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From Cradle To Grave:
The Rise and Demise of the Comets

David C. Jewitt
Institute for Astronomy, University of Hawai‘i

The active comets are a dynamic ensemble of decaying bodies, recently arrived from cold
storage locations in the Kuiper belt and Oort cloud. In this chapter, we discuss the processes
that drive the physical transformation and decay of cometary nuclei as they move from the
frigid outer regions into the hot environment of the inner solar system.

1. INTRODUCTION

In this chapter, we discuss the processes that drive the
physical transformation and decay of cometary nuclei as
they move from the frigid outer regions into the hot environ-
ment of the inner solar system. Fundamentally, comets and
asteroids are distinguished by their volatile content, which is
itself a measure of the temperature of the environment in
which they accreted. Comets possess a substantial fraction
of bulk water ice that is not expected in the asteroids of the
main-belt [Whipple (1950) thought comets might contain
a water ice fraction near 50% by mass but recent data sug-
gest smaller fractions. Reach et al. (2000), for example,
estimate a ratio 3% to 10% in 2P/Encke, while Grün et al.
(2001) find that only 10–15% of the mass lost from C/Hale
Bopp was from sublimated ice.] Unfortunately, we possess no
direct way to measure the bulk fraction of water ice within
any nucleus or asteroid. The fundamental distinction be-
tween comets and asteroids is not reflected in any clean-
cut, practical means by which to distinguish them.

Instead, the widely applied practical definition is that a
comet is defined by showing a resolved coma at some point
in its orbit. Deciding whether an object is an asteroid or a
comet thus depends critically on the instrumental resolution
and sensitivity to low surface brightness coma. A weakly
active comet might not be detected as such if observed with
insufficient resolution or sensitivity. Thus, there arises a gray
zone in which the cometary vs. asteroidal nature of a given
body cannot easily be ascertained by observations.

A third distinction between asteroids and comets may
be drawn based on the respective dynamical properties. The
Tisserand invariant with respect to Jupiter is a popular dis-
criminant. It is defined by
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where a, e, and i are the semimajor axis, eccentricity, and
inclination of the orbit while aJ = 5.2 AU is the semimajor
axis of the orbit of Jupiter. This parameter, which is con-
served in the circular, restricted three-body problem, pro-

vides a measure of the relative velocity of approach to Ju-
piter: Jupiter itself has TJ = 3, most comets have TJ < 3,
while main-belt asteroids generally have TJ > 3. Unfortu-
nately, the dynamical definition of comet-hood does not
always match the observational or compositional defini-
tions. A number of comets (including the famous 2P/Encke)
have asteroid-like TJ > 3, while many bodies with comet-
like TJ < 3 are asteroids scattered from the main belt. There
are other difficult cases: The jovian Trojan asteroids have
TJ ~ 3 and probably possess ice-rich interiors (and so are
comets by the physical definition), but are too cold to sub-
limate, show no comae, and are labeled “asteroids.”

Evidently, this is not a clean subject. Even the defini-
tion of the term “comet” is arguable, and the reader will
see that much of the following discussion will be drawn
inexorably toward objects whose cometary nature is debat-
able. To try to maintain focus we adopt a tutorial style that is
intended to highlight connections between seemingly dis-
parate subjects and that deliberately dissects and simplifies
complicated problems to make them understandable. Suf-
ficient references are given that the interested reader may
take an easy step into the research literature, but we have
made no attempt to be complete since the number of rele-
vant publications is already very large. Aspects of this sub-
ject have been reviewed elsewhere (Degewij and Tedesco,
1982; Jewitt, 1996a; Weissman et al., 2002).

2. COMETARY RESERVOIRS

Comets are observationally defined as solar system bodies
that maintain at least transient gaseous, or dusty, comae. The
comae are gravitationally unbound (escaping) atmospheres
produced by classical sublimation of near-surface ices in
response to heating by the Sun. Their small sizes (typically
a few kilometers) and resulting short sublimation lifetimes
(typically ~104 yr) guarantee that the observed comets are
recent arrivals in the inner solar system. If a steady-state
population is to be maintained, the comets must be continu-
ally resupplied from one or more long-lived reservoirs.

Two primary reservoirs of the comets, the Oort cloud and
the Kuiper belt, are now recognized (Fig. 1). In the absence
of contrary evidence, it is assumed that both are primordial,



660 Comets II

of age τSS = 4.5 × 109 yr. (Timescales mentioned in the text
are summarized graphically in Fig. 2.)

2.1. Oort Cloud

The Oort cloud was identified first from the peculiar
distribution of the semimajor axes of long-period comets
(LPCs) (Oort, 1950). It supplies a nearly isotropic flux of
LPCs to the planetary region and is of vast extent, with char-
acteristic length scale Roc ~ 100,000 AU and orbital periods
near τoc ~ 106–107 yr.

The total number of Oort cloud comets larger than about
1 km in radius is on the order of Noc ~ 1012 (see Rickman,
2004; Dones et al., 2004). Comets now in the Oort cloud
are thought to have originated in the protoplanetary disk
between Jupiter and Neptune, while most were scattered out
by Uranus and Neptune (Hahn and Malhotra, 1999).

The dynamical part of Oort’s model predicts a ratio of
returning comets relative to first-appearing comets that is
larger than is observed. Oort’s solution was to introduce a
“fading parameter” to diminish the number of returning
comets. Ideas about the nature of the fading mechanism
range from the sublimation of supervolatile frosting ac-
creted from the interstellar medium to physical disintegra-
tion of the nuclei soon after entry into the planetary region.
The need for a spherical source to supply the isotropic or-
bital inclination distribution seems secure, as does the large
effective size of the source (indicated by the large semima-
jor axes of the LPCs). No plausible alternatives to Oort’s
model have been found in the 50 years since its introduction

(see Wiegert and Tremaine, 1999). Still, the uncertain nature
of the fading parameter on which its success depends re-
mains disconcerting.

The collision time in the Oort cloud is τc ~ τoc/γ, where
γ is the optical depth, equal to the ratio of the sum of the
cross-sections of the constituent nuclei to the effective geo-
metric cross-section of the cloud. We write
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where rn is the effective nucleus radius. We assume that the
cross-section is dominated by the smallest objects and take
rn = 1 km. Substitution gives γ ~ 10–14 and, with τorb ~ 107 yr,
we find that τc >> τSS and so is effectively infinite. Any colli-
sional processing of the Oort cloud comets must have oc-
curred at early times, prior to their emplacement in distant
heliocentric orbits (Stern and Weissman, 2001).

2.2. Halley-Family Comets

The Halley-family comets (HFCs, also known as Halley-
type comets) are a separate group distinguished by having
short orbital periods but a wide spread of inclinations, in-
cluding retrograde orbits that are absent in the Jupiter fam-
ily. These bodies have Tisserand parameters (equation (1))
TJ < 2. The prototype 1P/Halley (a = 17.8 AU, e = 0.97, i =
162°, TJ = –0.61) is typical. They are thought to derive from
the inner Oort cloud by gravitational capture, principally
by interaction with the massive gas giant planets (Bailey and

Fig. 2. Timescales relevant to the cometary nucleus. The repre-
sentative size ranges of the well-measured Sun-grazers, JFC nu-
clei, and Centaurs are shown as separate for clarity: In fact, their
size ranges overlap. Labeled curves and lettered points are de-
scribed in the text. Lines for τdv and τex refer to outgassing from
comets at a = 3.5 AU, typical of the JFCs. Adapted from Jewitt
(1996a).

Fig. 1. Current interrelations among the planetary small body
populations. JFC = Jupiter-family comet, HFC = Halley-family
comet, LPC = long-period comet (also known as isotropic source
comets). Question marks indicate the uncertain path from the Oort
cloud to the HFCs and the unknown contribution to the JFCs from
the Trojans of the giant planets. The defunct comets include both
dead (totally devolatilized) and dormant (volatiles shielded from
solar insolation) bodies. Adapted from Jewitt and Fernández
(2001).
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Emel’yanenko, 1996; Levison et al., 2001; Rickman et al.,
2002). However, the details of this capture and their impli-
cations for the structure of the inner Oort cloud are contro-
versial. The HFCs follow a complex dynamical evolution
under the control of mean-motion and secular resonances,
ending with ejection from the planetary system or impact
with the Sun after a mean time on the order of 106 yr (Bailey
and Emel’yanenko, 1996). These objects are rare compared
to Jupiter-family comets in the observational sample only
because there is a strong observational bias against them.
In absolute numbers, the HFCs may outnumber the Jupiter
family by a large factor.

2.3. Kuiper Belt, Centaurs, and
Jupiter-family Comets

The Jupiter-family comets (JFCs) occupy small orbits
with modest inclinations and eccentricities. Their Tisserand
parameters are 2 ≤ TJ < 3 (Levison, 1996). Most JFCs prob-
ably originate from a transneptunian source known as the
Kuiper belt (Fernández, 1980; Duncan et al., 1988), whose
inclination distribution is similar to that of the JFCs them-
selves. In this scenario, the kilometer-sized JFCs could be
collisionally produced fragments of larger Kuiper belt ob-
jects, or KBOs (Stern, 1995; Farinella and Davis, 1996;
Duncan et al., 2004). The representative orbital period in
the Kuiper belt is τKB ~ 102–103 yr.

The number of Kuiper belt comets larger than 1 km ra-
dius, N1, is crucial if the Kuiper belt is to supply the JFCs.
However, this number is highly uncertain. Early estimates
based on extrapolation from 100-km-scale KBOs gave N1 ~
1010 (Jewitt et al., 1998). The first direct measurements of
~10-km-scale KBOs in the classical region of the belt, when
extrapolated to 1 km, give N1 ~ 108 (Bernstein et al., 2003),
which may be too small for the classical belt to supply the
JFCs. However, the number of scattered KBOs remains ob-
servationally unconstrained at small sizes, and this popula-
tion could supply the JFCs for the age of the solar system.

The Centaurs are dynamically intermediate between the
Kuiper belt and the JFCs. We here define Centaurs as ob-
jects with perihelia q > aJ and semimajor axes a < aN, where
aJ = 5.2 AU and aN = 30 AU are the semimajor axes of
Jupiter and Neptune respectively (Jewitt and Kalas, 1998).
By this definition, there are currently (as of October 2002)
42 known Centaurs, including the prototype 2060 Chiron,
also known as 95P/Chiron (a = 13.6 AU, e = 0.38, i = 15°).

Most appear asteroidal but five have been observed to show
comae and thus are also properly recognized as comets
(Table 1). A further 140 known objects dip into the plan-
etary region from the Kuiper belt and beyond (i.e., q ≤ aN
and a > aN).

Once trapped as Centaurs the dynamical lifetimes are
limited by strong gravitational scattering by the giant planets
to τCen ≈ 107 yr (Dones et al., 1999). Most Centaurs are
ejected from the solar system. The survivors that become
trapped inside Jupiter’s orbit tend to sublimate and are ob-
servationally relabelled as JFCs. Their median dynamical
lifetime (Levison and Duncan, 1994) is τJFC = 3.3 × 105 yr.
Note that the dynamical evolution is chaotic and the reverse
transition from JFC to Centaur is common (as happened re-
cently with Comet/Centaur 39P/Oterma).

The comets follow chaotic trajectories among the plan-
ets [with dynamical memories ~1000 yr (Tancredi, 1995)],
and elaborate numerical models must be used to track their
orbital evolution (Levison and Duncan, 1994, 1997). Very
roughly, the probability that a comet or Centaur will be
scattered inward following its encounter with a planet is p ~
1/2. This means that the fraction of the escaped KBOs that
are scattered inward by Neptune is just p, while the frac-
tion that scatter between the four giant planets down past
Jupiter is p4 ~ 0.05. If we assume that the KBOs have an
effective lifetime comparable to τSS, then the steady-state
population of the Centaurs, NCen, relative to that of the
KBOs, NKBO, may be crudely estimated from
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With NKBO ~ 70,000 [diameter D > 100 km (Jewitt et al.,
1998; Trujillo et al., 2001)], this gives NCen ~ 70, in good
agreement with observational estimates of NCen ~ 100 meas-
ured to the same size (Sheppard et al., 2000).

In the same spirit of approximation, the steady-state pop-
ulation of the JFCs is given by

SS

JFC

KBO

JFC ~ 5 × 10–6p4~
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τ
τ

(4)

This leads us to expect that in steady state ~0.4 JFCs
have diameter D ≥ 100 km, consistent with the observation

TABLE 1. The known cometary Centaurs.

Perihelion Semimajor Inclination Tisserand
Object (AU) Axis (AU) Eccentricity (deg) Parameter

C/2001 M10 5.30 26.66 0.80 28.0 2.59
29P/SW1 5.72 5.99 0.04 9.4 2.98
39P/Oterma 6.83 7.25 0.24 1.9 3.01
2060 Chiron 8.45 13.62 0.38 6.9 3.36
C/2001 T4 8.56 13.92 0.38 15.4 3.29
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that there are currently none. The number of KBOs with
D ≥ 100 km is NKBO ~ 7 × 104 based on a simple extrapola-
tion from survey data (Jewitt et al., 1998). The number of
KBOs with D ≥ 1 km is very uncertain because an extrapo-
lation of the size distribution must be made. A current best-
guess population is NKBO ~ (1–10) × 109 (but see Bernstein
et al., 2003). With equation (4), this gives 5000 ≤ NJFC ≤
50,000. Although very uncertain, the lower end of this range
is comparable to the (equally uncertain) “several thousand
to about 104” JFCs observationally estimated by Fernández
et al. (1999; see also Delsemme, 1973). A more detailed
estimate should include, in addition to a proper treatment
of the dynamics, a correction for the loss of JFC nuclei
through such processes as devolatization and disruption. A
numerical treatment by Levison and Duncan (1997) finds
that the source region of the JFCs must contain 7 × 109

objects, in agreement with early estimates but larger than
the number of appropriately sized KBOs in the classical
belt. A significant problem in comparing source models
with population measurements is that the sizes of the ob-
jects being compared (cometary nuclei vs. KBOs) are not
well determined because the albedos are not well known.

2.4. Other Sources of Comets

The distributions of color (Jewitt and Luu, 1990) and
albedo (Fernández et al., 2003a) of the jovian Trojan “aster-
oids” are formally indistinguishable from those of the com-
etary nuclei. This suggests (but does not prove) an intriguing
compositional similarity between the two classes of body,
at least at the surface level where irradiation and solar heat-
ing may play a role. No ices have been spectroscopically
detected on the Trojans (Jones et al., 1990; Luu et al., 1994;
Dumas et al., 1998) but this is not surprising given the high
surface temperatures (~150 K) and the expected rapid loss of
exposed ice by sublimation. Beneath their refractory man-
tles, however, the Trojans may be ice rich. They may contrib-
ute to the comet population through dynamical instabilities
and collisional ejection (Marzari et al., 1995). Once re-
moved from the vicinity of the Lagrangian L4 and L5 points,
they quickly lose dynamical traces of their origin. There are
too few jovian Trojans to supply more than ~10% of the flux
of JFCs (Marzari et al., 1995; Jewitt et al., 2000), but Tro-
jans of the other giant planets, if they exist, could be signi-
ficant additional sources, and the total flux of escaped Tro-
jans from all giant planets should be considered unknown.
A narrow ring of orbits between Uranus and Neptune may
be another source (Holman, 1997) although these orbits may
not remain populated if the outer planets experienced sub-
stantial radial migration (Brunini and Melita, 1998).

3. ONSET OF ACTIVITY

Equilibrium surface temperatures in the cometary res-
ervoirs are low (~10 K in the Oort cloud and ~40 K in the
Kuiper belt). As orbital evolution carries the comets closer
to the Sun, rising temperatures induce the sublimation of
surface volatiles. The first abundant ice to sublimate is the

highly volatile carbon monoxide, CO, which is thought to
produce the comae observed around some Centaurs in the
middle solar system (R ~ 10 AU; Table 1, Fig. 3). However,
most Centaurs show no comae (e.g., Fig. 4), either because
they have already lost their near-surface volatiles through
outgassing or because their surfaces consist of nonvolatile,
complex organic and silicate mantles produced by energetic
particle bombardment (see Barucci et al., 2004). Although
CO is the most volatile abundant ice in comets, the main
driver of activity, as recognized long ago by Whipple (1950),
is the sublimation of water ice, beginning near the orbital
radius of Jupiter.

Solar heat propagates into the interior of the nucleus. The
timescale for the conduction of heat to the center of a spher-
ical nucleus of radius rn is given by solution of the conduc-
tion equation

r,t)(H
dt

r,t)(dT ρ−k∇2T(r,t) = ρcp (5)

where T(r,t) is the temperature as a function of radius and
time, k is thermal conductivity, ρ is bulk density, cp is the
specific heat capacity and H(r,t) is the specific power pro-
duction due to internal heat sources (e.g., radioactivity, phase

Fig. 3. Cometary Centaur C/2001 T4 in a 300-s, R-band image
taken by the author using the University of Hawai‘i 2.2-m tele-
scope on UT 2002 September 4. The heliocentric and geocentric
distances were R = 8.57 AU and ∆ = 7.97 AU respectively, and the
phase angle was 5.6°. Image is 96 arcsec wide. North is to the top,
east to the left.

Fig. 4. Centaur 1998 SG35 in a 900-s, R-band image taken by
the author using the University of Hawai‘i 2.2-m telescope on
UT 2002 September 8. The heliocentric and geocentric distances
were R = 8.72 AU and ∆ = 8.12 AU respectively, and the phase
angle was 5.5°. Image has the same orientation and scale as Fig. 3.
In sharp contrast to C/2001 T4 (Fig. 3), this Centaur shows no
coma or tail when observed at a nearly identical heliocentric dis-
tance and for a longer time.
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transitions). Dimensional treatment of this equation gives
the characteristic e-folding timescale for heat transport by
conduction as

κ
τc

r2
n~ (6)

where κ = k/(ρcp) is the thermal diffusivity. For a nominal
thermal diffusivity κ = 10–7 m2 s–1, we have

τc ~ 3 × 105r2
n yr (7)

with rn expressed in kilometers. Setting τc = τSS gives rn ~
100 km as the maximum size for effective conductive heat
transport (Point A in Fig. 2). All known cometary nuclei,
but not the Centaurs or KBOs, are smaller than this. Note
that τc > τJFC for rn > 1 km, meaning that the deep interiors
of the nuclei of most JFCs are effectively thermally de-
coupled from their surfaces.

4. EFFECTS OF ACTIVITY

Mass loss due to sublimation can exert a profound influ-
ence on the physical nature of the cometary nucleus, per-
haps changing the shape, size, rotation, and even survival
time in the inner solar system. Furthermore, these effects are
likely interrelated. Anisotropic mass-loss produces torques
on the nucleus that change the spin and the nucleus shape,
leading to a change in the distribution of active areas and
in the torque. Centripetal effects may lead to loss of mate-
rial from the rotational equator, affecting the size, shape,
spin, and mantling. For clarity of presentation, these effects
are discussed separately here, but they are in reality closely
intertwined.

4.1. Mantle Formation

The existence of refractory surface mantles is suggested
by groundbased observations of many comets (A’Hearn et
al., 1995) and by direct imaging of the nuclei of Comets
1P/Halley and 19P/Borrelly at subkilometer resolution. The
observations show that sublimation of cometary volatiles is
restricted to active areas occupying a fraction of the surface
area 10–3 ≤ f ≤ 10–1 [larger active fractions ~1 are some-
times reported, but these may reflect gas production from
secondary sources in an icy grain halo about the nucleus
(Lisse et al., 1999)]. The corresponding f for the nuclei of
LPCs is observationally not well established. The inactive
regions correspond to volatile-depleted surface thought to
consist of refractory crust or mantle material. Many com-
ets with f << 10–3 cannot be easily distinguished from aster-
oids owing to the practical difficulty of detecting very weak
dust (Luu and Jewitt, 1992a) or gas comae (Chamberlin et
al., 1996).

In the so-called rubble mantle model, the mantles are
thought to consist of refractory blocks that are too large to
be ejected by gas drag against the gravity of the nucleus.
Such mantles need only be thicker than the thermal skin

depth [LD ~ (κProt)1/2 where Prot is the nucleus rotation pe-
riod], in order to inhibit sublimation. For representative
values Prot = 6 h, κ = 10–7 m2 s–1, we obtain LD ~ 5 cm. The
timescale for so-called rubble mantle growth (neglecting
cohesion) is (Jewitt, 2002)

mfM

~
ρnLDτM (8)

in which ρn is the density of the nucleus, fM(rn,R) is the
fraction of the solid matter in the nucleus too large to be
ejected by gas drag, and m(R) is the specific mass sublima-
tion rate. This timescale is only ~103 yr at 5 AU, falling to
1 yr at 3 AU for a water ice composition (Fig. 5). The es-
sential points are that rubble mantles can be very thin and
should readily form as byproducts of cometary activity on
timescales that are short compared to τJFC. A feature of the
rubble mantle model is that such structures should be un-
stable to ejection on comets whose perihelia diffuse inward,
since rising temperatures and gas pressures can easily over-
come the local gravitational force. Cohesion between man-
tle grains is needed to convey long-term mantle stability to
such objects (Kührt and Keller, 1994).

A second kind of mantle is postulated for the cometary
nuclei. The so-called irradiation mantle consists of material
that has been chemically transformed and devolatilized by
prolonged exposure to energetic photons and particles. Cos-
mic rays with MeV and higher energies penetrate to col-
umn densities ~103 kg m–2, corresponding to depths ~1 m
in material of density 103 kg m–3. The timescales for com-
plete processing of this surface layer are of order 108 ±1 yr
(Shul’man 1972). This is short compared to the storage
times for bodies in the Oort cloud and Kuiper belt and the
upper layers of residents of these populations are likely to

Fig. 5. Timescale for the growth of a rubble mantle in model
nuclei of radii 5 km and 50 km, in response to sublimation of H2O
and CO ices and computed from equation (8). The orbits are as-
sumed to be circular. Adoption of more realistic eccentric orbits
would increase the mantling time relative to the plotted curves,
but mantling is always rapid at small R. From Jewitt (2002).
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be significantly processed down to meter depths. Optical
photons, on the other hand, probe a surface layer only a
few micrometers thick. The timescale for processing this
visible layer is probably short, but the timescales for build-
ing a rubble mantle are even shorter. Thus, we expect that
bodies with perihelia beyond the water sublimation zone
(KBOs, Centaurs) might retain irradiation mantles but that
these will have been ejected or buried on the nuclei of near-
Earth comets. One observation consistent with this is the
lack of ultrared matter, of the type seen on the surfaces of
half the KBOs and Centaurs, on the nuclei of JFCs (Jewitt,
2002) (see section 4.7).

Irradiation breaks the chemical bonds of common mol-
ecules. In the process H, because of its small size, is able
to escape from the irradiated layers of the nucleus into
space. The irradiation mantle is thus composed of material
in which the C/H and O/H ratios are high. The high C frac-
tion may be responsible for the low albedos of cometary
nuclei (Campins and Fernández, 2002; Moroz et al., 2003).
The low H fraction may explain why near-infrared spectra
of outer solar system bodies, including KBOs, Centaurs,
jovian Trojans, and cometary nuclei, are mostly devoid of the
absorption bands of common bonds (e.g., C-H, O-H, N-H).

4.2. Thermal Devolatilization

The timescale for the loss of volatiles from a mantled
ice nucleus is

mf
~

ρnrnτdv (9)

where m (kg m–2 s–1) is the specific mass loss rate averaged
around the cometary orbit, ρn is the density, and f is the
so-called “mantle fraction,” the fraction of the surface from
which sublimation proceeds. The specific mass loss rate can
be estimated from equilibrium sublimation of H2O ice to
be about m ~ 10–4 kg m–2 s–1 at R = 1 AU, varying roughly
as R–2 for R ≤ 2 AU and faster than R–2 at greater distances
(Fig. 6). For nonzero orbital eccentricities, the sublimation
rate at a given semimajor axis is higher than for the circu-
lar orbit case because of enhanced sublimation near peri-
helion. This effect is large only for orbital semimajor axes
greater than about 3 AU, which is the critical distance be-
yond which sublimation consumes a negligible fraction of
the absorbed solar energy. This is shown in Fig. 6, in which
we plot the orbitally averaged water ice sublimation rate
as a function of semimajor axis and eccentricity. For the
canonical JFC orbit with a = 3.5 AU and e = 0.5, we esti-
mate m = 10–5 kg m–2 s–1 (Fig. 6). With ρn = 500 kg m–3

and f = 0.01 (A’Hearn et al., 1995), we find

τdv ~ 2 × 105rn yr (10)

with rn again expressed in kilometers and τdv is measured
in years. The effect of nonzero eccentricity is small for com-
ets whose semimajor axis is less than the critical distance
for strong sublimation of water ice (R ≤ 3 AU; Fig. 6). Thus,
JFC lifetime estimates are much less affected than HFCs

and LPCs, the latter of which sublimate only for a limited
period near perihelion.

The lifetimes of kilometer-scale nuclei against sublima-
tion, given by equation (10), are comparable to the dynami-
cal lifetime. Note that τdv < τJFC for rn < 1 km (Point B in
Fig. 2). This means that the subkilometer comets should lose
their volatiles on timescales short compared to their dynami-
cal lifetimes, leaving behind a population of “dead comets.”
Note also that τdv < τc for rn > 1 km (Point C in Fig. 2),
meaning that for almost all observed comets the volatiles are
lost from the surface before the thermal conduction wave
has reached the core. This inequality suggests another end
state as “dormant comets” (Hartmann et al., 1987; Kresák,
1987), having devolatilized, inactive surface regions shroud-
ing an ice packed core.

4.3. Size Evolution

Mass loss should modify the size distribution of the
comets by selectively depleting the smallest objects (equa-
tion (10)). The size distribution of the parent KBOs has been

Fig. 6. Orbitally averaged specific mass loss rate for sublimating
water ice as a function of the semimajor axis and eccentricity. The
instantaneous mass loss rate was computed from the energy balance
equation and integrated around the orbit using Kepler’s equation.
A low (0.04) albedo surface was assumed and thermal conduction
was neglected. Curves are labeled by the orbital eccentricity.
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measured, albeit only for large objects, from the slope of
the cumulative luminosity function (i.e., the cumulative
number of objects per square degree of sky brighter than a
given magnitude). Different researchers have converged on
a power-law-type distribution in which the number of ob-
jects with radius between r and r + dr is

n(r)dr = Γr–qdr (11)

with Γ and q constants of the distribution. The best-fit value
for KBOs is q = 4.0+0.6

–0.5 (Trujillo et al., 2001). In such a dis-
tribution, the mass is spread uniformly in equal logarith-
mic intervals of radius while the cross-section is dominated
by the smallest objects in the distribution. The Centaurs are,
by and large, less well observed than the KBOs. The avail-
able data are compatible with q = 4.0 ± 0.5 (Sheppard et
al., 2000). This is identical to the value in the Kuiper belt,
as expected if the latter is the source of the Centaurs.

The size distribution of the cometary nuclei is poorly
determined by comparison. Fernández et al. (1999) used
spatially resolved photometry of comets to find q = 3.6+0.3

–0.2,
while the same technique used independently by Weissman
and Lowry (2003) gave q = 2.6 ± 0.03 and Lamy et al.
(2004) found q = 2.6 ± 0.2 to q = 2.9 ± 0.3. The results are
inconsistent at the 5σ level of significance. To understand
this, it is important to remember that the cometary nuclei
are in general observed in the presence of coma. Coma con-
tamination of the nucleus photometric signal may confuse
the results obtained by one or more of these groups. Fur-
thermore, the short-period comets that form their samples
have been discovered by a variety of techniques, each of
which must impress onto the sample its own distinctive dis-
covery bias. Naively, this bias is expected to favor cometary
nuclei with large active areas because these objects will be
bright and therefore more easily detected. Overrepresenta-
tion of the bright comets will lead to a measured size distri-
bution that is flatter than the intrinsic distribution.

What should we expect? Sublimation lifetimes of other-
wise equal bodies vary in proportion to the radius (equa-
tion (10)). Thus, in steady state, we expect that a source
population described by r–q should be flattened by sublima-
tion to r–(q – 1), as a result of the more rapid loss of the smaller
objects. From q = 4 in the Kuiper belt, we expect to find q = 3
among the JFCs, which is in between the measured values.

Comets with rn ≤ 700 m have τc ≤ τdv (equations (7) and
(10) and Point C in Fig. 2). In such objects, the thermal con-
duction wave reaches ices still frozen in the core. The re-
sulting gas pressure produced by sublimation in the core is
likely to explosively disrupt the nucleus. This provides one
possible explanation for the often-reported depletion of very
small comets relative to extrapolations of the power-law size
distribution as determined at kilometer and larger nucleus
scales. The very short timescale for rotational spinup of sub-
kilometer nuclei (Fig. 2 of Jewitt, 1999) provides an even
more compelling mechanism for their destruction by rota-
tional bursting.

It should be noted that the sizes of the measured KBOs
and comets are quite different. Most KBOs have rn ≥ 50 km,

while most studied comets have rn ≤ 5 km. Size-dependent,
rather than evolutionary, effects might be present. It will be
important to extend the KBO size distribution to typical
cometary nucleus scales.

In summary, the size distributions of the KBOs and Cen-
taurs appear identical, within the uncertainties, and consis-
tent with the link between KBOs and Centaurs. Measure-
ments of the size distributions of the cometary nuclei have
been attempted, but the reported values are discordant and
are, in any case, afflicted by discovery and coma contamina-
tion biases that are poorly understood.

4.4. Shape Evolution

The shapes of cometary nuclei can be estimated from
their rotational lightcurves (strictly, the lightcurves give only
the projection of the shape in the plane of the sky). If the
nuclei are collisionally produced fragments, then it seems
reasonable that their shapes should be distributed like those
of impact fragments produced in the laboratory by impact
experiments. The comparison is made in Fig. 7 where we
show the photometric ranges of well-measured nuclei with
the range distribution of impact fragments measured in the
laboratory by Catullo et al. (1984).

The distributions are clearly different, with the comets
showing a larger fraction of highly elongated shapes than
the impact fragments. The well-measured cometary nuclei
are also elongated, on average, compared to main-belt aster-
oids of comparable size (Jewitt et al., 2003). This can be
naturally explained as a simple consequence of anisotropic
mass loss from the comets, which should act to modify the

Fig. 7. Apparent axis ratios of cometary nuclei (from Jewitt et al.,
2003) with published rotational lightcurves compared with impact-
produced rock fragments (from Catullo et al., 1984).
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overall shape on a timescale comparable to τdv. Anisotro-
pic mass loss may also provide a mechanism for splitting
on this timescale (Hartmann and Tholen, 1990). Note that
most of the axis ratios reported in Table 1 of Lamy et al.
(2004) are smaller than those in Fig. 7. The difference might
occur because the Lamy et al. data are lower limits obtained
from sparsely sampled photometric series, whereas the pro-
jected axis ratios in Fig. 7 were all determined from well-
measured lightcurves.

4.5. Spin Evolution

Noncentral mass loss from the comets generates torques
that can both change the spin period and drive the nucleus
into an excited rotational state (i.e., a state other than prin-
cipal axis rotation around the short axis). The relevant ex-
citation timescale is

ωρr4
nτex VthkTM

~ (12)

where M (kg s–1) is the net mass loss rate from all active
areas (for a spherical nucleus M = 4πr2

nfm), kT is the dimen-
sionless moment arm for the torque (kT = 0 for radial ejec-
tion and kT = 1 for tangential mass loss), and Vth is the
mass-weighted outflow speed (cf. Samarasinha et al., 1986;
Jewitt, 1991). The dimensionless moment arm has been esti-
mated analytically from a block model of the nucleus as
kT ~ 0.05 (Jewitt, 1999) and from numerical simulations as
0.01 ≤ kT ≤ 0.04 (Gutiérrez et al., 2003). For plausible esti-
mates of the parameters we find τex < τJFC (Fig. 2), meaning
that outgassing torques can drive comets toward rotational
instability, perhaps providing one mechanism for destruc-
tion of the nucleus (Fig. 2) (Jewitt, 1999).

Excited rotational motions create periodic internal
stresses that lead to minute (but, over long periods, signifi-
cant) frictional dissipation of energy. Relaxation into the
minimum rotational energy (maximum moment of inertia)
state occurs on the timescale (Burns and Safranov, 1973)

Q
~

ρK2
3r2

nω3

µτdamp (13)

Here, µ (N m–2) is the rigidity, Q is the quality factor (frac-
tional loss of energy per cycle), K3 is a shape-dependent
numerical factor, and rn (m) is the mean radius. The damp-
ing parameters appropriate to cometary nuclei are not well
known. We follow Harris (1994) and take µQ = 5 × 1011

(N m–2) and K2
3 ~ 0.03 (based on data for Phobos). Substi-

tuting ρ = 500 kg m–3 we obtain

τdamp ~ 1.0 × 105

r2
n

P3
(14)

for the damping time in years, with P in hours and rn in
kilometers (Fig. 2). A 2-km-radius nucleus created colli-
sionally in the Kuiper belt with an initial spin period of 6 h,

for example, could occupy a rotationally excited state
(Giblin and Farinella, 1997) for only ~107 yr before damp-
ing away. This is comparable to the median transport time
from the Kuiper belt to the inner solar system. Comets much
smaller than ~2 km, and those with spin periods much
longer than 6 h, might retain excited rotational states pro-
duced collisionally in the Kuiper belt, although we do not
expect this to be the general case because the injection of
a nucleus in a Neptune-crossing orbit may occur long after
its collisional production.

Nucleus excitation is much more likely to be actively
produced once comets begin to outgas inside the orbit of
Jupiter. The timescales for excitation (equation (12)) and
damping (equation (13)) of the spin are equal at the criti-
cal size

ρ2K2
3ω4

4πµQVthkTfm
rn =

1/4

(15)

which, with m = 10–5 kg m–2 s–1, Vth = 103 m s–1, ρ = 500 kg
m–3, f = 0.01, P = 6 h, and other parameters as given earlier,
yields rn ~ 20 km (Point D in Fig. 2). Since most known
cometary nuclei are smaller than this critical size, we con-
clude that most are potentially in rotationally excited states.
Numerical simulations show that equation (12), while pro-
viding a good estimate of the timescale for spinup, may give
only a lower limit to the timescale for driving a nucleus into
excited rotational states (Gutiérrez et al., 2003). Thus it is
possible that equation (15) overestimates the critical radius.

Observational evidence for precession of the nuclei is
limited, both because measurements are complicated by
the effects of near-nucleus coma and because few attempts
have been made to secure adequate temporal coverage. The
best case is for the nucleus of 1P/Halley (Samarasinha and
A’Hearn, 1991) while, more recently, 2P/Encke has shown
indications of a time-varying lightcurve that might indicate
nucleus precession (Fernández et al., 2000). Spinup might
be expected to lead to rapid rotation among the comet nuclei,
especially at small sizes. A few nuclei [(P/Schwassmann-
Wachmann 2 (Luu and Jewitt, 1992b)] are indeed rotating
close to the centripetal limit for densities ρ ~ 500 kg m–3.
Less-direct evidence for rotational destruction of small nu-
clei might be evident in the depletion of these objects rela-
tive to power-law extrapolations from larger sizes.

4.6. Active Area Evolution

The active areas and the mantle should evolve in paral-
lel. The lifetime of an active area can be estimated as fol-
lows. In the limiting case in which all the incident solar
energy is used to sublimate ice, the subsolar specific mass
loss rate is given by

LR2

S
m = (16)

in which S  = 1360 W m–2 is the solar constant, R (AU) is
the heliocentric distance, and L is the latent heat of sublima-
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tion at the (sublimation depressed) temperature of the sur-
face ice. (We consider the limiting case only because it gives
a convenient analytic expression for m.) The corresponding
rate of recession of the sublimating surface is just

ρ
m

~r (17)

An exposed plug of ice of area πa2 = 4πr2
nf would subli-

mate into the nucleus, creating a cavity or vent that deepens
at rate r. When the vent becomes too deep, self-shadowing
by the walls will inhibit further sublimation. Accumulation
of a blocky rubble mantle at the bottom of the vent will
also suppress sublimation. We assume that this happens first
when the vent reaches a critical depth d ~ a. The timescale
for the vent to reach this depth is just τv ~ a/r. From equa-
tion (17) we obtain

τv ~ S

2f1/2ρR2Lrn (18)

where ρ is the density of the solid ice. For H2O ice (L =
2 × 106 J kg–1) with ρ = 500 kg m–3, f = 0.01 and R = 1 AU,
we obtain

τv ~ 5rn yr (19)

with rn expressed in kilometers. In equation (19), the life-
time is in units of years of exposure to sunlight in a circu-
lar orbit at R = 1 AU. A 5-km-radius nucleus would have
τv ~ 25 yr. The vent lifetime on the nucleus of an equivalent
comet moving in an eccentric orbit will be larger because
the mean insolation and the mean mass loss rate are smaller.
For example, a JFC with a = 3.5 AU, q = 1.0 AU would
have a vent timescale longer than given by equation (19)
by a factor of ~10 to account for the greater mean distance
from the Sun. Still, the vent lifetimes are expected to be
very short compared to the dynamical lifetime, τJFC, for
comets on all but the most eccentric orbits. Observational
constraints on JFC active area lifetimes are few: Sekanina
(1990) concludes that changes in active areas should be evi-
dent on timescales comparable with the observing records
of many comets, consistent with equation (19).

For a CO-powered vent (L = 2 × 105 J kg–1) on a KBO
at R = 40 AU, the timescale is still a short τv ~ 8 × 102 yr.
Active areas on the same object moved to R = 10 AU would
become self-shadowing in only ~50 yr, a tiny fraction of
the dynamical lifetime. We conclude that the KBOs and
Centaurs may occasionally display spectacular CO-powered
comae from exposed vents (e.g., craters produced by im-
pact), but that these are short-lived and should therefore be
rare unless the vents are reactivated or replaced. Centaur
2060 Chiron exhibits brightness outbursts in the 8 ≤ R ≤
19 AU range with a timescale of ~10–20 yr (Bus et al.,
2001). It is not unreasonable to suppose that this activity is
modulated by the evolution of CO-powered vents. Centaur

C/2001 T4 likewise displays a prominent, variable coma at
R ~ 8.5 AU [see Fig. 3 and Bauer et al. (2003b)]. In the
comets (and to a lesser extent the Centaurs) reactivation and
the formation of new active areas may be driven by the
progressively rising temperatures leading to increasing gas
pressures that can destabilize the mantle (Brin and Mendis,
1979; Rickman et al., 1990). In the rather stable orbits of the
Kuiper belt, reactivation can be caused by impacts that dis-
rupt the mantle.

4.7. Colors and Albedos

Figure 8 shows distributions of the optical colors of dif-
ferent types of small bodies (Table 2 summarizes the data).
The KBOs show a wide range of colors from nearly neu-
tral (S' > 0%/1000 Å) to very red (S' ~ 50%/1000 Å) with a
median value S' = 25%/1000 Å. Here, the slope, S', is meas-
ured in the best-observed V-R region of the spectrum (i.e.,
5500 Å to 6500 Å wavelength). The similarity between the
wide spread of colors on the KBOs and on the Centaurs
(here taken from Bauer et al., 2003b) shows that mantling
on the Centaurs is relatively minor, even though these bod-
ies may sometimes be active (Fig. 8). Instead, a dramatic
change in the color distribution appears only once the bod-
ies have perihelia inside Jupiter’s orbit and can begin to sub-
limate water ice. The comets show a smaller range of S' and,
specifically, are deficient in the ultrared material with S' >
25%/1000 Å (Jewitt, 2002; see also Hainaut and Delsante,
2002). This may be a result of mantling of the cometary nu-
clei driven by sublimation in response to rising tempera-
tures as they approach the Sun. Objects that are likely, on
dynamical grounds, to be dead comets show a color distribu-

Fig. 8. Histograms of normalized optical reflectivity gradients
(%/1000 Å) for objects in the major categories of this review. Plot-
ted are KBOs, nuclei, and dead comets (Jewitt, 2002); Centaurs
(Bauer et al., 2003b); and jovian Trojans (Jewitt and Luu, 1990).
The ultrared matter, with reflectivity gradient ≥25%/1000 Å, is
present only in the Kuiper belt and on the Centaurs.
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tion that is formally indistinguishable from that of the nuclei
of active comets, suggesting that the mantles on these bodies
are stable over long periods [and may indeed be responsible
for the deaths of the comets (Rickman et al., 1990)].

A similar conclusion can be drawn from Fig. 9, in which
we show available measurements of the colors and albedos
of the small-body populations. It is evident that the com-
etary nuclei occupy a restricted region of the color-albedo
plane near pR ~ 0.04, S' ~ 10%/1000 Å while the Centaurs
are much more widely dispersed. The few measured nuclei
fall near the region occupied by the D-type asteroids and
the similarity to the Trojans is impressive (Jewitt and Luu,
1990). The corresponding data for KBOs, although few in
number, already show wide separation in the color-albedo
plane and are very different from any cometary nucleus yet
measured. Observationally, we can already state with con-
fidence that the albedos and colors of the cometary nuclei
occupy a smaller range than is found in the Centaurs or

KBOs. The implication is that surface materials that are
common in the middle and outer solar system, including
frosts and the ultrared material, have been ejected or buried
(Jewitt, 2002) or are thermodynamically unstable (Moroz
et al., 2003) on the JFCs. The significance of this result is
that spacecraft launched to investigate the nuclei of JFCs
may fail to sample the primitive materials present on the
surfaces of their more distant progenitors.

5. COMETARY END STATES

5.1. Dead and Dormant Comets

Dormant comets lack near-surface volatiles but may
possess ice-rich interiors while dead comets are completely
devolatilized. Identifying such objects from their physical
properties is not easy, since the nuclei possess a wide range
of optical properties that overlaps those of some classes of
asteroids. The orbital properties provide a separate clue:
Dead and dormant comets are likely to possess comet-like
Tisserand invariants, TJ ≤ 3. Objects selected on this basis
indeed possess low, comet-like geometric albedos, pR ~ 0.04
(see Fig. 10), quite distinct from the TJ > 3 asteroids. This
finding has been used to infer that about 10% of the near-
Earth objects (NEOs) might be dead comets (Fernández et
al., 2001). Dynamical models of the near-Earth population
allow a similar (~6%) fraction of dead comets (Bottke et
al., 2002). However, the latter models are incomplete in that
they neglect nongravitational forces and/or perturbations
from the terrestrial planets. Orbits decoupled from Jupiter,
like that of Comet P/Encke (TJ = 3.03), cannot be repro-
duced without including these effects. Calculations in which
these forces are included suggest that the dead JFC fraction
of the near-Earth population is ≤20% (Fernández et al.,
2002) to 50% (Harris and Bailey, 1998). The results remain
uncertain, in part, because the form and time-dependence
of the nongravitational acceleration remain poorly known.
Furthermore, the magnitude of the nongravitational accel-
eration, all else being equal, varies inversely with the nu-
cleus radius so that size-dependent effects in the dynamics
should be expected. Realistic modeling of the orbital evo-
lution of outgassing comets is potentially very complicated
and deserves more attention than it has yet received.

Rubble mantles, unless held together by granular cohe-
sion, are susceptible to ejection in response to decrease of
the perihelion (Rickman et al., 1990). The transition to the

TABLE 2. Mean reflectivity gradients and color indices.

Object S' V-R N Reference

KBOs 23 ± 2 0.61 ± 0.01 28 Jewitt and Luu (2001)
Centaurs 22 ± 4 0.58 ± 0.01 24 Bauer et al. (2003b)
Nuclei 8 ± 3 0.45 ± 0.02 12 Jewitt (2002)
Dead comets 7 ± 2 0.44 ± 0.02 12 Jewitt (2002)
D-types 8.8 ± 0.5 0.45 ± 0.01 19 Fitzsimmons et al. (1994)
Trojans 10 ± 1 0.46 ± 0.01 32 Jewitt and Luu (1990)

Fig. 9. Plot of normalized reflectivity gradient vs. geometric al-
bedo for jovian Trojan asteroids, cometary nuclei, Centaurs, and
two KBOs (see legend for a key to the symbols). Boxes mark the
approximate regions of the P and D asteroid spectral classes ac-
cording to Dahlgren and Lagerkvist (1995). The Trojan data are
compiled from Jewitt and Luu (1990) and Tedesco et al. (2002);
Centaur data are from Jewitt and Luu (2001), Hainaut and Del-
santi (2002), and Campins and Fernández (2002), and KBO data
are for Pluto (Tholen and Buie, 1997), 20000 Varuna (Jewitt et al.,
2001; Hainaut and Delsanti, 2002), and 28978 Ixion and 50000
Quaoar (Marchi et al., 2003; Bertoldi et al., 2002).
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asteroidal state may include a protracted period of intermit-
tent cometary activity as the mantle cracks and reseals. Sev-
eral examples of comets in which the activity is extremely
weak (e.g., 49P/Arend-Rigaux, 28P/Neujmin 1) or may even
flicker on and off are known (Kresák, 1987).

Several comets and likely comets are known to follow
asteroid-like orbits [see Table 3 and Weissman et al. (2002)
for more detailed descriptions]. The most famous example
is Comet 2P/Encke, which is a bona-fide comet that has
decoupled from Jupiter’s control (TJ = 3.03). Comet 107P/
Wilson-Harrington (also known as asteroid 1949 W1) dis-
played a diffuse trail at discovery in 1949 (Fig. 11) but has
appeared asteroidal ever since (Fernández et al., 1997). The

object 3200 Phaethon appears dynamically associated with
the Geminid meteor stream, yet has shown no evidence for
recent outgassing and occupies a thoroughly un-comet-like
orbit. Lastly, asteroid 7968 was found to show a dust trail
in images taken in 1996, leading to this object being cross-
identified with Comet 133P/Elst-Pizzaro. The confinement
of the dust to the vicinity of the orbit plane shows that the
observed particles experience a small ratio of forces due to
radiation pressure relative to solar gravitational attraction.
This, in turn, suggests that the particles are large, probably
at least 10–20 µm in size. The existence of a dust trail from
this object is particularly puzzling, since it is dynamically
a main-belt asteroid with orbital elements consistent with
those of the Themis family (Table 3). It has been suggested
that the appearance of outgassing activity might have been
created by a recent collision with a smaller asteroid (Toth,
2000), but this explanation seems unlikely given the reap-
pearance of the trail in Mauna Kea data in 2002, six years
after the initial detection (Hsieh et al., 2003) (see Fig. 12).
Either 133P/Elst-Pizzaro is an asteroid somehow triggered
to lose mass or it is a comet somehow driven into an aster-
oid-like orbit. The aphelion of 133P/Elst-Pizzaro at 3.80 AU
is far from Jupiter’s orbit. Nongravitational accelerations
from outgassing might produce this type of decoupling from
Jupiter but with very low efficiency (Fernández et al., 2002).

A number of objects in comet-like (TJ ≤ 3) or bits pos-
sess no resolvable coma or tail and must be physically clas-

Fig. 10. Plot of red (0.65 µm) geometric albedo, p, vs. Tisserand
parameter, TJ, for small solar system bodies including dynami-
cally asteroidal near-Earth objects (TJ > 3), unresolved objects
likely to be inactive comets on dynamical grounds (TJ ≤ 3), and
the nuclei of active comets. From Fernández et al. (2003b).

TABLE 3. Comets and likely comets in asteroid-like orbits.

Perihelion Semimajor  Inclination
Object (AU) Axis (AU) Eccentricity (deg) Tisserand

2P/Encke 0.34 2.22 0.85 11.8 3.03
3200 Phaethon 0.14 1.40 0.89 22.1 4.51
107P/Wilson-Harrington 1.00 2.64 0.62 2.8 3.08
7968 133P/Elst-Pizarro 2.63 3.25 0.17 1.4 3.18

Fig. 11. Trailed (unguided) image of asteroid-comet transition
object 107P/1949 W1 (Wilson-Harrington) taken UT 1949 Novem-
ber 19. The trailed image of the central nucleus is about 1 arcmin
in length in this 720-s integration. North is at the top, east to the
left, and the tail extends toward the east (antisolar) direction. The
comet was 0.2 AU from Earth and 1.1 AU from the Sun. Palomar
sky image from Fernández et al. (1997).
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sified as asteroidal (see Table 4). A fraction of these could
be dead (or dormant) comets. Based on their lifetimes, the
ratio of the numbers of dead, Nd, to active, Na, comets
should be

rn

2
~~

Na

Nd

τdv

τJFC (20)

The number of NEOs larger than ~1 km in size is ~1000
(Rabinowitz et al., 2000; Bottke et al., 2002). If ~10% of
these are dead or dormant comets (Fernández et al., 2001;
Bottke et al., 2002), then the number of such objects must be
~100. For comparison, about 200 JFCs are known, while the
true (bias-corrected) population may number in the thou-
sands (Fernández et al., 1999). Empirically, then, Nd/Na <
0.5, whereas equation (20) gives Nd/Na ~ 2 for rn = 1 km.

Models of the orbital evolution of JFCs permit an inde-
pendent estimate of Nd/Na. The models show that the mean
inclination increases with residence time in the inner solar
system (Levison and Duncan, 1994, 1997). To bring the
model and observed inclination distributions of the JFCs
into agreement, these authors found it necessary to assume

that the JFCs are active for between 3000 and 30,000 yr
(with a best estimated value of about 12,000 yr) after their
perihelion first reaches q ≤ 2.5 AU. The corresponding ratio
of dead to active JFCs is 2 ≤ Nd/Na ≤ 6.7, with a best esti-
mate of Nd/Na = 3.5 (Levison and Duncan, 1997). Whether
or not the difference between the measured and model val-
ues of Nd/Na is significant is unclear.

5.2. Tidal Breakup

A small number of comets have been observed to break
up in response to gravitational stresses induced by close
proximity to the Sun (e.g., the Kreutz Sun-grazer group) or a
planet (commonly Jupiter, as with P/Brooks 2 and D/Shoe-
maker-Levy 9). The properties of the “string of pearls” com-
et chain produced from D/Shoemaker-Levy 9 are well ex-
plained by a disrupted, gravitationally sheared aggregate
body of negligible tensile strength and density ρn ~ 500 kg
m–3 (Asphaug and Benz, 1996).

Some 4% of the Centaurs pass within the Roche radius
of a gas giant planet during their lifetimes (Levison and
Duncan, 1997). If, like D/Shoemaker-Levy 9 (which had
26 fragments), each object splits into a few dozen pieces,
then the number of secondary fragments could rival or even
exceed the number of primary comets from the Kuiper belt.
This would have significant implications for the flux, size,
mass, and rotation distributions of the comets. For example,
tidal breakup could reduce the number of small KBOs
needed to supply the JFC flux (cf. Bernstein et al., 2003).
Most split comet fragments would quickly mix with the pri-
mary unsplit population: Dynamical memory of the split-
ting is quickly lost (Pittich and Rickman, 1994).

5.3. Nontidal Breakup

Most splitting events occur without obvious provocation
and their cause is unknown (Sekanina, 1997). Statistically,
the nuclei of JFCs split at a rate τsplit

–1  ~ 10–2  yr–1 per nucleus
(Chen and Jewitt, 1994; cf. Weissman, 1980). With dynami-
cal lifetimes of a few × 105 yr, each nucleus should split
thousands of times. The rate for the observed long period
comets is less well constrained but probably of the same
order. The effect of repeated splittings on the mass of the
primary nucleus depends on δ, the mass-weighted fragment
to primary nucleus mass ratio. If splitting is a continuous

Fig. 12. 133P/(7968) Elst-Pizarro in a 3900-s, R-band compos-
ite image taken on UT 2002 September 07 at the University of
Hawai‘i 2.2-m telescope. Short trails are background stars and
galaxies. The nucleus of 133P has been placed at the lower right.
Image is 180 arcsec wide, with north at the bottom and east to the
right. The heliocentric and geocentric distances were 2.88 AU and
1.96 AU respectively, and the phase angle was 9.9°. A dust trail is
visible across the full width of the image in the raw data. Image
by Henry Hsieh and the author.

TABLE 4. Sample asteroids in comet-like orbits.

Perihelion Semimajor  Inclination
Object (AU) Axis (AU) Eccentricity (deg) Tisserand

5335 Damocles 1.57 11.82 0.87 62.0 1.15
15504 1998 RG33 2.15 9.43 0.77 34.9 1.95
20461 1999 LD31 2.39 24.43 0.90 160.2 –1.54
3552 Don Quixote 1.21 4.23 0.71 30.8 2.32
1997 SE5 1.24 3.73 0.67 2.6 2.66
1982 YA 1.12 3.66 0.70 35.3 2.40
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random process, the fraction of the mass remaining in the
primary after time, t, is just

split)t/τ1(~
)0(m

)t(m δ− (21)

Setting t = τdv as an upper limit, we find m(τdv)/m(0) << 1
for δ >> 10–3. Observationally, the situation is unclear. Most
fragments of the Kreutz sungrazing comets have character-
istic sizes of ~10 m, corresponding to δ ~ 10–6 for a kilo-
meter-sized parent (Sekanina, 2002). If this is representative
of splitting events as a whole, then it is unlikely that disin-
tegration plays a major role in shaping the nuclei. However,
if breakup is a continuous process that extends to much
larger, but rarer fragment sizes, then the effect on the pri-
mary mass may still be significant.

The short timescales for spin excitation, τex (see Fig. 2),
suggest that rotational bursting may play a role. The cen-
tripetal and gravitational accelerations on the equator of a
spherical body of density ρ (kg m–3) are equal at the critical
rotational period

1/2

Gρ
3πτr = (22)

where G = 6.6 × 10–11 (N kg–2 m2) is the gravitational con-
stant. Strengthless objects rotating with periods Prot < τr are
susceptable to rotational bursting. For the more general case
of an elongated body in minimum energy rotation (about the
shortest axis), the critical period is

fr h
1000 1/2

ρ
τr ~ 3.3 (23)

where fr is a numerical factor that depends on the axis ra-
tio of the body (e.g., fr = 1 for spheres, fr ~ 4/3 for prolate
bodies with axis ratio a/b = 2). Observationally, all but the
smallest (strongest) asteroids, and all measured comets,
have Prot ≥ 2 h and consistent with ρ ≥ 500 (kg m–3) (Pravec
et al., 2002). The most elongated comets may be rotating
close to their corresponding centripetal limits (Jewitt and
Meech, 1988; Weissman et al., 2004).

For example, the nucleus of C/1999 S4 (LINEAR) may
have been as small as 100 m in radius prior to break up into
fragments at 0.85 AU (Weaver et al., 2001). Equation (12)
gives τex ~ 10 d for such a small object when close to the
Sun. The nucleus could have been driven to rotational burst-
ing during the time taken to free fall toward the Sun. Split
fragments themselves would be subject to rapid spinup,
leading to a cascade of rotationally bursting fragments.

5.4. Disintegration

Except for the sungrazing comets observed by SOHO,
only a few well-documented examples of complete comet-

ary disintegration are known (see Boehnhardt, 2004). This
does not mean that complete disintegration is rare, because
the probability that a brief, one-time event might be ob-
served by chance is presumably very small. The causes of
disintegration are not known.

Samarasinha (2001) suggested a model for the nucleus of
C/1999 S4 (LINEAR), namely that fragmentation was due to
the buildup of gas pressure inside a loosely agglomerated
nucleus having substantial internal void space. High pres-
sures have been observed in association with the heating of
amorphous ice samples in which clathrate formation may
also play a role (Blake et al., 1991). This “bomb model”
model predicts that small nuclei (e.g., SOHO comets) should
detonate more readily than large ones, since the gravita-
tional binding energy grows as r5

n while the gas pressure is
independent of nucleus size. The real unknown in this model
is the permeability to gas: If the gas can leak out, the pres-
sure may never grow large enough to burst the nucleus.

Rotational spinup (Fig. 2 and equation (12)) might also
be implicated in cometary disintegration. An elongated nu-
cleus in simple rotation driven to the centripetal limit might
be expected to lose mass only from its tips. The same nu-
cleus in an excited rotational state might be pushed to dis-
integrate by rotational instabilities, particularly if the nearly
strengthless internal constitution witnessed in D/Shoemaker-
Levy 9 is typical. Rotational ejection could also expose pre-
viously shadowed volatiles, initiating a sudden burst of out-
gassing and perhaps precipitating global instability of the
nucleus.

Why some nuclei disintegrate while others split and oth-
ers remain coherent is a mystery. Neither do we know if
splitting and disintegration occur with uniform probability
across all comets, or whether some comets are “born tough”
and resist splitting and disintegration until their eventual
demise. In the latter case, the surviving comets might not be
at all representative of the comets prior to their entry into
the inner solar system. This possibility has been suggested
as an explanation of the presumed fading of LPCs (Levison
et al., 2002).

5.5. Debris Streams

Meteor streams represent the final products of cometary
disintegration. The known streams are observationally pre-
selected to intersect the orbit of Earth and are biased to-
ward LPC and HFC cometary sources (the luminosity of a
meteor of given mass varies with a high power of the rela-
tive velocity so that LPC and HFC sources produce brighter
meteors than JFC or asteroidal orbits, all other things be-
ing equal). Counterparts of the meteor streams for comets
whose orbits do not intersect that of Earth are found in com-
etary dust trails detected thermally (Sykes and Walker, 1992)
and optically (Ishiguro et al., 2003). Some parameters of the
major streams and their likely parents are listed in Table 5.

The wide range of Tisserand invariants in Table 5 shows
the dynamical diversity of the sources of the major meteor
streams. Some are clearly linked to still-active comets; others
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are associated with objects that appear asteroidal (Hughes
and McBride, 1989; Williams and Collander-Brown, 1998).
Source diversity is also indicated by the wide range of me-
teor densities listed in Table 5. The absolute values of den-
sity are limited in accuracy by the fragmentation models
applied in the interpretation of meteor data, but the rela-
tive densities should be meaningful (Babadzhanov, 2002;
Rubio et al., 2002). For example, debris from the Leonid
parent 55P/Tempel-Tuttle is much less dense (more po-
rous?) than debris from Geminid parent 3200 Phaethon. The
stream masses are estimated from the flux of meteors as a
function of time and are thought to be accurate to within a
factor of ±4 or so (Hughes and McBride, 1989; Jenniskens
and Betlem, 2000). Table 5 shows that the ratio of the stream
mass to the stream plus parent nucleus mass is 0.1 ≤ Ms/
(Ms + Mp) ≤ 0.4. What is behind this ratio?

Consider a model of a spherical nucleus shrinking at a
constant rate and, for simplicity, neglect mantle formation.
Assuming that mass is not lost from the stream on the subli-
mation timescale, the ratio of the mass of the stream, Ms, to
the total mass of the parent and stream, Ms + Mp, is given by

=
+ r3

0

r3
0 – r3(t)

fsMpMs

Ms (24)

where r0 is the initial nucleus radius and r(t) = r0 – βt (β is
a constant equal to the sublimation distance per unit time)
is the radius at time t (t ≤ r0/β). The quantity fs is the frac-
tion of the mass of the parent that is contained in refrac-
tory matter.

Averaged over the time interval 0 ≤ t ≤ r0/β, the value of
equation (24) is given by

fs4

3

MpMs

Ms =
+

(25)

With fs = 1/2, we have Ms/(Ms + Mp) = 3/8 ~ 0.4 which
is very close to the measured values (Table 5). The obser-
vations are therefore consistent with the simple model, pro-

vided the stream debris lifetimes are long compared to the
source lifetimes.

The lifetimes of the streams are poorly determined. Es-
timates based on dynamical scattering of Perseids suggest
lifetimes of 4 × 104 yr to 8 × 104 yr (Brown and Jones,
1998). Independently, the mass loss rate from the Perseid
parent 109P/Swift-Tuttle has been estimated at 5 × 1011 kg/
orbit from submillimeter observations (Jewitt, 1996b). To
supply the 3.1 × 1014 kg in the stream would require about
600 orbits, corresponding to 8 × 104 yr, in good agreement
with the dynamical lifetime estimates above.

6. SUMMARY

Substantial progress has been made in recent years to-
ward exploring and understanding two major storage re-
gions of the comets, the Oort cloud and the Kuiper belt.
The latter, in particular, has been transformed from conjec-
ture into a dynamically rich and observationally accessible
region of the solar system, about which we seemingly learn
more every month. On the other hand, the processes of
decay of the comets, and the relationships that exist between
these objects and other small bodies in the solar system,
remain subjects of considerable uncertainty. The latter have
been the troublesome subjects of this chapter.

Observationally, there are at least two challenging prob-
lems. First, the physical properties of the all-important com-
etary nucleus are difficult to measure, because of coma
contamination when near the Sun and because of nucleus
faintness when far from it. In order to study how the com-
ets evolve and decay, reliable measurements of the nuclei
are indispensable. We possess very few. Second, telescopic
data in any case sample only the outermost, optically ac-
tive surface layers. We can learn relatively little about fun-
damental aspects of the internal structure or composition
by sampling only reflected sunlight.

In terms of dynamics, the comets occupy difficult terri-
tory in which forces due to mass loss may play an impor-
tant long-term role. The nuclei are pushed by asymmetrical
(sunward-directed) ejection of matter. Their angular mo-
menta are changed by outgassing torques and their very

TABLE 5. Major meteor streams.

Quantity Quadrantid Perseid Orionid Geminid Leonid

Parent Object 5496 109P 1P 3200 55P
Parent Type Asteroid HFC HFC Asteroid HFC
Perihelion q (AU) 0.88 0.9595 0.5860 0.14 0.9764
Eccentricity e 0.64 0.9632 0.9671 0.89 0.9055
Inclination i (deg) 68.0 113.5 162.3 22.1 162.5
Semimajor axis a (AU) 2.44 26.1 17.8 1.27 10.33
Tisserand TJ 2.53 –0.28 –0.61 4.51 –0.64
Stream Mass, Ms (kg) 1.3 × 1012 3.1 × 1014 3.3 × 1013 1.6 × 1013 5.0 × 1012

Meteor Density (kg m–3) 1900 ± 200 1300 ± 200 — 2900 ± 600 400 ± 100
Parent radius (km) 1.8 10.5 5.0 2.6 1.8
Parent Mass, Mp (kg) 1.2 × 1013 2.4 × 1015 2.6 × 1014 3.7 × 1013 1.2 × 1013

Ms/(Ms + Mp) 0.10 0.13 0.13 0.38 0.29
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lifetimes as comets may be limited by the loss of mass due
to sublimation, and by rupture due to centripetal effects.
Purely dynamical models appear to have been pushed to
their limits. The next step is to couple dynamical models
with thermophysical models in order to more realistically
account for the effects of outgassing forces on the comets.

In terms of their formation, the comets and the asteroids
represent two ends of a continuum. The asteroids, at least
those of the main belt, mostly formed at temperatures too
high for the inclusion of water as ice while we think the
comets accreted water ice in abundance. In between lies a
large gray zone, in which the identity of the objects is in-
distinct, both observationally and compositionally. We have
discussed some examples of mass-losing objects that are
dynamically more like asteroids than comets (e.g., 133P/
Elst-Pizarro). The jovian Trojan “asteroids” appear optically
indistinguishable from the nuclei of comets and they may
also contain solid ice. Unfortunately, they are too cold to
measurably sublimate, even if ice is present in the near sur-
face regions. Some asteroids in the outer belt could also con-
tain ice, but only if buried by thicker, thermally insulating
mantles. Conversely, the comets may be less ice rich than
originally supposed in Whipple’s classic description. While
it is no surprise that sunbaked 2P/Encke has a large dust/
gas production rate ratio ~10 to ~30 (Reach et al., 2000),
even the comparatively fresh Comet C/Hale-Bopp had dust/
gas ~6 to ~10 (Grün et al., 2001). It is not clear that these
ratios are representative of the bulk interior values, but still,
the difference between the “icy comets” and the “rocky as-
teroids” seems astonishingly small.

In the end, what matters most is that we can relate the
properties of the small bodies of the solar system back to
the formation conditions, to learn something about the pro-
cesses of accretion and planet growth. Observations and
ideas explored here represent some of the first steps in this
direction. We end with a list of key questions that should be
answered in the coming years.

6.1. Some Key Questions

1. Processes described here (core volatile sublimation,
rotational bursting, complete devolatilization) suggest that
the comet nucleus size distribution should be depleted at
small sizes. What reliable observational evidence exists for
this?

2. What fraction of the near-Earth objects are dead com-
ets, and how can they be reliably distinguished from aster-
oids?

3. Are the Trojans of Jupiter essentially mantled comets
with substantial interior bulk ice? How can this question
be answered?

4. What is the true Centaur population as a function of
size? Initial estimates of 107 objects larger than 1 km in ra-
dius need to be checked by deeper, more extensive survey
observations of the whole ecliptic.

5. Are there sources of Centaurs (and JFCs) in addition
to those recognized in the Kuiper belt? Are the Trojans of
the four giant planets a significant source?

6. What fraction of the Centaurs are fragments of pre-
cursor objects that were disrupted by passage through the
Roche spheres of gas giant planets?

7. Is there any firm evidence for outgassing in the KBOs?
8. What is the physical basis of the “fading parameter”

in Oort’s model of the LPCs? Is our understanding of the
dynamics of the LPCs complete?
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