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Jupiter-family comets (JFCs) are a dynamically distinct group with low orbital inclinations
and orbital periods <20 yr. Their origin has been shown computationally to be the Kuiper belt
region beyond Neptune. Therefore studying the nuclei of these comets, as well as their coma
species, can provide valuable insights into the nature of the kilometer-sized Kuiper belt ob-
jects (KBOs). These include their size distribution, internal structure, and composition, as well
as some hints at their likely surface features. Although JFCs are much closer to the Sun than
KBOs, they are still very difficult to observe due to their intrinsic faintness and outgassing
comae. However, observational studies are advancing rapidly and we are now starting to place
valuable constraints on the bulk physical properties of these nuclei. In this chapter, we review
some of the more important findings in this field and their relevance to KBO studies.

1. KUIPER BELT OBJECTS: PROGENITORS
OF THE JUPITER-FAMILY COMETS

Considerable progress has been made in understanding
the dynamical histories of the low-inclination ecliptic com-
ets (ECs) (Duncan et al., 2004). It is generally accepted that
most if not all of the ECs, consisting of the Jupiter-family
comets (JFCs), Encke-type comets, and Centaurs, must have
originated from the Kuiper belt. Indeed, it was dynamical
studies of JFCs (Ferndndez, 1980; Duncan et al., 1988) that
suggested that the most efficient source for them was a low-
inclination reservoir beyond the giant planets, in order to
match the low-inclination distribution of the JFC orbits.
These results then stimulated the first confirmed Kuiper belt
object discovery (Jewitt and Luu, 1993; see also chapter by
Davies et al.) after Pluto and Charon. Kuiper belt objects
(KBOs) can be perturbed into Neptune-crossing orbits or
out of stable resonances by gravitational interactions with
the giant planets, collisions, or perhaps by nongravitational
forces due to surface outgassing. Once this happens the
KBOs can be handed down through the giant planets region
toward the terrestrial planets zone (Horner et al., 2004) and
end up as JFCs.

Jupiter-family comets have orbital periods <20 yr, and
low-inclination, direct orbits. Their orbital behavior is cha-
otic due to strong gravitational interactions with Jupiter,
hence their name. Their aphelia are generally around 5-
6 AU from the Sun, although some can eventually evolve to

orbits entirely within the orbit of Jupiter, such as Comet 2P/
Encke. Encke-type comets are simply old JFCs, and are
treated as JFCs for the purposes of this review. Jupiter-fam-
ily comets are defined by their dynamical Tisserand param-
eter T} (with respect to Jupiter), which is conserved in the
circular restricted three-body problem, and can provide a
measure of the relative velocity of approach to Jupiter. T,
is defined as

T, = ? +2cos(i)y/(1 — eDalay (1)

where a, e, and i are the comet’s orbital semimajor axis,
eccentricity, and inclination, respectively, and a; is the or-
bital semimajor axis of Jupiter. Jupiter-family comets are
defined as those comets having 2 < T} < 3. Dynamical stud-
ies by Levison and Duncan (1994) found that T; does not
vary substantially for JFCs, i.e., only ~8% of comets moved
in or out of this dynamical class throughout the computer
simulations. Thus, the JFCs are dynamically distinct.
Recent dynamical studies have shown that the most
likely source for most of the JFCs is the scattered disk ob-
jects (SDOs) (Duncan and Levison, 1997; see chapter by
Gomes et al.). Scattered disk objects are in orbits with peri-
helia close to Neptune, and are actively interacting dynami-
cally with that planet. This leads to a much higher probabil-
ity that the SDOs will be thrown into the planetary region,
as compared with classical KBOs (CKBOs), which are in
more distant and stable orbits. The source of the SDOs is

397



398 The Solar System Beyond Neptune

likely objects from the inner Kuiper belt, close to Neptune,
and remnant icy planetesimals from the Uranus-Neptune
zone.

The importance of collisions in moving small KBOs into
the various dynamical resonances has been discussed by
Stern (1995) and Farinella and Davis (1996). Collisions
play an important role particularly at diameters <20 km. In
fact, as noted in these papers, most of the observed JFCs are
likely collisional fragments from the Kuiper belt and thus
may not represent the primordial state of the smallest, kilo-
meter-sized end of the size distribution beyond Neptune.
Whether primordial or not, studying the small KBOs and
their collisional products is valuable for understanding for-
mation and evolution in this size regime, and their thermal
histories. As a daughter population of the KBOs, the JFCs
provide a unique data source for understanding the physi-
cal properties of their progenitors.

As noted above, the JECs are one of several dynamically
distinct groups of comets in the solar system. The other ma-
jor groups are the long-period comets (LPCs) and the Hal-
ley-type comets (HTCs). Long-period comets have orbital
periods >200 yr (and up to ~107 yr) and have random or-
bital inclinations as well as very high eccentricities. Dynam-
ical simulations place their likely formation zone in the gi-
ant planets region, from which they were scattered out of
the planetary region to form the distant Oort cloud. The Oort
cloud consists of ~1012 comets in gravitationally bound but
very distant orbits, with semimajor axes between ~3000 and
100,000 AU. Occasionally, Oort cloud comets are perturbed
back toward the planetary region where they appear as
LPCs. Approximately one-third of observed LPCs are on
their first return to the planetary region. Halley-type com-
ets have orbital periods 20 < P < 200 yr. Their orbits are
more inclined than JFCs but not totally randomized like the
LPCs, and have eccentricities also between that of the JFCs
and LPCs. Their source region is not determined but they
are likely a mix of Oort cloud and Kuiper belt comets, the
latter again showing a preference for SDOs.

Recently, several objects with comet-like tails have been
found in stable, low-inclination orbits in the outer aster-
oid belt, referred to as main-belt comets (MBCs) (Hsieh and
Jewitt, 2006). All three members of this group are associ-
ated with the Themis collisional family at ~3.16 AU, and
therefore are likely to be volatile-rich asteroids, where vola-
tiles buried beneath the surface have been exposed by re-
cent impacts. The relatively stable orbits of these objects
suggest that they formed at their current location in the outer
asteroid belt, and thus they have little or no connection with
the JFCs or the Kuiper belt.

Jupiter-family comets are the most observationally ac-
cessible of the comet groups, with perihelion distances in
the realm of the terrestrial planets, and relatively short pe-
riods that result in frequent and predictable returns. They
are typically much “older” than LPCs (which make an av-
erage of only five returns) (Weissman, 1979), having likely
been in their current orbits for many hundreds of returns or

more. This has the advantage that their surfaces are less ac-
tive, allowing the nucleus to be observed directly in many
cases. However, it also means that the observed surfaces are
now substantially evolved from their presumably primitive
state in the Kuiper belt.

Given our extensive knowledge of JFCs, which comprise
more than 200 known objects, it is impossible to provide a
complete, detailed description of the properties of this popu-
lation in a single chapter. For indepth discussions on nu-
merous aspects of the JFCs, we refer the reader to the com-
prehensive reviews by Lamy et al. (2004), Weissman et al.
(2004), Samarasinha et al. (2004), and Bockelée-Morvan
et al. (2004), among many others, in the recent Comets I1
book. Instead, we focus herein on the broad ensemble prop-
erties of both JFCs and KBOs. We make comparisons that
offer insights into the nature of the parent KBOs, such as
their likely size distribution at kilometer sizes, discussed in
section 2. The JFC population is currently unobservable
from Earth, so provide a valuable proxy for understanding
the nature of the KBO size distribution at diameters <20 km.
If the KBOs are the parent bodies of JFCs then it is rea-
sonable to suggest that their internal structures are very
similar (with the exception of larger KBOs where gravity
dominates their internal structure). Information on internal
structure can be inferred from the rotational properties of
JFC nuclei (section 3), using methods similar to those devel-
oped to study the asteroid population.

Surface imaging of JFC nuclei obtained by recent space-
craft flybys is potentially very powerful in providing rep-
resentative, closeup views of the surfaces of KBOs. How-
ever, we must also recognize that comet nucleus surfaces
have likely been modified from their initial state in the Kui-
per belt by processes such as sublimation and space weath-
ering (section 4). Some KBOs are active, displaying visual
comae, and JFCs may provide clues to understanding this
activity, although the volatiles involved are likely very dif-
ferent, given the substantially different thermal regimes in
which they occur. In this regard, other cometary popula-
tions, in particular the LPCs, may provide more valuable
insights as the LPCs often display activity at relatively large
solar distances. Jupiter-family comets are particularly valua-
ble for understanding the potential future evolution of KBO
surfaces when they are perturbed out of the Kuiper belt to-
ward the terrestrial planets region (section 4). The proximity
of JFCs allows for much easier study of outflowing comae,
and thus their molecular composition. This is covered in
section 5.

The study of cometary nuclei is rapidly advancing and
data on their physical properties continues to grow, in some
cases well beyond the scope of the Comets II reviews men-
tioned previously. As well as utilizing ever-larger ground-
based telescope facilities, the Hubble Space Telescope (HST)
has proved most fruitful in probing cometary nuclei, given
the high spatial resolution that allows for better coma-re-
moval during nucleus imaging. Additionally, the NASA
Spitzer Space Telescope is opening up new areas of inves-



tigation through its ability to study cometary nuclei and co-
mae in the infrared.

2. PROBING THE KUIPER BELT SIZE
DISTRIBUTION AT THE KILOMETER
SIZE RANGE

Jupiter-family comets have typical nucleus radii of 1-
5 km. Thus, they are smaller than any detected KBOs. Since
it is largely agreed that the JFCs derive primarily from the
KBO region, including the high-inclination scattered disk
population, the JFCs provide a ready means of sampling
both the size distribution and physical nature of small KBOs.

Size estimates for cometary nuclei have always been dif-
ficult to obtain. When the comets are in the terrestrial plan-
ets region and close to Earth, they are active, and their bright
comae obscure the signal from their relatively small, dark
nuclei. When the comets are far from the Sun and presum-
ably inactive, they are faint objects, with typical apparent
magnitudes my = 22, and require large-aperture telescopes
to observe them.

A variety of techniques are used to estimate the sizes of
cometary nuclei. These include (1) direct imaging by space-
craft; (2) simultaneous optical and IR photometry of a dis-
tant or low-activity nucleus that permits a solution for both
the size and albedo; (3) IR photometry alone of a distant or
low-activity nucleus, where it can be assumed that almost
all sunlight incident on the low-albedo object is re-radiated
as thermal energy; (4) HST imaging of comets close to Earth
with modeling and subtraction of the coma signal; (§) CCD
photometry of distant nuclei, far from the Sun where they
are likely to be inactive, and using an assumed albedo of
typically 4%; and (6) radar imaging. Of these techniques,
(5) is the most widely used, followed closely by (4). Al-
though both techniques rely on an assumed albedo, the re-
peatability of observed nucleus absolute magnitudes by nu-
merous observers, as well as the confirmation of size and
shape estimates from flyby spacecraft, show that they are
indeed reliable. Flyby spacecraft have only imaged four
cometary nuclei to date: 1P/Halley in 1986 (Giotto, Vega),
19P/Borrelly in 2001 (Deep Space 1), 81P/Wild 2 in 2004
(Stardust), and 9P/Tempel 1 in 2005 (Deep Impact).

There are generally two types of observations: snapshot
and lightcurve. Snapshot observations are comprised of sev-
eral exposures of a nucleus taken in quick succession. They
capture the brightness of the nucleus at an instant in time,
but there is no knowledge of where the images are in the
rotation lightcurve of the presumably irregularly shaped nu-
cleus. More complete coverage is provided by lightcurve
observations that image the nucleus over many hours, and
even on several successive nights, or orbits in the case of the
HST and the Spitzer Space Telescope. This much more com-
plete temporal coverage allows one to obtain the rotation
period of the nucleus, and a lower limit on its axial ratio.

An important question in observing distant nuclei is the
possible presence of coma. The observer’s goal is to image
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the bare nucleus with no coma contamination of the signal.
To do this, cometary targets are usually chosen when they
are far from the Sun, beyond 3 AU (preferably >4 AU), and
on the inbound leg of their orbits. Many JFCs display more
activity postperihelion on the outbound legs of their orbits,
even beyond 3 AU where water ice sublimation in theory
becomes negligible. A technique to check for coma con-
tamination is to compare the image profile of the nucleus
to that of nearby stars in the field. The coma will make it-
self known as a widening of the comet’s radial brightness
profile as compared to the on-chip background stars. If the
nucleus appears stellar then the likelihood of significant
coma contamination is fairly minimal.

The success of these techniques is demonstrated by the
repeatability of nucleus size estimates by multiple observ-
ers, and by comparison with direct imaging in the four cases
where comets have been encountered by spacecraft. For ex-
ample, Weissman et al. (1999) and Lamy et al. (2001) found
dimensions for the nucleus of 9P/Tempel 1 of 3.8 x 2.9 km
and 3.9 x 2.8 km, respectively, each assuming an albedo of
0.04. The dimensions derived from the Deep Impact flyby
in 2005 are 3.8 x 2.5 km with a measured albedo of 0.04
(A’Hearn et al., 2005), in excellent agreement.

An important quantity to estimate is the slope of the
cumulative size distribution, which can be expressed as a
power law of the form

N(>T) o< 1 2)

where r is the radius, N is the number of nuclei with radius
>r, and o is the slope parameter. The cumulative brightness
distribution can similarly be expressed by an equation of
the form

N(<H) o 10BH 2)

where H is the absolute magnitude, N is the number of nu-
clei with absolute magnitude <H, and B is the slope param-
eter. For populations with the same albedo, the two equa-
tions are related by oo = 5.

Several groups have assembled size estimates of come-
tary nuclei and derived the size distribution. Weissman and
Lowry (2003) compiled a catalog of CCD, IR, HST, and
spacecraft measurements of the dimensions of cometary nu-
clei. The catalog presently contains 120 measurements of
57 JFCs and 4 HTCs. The data were normalized to an as-
sumed albedo of 0.04 except in cases where the albedo was
directly measured. Weissman and Lowry found that the cu-
mulative number of JFCs at or larger than a given radius
can be described by a power law with a slope parameter of
o= 1.73 £ 0.06 (Fig. 1) for nuclei with radii between 1.4
and 6 km. This corresponds to B = 0.35 + 0.01.

As seen in Fig. 1, the cumulative size distribution has
two parts: a steeply ascending series of points that is fitted
to give the slope parameter, followed by a roll-off at smaller
sizes that is indicative of observational incompleteness. The
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Fig. 1. One of several size distribution estimates for JECs (Weiss-

man and Lowry, 2003). Current estimates of the slope of this dis-
tribution are much shallower than for large KBOs, which we
believe is reasonable evidence for a broken power-law size distri-
bution within the Kuiper belt.

choice of the lower limit for the fitting of the size distribu-
tion has a strong effect on the value of the fitted slope. Since
about one-fourth of all JFC nuclei have had size estimates
to date, it is difficult to estimate at what size the determi-
nation of the distribution is complete. This is illustrated by
Meech et al. (2004), who found a slope value of o= 1.91 +
0.06 for JFC nuclei with radii between 2 and 5 km, but a
shallower slope of o = 1.45 + 0.05 for nuclei with radii be-
tween 1 and 10 km. Lamy et al. (2004) found a slope param-
eter oo = 1.9 = 0.3 for nuclei larger than 1.6 km in radius.
Lowry et al. (2003) found a slope of o= 1.6 + 0.1. These
values correspond to f§ = 0.29-0.38.

In contrast to the three groups cited above, Ferndndez
et al. (1999) and Tancredi et al. (2006) found much steeper
values of o0 =2.65 = 0.25 and oo = 2.7 £ 0.3 (3 = 0.53 and
0.54), respectively, for nuclei brighter than H = 16.7, cor-
responding to a radius of ~1.7 km. The inclusion of uncali-
brated magnitudes reported in the Minor Planet Circulars
may seriously compromise their sample and thus contrib-
ute to the differences in slope parameter. However, even if
these higher values of o are correct, it is clear that the slope
of the JFC size distribution is shallower than similar esti-
mates for the larger KBOs.

Weissman and Lowry (2003) pointed out that the size
distribution estimate for JFCs was probably not the primor-
dial size distribution when these nuclei first evolved inward
from the Kuiper belt. Sublimation mass loss and fragmen-
tation events have likely decreased the sizes of the nuclei
over time. Because sublimation loss is a surface process and
thought to be independent of nucleus radius, Weissman and
Lowry estimated that smaller nuclei would proportionately
lose a greater fraction of their initial radius over time than
larger nuclei. They estimated that due to this effect the pri-
mordial slope o of the cumulative size distribution would
be ~0.1 greater than the currently estimated values. Thus,

based on the work of Weissman and Lowry, Meech et al.
(2004), and Lamy et al. (2004), the primordial slope param-
eter likely has a value between 1.83 and 2.01.

Early theoretical estimates of the slope parameter were
largely based on Dohnanyi (1969), who showed that for
constant material strength vs. size, the cumulative size dis-
tribution of a collisionally evolved population should have
a slope of oo = 2.5. However, we now know that strength is
a function of size (e.g., Asphaug et al., 2002). O’Brien and
Greenberg (2003) applied current strength models to show
that the expected cumulative slope parameter o. in the grav-
ity-dominated regime for a collisionally evolved population
is 2.04. This is similar to the shallower values cited above,
and also to the value found for near-Earth objects of o =
1.96 (Stuart, 2001) (B = 0.39).

We can compare the brightness distribution of JFCs with
that of KBOs. In the case of the KBOs, the estimated quan-
tity is the slope of the cumulative luminosity function (CLF),
which is defined in terms of apparent magnitudes but can
be related to the KBO size distribution, and compared with
other populations, if several assumptions are applied (see
chapter by Petit et al.). Typical KBO f values range from
0.63 to 0.69 (Trujillo et al., 2001; Gladman et al., 2001;
Bernstein et al., 2004). Note that a more accurate compari-
son could be made if the KBO distribution employed ab-
solute magnitudes, as is done for the JFCs. The shallower
slope parameter of the JFCs, which are considerably smaller
than the observed KBOs, is likely due to a change in the
slope of the KBO size distribution at smaller sizes (Weiss-
man and Levison, 1997; Bernstein et al., 2004). Barring any
unusual processes that would sharply change the size dis-
tribution of small KBOs as they evolve inward to JFC or-
bits, the size distribution of the JFCs can be considered as
reasonable proof that the KBO size distribution must be
much shallower at smaller sizes. Sheppard et al. (2000)
found a CLF slope for Centaurs of 0.6 + 0.1, consistent with
the CLF for the KBOs. Thus, the break in the KBO size
distribution likely occurs at radii lower than the faintest de-
tected Centaurs, which is about 10-20 km.

3. ROTATION PROPERTIES, BULK DENSITY,
AND INTERNAL STRUCTURE

Rotational properties of cometary nuclei are difficult to
obtain. While being much closer than KBOs, the smaller
size of the JFCs means that they are inevitably faint. When
close to the Sun the nucleus is effectively shielded due to
the presence of a masking coma, which acts to reduce the
brightness amplitude of the rotational lightcurve should the
modulation be detected at all.

As mentioned above, time-series photometric measure-
ments can be made from which periodicities can be evalu-
ated. The lightcurve amplitude is related to the elongation
of the nucleus, and by combining this with the measured
period, one can set limits on the nucleus density, i.e., the
minimum density required in order to withstand centrifu-
gal disruption under the assumption of negligible cohesive
strength (Luu and Jewitt, 1992; Weissman et al., 2004). The



density estimate is a lower limit because we use the pro-
jected axial ratio, a/b, which is a lower limit to the true axial
ratio since the orientation of the rotation axis is unknown.
Also, the nucleus does not necessarily need to be spinning
at its rotational disruption limit. Lightcurves for ~22 JFC
nuclei have been obtained to date (Fig. 2). The derived ro-
tation periods range from ~5.2 to 40.8 h, while the projected
axial ratios range from 1.02 to 2.60. The inferred, lower-
limit nucleus bulk densities are given by the position of each
comet in the figure and are limited to <0.56 g cm=3, con-
sistent with density values determined through other meth-
ods (Weissman et al., 2004).

Lowry et al. (2003) also noted that a 5.2-h cutoff in ro-
tation period exists for cometary nuclei, corresponding
roughly to a density cutoff of 0.6 g cm=. As more comet
data is acquired that result seems to be holding up quite
well. A similar spin-period cutoff is unambiguously seen
for the asteroid population, albeit for a much larger sample,
at the faster period of 2.2 h and thus higher density of
~2.5 gem3 (see Pravec et al., 2002). Pravec et al. inter-
pret this result as evidence for small asteroids being loosely
bound, gravity-dominated aggregates with negligible ten-
sile strength. The same description should then apply to
JFCs. There exists a distinct population of small (<150 m)
asteroids that can spin well above this limit, believed to be
monolithic-rock fragments, perhaps individual fragments of
larger rubble-pile asteroids.

Figure 2 compares all cometary lightcurve data with
those available for KBOs and Centaurs. Cometary nuclei
are shown as open circles, Centaurs as filled triangles, and
KBO:s as filled circles. One can see that the rotation period
vs. shape distributions overlap quite nicely, with exceptional
objects labeled. It is thus reasonable, even at this early stage,
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Fig. 2. Available cometary nucleus lightcurve data (Snodgrass,
2006). Comet data are shown as open circles, KBOs as filled
circles, and Centaurs as filled triangles. KBO and Centaur data
are from Lacerda and Luu (2006), Trilling and Bernstein (2006),
Ortiz et al. (2006), and Rabinowitz et al. (2006). The distribu-
tions for JFCs and KBOs are similar on this plot. Like comets,
KBOs all lie above the 0.6 g cm=3 threshold, with the exception
of the large object 2003 EL¢;. Curves are lines of constant den-
sity, for a simple centrifugal breakup model.
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to apply a similar interpretation as done for the small as-
teroid population with regard to their rubble-pile internal
structure. Further evidence for the rubble-pile structure of
comets comes from their observed disruption, such as in the
case of D/1999 S4 (LINEAR) and D/1993 F2 (Shoemaker-
Levy 9). Further discussion on the likely internal structure
of KBOs can be seen in the chapter by Coradini et al.

A cutoff density of ~0.6 g cm implies that comets are
remarkably porous (~70%) (Snodgrass, 2006) for nuclei
with similar proportions of dust and ice to that found for
9P/Tempel 1 by Deep Impact. Snodgrass also points out that
there is a trend for the fastest-rotating nuclei to have lower
values of a/b, which may reflect the inability of the rubble-
pile nuclei to maintain extended shapes near the rotational
disruption limit, again similar to small asteroids and JFCs.

There is only one object that appears to be rotating faster
that the proposed spin period cutoff at 5.2 h. That is the
large object 2003 ELy,, which rotates at 3.9 h (Rabinowitz
et al., 2006). The presence of such a body should not nec-
essarily rule out the rubble-pile interpretation of the avail-
able lightcurve data, but its existence requires highlighting.
The higher density of this large object (~1500-2500 km in
length) can likely be explained by gravitational compres-
sion. A major goal in the study of cometary nuclei is to pop-
ulate the graph in Fig. 2, to build up a more robust picture
of the rotation period distribution.

Alternatively, Holsapple (2003) has suggested that small
cohesive strengths, on the order of 104 dynes cm2, could
allow even fast-rotating, elongated asteroids to survive as
rubble piles. This value is similar to the tensile strengths
inferred for cometary nuclei, although these calculations do
not explain the sharp edge seen for the vast majority of
small asteroids in the rotation period vs. axial ratio plot of
Pravec et al. (2002). The existence of that edge strongly
implies that many of these bodies are indeed acting as if
they are strengthless.

Analyzing the actual distribution of spin periods for
JFCs may not reveal much information about the spin rate
distribution of small KBOs as cometary spin rates can be
modified. Outgassing can alter the period over timescales
less than the orbital period. Other mechanisms are planet
encounters or even the Yarkovsky-O’Keefe-Radzievskii-
Paddack (YORP) effect (Rubincam, 2000). The YORP effect
is a torque due to both incident solar radiation pressure and
the recoil effect from the anisotropic emission of thermal
photons on small bodies in the solar system. The effect was
directly detected for the first time on near-Earth asteroid
(54509) 2000 PHS (Lowry et al., 2007; Taylor et al., 2007).
However, YORP timescales are long compared with other
period-changing mechanisms. The available lightcurve data
for JFCs and KBOs show the rotation-period distributions
to be flat (Snodgrass, 2006), expected for comets but not
necessarily for KBOs, which should be similar to the ob-
served collisionally relaxed Maxwellian distribution seen for
asteroids. This implies that the spin rates of KBOs and JFCs
are indeed being altered over time, although more data are
required to confirm these preliminary results based on lim-
ited data.
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4. SURFACE CHARACTERISTICS AND
EVOLUTION OF JUPITER-FAMILY COMETS

4.1. The Search for Compositional Links to
Kuiper Belt Objects from Colors and Albedos

Colors and albedos are important properties of solar sys-
tem small bodies as they can constrain composition and
surface processes. Common patterns or trends in these prop-
erties among KBOs and cometary nuclei could reveal in-
formation about their putative relationships and subsequent
evolution. Broadband colors are not as diagnostic in terms
of surface composition as spectroscopy, but systematic cor-
relations between different color indices, and between color
indices and dynamical parameters could suggest evolution-
ary trends or compositional groupings. Such groupings are
seen in the asteroid population, which radically advanced
our understanding of the nature of the asteroid belt (e.g.,
Tholen, 1984).

Several forms of color groupings in the Centaur and KBO
populations have been reported. A color bimodality was re-
ported within both populations by Tegler and Romanishin
(1998) and Tegler and Romanishin (2003). However, after
independent analysis of the same sample, Peixinho et al.
(2003) put forward that if one separates the complete sam-
ple into Centaurs and KBOs, then the color bimodality exists
only in the Centaur population, while the KBOs exhibit a
continuous spread. More recent data from a large-scale ho-
mogeneous survey at the European Southern Observatory
(ESO) imply the existence of a KBO compositional tax-
onomy (Barucci et al., 2005; Fulchignoni et al., 2006; see
also chapter by Fulchignoni et al.). With this in mind, it is
a major goal of cometary nucleus observers to search for
potential compositional groupings or trends in JFC nuclei,
to develop compositional links with KBOs, as only dynami-
cal links have been firmly established so far.

Broadband color data is normally acquired over spectro-
scopic data simply because cometary nuclei are small and
faint, as noted above, and sometimes can only be observed
using CCD imaging techniques with broadband filters that
effectively integrate the observed flux over a large wave-
length range, which improves S/N substantially. Imaging
over several bandpasses can result in a broadband spectrum.
Cometary nucleus spectroscopy ideally requires 5—8-m-class
telescopes to attain the required S/N to reveal surface com-
positional spectroscopic signatures. To date, cometary nuclei
have been primarily observed using groundbased 3—4-m
telescopes and the HST.

The following discussion of the comparison of colors be-
tween KBOs and cometary nuclei is based on two new ex-
tended treatments of this topic by Lamy and Toth (2005) and
Snodgrass (2006) (hereafter LT05 and S06, respectively).
The former is based on a compilation of color indices for
282 KBOs and 35 nuclei of ECs, where the EC observa-
tions were carried out with the HST. The LT05 EC sample
includes both JFCs and Encke-types (T; > 3, a < a; ). S06
is based on their groundbased survey of cometary nuclei at
large heliocentric distances. Although nucleus color data are

still limited at present, these datasets are the largest homo-
geneous datasets of their kind. Therefore, conclusions drawn
will naturally be on firmer footing than from just a collation
of observations presented throughout the literature. In the
following discussion we describe what is seen in the avail-
able data, and what this actually means for studying sur-
face properties of the small KBOs and potential future evo-
lutionary states.

4.1.1. The distributions of color. An important meas-
urement is the color distribution of JFCs and how they com-
pare to either the ensemble KBO color distribution, or that
of various KBO dynamical subgroups. Figure 3 displays the
histograms of the four color indices (B-V), (V-R), (R-I),
and (B—R). The top row includes all KBOs, while the bot-
tom row includes all ECs (excluding Centaurs). Both popu-
lations exhibit a large range of colors, in fact much larger for
cometary nuclei than first anticipated by Luu (1993). How-
ever, there is a clear trend for KBOs to be globally redder
than comets. A few objects bluer than the Sun exist in both
populations, but we point out that, in the case of the nu-
clei, large uncertainties affect their indices so that they could
well be less blue than implied by Fig. 3. This global per-
ception hides a more diverse situation when considering the
different dynamical classes of KBOs. To a large extent, the
extreme red color comes from the classical KBOs in both
low- and high-inclination orbits (CKBO-LI, CKBO-HI).
The bimodality of the distribution of colors for the Centaurs
[best seen on the (B—R) index] is suspected for Plutinos but
is totally absent for comets, although the number of comet
nucleus color measurements is small. The closest associa-
tions for the cometary nuclei based on the presently avail-
able distributions of colors (Fig. 3) would be the SDOs and
the Centaurs, which interestingly are their most likely par-
ent bodies based on dynamical studies (section 1).

The situation of the color-color correlations is highly
contrasted among KBOs. There exists different partial cor-
relations, i.e., involving only two color indices (e.g., Plu-
tinos and Centaurs) with implications for the multiplicity
of coloring agents and/or processes (Peixinho et al., 2004;
Doressoundiram et al., 2005). The situation is radically dif-
ferent for cometary nuclei as a nonparametric statistical test
using the Spearman rank correlation has indicated that there
are no statistically significant correlations in the global set
of colors (LT05). SO6 combined the available (V-R) and
(R-I) data from the published literature with many of their
own new measurements and found no color groupings and
no evidence for the ultrared matter on JFC surfaces, as seen
on KBOs (Fig. 4), consistent with Jewirt (2002) and Del-
sante et al. (2004). The mean (V-R) color index was found
to be ~0.45 for the JFCs (from 31 measurements), as com-
pared to ~0.59 for KBOs (based on 62 data points).

Also, LT05 conducted systematic Komolgorov-Smirnov
tests between the cumulative distributions (CDs) of color
indices of the different populations. They found that the
original CDs do not reveal compositional relationships be-
tween KBOs and ECs, as also noted by Hainaut and Del-
santi (2002) and Doressoundiram et al. (2005). The high-
est probabilities come from the (B—V) index and favor first
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Fig. 3. Distributions of the color indices for different families
of primitive bodies of the solar system: (B-V) (first column), (V-
R) (second column), (R-I) (third column), and (B-R) (fourth col-
umn). From the top row to the bottom are all KBOs, the classical
KBOs in low-inclination orbits, the classical KBOs in high-incli-
nation orbits, the Plutinos, the scattered disk objects, the Centaurs,
and finally the nuclei of ecliptic comets at the bottom. The means
of the distributions are indicated. Solar colors are marked by ver-
tical lines. Data are from Lamy and Toth (2005).

the Centaur—EC connection, followed by the SDO-EC and
the Plutino—EC relationships, but these probabilities never
exceed 42%. Color differences between the different fami-
lies of primitive objects are most likely due to their forma-
tion and evolution at widely different places in the solar
system. Considering the observed color distribution of Cen-
taurs and ECs (and extinct cometary candidates within the
asteroid population), ultrared matter has to be progressively
removed or buried as these objects evolve toward the inner
part of the solar system. L705 favor thermal alteration of
different organic compounds because it can differentially
affect the colors as observed.

4.1.2. Correlations between color, orbit, and size. It is
also worthwhile investigating potential correlations between
color and distance, as well as color vs. size. The case of the
color-distance relationship is highly contrasted among the
individual families of KBOs. On the basis of the analysis
of Peixinho et al. (2004), the CKBOs do not show a color-
semimajor axis relation. The larger objects do exhibit a
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strong correlation, with the colors increasing with semima-
jor axis and perihelion distance. In agreement with Dores-
soundiram et al. (2005), Peixinho et al. (2004) did not find
any color-distance trend, neither for the SDOs nor for the
Centaurs, contrary to Bauer et al. (2003), who found strong
correlations of the (V-R) and (R-I) indices of Centaurs with
semimajor axis. Regarding cometary nuclei, LT05 have de-
termined that (1) for the red nuclei, the (V-R) index ap-
pears to vary quasilinearly with perihelion distance while
the other two indices do not, and (2) for blue nuclei, their
colors are independent of perihelion distance. As for size,
there now seems to be a consensus that the larger Plutinos
are redder than the small ones (Hainaut and Delsanti, 2002;
Peixinho et al., 2004). The case of CKBOs remains con-
fused because of possible multiple correlations between col-
ors and perihelion distances, inclinations, and sizes. Based
on the present data, colors are uncorrelated with size for
SDOs, Centaurs, and cometary nuclei. This was also the
case for the S06 cometary dataset.

4.1.3. Comparing the albedos of Kuiper belt objects and
Jupiter-family comets. Kuiper belt objects show a remark-
able diversity of albedos ranging from ~1% to larger than
70%, and this property applies among both small and large,
and gray and red objects. In fact, there is currently no evi-
dence of correlations between albedo and either object size,
color, or dynamical properties (with the possible exception
of orbital inclination) (Grundy et al., 2005). Cometary nu-
clei exhibit a very narrow range of albedos, ranging from
~3% to ~5% (Lamy et al., 2004) so that a canonical value
of 4% can be safely applied to derive sizes from magni-
tudes, contrary to KBOs. Asteroids in comet-like orbits,
many of which are thought to be extinct comet candidates,
are also very dark with albedos as low as 2% (Ferndndez et
al., 2001). Figure 5 displays the distribution of albedos of
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Fig. 4. (R-I) vs. (V-R) for all JFCs, KBOs, and Centaurs with

known colors. Open circles = JECs; filled circles = KBOs; filled
triangles = Centaurs. The position of the Sun on these axes is
marked. The solid line shows the best fit to the comet data; the
dashed line is the fit to the KBOs. KBO and Centaur data from
Jewitt and Luu (2001) and Peixinho et al. (2004). From Snodgrass
(2006).
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Fig. 5. Distributions of albedo (V- and R-band values combined)
for the KBOs and cometary nuclei. Data from Lamy et al. (2004)
and chapter by Stansberry et al.

KBOs (see chapter by Stansberry et al.) restricted to <30%,
and of cometary nuclei as compiled by Lamy et al. (2004)
augmented by the recent result of Ferndndez et al. (2006)
for Comet 162P/Siding-Spring. For the present purpose of
illustrating the widely different behaviors, we have merged
V- and R-band determinations.

The colors and albedos of primitive bodies of the solar
system result from their intrinsic initial composition (which
may vary with their place of formation in the protoplanetary
nebula) and many competing processes that subsequently
alter their surfaces like collisional erosion and cratering,
thermal processes such as volatile transport or differentia-
tion, radiolysis and photolysis aging, impact by micromete-
roids, and mantling from either impact ejecta or cometary
activity. The dependence of collisional erosion rates upon
size and orbital parameters (inclination and eccentricity) is
often invoked to explain the diversity of albedos among
KBOs since more pristine subsurface materials are expected
to be brighter than space-weathered surfaces. Such a proc-
ess is absent for cometary nuclei, and that may explain their
narrow range of albedos. Alternatively, KBOs may possess
surface frosts, which simply do not survive the journey to
the planetary region.

4.2. Surface Morphology from Spacecraft Flybys

The four cometary nuclei observed to date by flyby
spacecraft show vastly different shape and surface mor-
phologies, although this may be due in part to the different
spatial resolutions of the imagery for each nucleus (Fig. 6).
Comet 1P/Halley’s nucleus most clearly appears to be a rub-
ble-pile structure, with large topographic features and, at
least, a binary shape. About 30% of the illuminated surface
is active, with large, apparently collimated jets (Keller et al.,
1986). The remainder of the surface is inactive and likely

covered by a lag deposit crust of large particles that serve
to insulate the icy-conglomerate material at depth.

The nucleus of 19P/Borrelly also has a binary shape but
has a smoother surface with less topography and some evi-
dence of erosional processes (Soderblom et al., 2002). In
addition to chaotic terrain, Borrelly displays mesa-like struc-
tures on its surface with smooth, flat tops and steep walls.
It has been suggested that the walls of the mesas are where
sublimation is currently taking place. In contrast to Halley,
only a few percent of the nucleus surface appears active.
Comet 81P/Wild 2 has a fairly ellipsoidal shape but a very
unusual surface morphology, covered by numerous shallow
and deep depressions that may be either eroded impact cra-
ters or sublimation pits, or some combination of the two
(Brownlee et al., 2004). Large blocks protruding from the
surface also suggest an underlying rubble-pile structure. The
orbital history of 81P/Wild 2 suggests that it may be a rela-
tively young JFC, having been thrown into the terrestrial
planets region after a close encounter with Jupiter in 1971,
and thus the surface may preserve features that are truly

Fig. 6. There have been four cometary nuclei imaged through
spacecraft flybys to date, with each flyby revealing very differ-
ent surface features. Although many of these features could have
resulted from evolutionary processes occuring after their depar-
ture from the Kuiper belt, clues to their internal structure and sur-
face composition could mimic KBOs (see text). (a) Comet 1P/
Halley from the Giotto encounter in 1986 (Keller et al., 1986);
(b) Comet 19P/Borrelly from Deep Space 1 taken in 2001 (Sod-
erblom et al., 2002); (¢) Comet 81P/Wild 2 imaged in 2004 by the
Stardust sample return mission (Brownlee et al., 2004); (d) the
most detailed images to date have come from the Deep Impact
mission to Comet 9P/Tempel 1 in 2005 (A’Hearn et al., 2005).
Image credits: ESA/Max-Planck Institute for Aeronomy (1P),
NASA/JPL (19P), NASA/JPL/Univ. of Washington (81P), and
NASA/JPL/Univ. of Maryland (9P).



primitive. The coma images of Wild 2 also show numerous
jets but they have not yet been identified clearly with sur-
face features.

The highest-resolution images to date are of the nucleus
of Comet 9P/Tempel 1. These images reveal a complex sur-
face morphology with strong evidence for erosional and
geologic processes (A’Hearn et al., 2005). There also ap-
pear to be two relatively well-defined and large impact cra-
ters on the surface, somewhat surprising since it was as-
sumed that impacts were rare on such a small body, and
that sublimation would quickly erode such features. Appar-
ent layering in the surface images may be primitive, but
more likely is further evidence of erosional processes act-
ing on the nucleus. Also, there are features that suggest
material flowing across the nucleus surface, in particular
flowing “downhill” (Veverka et al., 2006). Some surface
features on Tempel 1 resemble those on Borrelly and this
may be consistent with both nuclei being older and more
evolved, having had a long residence time in the terrestrial
planet zone.

5. COMPOSITIONAL IMPLICATIONS
FOR KUIPER BELT OBJECTS FROM
COMETARY OBSERVATIONS

As discussed in the chapter by Barucci et al., optical and
near-infrared spectroscopy of KBOs has provided impor-
tant information on their composition. Decades of studies
of JFCs have produced a vast body of knowledge on their
chemical makeup, giving valuable insights into (at least)
kilometer-sized KBOs. Sublimation of volatiles on the sur-
face of a JFC nucleus leads to an unbound gas and dust
coma where the gas pressure gradient lifts once-embedded
dust grains from the surface. The gas and dust decouple
beyond distances of ~103 km and hence the coma appears
collisionless and freely expanding to the majority of ground-
based observations.

Historically the gas-phase coma has been studied via
optical and near-UV spectroscopy, where molecules such
as OH, C,, C;, and CN have bright emission bands due to
resonance fluoresence with solar radiation. However, these
are all at least secondary daughter species created by pho-
todissociation and other processes from their parent mol-
ecules (i.e., H,O — OH + H), and in turn are destroyed by
the same processes (i.e., OH — O + H), so knowledge of
the various creation and destruction pathways are necessary
to accurately deduce the original sublimation rate at the
nucleus. Parent molecules released directly from the nucleus
such as H,0, CO, CH;0H, C,H, (ethane), CH, (methane),
and HCN (hydrogen cyanide) can now be observed in bright
comets with high-resolution radio or near-infrared spectros-
copy from the ground. Finally, the opening up of the sub-
millimeter spectrum has allowed a large number of carbon-
and sulfur-based molecules to be detected. The list of de-
tected species, the transitions involved, and their relative
abundances are given in the comprehensive review of
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Bockelée-Morvan et al. (2004). All comets studied have
been shown to possess H,O as their dominant volatile con-
stituent; CO and CO, have relative abundances of ~5-20%
and all other species have abundances of X/H,0 < 1%, with
the possible exception of CH;OH (methanol).

5.1. Molecular Abundances

Although many comets appear to share similiar com-
positions, the existence of comets with anomalous abun-
dance ratios of trace species has long been known, e.g., 21P/
Giacobinni-Zinner (Cochran and Barker, 1987). The larg-
est population study performed to date has been by A’Hearn
et al. (1995), who used narrowband optical photometry to
measure sublimation rates for several gas-phase species in
85 comets. One of their most surprising findings was that
30% of comets they observed were highly depleted (by a
factor ~5) in the carbon-chain molecules C, and C;. Im-
portantly, nearly all these depleted comets were JFCs and
in fact accounted for ~50% of the observed JFCs. Fink and
Hicks (1996) obtained gaseous productions rates for 21
comets via optical spectrophotometry, and upper limits for
another 18. In their sample of seven JFCs they found two to
be depleted in CN and C,. Importantly, both studies agreed
on whether individual comets were “typical” or “depleted.”
Additionally, the A’Hearn et al. (1995) analysis also hinted
at other possible chemically distinct groupings, including
comets with enhanced C, and C; and another group with
high NH/OH abundances.

A’Hearn et al. argued for this being a primordial signa-
ture, from which one concludes that there must have been
at least two chemically distinct regions in the Kuiper belt
during formation. They speculated that this may mark a
radial distance in the protoplanetary disk, where beyond a
certain distance either the creation of the parents of carbon-
chain molecules was inhibited due to some process, or per-
haps they were destroyed due to an increasing flux of cos-
mic rays. However, any interpretation must now also take
into account current thinking that many JFCs may have
derived from the SDO population and thus originated in the
Uranus-Neptune zone. Therefore, there may be considerable
overlap between the formation zones of LPCs and JFCs,
which potentially confounds the explanation as to why there
is such large compositional variation in just the JFCs. Fur-
thermore, Fink and Hicks (1996) found carbon-chain deple-
tions for the LPC C/1988 Y1 Yanaka, while A’Hearn et al.
(1995) also measured depletions in the LPC C/1986 V1 Sor-
rels and the HTC C/1984 U2 Shoemaker. An additional
point is that these studies both looked at the photodissocia-
tive carbon daughter products in the coma, and it is not clear
how to accurately map these depletions onto parent mole-
cules. However, the first comparative study of parent spe-
cies in 24 comets was reported by Biver et al. (2003) us-
ing millimeter and submillimeter observations. They found
that H,O/HCN varied by a factor of 3 within their sample,
while ratios of other carbon carrying species varied by fac-
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tors of 5 to at least 9. While this is on the same order as
that obtained from the optical studies above, Biver et al. did
not find any clear correlation with orbital classification.
Hence it now appears that a similar chemical diversity is
present in JFCs, HTCs, and LPCs.

An important point that should not be overlooked is that
the JFCs found to be “carbon-normal” shared similar abun-
dances with the majority of HTCs and LPCs, implying that
LPC abundances may be applicable to JFCs to first order.
This is important as the majority of detailed groundbased
studies are of bright HTCs or LPCs (1P/Halley, C/1996 B2
Hyakutake, C/1995 O1 Hale-Bopp). Current dynamical the-
ories imply that LPCs formed closer to the Sun than KBOs
in the region of Jupiter-Neptune over a prolonged period
(Dones et al., 2004). The higher temperatures and densi-
ties in this region may have produced bodies with lower
volatile abundances compared to the Kuiper belt, and dif-
ferences between LPCs and JFCs could be expected. The
studies performed to date imply that any such differences
are not striking and are less than the variations observed
from comet to comet.

Studies of JFCs can also address the question of the in-
ternal heterogeneity of comets. As pointed out by A’Hearn
et al. (1995), the similar molecular abundance ratios implies
comets share the same global compositions on the largest
scales (0.1-10 km). Jupiter-family comets have a known
tendency to fragment and break apart, thereby allowing ices
in the deep interior to sublimate (Boehnhardt, 2004). Mo-
lecular abundances in the combined coma of these split
comets have shown no significant differences from meas-
urements before the disruption event, also implying large-
scale homogeneity within the nucleus. Recently, Villanueva
et al. (2006) and Dello Russo et al. (2006) performed a de-
tailed study using high-resolution near-IR spectoscopy of
components B and C of 73P/Schwassmann-Wachmann 3
and found both components to share a C-depleted composi-
tion. This agreed with optical observations of C, obtained
by Schleicher (2006).

While comets may be regarded as globally homogene-
ous, there exists some evidence for small-scale chemical
variations within cometary nuclei. A’Hearn et al. (1985) ob-
served that the outgassing rate of water on 2P/Encke varied
in a different manner to other observed species, and sug-
gested this was due to different volatile compositions at two
primary sublimation sites. Intriguingly, Lowry and Weiss-
man (2007) reported what appeared to be a significant varia-
tion with rotation in the optical color of Comet Encke’s
nucleus, which could be related to chemically distinct units
on the surface. In their population study, A’Hearn et al.
(1995) found that several other comets exhibited a change
in their C-X/OH abundance ratio as a function of orbital
position, implying that different vents have different rela-
tive amounts of carbon-based species. Unfortunately, their
data was not dense enough to allow a search for rotationally
driven variations. Mumma et al. (1993) reported that the
detections of H,CO in 1P/Halley appeared to be periodic,
implying that production was concentrated at a single lo-
cation on the rotating nucleus, although it was not possible

to confirm this. Finally, in situ spectra of the near-nucleus
coma of 9P/Tempel 1 from the Deep Impact spacecraft ap-
peared to show a significant difference in the CO,/H,0 gas
abundance ratio on alternate sides of the nucleus (Feaga et
al., 2006), although further modeling of optical depth ef-
fects is required.

To summarize, it is probable that the Kuiper belt pos-
sesses two chemically distinct populations, one having de-
pleted abundances of carbon-chain molecules with respect
to HTCs and LPCs. Other chemically similar groupings also
probably exist. Within these groups, there is significant evi-
dence of small-scale chemical inhomogeneities within com-
ets. One should therefore expect that KBOs will also exhibit
localized variations in their compositions, as well as dif-
ferences from object to object.

5.2. Noble Gases, Ortho-Para Ratios,
and Formation Temperatures

Detection of noble gases (He, Ne, Ar) in JFCs would pro-
vide a direct link to their formation sites, as these species
are chemically inert and highly volatile. Assuming a solar
composition throughout the protosolar nebula, significant
depletions will occur above a threshold temperature. With a
model nebula, measured abundances of these species could
suggest the heliocentric distance at which they formed.
Unfortunately, there is yet to be a single detection of Ar or
Ne in a JFC; indeed a study of three LPCs by Weaver et al.
(2002) only produced upper limits, implying formation tem-
peratures of 240—60 K. The single reported detection of Ar/
O was in Hale-Bopp by Stern et al. (2000), where a mar-
ginal detection gave an enrichment over solar abundances
of a factor of 1.8, implying that the core of Hale-Bopp has
never risen above 40 K, although the measurement uncer-
tainties were also consistent with a solar abundance. Given
the unusual brightness and activity of this comet, it is likely
that JEC noble gas abundances will require in situ measure-
ments as planned with the Rosetta mission (Slater et al.,
2001).

Molecules containing two H atoms can have their nuclear
spins parallel or orthogonal. The relative populations are set
by the statistical weights of the levels and the excitation
temperature at formation. Observations of ortho-para ratios
of H,O in Comet 103P/Hartley 2 with the Infrared Space
Observatory by Crovisier et al. (1999) corresponded to a
spin temperature of 36 + 3 K. Values for LPCs from obser-
vations of H,O and NH, range from >50 K for C/1986 P1
Wilson (Mumma et al., 1993) to 28 K for C/1995 O1 Hale-
Bopp (Crovisier et al., 1997). Kawakita et al. (2001) showed
that it was possible to use the relatively bright optical lines
of NH, to derive the ortho-para ratio of the parent NH; to
high precision. As summarized by Bockelée-Morvan et al.
(2004), these cold temperatures imply that no re-equilibrium
occurs in the nucleus, as they are consistent with heliocen-
tric distances >50 AU. If they are primordial, these tempera-
tures are an indication that ice formation took place in the
solid phase on the surfaces of interstellar dust grains in the
interstellar medium rather than in the gas phase. This para-



digm supports the viewpoint that JFCs and KBOs manage
to retain signatures of their formation environment even
through their subsequent dynamical and physical evolution
(Stern, 2003), although some uncertainties remain over
whether ortho-para ratios remain unchanged over 4.5 b.y.

5.3. Dust-Phase Abundances

Mid-infrared spectroscopy of cometary dust particles
over the years have shown that many comets exhibit dis-
tinct emission features due to silicate grains, so one should
expect the presence of silicates on the surfaces of KBOs as
well. Detailed spectra of Comet C/1995 O1 (Hale-Bopp) ob-
tained by Crovisier et al. (1997) with the European Space
Agency (ESA) Infrared Space Observatory revealed the
presence of crystalline Mg-rich olivine and pyroxene, to-
gether with amorphous pyroxene. Spectra of the ejecta from
the Deep Impact encounter with 9P/Tempel 1 were obtained
by Lisse et al. (2006) using the Spitzer Space Telescope.
Apart from containing similar minerals to Hale-Bopp, spec-
tral fitting also revealed the presence of crystalline Fe-rich
olivines and pyroxenes, together with phyllosillicates, car-
bonates, polyaromatic hydrocarbons (PAHs), and amor-
phous carbon. Lisse et al. conclude that carbonaceous ma-
terial makes up ~15% of the observed dust, less than that
found for other comets but consistent with the classifica-
tion of 9P/Tempel 1 as a carbon-depleted comet.

In situ sampling of cometary dust particles by the ESA
Giotto spacecraft and the two Soviet Vega spacecraft at
1P/Halley revealed a large population of organic dust parti-
cles composed primarily of H, C, N, and O (Fomenkova et
al.,, 1992). At Halley these “CHON” grains formed ~25%
of the dust particles detected, while 50% were a mixture
of CHON and silicate grains. The presence of dust grains
containing large amounts of volatiles is also implied by the
observation of distributed sources of CN, CO, and OCS in
the inner comae of several comets. Hence cometary dust
grains have been shown to contain material from high-tem-
perature and low-temperature environments, implying that
KBOs formed in a well-mixed environment. Furthermore,
at the time of writing, results of the analysis of dust parti-
cles captured by the NASA Stardust sample-return mission
(Brownlee et al., 2004) became available. One of the many
highlights was that Comet 81P/Wild 2 contains material
formed at high temperature in the inner solar system. There-
fore, if this comet accreted in the colder Kuiper belt region
then this material must have been transported there, consis-
tent with several protosolar disk models (see McKeegan et
al., 2006).

5.4. Nucleus Spectroscopy

Ground-based spectroscopy of cometary nuclei have not
yet revealed any spectral signatures (Lamy et al., 2004). In
the past this was possibly due to their extreme faintness in
the near-IR where ice absorption bands lie. However, the
discovery by current near-Earth object surveys of JFCs with
weak or intermittent outgassing at small heliocentric dis-
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tances now allows more detailed studies. High signal-to-
noise near-infrared spectra of 162P/Siding-Spring obtained
by Campins et al. (2006) showed no sign of any absorption
bands with depths >2% of the continuum. A similar null re-
sult was obtained for C/2001 OG108 by Abell et al. (2005).
This is possibly understandable as these are weakly active
comets, which implies that their surfaces are heavily man-
tled by dust particles, but it is still disappointing.

Spectroscopy of resolved nuclei by spacecraft have been
more successful. Spectroscopy with Deep Space 1 observed
an absorption band at 2.39 um on the surface of 19P/Bor-
relly, whose origin is currently unknown. Three areas exhib-
iting water-ice absorption bands at 1.5 um and 2.0 um were
identified on the nucleus of 9P/Tempel 1 with the Deep Im-
pact spacecraft (Sunshine et al., 2006). These covered an
extremely small fraction of the visible surface area, and re-
mote disk-integrated spectra would not have revealed them.
If other JFCs share similar surface characteristics, it is not
surprising that ground-based spectroscopy efforts have been
unsuccessful. Of course, JECs will have undergone substan-
tial erosion and alteration of their surfaces through subli-
mation processes (Meech and Svoren, 2004), so it is prob-
ably unwise to attempt comparisons with the extant spectra
of the much larger and less eroded KBOs.

6. DISCUSSION

Throughout this chapter we have shown that studying
certain aspects of JFC nuclei and their comae can reveal
information on the bulk physical properties of small KBOs,
and their composition, and just as importantly what cannot
be learned. The size distribution of JFCs is particularly val-
uable for ascertaining the KBO size distribution at the small
km-size end. Although the various size distribution esti-
mates have not yet converged on a single solution, we can
say for sure that the JFC size distribution is much shallower
than for the KBOs measured at the much larger (>100 km)
size regime. As pointed out by Lowry et al. (2003), this
could imply that there is some process acting on cometary
nuclei that is significantly altering the size distribution. For
example, the rate of complete disintegration of small nu-
clei could be more frequent than once thought (i.e. smaller
objects are being removed from the system, which could
reduce the slope’s steepness). Alternatively, there is a bro-
ken power law to the size distribution within the belt. A
record is preserved of this within the JFCs, as surface sub-
limation does not significantly affect the size distribution
as the small KBOs evolve inwards through the planetary
region. This broken power law will need to be accounted
for in any models of the formation and evolution within the
Kuiper belt.

Studying the rotational properties of JFCs and KBOs is
also very revealing and indicates the presence of a spin-
period or density cut-off which naturally has implications
for the internal structure of KBOs. It is likely that internal
properties are preserved within the nuclei of JFCs as they
evolve dynamically. Therefore the spin period cut-off should
be common to both groups, which we believe it is although
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statistics are small. If such a spin-period cut-off is unam-
biguously confirmed then this would act as a physical link
to KBOs, supporting the established dynamical links. Al-
though we can infer KBO compositional information from
cometary observations, as discussed in section 5, establish-
ing compositional links are still in their early stages. Of
course, an obvious caveat to this and the arguments above
is that many JFCs may have originated from within the giant
planets region. Awaiting investigation are the isotopic ra-
tios in JECs, for which no remote observations yet exist. The
first preliminary measurements have recently been reported
for dust particles collected in situ by the Stardust mission
(McKeegan et al., 2006).

It is now widely accepted from both the early and latest
observations that surface colors and albedos of comets do
not reflect the surface properties of KBOs, perhaps due to
surface sublimation and mantle formation processes acting
on JFCs, and one must proceed with caution when making
comparisons. Of course, we learn a great deal about how
JFC surfaces are evolving as they migrate to the planetary
region. The search for possible color-color groupings within
the JFC population will go on. As for albedo, systematic
surveys of JFCs (as well as Centaurs and KBOs) using the
recently launched Spitzer Infrared Space Telescope will al-
low their size and albedo distributions to be constrained with
much superior accuracy, hopefully allowing comet-nucleus
observers to reach a consensus on the JFC size-distribution
slope.

Close-up spacecraft images reveal details on the likely
internal structure, such as the presence of large boulders
protruding through the surface of Comet 81P/Wild 2, and
the binary appearance of Comet 19P/Borrelly, both support-
ing the rubble-pile model for the internal structure of JFCs
(Weissman, 1986), and thus the KBOs. The very detailed
images from Deep Impact show evidence of material “flow-
ing” on the surface of comet 9P/Tempel 1.

The next spacecraft mission to a JFC nucleus is the Ro-
setta mission by the ESA (Schwehm, 2003). Not only will
the nucleus of 67P/Churyumov-Gerasimenko be imaged in
fine detail with the OSIRIS optical imaging camera (Keller
et al., 2007), but the evolution of surface features will be
monitored for ~1 yr. Of the many questions this mission will
answer, some that are obviously relevant to this discussion
will be the first highly accurate density measurement for a
cometary nucleus. Also, if similar material flows are seen,
one could look for changes in their structure to assess if
they are being produced today, thus increasing their likeli-
hood of occurring on KBO surfaces. We look forward to
seeing if these details are reproduced on the surfaces of
KBOs when the New Horizons probe goes on to explore the
Kuiper belt after its main mission at the Pluto and Charon
system (see chapter by Weaver and Stern), and seeing how
a “fresh” JFC should look.
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