
Meech and Svoren: Physical and Chemical Evolution of Cometary Nuclei 317

317
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Historically, minor bodies are classified as comets based on observations of “activity,” which
refers to the appearance of dust and gas around the nucleus. While cometary activity has been
observed for centuries, at ever-increasing heliocentric distances, our understanding of the mecha-
nisms for producing cometary activity and its heliocentric dependence has only recently been
developed to the level of sophistication needed to make detailed comparison with the observa-
tions. A thorough understanding of cometary activity is closely coupled with knowledge about
the formation of comets, thermal models of cometary nuclei, and chemistry in the coma. This
chapter summarizes the specific chemical and physical changes that a comet nucleus under-
goes, concentrating on the active phases. The specific drivers of activity are discussed, as well
as the means of measuring the activity in comets. Finally, some historical and modern examples
of specific types of cometary activity are discussed and are used to make inferences about both
primordial differences between comet dynamical classes and evolutionary, or aging, effects.

1. INTRODUCTION

What controls the activity of comet nuclei? Comets ex-
hibit a wide range of physical characteristics. Some of these
characteristics can be attributed to the systematic physical
differences among different dynamical and evolutionary
groups. We must try to distinguish whether these differences
are the products of aging or evolutionary process, or
whether they reflect the primordial differences among the
groups. “Aging” of cometary nuclei refers to the effects
since the time of formation that have altered the nucleus,
either chemically or physically, and that may cause a change
in the type or level of activity. Some of the signs of aging in
comets include (1) the production of comae and tails consist-
ing of escaping gas and dust, which creates debris occupy-
ing the orbits of the distintegrating comets; (2) nongravita-
tional effects in the comet’s motion, produced by jet effects
of the escaping matter on a rotating nucleus; (3) outbursts
(or sudden brightness changes) and splitting of cometary
nuclei, possibly leading to total disruption; (4) changes in
the volatile composition of the escaping gases and internal
physical nucleus properties, in particular in the upper layers
of the nucleus; (5) the progressive changes of the cometary
absolute brightness, including the temporary diminishing of
cometary activity; (6) the change of the physical appearance
of comets to objects indistinguishable from asteroids mov-
ing in cometary orbits (extinction of cometary nucleus); and
(7) the total disappearance of the comet nuclei.

A thorough discussion of the mechanisms, dynamics,
and changes in activity caused by comet splitting are cov-
ered in Boehnhardt (2004) and Jewitt (2004) and will not
be discussed in detail here. Likewise, a detailed discussion

of the timescales for the physical evolution of comet nu-
clei, changes in shape, spin period, and eventual disappear-
ance of activity as comets either evolve into asteroidal-like
objects or experience complete disintegration is presented
in Jewitt (2004). In this chapter a brief review of comet for-
mation, including the physical and chemical processes oc-
curring in the precursor comet material, is presented in the
context of, and to set the stage for, distinguishing between
evolution and primordial differences among comets. This
is followed by a thorough discussion of the mechanisms of
comet activity and the means by which activity is measured.
Finally, specific observations of cometary activity are pre-
sented and inferences drawn about implications for pri-
mordial composition and evolution of different dynamical
classes of comets. The ultimate goal of understanding the
chemical and physical evolution of cometary nuclei is to
assess the extent to which comets represent the unaltered
source material from their regions of formation in the so-
lar nebula, and thus to use comets as tracers of solar sys-
tem formation processes.

1.1. Source Regions and Formation

Although discussed in detail elsewhere in this volume
(e.g., Duncan et al., 2004; Dones et al., 2004), it is impor-
tant to the understanding of the activity in comets to briefly
summarize some of the essential elements of the formation
and dynamical evolution of comets. As the presolar nebula
collapsed, solid particles settled to the midplane. They may
have undergone processing (e.g., shock-induced sublima-
tion and volatile recondensation) of their icy mantles as they
fell (Lunine and Gautier, 2004). Dynamical evidence sug-
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gests that the short-period (SP) comets must have had a low-
inclination source in the transneptunian region (Duncan et
al., 1988, 2004), whereas the long-period (LP), Halley-type
(HT), and dynamically new (DN) comets perturbed inward
from the Oort cloud may have formed at smaller heliocen-
tric distances. While most of the Oort cloud comets prob-
ably formed beyond 20 AU, all the giant planets injected
comets into the Oort cloud (Fernández and Ip, 1981; Dones
et al., 2004). Recent dynamical work has shown that per-
haps as much as one-third of the scattered-disk transnep-
tunian population may eventually end up in the Oort cloud
(Fernández and Brunini, 2003). Thus, the source regions of
the different dynamical classes of comets are not clear-cut,
and there may be some SP, HT, and LP comets that may
have had the same source region in the Kuiper belt and scat-
tered disk, but would have followed different dynamical
paths (see the discussion in Duncan et al., 2004).

1.2. Evolution of Comets

Almost every observable property of comets is connected
with their progressive disintegration. All processes that
physically and chemically alter a cometary nucleus can be
regarded as aging. The aging processes in comets, imply-
ing their limited physical lifetimes, are of fundamental sig-
nificance for the evolutionary history of the whole cometary
population. Due to accompanying nongravitational effects
and dynamical chaos, it is impossible to extrapolate the mo-
tion of individual comets far beyond the time span covered
by observations. The aging processes, accelerating with de-
creasing distance from the Sun, are too slow and irregular
to become detectable during a single apparition (Kresák,
1987). When a SP comet is followed over a number of re-
turns, some changes may be observable. The lifetimes of
individual active comets are very short compared with the
history of the solar system, and a replenishment with pre-
viously inactive objects is necessary to maintain the present
state. All these arguments point to the fact that the evolu-
tion of comets is best studied on a statistical basis.

The aging or evolutionary effects that a comet nucleus
will experience can be divided into four primary areas: the
precometary phase, where the interstellar material is altered
prior to incorporation into the nucleus; the accretion phase
during nucleus formation; the cold storage phase, the phase
where the comet is stored for long periods at large distances
from the Sun; and the active phase (Meech, 1999).

1.2.1. Presolar nebula. The precursor cometary mate-
rial, interstellar grains, is stored in cold quiescent molecu-
lar clouds (T = 10 K, n = 103 cm–3) and in warm, dense
protostellar regions (T = 100 K, n = 106 cm–3). A complete
discussion of ice and grains in the precometary phase is
presented in Irvine and Lunine (2004) and Wooden et al.
(2004). The mantles of interstellar grains undergo signifi-
cant processing in the molecular clouds from bombardment
by cosmic rays. The ions lose energy by ionization of the
target material and breaking chemical bonds in the target,
and they can also cause sputtering from the surface (Straz-

zula and Johnson, 1991). This will create both nonvolatile
material and highly reactive radicals, which will then po-
tentially be incorporated into the comets. There is also com-
plex thermal and chemical processing that can occur (see
Wooden et al., 2004, for a complete discussion). However,
a fundamental question remains as to how much of this
precursor material survives the formation process (Mumma
et al., 1993). The water contained in comets is likely to have
two sources: H2O ice that survived disk infall, and that
which formed in the disk (see Irvine and Lunine, 2004, for
a discussion).

1.2.2. Accretion phase. Water-ice formed by low-pres-
sure vapor deposition, conditions expected in the solar neb-
ula as interstellar grains were falling in toward the midplane,
will have one of three forms: two crystalline polymorphs
(hexagonal, Ih, and cubic, Ic), and both a low- and high-
density amorphous form, Ial and Iah respectively. When H2O
ice condenses at temperatures below 100 K, it condenses
in the amorphous form because it lacks the energy to form
a regular crystalline structure; below 20 K, this is likely to
be Iah ice. As the H2O ice condenses, it has the ability to
trap gases as high as 3.3–3.5 times the amount of the ice
(Laufer et al., 1987).

The mechanism for amorphous ice trapping is that gas
enters an open pore during condensation and is held in place
by van der Waals forces. The pore is subsequently covered
and the gases are trapped. The amount of gas that can be
trapped is a very strong function of the condensation tem-
perature: H2 and D2 can only be efficiently trapped below
20 K, Ne only below 24 K, and many other light gases may
be trapped only up to 100 K. More gases can be trapped at
lower temperatures because the molecules will have longer
residence times and are more likely to have their pores
sealed before they can escape. The gases that have stronger
van der Waals attraction (polarizability) will be preferen-
tially enriched. The temperature also affects the size of the
free channels in the ice, and hence the atoms that can per-
meate the ice.

If a large amount of volatiles are present as the water is
condensing at low temperatures, and after the maximum
amount of gas is trapped in the pores, it is possible to have
some surface freezing of the more volatile species (Notesco
et al., 2003).

This accretion phase will have significant implications
for the observed activity in comets as described below. In
particular, Oort cloud comets and LP comets will have
predominantly formed in the vicinity of the giant planets
where nebular temperatures may have been between 60 and
100 K and will be expected to consist mostly of ice Ial.
Kuiper belt objects (KBOs) formed and have remained pre-
dominantly at temperatures below 30–50 K. Formation in
these different temperature regimes can have profound
implications for the chemical composition of the comets.

1.2.3. Cold storage phase. Comets may be stored for
billions of years in the Oort cloud or the distant outer solar
system before passing close to the Sun and entering the
active phase. During this time galactic-cosmic-ray irradia-
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tion can create a thin, stable cohesive crust that will have
some tensile strength to a depth of 10 g cm–2 (Strazzula and
Johnson, 1991). In addition, radicals will form in the up-
per few meters of the comet surface, causing chemical al-
teration (to ~300 g cm–2). Finally, the upper layers will be
depleted in volatile material (to ~100 g cm–2). Of course
there may be similar irradiation processing of the precomet-
ary grains from the higher radiation environment from the
young Sun, but these may sublimate from the grains dur-
ing infall, and would be too large to be trapped in the con-
densed amorphous H2O ice. Figure 1 summarizes the stages
of evolution that a comet may undergo.

In addition to the radiation damage to the surface, up to
20% of the Oort cloud comets will have been heated to at
least 30 K to a depth of 20–60 m from the passage of lumi-
nous stars, and most comets may have been heated as high
as 45 K to a depth of 1 m from stochastic supernovae events
(Stern and Shull, 1988). This heating may result in volatile
depletion in the upper layers. Likewise, gardening from
interstellar grain impacts will also alter the upper few centi-
meters of the surface (Stern, 1986).

While collisions themselves in the Oort cloud are prob-
ably very rare, recent work indicates that many of the ob-
jects ejected into the Oort cloud were probably heavily

Fig. 1. Diagram showing the sequence of aging processes in the upper layers of a comet nucleus from (a) the pristine state, consist-
ing of primordial planetesimals (enlargement shown on left), (b) to the alterations it undergoes while stored in the Oort cloud includ-
ing a possible crystalline core caused by radioactive heating from 26Al to (c) the changes in the surface during the active phase and
(d) near the end of its evolution as a dust mantle builds up.
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collisionally processed during their ejection (see Stern and
Weissman, 2001, and references therein). The space den-
sity of objects in the region of the Kuiper belt is much
greater, and as a result, collisional models show that small
objects in this region should have heavily damaged interi-
ors, and a significant percentage of the surfaces of the larger
objects should be heavily cratered (Durda and Stern, 2000).
Objects at smaller heliocentric distances, such as the Cen-
taurs and SP comets, will not have a significant collisional
history different from their source regions over the age of
the solar system. The net effect of the different collisional
regimes for the LP and SP comets should manifest itself as
differences in crater density on their surfaces, devolatiliza-
tion in the upper layers, and possibly surface chemistry.

Evolution of meteorites provides evidence of an early
heat source in the solar system, and it is likely that the ra-
dionuclide 26Al was responsible for radiogenic heating of
large bodies. Models that investigate the role that 26Al plays
in the evolution of cometary interiors showed that because
there is evidence for amorphous ice in comets, their interi-
ors cannot have been heated above 137 K (Prialnik et al.,
1987). The heating from 26Al would occur during the pe-
riod of cometesimal formation early in the solar system’s
history and would raise temperatures to between 20 and
120 K, depending on the nucleus size (the larger nuclei
would be less efficient at cooling). Whereas it would be
expected that a pure ice nucleus would either be all crys-
talline or all amorphous (depending on size), the effect of
refractory material would be to quench the conversion, leav-
ing a crystalline core with an amorphous mantle.

The situation regarding heating in KBOs may be some-
what different because of their larger sizes. When consid-
ering combined models of accretion and thermal evolution
and the effect of radiogenic heating, it was found that very
small bodies were relatively unaffected, the largest KBOs
would still contain significant amorphous material, while
the intermediate sizes would be the most heavily processed
(Merk and Prialnik, 2003). In the bodies that were thermally
altered, highly volatile species would be lost, and there
could be crystallization and even melting in the interiors.

1.2.4. Active phase of comets. During the active phase,
when the comet passes within the inner solar system and
experiences significant solar insolation, there is consider-
able evolution of the interior and surface of the comet. The
upper few meters of the surface of a comet making its way
into the inner solar system for the first time will be depleted
in volatile material by sublimation, even at large heliocen-
tric distances, and may have highly volatile radicals created
due to the chemical processing from galactic cosmic rays.
Just below this layer, which will be removed during the first
passage, will be a layer of “pristine” amorphous ice.

On the first passage through the inner solar system, the
solar insolation will cause the crystallization of the amor-
phous ice from the surface inward at much lower tempera-
tures than would be expected for H2O ice sublimation. The
differences in the active phases of Oort clouds comets on
their first perihelion passage in comparison with periodic

comets has been observed for a long time. This is discussed
at length in the chapter by Dones et al. (2004) in the context
of the “fading problem” first noted by Oort (1950).

2. TYPES OF ACTIVITY

It is clear from recent studies of low-temperature vola-
tiles and from comet observations that the gases that are
released from the comet in addition to water are trapped
within the H2O ice, and not just frozen among the H2O-ice
crystals (Bar-Nun and Laufer, 2003; Prialnik et al., 2004).
Table 1 shows the temperatures at which various volatile
processes may occur for pure ices that can lead to activity.
The table also indicates approximate heliocentric distances
at which these equilibrium surface temperatures are reached
for dark isothermal bodies (neglecting cooling caused by
sublimation). It should be noted that the sublimation tem-
perature or distance at which this is reached is not a single
number. Rather, the sublimation will occur over a wide
range of temperatures, but at different rates. For example,
while the peak for the amorphous to crystalline ice phase
transition occurs near 137 K, it will start slowly at much
lower temperatures, and while ice Ih sublimates at 180 K,
this process will start at much lower temperatures.

2.1. Sublimation of Pure Ices

The primary driver for activity close to the Sun is sub-
limation, the transitions between the solid and vapor state.
This is a combination of surface and subsurface phenom-
ena, since there can be sublimation from subsurface pore
walls (see Prialnik et al., 2004). The temperature at which

TABLE 1. Temperature regimes for onset of comet activity.

T (K) Process r (AU)

5 H2 sublimation >3000
22 N2 sublimation 160
25 CO sublimation 120
31 CH4 sublimation 80
35–80 Ice Iah anneals 60–10
38–68 Iah converts to Ial 55–15
44 C2H6 sublimation 40
57 C2H2, H2S sublimation 24
64 H2CO sublimation 20
78 NH3 sublimation 14
80 CO2 sublimation, Ial anneals 13
91 CH3CN sublimation 9
95 HCN sublimation 8
99 CH3OH sublimation 8
70–120 Ice Ial anneals 18–
90–160 Ice Ial → Ic phase change 11–
160 Ice Ic → Ih phase change
180 Ice Ih sublimation

Water-ice information from Laufer et al. (1987), sublimation infor-
mation from Yamamoto (1985) and Handbook of Chemistry and
Physics (Lide, 2003).
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this process begins depends on the latent heat of sublima-
tion and the equilibrium surface temperature of the nucleus.
The latter depends on many factors such as heliocentric dis-
tance, albedo, surface emissivity, rotation rate, and pole direc-
tion, as well as surface properties that affect heat transport
below the surface.

The simple energy balance equation has been used for
many years to estimate the “turn on” of comets assuming
that the activity is caused by sublimation of various pure
volatiles from the surface

= εσT4 + Pµ Hµ2πkT

mµ

4πr2

(1 − AB)L
(1)

Here, AB = pq is the Bond albedo, p is the geometric albedo,
and q is the phase integral. Buratti et al. (2004) derive a

value of q = 0.3 and p = 0.03 and thus AB = 0.009 from Deep
Space 1 observations of 19P/Borrelly. Also, L  is the solar
luminosity, r the heliocentric distance, ε the surface emis-
sivity, P the saturation vapor pressure for molecule µ (in
this case water), mµ the mass of the water molecule, k the
Boltzmann constant, and H the latent heat of sublimation.

A figure produced by Delsemme (1982), who computed
the gas production rates for sublimation of pure volatiles,
led to the unfortunate interpretation that activity on a pre-
dominantly H2O-ice nucleus cannot be sustained beyond
r = 3 AU. In the original figure, ro was the distance at which
only 2.5% of the solar flux was used for vaporization of
volatiles, and it represented the turnover in the curve on the
log-log plot. New calculations of these production rates are
shown in Fig. 2 using data from Prialnik et al. (2004) for the
sublimation vapor pressures and latent heats. In these simple
models, the pole is assumed to be perpendicular to the orbit,

Fig. 2. (a) Log-log plot of production rates of molecules as a function of log(r) for an isothermal nucleus of albedo AB = 0.04 for
CO, CH4, C2H2, C2H6, CO2, NH3, CH3OH, and H2O [after Delsemme (1982); see section 2]. Data for the computation of sublimation
vapor pressures and latent heats of sublimation from Prialnik et al. (2004). (b) Same as (a), but for a nucleus with albedo AB = 0.7.
(c) Total mass loss vs. r for AB = 0.04 for a RN = 10-km nucleus. (d) Total mass loss vs. r for AB = 0.04 for a RN = 100-km nucleus.
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and there is no variation with temperature as a function of
distance from the subsolar point over the surface.

Delsemme (1982) used a much higher albedo (pv ~ 0.7)
for the nucleus and an emissivity that was much lower (ε ~
0.65) than is currently commonly accepted, but these were
the best assumptions available at the time. The effect of the
albedo on the production rate is shown in Figs. 2a and 2b.
While there is a distinct slope change in the log-log plots
between about r = 4–6 AU for H2O production, it is impor-
tant to note that the production does not drop to zero beyond
this distance. Therefore, claims cannot be made that a nu-
cleus is bare based solely upon a heliocentric distance that
is greather than 3 AU. This is more easily seen in Fig. 2c,
which is a plot of log(Q) vs. r.

Clearly there is some level of water leaving the nucleus
out to large distances. The issue is whether the gas flux is
sufficient to drag dust into an observable coma. Figures 2c
and 2d show the molecular loss rate converted into a total
mass loss (kg s–1) for gas (or dust if one assumes a dust gas
mass ratio = 1). Depending on the dust-to-gas mass ratio
and the grain sizes (and hence minimum grain size that can
be lifted off the nucleus), this translates to the potential for
significant observable dust coma at large r, and for large
nuclei, this might translate into an observable coma.

The critical grain size, acrit, that can be lifted off the
nucleus may be approximated by estimating the drag force,
Fdrag, on the grain as the product of the momentum per
molecule, µmHvth, and the number of collisions per unit
time. Here, vth is assumed to be the mean thermal speed of
the gas. The collisions per unit time is computed as the vol-
ume swept out by the grain in time t, πa2vtht multiplied by
the gas number density, N(r), and substituting this into the
equation of motion

Fdrag
r2

GMmg

dt2
d2r

mg += − (2)

where M and mg are the nucleus and grain masses respec-
tively, G is the gravitational constant, and N(r) is given by

2

r

RN

4πR2
Nvth

Q
N(r) = (3)

The critical radius is then

64π2ρgρNR3
NG

9µmHQvthacrit = (4)

where µ is the atomic weight of the gas in question, mH the
mass of hydrogen, Q (molec s–1) is the gas production rate,
ρg and ρN are the grain and nucleus densities, and RN is the
nucleus radius. For example, there is sufficient gas flux from
water sublimation to lift small (~0.01–0.1 µm) grains off the

surface of the nucleus as far out as 5–6 AU, CO2 can lift
off optically significant grains near 16–19 AU, whereas CO
fluxes are sufficiently high throughout the region of the
Kuiper belt to entrain optically significant amounts of dust.
This equation assumes spherical nonporous grains; more
realistic shapes and porosities are even more readily lifted
off the nucleus because of their larger surface area per unit
mass. Surface brightness profile comparisons of comet nuclei
in comparison to stars can place very strong limits on the pres-
ence of dust coma, down to production limits of 10–2 kg s–1

(see section 3).
Although low nucleus albedos have been commonly

accepted since the time of the 1P/Halley encounter, some
people have continued to naively ignore the consequences
of these low albedos, and have not adjusted their thinking
about the distances at which H2O-ice sublimation can cre-
ate a significant coma. It should be noted that OH has been
detected in Comets 1P/Halley (r ~ 4.9 AU; log Q[OH] ~ 29)
and C/1995 O1 (Hale-Bopp) (r = 5.13 AU; log Q [OH] =
27.19) out to distances of r ~ 5 AU using narrowband pho-
tometry in the near-UV (Schleicher et al., 1997, 1998).

2.2. Clathrate Sublimation

Early models attempting to explain the presence of highly
volatile compounds with orders-of-magnitude differences
in vapor pressure appearing nearly simultaneously in the
cometary comae invoked the idea that these compounds
were trapped as clathrate hydrates (Delsemme and Swings,
1952). A clathrate hydrate is a crystalline framework of
water molecules that incorporates guest molecules in the
voids. The water molecules do not specifically interact with
the guest molecules trapped within the clathrate-hydrates,
and the latter will be released as the water sublimates. Clath-
rate formation in impure ices is unlikely; laboratory experi-
ments demonstrate that clathrate formation for many species
is impossible at low temperatures and pressures, and their
presence is not necessary to explain the presence of spe-
cies other than water (Jenniskens and Blake, 1996). In ad-
dition, the abundances of the observed species are far too
high to be trapped in this manner. There are two types of
clathrate hydrates, and the size of the guest molecule de-
termines which forms. The H-bonded water molecules in
the clathrate hydrate type I are geometrically organized into
cells with two small cages and six large ones. The type II
clathrate has cells with 16 small and 8 large ones, the latter
being 10% bigger than the counterparts for the type I clath-
rate (Lunine and Stevenson, 1985). Clathrate type I can trap
in the ratio of 1/7 and clathrate type II can trap in the ratio
of 1/17 to water.

2.3. Amorphous Ice Crystallization and Annealing

The high-density amorphous ice form undergoes a transi-
tion to the low-density form in the temperature regime of
38–68 K (Jenniskens and Blake, 1994). When amorphous
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H2O ice is heated, trapped gases are released at low levels
between 35 and 120 K in response to the restructuring of the
ices, a process called annealing.

It is important to note that the trapped gases do not come
out in proportion to their abundances. Van der Waals forces
influence the residence time and contribute to enrichment
of various species at different temperatures. Once trapped,
the temperature at which release occurs is independent of
composition. Beginning near 90 K, gases are released as the
ice undergoes an exothermic amorphous to crystalline phase
transition. The rate of transformation varies exponentially
with temperature, and the release of gases will peak and
diminish as the trapped molecules are released (for a thin
layer, as seen in the laboratory). In real comets, the gas
release will occur over a range of distances between about
8 and 20 AU as the heat penetrates to deeper layers. Thus,
in contrast to sublimation, which releases water and trapped
gases in the clathrate hydrate at the same time, comets can
release volatiles at different (lower) temperatures than from
the sublimation of water.

The only realistic way to produce significant activity at
very large distances (e.g., beyond distances where the ice
anneals or at the distances of the amorphous-to-crystalline
ice transition) is if there were highly volatile material that
froze out on the surfaces of the cometesimals (Notesco et
al., 2003; Bar-Nun and Laufer, 2003). However, we know
that either there was not a significant amount of these di-
rectly frozen gases incorporated into comets, or that evo-
lutionary effects have released these volatiles, because the
SP and the few HT and LP comets that have been studied
in detail do not show significant release of different volatiles
at different times that cannot be accounted for by models
of amorphous ice crystallization (Prialnik et al., 2004). A
spectacular example of this was seen with the radio obser-
vations of C/1995 O1 (Hale-Bopp) (Biver et al., 1997). Vola-
tiles with orders-of-magnitudes differences in volatilities
(e.g., CO, CH3OH, H2S, H2CO, HCN, CS, CH3CN, and
HNC) were seen to increase in abundance at somewhat simi-
lar rates, beginning as far out as r = 7 AU. This is not likely
to be caused by subsurface sublimation in response to solar
insolation, and is more likely controlled by the amorphous
to crystalline H2O-ice phase changes.

3. MEASURING ACTIVITY

The easiest way to observe that a comet has become
active, i.e., that there is a flow of gas and entrained dust
grains that are populating the coma, is to observe the coma
or tail that is produced from the activity. However, the pres-
ence of a coma or tail does not necessarily imply either that
(1) activity from sublimation is continuing (since large grains
may take a long time to move a way from the nucleus) or
(2) that the activity was caused by sublimation (since a col-
lision could produce a temporary coma). A definitive test
of activity can be made by observing a change in bright-
ness that cannot be accounted for by rotational modulation

or the changing orbital geometry (heliocentric and geocen-
tric distances and phase dependence on brightness), or di-
rect spectroscopic observation of gas phase species. In this
section we will focus on the dust observations.

The evolving brightness of a comet is controlled by many
complex factors, yet is often parameterized by a simple for-
mula (see equation (5)). This parameterization works only
as well as the user understands all the assumptions going
into the formula. Unfortunately, this methodology is often
used indiscriminately, leading to misconceptions about
comet brightnesses, brightness predictions, and what meas-
urements to make. Therefore, it is important to go into some
detail about the limitations inherent in reporting comet
brightnesses.

3.1. Total Brightness

The traditional formula for expressing the brightness of
a comet, m1, as a function of r may be written as (Marsden
and Roemer, 1982)

m1 = H1 + 2.5nlogr + 2.5klog∆ + φ (5)

and a similar formula for the brightness of a nucleus, m2, as

m2 = H2 + 5logr + 5log∆ + φ (6)

H1 and H2 is the absolute magnitude at r = ∆ = 1 AU and
φ = 0, and n and k are a measure of the sensitivity of the
magnitude variation to r and ∆. These values are not nec-
essarily constant as a comet evolves from one apparition to
another. Most studies assume that k = 2, and n = 4 is fre-
quently assumed if little data is available. The term φ had
either incorporated a phase function or an aperture correc-
tion. Historically, this formula has been extremely useful
for predicting the brightness of comets and for comparing
the behavior of comets; however, given our current detailed
understanding of the physics of comets and thermal mod-
els, this is not a very accurate estimator of comet activity,
and can often make very bad predictions. In particular, the
value of n has ranged between 2 and 8 for various comets.
There are several reasons why using the formula above for
an active comet is often a poor predictor of brightness and
activity level.

3.1.1. Heliocentric distance range. First, as was seen
in the previous section, the brightness of a comet varies as
r–2 modulated by any nucleus rotational signature at large
distances when there is no outgassing. Close to the Sun,
when all the solar energy is going into gas production, the
brightness change as a function of distance behaves as r–2.
Therefore, the value of n that might be determined from
observations is a strong function of the range of r over which
this parameter is determined. The formula may produce a
reasonable brightness estimate within the same range of
distances that the exponents were determined, and fail com-
pletely elsewhere.
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3.1.2. Dust vs. gas. Second, the gas production is more
strongly dependent upon r than is the dust. Depending on
the size of the dust particles and the size distribution and
the interaction of the dust with both gravity and solar radia-
tion, the dust may remain in the vicinity of the nucleus for
quite some time (Fulle, 2004). Thus, n will be smaller for
dusty comets.

3.1.3. Filter selection. Because of this difference in
behavior of the dust and gas, the variation of n with r will
also depend on the filter through which the observations

have been made, and the relative fluxes of gas and dust that
are measured by that filter. Figures 3 and 4 show a spec-
trum of an active comet, 8P/Tuttle, upon which the typical
broadband filters used by observers are superimposed. As
discussed in Schleicher and Farnham (2004), it is nearly
impossible to separate the contributions of gas and dust in
an active comet when using broadband filters. The B and
V bands are heavily contaminated by gas emission (CN, C3,
C2, and NH2), and there is a small amount of contamination
from [OI] and NH2 in the R-band. In addition, there is some

Fig. 3. Broadband B and V Kron-Cousins filter system (from Mauna Kea) superimposed on the spectrum of Comet 8P/Tuttle [8P/
Tuttle spectrum, created by S. Larson and J. Johnson, courtesy of S. Larson; line identifications from A’Hearn and Festou (1990)].
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contamination from H2O+ between 6950 and 7080 Å in the
R-band (Schleicher and Farnham, 2004). The I-band, on
the other hand, is relatively free of most gas emissions, but
is not a commonly reported filter for comet observations (in
part because the effective wavelength of this bandpass de-
pends on the red response of the detector used, and in part
because the sky brightness is much greater in this bandpass).

The amount of gas contamination in the broadband filters
also varies with distance from the nucleus as well as the
dust-to-gas ratio. For instance, in dusty comets, contami-

nation in R or I is minimal; the contamination by NH2 drops
rapidly with distance from the nucleus since it is short-lived;
but weak CN bands in the near-IR can be a problem for
low dust/gas comets at larger projected distances. There-
fore, measurements done through different aperture sizes
at different times will be subject to additional systematic
effects. A good correlation of Qgas and visual magnitude has
been shown for a selection of comets between r = 0.6 and
2.8 AU (A’Hearn and Millis, 1980; Jorda et al., 1991),
which would seem to contradict this statement. However,

Fig. 4. Broadband R and I Kron-Cousins filter system (from Mauna Kea) superimposed on the spectrum of Comet 8P/Tuttle [8P/
Tuttle spectrum, created by S. Larson and J. Johnson, courtesy of S. Larson; line identifications from A’Hearn and Festou (1990)].
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over the range in r where the correlation was observed,
water sublimation is in a linear regime and behaves as r–2.
Further, the visual region spectrum is dominated by CN and
C2, so for this range of r it is not surprising that there is a
good correlation.

Long-lived or lingering dust also implies that gas pro-
vides a better measure of the ongoing production rate, while
dust measurements are often more of an abundance value
rather than a production-rate value. Typical gas species
“live” on the order of hours or days before photodissocia-
tion, while larger-sized dust grains may have been emitted
weeks or months earlier. Thus, for production-rate-activity
measurements, filters that record the maximum of the light
emitted by gas species (e.g., C2 or NH2) are good selections.

3.1.4. Phase function. The term φ in equations (5) and
(6) is more complex for an active comet than for a solid
surface. The observed brightness from the coma is the sum
of the contributions of all the volume elements along the
light of sight, and this contribution of the scattering from all
the dust per unit volume is the volume-scattering function.
This volume-scattering function, ψ, as a function of wave-
length, λ, particle size, a, and scattering angle, θ, is defined as

∫ψ(λ,θ) =
a2

a1

n(a)πa2Qsca(a,λ)φ(a,λ,θ)da (7)

where Qsca is the scattering efficiency and φ is the phase
angle (Grün and Jessberger, 1990). As discussed in detail
in Kolokolova et al. (2004), analytical methods (Mie theory)
and laboratory measurements have been used to determine
scattering efficiencies and phase functions for a wide vari-
ety of grain compositions, sizes and structures that likely
represent realistic cometary grains. As seen in equation (7),
converting this to a realistic coma brightness behavior as a
function of phase angle will depend on the possibly chang-
ing particle size distribution and scattering properties. Kolo-
kolova et al. (2004) summarized that data for many bright
comets and showed that the brightness behavior has a small
backscattering peak, a strong forward-scattering surge at
large phase angles, and in between is somewhat flat. In a
very active comet, most of the light is produced by reflec-
tion from dust in the coma, which means that phase varia-
tions of the nucleus are inconsequential.

3.2. Presence of Coma as an
Indicator of Activity

3.2.1. Dust coma models. Dynamical models of the
dust coma as a function of time can yield information about
the onset and cessation of activity, the relative grain size
distribution, velocity distribution, and the dust production
rate as a function of grain size and time. This dynamical
technique is a method of computing the surface brightness
of a comet’s tail by evaluating the motions of model dust
particles ejected from the nucleus under the influence of
solar radiation pressure and gravity, and then adding up their

scattered light as seen from Earth for comparison with real
comet images. Dust dynamical model development, modern
usage, and limitations are discussed in detail in Fulle (2004).

While there are numerous assumptions inherent in this
type of modeling, it can be very useful for making infer-
ences about important parameters related to activity, such
as the approximate turn-on and turn-off distances (mean-
ing the distances at which there is measurable brightening
due to the presence of a dust coma). The model parameter
that produces the biggest change in the appearance of the
coma and tail is the production rate, which means that this
is usually the best constrained of the parameters. However,
to use this type of method to determine comet grain prop-
erties and estimates of the activity level in comets, the tech-
nique must be used in conjunction with as much other
information as possible, and careful attention to the particu-
lar details of each comet (Farnham, 1996).

3.2.2. Activity without coma? Traditionally, the visible
appearance of coma around the nucleus has been the indi-
cation that a comet is exhibiting activity, and conversely the
lack of a coma was taken to mean that the observations were
of a bare nucleus. However, it is possible that a comet could
be either weakly active, such that the coma was not apparent
in the observations, or that the grains did not travel far from
the nucleus and the coma was contained within the extent
of the seeing disk, or stellar profile. An excellent example
of this is Comet 2P/Encke, whose orbit constrains it to travel
between q = 0.34 AU at perihelion and Q = 4.10 AU at
aphelion. Thus, for its entire orbit it is well within the region
where H2O ice sublimates and can produce significant coma.

Observations of Comet 2P/Encke to determine the ro-
tation period described the nucleus as stellar (Jewitt and
Meech, 1987). Subsequent observations of the comet typi-
cally described the comet as low-activity, or a bare nucleus.
However, there were difficulties in reconciling the differ-
ent rotation periods found by different observing teams. The
various rotational datasets were found to be inconsistent
unless one assumed that there was a contribution from activ-
ity in the datasets (Sekanina 1991). In a database of obser-
vations extending 16 years, from 1985 to 2001, broadband
images of the comet showed definitive coma only for dis-
tances r < 2 AU. However, as shown in Fig. 5, there was
clear evidence for activity near aphelion based on reported
brightness variations (Meech et al., 2001). Near aphelion
there are excursions in brightness up to 2.5 mag, or a fac-
tor of 10 in brightness, that are beyond any brightness in-
crease from rotation, or an assumed phase function of β =
0.04 mag deg–1.

3.2.3. Coma detection limits. When there is little or no
coma, the dust-dynamical models described in section 3
cannot be used to determine the onset of activity. However,
there is still a way to place limits on the amount of activity
that might be present. The technique relies on a detailed
comparison of the surface brightness profile of the comet
and field stars. One technique makes a comparison between
seeing-convolved models of nuclei plus varying amounts
of coma (Luu and Jewitt, 1992). In this type of approach,
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however, the most sensitive constraints on the amount of
scattered light from the coma dust are found in the profile
wings, far from the core of the image. However, it is far
from the core where the precise determination and removal
of the night sky brightness is the most critical, and this lim-
its the sensitivity to mass loss rates >0.1 kg s–1 for objects
inside ~2 AU. Typical mass loss rates for low-activity com-
ets near perihelion range between 5 < Q < 102 kg s–1.

Techniques that utilize the central part of the surface
brightness profile (where the signal-to-noise is highest) and
the sky background (not as critical) can yield mass loss lim-
its that are 1–2 orders of magnitude more sensitive at the
same r (Meech and Weaver, 1995). In this technique, an
azimuthally averaged surface brightness profile of the star
(or normalized average of several stars) is subtracted from
an untrailed comet image profile. For an object with no
coma, the subtraction should yield a value of zero with an
associated error. The 3σ value of this error can be used as
the limiting maximum flux contributed from scattered coma
light. This flux is given by

F = S πa2
grpvQpφ/2r2∆2vgr (8)

where S  is the solar flux through the bandpass (W m–2), agr
(m) the grain radius, pv the grain albedo, Qp (s–1) the produc-
tion rate, φ the projected size of the aperture (m), vgr (m s–1)

the grain velocity, and r is in AU and ∆ in m. It should be
noted that if one assumes a Bobrovnikoff relation for the
terminal grain velocities, vgr = vbob = (µ/µH2O)0.5600 r–0.5

(Bobrovnikoff, 1954), and recalls that φ = ∆φ'/206265, where
φ' is the angular size of the aperture (arcsec), for a given
observed flux the dust production will vary as

Qp ∝ r1.5∆1 (9)

which shows that the most sensitive limits are placed for
those objects closest to the Earth and Sun. The total dust
production, Q (kg s–1), is obtained from Qp by multiplying
by the grain mass, mgr = 4/3πa3

grρ, assuming spherical par-
ticles. The dust limit results will also depend on the assumed
grain size distribution. Far larger mass loss rates are possible
for millimeter- or centimeter-sized particles, which would
never be detected. Much of the mass is probably hidden in
particles never observed, and values derived from optical
measurements are always lower limits to the total mass in
grains.

4. OBSERVATIONS OF ACTIVITY
AND EVOLUTION

In the previous sections, the changes that a comet nu-
cleus undergoes as it evolves were described, as well as the
techniques used to measure observable changes in a comet
as it evolves or ages. In this section we will examine some
of the large cometary datasets used to examine at the activ-
ity in comets from the point of view of aging.

It is important to be able to distinguish the effects of
aging from primordial differences among the comets since
the wide range of formation distances should imply signifi-
cantly different volatiles and abundances of trapped gases,
as well as differences in collisional histories. The following
characteristics might be observable as changes in activity
level as a consequence of evolution and can also help char-
acterize the physical mechanisms of the activity: (1) activity
at large r from the onset of amorphous ice crystallization or
sublimation of frozen volatiles, which would decrease post-
perihelion; (2) secular fading of the comet as a dust mantle
is built up, or because of loss of surface volatiles; (3) more
uniform activity in new comets, with larger surface areas
available for sublimation; (4) higher frequency of jets and
outbursts for older mantled comets; (5) differences in pro-
duction rates of gases as a function of r for different species
and dynamical classes of comets; (6) primordial and evolu-
tionary differences in nucleus size distributions; and (7) peri-
helion brightness asymmetries induced by thermal lags in
older devolatilized surfaces.

4.1. Activity at Large r: Dynamical
Class Comparisons

4.1.1. Historical development. Oort’s deduction (Oort
1950) of the existence of a large reservoir of comets with
aphelia between 5 × 104–1.5 × 105 AU was based upon a

Fig. 5. Reduced R-band brightness (r = ∆ = 1) of 2P/Encke from
September 1985 through April 2001 as a function of r. Filled
squares represent preperihelion and open triangles postperihelion
data. The solid horizontal line is an estimate of the brightness of
the average cross section of the bare nucleus and the dashed lines
show the range of brightness variations due to rotation. Data are
from Meech et al. (2001).
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small sample of comets for which original (e.g., prior to
the effects of planetary perturbations) orbits were well de-
termined. In order to reconcile the observed distribution of
1/a, where a is the semimajor axis of the orbit, Oort made
the assumption that the new comets perturbed from the Oort
cloud must subsequently fade after their first passage and
no longer be observable. The cause was attributed to a loss
of highly volatile ices (see Dones et al., 2004, for a more
in-depth discussion). Later work reexamining the distribu-
tion of original semimajor axes by selecting only those
comets with perihelia q > 3 AU, where the nongravitational
effects were negligible, found a smaller size for the inferred
Oort cloud (Marsden and Sekanina, 1973).

This led to the suggestion that close stellar passages were
probably insufficient to bring comets into the inner solar
system directly from the Oort cloud; rather, they would have
diffused inward slowly and may have already had perihelia
near the region of the outer planets (Weissman, 1986, 1990).
Consequently, these new comets may have lost any highly
volatile materials prior to ever reaching a region of observa-
bility, and that there would be no reason to expect significant
differences in activity levels between new and old comets.

An analysis of the orbits for 200 comets in order to de-
termine their original orbits (Marsden et al., 1978) was used
to infer that, in fact, the DN comets do fade after their first
close solar passage. Marsden et al. (1978) divided the com-
ets into two accuracy classes depending on the mean error
of 1/a, the time span of the observations determining the
orbit, and the number of planets whose perturbations were
taken into account. They found a significant difference in
the number of DN vs. LP comets between the accuracy
classes. In the class where the orbits were the most accu-
rately known, as many as 55% of the comets were new (1/
aorig < 100 in units of 10–6 AU), whereas in the other class
the fraction was only 21%. If a comet fades substantially
after its first passage through the inner solar system, it will
subsequently be observed over a smaller portion of this orbit
and will have a less-secure orbit and be more likely to be
included in the second group.

Delsemme (1985) suggested on the basis of the light
curves of 11 comets that the DN comets are not substan-
tially different from the SP comets, claiming that the activ-
ity for all of them is controlled by water sublimation and
that most likely the DN comets had spent several orbits
slowly diffusing into the inner solar system. Delsemme
evaluated the nature of the activity by comparing the light
curves of the comets to water vaporization curves and de-
termining values of ro. Although the dataset was largely
uniformly obtained by two individual observers, the range
of r for the observations was limited, and in most of the
cases the value of ro was determined by extrapolation. None
of the comets were observed at large distances where H2O-
ice sublimation would not be significant. With the excep-
tion of three comets in the sample, none of the comets were
observed beyond r > 2.5 AU.

Using the same dataset, a statistically significant system-
atic difference between the medians of the photometric ex-
ponents (see section 3) for the DN comets after perihelion

passage was found (Whipple, 1978). Whipple suggested that
the difference was caused by the loss of a frosting of super-
volatile materials during the first passage near the Sun. This
was later explained to be due to an observational selection
of discoveries (Svoren, 1982).

Several additional older studies that analyzed the light
curves of comets also did not find differences with respect
to absolute brightness, change in brightness vs. r, asymmet-
ric light curves, and dust-to-gas ratio or dust tail morpholo-
gies among the different dynamical groups (Roemer, 1962;
Kresák, 1977; Svoren, 1986; Donn, 1977). Svoren (1986)
calculated photometric parameters for the sample of 67 LP
comets on the basis of photometric observations beyond
2.5 AU. For both old and new comets it was found that the
photometric exponent decreases to the value n = 2, i.e., a
nonactive stage, at r > 7 AU. The observations at those dis-
tances require large telescopes, so until recently the ability
to obtain a large dataset has been limited.

A’Hearn et al. (1995), in a large survey of cometary pro-
duction rates, found that DN comets have r-dependencies
that are much less steep inbound than on their outbound
legs (they are also much less steep inbound than any other
dynamical class).

Rickman et al. (1991) conducted a statistical analysis of
a complete sample of SP cometary nongravitational param-
eters (through 1990). They found that the nongravitational
parameter correlated well with the perihelion asymmetry of
the gas production over a wide range of r, showing a trend
for SP comet nuclei to be less dust-covered with increasing
perihelion distance. It was also found that the largest values
of the nongravitational parameters were exclusively asso-
ciated with comets that had recently undergone large reduc-
tions of perihelion distance. They concluded that such dy-
namically young comets have nucleus surfaces that were
more free-sublimating than those of older comets.

A summary of analyses based on larger samples of com-
ets to search for statistical differences in the activity levels
between SP and Oort cloud comets is shown in Table 2.

4.1.2. Production rate correlations. In a 20-year study
of a sample of 85 comets, including 39 Jupiter-family (JF)
comets, 8 HT comets, 8 DN comets, and 27 LP comets, pro-
duction rates were computed for C2, C3, OH, NH, and CN
in order to look for trends in composition with origin and
evolution (A’Hearn et al., 1995). While overall they found
that most comets were similar in chemical composition,
there was a group of JF comets that were depleted in the
carbon chain molecules (C2 and C3). A’Hearn et al. argue
that this is attributable to a primordial rather than an evo-
lutionary difference. If this were an evolutionary difference
there should be a correlation with dynamical age among
other comet classes, which was not seen. They suggest that
some process in the solar nebula may have preferentially
produced or destroyed the carbon chain molecules at the
distance of the Edgeworth-Kuiper belt, the source region
for the JF comets.

A’Hearn et al. estimated the fractional areas active in
their comet sample by comparing the production rates of
OH to estimates of the icy surface area needed. They found
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a clear trend with the amount of active surface area decreas-
ing for older comets, which could either be interpreted as
evidence that the nuclei of the dynamically older comets
are smaller (primordial condition), or that a smaller frac-
tion of their surfaces are active (an evolutionary effect).
Recent work on comet nucleus size distributions, compar-
ing the nuclei of the DN and SP comets, shows that this is
likely to be an evolutionary effect (Meech et al., 2004).
Additionally, A’Hearn et al. (1995) found a strong correla-
tion of the dust-to-gas ratio with perihelion distance. This
implies processing of the surface tied to peak surface tem-
perature, although the explanation for why this should af-
fect future dust release rates is unclear. Finally, for those
SP comets that did not experience a recent orbital change,
no variation was evident in production rates from one ap-
parition to another.

4.1.3. Modern observations. A long-term program of
observation of the activity level of a large number of SP,
HT, LP, and DN comets has been conducted using the fa-
cilities on Mauna Kea, the National Optical Astronomy
Observatories, and the Hubble Space Telescope. This pro-
gram has the advantage over previous studies in that the
dataset has been obtained using standardized equipment,
filter bandpasses, and measurement apertures, has system-
atically followed the orbit of the comets over large fractions
of the orbital cycle for SP comets, and has placed con-
straints on the nucleus sizes of the DN comets. From the
point of view of the appearance of the comae, the bright-
ness levels, and the rate of change of brightness with dis-
tance, a distinct difference between the different dynamical
comet groups has been observed. Figures 6 and 7 compare
the appearance of comets in each dynamical class.

TABLE 2. Search for activity differences between new and old comets.

Reference Difference Technique

Roemer (1962) No Light curve analysis
Hughes (1975) No Frequency of outbursts
Sekanina (1975) Yes Activity at large r
Kresák (1977) No Light curve analysis
Marsden et al. (1978) Yes Orbital errors
Weissman (1980) Yes New comet tendency to split a factor of 2.5 higher than for old comets
Delsemme (1985) No Light curve fitting, comparison of ro

Svoren (1986) No Light curve analysis, photometric exponent
Rickman et al. (1991) Yes Nongravitational effects; active surface area
A’Hearn et al. (1995) Yes Active surface area correlated with dynamical age
A’Hearn et al. (1995) Yes Primordial differences in carbon-chain molecule depletion

Fig. 6. Comparison of comets from three dynamical classes: SP comet 28P/Neujmin 1, a Jupiter-family comet; 1P/Halley, a HT
comet probably evolved inward from the Oort cloud; and a DN comet, C/1987 H1 (Shoemaker 1987o) on its first passage through the
inner solar system. The images show the different levels of activity in the groups at different r.

3.9 AU 5.2 AU 6.0 AU 8.5 AU 10.7 AU 12.8 AU

Top row: JF — P/Neujmin 1

Middle row: HF — P/Halley

Bottom row: DN — Shoemaker 1987o
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For the most part, the SP comets in the program rarely
exhibit much visible evidence of coma beyond 2–3 AU.
This is consistent with the finding of A’Hearn et al. (1995)
that these comets are more heavily mantled, and have much
smaller surface areas, and has probably contributed to the
misinterpretation of the Delsemme (1982) curves regarding
the distance at which H2O sublimation begins. The bright-
ness of the HT Comet 1P/Halley, which originated in the
Oort cloud, was significantly brighter than most of the SP
comets at a given heliocentric distance, although even this
comet was seen to be heavily mantled from the Giotto space-
craft, with only 10% of the surface active. In the images, the
comet fades significantly beyond r = 6 AU, and by 12.8 AU
had a brightness consistent with a bare nucleus.

At r = 14 AU, 1P/Halley exhibited a large (∆m > 5 mag)
outburst in brightness (see Fig. 8). This has been interpreted
as a release of gas and dust initiated by the onset of crys-
tallization in the amorphous ice several tens of meters below
the surface (Prialnik and Bar-Nun, 1992).

Sporadic activity at large distances is being more fre-
quently observed with the advent of more sensitive detec-
tors. Chiron has been monitored nearly continuously since
1989 when the coma was discovered, through its February
1996 perihelion to the present. Chiron never gets close

Fig. 7. Same as for Fig. 6, extending the observations to larger r, and adding one DN comet, C/1984 K1 (Shoemaker 1984f).

JF — Neujmin 1

5.0–5.5 AU

13–14 AU 14.8 AU 17–19 AU

HF — Halley

DN — Shoemaker 1987o

DN — Shoemaker 1984f

Fig. 8.  Composite R-band image of 1P/Halley obtained using the
University of Hawai‘i 2.2-m telescope on Mauna Kea on Febru-
ary 15, 1991, when the comet was at r = 14.3 AU. The extent of
the dust coma was at least 2 × 105 km in diameter.
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enough to the Sun for significant H2O-ice sublimation (q =
8.45 AU), yet its absolute brightness has had nearly con-
tinual fluctuations, including two long, slow outbursts near
17 and 12 AU (see Fig. 9). The sporadic brightening of
Chiron’s light curve can be reproduced with a model as-
suming an amorphous ice nucleus with 60% dust fraction,
where the activity is driven by crystallization (Prialnik and
Bar-Nun, 1992). This not only reproduces the sporadic
brightening that began near aphelion, but also the thermal
measurements and limits on CO and CN production at its

peak brightness. Unlike comets that pass closer to the Sun,
Chiron’s surface does not get quickly “renewed” from H2O-
ice sublimation because it never gets warm enough.

The general activity that has been observed in the LP
comets shows that they have significant differences in their
coma appearance, ranging from symmetrical comae, to the
narrow parallel-sided tails seen historically in distant com-
ets. Roemer (1962) and Sekanina (1975), among others,
have commented on the fact that the dust tails of distant
comets often exhibited this peculiar appearance. The coma
in these cases tended to be sharply bounded at the head of
the comet. From dust-dynamical modeling, the shapes of
these tails suggested the presence of large grains with a
small velocity dispersion (Sekanina, 1975). The few LP and
DN comets that have been observed from perihelion out to
between Uranus and Neptune share several characteristics:
(1) The brightness fades much more slowly than for the
periodic comets, even 1P/Halley, suggesting there is likely
a physical difference in the upper layers that affects the heat
transport. (2) There is significant activity out to large dis-
tances, based on dust-dynamical models — activity continues
in some cases beyond 15 AU (see Fig. 10). Detailed thermal
models will allow exploration of the physical causes — i.e.,
if this can be explained by a receding crystallization front.
(3) The comets do not seem to exhibit the strong bright-
ness fluctuations seen in Chiron; however, this could be a
selection effect since Chiron is so bright that it can be fre-
quently observed.

A recent high-resolution infrared spectroscopic survey
has measured production rates of several organic species
in a variety of LP and DN comets (Mumma et al., 2001,
2002; Dello Russo et al., 2001). The low formation tem-
peratures and organic compositions provide information

Fig. 9.  Brightness variations of 2060 Chiron from Mauna Kea,
reduced to unit r and ∆.

Fig. 10.  Comparison of the postperihelion light curves of (a) C/1983 O1 (Cernis), and (b) C/1984 K1 (Shoemaker), shown as filled
triangles. The postperihelion light curve of 1P/Halley is shown as open squares, including the outburst near r = 14 AU, and other SP
comets as dots.
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about the chemical environment in the formation region.
The chemistry is not consistent with origins in a thermally
or chemically equilibrated region of the solar nebula, rather
it is consistent with irradiated ices on grain surfaces in the
natal molecular cloud. There is one exception to this, and
that is for Comet C/1999 S4 (LINEAR), which has an un-
usual organic composition that is severely depleted in hyper-
volatiles and methanol and probably consists of materials
condensed from processed nebular gas in the Jupiter-Saturn
region.

4.1.4. Activity in Kuiper belt objects and Centaurs. There
has been recent interest in searching for activity in KBOs
before they enter the inner solar system as Centaurs and
SP comets. There is circumstantial evidence for activity in
one KBO (Hainaut et al., 2000), while others are conduct-
ing sensitive searches for activity in these objects (Meech et
al., 2003).

The classification scheme for Centaurs has evolved over
time. The original definition encompassed all small bodies
orbiting the Sun between Jupiter and Neptune, but other
more recent definitions include objects with perihelia be-
tween 5.2 < q < 30 AU. Many objects traditionally classi-
fied as SP comets, such as 29P/Schwassmann-Wachmann 1,
fall into this category. Some objects, such as 39P/Oterma,
which by these definitions may be classified as Centaurs,
have recently had their orbits perturbed by close Jupiter
encounters. Duncan et al. (2004) uses the Tisserand invari-
ant to classify those objects with T > 3 and semimajor axis
greater than that of Jupiter as Centaurs. This definition
excludes 29P/Schwassmann-Wachmann 1 and 39P/Oterma.
For the purposes of this chapter, the list of Centaurs and
scattered disk objects provided by B. Marsden on the Minor
Planet Center Web pages (http://cfa-www.harvard.edu/iau/
mpc.html) will be used, and this excludes 29P/Schwass-
mann-Wachmann 1 and 39P/Oterma.

A handful of Centaurs now show possible evidence for
outgassing. These are shown in Table 3. With the exception
of 2060 Chiron, the activity in all the Centaurs in Table 3
was discovered when the objects were at perihelion, rang-
ing between 5.3 and 12.3 AU. Although Chiron’s activity
was discovered near r = 12 AU (inbound), detailed studies
have shown that this object has significant activity from

17.5 to 8.5 AU. While many of the volatiles in Table 1 could
in principle be responsible for activity at these distances (in-
cluding H2O-ice sublimation for the small end of the range),
it is very likely that the crystallization of amorphous H2O
ice is the driver for the activity. The more difficult activity
to explain, if not induced by collision, is the apparent ac-
tivity in 1996 TO66 at r = 45.8 AU. Here it is too cold for
the ice phase transition, and the most likely driver would
be sublimation from frozen volatiles, such as CO, CH4, or
C2H6.

4.2. Secular Fading

During the active phase, when the comet passes within
the inner solar system, there is considerable evolution of the
interior and surface of the comet. This evolution may be
observed as a secular change (decrease) in the brightness of
periodic comets. The release of gases will affect the physi-
cal properties of the nucleus such as a change of porosity,
redistribution of volatiles, and surface dust mantle forma-
tion. One can expect to observe secular fading as a conse-
quence of a smaller surface area available for sublimation.

A very rapid fading of JF comets has been claimed
(Vsechsvyatskij, 1958), but dismissed as resulting from
time-dependent instrumental effects (Kresák, 1985). A dis-
covery observation is probably near the upper extreme of
brightness and by removing just the discovery apparition
observations, there can be a secular brightness decrease of
40% (Svoren, 1991). The active lifetime of a comet often
consists of recurring active phases separated by temporary
extinctions, and is not truly secular (Kresák and Kresáková,
1990). If comets do fade, they likely do so very slowly, or
episodically. An excellent resource for the study of comet
light curves is the Comet Light Curve Catalogue/Atlas
(Kamél, 1990).

5. SUMMARY

Our understanding of activity in comets has been rap-
idly evolving thanks to the contributions from new tech-
nologies that have allowed observations over a range of
distances, including observations of bare nuclei, and the

TABLE 3.  Possibly active KBOs and Centaurs.

Object q–Q e a P T Qp ∆r Reference

1996 TO66 38.48–48.67 0.12 43.57 287.6 02/1908 inferred 45.8 [1]
1999 TD10 12.29–190.10 0.88 101.20 1018.1 10/1999 coma? 12.3–12.7 [2]
C/2000 T4 8.56–19.59 0.39 14.10 52.9 05/2002 10–1–10–2 8.5–8.6 [3]
2060 Chiron 8.45–18.91 0.38 13.70 50.7 02/1996 3–4 8.45–17.0 [4]
C/2000 B4 6.83–29.22 0.62 18.02 76.5 06/2000 coma? 6.86 [5]
C/2001 M10 5.30–48.01 0.80 26.66 137.7 06/2001 coma 5.30 [6]

q–Q = perihelion–aphelion (AU); e = orbital eccentricity; a = semimajor axis (AU); P = orbital period (yr); T = most re-
cent time of perihelion; Qp = estimated production of dust (kg s–1) or comment regarding activity; ∆r = range of heliocen-
tric distances at which activity has been observed.
References: [1] Hainaut et al. (2000); [2] Choi et al. (2003); [3] Bauer et al. (2003); [4] Meech and Belton (1990);
[5] Kušnirák and Balam (2000); [6] Lawrence et al. (2001).
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ability to watch the development of the dust coma. In ad-
dition, radio astronomy, UV, visible, and infrared spectros-
copy are providing us with information about the complex
chemical composition of the nuclei. When combined with
powerful new dynamical models of the solar system, and
with detailed thermal models of the interior of comets and
results from laboratory experiments, we are well positioned
to begin to understand some of the physical processes in-
volved in “cometary activity.” With this understanding will
come the ability to separate primordial differences from
evolutionary differences, and allow us to use the comets as
tracers of the chemical and physical conditions in the early
solar system.

Specific types of observations that will significantly im-
prove our ability to separate primordial from evolutionary
differences among comet classes include:

1. Searching for activity in very distant comets, in par-
ticular those that never come inside the water-sublimation
zone (r = 5–6 AU), will significantly enhance our under-
standing of the drivers of activity. This includes observa-
tions of activity in Centaurs and searching for activity in
KBOs.

2. For the brighter Centaurs, it will be possible to moni-
tor the brightness over a range of heliocentric distances in
order to construct good thermal models.

3. For KBOs, the discovery of coma, which could be
unambiguously attributed to sustained activity (as opposed
to a possible collisional debris cloud), would be very im-
portant because of the implications for volatile condensa-
tion in the early solar system. The only drivers for activity
at such large distances from the Sun are very volatile ices,
which some laboratory work and models suggest should be
found only as trapped species within amorphous H2O ice,
rather than as frozen solids. Activity in very distant com-
ets, which never come close to the Sun, will initiate some
interesting new ideas and constraints with respect to the
condensation of volatiles and/or preservation of volatiles in
the outer solar nebula.

4. Systematic uniform studies of groups of comets such
as those that have been done recently with modern detectors
has contributed greatly to the understanding of evolution
vs. primordial compositions, and these should continue in
new wavelength regimes and by utilizing new technology.

Throughout all these new observational efforts, it is im-
portant to pay careful attention to filters used, to be certain
to separate the gas from the continuum and to create a uni-
form dataset, and to understand the limitations of extrapolat-
ing brightness predictions from the measurements. In addi-
tion, we note that (1) H2O-ice sublimation driven activity
is possible out to 5–6 AU, and (2) activity at distances larger
than r = 5–6 AU may not require sublimation of ices that
are significantly more volatile than water, since the crys-
tallization of amorphous ice can drive activity.
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