nucleus” merely referred to the peak in the surface bright-
ness distribution, which is frequently called the “central
condensation.”

The basic misconception of this era was a drastic over-
estimation of the typical size of cometary nuclei, which
most researchers thought were tens of kilometers in size.
Reports of observers resolving disks of the “nuclei” prob-
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ably provided the motivation for this misconception. In
hindsight, we now recognize that observers were merely
seeing the steeply sloped surface brightness distribution of
the inner coma. However, a few researchers thought com-
etary nuclei were monoliths, as small as 1 km in diameter or
even less, on the basis of the starlike appearance of Comet
7P/Pons-Winnecke when observed close to Earth in 1927
(Slipher, 1927; Baldet, quoted by Vorontsov-Velyaminov,
1946). Further impediments to a proper understanding of
cometary nuclei were the poorly constrained albedo and
phase-darkening behavior. The idea of a nucleus, or dust
grains for that matter, with a very low albedo did not be-
come acceptable until after the spacecraft flybys of 1P/
Halley in 1986.

1.3.2. Recent history. The “dirty snowball” model pro-
posed by Whipple (1950) envisaged the nucleus as “a con-
glomerate of ices . . . combined in a conglomerate with me-
teoric materials.” Two significant improvements over the
sandbank idea were the model’s ability to adequately ex-
plain both the cometary nongravitational motion and the gas
production rate.

With this paradigm established, the future interpretation
of data established the relatively (compared to pre-1950)
small sizes of nuclei. Photographic data taken by Roemer
(1965, 1966, 1968) set constraints on the sizes of many nu-
clei, although at this time the albedo was still thought to be
much higher than the currently accepted mean. Furthermore,
there was still the problem of unresolved comae around dis-
tant comets. Generally, Roemer’s photographic observations
were not taken at sufficiently large heliocentric distances for
the comets to be inactive, and they were significantly con-
taminated by unresolved coma. Delsemme and Rud (1973)
tackled the problem of albedo by comparing the nuclear
brightness far from the Sun and the gas production rate
close to the Sun, and derived albedos that seemed to confirm
the high values of conventional wisdom. However, we now
know that nuclear sizes based on cometary activity are lower
limits, making the derived albedos upper limits, owing to
the fact that typically only a small fraction of the nucleus
surface is active.

Several significant steps forward were taken in the 1980s.
Simultaneous thermal-infrared and optical measurements
were made (discussed in section 3.3), establishing that nu-
clear albedos were low. In 1983 Comet IRAS-Araki-Alcock
made an extremely close approach to Earth, and the syn-
thesis of data using modern observational techniques re-
sulted in a fairly complete description of that nucleus [size,
albedo, shape, and rotation (Sekanina, 1988)]. Finally, the
flotilla of spacecraft flying by Comet 1P/Halley confirmed
beyond any doubt that a single, solid body lies at the center
of a comet.

The past decade has witnessed a major observational ef-
fort to study cometary nuclei using medium to large ground-
based telescopes and space telescopes outfitted with charge-
coupled device (CCD) detectors, and this has resulted in a
wealth of new data. Indeed, most of our understanding of
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cometary nuclei as a population has been derived from ob-
servations made during the past decade.

1.4. Observing Cometary Nuclei

The overarching observational goal for studies of comet-
ary nuclei is to understand their ensemble properties, which
is accomplished in several ways. The most common obser-
vations involve visible-wavelength photometry, from which
the color and the product of the cross-section and albedo
can be measured. More detailed observations at these wave-
lengths, such as time series of data at multiple epochs, pro-
vide clues on the shape and rotation state of the nucleus.
Observations at wavelengths longer than ~5 pm, in the ther-
mal-infrared, provide data on both the size and albedo and
constrain the thermal properties of the bulk material com-
prising the nucleus.

Contrary to popular belief, the optical depth, T, of most
cometary comae is generally small enough to allow direct
detection of the nucleus, in principle. Possible exceptions are
unusually active comets, such as C/1995 O1 (Hale-Bopp),
for which T may approach unity. For most comets, the real
problem lies with the intrinsic faintness of the nucleus rela-
tive to the light scattered from dust grains in the coma, i.e.,
the contrast is usually too small to distinguish the nucleus
clearly. Historically, planetary astronomers have attempted
to overcome this obstacle by observing comets at large helio-
centric distances, when the nucleus was assumed to be inac-
tive and coma-free. On the one hand, the activity level at
large heliocentric distances is often so low that most of the
observed light can be attributed to reflection from the nu-
cleus. On the other hand, many comets are known to be con-
spicuously active at large heliocentric distances, preventing
such an observational approach. Another approach was to
observe only relatively nearby, very low activity comets,
whose dust production rates were so small that the nucleus
clearly stood out even when the spatial resolution was only
hundreds of kilometers, but this works well for only a hand-
ful of objects. Spacecraft encounters, of course, are the best
way to obtain detailed information on the physical proper-
ties of cometary nuclei, and we have learned much from the
spectacular encounter images of 1P/Halley and 19P/Borrelly
(see Keller et al., 2004). While spacecraft encounters pro-
vide “ground truth” that cannot be obtained any other way,
this approach is necessarily limited to a small number of
objects and cannot be used to determine the properties of
cometary nuclei as a population. Fortunately, recent im-
provements in the resolution capabilities and sensitivities
of ground- and spacebased telescopes now allow us to study
the physical properties of a large number of cometary nu-
clei, even in the presence of substantial coma.

1.5. Scope of this Chapter

Within the context of this chapter, “physical properties”
refer to the size, shape, albedo, and color of the nucleus. All
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these properties can be observed directly, and in section 2
we describe in detail the techniques for doing so. In sec-
tion 3, we summarize the results for each individual comet
for which data are available because a comprehensive and
critical evaluation of the results cannot be obtained from
any other reference. After discussing techniques and results,
in section 4 we synthesize all the data to estimate the dis-
tribution of sizes, shapes, colors, and rotational periods of
cometary nuclei as a population. In section 5 we discuss
some outstanding, unresolved issues in the study of comet-
ary nuclei and comment on the direction of future research
on the physical properties of cometary nuclei. Some short,
concluding remarks comprise section 6.

Some physical properties of cometary nuclei are not cov-
ered in this chapter. The structure, strength, and bulk den-
sity are especially important, but, in general, these can only
be estimated indirectly, as discussed by Weissman et al.
(2004) and by Boehnhardt (2004). Although we summarize
results on the rotational periods of cometary nuclei, mainly
because they are obtained from the same light curve data
used to measure shapes, a comprehensive discussion of the
rotational properties is given by Samarasinha et al. (2004).
The physical nature of the ice and dust contained within com-
etary nuclei (e.g., crystalline vs. amorphous ice, thermal con-
ductivities and heat capacities of the ice and dust, etc.) is
very poorly constrained observationally and is discussed from
a modeling perspective by Prialnik et al. (2004). Finally, the
very interesting question of how comets are related to the
other minor bodies in the outer solar system is not treated
here, but rather is covered separately by Jewitt (2004).

2. TECHNIQUES FOR DETECTING AND
CHARACTERIZING COMETARY NUCLEI

2.1. General Considerations

Cometary nuclei are certainly among the most difficult
objects of the solar system to detect and characterize, usu-
ally suffering from the dual problem of being faint and im-
mersed in a coma. The techniques for their study are those
first developed for the investigation of asteroids, but with
the additional complexity caused by the presence of a coma.
The primary technique, visible-wavelength imaging, uses
reflected sunlight and takes advantage of high-performance
detectors like CCDs. This technique has been most success-
ful for relatively large and/or very low activity nuclei at
large heliocentric distances, and for comets observed at
close range and with sufficient spatial resolution to sepa-
rate unambiguously the nuclear and coma signals. The pros
and cons of these two cases will be discussed below. A third
method using this technique, the in situ spacecraft investi-
gation, is discussed by Keller et al. (2004) and will not be
addressed here.

A second technique relies on the detection of thermal
emission from the nucleus. The situation in this case is less
favorable than for the reflected light because of the gener-

ally fainter signals, high thermal background with ground-
based facilities, and inferior performance of IR detectors.
Usually one has no choice but to observe the nuclei at close
range, usually exploiting a close encounter with Earth. As
with observations of reflected sunlight, a coma will usually
be present and must be taken into account. Before the age
of large-area infrared array detectors, this was difficult and
S0, again, very low activity comets were the most popular
targets. However, new and improved thermal detectors, such
as those on the Space Infrared Telescope Facility (SIRTF),
will relax the limitations of the technique.

The sample of objects for which the thermal emission at
radio wavelengths may be detected is even more restricted
than in the infrared. The nucleus must be exceedingly close
(e.g., C/1983 H1 IRAS-Araki-Alcock) or exceedingly large
(e.g., C/1995 O1 Hale-Bopp). In addition, radar observa-
tions have a A~4 limitation, where A is the geocentric dis-
tance, and only rarely do comets pass close enough to the
Earth to permit radar measurements of the nucleus (Harmon
et al., 2004).

Finally, we discuss rarely performed stellar occultation
observations, which have the potential to provide detailed
shape information on nuclei and their inner comae.

2.2. Using the Reflected Light

2.2.1. Observations. Detecting the solar light reflected
by cometary nuclei remains the most powerful and efficient
method to determine their size and to study their properties.
However, this technique requires knowledge of the albedo
and phase law, as discussed below.

At large heliocentric distances, e.g., 1, = 4 AU, the activ-
ity of most ecliptic comets is very weak, and the coma may
become sufficiently faint (or possibly nonexistent) to reveal
the “bare” nucleus. Thus, the best strategy for these comets
generally is to observe near aphelion. However, there are
two main problems: (1) the geometric conditions (large 1,
and A) usually result in a very faint nuclear signal, and
(2) the criterion used to decide the nonexistence of a coma,
namely the stellar appearance of the nucleus, is not robust
because an unresolved coma can still contribute substan-
tially to the observed signal. The most well-known example
is 2P/Encke, which has been anomalously bright at almost
every observed aphelion (Ferndndez et al., 2000, and refer-
ences therein).

For the NICs, cometary activity can continue well be-
yond this rough boundary for the ecliptic comets, probably
due to the higher abundance of ices more volatile than water,
such as CO. Many comets are known to be active beyond
5 AU (e.g., Szabo et al., 2001; Licandro et al., 2000; Lowry
and Fitzsimmons, 2001) and even beyond 10 AU (Meech,
1992), such as 1P/Halley (West et al., 1991) and C/1995 Ol
Hale-Bopp. The poor spatial resolution when observing such
objects at these distances makes accounting for the coma’s
contribution highly problematic. Once these long-active
comets finally do deactivate, the intrinsic faintness of the nu-
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clear signals generally limits the observations to snapshots
in one (R) or two (V, R) bands, often with large uncertainties
on the (V-R) color index.

Nevertheless, in a few cases multiple observations have
been secured allowing the construction of a (sometimes par-
tial) light curve, which can be used to investigate the shape
and rotational state of the nucleus. Despite these limitations,
this approach has been pursued by several groups of ground-
based observers and has produced valuable data on the physi-
cal properties of cometary nuclei. In addition, and quite re-
cently, near-infrared spectra of a few weakly active nuclei
have been obtained using large telescopes in an attempt to
detect spectral signatures (e.g., water ice and minerals). Cur-
rently, only Centaurs (e.g., Chiron, Chariklo) present con-
vincing cases of detection of water ice on their surface.

An entirely different approach has been pioneered by
Lamy and co-workers (e.g., Lamy and Toth, 1995, Lamy et
al., 1998a,b, 1999a, 2001b, 2002) and is based on the very
high spatial resolution offered by the Hubble Space Tele-
scope (HST). The basic rationale is that, while the nuclear
signal is preserved in the point spread function (PSF) of the
telescope, the signal from the coma, an extended source, is
diluted as the spatial resolution increases. The contrast be-
tween the nucleus and the coma is maximized by observ-
ing comets at their minimum geocentric distance. A model
for the surface brightness distribution of the nucleus plus
coma is constructed and compared to the observed bright-
ness distribution to estimate the signal from the nucleus. The
brightness distribution of the comet is modeled as

B(p) = [k,8(p) + coma] ® PSF (1)

where p is the projected distance from the nucleus, d(p) is
the Dirac delta function, ® is the convolution operator, and
PSF is the point spread function of the telescope. The first
term is the contribution of the nucleus, i.e., the PSF scaled
by the factor k,. The coma can be modeled by any func-
tion that provides a reasonable representation of the real
coma, €.g., the canonical k /p inverse power law, where k
is a scaling factor, or a generalized k /p?, or a more complex
function containing radial and azimuthal variations such as
implemented for the asymmetric and structured comae of
19P/Borrelly and Hale-Bopp (C/1995 O1). The scaling fac-
tor k,, the subpixel locations of the nucleus (x,,y,), and the
parameters of the coma model (e.g., k., a) are determined
individually on each image by minimizing the residuals be-
tween the synthetic and the observed images. The fits are per-
formed either on the azimuthally averaged radial profiles, or
on X and Y profiles, or on the full image. The instrumental
magnitudes are calculated by integrating the scaled PSFs
and are transformed to Johnson-Kron-Cousins magnitudes.

2.2.2. Interpretation of the observations. Once the
magnitude, m, of the nucleus has been determined, the stan-
dard technique introduced by Russell (1916) is used to re-
trieve its physical properties. Russell’s original formula, de-
vised for asteroids observed at large phase angles, has been
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conveniently reformulated by Jewitt (1991) and, in the case
of a spherical object, is given by

pD(0)r2 = 2.238 x 1022r2A2100-4(mg - m) 2)

where m, p, o, and ®(c) are respectively the apparent mag-
nitude, the geometric albedo, and the phase angle (Sun-
comet-observer angle) and phase function ®(a) of the nu-
cleus in the same spectral band (e.g., V or R); mg is the
magnitude of the Sun (V =-26.75, R =-27.09) in the same
spectral band; r, and A are respectively the heliocentric and
geocentric distances of the nucleus (both in AU); and r, is
the radius of the nucleus (in meters). Observers often pro-
ceed in two steps, introducing first the absolute magnitude,
H, of the nucleus (i.e., the magnitude atr, =A =1 AU, o. = 0°)

H = m - 5logr; A — off 3)
where the phase function is given by
-2.5log[®(a)] = o “)

and then incorporating the relationship between r, (in me-
ters) and p

11
_ 1496 X101 o

—_— 5
L - (5)

A linear phase coefficient B = 0.04 mag/deg is generally
used, with an estimated uncertainty of +0.02 mag/deg. In
fact, a value B = 0.06 mag/deg has been obtained for 2P/
Encke (Ferndndez et al., 2000) and 48P/Johnson (Jewitt and
Sheppard, 2003). For observations at small phase angles,
the impact of the phase angle effect on the nuclear magni-
tude is small, but it becomes overwhelming at large phase
angles (e.g., a correction of 2 mag to the nuclear magnitude
and a factor 2.5 to the radius at o = 50°). Finally, once an
albedo is assumed (generally py = pg = 0.04), or is indepen-
dently determined, the radius r, of the nucleus can be calcu-
lated. An uncertainty of +0.017 on the albedo appears realis-
tic, at least for ecliptic comets (see section 4.3 below), and has
an impact of ~20% on the value of the radius. In summary,
for nuclei observed at small phase angles and whose physical
properties are not too unusual (§ = 0.04 + 0.02 mag/deg and
p =0.04 = 0.017), the measurement of its magnitude offers a
robust determination of its radius, at least of one of its cross-
sections in the case of single (i.e., “snapshot”) observations.

2.3. Using the Thermal Emission

2.3.1. Observations. The asteroid community has been
using radiometry for over 30 years (e.g., Allen, 1971) to de-
rive robust sizes and albedos. The application of this method
to cometary nuclei began in 1984, i.e., before the 1P/Halley
apparition (Campins et al., 1987), and has been used in ear-
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nest since the mid-1990s with the advent of array-detectors
sensitive to radiation in the 10-20-um range.

For datasets of outstanding quality — high signal and
multiple wavelengths — it is also possible to constrain vari-
ous fundamental parameters of the the nucleus, such as ther-
mal inertia and surface roughness (see Campins and Fer-
ndndez, 2003). If multiepoch data are obtained, the thermal
phase behavior of the nucleus may be deduced. If time series
of IR data are taken simultaneously with visible-wavelength
photometry, the existence of large-scale albedo spots on the
surface may be discovered. Observations at very long (milli-
meter or centimeter) wavelengths provide clues on the emis-
sivity of the bulk material in the nucleus (i.e., subsurface).

Unfortunately, the difficulties of observing cometary nu-
clei usually prevent one from obtaining such a robust data-
set. The two main problems are related to the usual obser-
vational paradigm: When the nucleus is close to Earth and
bright, it is often shrouded in coma, but when it is far from
the Sun and less active, it is often too faint. Thus, tradition-
ally the best nuclei to observe are those that are weakly ac-
tive and/or large or nearby. Work by Campins et al. (1987),
Millis et al. (1988), and A’Hearn et al. (1989) are excellent
examples of successful observations of just such special
comets.

The techniques applied at visible wavelengths to deal
with the effects of the coma can also be applied to the ther-
mal IR images. Both cases require excellent spatial resolu-
tion, but a complication is that, for the ideal case of diffrac-
tion-limited observations where the width of the PSF is
proportional to wavelength, the thermal radiation and re-
flected light sample different scales of the inner coma. Thus,
in this case when the dust opacity is constant with wave-
length, or decreases with wavelength slower than A-1, the
nucleus-to-coma contrast ratio will generally be larger for
the observations at visible wavelengths compared to those
made at thermal wavelengths. Since groundbased data in
the two wavelength regimes often have similar spatial reso-
lutions owing to the effects of atmospheric seeing, the prob-
lem of sampling different spatial scales of the coma usually
only applies to spacecraft data. Despite these difficulties,
Jorda et al. (2000), Lamy et al. (2002), and Groussin et al.
(2003) successfully used the Infrared Space Observatory
(ISO) to detect and characterize several nuclei in the 10-um
region, taking advantage of the much better sensitivity to
thermal emission resulting from the absence of the warm
terrestrial atmosphere.

While typical groundbased thermal measurements are
made in the 10-pm atmospheric window (and, less fre-
quently, in the 5- and 20-um windows), the submillimeter,
millimeter, and centimeter windows have been exploited to
detect the thermal radio continua of a few very bright nu-
clei — namely Hale-Bopp (reviewed by Ferndndez, 2003)
and IRAS-Araki-Alcock (Altenhoff et al., 1983).

2.3.2. Interpretation and analysis. Once the thermal
continuum flux density F, has been measured, it can be
interpreted via the equation

Fth(k) =
G
ethj By [T(ty, pd, M, & 6, 0), AldddcosBra2s

where @, is the phase function at thermal wavelengths, p
is the geometric albedo at reflected wavelengths, B, is the
Planck function, €, is the emissivity at thermal wavelengths,
7 is a factor to account for infrared beaming (see Spencer
etal., 1989), and T is the temperature. The temperature itself
is a function of r, p, N, &, the surface cometographic co-
ordinates, 0 and ¢, and the phase integral q, which links the
geometric and Bond albedos. Buratti et al. (2004) derived
q = 0.3 for 19P/Borrelly. Traditionally the largest sources
of error in this modeling effort came from ®,, and 1. @,
was often parameterized as a function of phase angle, o,
such that 2.5 log®,;, > @, but recently the more sophisti-
cated approach of explicitly calculating the surface integral
of Planck emission over the Earth-facing hemisphere has
become preferable (Harris, 1998; Lamy et al., 2002). The
beaming parameter 1, however, is still largely unconstrained
for comets and remains the largest uncertainty; we are only
beginning to understand the variety of values possible for
near-Earth asteroids comparable in size to the cometary nu-
clei (e.g., Delbo et al., 2003).

For objects with low albedos, such as cometary nuclei,
r, can be determined to good accuracy from their thermal
flux density, provided the observations are secured at low
phase angles. This is because the thermal emissivity is close
to 1, so the thermal emission does not depend strongly on
the assumed value for €. This is to be contrasted with the
visible case, where the flux is proportional to the geometric
albedo, which is very small and can, in principle, vary by a
large factor. Fortunately, the range of values measured for
the geometric albedo seems to be rather limited (see the pre-
vious section), which means that accurate values for the nu-
clear radius can be derived solely from the visible data as
well. In section 2.7, we discuss the measurements of the
albedo.

One important caveat to this formulation is that it as-
sumes the nucleus is spherical. Not only does this make r,
an “effective” radius instead of a true radius, but r, applies
only to the Earth-facing cross section at the time the data
were taken. Observations over a rotation period are gener-
ally needed to constrain the “mean” effective radius. It is,
of course, possible to implement the equations to handle a
nucleus of ellipsoidal or even arbitrary shape, although fre-
quently the quality of the data does not warrant such an ac-
tion. Early work by Brown (1985) demonstrated how ellip-
ticity of the nucleus can affect the measured fluxes. More
recently, Gutiérrez et al. (2001) have investigated how arbi-
trary shapes and variegated surface-ice/surface-dust ratios
can affect the thermal behavior of nuclei.

The critical step for this method is to calculate a surface
temperature map T(60,0) of the nucleus for the time at which
it was observed. This can be done using a thermal model,
the fundamental parameters of which are the rotation pe-
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riod and the thermal inertia (the square root of the product
of the conductivity, heat capacity, and bulk density). For
most datasets, one of two commonly used thermal models
are usually employed. One, for slow-rotators (a.k.a. “stan-
dard thermal model”), applies if the rotation is so slow, or
the thermal inertia is so low, that every point on the surface
is in instantaneous equilibrium with the impinging solar ra-
diation. The other, for rapid-rotators (a.k.a. “isothermal lati-
tude model”), applies if the rotation is so fast, or the thermal
inertia is so high, that a surface element does not apprecia-
bly cool as it spins away from local noon and out of sun-
light. This model also assumes that the rotation axis is per-
pendicular to the Sun-Earth-object plane. (For an axis that
points at the Sun, the two models predict the same tempera-
ture map.) Note that the terms “slow-" and “rapid-rotator”
are slightly misleading, in that the thermal inertia is usually
the physical quantity that determines the thermal behavior.
Thus, two cometary nuclei with identical and long rotation
periods, but vastly different thermal inertias, may not nec-
essarily both be “slow-rotators.”

Furthermore, small bodies in the outer planets region,
at ~10 AU or beyond, can behave like rapid-rotators even
if their rotational periods are long. This is because thermal
radiation scales as T4 and when T is low enough, those bod-
ies do not cool substantially during nighttime.

In practice, there are few objects in the inner solar system
that behave thermally as rapid-rotators, so the slow-rotator
model is often employed as the default. Of the cometary
nuclei that have been studied, nearly all appear to behave as
slow-rotators. The only possible (unconfirmed) exception so
far is the very low activity Comet 107P/Wilson-Harrington
(Campins et al., 1995). Among the asteroids, one notable
rapid-rotator is (3200) Phaethon (Green et al., 1985), which
may be a dormant or extinct cometary nucleus. Whether or
not the thermal inertias of all highly evolved comets are low
remains to be seen. Campins and Ferndndez (2003) give
some upper limits to the thermal inertias of a few nuclei,
but, for the most part, these limits are roughly an order of
magnitude higher than the expected values.

The applicability of the slow- or rapid-rotator model can
be quantified by the parameter ©, introduced by Spencer et
al. (1989), which is

Vo
= (N

eoT3,
where T" is the thermal inertia, ® is the rotational angular
frequency, © is the Stefan-Boltzmann constant, and T is the
temperature at the subsolar point. Ideal slow-rotators have
O = 0; rapid-rotators, ® = 0. Since © depends so steeply
on the subsolar temperature, cometary nuclei that mimic
slow-rotators near perihelion could conceivably act more
like rapid-rotators at aphelion. Due to sensitivity limitations
in the mid-IR, at the time of this writing there have been
no detections of cometary nuclei at large heliocentric dis-
tances, so currently the problem is moot. However, SIRTF
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is expected to detect comets out to ~5 AU from the Sun, so
the interpretation of radiometry must proceed with caution.

Enhancements to the thermal modeling can be made and
are justified when there are measurements of the nucleus’s
thermal continuum at many wavelengths. At the very mini-
mum, the 10-um vs. 20-um color can be used to discrimi-
nate between slow-rotators and fast-rotators. A further tack
is to recognize that comets have a significant near-surface
ice component (unlike the asteroids) that is sublimating
away and thus probably affects their thermal behavior. The
“mixed model” introduced by Lamy and co-workers (Lamy
et al., 2002; Groussin et al., 2003; Groussin and Lamy,
2003a) employs a water-ice sublimation term when calcu-
lating the surface temperature map. The effect is to provide
a generally cooler nucleus than otherwise implied by the
standard slow-rotator model. The thermal inertia itself can
be roughly constrained with this method. For example, very
low values of the thermal inertia, about one-fifth that of the
Moon, have been derived for Centaurs Chiron and Chariklo
by Groussin and Lamy (2003b). Naturally, even more de-
tailed models of nuclear structure and thermal behavior are
possible, and these are discussed in Prialnik et al. (2004).

2.4. Combining Reflected Light and
Thermal Emission

If visible and thermal IR observations are performed
simultaneously, then it is possible to solve independently
for the radius and the albedo of the nucleus using equa-
tions (2) and (6) as system with two unknowns, p and r,.
This method has been implemented for a handful of nuclei
(see section 3.3). In practice, and as emphasized in the
above section, r, is determined by the thermal constraint
(i.e., equation (6)); consequently the visible constraint (i.e.,
equation (2)) yields the albedo. An illustration of this prac-
tical implementation is given by Lamy et al. (2002) for the
case of 22P/Kopff.

2.5. Light Curves

The light curve (by which we mean the short-timescale
series of photometric measurements, not the orbit-timescale
study of activity as a function of r;) provides information on
the shape and rotational period of a cometary nucleus. Only
observations at visible (reflected light) and infrared (thermal
emission) wavelengths are presently capable of producing
such light curves. Very much like the case for asteroids, the
periodic temporal variation of the brightness is interpreted
in terms of the rotation of an elongated body. Light curves
of sufficient length have been obtained for only a few com-
ets (e.g., 2P/Encke), and the interpretation is frequently dif-
ficult (e.g., multiple solutions for the rotational period may
be found), but the situation has improved with recent data-
sets that show periods much more clearly (e.g., Lowry and
Weissman, 2003; Jewitt and Sheppard, 2003). Samarasinha
et al. (2004) discuss these problems in some detail.
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One extra complication is the possibility that the nucleus
has a nonuniform albedo, which would add a non-shape-
related component to the temporal brightness variations.
Indeed, spacecraft imaging of 19P/Borrelly revealed some
evidence of surface variations (Soderblom et al., 2002),
although they are difficult to separate from topography ef-
fects because of the modest spatial resolution of the images;
see Nelson et al. (2004) for a discussion of this problem.
The possibility of large-scale albedo features on the surface
of the nucleus can be ruled out if visible and thermal light
curves are obtained simultaneously. Such light curves will
be in-phase for shape-dependent rotational modulation and
out-of-phase for albedo-dependent modulation. Generally,
however, the subject is often disregarded simply because
datasets are rarely of sufficient quality to draw definite con-
clusions.

The default case is to analyze the temporal variation in
terms of the varying apparent cross-section of a rotating,
elongated nucleus. All observations available so far are con-
sistent with, and interpreted as, rotation of a prolate spher-
oid (with semiaxes a and b = ¢) around one of the short axes.
In a few cases, independent constraints on b and ¢ have been
obtained. The projected area of a spheroid in simple rotation
is given by

S = mab2[(sin2¢/a? + cos2d/b2)sinZe + cos2e/b2]l/2 (8)

where ¢ is the rotation angle and € is the angle between the
spin vector of the nucleus and the direction to the Earth.
Figure 1 displays the ratio S ; /S, .. (also expressed in mag-
nitude variation, Am) as a function of a/b and €. If the ori-
entation of the spin axis is independently constrained, for
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Fig. 1. The minimum to maximum projected area (S;,/S.,) of

rotating prolate ellipsoids with different axial ratios (values are
marked near the curves) plotted vs. the aspect angle. The corre-
sponding light curve amplitudes are also indicated (Am).

example by the shape of the coma (Sekanina, 1987), the
amplitude of the light curve yields the a/b ratio. Together
with the absolute magnitude, corresponding to either the
minimum or maximum projected areas, one can obtain a
solution for the spheroidal shape of the nucleus. Generally,
€ is not known, so that only a minimum value of a/b can
only be obtained, corresponding to € = 90°. The situation
is even more difficult for “snapshot” observations, as the
effective radius, r,, ,, which represents the instantaneous pro-
jected area, will range between vab and b. For an axial ratio
of 2, r,,= 0.707+/ab, i.e., within 30% of the maximum
value. The problem is, however, less serious than the above
simple analysis tends to imply because the temporal aspect
very much helps. As illustrated by the light curve of 19P/
Borrelly (Fig. 8 of Lamy et al., 1998b), the fraction of time
during which the small cross-section is seen is compara-
tively very short and may even be missed if the time reso-
lution of the observations is not adequate. Consequently, a
rotating spheroid displays a cross-section close to its maxi-
mum most of the time. As discussed by Weissman and
Lowry (2003), the integration over all possible (random)
orientations and rotational phases shows that the average
projected area remains a large fraction K, mab of its maxi-
mum value mab: k, = 0.924 for a/b= 1.5, x, = 0.892 for
a/b =2, and x, = 0.866 for a/b = 3. For the effective radius,
I, ,» given by the instantaneous projected area, the scaling
varies as Vk,. For a typical axial ratio a/b = 2, a snapshot
observation will, on average, lead to r, , = 0.945+/ab, i.c.,
within 5.5% of the maximum value vab. Even more impor-
tant for questions such as the size distribution function is
the effective radius, r, , that of the sphere having the same
volume (or mass) as the spheroid, via r3 = ab2 The ratio
r, /1, , remains close to 1 with value of 0.972 for a/b =1.5,
0.943 for a/b = 2, and 0.895 for a/b = 3. To summarize, the
radius calculated from an observed, apparent projected area
will give, on average, an excellent estimate of the effective
radius of the equivalent sphere. Note that the averaging with
respect to rotational phase is implicitly done when authors
average their data values that are too scarce to construct a
credible light curve.

A light curve does not strictly give access to a projected
area. In the visible, the bidirectional reflectance comes into
play but will not be a problem if the scattering properties
are homogeneous over the nuclear surface. In the thermal
infrared, it is the two-dimensional distribution of tempera-
ture over the surface that comes into play, and that is cer-
tainly not homogeneous. For example, Brown’s (1985) non-
spherical thermal model predicts that the amplitude of the
light curve will be larger in the infrared than in the visible,
an effect apparently observed on 10P/Tempel 2 (A’Hearn
et al., 1989). With the question of how to interpret the light
curve of cometary nuclei still in its infancy, interpretations
beyond the simple spheroidal model discussed above are not
warranted. Complex effects, such as shadowing and unillu-
minated areas, cannot yet be handled properly but have
already been noted [e.g., the skewness of the light curve of
9P/Tempel 1 (Lamy et al., 2001b)].
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2.6. Radar Observations

Studies of cometary nuclei using radar are discussed by
Harmon et al. (2004). For completeness, we provide here
a brief outline of the method. Basically, one sends a burst
of microwaves of known power towards a nucleus and
measures the power of the returned echo. There have been
six such detections of nuclei, although the signal-to-noise
is better than 4 in only two cases, C/1983 H1 (IRAS-Araki-
Alcock) and C/1996 B2 (Hyakutake). There are as yet no
delay-Doppler “images” of a cometary nucleus, as are now
being routinely created for close-approaching near-Earth
asteroids. The main reason is the scarcity of comets that can
overcome the A~4 dependence for detectability. In terms of
the properties of nuclei, the radar data have mostly been
used to constrain the radar-albedo and density, via argu-
ments related to the bulk dielectric properties of cometary
nuclei and their response to microwaves. The radar albedos
are apparently similar to the visible-wavelength albedos.
The bulk densities range between 0.5 and 1.5 times that of
water, values that are not unexpected.

2.7. Occultations

Occultations are frequently used to constrain the shape
and size of asteroids, and can provide a direct test of the
validity of other methods, such as radiometry (section 2.3).
In principle, the same could be done for comets. An occul-
tation trace may also have wings, owing to nonnegligible
optical depth in the inner coma, and this could provide in-
formation on dusty gas hydrodynamics in the inner coma
and the location of active regions on the surface. In prac-
tice, this method is limited by the difficulty of locating a
nucleus accurately within a surface brightness distribution
that is dominated by coma for most astrometric observa-
tions, and in finding suitable stars that are occulted. Even
a subarcsecond positional error perpendicular to the proper
motion can shift the path of the comet’s shadow on Earth by
hundreds or thousands of kilometers. Given that the nucleus
in question is typically on the order of 1-10 km across, the
difficulty of obtaining a successful observation becomes ap-
parent. Moreover, obtaining the ideal dataset with multiple
chords through the nucleus requires tight spatial sampling
across the predicted path, which can be logistically diffi-
cult with limited labor resources and equipment.

Currently the most useful occultation event observed is
one by the weakly active and large Centaur Chiron (Bus et al.,
1996). One chord through most of the nucleus and one pos-
sibly grazing chord were observed, and this constrained the
radius to be at least 90 + 7 km. Chiron’s ellipsoid is within
10% of spherical, so this is thought to be a robust lower
limit. Groundbased radiometric data (Campins et al., 1994;
Ferndndez et al., 2002a) currently imply a radius of ~80 km,
while space (ISO) data give 71 + 5 km (Groussin and Lamy,
2003b), so the agreement is not really satisfactory.

Another occultation event, this one by C/1995 O1 Hale-
Bopp, was reported by Y. Ferndndez et al. (1999). Only one
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chord was measured, and, if real, it is impossible to tell if
this chord went through the nucleus, grazed the nucleus,
or passed near by. The optical depth of the inner coma may
have been significant (i.e., approaching unity) for several
tens of kilometers (cf. Weaver and Lamy, 1997). With some
reasonable assumptions about the dust outflow, the occulta-
tion constrained the (assumed-spherical) radius of the nu-
cleus to be no larger than 48 km. With further restrictive
assumptions, the upper limit is ~30 km.

There are several other occultations by comets mentioned
in the literature, but none of them have probed the nucleus.

2.8. Measuring the Albedo

One must be careful to specify what is meant by the term
“albedo” because many different definitions are used. In this
paper, we report values for the geometric albedo (p), which
is defined as the zero-phase, disk-integrated reflectance
relative to that produced by a “perfect” diffusing disk (cf.
Hanner et al., 1981). Sometimes the Bond albedo (A) is
used instead of the geometric albedo; this is just the fraction
of incident light that is scattered in all directions and is
related to the geometric albedo by

A=pq 9

where q is the phase integral, which is given by (cf. Russell,
1916; Allen, 1976)

q=2 j ®()sin(o)do: (10)
where ®() is the disk-integrated, normalized phase func-
tion and o is the phase angle. Note that both albedos are

functions of wavelength. In the energy balance equation for
the surface of the nucleus, one must calculate the quantity

j Fo ()AL

(1)

[Foan
which Clark et al. (1999) defines as the bolometric Bond
albedo Ay, and which is wavelength independent. However,
for A that varies only slightly with wavelength; e.g., for a
gray object, the value at a particular wavelength will suffice
and A = Ag.

Various complications arise when attempting to derive
photometric properties from disk-resolved imagery of the
nucleus. So far, we have such data on Comets 1P/Halley and
19P/Borrelly. For an unresolved image of a nucleus, we
work with a body that has a subsolar point, and the geomet-
ric albedo is simply the true albedo at that point. In that case,
we also employ a phase-darkening function to describe the
photometric behavior from our (nonzero phase) vantage. For
a resolved element of area on the surface of a nucleus, there
is likely no subsolar point, and we must account for sun-
light impinging on the element with some nonzero zenith
angle. Thus, an understanding of the scattering is crucial
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to disentangle albedo and scattering effects. In a few cases
[e.g., asteroid Eros (Clark et al., 2002)], one has a full shape
model of the object in question, and then one can use (1) the
observed disk-resolved photometry and (2) the known scat-
tering geometry as a function of position on the nucleus to
derive fundamental scattering parameters. Most commonly,
the formulation presented by Hapke (1986) is used.

The most straightforward, assumption-free way to ob-
tain the geometric albedo from resolved imaging of the
nucleus is to combine the projected area S known from re-
solved images with remote photometry of the unresolved
nucleus, which gives pS as discussed in section 2.2. Then
the ratio unambiguously yields the geometric albedo p of
the nucleus. In practice, this usually requires a good under-
standing of the rotational state, shape, and phase function
of the nucleus, since in most cases the resolved imaging and
the groundbased data will have been obtained at different
epochs. The resolved imaging must be matched to the re-
mote viewing, which may be at a different aspect angle, and
certainly one needs to match the rotational state and the
projected area. Application of this procedure to the nucleus
of 19P/Borrelly will be discussed in section 3.3.1 below.

Returning to disk-integrated (unresolved) data on a com-
etary nucleus, the radiometric method (section 2.3) is cur-
rently the most common way to derive the visible and near-
IR geometric albedo. Whereas one usually only needs the
IR equation to obtain a good estimate of the nuclear radius
(since almost all the incident energy is absorbed and then
thermally reradiated), the full method — solving both equa-
tions for the two unknowns — is required in order to have
a confident, robust albedo measurement. Simultaneity, or
an understanding of the rotation state, is also critical.

Another method involves deriving the radar albedo from
radar echoes, and assuming that the reflectivity of the nu-
cleus at centimeter wavelengths is similar to that at visible
wavelengths. The existing radar data are discussed by Har-
mon et al. (2004). Generally, radar albedos seem to be as
dark as their visible counterparts, but the quality of the radar
data on cometary nuclei are not yet good enough to make
a robust comparison between albedos in the two wavelength
regimes.

3. PROPERTIES OF COMETARY NUCLEI

We now present a detailed discussion of the available
data on the physical properties of cometary nuclei: size,
shape, albedo, color, and rotational period. The bulk of these
data comes from six sources, which we briefly describe
below. Additional sources will be introduced when discuss-
ing individual comets.

3.1. Main Sources of the Data

3.1.1. Scotti (unpublished data, 1995). The largest
dataset obtained by a single observer with the same instru-
ment (the 91-cm Spacewatch Schmidt telescope at Kitt Peak
equipped with a CCD camera) has unfortunately never been

published, but a short note entitled Comet Nuclear Magni-
tudes, dated January 14, 1995 (hereafter denoted Sc) has
been widely circulated in the cometary community. Scotti ap-
plied a rudimentary technique to subtract the coma assum-
ing a constant surface brightness inward from a thin annu-
lus having a radius of a few times the radius of the seeing
disk [a more detailed description and an evaluation of this
method are given by Tancredi et al. (2000)]. This is obvi-
ously an oversimplification, and it always leads to an over-
estimation of the brightness of the nucleus by an amount
that depends entirely on its activity. Scotti produced a table
giving the absolute magnitude of 62 cometary nuclei from
which he calculated a radius, assuming an albedo of 0.03
(they are reproduced here but scaled to an albedo of 0.04),
convincingly demonstrating that the bulk of them are very
small bodies with sizes of a few kilometers. These results
have further been very useful to estimate the exposure times
for spacebased observations.

3.1.2. Lamy and Toth (1995), Lamy et al. (1996,
1998a,b, 1999a,b, 2000, 2001a,b, 2002, 2003), Jorda et al.
(2000), Groussin et al. (2003, 2004), Toth et al. (2003). The
approach employed by this group (hereafter denoted La+),
which is to use the high spatial resolution of the HST to
photometrically resolve the nucleus, has already been de-
scribed in section 2.2.1. Except for the few cases of complex
comae, such as that of Hale-Bopp (C/1995 O1), the residuals
between the observed and modeled images are usually very
small, typically a few percent of the signal in the brightest
pixel. Figure 2 illustrates the solution obtained from the HST
observations of 19P/Borrelly (a spheroid), in comparison
with the best in sifu image obtained by the camera on the
Deep Space 1 spacecraft. Thirty-one nuclei have been de-
tected during the HST observations, all active except for
9P/Tempel 1, which was observed at r, = 4.48 AU. For 18

Fig. 2. The prolate spheroid model of the nucleus of Comet 19P/
Borrelly derived from the HST observations made in 1994 is veri-
fied by the best in situ image taken by the Deep Space 1 spacecraft
in 2001 (cf. Lamy et al., 1998b; Soderblom et al., 2002).
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comets only snapshot observations were obtained (i.e., one
HST orbit per comet), while light curves were measured
for 13 nuclei (8 HST orbits per comet, except 6 for 19P/
Borrelly and 11 for 67P/Churyumov-Gerasimenko). The
derived nuclear magnitudes were converted to standard R-
band values, which were then used to derive sizes by adopt-
ing an albedo of pg = 0.04 and a phase coefficient of § =
0.04 mag deg-!.

3.1.3. Licandro et al. (2000). This group (hereafter
denoted Li+) has used several groundbased telescopes to
observe 18 comets at large heliocentric distances to mini-
mize possible coma contributions. No attempt has been
made to subtract the contribution from the coma, although
seven comets were conspicuously active (six of them at r;, >
4 AU). The 11 others were deemed inactive on the basis of
their stellar appearance. The nuclear sizes were derived from
the V magnitudes assuming py = 0.04 and B = 0.04 mag
deg-!. For reasons of consistency, we prefer using R mag-
nitudes in the discussion below and in the tables presented
later. Accordingly, we converted V magnitudes to R values
assuming (V-R) = 0.5, the median value for the ecliptic
comets (Toth and Lamy, 2000), with the following excep-
tions: (1) 52P/Harrington-Abell, which was observed in the
R band; and (2) 49P/Ashbrook-Jackson, 74P/Smirnova-
Chernykh, and 96P/Machholz 1, for which (V-R) was inde-
pendently determined.

3.1.4. Lowry et al. (1999, 2003a,b), Lowry and Fitz-
simmons (2001), Lowry and Weissman (2003).  This group
(hereafter denoted Lo+) uses a method similar to that de-
scribed above, i.e., groundbased observations at large r,. Out
of 73 comets targeted, only 28 were deemed inactive on the
basis of their stellar appearance, and the measured R mag-
nitudes were converted to sizes using pg = 0.04 and B =
0.035 mag deg-!. As most of the comets were observed at
small phase angles, the difference between using = 0.035
and B = 0.04 is usually small (e.g., a 2.3% increase in the
radius for oo = 10°), but will be applied for consistency. The
remaining 45 comets were either active or were not de-
tected, so that only an upper limit on the size of the nucleus
could be obtained.

3.1.5. Meech et al. (2004). This group (hereafter de-
noted Me+) observed 16 JFCs and 1 HTC (109P/Swift-
Tuttle) with the Keck telescope using the method described
above. They concluded that 11 JFCs, as well as 109P, were
inactive based on their stellar appearance. Their V and R
magnitudes were converted to sizes using py = pg = 0.04
and B = 0.04 mag deg-!. This leads to two different values
for the radius (except for 9P/Tempel 1), and we only com-
piled those corresponding to the R magnitudes for reasons
of consistency. For 9P, we transformed the V to R magni-
tudes using (V-R) = 0.5 and obtained r, = 3.04 km. The re-
maining five comets were active and only an upper limit to
the size could be obtained. In a separate program, this group
used the Wide-Field Camera of the HST to search for five
NICs at geocentric distances ranging from 20 to 29 AU, but
none were detected and only upper limits could be placed
on the sizes of their nuclei.
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3.1.6. Tancredi et al. (2000). This group (hereafter de-
noted 7a+) has compiled a set of 3990 measurements of
“nuclear” magnitudes obtained from a variety of sources,
mainly the Comet Light Curve Catalogue of Kamél (1990,
1992), the Minor Planet Center database (thus including the
results of Scotti presented above), the IAU Circulars, the
International Comet Quarterly, and various scientific arti-
cles. The bulk of their analysis consisted of scrutinizing these
inhomogeneous data and making sense of them. They re-
jected all magnitudes determined visually, performed various
corrections, and plotted the resulting heliocentric bright-
nesses. Their “best estimates” of the absolute visual mag-
nitudes Hy =V(1,1,0) generally corresponds to the faintest
observed magnitudes and were used to derive sizes using
py = 0.04 and a coefficient f = 0.04 mag deg-! to correct
for phase angle. They have introduced four quality classes
(QC) that roughly quantify the uncertainties affecting the
nuclear magnitudes, from +0.3 mag (QC1) to £1 mag (QC4).
The respective numbers of nuclei are 9 for QC1, 18 for QC2,
37 for QC3, and 41 for QC4 for a total of 105 nuclei. It is
readily seen that the bulk of the sizes belongs to the lowest
quality classes. An updated version of this catalog has been
presented by G. Tancredi at the Asteroids, Comets, Meteors
2002 conference and has been kindly made available to us.
Those results are included in Table 1, but we have no means
of assessing the quality of these improved determinations.

3.2. Sizes, Shapes, and Rotational Properties

In this section, we provide short summaries of the physi-
cal properties of individual comets. First we treat the ECs,
and then we discuss the NICs. Unless otherwise stated, r,
is used as the generic notation for the radius of a cometary
nucleus, while r, , and 1, , refer to two “effective radii™:
refers to the radius of the sphere having the same volume
as the observed object, and 1, , refers to the radius of the
disk having the same projected area as the observed object.
The albedo measurements are discussed separately in the
next section.

3.2.1. Ecliptic comets (ECs). 2P/Encke: A robust ra-
diometric measurement of the size is reported by Ferndndez
et al. (2000): 2.4 + 0.3 km. This number is consistent with
an earlier radiometrically derived upper limit of 2.9 km by
Campins (1988). Visible-wavelength estimates of the size
have frequently suffered from the spatially unresolved coma
that this comet displays at nearly every aphelion. Ferndndez
et al. (2000), updating a compilation by Sekanina (1976),
review the “nuclear” magnitudes that have been published
since the 1960s and find that the data having the least coma
contamination are from HST in 1997 (published in that same
paper), by Garradd (1997) in 1997, and by Jewitt and Meech
(1987) in 1986. Jewitt and Meech (1987) state that the maxi-
mum radius of the nucleus is 2.8 < r, < 6.4 km, assuming
albedos between 0.02 and 0.10, which is consistent with the
later radiometric observations. Some photographic photom-
etry was useful in constraining the absolute magnitude of
the nucleus, e.g., observations by Van Biesbroeck (1962) in
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1960 and by Roemer in 1973 (reported by Marsden, 1974)
and 1974 (reported by Marsden and Roemer, 1978). Finally
Ferndndez et al. (2000) report an attempt to reconcile all
published light curves to derive a shape; the lower limit on
one of the axial ratios was found to be 2.6, indicating a very
elongated nucleus. The rotational period was constrained
in the 1980s by Jewitt and Meech (1987) and Luu and Jewitt
(1990a), using time series of CCD photometry. A period of
P =15.08 h (or possibly %P = 22.62 h) satisfied all the data.
However, more recent data from 2001 and 2002 presented
by Ferndndez et al. (2002c) and Lowry et al. (2003a,b) indi-
cate that the dominant periodicity may have changed in the
intervening years (or was poorly measured in the past). Cur-
rently, a period near P = 11.01 or 2P = 22.02 h (close to the
above value of 22.62 h) fits the data best. Furthermore, the
dominant periodicities from the 1980s are not consistent
with the most recent data. The situation hints that the nu-
cleus of 2P/Encke may perhaps be in a complex rotation
state (cf. Belton, 2000), although further investigations are
necessary before a definite conclusion can be drawn.

4P/Faye: Observed with the HST by La+ in October—
November 1991 and in February 2000. We favor the value
r, = 1.8 km obtained in 2000 with the aberration-free HST.
Reexamination of the 1991 observations obtained with the
aberrated HST indicates that the signal from the nucleus was
overestimated.

O6P/d’Arrest: A snapshot observation by Me+ at 1, =
5.4 AU of the inactive nucleus yields r, = 1.71 km. Lo+ first
determined an upper limit of 2.1 km and later obtained a par-
tial light curve. They derived a mean effective radius of r, , =
1.6 £ 0.06 km (scaled to B = 0.04 mag deg-!) and a/b >
1.18 £ 0.08. The size determinations from Me+, Lo+, and
Ta+ (1.5 km) are in good agreement but are considerably
smaller than previous estimates of 3.5 km by Campins and
Schleicher (1995) using IR photometry and of 2.7 km by
K. Meech (unpublished data). Determinations of the rota-
tional period have been reported by Fay and Wisniewski
(1978), 5.17 h; Lowry and Weissman (2003), 7.2 + 0.12 h;
and Gutiérrez et al. (2003), 6.67 + 0.03 h. The apparent dis-
crepancies have been thoroughfully analyzed by the latter
authors who concluded that, if all these measurements are
correct, a change in the period has taken place or the nu-
cleus is in a complex rotational mode. We adopt 7.0 h as a
reasonable estimate for the present period of 6P.

7P/Pons-Winnecke: A snapshot observation by Lo+,
when the comet was apparently inactive at r, = 5.58 AU,
yields r, = 2.6 = 0.1 km.

9P/Tempel 1: The two extreme cross-sections observed
by La+ give r, = 2.8 and 3.3 km. Converting the V magni-
tude measured by Me+ to an R magnitude using an aver-
age (V-R) = 0.52 yields r, = 3.07 km, in excellent agreement
with the above range and with the upper limit of 3.2 +
0.1 km determined by Lo+ without any correction. We very
much doubt that the subsequent comatic correction intro-
duced by Lo+ and the resulting r, = 2.3 km are correct. As
discussed above, comatic corrections of groundbased im-
ages remain highly problematic. The brightness obtained by
La+ and Weissman et al. (1999) lead to spheroidal solutions

for the nucleus, assuming an aspect angle of ~90°, that are in
remarkable agreement: a =3.8-3.9 km and b =2.8-2.9 km.
Ferndndez et al. (2003) obtained simultaneous visible and
near-infrared observations at r;, = 2.55 AU outbound while
the comet was still quite active. Two different methods were
used to correct for the contribution of the coma (=15%) in
their mid-infrared measurements and their interpretation
using the standard thermal model leads to a radius of the
maximum cross-section of the nucleus of 3.0 + 0.2 km.
Combining this result with that of La+ gives pg = 0.048 =
0.007, significantly different (but still within the respective
uncertainties) from the value py = 0.072 + 0.016 derived by
Ferndndez et al. (2003). Their large albedo is probably a
consequence of their inability to properly account for the
large coma contribution in their visible observations. Com-
bining the above albedo py = 0.048 with the measurements
of La+ and Weissman et al. (1999) leads to a spheroidal
solution with a= 3.5km and b = 2.6 km and an effective
radius 1, , = 2.9 km. From their partial light curve, La+
extrapolated a rotational period in the range of ~25-33 h.
Ferndndez et al. (2003) found that a longer period ~41 h
(1.71 d) does not contradict their observations obtained at
three different epochs.

10P/Tempel 2: An early, in-depth investigation led
Sekanina (1987) to constrain the orientation of the rotation
axis of the nucleus and its gross physical properties. 10P
was extensively observed by A’Hearn et al. (1989), who
combined optical and infrared photometry, and by Jewitt
and Luu (1989), who performed CCD photometry from
aphelion (thus convincingly detecting a bare nucleus) to
perihelion. Their interpretations converge to a spheroidal
nucleus with a = 8-8.15 km and b = ¢ = 4-4.3 km with an
albedo pg = 0.024 = 0.005 and a rotational period of ~9 h.
The effective radii are r,, = 5.7-5.9 km and r, , = 5.0-
5.3 km. The revised values by Campins et al. (1995) remain
in agreement with these results. Various snapshot observa-
tions are also in agreement with these results assuming the
above albedo of 0.024 except as noted: Mueller (1992), r, =
5.9 km; Mueller and Ferrin (1996), r, = 5.2 km (p = 0.022);
La+, r, = 5.9 km; Me+, r, = 6.4 km. The value of Ta+
scaled to pg = 0.024, i.e., r, = 3.7 ki, is inconsistent with
the above results.

14P/Wolf: A snapshot observation by Lo+, when the
comet was apparently inactive at r, = 3.98 AU, yields r, =
2.33 =+ 0.12 km. The enormous scatter of the data points of
Ta+ makes their estimate of r, = 1.3 km highly uncertain.

15P/Finlay, 16P/Brooks 2: The large scatter of the data
points of Ta+ makes their estimates highly uncertain.

17P/Holmes: A snapshot HST observation by La+
yields r, = 1.71 km.
19P/Borrelly: A complete solution was first proposed

by La+: a=4.4+0.3km, b=1.8=+0.15 km assuming an
albedo of 0.04 (see section 3.3.1 for a discussion of this
issue). The in situ observations of Deep Space 1 (Soderblom
et al., 2002; Buratti et al., 2004) yield a = 4.0 = 0.05 km
and b = 1.6 + 0.04 km. The above determination gives 1, , =
2.5km and r, , = 2.2 km. The snapshot results of Lo+ and
Weissman et al. (1999) are consistent with the above solu-
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tion. The rotational periods P = 25.0 + 0.5 h found by La+
and that obtained by Mueller and Samarasinha (2001), P =
26 h, are in excellent agreement.

21P/Giacobini-Zinner: A snapshot observation by
Mueller (1992) at R, =3.75 AU gives r, = 2.1 km (using an
albedo of 0.04) and a/b > 1.5. The heliocentric light curve
of Ta+ indicates that the comet was still active at that dis-
tance and that their estimate r, = 1.0 km derived from obser-
vations beyond 4.5 AU is reasonable. A rotational period
of 9.5 + 0.2 h has been reported by Leibowitz and Brosch
(1986).

22P/Kopff: Combined visible and infrared photometry
(La+) leads to r, = 1.67 = 0.18 km and py, = 0.042 = 0.006
(pgr = 0.047). The slightly different value of r, = 1.52 km,
reported by Jorda et al. (2000), resulted from an early, less-
elaborate analysis of the same data. The visible light curve
built from the eight HST observations spanning ~12 h had a
small range of 0.14 + 0.07 mag and could not constrain the
rotational state. The snapshot observation atr, = 5.11 AU by
Lo+, when scaled to pg = 0.047, gives r, = 1.65 + 0.1 km,
in remarkable agreement with the above results, as well as
with the value estimated by Ta+ (r, = 1.8 km). A partial
light curve recently obtained by Lo+ at r, = 4.49 AU clearly
suggests a rotational period of 12.30 + 0.8 h and an ampli-
tude range of 0.55 + 0.07 mag, corresponding to a minimum
axial ratio of 1.66 + 0.11 and a mean effective radius 1, =
2.76 £ 0.12 km (scaled to pg = 0.047 and B = 0.04 mag deg).
As discussed by Lowry and Weissman (2003), their solu-
tion is totally inconsistent with the above results (the pole-
on view assumed for the La+ observations must have re-
sulted in a near-maximum cross section assuming a nucleus
in simple rotation) but is consistent with unpublished re-
sults by K. Meech obtained at r, = 4.73 AU: r, = 2.8 km
and P, = 12.91 h. In an early study of 22P, Sekanina (1984)
found P =9.4 + 1.3 h. At this stage, it is impossible to recon-
cile the two groups of observations without considering more
complex solutions for the rotational state and the shape of
the body. For the time being, we keep the self-consistent
solution of La+ for the size and albedo and the values of
a/b and P, from Lo+.

24P/Schaumasse: The large scatter in the data used by
Ta+ makes their estimate highly uncertain.

26P/Grigg-Skjellerup: A stellarlike nucleus was ob-
served by Boehnhardt et al. (1999) and by Li+, and they
derived radius values of 1.44 + 0.05 and 1.57 km respec-
tively. However, a nondetection by Lowry et al. (1999)
places an upper limit on the radius of 1.2 + 0.1 km. The
graph presented by Ta+ suggests an inactive nucleus be-
yond ~2 AU, and their estimated radius of 1.3 km seems
reasonable. A spheroid with a ~ 2.2 km and b ~ 1 km (i.e.,
a/b = 2.2) would be consistent with all the above results.
This solution corresponds to r, , = 1.3 km. Radar observa-
tions yielded a lower limit r,, > 0.4 km (Kamoun et al., 1982,
1999).

28P/Neujmin 1: This low-activity nucleus has been ex-
tensively studied and is the second largest EC in the sample.
Campins et al. (1987) combined visible and infrared pho-
tometry when the comet made a relatively close encounter
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with Earth but was at a large phase angle (~30°). The maxi-
mum value of the infrared flux leads to r, = 10.6 + 0.5 km
and py = 0.026. Their single minimum value is not consis-
tent with a light curve having P = 12.75 h (Delahodde et
al., 2001) and, in addition, brings the albedo down to an
unrealistic value of p,, = 0.016. Visible photometry yields
r, = 10.0 km (Jewitt and Meech 1988) with pg = 0.03 + 0.01
and r, = 11.4 km (Me+). The visible albedo py, = 0.026 and
the color (V-R) = 0.45 leads to py = 0.04, so that the above
values of r, need not be scaled. Assuming that (Me+) ob-
served the largest projected area mab, and that a/b = 1.5 [in
fact, a lower limit obtained by Delahodde et al. (2001)], we
obtain a = 14.0 km, b = 9.3 km, and [y = 10.7 km, which
is our current best estimate. A detailed analysis of a large
set of observations led Delahodde et al. (2001) to deter-
mine a rotational period of 12.75 + 0.03 h, in good agree-
ment with previous measurements.

29P/Schwassmann-Wachmann 1:  This is the largest EC
in our sample, but there is some confusion regarding the
classification of this comet. With a Tisserand parameter T; =
2.983, it qualifies as an EC but its orbit also satisfies the
strict definition of Centaurs given by Jewitt and Kalas (1998):
q =5 AU and a <30 AU (corresponding to the orbits of Ju-
piter and Neptune respectively). Thus duality arises because
the criteria for the two classifications are not consistent, T,
for ECs and q and a for the Centaurs. The current perihe-
lion of 29P is less than 0.3 AU outside Jupiter’s aphelion,
and it could easily be perturbed into a fully crossing orbit in
the near future. On the other hand, its albedo of 0.13 + 0.04
(Cruikshank and Brown, 1983), if correct, is totally atypical
of cometary nuclei (see section 3.3) while being common
among Centaurs (Barucci et al., 2004). Various estimates
of its radius based on visible magnitudes range from 21 to
52 km assuming an albedo of 0.04. Cruikshank and Brown
(1983) combined thermal measurements at 20 pm and visi-
ble photometry to obtain r, = 20.0 = 2.5 km and py, = 0.13 +
0.04. They correctly noted that the size is controlled by the
infrared measurements, while the albedo is controlled by the
visible magnitude, which was estimated. Meech et al. (1993)
argued that 29P is probably never totally inactive and at-
tempted to estimate the coma contribution by measuring the
total nucleus + coma signal in apertures of different sizes.
They determined a minimum axial ratio of 2.6 and, assum-
ing pg = 0.04 and B = 0.04 mag deg-!, a rotationally aver-
aged radius of r, = 15.4 + 0.2 km, a value that we presently
select. However, using an albedo of 0.13 reduces this value
to 8.6 + 0.1 km. For the rotational state of 29P, we adopt
the simple rotation with a period of 14.0 h (Meech et al.,
1993), consistent with the rough estimate of 10 h reported
by Luu and Jewitt (1993). However, the former authors de-
termined a second period of 32.2 h, implying a complex
state of rotation.

31P/Schwassmann-Wachmann 2: Observed as a star-
like object at r,, = 4.58 AU by Luu and Jewitt (1992), who
derived a radius of 3.1 km, a minimum axial ratio of 1.6,
and a rotational period of 5.58 + 0.03 h.

33P/Daniel: The value of Ta+ looks questionable be-
cause of the large scatter in the data.
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36P/Whipple: A snapshot observation of a starlike nu-
cleus at 1, = 4.43 AU by Lo+ give r, = 2.28 = 0.21 km,
which is consistent with the value quoted by Ta+, r, =
2.3 km.

37P/Forbes: The stellarlike appearance at r,, = 3.59 AU
led Li+ to derive r, = 1.1 km, close to the value of 1.0 km
estimated by 7a+. La+ obtained a slightly smaller value,
r, = 0.81 km. If the above authors observed different ex-
treme cross-sections, the spheroidal solution leads to a =
1.38 km, b = 0.8 km (not unrealistic since a/b = 1.73), and
1,y = 0.96 km.

39P/Oterma: The heliocentric light curve reported by
Ta+ does not allow a reliable derivation of the size.

40P/Viiisdld 1:  Undetected by Lo+, thus giving an up-
per limit r, < 3.6 + 0.2 km. The estimate of r, = 1.5 km by
Ta+ is reasonable, although an error bar of £1 km is war-
ranted given the large scatter in the data.

41P/Tuttle-Giacobini-Kresdk: The heliocentric light
curve of Ta+ indicates that this is a very small nucleus; r,, =
0.7 km is probably a good estimate, but even this may only
be an upper limit.

42P/Neujmin 3: There is too much scatter in the data
used by Ta+ to derive a reliable size of the nucleus. Kresdk
et al. (1984) reported that this comet and 53P/Van Bies-
broeck are fragments from a parent comet that split in
March 1845.

43P/Wolf-Harrington: Two determinations have been
reported by Lo+ from observations at r, = 4.87 AU, r, =
3.3+0.7km, and at r, =4.46 AU, r, = 3.4 £ 0.2 km, when
the comet had a stellar appearance. At r, = 3.04 AU out-
bound, the comet was very active, displaying both a coma
and a tail, leading Li+ to impose r, < 3.1 km. On the fol-
lowing inbound branch, the comet was reported active at
1, = 3.9 AU (Hainaut et al., 1996). The graph of Ta+ con-
vincingly shows a monotonic decrease of brightness as 1,
increases up to 4 AU, the faintest value yielding r, = 1.8 km.
A spheroidal solution based on the two above extreme
cross-sections leads to a= 6.4 km, b= 1.8 km, and a/b =
3.6, which would be unusually large. Pending further ob-
servations, we are inclined to think that the large values of
Lo+ are not correct and that r, = 1.8 km (7a+) is a realis-
tic estimate. Finally, it must be noted that 43P has under-
gone major orbital changes in the recent past (e.g., q de-
creased from 2.5 to 1.5 AU in 1936), and this could explain
surges of vigorous activity thereafter.

44P/Reinmuth 2: A snapshot observation by La+ gives
r, = 1.61 km. The estimate of 1.5 km by 7a+ (but with con-
siderable scatter in the data), and the upper limit of 3.1 km
from Lo+, are consistent with that choice.

45P/Honda-Mrkos-PajduSdkovd: La+ obtained a mean
value of r, = 0.34 = 0.01 km from observations performed
on two consecutive days, making this nucleus one of the
smallest ever observed. However, they pointed out that the
potentially large systematic error because of the large phase
angle (a0 = 90°) during the observations. In fact, if 45P/HMP
is as phase darkened as 2P/Encke and 48P/Johnson, then a
linear phase coefficient § = 0.06 mag deg! should be ap-
plied instead of the standard value of 0.04 mag deg-!, and

this leads to r, = 0.78 km. The snapshot observation of Lo+
gives a much larger value of r, = 1.34 = 0.55 km, but the
large error bar means that r, could be as small as 0.79-
0.82 km if § = 0.06 mag deg! is applied, in agreement with
the above revised value. We conclude that r, = 0.8 km is
probably the best estimate for the time-being.

46P/Wirtanen: It was marginally detected on CCD
frames by Boehnhardt et al. (1997) at r, = 4.6 AU, giving
an upper limit of the radius of 0.8 km (assuming p = 0.04)
and a probable value of 0.69 km. The first unambiguous
detection of the nucleus was by La+, giving r, = 0.62 =
0.02km (R band), a/b=> 1.2, and P,, = 6.0+ 0.3 h. VLT
observations by Boehnhardt et al. (2002) gave r, = 0.56 =
0.04 km, a/b = 1.4 + 0.01, and a partial light curve in agree-
ment with the above period. A slightly larger value of r, =
0.7 km is reported by both Meech et al. (2000) and Ta+,
while upper limits are given by Lo+ and Me+. CCD pho-
tometry of the already active comet suggested a possible
period of 7.6 h (Meech et al., 1997).

47P/Ashbrook-Jackson: A partial light curve was ob-
tained by La+ (2001), giving a mean radius r, = 2.8 km, a/b 2
1.4, and P = 44.5 h. The nucleus appears inactive near
aphelion (stellar appearance), so that the determination of
Li+, r, = 3.1 km, and the estimate of Ta+, r, = 2.9 km, are
in agreement taking into account the fact that this nucleus
is elongated.

48P/Johnson: The nucleus was reported active at 1, =
3.36 AU by Lo+, thus only giving r, < 3.5 km. Measure-
ments by Li+ at smaller r, were certainly contaminated by
a coma, although they claimed a stellar appearance, and this
would explain their large value of r, = 3.7 km. Several
months of observations of a starlike nucleus at r; ~ 4 AU
allowed Jewitt and Sheppard (2003) to secure a fairly com-
plete lightcurve and to derive a spheroidal solution with a =
3.5 and b =2.6 km (yielding r, , = 2.87 km) and a/b = 1.35
and P, , = 29.0 = 0.04 h.

49P/Arend-Rigaux: This is a nearly extinct nucleus that
has been extensively studied by combined visible and infra-
red photometry. Tokunaga and Hanner (1985) reported a
size of r, = 4.8 = 0.4 km and a geometric albedo of 0.05 +
0.01 at 1.25 um. Brooke and Knacke (1986) determined r,, =
5.1+ 1.1 km and py = 0.02 + 0.01. Veeder et al. (1987)
found the nucleus to be elongated with equivalent radii of
5.1 and 3.8 km and py, = 0.03. The in-depth investigation by
Millis et al. (1988) resulted in a more accurate determina-
tion of the size and shape: a=6.5km and b=4km (a/b =
1.63), an albedo of py = 0.028, and a rotational period of
P = 13.47 h. The observational data have been reanalyzed
by Campins et al. (1995) using new parameters for the ther-
mal model and they give an effective radius of 4.6 + 0.2 km
for a sphere having the maximum projected area wab and a
geometric albedo of 0.04 + 0.01. Keeping a/b = 1.63 from
Millis et al. (1988), we obtained a = 5.9 km, b = 3.6 km, and
1,y =4.24 £ 0.2 km. From R-band CCD photometry, Lo+
reported two determinations of the radius, 3.8 = 0.1 and
4.0+ 0.11 km, assuming an albedo of 0.04. With the ex-
ception of the value reported by Ta+ all the above results
are consistent, the results of Millis et al. (1988) as corrected
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by Campins et al. (1995) providing the most detailed de-
scription. Thus we use r, , = 4.24 km and py = 0.04 + 0.01.
Jewitt and Meech (1985) obtained a light curve from which
they obtained two possible rotational periods, 9.58 + 0.8 and
6.78 + 0.08 h.

50P/Arend: A snapshot observation by La+ gave r, =
0.95 km. The revised estimate of Ta+, r, = 1.0 km (com-
pared to the original value of 3.0 km), is in good agreement
with the above result.

51P/Harrington: Lo+ give an upper limit of 1.9 km.
Although consistent with it, the value of r, = 1.4 km by Ta+
cannot be considered reliable because of the large scatter
in the data. Recent CCD images taken by Manteca (2001)
show that this comet has split again into two components.
A similar splitting was recorded at the 1994 apparition by
Scotti (1994), who found a double nucleus on Spacewatch
images. A detailed analysis of the astrometric data and of
the circumstances of the splitting is still in progress (Seka-
nina, 2001).

52P/Harrington-Abell:  Li+ obtained r, = 1.4 km from
two images of a starlike nucleus at r = 2.83 AU. The fainter
magnitude reported by Carlson (1990) corresponds to r, =
1.0 km, in close agreement with the value selected by Ta+,
r, = 1.1 km. A spheroidal solution assuming that the above
observations correspond to extreme cross-sections yields a =
2,b=1km (i.e., a/b=2), and Ty = 1.3 km.

53P/Van Biesbroeck: ~Me+ derived r, = 3.33 km from
a snapshot observation at r, = 8.31 AU (i.e., close to aph-
elion) in agreement with the result r, « 6.7 km of Li+. The
comet is known to be active out to 6 AU, as illustrated by
the very erratic heliocentric light curve of Ta+. Kresdk et
al. (1984) reported that this comet and 42P/Neujmin 3 are
fragments of a parent comet that split in March 1845.

54P/de Vico-Swift:  Undetected by Lo+ at r, = 5.39 AU
(aphelion), they obtained an upper limit of 2.1 km.

56P/Slaughter-Burnham: A snapshot observation at
r, = 7.42 AU by Me+ of the inactive nucleus gives 1, =
1.56 km. This is in good agreement with the estimate of
Ta+, r,= 1.5 km.

57P/du Toit-Neujmin-Delporte: Lo+ determined an
upper limit of 1.1 km. The considerable scatter in the he-
liocentric light curve of 7a+ makes their estimate of r, =
1.6 km unreliable. The comet has recently split: Two frag-
ments were first discovered (cf. Marsden, 2002), followed
by 18 more (Ferndndez et al., 2002b). A preliminary analy-
sis of this event has been reported by Sekanina (2002a,b).

58P/Jackson-Neujmin: There is too much scatter in the
light curve of Ta+ to estimate a size.

59P/Kearns-Kwee: A snapshot observation by La+
yields r, = 0.79 km. Such a small nucleus, active out to at
least 4.2 AU, would be very difficult to detect from the
ground.

60P/Tsuchinshan 2: Certainly a very small nucleus
(r, < 1 km) and Ta+ estimated r, = 0.8 km, but the com-
piled data in their plot have wide scatter. The nucleus may
be as small as ~0.5 km.

61P/Shajn-Schaldach: A partial rotational light curve
has been obtained by La+ giving a mean radius r, =
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0.64 km, a/b > 1.3, and P, 2 18 h. At the time of the HST
observations, 1, = 2.96 AU, the comet was still very active,
the nucleus and the coma contributing equally to the sig-
nal in the peak pixel. The snapshot observation of Lo+ at
r, = 4.4 AU, performed under nonphotometric conditions,
gives 1, = 0.92 + 0.24 km. The low end, r, = 0.68 km, is
consistent with the result of La+. The comet may still have
been weakly active at 4.4 AU.

62P/Tsuchinshan 1: Certainly a very small nucleus (r, <
1 km) and (7a+) estimated r, = 0.8 km, but the compiled
data in their plot have wide scatter, as in the case of 60P.

63P/Wild 1: A snapshot observation by La+ gives 1, =
1.45 km. The nondetection by Lowry and Fitzsimmons (2001),
which results in an upper limit r, < 0.6 km, is therefore puz-
zling. Invoking a highly elongated spheroid to reconcile the
two observations would be rather artificial.

64P/Swift-Gehrels: A starlike nucleus detected at 1, =
3.63 AU by Li+ gave r;, = 1.6 + 0.1 km, which is consistent
with the upper limit r, < 1.9 km obtained by Lo+ and with
the estimate by 7a+ of r, = 1.7 km.

65P/Gunn: This comet is very active out to aphelion,
so that only upper limits were obtained, r, « 11.7 km (Li+)
and r, < 8.8 km (Lo+). The estimate proposed by Ta+ is
r,= 4.8 km.

67P/Churyumov-Gerasimenko: A rotational light curve
has been obtained by La+ giving a mean radius r, = 1.98 +
0.02 km, a/b > 1.3, and P, = 12.3 + 0.27 h. This comet was
undetected by Lo+ at aphelion (5.72 AU), thus imposing
r, £ 2.9 km. Observations at 4.87 and 4.97 AU by Mueller
(1992) give r, = 2.8 £ 0.1 km (scaled to pg = 0.04) and a/b >
1.7. The heliocentric light curve is well-behaved and shows
that the comet is inactive beyond 4.5 AU and the revised
estimate r, = 2.0 km by 7a+ agrees with the result of La+.

68P/Klemola: The well-behaved heliocentric light
curve produced by 7a+ suggests that their value r, = 2.2 km
is a good estimate.

69P/Taylor: This comet was found to be active at 1, =
4.03 AU by Lo+, who obtained an upper limit of 3.4 km.

70P/Kojima: A partial rotational light curve was ob-
tained by La+, giving a mean radius r, = 1.86 km, a/b >
1.1, and P, = 22 h. The large scatter in the data at r, >
3.4 AU makes the estimate of Ta+, r, = 1.2 km, rather ar-
bitrary.

71P/Clark: A snapshot observation by La+ at r, =
2.72 AU gives r, = 0.68 + 0.07 km, which is consistent with
the nondetection at r, = 4.4 AU by Lo+ (r, < 0.9 km). The
observations by Me+ at aphelion (r, = 4.67 AU) yields r, =
1.31 = 0.04 km, similar to the value estimated by 7a+. A
spheroid with a = 2.13 km and b = 0.75 km could recon-
cile the two determinations within the error bars, but has a
very large axis ratio, a/b = 2.85, and further requires that
La+ and Lo+ observed the smallest cross-section while
Me+ observed the largest one. This nucleus certainly de-
serves further observations.

73P/Schwassmann-Wachmann 3:  The nucleus was re-
ported as split into two components by Schuller (1930), but
there was no other independent report. In 1994, the comet
was reported active at r, = 3.03 AU, and Boehnhardt et al.



238 Comets Il

(1999) derived r, < 1.26 km. The principal nucleus further
split into at least three components in the autumn of 1995.
Undetected in 1998 by Lowry and Fitzsimmons (2001) at
r, = 5.03 AU, they obtained an upper limit for the largest
component of r, < 0.9 km. Fragment C was detected by the
HST at r, = 3.25 AU and Toth et al. (2003) derived r, =
0.68 = 0.04 km and a/b > 1.16.

74P/Smirnova-Chernykh: A partial rotational light curve
was obtained by La+ giving a mean radius of r, = 2.23 +
0.1 km, a/b>1.14, and P ~ 20 h. At r, = 3.56 AU, the comet
was still very active, the nucleus and the coma contributing
equally to the signal in the peak pixel. This explains why Li+
(r, =4.57 AU) and Lo+ (r, = 4.61 AU) obtained only up-
per limits, r, « 11.2 km and r, < 7.1 = 1.1 km, respectively.
The value r, = 6 km estimated by 7a+ is totally arbitrary.

75P/Kohoutek: A nondetection by Lo+ gives r, <
1.5 km, while the estimate by Ta+ is r, = 1.8 km.

76P/West-Kohoutek-lkemura: A partial rotational light
curve was obtained by La+ at r, = 3.09 AU giving a mean
radius r, = 0.33 £ 0.03 km, a/b > 1.47, and P, ; ~ 13 h. The
comet was still active, explaining the much larger value esti-
mated by Ta+.

77P/Longmore: There is too much scatter in the data
of Ta+ to obtain a reliable estimate.

78P/Gehrels 2: A snapshot observation of a starlike
nucleus at r;, = 5.46 AU Lo+ yields r, = 1.42 = 0.12 km. The
heliocentric light curve of Ta+ displays a lot of scatter at
3.5 AU, suggesting that the comet is still active at that dis-
tance.

79P/du Toit-Hartley: A snapshot observation at r, =
4.74 AU by Lo+ revealed an inactive nucleus whose radius
ist,=14=0.3km.

81P/Wild 2: Observed while the nucleus was inactive
at 1, = 4.7 AU by Meech and Newburn (1998), they deter-
mined r, = 2.0 + 0.04 km and that the nucleus is fairly
spherical, or has a relatively long period. Still inactive at
r, =4.25 AU inbound, Lo+ obtained r, = 2.0 + 0.3 km. The
comet was, however, found active at r, = 4.34 AU outbound,
so that Li+ put an upper limit r, < 5.7 km. Finally, Ferndn-
dez (1999) obtained infrared images at 10.6 um when the
comet was at r, = 1.85 AU, and therefore active. Although
the measured flux was probably dominated by coma, that
author applied the standard thermal model for asteroids to
derive r, < 3.0 £ 0.6 km. A nearly spherical nucleus with
r, = 2 km is the most probable solution. This comet is the
target of the Stardust mission, which will fly by its nucleus
in January 2004.

82P/Gehrels 3: A partial rotational light curve was ob-
tained by La+ at r, = 3.73 AU giving a mean radius r, =
0.73 £ 0.02 km, a/b > 1.6, and P, ~ 50 h. The comet ap-
pears to be active all along its orbit, so that Li+ could only
determine r, < 3.0 km.

83P/Russell 1: A nondetection by Lo+ atr, = 3.01 AU
gives r, < 0.5 km.
84P/Giclas: A snapshot observation by La+ gives 1, =

0.90 = 0.05 km.
86P/Wild 3: A partial rotational light curve was obtained
by La+ at r, = 2.32 AU giving a mean radius r, = 0.43 +

0.02 km, a/b > 1.35, and an ill-defined period. A snapshot
observation at 4.95 AU by Me+ gives r, = 0.65 = 0.03 km.
These two determinations are inconsistent but satisfy the
condition r, £ 0.9 km (Lo+). The unpublished value of
3.1 km suggested by Meech is apparently unjustified.

87P/Bus: The light curve obtained by La+ at r, =
2.45 AU gives a mean radius r, = 0.28 + 0.01 km, a/b >
2.20, and P, = 25 h. Two upper limits have been reported,
r, < 0.6 km at r;, = 4.32 AU (undetected) by Lo+ and r, <
3.42 km at r, = 4.77 AU (close to aphelion) by Me+ (a
coma was present). It is probably impossible to detect this
nucleus from the ground.

88P/Howell, 89P/Russell 2, 90P/Gehrels 1, 91P/Russell 3,
94P/Russell 4: There is too much scatter in the data pre-
sented by Ta+ to obtain reliable size estimates. 89P was
found active at R, = 3.04 AU by Lo+ leading to r, < 2.2 km,
and possibly r, < 1.3 = 0.3 km after removing the comatic
contribution.

92P/Sanguin: 'Two snapshot observations of a starlike
nucleus, one at r;, = 8.57 AU by Me+, the other at r =
4.46 AU by Lo+, giver, = 1.19 km and r, = 1.7 £ 0.63 km
respectively. These values are consistent owing to the large
uncertainty in the latter value.

97P/Metcalf-Brewington: A starlike nucleus (with pos-
sibly a faint coma) detected at r, = 3.67 AU by Li+ gives
r, = 1.5 £ 0.16 km, which, strictly speaking, should be con-
sidered an upper limit. Observed at 4.76 AU inbound by
Lo+, it was found inactive resulting inr, = 2.18 £ 0.41 km.
An intermediate size of r, = 1.7 km is compatible with these
two determinations, taking into account the error bars.

98P/Takamizawa: Observed at r, =3.78 AU by Li+ as
a trailed object, their determination of r, = 3.7 km cannot
be considered reliable. The heliocentric light curve of Ta+
suggests that this comet is weakly active; their radius r, =
2.4 km has now been revised to r, = 3 km.

99P/Kowal 1: There is too much scatter in the data
presented by Ta+ to obtain a reliable estimate.

100P/Hartley 1: Undetected by Lo+ at R, = 3.94 AU,
they derived an upper limit r, < 1.2 km.

101P/Chernykh: There is two much scatter in the data
presented by 7a+ to obtain a reliable estimate. Luu and
Jewitt (1991) discovered that this comet has split.

103P/Hartley 2: The thermal flux of the nucleus was
measured at 11.5 ym using ISOCAM on ISO. The prelimi-
nary determination r, = 0.58 km (Jorda et al., 2000) has
now been revised to r, = 0.71 + 0.13 km by Groussin et al.
(2003), which is consistent with the upper limits of Li+,
r, <« 5.3 and of Lo+ r, < 5.8 km.

104P/Kowal 2: A snapshot observation of a starlike nu-
cleus at r, = 3.94 AU by Lo+ gives r, = 1.0 £ 0.5 km.

105P/Singer-Brewster:  There is too much scatter in the
data presented by Ta+ to obtain a reliable estimate.

106P/Schuster: A snapshot observation by La+ gives
r, = 0.94 = 0.05 km, which is quite close to the value in the
revised catalog of Ta+, r, = 0.8 km.

107P/Wilson-Harrington: The identification of this
object as a comet remains problematic as discussed by
Weissman et al. (2003) and it was in fact first classified as
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a near-Earth asteroid. It has a Tisserand parameter slightly
in excess of 3 (T; = 3.084) but an orbit typical of ECs (a =
2.643 AU, e =0.621, i = 2.78°). In their dynamical analysis,
Bottke et al. (2002) assign it only a 4% probability of be-
ing of cometary origin; they find the most probable source
to be the outer main belt (65%). Its activity was observed
on only one night, on two Palomar photographic plates
taken in 1949, and the object is trailed on both images; no
activity was detected on plates taken three nights later.
Subsequent searches for cometary activity have all been
negative (e.g., Chamberlin et al., 1996). 107P was observed
simultaneously in the near and thermal infrared by Campins
et al. (1995). Using first the STM, they obtained r, = 1.3 +
0.16 km and p; = 0.10 + 0.02, a somewhat surprising value.
Thus, they favored the ILM solution, which gives r, =2.0 +
0.25 km and p; = 0.05 = 0.01. Since the color is very neu-
tral, this value holds as well for the V and R bands. Visible
snapshot observations have been reported by Lo+ giving
r, = 1.78 + 0.03 km and Me+ giving r, = 1.96 + 0.02 km.
There also exists an unpublished value of r, = 2.0 km by
K. Meech. The rotational state has been investigated by
Osip et al. (1995), who found P, , = 6.1 + 0.05 h and a/b =
1.2. If we scale the above Lo+ and Me+ values to pp = 0.05,
we get r, = 1.59 £ 0.03 and r, = 1.75 + 0.02, respectively.
A spheroidal solution with a = 1.9 km and b = 1.6 km with
pr = 0.05 is then compatible with all above results, imply-
ing an obliquity of 90°, and that Campins et al. (1995) and
Me+ observed the largest cross-section while Lo+ observed
the smallest. We then obtain r, , = 1.7 km.

110P/Hartley 3: A complete rotational light curve has
been obtained by La+ giving a mean radius r, = 2.15 =
0.05 km, a/b> 1.3, and P, ~ 10 h.

111P/Helin-Roman-Crockett: This comet was undetec-
ted by Lo+ at 1, =4.35 AU, thus imposing r, < 1.5 km. NTT
observations made at r, = 4.56 AU by Delahodde (2003)
give a subkilometer radius of r, = 0.6 + 0.3 km.

112P/Urata-Niijima: A snapshot HST observation at
r, = 2.30 AU by La+ gives r, = 0.90 £ 0.05 km. The esti-
mate by 7a+ is 0.7 km, but the compiled data in their plot
have wide scatter.

113P/Spitaler: This comet was undetected by Lo+ at
r, = 4.22 AU, thus imposing r, < 2.0 km. The estimate of
Ta+, r,= 1.1 km, seems plausible.

114P/Wiseman-Skiff: A snapshot HST observation at
ry = 1.57 AU by La+ gives r, = 0.78 £ 0.04 km.

115P/Maury: Me+ observed a starlike nucleus at r, =
5.34 AU and give r, = 1.11 km.

116P/Wild 4:  The heliocentric light curve of Ta+ sug-
gests that the comet could be inactive at r, = 4 AU. A ra-
dius of 3.5 km, recently revised to 3.0 km, is probably a
good estimate, pending further observations.

117P/Helin-Roman-Alu:  The value of Ta+, r, = 3.5 km,
comes from measurements at aphelion. It is unclear whether
the comet is inactive then.

118P/Shoemaker-Levy 4: A starlike nucleus detected
at , = 4.71 AU by Lo+ gives r, = 2.4 + 0.2 km similar to
the value estimated by 7a+, but the compiled data in their
plot have wide scatter.
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119P/Parker-Hartley: This comet was still very active
at 1, = 3.42 AU when observed by Lo+, who obtained an
upper limit r, < 7.4 = 0.2 km and then refined that to r, <
4.0 + 0.6 km after estimating the comatic contribution. As
illustrated by the heliocentric light curve of 7a+, the comet
is simply too active out to 4 AU to make a sensible esti-
mate of r,.

120P/Mueller 1: A starlike nucleus detected at r, =
3.08 AU by Lo+ gives r, = 1.5 km. The plot of 7a+ shows
considerable scatter of the magnitudes at that distance, in-
dicating that the comet could well be active.

121P/Shoemaker-Holt 2: A starlike nucleus detected at
r, = 5.03 AU by Lo+ gives r, = 1.62 + 0.57 km.

123P/West-Hartley, 124P/Mrkos, 125P/Spacewatch:
There is too much scatter in the data presented by Ta+ to
obtain reliable estimates.

128P/Shoemaker-Holt 1:  Two snapshot observations of
a starlike nucleus at r, = 4.99 AU by Lo+ give compatible
results, r, =2.48 + 0.1 km and r, = 2.12 + 0.18 km, which
are both consistent with the upper limit r, < 4.0 km when
the comet was observed at r = 3.66 AU by Lo+, when it
was still active. We adopt an average value r, , = 2.3 km.

130P/McNaught-Hughes, 131P/Mueller 2, 132P/Helin-
Roman-Alu 2, 134P/Kowal-Vavrovd, 135P/Shoemaker-
Levy 8, 136P/Mueller 3: There is too much scatter in the
data presented by Ta+ to extract reliable estimates.

137P/Shoemaker-Levy 2: This comet was observed at
r, = 4.24 AU by Li+, but various technical problems make
their determination r, = 4.5 km questionable. This is con-
firmed by the upper limit r, < 3.4 km found by Lo+ when
they observed the comet at r, = 2.29 AU, while it was still
active. The heliocentric light curve of Ta+ indicates that the
magnitude at r, = 5 AU may provide a good estimate, r, =
2.9 km.

138P/Shoemaker-Levy 7: There is too much scatter in
the data presented by Ta+ to extract a reliable estimate.

143P/Kowal-Mrkos: A starlike nucleus was observed by
Jewitt et al. (2003) from 1, = 3.4 to 4.0 AU and their almost
complete lightcurve clearly suggests a rotational period of
17.21 + 0.1 h and an amplitude range of 0.45 + 0.05 mag,
corresponding to a minimum axial ratio of 1.49 + 0.05.
Assuming an albedo of 0.04 and using the phase coefficient
determined by these authors B = 0.043 + 0.014 mag deg-!,
the spheroidal solution has semiaxes a="7.0 and b=4.7 km,
yielding r, , = 5.4 km. Note that the effective radius r, =
5.7 + 0.6 km reported by the above authors was derived us-
ing a Bowell et al. (1989)-type phase curve having G =0.15,
which has an opposition effect of about 0.2 mag above the
linear phase law.

147P/Kushida-Muramatsu: The nucleus of this comet
is the smallest of all the objects cataloged to date. From
observations with the HST at r;, = 2.83 AU over a 13-h time
interval, La+ found a very small, r, = 0.21 + 0.01 km,
highly active nucleus with a/b > 1.53, and a possible rota-
tional period of 9.5 h. It is therefore not surprising that Lo+
could not detect the comet at 1, = 4.11 AU, thus imposing
r, < 2.0 km.

152P/Helin-Lawrence: ~ This comet is still active at aphe-
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lion (r, = 5.85 AU), and the smallest upper limit is pres-
ently r, < 1.74 km (Me+).

P/1993 W1 (Mueller 5), P/1994 Al (Kushida), P/1994 J3
(Shoemaker 4), P/1995 Al (Jedicke), P/1996 Al (Jedicke),
P/1997 CI (Gehrels), P/1997 G1 (Montani), P/1997 VI
(Larsen): There is too much scatter in the data presented
by Tancredi et al. (2000) to extract a reliable estimate.

3.2.2. Nearly isotropic comets (NICs). 1P/Halley: The
size and shape of its nucleus were determined from in situ
imaging made by the Vega 1,2 and Giotto spacecrafts in
1986 (Sagdeev et al., 1986a,b; Keller et al., 1986, 1987,
1994; Keller, 1990; see also Keller et al., 2004). The nucleus
is an elongated, irregularly shaped body approximated by
an ellipsoid with semiaxes (a xb xc)of 7.21 £0.15 x 3.7
0.1 x 3.7 = 0.1 km (Giotto) and 7.65 + 0.25 x 3.61 = 0.25 x
3.61 + 0.25 km (Vega 1,2). It is in nonprincipal axis rota-
tion, and there was a long dispute over whether the nucleus
rotates in the “short-axis mode” (SAM) or “long-axis mode”
(LAM) (Sagdeev et al., 1989; Peale and Lissauer, 1989;
Abergel and Bertaux, 1990; Belton, 1990; Belton et al.,
1991; Samarasinha and A’Hearn, 1991). In the modes iden-
tified as most likely, the long axis conducts a 3.7-d preces-
sional motion around the space-fixed vector of the total ro-
tational angular momentum, while the nucleus also rotates
around the long axis with a 7.3-d period.

8P/Tuttle: A single value r, = 7.8 km was reported by
Li+ when the comet was at 1, = 6.29 AU and appeared in-
active.

55P/Tempel-Tuttle: Its effective radius of 1.8 km and
a minimum value of 1.5 for the axial ratio were derived
from HST WFPC2 and ISO ISOCAM observations (La+).
Groundbased observers determined similar sizes, e.g., Hai-
naut et al. (1998) and P. Weissman and B. Buratti (personal
communication, 2003) in the visible and Ferndndez (1999)
in the midinfrared. There is still no data published for the
rotational period of the nucleus.

96P/Machholz 1: A starlike nucleus detected at r, =
4.83 AU by Li+ gives r, = 3.5 km. There are unpublished
data by K. Meech giving r;, = 2.8 km, a/b> 1.4, and P, =
6.38 h. A spheroid with a=4.3 km and b = 2.8 km (a/b ~
1.5) would be consistent with the two results above, yield-
ing r,, = 3.2 km.

109P/Swift-Tuttle: A mean effective radius of 11.8 km
was determined from groundbased CCD photometry (O’Ceal-
laigh et al., 1995) at r;, = 5.3 AU outbound in the presence
of a weak coma. Later, at r, ~ 5.8 AU outbound, the nucleus
had a stellar appearance and Boehnhardt et al. (1996) deter-
mined two comparable values of the radius, 12.2 and 12.5 +
0.3 km at a time interval of 5 d. Meech et al. (2004) ob-
served this comet at 14.5 AU and derived an effective ra-
dius of 13.7 km. A radius of 15.0 = 3.0 km was estimated
from groundbased IR photometry (Fomenkova et al., 1995).
An average radius of 13.0 km appears realistic. The rota-
tional period of the nucleus has been determined by Seka-
nina (1981) from the recurrent pattern of coma jets on 1862
photographs, P, = 66.5 h, and on 1992 CCD images by

Jorda and Lecacheux (1992), ~69.6 h, Yoshida et al. (1993),
69.4 + 0.24 h, and Boehnhardt and Birkle (1994), 67.08 h.
126P/IRAS: The thermal flux of the nucleus was meas-
ured at 11.5 um using ISOCAM. The preliminary determi-
nation r, = 1.43 km (Jorda et al., 2000) has now been re-
fined to r, = 1.57 + 0.14 km by Groussin et al. (2003).

P/1991 L3 (Levy): A stellar appearance atr, = 3.1 AU
led Fitzsimmons and Williams (1994) to consider that they
observed a bare nucleus, shortly after it had ceased outgas-
sing. They determined r, = 5.8 = 0.1 km, a/b > 1.3, and
P..=8.34h.

C/1983 HI (IRAS-Araki-Alcock): Extensive observa-
tions in the visible, infrared, radio, and radar wavelength
ranges were performed when it passed near Earth on 11
May 1983. The radar and radio observations of Altenhoff et
al. (1983), Goldstein et al. (1984), Irvine et al. (1984), and
Harmon et al. (1989) converge to a nonspherical nucleus
with a radius is in the range 2.5-6.0 km (the a/b ratio could
not be determined) and a rotation period is in the range 24—
72 h. From a study of the temporal variation of its asym-
metric coma, Watanabe (1987) and later Pittichovd (1997)
estimated that the period lies in the range 18—170 h. From
a synthesis of visible, infrared, and radar observations,
Sekanina (1988) derived a prolate spheroid nucleus with a =
8, b=c=3.5km, and a rotational period of 51.3 h. Infra-
red observations and a simple thermal model, assuming a
constant temperature for the surface of the nucleus, were
used to derive that the radius was in the range of 3.6—-5.0 km
(Feierberg et al., 1984; Hanner et al., 1985; Brown et al.,
1985). Groussin et al. (2004) reexamined the interpretation
of all visible, infrared, and radio observations and using
their thermal model, they derived an equivalent radius of
r,=3.5+0.5km.

C/1983 J1 (Sugano-Saigusa-Fujikawa): Hanner et al.
(1987) obtained a value of 0.37 km for the average radius
of the nucleus from infrared spectroscopic observations.
This result was a clear indication that cometary nuclei, in-
cluding NICs, could be subkilometer-sized bodies.

C/1995 Ol (Hale-Bopp):  Weaver and Lamy (1997) and
Ferndndez (2003) reviewed all the data pertaining to the size
of the nucleus. The former review discusses all wavelengths,
while the latter focuses on infrared and radio observations.
The dominant visible-wavelength dataset is from HST. The
spatial resolution and image quality were sufficient to ob-
tain photometric extractions of the nucleus, from which a
radius of ~35 km was derived (Weaver and Lamy, 1997).
The dominant radiometric datasets are from ISO (Jorda et
al., 2000), the Very Large Array (VLA) (Ferndndez, 1999),
the Owens Valley Radio Observatory (OVRO) (Qi, 1998),
and the Institut de Radioastronomie Millimétrique (IRAM)
(Altenhoff et al., 1999). Generally, the radio data suggest a
smaller nucleus than implied by the infrared data. A com-
promise solution by Ferndndez (2003) was to argue that
(1) the subsurface layer sampled by the radio observations
was cooler and/or less emissive than expected, and (2) there
was some excess dust not accounted for in the infrared pho-
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tometry. This would shift the radii from the two wavelength
regimes toward each other and leads to a radius of 30 +
10 km, consistent with the HST results. The rotational pe-
riod of the nucleus was determined by two different meth-
ods: 11.34 + 0.02 h was derived by Licandro et al. (1998)
and 11.35 = 0.04 h by Jorda et al. (1999) (see Samarasinha
et al., 2004). An extensive, groundbased CCD imaging ob-
servational campaign (Farnham et al., 1999) showed a sys-
tematic motion of the rotational pole of the nucleus, and
this was interpreted as resulting from precession due to
complex rotation. However, Samarasinha (2000) showed
that there are no effects due to precession in the observed
coma morphology.

C/1996 B2 (Hyakutake): Optical, infrared, and radar
observations were performed during its close approach to
Earth. Lisse et al. (1999) estimated a nuclear radius of 2.4 +
0.5 km from the infrared and optical data. Radar observa-
tions revealed a clear detection of the nucleus, but an ex-
tremely small radar albedo of 0.011 is required to be con-
sistent with the infrared data (Harmon et al., 1997, 2004).
If the radar albedo is 0.04, the radius of the nucleus de-
rived from the radar detection drops to only ~1.3 km. Early
observations showed a fast rotation period of 6.30 + 0.03 h,
which was later refined by Schleicher and Osip (2002) to
6.273 + 0.007 h. This NIC underwent a partial fragmenta-
tion as large fragments (~10-20 m in diameter) were ob-
served traveling away from the nucleus with a velocity of
~10 m s~! (Lecacheux et al., 1996; Desvoivres et al., 2000).

C/1983 OI (Cernis), C/1984 K1 (Shoemaker), C/1986 P1
(Wilson), C/1987 HI (Shoemaker), C/1987 F1 (Torres), C/
1988 B1 (Shoemaker), C/1997 T1 (Utsonomiya): Only up-
per limits are reported for the nuclear radii of these NICs
by Me+. An upper limit for the radius of C/1997 T1 is also
reported by Ferndndez (1999) from infrared measurements.

C/1999 S4 (LINEAR): This comet underwent cata-
strophic fragmentation in July 2000. Lower limits for the
size of the nucleus prior to disruption were derived indi-
rectly from the long-term monitoring of the water produc-
tion rate: 1, = 0.375 km by Mdikinen et al. (2001), and r, =
0.44 km by Farnham et al. (2001).

C/2001 OGI108 (LONEOS): First classified as an as-
teroid of the Damocloid group, it developed a small amount
of cometary activity as it approached perihelion and was
subsequently reclassified as a comet. Simultaneous optical
and thermal observations by Abell et al. (2003) give an
effective radius of 8.9 = 0.7 km and a visual albedo py =
0.03 £ 0.005. Their composite lightcurve indicates a simple
rotation with a period of 57.19 + 0.5 h and a minimum axial
ration of 1.5. The spheroidal solution assuming a/b= 1.3
has a=10.1 km and b=c = 7.9 km.

Essentially all the best data on the sizes and shapes of
cometary nuclei are summarized in Tables 1, 2, and 3. The
column labeled r, , displays what we consider to be the
most reliable value of the effective radius, as defined in sec-
tion 3.2. An absence of value means that, in our opinion, a
reliable determination does not yet exist.
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3.3. Albedo

3.3.1. Ecliptic comets (ECs). 2P/Encke: Using radiom-
etry, Ferndndez et al. (2000) report 0.046 + 0.023 for the
V band.

9P/Tempel 1: Using radiometry, Ferndndez et al. (2003)
report 0.072 = 0.016 for the R band. However, as discussed
in section 3.2.1, this large value probably results from coma
contaminated visible magnitudes. The most likely value is
pr = 0.048 + 0.007.

10P/Tempel 2:  From radiometry of the nucleus, A’Hearn
et al. (1989) report an albedo of 0.022*3:9% for a wavelength
of 4845 A. Tokunaga et al. (1992) report a near-infrared
(1.25 to 2.20 um) albedo of 0.04—0.07, which is consistent
with the reddening of the nucleus in this wavelength regime
compared to the visible.

19P/Borrelly:  Buratti et al. (2004) used disk-resolved
imaging of the nucleus obtained by the Miniature Integrated
Camera and Spectrometer (MICAS) instrument on the Deep
Space 1 (DSI) mission, and a scattering model based on
the Hapke (1986) formalism, to calculate a disk-integrated
geometric albedo of 0.029 + 0.006. Table 3 of Buratti et al.
(2004) indicates that this is the py, value, but we think that
it in fact corresponds to the R band for two reasons. First,
the DSI images have an effective wavelength of 0.66 pm,
and second, the albedo was derived from the absolute R
magnitudes, R(1,1,0). Variations are, however, observed on
the surface of the nucleus, and the two main types of ter-
rains, smooth and mottled, exhibit mean normal reflectances
of 0.03 and 0.022. The above albedo is lower than that
assumed by La+ (0.04) but, as discussed by Buratti et al.
(2004), the respective uncertainties in the HST and DS/
measurements make the two results fully consistent. This
justifies the superposition of the prolate spheroid model
derived from the HST observations and a DS/ image dis-
played in Fig. 2.

22P/Kopff:  Using radiometry, Lamy et al. (2002) report
0.042 + 0.006 for the V band.

28P/Newjmin 1:  As discussed in section 3.2.1, the maxi-
mum value of the infrared flux measured by Campins et al.
(1987) leads to py = 0.026. This value and the color (V-
R) = 0.45 leads to pg = 0.04, in good agreement with the
value pg = 0.03 = 0.01 determined by Jewitt and Meech
(1988).

29P/Schwassmann-Wachmann 1: Using radiometry,
Cruikshank and Brown (1983) report py = 0.13 + 0.04. As
emphasized in section 3.2, this value is controlled by the
visible magnitude, which was estimated.

49P/Arend-Rigaux: The albedo has been constrained by
many groups, all using groundbased radiometry. The results
of Millis et al. (1988), revised by Campins et al. (1994),
give py = 0.04 + 0.01. In the near-infrared (specifically J
band), measurements by Tokunaga and Hanner (1985),
0.054 = 0.010, and by Brooke and Knacke (1986), 0.03 +
0.01, are consistent with the value at visible wavelengths.

107P/Wilson-Harrington: Using radiometry, Campins
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TABLE 1. Nuclei of the ecliptic comets (ECs).

Effective radius (km) a’b P,
Comet La+ Lo+ Li+ Me+ Sc Others Ta+ oy (min) (h)
2P/Encke — 4.4 — — 32 243145 24(1.3) 2.4 2.6 11.
4P/Faye 1.77 — — — 2.3 — 2.2(1.7) 1.77 1.25 —
6P/d’ Arrest — 1.6 — 1.71 — 3.5 1.5 1.6 1.2 7.0
7P/Pons-Winnecke — 2.6 — — — — 1.5 2.6 — —
9P/Tempel 1 3.13 2.4 — 3.07 3.2 3.32 2.3(1.9) 3.1 1.40 41.0
10P/Tempel 2 4.63 — — 4.93 4.1 3.159 2.9 5.3 1.7 9.0
14P/Wolf — 2.33 — — 2.0 — 1.3 2.33 — —
15P/Finlay — — — — — — 0.9 — — —
16P/Brooks 2 — — — — — — 1.7 — — —
17P/Holmes 1.71 — — — — — 2.0(1.6) 1.71 — —
19P/Borrelly 2.4 1.9 — — — 2.4 2.50 3.0(2.2) 2.2 2.5 25.0
21P/Giacobini-Zinner — — — — — 1.9 1.0 1.0 1.5 9.5
22P/Kopff 1.67 1.8 — <2.9 — 2.46 1.8 1.67 1.7 12.30
24P/Schaumasse — — — — 1.1 — 0.8 — — —
26P/Grigg-Skjellerup — <1.5 1.5 — 1.9 1.44 1.3(1.2) 1.3 1.10 —
28P/Neujmin 1 — 11.44 — 10.22 10.6 9.1 10.7 1.50 12.75
29P/Schwassmann-Wachmann 1 — — — 154 — 20.0 — 154 2.6 14(32.3)
30P/Reinmuth 1 — <3.8 — — 34 — 1.3(1.0) — — —
31P/Schwassmann-Wachmann 2 — — — 3.2 3.1 3.2 3.1 1.6 5.58
32P/Comas Sola — — — — 3.6 — — (2.1 — — —
33P/Daniel — — — — 1.1 — 0.9 — — —
36P/Whipple — 2.32 — — 2.8 — 2.3(1.9) 2.32 — —
37P/Forbes 0.81 — 1.1 — 2.0 — 1.0 0.96 — —
39P/Oterma — — — — — — 9.13.2) — — —
40P/Viisild 1 — <3.6 — — 1.8 — 1.5 — — —
41P/Tuttle-Giacobini-Kresak — — — — — 0.7 0.70 — —
42P/Neujmin 3 — — — — 1.0 — 0.6 — — —
43P/Wolf-Harrington — 34 «3.1 — — — 1.8 1.8 — —
44P/Reinmuth 2 1.61 <3.0 — — 1.8 — 1.5 1.61 — —
45P/Honda-Mrkos-Pajdusakova 0.34 1.34 — — 1.1 — 0.5(0.3) 0.8 1.30 —
46P/Wirtanen 0.62 <2.6 — <1.66 0.56 0.7  0.7(0.6) 0.60 1.20 6.0
47P/Ashbrook-Jackson 2.8 <6.1 3.1 — 4.8 — 2.9(2.5) 2.8 1.4 >44
48P/Johnson — <3.5 3.7 — — 2.87 2.2 2.87 1.35 29.0
49P/Arend-Rigaux — 4.6 — — 3.9 48 5.1 3.2 4.24 1.63 13.47
50P/Arend 0.95 — — — — — 3.0(1.0) 0.95 — —
51P/Harrington — <1.9 — — 2.1 — 1.4(0.2) — — —
52P/Harrington-Abell — 1.4 — 1.3 1.0 1.1 1.3 — —
53P/Van Biesbroeck — — <6.7 3.33 3.9 — 3.8(3.3) 3.33 — —
54P/de Vico-Swift — 2.1 — — — — — — — —
56P/Slaughter-Burnham — — — 1.56 — — 1.5 1.56 — —
57P/du Toit-Neujmin-Delporte — <1.1 — — — — 1.6 — — —
58P/Jackson-Neujmin — — — — — — 0.6 — — —
59P/Kearns-Kwee 0.79 — — — 2.0 — 1.1 0.79 — —
60P/Tsuchinshan 2 — — — — — — 0.8 — — —
61P/Shajn-Schaldach 0.64 0.92 — — 1.0 — 1.1(1.0) 0.64 1.27 >18
62P/Tsuchinshan 1 — — — — — — 0.8 — — —
63P/Wild 1 1.45 <0.6 — — — — 1.5 1.45 — —
64P/Swift-Gehrels — <1.9 1.6 — — — 1.7(2.2) 1.6 — —
65P/Gunn — <8.8 «11.7 — — — 4.8 — — —
67P/Churyumov-Gerasimenko 1.98 <2.9 — — — 2.8 2.5(2.0) 2.0 1.3 12.3
68P/Klemola — — — — — — 2.2 2.2 — —
69P/Taylor — <34 — — — — 2.9 — — —
70P/Kojima 1.86 — — — 1.3 — 1.2 1.86 1.10 >22
71P/Clark 0.68 <0.9 — 1.31 — — 1.3(0.8) 0.68 — —
72P/Denning-Fujikawa — — — — — — — (0.8) — — —
73P/Schwassmann-Wachmann 3 0.68* <0.9 — — —(1.3) <1.3 1.0 — 1.16%* —
74P/Smirnova-Chernykh 2.23 <127 «l11.2 — — — 6.0 2.23 1.14 >20
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TABLE 1. (continued).

Effective radius (km) a’b P,
Comet La+ Lo+ Li+ Me+ Sc Others Ta+ oy (min) (h)
75P/Kohoutek — <1.5 — — 2.0 — 1.8 — — —
76P/West-Kohoutek-Ikemura 0.33 — — — 1.6 — 1.3 0.33 1.47 >13
77P/Longmore — — — — — — 2.4 — — —
78P/Gehrels 2 — 1.42 — — — — 2.1 1.42 — —
79P/du Toit-Hartley — 1.4 — — 1.9 — 1.2 1.4 — —
81P/Wild 2 — 2.0 «5.7 — — 2.0 2.2(2.0) 2.0 — —
82P/Gehrels 3 0.73 — <3.0 — 2.1 — 2.0 0.73 1.6 >50
83P/Russell 1 — <0.5 — — — — — — — —
84P/Giclas 0.90 — — — 1.3 — 1.4(1.2) 0.90 — —
86P/Wild 3 0.43 <0.9 — 0.65 1.3 3.1 0.9 0.43 1.35 >11
87P/Bus 0.28 <0.6 — <3.42 2.0 — 1.3 0.28 2.20 >25
88P/Howell — — — — 1.9 — 1.1(1.0) — — —
89P/Russell 2 — 2.2 — — 1.2 — 1.1 — — —
90P/Gehrels 1 — — — — 34 — 2.8 — — —
91P/Russell 3 — — — — — — 1.3 — — —
92P/Sanguin — 1.73 — 1.19 — — — 1.19 — —
94P/Russell 4 — — — — — — 1.9 — — —
97P/Metcalf-Brewington — 2.2 1.5 — — — 1.3 1.7 — —
98P/Takamizawa — 3.7 — 2.3 — 2.4(3.0) — —
99P/Kowal 1 — — — — 4.4 — 4.8 — — —
100P/Hartley 1 — <1.2 — — — — 1.3 — — —
101P/Chernykh — — — — 2.4 — 2.2 — — —
103P/Hartley 2 0.8 <5.8 «5.3 — 2.4 — 3.8 0.8 — —
104P/Kowal 2 — 1.0 — — — — — 1.0 — —
105P/Singer-Brewster — — — — 1.0 — 1.0(0.8) — — —
106P/Schuster 0.94 — — — — 0.8 0.94 — —
107P/Wilson-Harrington — 1.77 — 1.96 — 2.0 — 1.7 1.2 6.10
108P/Ciffreo — — — — 1.4 — —(1.1) — — —
110P/Hartley 3 2.15 — — — 2.4 — 1.9 2.15 1.30 10
111P/Helin-Roman-Crockett — <1.5 — — 2.4 0.6 1.5 0.6 — —
112P/Urata-Niijima 0.90 — — — 0.9 — 0.7 0.90 — —
113P/Spitaler — <2.0 — — 1.0 — 1.1 1.10 — —
114P/Wiseman-Skiff 0.78 — — — — — — (0.8) 0.78 — —
115P/Maury — — — 1.11 — 0.8 1.11 — —
116P/Wild 4 — — — — — — 3.5(3.0) — — —
117P/Helin-Roman-Alu 1 — — — — 3.9 — 3.5) — — —
118P/Shoemaker-Levy 4 — 24 — — — 1.7 2.4 — —
119P/Parker-Hartley — <4.0 — — — — 2.5(2.1) — — —
120P/Mueller 1 — 1.5 — — 1.9 — 0.8 1.5 — —
121P/Shoemaker-Holt 2 — 1.62 — — — — 2.6 1.62 — —
123P/West-Hartley — — — — — — 2.2(1.7) — — —
124P/Mrkos — — — — — — 1.6 — — —
125P/Spacewatch — — — — 1.0 — 0.8 0.80 — —
128P/Shoemaker-Holt 1 — 212248 — — — 2.0 2.3 — —
129P/Shoemaker-Levy 3 — — — — — — — (24) — — —
130P/McNaught-Hughes — — — — 1.8 — 1.7(1.5) — — —
131P/Mueller 2 — — — — — — 0.8 — — —
132P/Helin-Roman-Alu 2 — — — — — — 0.9 — — —
134P/Koval-Vavrova — — — — — — 1.4 — — —
135P/Shoemaker-Levy 8 — — — — 1.6 — 1.5(1.3) — — —
136P/Mueller 3 — — — — — — 1.9(1.5) — — —
137P/Shoemaker-Levy 2 — <34 4.5 — — — 29 2.90 — —
138P/Shoemaker-Levy 7 — — — — — — 0.8(1.0) — — —
139P/Viisild-Oterma — <4.6 — — — — 2.6 — — —
140P/Bowell-Skiff — — — — — — —(2.3) — — —
141P/Machholz 2 — — — — — — — (1.0) — — —
143P/Kowal-Mrkos — — — — — 5.7 — (2.6) 5.4 1.5 17.2
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TABLE 1.

(continued).

Effective radius (km)

Comet La+

Me+

Sc

Others

Ta+

Inyv

a/b P

rot

(min) (h)

144P/Kushida —
147P/Kushida-Muramatsu 0.21
148P/Anderson-LINEAR —
152P/Helin-Lawrence —
154P/Brewington —
P/1993 W1 (Mueller 5) —
P/1994 A1 (Kushida) —
P/1994 J3 (Shoemaker 4) —
P/1995 A1 (Jedicke) —
P/1996 A1 (Jedicke) —
P/1997 C1 (Gehrels) —
P/1997 G1 (Montani) —
P/1997 V1 (Larsen) —
P/1998 S1 (LINEAR-Mueller) —
P/1999 D1 (Hermann) —
P/1999 RO28 (LONEOS) —

— —(12)
— 2.3(1.9)
— — Q@D

4.6
1.5
2.1
1.2
33
3.0
5.0
23
2.5
3.6

— — 42
— —(0.7)
— —(0.1)

0.21

1.53 9.5

*Fragment C.

See text for the references. New radii given by 7a+ are in brackets.

TABLE 2. Nuclei of the nearly isotropic comets (NICs).

Comet

Effective radius (km)

La+

Lo+

Li+

Me+

Sc

Others

Inyv

a/b
(min)

Pl’O[
(h)

1P/Halley*

8P/Tuttle

55P/Tempel-Tuttle
96P/Machholz 1
109P/Swift-Tuttle
126P/IRAS

P/1991 L3 (Levy)

C/1983 H1 (IRAS-Araki-Alcock)
C/1983 J1 (Sugano-Saigusa-Fujikawa)
C/1983 O1 (Cernis)

C/1984 K1 (Shoemaker)
C/1984 U1l (Shoemaker)
C/1986 P1 (Wilson)

C/1987 Al (Levy)

C/1987 H1 (Shoemaker)
C/1987 F1 (Torres)

C/1988 B1 (Shoemaker)
C/1988 C1 (Maury-Phinney)
C/1995 O1 (Hale-Bopp)
C/1996 B2 (Hyakutake)
C/1997 T1 (Utsonomiya)
C/1999 S4 (LINEAR)f
C/2001 OG108 (LONEOS)

1.8
2.8
11.8-12.5
5.8
3.5-3.7
0.37

<5.8

55
7.8
1.80
32
13.0
1.57

2.0

1.50
1.4

52.8; 177.6

6.38
69.4
8.34
51.0

* See Table 3. The two periods correspond to the SAM and LAM rotations.

¥ Nucleus size prior to breakup.

See text for the references.
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TABLE 3. Cometary nuclei with known shape and size.
axbxc

Comet (km x km x km) 1:ab:alc Notes*
1P/Halley 7.65 = 0.25 x 3.61 + 0.25 x 3.61 = 0.25 1:2.13:2.13 [1]
721 £0.15x3.7+0.1 x 3.7 £0.1 1:195:1.95 [2]
10P/Tempel 2 8x4x4 1:20,c=b [3]
82x49x%x35 1:1.67:2.34 [4]
19P/Borrelly 4.0 £0.1 x 1.60 = 0.02 x 1.60 + 0.02 1:25,¢c=b [51
4.4 +0.15 x 1.80 + 0.08 x 1.80 + 0.08 1:24,c=b [6]

*Notes: [1] Vega 1, 2, TVS in situ imaging (Merényi et al., 1990); [2] Giotto HMC in situ imag-
ing (Keller et al., 1994); [3] groundbased CCD photometry (Jewitt and Luu, 1989); [4] ground-
based observations and modeling (Sekanina, 1989); [5] Deep Space 1 MICAS in situ imaging
(Buratti et al., 2004); [6] HST WFPC2 high-precision photometry (Lamy et al., 1998b).

et al. (1995) report p; = 0.10 £ 0.02 using the STM and p, = TABLE 4. Albedos of cometary nuclei.

0.05 = 0.01 using the ILM, the latter value being favored.

3.3.2. Nearly isotropic comets (NICs). 1P/Halley: Re-
solved imaging of the nucleus led to a value of 0.04*3:%,
irrespective of the spectral bands “VIS,” “RED,” or “NIR”
of the Vega 1,2 cameras (Sagdeev et al., 1986a).

55P/Tempel-Tuttle:  Using radiometry, Ferndndez (1999)
and Jorda et al. (2000) both arrived at similar values for the
R band: 0.06 = 0.025 for the former, 0.045 for the latter.

109P/Swift-Tuttle:  Fomenkova et al. (1995) used radi-
ometry to estimate a nuclear size, from which the large-
heliocentric distance observations by O’Ceallaigh et al.
(1995) may be used to derive an approximate albedo of
about 0.02-0.04 in the R band.

C/1983 HI (IRAS-Araki-Alcock): Extensive datasets at
many wavelengths allowed Sekanina (1988) to create a uni-
fied model of the properties of the nucleus. The implied
albedo in the V band is 0.02 + 0.01. Groussin et al. (2004)
have reanalyzed these data and obtained a slightly larger
value of 0.03 + 0.01.

C/1995 Ol (Hale-Bopp): While more data were ob-
tained on this comet than any other, the albedo derivation
is problematic owing to the comet’s strong coma swamp-
ing the nucleus during the whole apparition to date. Cam-
pins and Ferndndez (2003) combine the results of Jorda et
al. (2000) and Ferndndez (1999), who both used radiom-
etry and find a compromise (but very unconstrained) value
of 0.04 + 0.03.

C/2001 OGI08 (LONEOS): Using radiometry, Abell et
al. (2003) report 0.03 = 0.005 for the V band.

Table 4 summarizes these results on the albedo measure-
ments of cometary nuclei.

3.4. Colors

Colors by themselves do not provide much information
on the physical properties of cometary nuclei, but the dis-
tribution of colors compared to other solar system objects,
or the correlation of colors with other parameters (e.g., size,
orbital parameters, ... ), has the potential of offering inde-
pendent clues on the origin and evolution of these objects

Comet Geometric Albedo A
Ecliptic Comets

2P/Encke 0.046 + 0.023 \%
9P/Tempel 1 0.05 = 0.02 R
10P/Tempel 2 0.022+3:5% 4845
10P/Tempel 2 0.04-0.07 JHK
19P/Borrelly 0.03

22P/Kopff 0.042 + 0.006 \%
28P/Neujmin 1 0.026 v
28P/Neujmin 1 0.03 = 0.01 R
49P/Arend-Rigaux 0.04 = 0.01 v
49P/Arend-Rigaux 0.054 + 0.010 J
49P/Arend-Rigaux 0.03 £ 0.01 J
107P/Wilson-Harrington 0.05 = 0.01 J
Nearly Isotropic Comets

1P/Halley 00467 V,R, 1
55P/Tempel-Tuttle 0.06 = 0.025 R
55P/Tempel-Tuttle 0.045 R
109P/Swift-Tuttle 0.02-0.04 R
C/1983 H1 IRAS-Araki-Alcock 0.03 = 0.01 A%
C/1995 O1 Hale-Bopp 0.04 = 0.03

C/2001 OG108 (LONEOS) 0.03 + 0.005 \%

A = band or wavelength (in A) to which albedo applies. References
are given in the text.

and their interrelationships. Near-infrared spectroscopic
observations of cometary nuclei have been attempted in an
effort to detect the spectral signals of water ice and silicates,
as successfully performed on several KBOs and Centaurs
(e.g., Jewitt and Luu, 2001). Finally, we discuss the few
thermal spectra obtained so far and their implications for
the surface temperature of cometary nuclei.

3.4.1. Broadband colors and reflectivity: 'The most
common color characterization comes from color indices,
e.g., (B-V), (V-R), (V-D), etc. As discussed in section 3.1.2,
magnitudes of nuclei observed at large heliocentric dis-
tances are very faint, and this often leads to large uncer-
tainties in the indices. Continuum spectra of a few nuclei
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have been obtained, and they can be parameterized using
the normalized reflectivity gradient S' = dS/dA/<S>, where
S is the reflectivity (object flux density divided by the flux
density of the Sun at the same wavelength, A) and <S> is
the mean value of the reflectivity in the wavelength range
over which dS/dA is computed (Luu and Jewitt, 1990b). The
gradient, S', is used to express the percentage change in the
strength of the continuum per 1000 A (%/1000 A). Broad-
band color indices can also be converted to a normalized
reflectivity gradient using the following relation (Luu and
Jewitt, 1990b)

2 + S'AA

V-R), = (V-R)g + 2.51
(V-R), = (V-R)g + 2.5log =2

12)

where (V-R), and (V-R), are the color indices of the nu-
cleus and the Sun respectively and AA is the difference be-
tween the effective wavelengths of the two filters.

The quantity S' remains of interest as long as it is con-
stant over a sufficiently large spectral interval. This is rarely
the case and different values in different spectral intervals
must be introduced. Then the S' values become strictly
equivalent to the color indices via the above equation.

Table 5 is an updated version of Table 3 in Jewitt (2002),
summarizing all presently available data on the colors of
cometary nuclei. It incorporates recent results from Meech
et al. (2004), except for the nuclei of 22P/Kopft, 46P/Wir-
tanen, 87P/Bus, and P/1993 K2 (Helin-Lawrence), which
were active at the time of observations, from the compila-
tion of Hainaut and Delsanti (2002), and from Lowry and
Weissman (2003). We comment below on some of the re-
sults, starting with the ECs.

2P/Encke: Note the accurate (V-R) from spectropho-
tometry. A value (V-R) = 0.46 £ 0.02 is consistent with all
the data and their respective error bars.

6P/d’Arrest:  (V-R) = 0.56 + 0.02 is consistent with the
results of Jewirt (2002) and Meech et al. (2004), while the
value reported by Lowry and Weissman (2003), (V-R) =
0.33 £ 0.09, is well outside the above uncertainty. (R-I) =
0.45 = 0.04 from Jewitt (2002) is, however, consistent with
the results reported by Lowry and Weissman (2003), 0.33 +
0.12. At the 20 level, the two values of (B-V) agree, and
we adopt (B-V) = 0.857)3..

10P/Tempel 2: (V-R) = 0.56 £ 0.01 is consistent with
the three measurements.

14P/Wolf, 19P/Borrelly: Note the large uncertainties,
making these measurements of limited value.

28P/Neujmin 1: There is an excellent agreement on the
(V-R) color of this large and inactive nucleus. Taking the
average of all measurements leads to (V-R) = 0.47 = 0.20,
making it similar to D-type asteroids (Campins et al., 1987;
Fitzsimmons et al., 1994) and most Trojans (Jewitt and Luu,
1990).

45P/Honda-Mrkos-Pajdusdkovd: 1In addition to the re-
sults included in Table 5, Lamy et al. (1999a) reported the
first (U-B) index ever measured on a comet nucleus, (U-B) =
0.68 = 0.04.

48P/Johnson: Note the large uncertainty of 0.3 on (V-R).

49P/Arend-Rigaux: The result of (V-R) =0.47 + 0.01,
obtained by both filter photometry and spectrophotometry
on this inactive nucleus, appears to be extremely accurate
and reliable. Note the large uncertainty on the (R-I) reported
by Lowry et al. (2003a), 0.54 + 0.14, which makes it com-
patible with the result of Millis et al. (1988), (R-1) =0.43 +
0.02.

86P/Wild 3:  The surprising result of (V-R) =0.12 £0.14
makes this nucleus a very blue object, although the error
bar is quite large.

107P/Wilson-Harrington: ~We favor the spectrophoto-
metric result (V-R) = 0.31 = 0.03 of Chamberlin et al. (1996),
which is intermediate between the two available photomet-
ric results.

There are only three NIC nuclei for which color informa-
tion is available: 1P/Halley, 96P/Machholz 1, and C/2001
0G108 (LONEOS).

1P/Halley: From in situ imaging by the Giotto HMC,
Thomas and Keller (1989) determined a constant reflectivity
gradient S'= 6 = 3 per 1000 A in the range 440-810 nm
leading to (B-V) =0.72 £ 0.04, (V-R) = 0.41 £ 0.03, (V-I) =
0.80 = 0.09, and (R-I) = 0.39 = 0.06.

96P/Machholz 1: The two available measurements are
not consistent at the 1c level.

C/2001 OG108 (LONEOS): Measurements of (B-V),
(V-R), and (R-I) have been reported by Abell et al. (2003).

3.4.2. Visible and near-infrared spectra. 1In principle,
spectral analysis is the most effective way to characterize
the surface properties of the cometary nuclei. First, it yields
high-accuracy color information as presented above, and
second, it offers the possibility of detecting solid-state ab-
sorption bands, namely those of water ice and minerals.
With one exception, and contrary to the case for several
Centaurs and KBOs, this expectation has failed to materi-
alize, reinforcing for the time being the value of color in-
formation. In addition to the general difficulties of detecting
cometary nuclei, spectral observations face the additional
problem of very low signals per spectral element. This ex-
plains the paucity of groundbased nuclear spectra, mostly
restricted to (nearly) inactive nuclei, and the clear superi-
ority of in situ spectral observations.

2P/Encke, 10P/Tempel 2, 21P/Giacobini-Zinner, 49P/
Arend-Rigaux: Visible spectra obtained at large r, with a
spectral resolution of 10-20 A are presented by Luu (1993).
No absorption features were detected, except for a down-
turn feature in the blue part of the spectrum of 21P, remi-
niscent of chondritic spectra.

19P/Borrelly: The short-wavelength infrared imaging
spectrometer (SWIR) onboard DS/ secured 45 scans spec-
tra of the nucleus in the 1.3-2.6-um range (Soderblom et al.,
2002). They reveal a strong positive slope toward the red
and a single absorption feature at ~2.39 um, whose origin
is unknown (fits of various hydrocarbons were attempted,
but none were satisfactory).

28P/Neujmin 1: Observations at large 1, in the spectral
range 0.9-2.4 ym by Campins et al. (2001) do not show a
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TABLE 5. Colors of cometary nuclei.
Comet (B-V) (V-R) (R-I) Photometry* References
Solar colors 0.65 0.35 0.28
Ecliptic Comets
2P/Encke 0.78 = 0.02 0.48 + 0.02 — S LJo0
— 0.43 = 0.05 — F JO2
— 0.38 = 0.06 — F JO2
— 0.37 = 0.09 — F HDO02
6P/d’ Arrest 0.78 = 0.04 0.54 = 0.04 0.45 = 0.04 F Jo2
— 0.62 = 0.08 — F M+02
1.08 = 0.12 0.33 = 0.09 0.33 +0.12 F LWO03
10P/Tempel 2 — 0.53 £ 0.03 — F IMS88
— 0.58 = 0.03 — S JL89
— 0.56 = 0.02 — F M+02
14P/Wolf — 0.02 +0.22 0.25 = 0.35 F Lo+03
19P/Borrelly — 0.25 + 0.78 — F Lo+03
21P/Giacobini-Zinner 0.80 = 0.03 0.50 £ 0.02 — S L93
22P/Kopff 0.77 = 0.05 0.50 = 0.08 0.42 + 0.03 F La+02
26P/Grigg-Skjellerup — 0.42 £ 0.10 — F B+99
28P/Neujmin 1 — 0.46 + 0.04 — F Ca+87
— 0.45 = 0.05 — F JM88
— 0.50 = 0.04 — F JM88
— 0.45 = 0.05 — F D+01
— 0.48 = 0.06 — F M+02
45P/Honda-Mrkos-Pajdusakova 1.12 + 0.03 0.44 = 0.03 0.20 = 0.03 F La+99
46P/Wirtanen — 0.45 £ 0.10 — F La+98a
48P/Johnson — 0.50 + 0.30 — F Li+00
49P/Arend-Rigaux 0.77 = 0.03 0.47 + 0.01 0.43 +0.02 F M+88
— 0.47 = 0.01 — S L93
— 0.40 = 0.30 — F Li+00
— 0.49 = 0.11 0.54 +0.14 F Lo+03
53P/Van Biesbroeck — 0.34 £ 0.08 — F M+02
73P/SW3 — 0.48 +0.17 — F B+99
86P/Wild 3 — 0.12 + 0.14 — F M+02
107P/Wilson-Harrington — 0.31 £ 0.03 — S Ch+96
— 041 = 0.02 — F M+02
0.61 = 0.05 0.20 = 0.04 — F LWO03
0.75 = 0.06 — — F LWO03
143P/Kowal-Mrkos 0.84 + 0.02 0.58 = 0.02 0.55 £ 0.02 F J+03
0.80 = 0.02 0.58 = 0.02 0.57 £ 0.02 F J+03
Nearly Isotropic Comets
1P/Halley 0.72 + 0.04 0.41 = 0.03 0.39 + 0.06 F/HMC TK89
96P/Machholz 1 — 0.43 = 0.03 — F M+02
— 0.30 = 0.05 — F Li+00
C/2001 OG108 (LONEOS) 0.76 = 0.03 0.46 = 0.02 0.44 = 0.03 F A+03

*F = filter photometry, S = spectrophotometry; HMC = in situ measurements by the Giotto Halley Multicolour Camera.

References: A+03 (Abell et al., 2003); B+99 (Boehnhardt et al., 1999); Ca+87 (Campins et al., 1987); Ch+96 (Cham-
berlin et al., 1996); D+01 (Delahodde et al., 2001); HDO2 (Hainaut and Delsanti, 2002); IM88 (Jewitt and Meech, 1988);
JL89 (Jewitt and Luu, 1989); J+03 (Jewitt et al., 2003); LI90 (Luu and Jewitt, 1990a); L93 (Luu, 1993); La+98a (Lamy et
al., 1998a); La+02 (Lamy et al., 2002); Li+00 (Licandro et al., 2000); Lo+03 (Lowry et al., 2003a); LWO03 (Lowry and

Weissman, 2003); M+88 (Millis et al., 1988); M+02 (Meech et al., 2004); TK (Thomas and Keller, 1989).
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water ice signature, a result consistent with earlier obser-
vations by Campins et al. (1987) and recent observations
by Licandro et al. (2002).

82P/Gehrels 3: A featureless red spectrum in the range
0.4-0.98 um, with a resolution of 30 A, has been obtained
by De Sanctis et al. (2000). This spectrum is very similar to
those of D-type asteroids.

90P/Gehrels 1: Observations at large r;, in the spectral
range 0.9-2.4 um by Delahodde et al. (2002) show the ab-
sence of spectral signatures.

107P/Wilson-Harrington: A featureless spectrum in
the range 0.38—0.62 um with a resolution of 5 A has been
obtained by Chamberlin et al. (1996).

124P/Mrkos: Observed by Licandro et al. (2003) while
inactive at r, = 1.85 AU, its near-infrared (0.9-2.3 um), low-
resolution spectrum is featureless and slightly redder than
the Sun, resembling that of a D-type asteroid.

C/2001 OG108 (LONEOS): Observed by Abell et al.
(2003) while inactive, its near-infrared (0.7-2.5 pm) is fea-
tureless, slightly redder than the Sun, resembling that of a
D-type asteroid.

3.4.3. Thermal spectrum — Surface temperatures. The
surface temperature of the nucleus has been measured for
only two comets, 1P/Halley and 19P/Borrelly, thanks to in
situ observations.

1P/Halley: The infrared radiation of its nucleus was
measured at r, = 0.8 AU by the IKS spectrometer onboard
the Vega I spacecraft in two wavelengths bands, 7-10 and
9-14 uym (Combes et al., 1986). The temperature was ob-
tained with two independent and different methods, and the
most probable maximum value lies in the range 360—400 K.
The hottest region was not at the subsolar point, and the
angular thermal lag was about 20° (Emerich et al., 1987).
These results suggest that a large fraction of the nucleus
surface of 1P/Halley is inactive and not cooled by sublimat-
ing ices or evolving gases. The surface may be a lag deposit
crust, or perhaps a radiation processed mantle.

19P/Borrelly: The spectra recorded by SWIR onboard
DS1I at rj, = 1.36 AU (Soderblom et al., 2002) permitted a
determination of the temperature at the two tips of the elon-
gated nucleus: 300 K and 345 K. These high temperatures
are consistent with the absence of water ice bands (cf. sec-
tion 3.4.2) and, as for 1P/Halley, suggest that a large fraction
of the nuclear surface is inactive [only ~10% of its surface is
active according to Lamy et al. (1998b)].

3.5. Phase Function

In the above sections, we have highlighted the impor-
tance of the phase function ®(c) in the determination of the
size of cometary nuclei and emphasized that it remains a
nonnegligible source of uncertainty. Aside from this tech-
nical aspect of the data reduction, the phase function of an
atmosphereless body offers a powerful means for investigat-
ing the properties of its surface (e.g., roughness and single-
particle albedo). Typically, the phase angle data are fit to a

parametric model, for instance that of Hapke (1993). Of
particular interest is the opposition effect, which is neglected
when using simple phase laws, such as the one introduced
in section 3.2. In addition to the intrinsic difficulties of
observing cometary nuclei, the determination of the phase
function further requires observations at different phase
angles, each one having to be corrected for the effect of
the rotation of the nucleus. Ideally, this requires determin-
ing the light curve at each phase angle, so that the mea-
surements may be phased to the same rotational position,
say the maxima of the light curves (Delahodde et al., 2001).
2P/Encke: A detailed analysis of recent, original meas-
urements and a large collection of historical data led Fer-
ndndez et al. (2000) to derive B = 0.06 mag deg-!. This very
steep phase function makes 2P/Encke one of the most
phase-darkened objects in the solar system and implies a
very rough surface.
9P/Tempel 1: Ferndndez et al. (2003) estimated a phase
coefficient B = 0.07 mag deg-! that is poorly constrained. It
is indeed unlikely that such a steep phase function is correct.
19P/Borrelly: Combining the disk-integrated magni-
tudes calculated from the DS/ images with the HST (Lamy
et al., 1998b) and groundbased measurements (Rauer et al.,
1999), Soderblom et al. (2002) and Buratti et al. (2004)
determined ®() over a large range of phase angle, from
3° to 88°. The phase curve is very similar to that of the dark
C-type asteroid 253 Mathilde (Clark et al., 1999). Except
for a minor opposition effect restricted to o < 3°, this phase
curve is well approximated by a constant linear phase co-
efficient B = 0.04 mag deg-! over the interval 3°-90°.
28P/Neujmin 1: Jewitt and Meech (1987) determined
a phase coefficient § = 0.034 = 0.012 mag deg-!. Delahodde
et al. (2001) obtained phase coverage extending from 0.8°
to 19° and have been able to correct several data points for
the effects of rotation. A linear phase coefficient B = 0.025 +
0.006 mag deg-! applies down to o ~ 5°. At smaller phase
angles, the function steepens and a strong opposition ef-
fect appears at oo < 1.5°. This effect, comparable to those
found on medium albedo py ~ 0.15 M-type asteroids and
icy satellites, is quite surprising for a cometary nuclei. As
surface ice is excluded on such a low-activity nucleus, a
high surface porosity could perhaps be invoked, but this
possible interpretation has not been investigated.
45P/Honda-Mrkos-Pajdusdkovd: As discussed in sec-
tion 3.2, there is a distinct possibility that the HST and
groundbased observations can be reconciled by a steep
phase function with 8 = 0.06 mag deg-!, similar to that of
2P/Encke and 48P/Johnson.
48P/Johnson: Observations of a starlike nucleus at
phase angles between 6° and 16° led Jewitt and Sheppard
(2003) to derive B = 0.0592 mag deg-!.
55P/Tempel-Tuttle: The combination of HST and
groundbased observations allowed Lamy et al. (2004) to ob-
tain the phase function in the interval 3°-55° and to derive
a linear phase coefficient B = 0.041 mag deg-!, similar to
those of 19P/Borrelly and asteroid Mathilde.
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143P/Kowal-Mrkos: Observations of a starlike nucleus
at phase angles between 5° and 12.7° led Jewitt et al. (2003)
to derive a linear phase coefficient 8 = 0.043 = 0.0014 mag
deg-1.

3.6. Satellites of Cometary Nuclei

The detection of a satellite companion to a cometary
nucleus, and the determination of its orbit, would be of
unique value as it would provide access to the mass of the
primary. If the mass of the nucleus is known, and if the size
is independently derived, then the mean bulk density and
porosity can be calculated, providing insight into the inter-
nal properties of the nucleus.

There are various processes leading to the formation of
binary systems among small bodies. In the case of cometary
nuclei, a companion could be primordial or could result
from the capture of a large fragment ejected by the nucleus;
the capture of an external object appears unlikely. To be of
value in the sense described above, a satellite must be suf-
ficiently large to allow its detection and should travel on a
stable orbit for some time. However, the motion of such a
possibly active object around a rotating, nonspherical, and
active primary is extremely complex, and is in fact a major
concern for the Rosetta orbiter. We review below the few
cases where a companion may have been directly or indi-
rectly detected.

17P/1892 VI (Holmes): In late 1892, this comet under-
went a major outburst (leading to its discovery), then faded
by 7-8 mag, and flared up again by 6 mag a couple of
months later. Whipple (1983, 1984) proposed that a satellite
could produce this double burst: first a grazing encounter
on 4.6 November 1892 and a final impact on 16.3 Janu-
ary 1893. Several details of this scenario explain the obser-
vations rather well. Whipple (1999) estimated the crushing
strength (compressive strength, force/area) from the mo-
mentum transfer during the collision of the secondary with
the primary nucleus, and it ranges from 4.2 x 103 to 5.9 x
105 dynes cm2, corresponding to mean bulk densities of 0.2
and 1.5 g cm™3 respectively. The idea of an hypothetical
satellite, however, remains highly speculative.

26P/Grigg-Skjellerup: During the Giotto flyby of this
comet in 1992, the in situ optical probe experiment (OPE)
recorded several “spikes.” One of them was interpreted by
McBride et al. (1997) as an object 10—100 m in radius
sporting a weak dust coma. However, it is not clear whether
this object was in a bound orbit, or slowly traveling away
after possibly separating from the nucleus.

C/1995 Ol1 (Hale-Bopp): From his analysis of HST
WFPC2 images taken in May—October 1996, Sekanina
(1998a) reported the detection of a companion that could
be bound. He estimated a mass ratio of =0.1, a semimajor
axis of =180 km, and a period of 2-3 d for a primary
nucleus of radius =35 km. Our analysis of the same set of
images using a fully anisotropic coma model (Weaver and
Lamy, 1997; Toth et al., 1999) does not support this detec-

tion. These latter authors conclude that the “satellite” is
probably due to the residual signal when fitting an over-
simplified elliptical coma model to the real, highly struc-
tured coma of Hale-Bopp. Such artifacts have been found
in another analysis performed by Sekanina (1995), namely
that of Comet D/Shoemaker-Levy 9: Clumps of positive
residuals were identified as fragments, while clumps of
identical but negative residuals were also present.

Adaptive optics observations with the ESO 3.6-m tele-
scope in the near-infrared performed on 6 November 1997
possibly revealed the presence of a satellite: Marchis et al.
(1999) discussed the pros and cons of this interpretation,
but did not reach a clear and firm conclusion. HST images
taken on the same day, and on other days, with the Space
Telescope Imaging Spectrograph (STIS) do not reveal any
obvious companion (Weaver et al., 1999) at the location and
magnitude expected if the groundbased detection were real.
If there is a satellite, then either it remained within 1 STIS
pixel (0.05 arcsec) of the primary for more than three
months, or the HST observers were unlucky and observed
near the time of an orbital transit event (i.e., when the two
objects appear to move across each other).

Possible additional evidence for a companion of Comet
Hale-Bopp comes from the analysis of the complex mor-
phology of its coma (jets and halos). Vasundhara and
Chakraborty (1999) and Sekanina (1998b) have noted dif-
ficulties in explaining several coma features with a single
rotating nucleus, thereby suggesting that two nuclei are
involved, but the analysis of Samarasinha (2000) demon-
strates that the coma morphology is consistent with a single
nucleus.

C/2001 A2 (LINEAR): The splitting of this comet was
accompanied by outbursts, and Sekanina (2002c) quoted the
rare, but possible, scenario of the flaring of the primary nu-
cleus due to collision with a companion that had been cre-
ated by the fragmentation events (Whipple, 1984; Sekanina,
1982). Sekanina (1997) had previously suggested that a part
of the mantle of the nucleus (icy-dust mantle) could be
lifted off the surface and then travel away from the primary
during a nontidal splitting. However, this is only specula-
tion, and there is no direct evidence of a satellite around
this comet.

Concluding remarks: ~ While the occurrence of satellites
for both main-belt and near-Earth asteroids, Kuiper belt
objects, and Trojans is steadily growing (Merline et al.,
2002), there is still no definite, observational evidence that
binary cometary nuclei exist. Since detecting and charac-
terizing cometary nuclei remains a huge challenge, the de-
tection of a smaller companion is probably beyond our
present and near-future capabilities. Do double craters and
crater chains (catenae) observed on planetary satellites
(Melosh and Schenk, 1993; Melosh and Whitaker, 1994,
Schenk et al., 1996) provide independent evidence of bi-
nary and multiple objects? Known double craters are plau-
sibly created by the impact of two orbiting bodies and can
likely be explained with the currently known asteroidal
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sources, and do not require a cometary component, but that
does not mean that a cometary component is ruled out.
Catenae are thought to be formed from tidally disrupted
cometary nuclei (an asteroidal origin is, however, not ruled
out) but, in that case, the fragments are not orbiting one
another; rather, the multiple objects are laid out in a line
along their common orbit. In the case of a cometary im-
pactor, fragmentation may have first taken place, leading to
the creation of a trail of small bodies, very much like the
case of D/Shoemaker-Levy 9.

4. ANALYSIS AND INTERPRETATION
4.1. Size Distribution of Cometary Nuclei
Figures 3a and b present the distribution functions of the

effective radius r, , of ECs and NICs respectively, as sum-
marized in Tables 1 and 2 (the range of radius has been
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Fig. 3. Distributions of the effective radius 1, , for (a) ecliptic
comets, (b) nearly isotropic comets, and (c) ecliptic “cometary”
NEO:s. Note that the largest nuclei are excluded to allow legibility
of the histograms at small sizes.

truncated at 12 km for better legibility of the histograms at
small sizes). These represent the largest datasets ever as-
sembled. The histograms show several structures, which
most likely result from the limited statistics in the dataset.
We note that there are not very many large cometary nu-
clei; only two EC and two NIC nuclei have radii larger than
10 km. The apparent roll-off in the number of small com-
etary nuclei is very likely an observational selection effect
(i.e., smaller nuclei are simply harder to detect). A similar
effect is often encountered with flux-limited surveys, e.g.,
for the NEOs at magnitudes fainter than ~17, but additional
mechanisms cannot be excluded (see below). Brandt et al.
(1996) advocated the idea of a large population of unde-
tected ECs having very small nuclei, but they presented no
observational evidence to support this hypothesis. For NICs,
the above shortcomings are exacerbated by the small num-
ber of comets in the sample. However, if the Sun-grazing
comets, which are probably the fragments of one or several
large nuclei, are considered as full members of this family,
then there is clear evidence of a large population of very
small, sub-100 m, cometary nuclei (Biesecker et al., 2002).
This clearly shows that under the right circumstances, e.g.,
coronagraphic observations of Sun-grazers, small objects
can be detected.

A more robust and physically enlightening way to view
size distributions is to introduce cumulative distribution
functions, which are less prone to artifacts. One can con-
sider the cumulative luminosity function (CLF) N; (<H),
where N; is the number of nuclei with absolute magnitude
brighter than H, and the cumulative size distribution (CSD)
Ng(>r1,), where Ny is the number of nuclei larger than radius
r,. If these two distributions are represented by power laws

N, (<H) o< 10aH (13)

Ns(r,) o ;s (14)

and if all objects have the same albedo, then qg =5 q; (Weiss-
man and Lowry, 2003). Quite recently, several groups have
collected various datasets and studied the CLF and/or the
CSD of ecliptic comets; their results are summarized in
Table 6.

At stake here is the question of the origin of ECs. If they
are collisional fragments of TNOs (Stern, 1995; Farinella
and Davis, 1996), then the theoretical value qg = 2.5 for a
collisionally relaxed population (Dohnanyi, 1969) is ex-
pected. In reality, the question is probably more complex.

On the one hand, the model of Dohnanyi applies to a
population of self-similar bodies having the same strength
per unit mass. Several groups have attempted to relax this
assumption, with O’Brien and Greenberg (2003) present-
ing the most comprehensive results on steady-state size dis-
tributions for collisional populations. In the range of sizes
of interest for cometary nuclei, the size distribution of frag-
ments is wavy, and oscillates about the distribution of a pop-
ulation evolved under pure gravity scaling. The differential
size distribution of such a population is characterized by a
power law with an exponent of —3.04. This translates into
gs = 2.04 using our notation for the cumulative distribution.



Lamy et al.: Sizes, Shapes, Albedos, and Colors of Cometary Nuclei

251

TABLE 6. Power exponents of the cumulative luminosity function (CLF) and
of the cumulative size distribution (CSD) of the nuclei of ecliptic comets.

Reference CLF CSD
Ferndndez et al. (1999) 0.53 + 0.05 2.65 = 0.25
Lowry et al. (2003a) 0.32 + 0.02 1.6 £ 0.1
Meech et al. (2004) — 2.5%
Weissman and Lowry (2003) 0.32 £ 0.01 1.59 £ 0.03
Weissman (personal communication, 2003) 0.36 +£ 0.01 1.79 = 0.05
This work 0.38 = 0.06 1.9+03

*From Monte Carlo simulations after truncation at small radii.

On the other hand, noncollisional fragmentation (i.e.,
splitting) is frequent among comets (see Boehnhardt, 2004),
and nuclei are progressively eroded by their repeated pas-
sages through the inner part of the solar system, so that we
are certainly not observing a primordial, collisionally re-
laxed population of TNO fragments. A crude calculation by
Weissman and Lowry (2003) indicates that a typical EC
loses ~400 m in radius at half its lifetime as an active ob-
ject. Samarasinha (2003) undertook a more comprehensive
study of this problem in which mass loss includes outgas-
sing and splitting events (rotational and tidal splitting). His
only example for a population of nuclei with an initial dif-
ferential size distribution having an exponent of -3 indeed
shows considerable leveling off after 1000 years. Mass loss
may therefore significantly distort the size distribution of
nuclei, particularly at the low end. While it is tempting to
introduce this kind of statistical correction to account for
mass shedding, this approach certainly does not reflect the
reality for any given comet, which could be at any stage of
its orbital evolution. But a case-by-case correction faces the
difficulty of the chaotic nature of the orbital evolution of
ecliptic comets.

Figure 4a presents the CSD of 65 ecliptic comets for
which we have reliable values of the effective radius r,
(Table 1). Above some critical radius (r, ~ 1.6 km), the CSD
appears to follow a single power law. Below r,, the distri-
bution levels off, a likely result of observational bias and
mass loss, as discussed above. The determination of the
power exponent g, and of the value of r,, was performed
using three different techniques. We first used the least-
squares fit because it has been widely used for similar stud-
ies by various groups; we stress, however, that this method
is not applicable to CSDs because the data points are not
independent, which renders the standard 2 statistic mean-
ingless. Next, we used a fit based on a maximum likelihood
parameter estimation, namely the M-estimate technique
based on the MEDFIT algorithm described by Press et al.
(1986) and implemented as the routine LADFIT in IDL.
This procedure returns the mean absolute deviation of the
data from the power law but does not return an uncertainty
on the power exponent. Finally, we calculated the probabil-
ity Pgg that the observed distribution for r, > r. and the
model distribution N(>1,) o< ry9s are drawn from the same
parent distribution using the Kolmogorov-Smirnov (K-S)
test. We found that the optimum cut-off value is r, = 1.6 km

and then explored the variation of Pgg in the neighborhood
of the value of qg determined by the M-estimate technique
(Fig. 5). The high value of Pgg (0.953) for the nominal
value of qq returned by the M-estimate fit is encouraging,
as is the result that the distribution of Pgg values is sym-
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Fig. 4. Cumulative size distributions of the nuclei of (a) ecliptic
comets and (b) nearly isotropic comets are represented by the solid
circles while the open circles apply to the populations augmented
by the “cometary” NEOs. The two solid lines in (a) correspond
to optimum power law fits according to the Kolmogorov-Smirnov
test, from the cutoff radius r, = 1.6 km up to the largest bodies.
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Fig. 5. The Kolmogorov-Smirnov probability as a function of the
exponent of the power law fitting the observed CSDs down to a
cut-off radius r, = 1.6 km; (a) corresponds to the distribution of
ECs as listed in Table 1, while (b) corresponds to the distribution
of ECs + “cometary” NEOs as listed in Table 7. The circles apply
to the nominal case while the other symbols apply to two experi-
ments where 29P/Schwassmann-Wachmann 1 is removed (trian-
gles) and where 28P/Neujmin 1 is further removed (squares). The
open symbols correspond to the M-estimate (i.e., maximum like-
lihood) solution while the solid symbols correspond to the least-
squares fit solution.

metric about the nominal M-estimate value. In order to
define an uncertainty on qg, we adopted the criterion that
Pyg 2 0.5, which implies that qg= 1.9 = 0.3 for a cut-off
r. = 1.6 km (Table 6).

As the largest comets are removed from the CSD, the
M-estimate technique tends to consider the remaining larg-
est nuclei as outliers, yielding steeper slopes. As a first test,
we removed the largest nucleus in our database, namely
29P/Schwassmann-Wachmann 1 (the deletion of this comet
may also be justified on the basis that it is more properly
classified as a Centaur, rather than an EC), and obtained a
nominal value of qg = 2.1 from the M-estimate fit, with a

Py value of 0.86. Although this result is consistent with
the previous one, given the uncertainties, we note that the
distribution of Py values is not centered on the nominal
value of qq returned by the M-estimate fit.

In a second step, we also removed the next largest nu-
cleus, namely 28P/Neujmin 1, and obtained a nominal value
of qg = 2.4 , with Pgg only reaching 0.62. Note also that
the distribution of Pyg values is even more skewed away
from the nominal M-estimate value, which suggests that qgq
is not very well-determined.

In summary, we conclude that qg could be as small as
~1.6 and as large as ~2.5, with a preferred value of ~2.0.
However, we will quote qq = 1.9 + 0.3 because that is our
result for the CSD that includes all the ECs for which reli-
able data have been obtained.

Table 6 shows that our result is intermediate between
those of Lowry et al. [(2003a), qg = 1.6 + 0.1] and Weissman
and Lowry [(2003), q¢ = 1.59 + 0.03, recently revised to
gs = 1.79 £ 0.05 (P. Weissman, personal communication,
2003)], on the one hand, and J. Ferndndez et al. [(1999),
gs = 2.65 £+ 0.25], on the other hand. Regarding the first
group of authors, we note that they incorrectly included 8P/
Tuttle, a quite large nucleus, in their dataset and that their
power exponent has been revised upward to be nearly com-
patible with our range (note also that their quoted uncer-
tainty is underestimated owing to their use of least-squares
fitting). Regarding the second group, i.e., J. Ferndndez et
al. (1999), we concur with Weissman and Lowry (2003) in
noting that their fitted slope covers only 12 comets over a
very small range of radius, namely a factor of only 1.6. J.
Ferndndez et al. (1999) have further limited their sample
to those nuclei having perihelion distances q < 2 AU, fear-
ing a possible bias, with nuclei with q > 2 AU being sys-
tematically larger than those with q < 2 AU. We have
examined this question in detail, and Fig. 6 shows that there
is no evidence for a systematic trend of size of the nucleus
with perihelion distance. While there is indeed a larger
number of small nuclei (r, < r,) with g < 2 AU than with
q>2 AU, the two populations of larger nuclei (r, > r,) have
similar statistical properties (at least at the present level of
accuracy), as already noted by Weissman and Lowry (2003).
This is thus irrelevant when fitting the size distribution of
nuclei with r, > r, to a power law, and in fact has not been
considered by the other groups listed in Table 6.

The comparison with the result of Meech et al. [(2004),
gs = 2.5] is not straightforward because it was obtained
from a Monte Carlo reconstruction of the CSD that attempts
to remove various selection effects, i.e., to unbias the ob-
served CSDs. From their Table 11, we estimate qg ~ 1.5,
but we wonder whether this observed CSD includes both
the short-period and long-period comets, as it is the case
for the histogram given in their Fig. 6. We note that these
authors truncated their original distribution (qq = 2.5), and
that in fact their best-fit model is truncated below r, =
5.0 km. It will be interesting to see how their result evolves
when their Monte Carlo simulation is applied to a larger
dataset, such as ours.
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Fig. 6. The effective radius r, of the cometary nuclei vs. helio-
centric distance for ecliptic comets (solid circles), for nearly iso-
tropic comets (open circles), and for “cometary” NEOs (open
squares).

It is tempting to compare our result for the distribution
of ECs, qg ~ 1.9 £ 0.3, with the general trend of the power
law of a collisionally population evolved with pure gravity
scaling, qg = 2.04 (O’Brien and Greenberg, 2003). On the
one hand, it must be kept in mind that the simulated distri-
bution is in fact wavy in the size interval of cometary nu-
clei, so that different values of qg may hold in different size
intervals. On the other hand, our dataset has not yet been
corrected for bias effects and the statistics still remain lim-
ited, at essentially all sizes. We need far more measurements
before we can conclusively determine the size distribution
of ECs. As a way of testing how the distribution could
evolve, we decided to incorporate additional objects. Our
sample already includes highly evolved nuclei such as 28P/
Neujmin 1. We now go one step further and include the
population of asteroidal objects thought to be dormant or
extinct comets, on the basis of their Tisserand parameters,
or their association with meteor streams. The cometary ori-
gin of these NEOs is still highly speculative, and many of
them may be bona fide asteroids coming from the outer
regions of the asteroidal belt, including the Hilda group and
Jupiter Trojans (Ferndndez et al., 2002). Selection effects
are also different from those of the ECs, and any future
unbiasing should reflect these differences. For the purpose
of the present exercise, we considered 21 “cometary” NEOs
that can be associated with ECs, and whose sizes have been
determined (Table 7), thus bringing the database to 86 ob-
jects. The “cometary” NEOs tend to be larger on average

than the ECs, thus significantly filling the 2—10-km radius
range, but flattening the CSD simply because they are more
of them at larger sizes; indeed, we found qq= 1.6 + 0.2,
Py reaching 0.85 when including these NEOs. The experi-
ment of removing 29P and 28P has also been performed,
and the results are illustrated in Fig. 5b. Because the new
CSD is better constrained, the impact of removing these
objects is much reduced compared to the case of ECs alone.
We further note that the new CSD better fits a power-law
function, thus reducing the differences between the M-es-
timate and K-S determinations of qg.

Table 8, adapted from Weissman and Lowry (2003), dis-
plays the power exponents qg and q; for various minor-body
populations in the solar system. The power exponent of the
CSD of KBOs is quite large, qq = 3.15-3.45, but strictly
applies to objects with r, > 20 km. It is not clear whether
this value extends down to smaller sizes to allow a mean-
ingful comparison with ECs. In fact, it has been suggested
that KBOs follow a broken power law with the larger ob-
jects (r, 2 50 km), retaining their primordial size distribu-
tion with the above value of qgq, while the smaller objects
represent collisional fragments having a shallower distribu-
tion (e.g., Davis and Farinella, 1997), which could then be
rather similar to that of the ECs. The power exponent of
the CSD of Centaurs, qq = 2.7-3.0, is also larger than that
of the ECs. However, the statistics are rather poor, and we
found that, from the data of nine Centaurs reported by
Barucci et al. (2004), it is very difficult to fit a power law
to the observed CSD: The exponent can take any value,
from 3.1 down to 1.2, depending on the imposed cutoff at
small sizes.

The CSD of ecliptic comets is beginning to look remark-
ably similar to that of NEOs: Note the result of Stuart
(2001), qg = 1.96, which is essentially identical to our value.
For the main-belt asteroids, size distributions are so well-
defined that changes in the power exponent can be recog-
nized in different size regimes [see details in Jedicke and
Metcalfe (1998)], and we have simply indicated the ranges.
Near-Earth objects and main-belt asteroids are thought to
be collisionally dominated populations, yet they have power
exponents significantly different from the canonical value
of qq = 2.5 obtained by Dohnanyi (1969).

A final comparison is that with the CSD of the fragments
of Comet D/1999 S4 (LINEAR): From water production
rates measured following its breakup, Mdkinen et al. (2001)
found that the measurements could best be explained by a
fragment size distribution having qg = 1.74, which is within
the range we estimate for the ECs.

The question of the size distribution of ECs at the lower
end, r, < 1.6 km, remains totally open. The possible influ-
ence of both observational and evolutionary biases has been
mentioned already, but a real depletion cannot be excluded.
Indeed, the depletion of small nuclei is supported by the
measurements of crater distributions on several airless bod-
ies of the solar system, where cratering from comets is be-
lieved to dominate, e.g., Europa (Chapman et al., 1997) and
Ganymede and Callisto (Zahnle et al., 2001).
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TABLE 7. Physical properties of probable dormant or extinct comets.

Name Ty* I, Py Note Association References
Selected NEOs and possible dead comets based on T; < 3 and low albedo (<0.05)

1580 Betulia 3.07 3.75 £ 0.15 0.034 + 0.004 — EC Fe99
3552 Don Quixote 2.31 92+04 0.045 + 0.003 1983 SA EC Fe99
1983 VA 2.97 1.35 £ 0.05 0.07 = 0.01 — EC Fe99
2000 EJ37 2.44 5.8 — — EC Fe+03
2000 OG44 2.74 3.8770% 0.038*+5918 — EC Fe+01
2000 PG3 2.55 3.08%)42 0.021+0031 — EC Fe+01
2000 SB1 2.81 3.5770%3 0.019+0915 — EC Fe+01
2000 VU2 2.62 6.0 — — EC Fe+03
2000 YN30 2.64 1.4 — — EC Fe+03
2001 KX67 2.85 1.6 — — EC Fe+03
2001 NX17 2.79 9.3 — — EC Fe+03
2001 OB74 2.98 1.0 — — EC Fe+03
2001 QF6 2.28 2.6 — — EC Fe+03
2001 QL169 2.97 0.4 — — EC Fe+03
2001 QQ199 232 10.2 — — EC Fe+03
2001 RC12 2.69 1.6 — — EC Fe+03
2001 SJ262 2.98 0.16 — — EC Fe+03
2001 TX16 277 3.7 — — EC Fe+03
5335 Damocles 1.14 8.5 0.03 t NIC(HTC) Le+02
15504 1999 RG33 1.95 14.8 0.03 t NIC(HTC) Le+02
20461 1999 LD31 -1.54 6.8 0.03 t NIC(HTC) Le+02
1996 PW 1.72 6.5 0.03 t NIC(ERC) Le+02
1997 MD10 0.98 2.5 0.03 t NIC(HTC) Le+02
1998 WU24 1.40 39 0.03 t NIC(HTC) Le+02
1999 LE31 -1.31 9.05%39¢ 0.031+3:939 — NIC(HTC) Fe+01
1999 X835 1.42 1.4 0.03 t NIC(HTC) Le+02
2000 AB229 0.78 6.2 0.03 t NIC(ERC) Le+02
2000 DG8 -0.62 8.64132%¢ 0.0273:932 — NIC(HTC) Fe+01
2000 HE46 -1.51 3.5540 19 0.023+3:621 — NIC(HTC) Fe+01
Selected NEOs associated with meteor stream

2101 Adonis 1.40 0.28*% ? meteor stream EC Fe99
2212 Hephaistos 3.1 2.85 ? meteor stream EC Fe99
3200 Phaeton 4.51 235 +£0.25 0.11 £ 0.02 meteor stream EC Fe99

*Tisserand parameter with respect to Jupiter.
TRadius derived from absolute magnitude (Le+02) using an albedo of 0.03.
¥ Averaged radius derived from the radar measurements made by Benner et al. (1997).

References: Fe99: from the list compiled by Ferndndez (1999); Fe+01: Ferndndez et al. (2001); Fe+03: Ferndndez et
al. (2003); Le+02: Levison et al. (2002).

TABLE 8. Power exponents of the CSD and CLF for various minor object populations.

Population CSD CLF References
KBOs (r > 20 km) 345 0.69 Gladman et al. (2001)
3.20 + 0.10 0.64 + 0.02 Larsen et al. (2001)
3.15 £ 0.10 0.63 £ 0.06 Trujillo et al. (2001)
Centaurs 2.70 £ 0.35 0.54 £ 0.07 Larsen et al. (2001)
3.0 0.6 Sheppard et al. (2000)
ECs 1.9+03 0.38 £ 0.06 This work
ECs + “cometary” NEOs 1.6 £ 0.2 0.32 + 0.04 This work
Near-Earth objects 1.75 = 0.10 0.35 £ 0.02 Bottke et al. (2002)
1.96 0.39 Stuart (2001)

Main-belt asteroids 1.25-2.80 0.25-0.56 Jedicke and Metcalfe (1998)
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Figure 4b displays the CSD of the 13 NIC nuclei whose
effective radii, r, ,, have been determined (Table 2). Also
plotted is the CSD of this population augmented by the 12
asteroidal objects thought to be dormant or extinct NICs
on the basis of their Tisserand parameters (Table 7). Owing
to the poor statistics, we did not attempt to fit power laws
to the observed CSDs. We note, however, based on the
present dataset, the rather shallow CSD of the NICs and the
lack of small nuclei that NICs apparently share with ECs.

4.2. Shape and Rotation Period of
Cometary Nuclei

Figure 7 displays the distribution of the axial ratio a/b
of cometary nuclei. One should bear in mind that the bulk
of the values are, strictly speaking, lower limits. There is
not enough data for NICs to draw any conclusion. For ECs,
the histogram is highly skewed with a median value of ~1.5,
and there is a priori no reason to suspect that this property
is biased by the aspect angle. There are a few cases of
highly elongated nuclei with a/b > 2, the maximum value
being 2.6 at present.

Figure 8 displays the distribution of rotational periods.
One should bear in mind that most of them are not accu-
rately determined because of the scarcity of data points to
define the light curves. The range of 5-70 h is remarkably
similar to that of the periods of main-belt asteroids and
NEOs, excluding the monolithic fast rotators (e.g., Whiteley
et al., 2002). We further note that the bulk of the nuclei
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Fig. 7. Distribution of the lower limits of the axial ratio for com-
etary nuclei. The comet nucleus is assumed to be a prolate spher-
oid rotating around its axis of maximum moment of inertia for
both ecliptic comets and nearly isotropic comets.
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measured so far have periods in a more restricted range,
5-18 h, but this may result from observational bias.

The results on rotational periods and axial ratios can be
used to estimate lower limits on the density of the nuclei,
assuming that they are strengthless (i.e., that cometesimals
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Fig. 8. Distribution of the rotational periods for cometary nuclei.
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are not physically bound) and that they are not rotating
faster than the centrifugal limit for breakup (Luu and Jewitt
1992; Meech, 1996). Figure 9 displays the relevant diagram,
where periods are plotted vs. axial ratios. Lines correspond-
ing to the critical rotational period for different bulk densi-
ties of the nucleus are also plotted. The figure suggests that
the fastest rotating nuclei are stable against centrifugal dis-
ruption, if their bulk densities exceed ~0.6 g cm=3 (see also
Weissman et al., 2004).

4.3. Albedos of Cometary Nuclei

One of the features evident in Table 4 is the very nar-
row range of albedos of cometary nuclei, namely 0.02 to
0.06. 29P/Schwassmann-Wachmann 1 stands as an excep-
tion with possibly p = 0.13 according to Cruikshank and
Brown (1983), suggesting that this object may indeed be
better classified as a Centaur. We further note that the low-
est values have been measured at 4845 A. As most nuclei
have a red color, converting these values to the V band
slightly increases them. As an example, we find py, = 0.025
for 10P/Tempel 2 and py, = 0.030 for 49P/Arend-Rigaux.
The average value for the 13 nuclei listed in Table 4, ex-
cluding 29P, is py = 0.038 £ 0.009 and py = 0.042 + 0.017,
assuming a typical normalized reflectivity gradient of S'=
10%/1000 A. These values nicely bracket the canonical
albedo of 0.04, which is therefore fully justified. The range
of albedos is so narrow that looking for trends is almost
hopeless. This question has been recently investigated by
Campins and Ferndndez (2003), who concluded that there
is no trend with perihelion distance and a slight trend of
decreasing albedo with increasing nuclear radius, the cor-
relation being significant only at the 26 level.

4.4. Colors of Cometary Nuclei

Figure 10 displays the distributions of the (B-V), (V-R),
and (R-I) color indices, excluding 19P/Borrelly for which
the uncertainty is too large, which can be compared to the
solar indices (B-V)g = 0.65, (V-R)g = 0.35, and (R-I)g =
0.28. The mean values of the indices <(B-V)> = 0.82, <(V-
R)> = 0.41, and <(R-I)> = 0.38 confirm the well-known
result that cometary nuclei are statistically redder than the
Sun. Their colors are, however, very diverse, as already
discussed for a smaller sample (Luu, 1993), from slightly
blue to very red. Even if we exclude 14P/Wolf and 86P/
Wild 3, for which the uncertainty in (V-R) is very large,
there are two comets, 43P/Wolf-Harrington and 107P/Wil-
son-Harrington, that have a well-determined (V-R) = 0.31
0.03, significantly less than that of the Sun. The reddest
nucleus in the present sample is that of 143P/Kowal-Mrkos,
with (V-R) = 0.58, still less red than the average (V-R) =
0.61 of KBOs (Jewitt, 2002).

As pointed out in section 4.4, colors by themselves do
not reveal much about the physical properties, but the dis-
tribution of colors compared to other solar system objects
may provide information on their interrelationships. This
topic is discussed in Jewitt (2004).
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Fig. 10. The distributions of the (B-V), (V-R), and (R-I) color
indices of the ecliptic comets, excluding 19P/Borrelly. The average
values of the color indices are displayed and the color indices of
the Sun are indicated.

5. SUMMARY, OPEN ISSUES,
AND FUTURE DIRECTIONS

5.1. Current Status

Remarkable progress has been made during the past
decade in measuring the sizes of cometary nuclei, but it is
also clear that this field is still in its infancy. Reliable data
exist for only 65 comets, so any conclusions regarding the
distribution of sizes is necessarily tentative and subject to
future revision. Measurements are needed for substantially
more comets, at least doubling or tripling the current num-
ber, before confidence can be gained in the conclusions
regarding the size distribution. Our current best estimate,
gs = 1.9 £ 0.3, is conspicuously different from that of the
KBO and Centaur populations, but is similar to that of the
NEOs. This value also corresponds to that of a collisionally
evolved population with pure gravity scaling, but we reem-
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phasize that O’Brien and Greenberg (2003) showed that this
distribution is in fact wavy in the size range relevant to ECs.

The situation for cometary albedos is even worse, in the
sense that reliable values are available for only about a
dozen objects. Nevertheless, we are struck by the relatively
small range in the albedo (0.04 + 0.02), which suggests that
the surfaces of cometary nuclei are exceptionally dark, con-
trary to the early expectations for these “icy” bodies.

Measuring accurate shapes of cometary nuclei is some-
times possible but requires intensive observing campaigns,
generally extending over several days. Furthermore, the as-
pect angle of the rotational axis usually varies with time, so
that observations at widely separated places in the comet’s
orbit are desirable to obtain a clear picture of the comet’s
rotational properties and true shape. Although there are
some examples of highly elongated cometary nuclei, with
the major axis being up to 2.6 times larger than the minor
axis, most cometary nuclei seem to differ from spherical
bodies by ~50%. However, we must keep in mind that the
axial ratio values are often lower limits. Fortunately, con-
clusions regarding the size distribution of cometary nuclei
are not strongly affected by uncertainties in the shapes.

It is also difficult to obtain reliable color data on com-
etary nuclei. While the color of the nucleus itself does not
provide unique information on the physical properties, color
data are useful for comet-to-comet comparisons, which may
suggest differences in surface properties, particularly when
in making comparisons with other minor bodies in the solar
system (e.g., Centaurs, TNOs, and asteroids). The colors of
cometary nuclei are diverse, with some being highly red-
dened compared to solar color, some being neutral, and a
few having a slightly blue color.

5.2. Outstanding Issues and
Future Investigations

An important, unresolved issue concerns the interpreta-
tion of disk-integrated thermal measurements, which, in
principle, provide robust determinations of sizes and albe-
dos. The so-called standard thermal model for asteroids is
often used to interpret cometary thermal data, although its
applicability to objects having a mixture of dust and ice is
questionable.

A totally open issue is the nature of the size distribution
of cometary nuclei at the small end of the spectrum. Does
the relatively steep power law derived from the intermedi-
ate-sized objects extend indefinitely to smaller sizes? Or is
the size distribution truncated at some value that depends
on the physical formation mechanism (e.g., gravitational
instability within the solar nebula) or destruction mecha-
nism (e.g., total disruption)?

What is the bias in ecliptic comet discoveries and how
does that affect the current distribution of sizes? Why do
we observe so few large (r, = 5 km) cometary nuclei?

How does evolution affect the physical properties of com-
etary nuclei? Is there really a continuum of surface prop-
erties that is dependent on the activity level and physical
evolution (e.g., with a youthful Chiron at one end and an

aged 2P/Encke on the other)? Continual loss of the surface
layers through repeated passages through the inner solar
system obviously affects the size, and probably the shape
and color, of cometary nuclei. How do we account for this
in estimating the primordial distribution of physical prop-
erties? Some combination of improved modeling and ob-
servations of nuclei will help, but it is not yet clear that these
issues can ever be resolved satisfactorily.

Splitting events obviously affect the size and shape of
cometary nuclei, but how do we estimate their effect on the
distribution functions? Perhaps better data on the splitting
rates of nuclei, coupled with a better understanding of the
physical mechanism(s) for splitting events, will help to re-
solve these issues, but that remains to be seen.

Of course, one of the most interesting avenues for future
exploration is the relationship between cometary nuclei and
the other minor bodies in the solar system. Can we use the
size distribution of cometary nuclei to conclude that they
are a collisionally evolved population? In particular, can the
size distribution and the shapes of cometary nuclei be used
to conclude that they are collisional fragments of the TNOs?
If the Centaurs are TNOs on the road to becoming ecliptic
comets, then perhaps Centaurs and these comets share com-
mon physical properties. If not, can the differences be ex-
plained by evolutionary effects? Although cometary nuclei
generally contain much more ice than do asteroids, perhaps
“evolved” comets share many common characteristics with
asteroids. In addition, at least some asteroids, and many com-
etary nuclei, are thought to have porous, “rubble-pile” physi-
cal structures (Davis et al., 1985; Weissman, 1986). Does
this point to commonalities in their formation mechanism?

It seems clear that remote observations with 2-3-m tele-
scopes will continue to play a critical role in measuring the
physical properties of cometary nuclei as a population. We
can certainly hope to make as much progress during the
next decade as we have witnessed in the previous one, and
we can look forward to many new advances in our under-
standing of the physical properties of cometary nuclei in the
future. During its remaining lifetime, and subject to ap-
proval of the relevant programs, HST can essentially com-
plete a survey of the bulk of the known population of ECs
and provide unique, accurate color data. Large groundbased
telescopes (e.g., Keck and the Very Large Telescope) will
also contribute by detecting nuclei at large heliocentric dis-
tances, where they are presumed inactive. With its unsur-
passed sensitivity, SIRTF will be capable of detecting the
nuclei of a large fraction of the ECs in the midinfrared, thus
providing albedo-independent determinations of their size.
Herschel will also be able to provide albedo-independent
size determinations, but for larger, more distant nuclei in
the submillimeter wavelength range. Finally, the Atacama
Large Millimetre Array (ALMA) will be able to detect a
significant number of nuclei at 1.3 mm. Combining ALMA
and SIRTF data should provide robust information on the
long-wavelength emissivity and internal thermal properties
of cometary nuclei.

Future spacecraft encounters will undoubtedly shed fur-
ther light on the nature of cometary nuclei, and will even
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start to address the diversity issue in a serious way as more
and more objects come under intense scrutiny. While we
very much regret the loss of the CONTOUR mission, which
would have flown by 2P/Encke and 73P/Schwassmann-
Wachmann 3, we now look forward to the flybys of 81P/
Wild 2 (Stardust mission) and 9P/Tempel 1 (Deep Impact
mission), the latter also probing the interior of the nucleus.
Space investigations of cometary nuclei will culminate with
the Rosetta mission, whose orbiter will accompany the
nucleus of 67P/Churyumov-Gerasimenko from a heliocen-
tric distance of 3.6 AU to perihelion at 1.3 AU and observe
it at all spatial scales down to a few millimeters, thus al-
lowing an unprecedented view of how the activity starts and
evolves. The Rosetta lander will perform a broad range of
in situ observations and analysis of the surface and subsur-
face regions of the nucleus.

6. CONCLUSIONS

When D. Jewitt presented the first “modern” review of
the physical properties of cometary nuclei, at the 30th Liege
conference in 1992 (Jewirt, 1992) just 10 years ago, his
sample was limited to four ECs, one HTC, and Chiron. His
review incorporated rotation and precession, internal and
surface properties, and a comparison with asteroids. At the
1996 Asteroids, Comets, and Meteor (ACM) conference, K.
Meech’s review discussed 17 ECs, 7 HTCs, and 2 Centaurs
(Chiron and 29P). For the Comets II book, the study of
cometary nuclei is divided among 10 chapters, with ques-
tions such as the physical properties, rotation, surface prop-
erties, internal properties, and the relationship with other
minor bodies deserving their own, separate chapters. Our
review of the physical properties of cometary nuclei dis-
cusses 65 ECs and 13 NICs, with the Centaurs being treated
in a different chapter. This illustrates the tremendous ad-
vancement of research on the cometary nucleus during the
past decade. And since there has been only one cometary
space mission during the past 10 years, namely Deep Space 1,
the bulk of the progress has been achieved by groundbased
and spacebased observatories, demonstrating that the use
of better techniques and better detectors, coupled with new
telescopes (but some old ones as well), is capable of achiev-
ing what was long considered hopeless. On the one hand,
we are far from fully understanding cometary nuclei, as
illustrated above by the list of outstanding issues. On the
other hand, the future is bright as new facilities will soon
allow us to push the present limits of our observational
capabilities even further, while forthcoming cometary space
missions will allow us to study a few nuclei in unprece-
dented detail.
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