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The composition of cometary ices provides key information on the chemical and physical
properties of the outer solar nebula where comets formed, 4.6 G.y. ago. This chapter summa-
rizes our current knowledge of the volatile composition of cometary nuclei, based on spectro-
scopic observations and in situ measurements of parent molecules and noble gases in cometary
comae. The processes that govern the excitation and emission of parent molecules in the radio,
infrared (IR), and ultraviolet (UV) wavelength regions are reviewed. The techniques used to
convert line or band fluxes into molecular production rates are described. More than two dozen
parent molecules have been identified, and we describe how each is investigated. The spatial
distribution of some of these molecules has been studied by in sifu measurements, long-slit IR
and UV spectroscopy, and millimeter wave mapping, including interferometry. The spatial dis-
tributions of CO, H,CO, and OCS differ from that expected during direct sublimation from
the nucleus, which suggests that these species are produced, at least partly, from extended sources
in the coma. Abundance determinations for parent molecules are reviewed, and the evidence

for chemical diversity among comets is discussed.

1. INTRODUCTION

Much of the scientific interest in comets stems from their
potential role in elucidating the processes responsible for the
formation and evolution of the solar system. Comets formed
relatively far from the Sun, where ices can condense, and
the molecular inventory of those ices is particularly sensi-
tive to the thermochemical and physical conditions of the
regions in the solar nebula where material agglomerated into
cometary nuclei. An important issue is the extent to which
cometary ices inherited the molecular composition of the
natal presolar dense cloud vs. the role of subsequent chem-
istry and processing in the solar nebula (Irvine et al., 2000a;
Ehrenfreund et al., 2004; Lunine and Gautier, 2004).
Though a variety of subtle evolutionary mechanisms oper-
ated for cometary nuclei during their long storage in the
Oort cloud and Kuiper belt (Stern, 2003) and, for short-
period comets, during their many passages close to the Sun,
the bulk composition of cometary nuclei is still regarded to
be in large part pristine, except possibly for the most vola-
tile ices. Thus, observing comets today provides a window
through which we can view an earlier time when the planets
were forming.

In this chapter, we discuss our current knowledge of the
composition of cometary nuclei as derived from observa-
tions in cometary comae of molecular species that subli-
mate directly from the nucleus. In the common cometary
terminology, which will be used here, these species are
called parent molecules, while their photodestruction prod-
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ucts are called daughter products. Although there have been
in situ measurements of some parent molecules in the coma
of 1P/Halley using mass spectrometers, the majority of re-
sults on the parent molecules have been derived from remote
spectroscopic observations at ultraviolet (UV), infrared (IR),
and radio wavelengths. The past decade has seen remark-
able progress in the capabilities at IR and radio wavelengths,
in particular, and over two dozen parent cometary molecules
have now been detected. Many new identifications were
obtained in Comet C/1996 B2 (Hyakutake), which passed
within 0.1 AU of Earth in March 1996, and in the excep-
tionally active Comet C/1995 O1 (Hale-Bopp). We discuss
how each of these molecules was identified, how the spec-
troscopic data are used to derive abundances, and we de-
scribe the abundance variations observed among comets.

We also discuss our current knowledge of the noble gas
abundances in cometary nuclei, as these are potentially diag-
nostic of the role played by cometary bombardment on the
formation and evolution of planetary atmospheres. Noble gas
abundances are also key indicators of the temperature con-
ditions and condensation processes in the outer solar nebula.

The spatial distribution of several molecules has been in-
vestigated in situ, by IR and UV long-slit spectroscopy, and
by radio mapping. We present observational evidence for
the presence of extended sources of molecules in the coma.
The brightness distribution and velocity shifts of radio emis-
sion lines are diagnostic of the outgassing pattern from the
nucleus, and recent results obtained by millimeter interfer-
ometry are presented.
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Isotopic abundances often provide important insights into
the evolutionary history of matter, and we discuss the vari-
ous isotopic data that have been obtained for cometary par-
ent molecules.

For molecules having at least two identical nuclei, the
internal energy levels are divided into different spin spe-
cies (ortho and para in the simplest case), and we discuss
how the observed distribution among these spin species may
provide information on the formation temperature of comet-
ary nuclei.

2. INVESTIGATION OF
PARENT MOLECULES

2.1. Daughter Products

Most of the cometary species observed at optical and UV
wavelengths are radicals, atoms, and ions that do not sub-
limate directly from the nucleus but are instead produced
in the coma, usually during the photolysis of the parent
molecules, but also by chemical reactions. The discussion
of these secondary species in cometary comae is covered
in this book by Feldman et al. (2004). The only exception
is that CO Cameron band emission, some of which is pro-
duced in a prompt process following the photodissociation
of CO,, is discussed below.

2.2. Mass Spectrometry

The Giotto spacecraft, which flew by 1P/Halley in March
1986, was equipped with two mass spectrometers suitable
for composition measurements: the Neutral Mass Spec-
trometer (NMS) and the Ion Mass Spectrometer (IMS).
These two instruments had a mass resolution of 1 amu/q
and mass ranges of 12-50 and 1-57 for NMS and IMS,
respectively. The Positive Ion Cluster Composition Analyser
of the Réme Plasma Analyser also had some capabilities
for studying ions in the 12-100 amu/q range. These instru-
ments provided much new information on the molecular and
isotopic composition of cometary volatiles, as detailed in
section 5 and section 9. However, the analyses of these data
were not straightforward, owing to the limited mass reso-
lution and the need for detailed chemical modeling to de-
duce neutral abundances from the ion mass spectra (see
review of Altwegg et al., 1999, and references therein).

2.3. Spectroscopy

Most electronic bands of cometary parent molecules fall
in the UV spectral region. As discussed in section 3.1.2, the
electronic states of polyatomic molecules usually predisso-
ciate, so the absorption of UV sunlight by these species
leads to their destruction rather than fluorescence. As a re-
sult, the UV study of cometary parent molecules reduces to
investigations of diatomic molecules (e.g., CO and S,) and
the atoms present in nuclear ices, specifically noble gases.
Since the terrestrial atmosphere blocks UV light from reach-

ing the surface of Earth, cometary UV investigations are
generally conducted from space platforms.

Most parent molecules have strong fundamental bands
of vibration in the 2.5-5 pm region, where there is abun-
dant solar flux for exciting infrared fluorescence and where
thermal radiation and reflected sunlight from dust is not
very strong. This near-IR spectral region, which is partly
accessible from Earth-based observations, has been a rich
source of molecular identifications in cometary comae. The
first high-spectral-resolution measurements (A/OA ~ 105—
100) in this region were made during observations of Comet
1P/Halley from the NASA Kuiper Airborne Observatory
(KAO) in 1985. The entire region was explored at modest
spectral resolution by the Infra Krasnoe Spectrometre (IKS)
instrument onboard the Vega probe to 1P/Halley (A/SA ~ 50)
and, more recently, by the Infrared Space Observatory (ISO)
observations of Comet Hale-Bopp and 103P/Hartley 2 (A/
O\ ~ 1500). The advent of sensitive, high-dispersion spec-
trometers at the NASA Infrared Telescope Facility (IRTF)
and Keck telescopes revolutionized this field. Their spec-
tral resolving power (~20,000) allows resolution of the ro-
tational structure of the vibrational bands, which is very
important for investigating the internal excitation of the mol-
ecules and for unambiguously identifying molecules in the
spectrally confused 3.3-3.6 um region, where the funda-
mental C—H stretching vibrations lie for all hydrocarbons.
Infrared spectroscopy is particularly useful for studying
symmetric molecules, which do not have permanent electric
dipole moments and thus cannot be observed in the radio
range.

Radio spectroscopy is a powerful technique for studying
molecules in cold environments via their rotational transi-
tions. This technique has produced many discoveries of com-
etary parent molecules and is more sensitive than IR and
UV spectroscopy for comets observed at large heliocentric
distances. With a few exceptions, observations have been
made in the 80—-460 GHz frequency range from ground-
based telescopes. The Submillimeter Wave Astronomy Sat-
ellite (SWAS) and the Odin satellite, which observed the
557 GHz H,0 rotational line in several comets, initiated
investigations of submillimetric frequencies not observable
from Earth. Radio spectrometers provide high spectral reso-
lution (A/OA ~ 106—107), which permits investigations of gas
kinematics through line profile measurements (typical com-
etary line widths are ~2 km s-1), and which eliminates most
ambiguities related to line blending, galactic confusion, or
instrumental effects. Most detected molecules were ob-
served in several lines, thereby securing their identification.

3. EXCITATION PROCESSES:
LINE/BAND INTENSITIES

3.1. Overview: Main Processes
The interpretation of line or band intensities of parent

molecules in terms of column densities and production rates
requires the knowledge of the processes that govern their
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excitation and emission in the coma. Two kinds of excita-
tion mechanisms can be distinguished: radiative processes
and collisional excitation.

3.1.1. Radiative vibrational excitation. For most parent
molecules, the main radiative excitation process is radiative
excitation of the fundamental bands of vibration by direct
solar radiation (Mumma, 1982; Yamamoto, 1982; Crovisier
and Encrenaz, 1983; Weaver and Mumma, 1984). The pump-
ing rate g, (s7!) for an individual ro-vibrational transition
I — u is given by

3w,
= —L ATV 1
Elu thVﬁl w, IV (D

where the lower level 1 belongs to the v" vibrational state
(v" = 0 for fundamental bands), and the upper level u be-
longs to the excited v' vibrational state. v, is the frequency
of the transition, w, and w, are the statistical weights of the
lower and upper levels, respectively, and A, is the sponta-
neous emission Einstein coefficient for u — 1. (v,) is the
energy density per unit frequency of the radiation field at
the frequency v;. The solar radiation in the infrared can
be described approximately by a blackbody at T, = 5770 K
and having solid angle €, (€,,/4m = 5.42 10-6 r-2, where
r is the heliocentric distance in AU). Then

_ QW
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The band excitation rate g.,, which is the relative number
of molecules undergoing vibrational v" — V' excitation
through all possible 1 — u transitions within the (v',v") band
at frequency V.., can be approximated by (Crovisier and
Encrenaz, 1983)

Q
gy = iAvyV”(thv'v“/kab _ 1),1 (3)
4n

A, is the band spontaneous emission Einstein coeffi-
cient, which can be related to the total band strength meas-
ured in the laboratory. Practically, the individual spontaneous
emission rates A, required to compute the individual excita-
tion rates g, (equation 2) can be derived from absorption
line intensities measured in the laboratory. The HITRAN
(Rothman et al., 2003) and GEISA (Jacquinet-Husson et al.,
1999) databases list absorption line intensities and frequen-
cies for ro-vibrational and pure rotational transitions of many
molecules. More extensive databases for pure rotational tran-
sitions are those of the Jet Propulsion Laboratory (Pickett
et al., 1998) and the University of Cologne (Miiller et al.,
2001). For linear or symmetric-top molecules without elec-
tronic angular momentum, simple formulae approximate the
A, and g;, quantities as a function of the total band Einstein
coefficient A . and excitation rate g,..,, and the rotational
quantum numbers (Bockelée-Morvan and Crovisier, 1985).
Typically, the strongest fundamental vibrational bands of
cometary parent molecules have spontaneous emission
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Einstein coefficients A, in the range 10-100 s-!, and band
excitation rates g, of a few 10-4 s-!. Harmonic and com-
bination bands have intrinsic strengths, and thus excitation
rates, much smaller than those of the fundamental bands.
The pumping from excited vibrational states is also weak.
Indeed, their population is negligible with respect to the
population of the ground vibrational state. This can be dem-
onstrated easily. If we ignore collisional excitation, which
is negligible for vibrational bands as explained in sec-
tion 3.1.5, and do not consider possible deexcitation of the
v' excited state to vibrational states other than the ground
state (this corresponds to pure resonant fluorescence), then
the population n, of this v' band at equilibrium between
solar pumping and spontaneous decay is

Ny = 2V 4)

where n,. is the population of the ground vibrational state
v" = 0. Combining equations (3) and (4), n,/n,. only de-
pends upon the frequency of the band and heliocentric dis-
tance r, and is equal to a few 106 at 1 AU from the Sun
for most bands. It can be also shown that the timescale for
equilibration of this excited v' vibrational state is 1/A,.,
typically a fraction of second: The total vibrational popu-
lations reach radiative equilibrium almost instantly after
release of the molecules from the nucleus. For the same rea-
sons (low populations and small radiative lifetimes), steady-
state is achieved locally for the rotational levels within the
vibrational excited states. As will be discussed later, this is
generally not the case for the rotational levels in the ground
vibrational state.

Besides the direct solar radiation field, the vibrational
bands can be radiatively excited by radiation from the nu-
cleus and the dust due to scattering of solar radiation or
their own emission in the thermal infrared. Crovisier and
Encrenaz (1983) showed that all these processes are negli-
gible, except excitation due to dust thermal emission, which
can be important in the inner comae of active comets for
vibrational bands at long wavelengths (>6.7 pm).

3.1.2. Radiative electronic excitation. The electronic
bands of diatomic and polyatomic molecules fall in the UV
range. Owing to the weak solar flux at these wavelengths,
the excitation rates of electronic bands are small compared to
vibrational excitation rates. For example, the total excitation
rate of the Al state of CO by the absorption of solar pho-
tons near 1500 A, which leads to resonance fluorescence in
the CO ATI-X!%+ Fourth Positive Group, is ~1-2 x 10-6 s~
atr=1 AU (Tozzi et al., 1998). The latter is roughly two
orders of magnitude smaller than the excitation rate by solar
radiation of the CO v(1-0) band at 4.7 ym [2.6 x 104 s-!
at 1 AU (Crovisier and Le Bourlot, 1983)]. Therefore, the
populations of the ground state rotational levels are not sig-
nificantly affected by electronic excitation. In addition, elec-
tronic bands of polyatomic molecules are often dissociative
or predissociative, and their excitation by the Sun generally
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only produces weak UV fluorescence. This explains why
cometary parent molecules are rarely identified from their
electronic bands in UV spectra. The resonance transitions of
neutral atoms, including the noble gases that may be present
in the nucleus, are at UV and far UV (FUV) wavelengths,
but the excitation rates are relatively small because of the
low solar flux in these regions. The electronic excitation of
CO and S,, as observed in UV cometary spectra, is reviewed
in section 3.4. The computation of electronic excitation rates
does not differ much in principle from that of vibrational
excitation rates. However, in the UV range the solar spec-
trum shows strong and narrow Fraunhofer absorption lines,
and cannot be approximated by a blackbody. This fine struc-
ture results in absorption probabilities that depend on the
comet’s heliocentric radial velocity, as first pointed out by
Swings (1941) for the CN radical. This so-called Swings ef-
fect can introduce large variations in the fluorescence emis-
sion spectrum of electronic bands.

3.1.3. Radiative rotational excitation and radiation trap-
ping. Pure rotational excitation by sunlight is negligible
because of the weakness of the solar flux at the wavelengths
of the rotational transitions. However, at r > 3 AU, rotational
excitation by the 2.7 K cosmic background radiation com-
petes with vibrational excitation (which varies according to
r-2), and must be taken into account in fluorescence calcu-
lations (Biver et al., 1999a).

In the specific case of the H,O molecule, the rotational
excitation is strongly affected by self-absorption effects.
Owing to large H,O densities in the coma, many rotational
H,O0 lines are optically thick and trap line photons emitted
by nearby H,0O molecules. This was modeled by Bockelée-
Morvan (1987) in the local approximation, using an escape
probability formalism. The net effect of radiation trapping is to
delay the radiative decay of the rotational levels to the lower
states and to maintain local thermal equilibrium at a lower
density than would have been required in optically thin con-
ditions (Weaver and Mumma, 1984; Bockelée-Morvan,
1987). The lower rotational states of H,O are affected by this
process up to distances of a few 104 km when the H,O pro-
duction rate Q(H,0) is ~102° molecules s-!.

3.1.4. Fluorescence equilibrium. When the excitation
is determined solely by the balance between solar pump-
ing and subsequent spontaneous decay, this establishes a
condition called fluorescence equilibrium. For the rotational
levels within the ground vibrational state, fluorescence equi-
librium is reached in the outer, collisionless coma. For mole-
cules with large dipole moments (u) and large rotational
constants, such as H,O (u=1.86 D) or HCN (u=2.99 D),
infrared excitation rates are generally small compared to the
vibrational and rotational Einstein A-coefficients, so that
most of the molecules relax to the lowest rotational levels
of the ground vibrational state (Fig. 1). Heavy molecules
with small dipole moment (e.g., CO with p=0.11 D) and
symmetric species will have, in contrast, a warm rotational
distribution at fluorescence equilibrium. The rotational
population distribution gets colder as the comet moves far
from the Sun because vibrational excitation becomes less
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Fig. 1. (a) Rotational population distribution of HCN as a func-
tion of distance to nucleus for a comet at 1 AU from the Sun with
Q(H,0) = 10% molecules s~! (from the model of Biver et al.,
1999a). (b) H,O local density n(H,0), electronic density n, and
temperature T, in the model. The gas kinetic temperature is 50 K
throughout the coma. The population distribution evolves from
thermal equilibrium in the inner coma, to fluorescence equilib-
rium in the outer coma. The discontinuities at 2 x 103 km are due
to the sharp rise of the electron temperature, from 50 to 10,000 K.

efficient. The timescale for rotational equilibration, which
is mainly controlled by pure rotational relaxation for mole-
cules having a nonzero electric dipole moment (vibrational
relaxation is more rapid), exceeds 104 s for most detected
molecules. Some molecules never reach equilibrium during
their lifetime.

3.1.5. Collisional excitation. Collisions, generally in-
volving H,O molecules and/or electrons, are important in
determining the rotational excitation of molecules in the
inner coma. For comets at large heliocentric distances, where
the CO production rate is much larger than the H,O produc-
tion rate, collisional excitation is provided by CO. Collisions
with ions are generally considered to be unimportant for
parent molecules, but this question has not yet been prop-
erly addressed.

Owing to the low temperatures throughout the inner coma
[10-100 K (cf. Combi et al., 2004)], collisions do not signi-
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ficantly populate either the vibrational or electronic levels
of molecules, and the steady-state vibrational and electronic
population distributions are determined by radiative pro-
cesses. Collisions can quench the fluorescence of vibrational
bands, but this is generally unimportant, except possibly
within a few kilometers of the surface of the nucleus (Cro-
visier and Encrenaz, 1983; Weaver and Mumma, 1984).

Collisions thermalize the rotational population of the
ground vibrational state at the kinetic temperature of the
gas. The collision rate C (s~!) is given by

C =on(r)v 5)

where G, is the collision cross-section, n(r.) is the local
density of the collision partner at the cometocentric distance
r., and Vv is the relative speed of the impinging species. To
treat collisional excitation properly, we must understand
how collisions connect individual rotational states, that is,
specify the collision cross-sections o;; for each i — j tran-
sition. However, there is little experimental or theoretical
information on collisional processes involving neutral mol-
ecules (H,O or CO). Not only are the line-by-line cross-
sections not available, but the total cross-sections for colli-
sional deexcitation, which could, in principle, be derived
from laboratory measurements of line broadening, are poorly
documented for most cometary species. In current cometary
excitation models, total cross-sections of ~1-5 x10-14 cm?
are assumed (e.g., Chin and Weaver, 1984; Bockelée-Morvan,
1987; Crovisier, 1987; Biver et al., 1999a), based on the
broadening of CO and H,O lines by collisions with H,O.
Chin and Weaver (1984) introduced a AJ dependence on
the rotational CO-H,O cross-sections and pointed out that
collisional excitation of CO is rather insensitive to this de-
pendence as long as the total cross-section is fixed.

The role of electron collisions in controlling rotational
populations was first investigated in detail by Xie and
Mumma (1992) for the H,O molecule. This study was moti-
vated by the need for large cross-sections to interpret the
relative line intensities of the v; H,O band in Comet 1P/
Halley observed preperihelion with the KAO. It was previ-
ously recognized that, in the inner coma, inelastic collisions
with H,O would cool hot electrons to the temperature of
the gas, transferring their translational energy into rotational
H,0 excitation (Ashihara, 1975; Cravens and Korosmezey,
1986). Unlike neutral-neutral collisions, theoretical determi-
nations of rotational cross-sections are available for colli-
sions involving electrons. Relatively simple formulae were
obtained using the Born approximation by Itikawa (1972),
which show that cross-sections are directly proportional to
the rotational A, of the transitions and are also a function
of the kinetic energy of the colliding electrons. Cross-sec-
tions are large for molecules with large dipole moments
(A, o= 12), typically exceeding those for neutral-neutral
collisions by two or three orders of magnitude for electrons
thermalized at 50 K. Using the electron temperature and
density profile measured in situ by Giotto, Xie and Mumma
(1992) showed that, for a Halley-type comet, the molecu-
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lar excitation by e—H,O collisions exceeds that by H,O—
H,0 collisions at cometocentric distances 23000 km from
the nucleus. Neutral H,O collisions dominate in the inner
coma because the n(H,0)/n(e") local density ratio is very
large (Fig. 1). Observational evidence for the important role
played by collisions with electrons is now abundant [e.g.,
Biver et al. (1999a) for the excitation of HCN]. So far, the
modeling of this process is subject to large uncertainties,
as the electron density and temperature in the coma are not
well-known quantities. Figure 1 shows an exemple of the
electron density and temperature profiles used by Biver et
al. (1999a) for modeling excitation by collisions with elec-
trons. These profiles are based on measurements made in
situ in Comet Halley, and the dependences with H,O pro-
duction rate and heliocentric distance expected from theo-
retical modeling.

3.1.6. Non-steady-state calculations. The evolution
of the population distribution with distance to the nucleus
has been studied for a number of molecules: CO (Chin
and Weaver, 1984; Crovisier and Le Bourlot, 1983), H,O
(Bockelée-Morvan, 1987), HCN (Bockelée-Morvan et al.,
1984), H,CO (Bockelée-Morvan and Crovisier, 1992),
CH,OH (Bockelée-Morvan et al., 1994), and linear mole-
cules (Crovisier, 1987). Collisional excitation by electrons
was included in more recent works (e.g., Biver et al., 1999a).
These studies solve the time-dependent equations of statis-
tical equilibrium, as the molecules expand in the coma

% = -1y zpij + znjpji (6)

j#i j#i

where the transition rate p; from level i to j, of energy E;
and E; respectively, may involve collisional excitation (C;),
radiative excitation (gij), and/or spontaneous decay (Aij)
terms. If we omit radiation trapping effects

py=C;+g; ifE<E 7
py=Cy+A; ifE>E (8)

The coupled differential equations (equation (6)) are
“stiff”, as they contain rates with time constants differing
by several orders of magnitude, and their solution requires
special techniques, such as the Gear method (cf. Chin and
Weaver, 1984). In contrast, the fluorescence equilibrium
solution can be simply computed by matrix inversion.

Figure 1 shows the evolution of the population of the
lowest rotational levels of the HCN molecule with distance
to the nucleus. At some distance in the coma, collision exci-
tation can no longer compete with rotational spontaneous
decay, and the population distribution evolves to fluores-
cence equilibrium. Because radiative lifetimes vary among
the levels, the departure from local thermal equilibrium
(LTE) occurs separately for each rotational level. The size
of the LTE region also varies greatly among molecules, as
shown in Crovisier (1987), where the evolution of the rota-
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tional population distribution is computed for a number of
linear molecules. Molecules with small dipole moments
(e.g., CO) have long rotational lifetimes and correspondingly
larger LTE regions. Symmetric molecules with no dipole
moment, such as CO,, cannot relax to low rotational levels;
high rotational levels become more and more populated as
the molecules expand in the coma.

Low-lying rotational levels maintain thermal populations
up to a few 103 km from the nucleus in moderately active
comets (QHzo =~ 1029 molecules s~!) near 1 AU from the
Sun. This implies that the thermal approximation is a good
one to describe the rotational structure of vibrational bands
observed by long-slit spectroscopy (section 3.3). On the
other hand, the thermal equilibrium approximation may not
be valid for the interpretation of rotational line emission
observed in the radio range, owing to the large beam size
of radio antennas.

3.2. Rotational Line Intensities

When rotational lines are optically thin and spontane-
ous emission dominates over absorption of the continuum
background and stimulated emission, their line flux F,; (in
W m=2 or Jy km s!) is given by

Q
1::ul = _hVulAul<Nu> (9)
4n

where Q is the solid angle subtended by the main beam of
the antenna. (The diffraction-limited beam pattern of circular
radio antennae is well approximated by a two-dimensional
gaussian, which width at half power defines the main-beam
solid angle.) (N, is the column density within the upper
transition state u, and is obtained by volume integration over
the beam pattern of the density times the fractional popu-
lation in the upper state. When n, is constant within the
beam, (N, is equal to n(N), where (N} is the total molecu-

lar column density that is related to the molecular produc-
tion rate (section 4).

In the radio domain, line intensities are usually expressed
in term of equivalent brightness temperatures Ty, where Ty
is related to F; through the Rayleigh-Jeans limit (hv « kT)
of the Planck function. The line area integrated over velocity
in K km s-! is then related to the column density through

hc3A,
~(N,)
8mkvy

(10)

JTBdV =

In most observational cases, radio antennas are sensitive
to molecules present in the intermediate region between
thermal and fluorescence equilibrium. Time-dependent ex-
citation models, as described in section 3.1.6, are thus re-
quired to derive (N) from the observed line area | Tygdv.
Because these models rely on ill-known collisional excita-
tion parameters (section 3.1.5), observers try, as much as
possible, to observe several rotational lines of the same
molecule. This permits them to determine the rotational
temperature that best describes the relative population of
the upper states, given the observed line intensities. The
inferred rotational temperature can then be compared to that
predicted from modeling, thereby constraining the free
parameters of the model. Methanol has multiplets at 165
and 157 GHz that sample several rotational levels of same
quantum number J. Their observations are particularly use-
ful, as the rotational temperature derived from these lines
is similar to the kinetic temperature in the collisional re-
gion (Bockelée-Morvan et al., 1994; Biver et al., 1999a,
2000). This is also the case of the 252-GHz lines shown in
Fig. 2. Other series of lines (e.g., the 145- or 242-GHz
multiplets of CH;OH, or the HCN lines) exhibit rotational
temperatures that are intermediate between the kinetic tem-
perature of the inner coma and the rotational temperature
at fluorescence equilibrium. These lines can be used to
constrain the collision rates. Constraints can also be ob-

Tot=77 10K
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HC,N(28-27)
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Fig. 2. Wideband spectrum of Comet Hale-Bopp observed on February 21.7, 1997 at the CSO showing twelve J;-J, A lines of CH;OH,
the 5,—45 line of SO, and, in the image sideband at 254.7 GHz, the J(28-27) line of HC;N (Lis et al., 1999).
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tained from observations at offset positions from the nucleus
(Biver et al., 1999a).

Most rotational lines observed in comets are optically
thin because of small molecular column densities. The only
exceptions encountered were the J(4—3) HCN line observed
in C/1996 B2 (Hyakutake) (Lis et al., 1997; Biver et al.,
1999a) and Hale-Bopp (Meier et al., 1998b), the H,O ro-
tational lines observed with ISO in Comet Hale-Bopp (Cro-
visier et al., 1997), and the 1,,—1, line of H,O observed
with the SWAS and Odin satellites in a few comets (Neufeld
et al., 2000; Lecacheux et al., 2003). For the H,O 1,,—1,
line, self-absorption effects result in asymmetric line shapes,
indeed observed in high-resolution spectra obtained with
Odin (Lecacheux et al., 2003).

3.3. Intensity of Ro-Vibrational Lines and
Vibrational Bands

As for pure rotational lines, the line flux F; (W m2) of
optically thin ro-vibrational lines u — 1 (u within V', 1 within
v") is given by equation (9), where Q is the solid angle
corresponding to the field of view. F; can be also expressed
as a function of the emission rate (the so-called g-factor) of
the line g, = A n, (s°!), assuming n, to be constant within
the field of view

Ful = E hvul gul<N> (1 1)
4n
Neglecting collisional excitation, the emission rate g, is
related to the fractional populations n; within the ground
vibrational state v = 0 through

Z 15854

gu = Aul izoz Au]
v

where the summation in the denominator is made over all
possible vibrational decays (v' = v= 0 and v' = v hot-
bands, including the v' — v = v" band to which the u — 1
transition belongs). In the righthand term of equation (12),
the g;, coefficients are the excitation rates due to solar pump-
ing defined in equation (2). Equation (12) is readily ob-
tained by solving equation (6) for the n, population within
v', assuming steady-state (section 3.1.1) and neglecting ro-
tational decay within v', which is much slower than vibra-
tional decays.

The band flux is related to the total emission rate of the
band g through a formula similar to equation (11). In the
case of pure resonance fluorescence, g, is equal to the
band excitation rate g... given in equation (3).

In most cases, individual g-factors are computed assum-
ing LTE in the ground vibrational state. The retrieved mo-
lecular column densities (and production rates) may then
depend strongly on the assumed rotational temperature. In
Comet Hale-Bopp and other bright comets, many ro-vibra-
tional lines were observed for most molecules, allowing

measurement of the rotational temperature T, , and an ac-

12)
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curate derivation of the production rate. Figure 3 shows the
H,0 v; band of H,0 observed with ISO in Comet Hale-
Bopp at 2.9 AU from the Sun (Crovisier et al., 1997), and
the synthetic spectrum that best fits the data with T, =
29 K. Figure 4 shows examples of groundbased IR spectra
for Comets Hyakutake and C/1999 H1 (Lee) at r ~ 1 AU,
where several lines of H,O and CO are detected: From
Boltzmann analyses of the line intensities, T,,, was esti-
mated to ~75 K for both comets (Mumma et al., 2001b).

Opacity effects in the solar pump and for the emitted
photons, if present, would affect the effective line-by-line
infrared fluorescence emission rates and the intensity distri-
bution within the bands. This was investigated by Bockelée-
Morvan (1987) for the v, and v, bands of H,O, and ac-
counted for in the determination of the ortho-to-para ratio
of H,O from the ISO spectra (Crovisier et al., 1997) (Fig. 3;
section 10). The opacity of the CO, v; band observed by
VEGA/IKS in 1P/Halley was taken into account for accu-
rate measurement of the CO, production rate in this comet
(Combes et al., 1988). Since optical depth effects are stron-
ger in the inner coma, the spatial brightness profile of an
optically thick line falls off less steeply with distance to the
nucleus than under optically thin conditions. Optical depths
of OCS v; and CO v(1-0) ro-vibrational lines were evalu-
ated (Dello Russo et al., 1998; DiSanti et al., 2001; Brooke
et al., 2003), in order to investigate whether this could ex-
plain their relatively flat spatial brightness distributions in
Comet Hale-Bopp (section 7), but the effect was found to
be insignificant.

3.4. Electronic Bands

The parent molecules studied via electronic bands at UV/
FUV wavelengths are CO, S,, and, indirectly, CO, (Fig. 5).
Two other potential constituents of the nucleus, H, and N,,
can also fluoresce at UV and FUV wavelengths. H, was
recently detected during observations of two long-period
comets with the Far Ultraviolet Spectroscopic Explorer
(FUSE); however, the amount measured was consistent with
all the H, being derived from the photolysis of H,O, rather
than from sublimation of frozen H, in the nucleus (Feldman
et al., 2002). Further discussion of cometary H, can be
found in Feldman et al. (2004). Although electronic exci-
tation of N, usually leads to predissociation, fluorescence
can occur in the (0,0) band of the Carroll-Yoshino system
(c4'1Z:-XIZY) at 958.6 A. Several cometary spectra were
taken with FUSE to search for fluorescence from N,, but
only upper limits were derived (P. D. Feldman, personal
communication, 2003) (see section 5.6.1).

Observations of CO in the UV range are discussed in
section 5.2. The calculation of g-factors for the CO A-X
bands is discussed by Tozzi et al. (1998), and g-factors for
the B-X, C-X, and E-X bands are discussed by Feldman
et al. (2002). Generally, the Swings effect (see section 3.1.2)
is small for all the UV bands of CO, with g-factor varia-
tions of only ~20% with heliocentric radial velocity.

Emission in the CO Cameron band system near 2050 A
(a3[1-X!Z+) was discovered during Hubble Space Telescope
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Fig. 3. The region of the v; band of water observed with the ISO short-wavelength spectrometer in Comet C/1995 O1 (Hale-Bopp)
on 27 September and 6 October 1996 (top). Line assignations are indicated. The synthetic fluorescence spectrum of water that is the
best fit to the data (bottom) corresponds to Q(H,0) = 3.6 x 102 molecules s-!, T, = 28.5 K and OPR = 2.45. Adapted from Crovisier

et al. (1997).
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Fig. 4. Detection of CO and H,0O in Comets C/1996 B2 (Hyakutake) and C/1999 H1 (Lee) in the 4.7-um region (from Mumma et
al., 2001b). Several lines of the CO v(1-0) and H,O v,—-v, and v;—Vv, bands are present. The relative intensities of CO and H,O lines
are reversed even though the rotational temperatures were similar for the two comets, providing graphic evidence of the dramatically
different CO abundance in these two comets.
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Fig. 5. Portions of the ultraviolet (UV) spectra of C/1996 B2 (Hyakutake) taken on 1996 April 1 with the HST. All the parent mol-
ecules detected at UV wavelengths are represented: The top panel shows multiple bands in the Fourth Positive Group of CO; the
middle panel shows several bands of the CO Cameron system, which is thought to be produced mainly by prompt emission following
the photodissociation of CO,, and the bottom panel shows multiple bands of the B-X system of S,. Figure adapted from Weaver
(1998).

(HST) observations of 103P/Hartley 2 (Weaver et al., 1994),  they are electric dipole forbidden, which means that reso-
and this spurred a reanalysis of earlier data acquired with  nance fluorescence cannot be the excitation mechanism.
the International Ultraviolet Explorer (IUE) that resulted in ~ The Cameron bands can be excited during the photodisso-
the detection of Cameron band emission in several other  ciation of CO,, producing CO molecules in the a3IT state
comets (Feldman et al., 1997). The Cameron bands involve  that can then decay to the ground state on a timescale of
transitions between triplet and singlet electronic states, i.e., ~10 ms in a process called prompt emission (Weaver et al.,
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1994). In this case, the CO Cameron band emission is di-
rectly proportional to the CO, production rate, and its inten-
sity can be used to estimate the CO, abundance in exactly
the same way that observations of the O'D line near 6300 A
can be used to probe the H,O production rate (cf. Feldman
et al., 2004). Unfortunately, electron impact on CO also
produces Cameron band emission fairly efficiently, and this
complicates the interpretation of the spectra when both CO
and CO, are comparably abundant. When spectra are taken
at sufficient resolution to resolve the rotational structure in
the Cameron bands, the two competing excitation mecha-
nisms can be easily distinguished because the CO molecules
produced during the photolysis of CO, are rotationally
“hot”, with a rotational temperature about five times larger
than for the CO excited by electron impact (Mumma et al.,
1975).

S, has been observed through its B3X-X3%; system in
the near-UV in several comets (section 5.5). Because of its
very short lifetime (=500 s), S, is concentrated within a
small spatial region near the nucleus and observations with
high spatial resolution (<500 km) are required to detect it.
The photodissociation rate and the B—X g-factor of S, are
comparable. Thus, a time-dependent model of the excita-
tion is required for accurate interpretation of the emission
(Kim et al., 2003; Reylé and Boice, 2003).

Cometary emission in electronic bands is generally pro-
duced by resonance fluorescence, as are the great majority of
cometary emissions observed at optical and near-IR wave-
lengths. However, the anomalous intensity ratio of the CO
C-X and B—X bands in the FUSE spectrum of C/2001 A2
(LINEAR) suggests that some of the B-X emission is pro-
duced by e—-impact on CO, while the presence of a “hot”
component in the C—X emission is suggestive of an excita-
tion process involving CO, (Feldman et al., 2002). As pre-
viously discussed, the CO Cameron bands can be excited
by both photodissociative and e—-impact processes.

4. DETERMINATION OF
PRODUCTION RATES

For estimating relative molecular abundances in the
nucleus, the measured column densities (or local densities
in the case of in situ measurements) are converted into
molecular production rates, i.e., outgassing rates at the nu-
cleus. This step requires a good description of the molecu-
lar spatial distributions. Most studies use the Haser model
(Haser, 1957), which assumes that the parent molecule is
sublimating from the surface of the nucleus at a constant
rate and expands radially outward at constant velocity.
Under these conditions, the local density in the coma n is
given by

Q C_(r° —T)/VT
4y

n(r,) = (13)

where Q is the production rate, r_ is the distance from the
center of the nucleus, r, is the radius of the nucleus, v is
the outflow speed, and 7 is the molecular lifetime. The den-

sity is then integrated along the line of sight to obtain the
column density.

For the case of a circular observing aperture centered on
the nucleus, if the aperture subtends a distance at the comet
that is much smaller than the scalelength (L = vT) of the
molecule, the average column density within the aperture
is given by

-Q
N)=—5 (14)

where d is the aperture diameter.
If the aperture size is much larger than the scalelength
of the molecule, then

=2

15
- (15)

When equations (14) and (15) are not applicable, other
methods must be used to relate the column density to the
production rate. While convenient tabulations are available
for both circular (Yamamoto, 1982) and square (Hoban et
al., 1991) apertures, the continually increasing power of
computers makes the direct integration of equation (13)
simple, fast, and accessible to most researchers.

In the limit cases of equations (14) and (15), (N) depends
on either v or 7. In the intermediate cases, the column den-
sity depends on both the lifetime and velocity. Lifetimes
have been computed for many parent molecules (Huebner
et al., 1992; Crovisier, 1994) under both solar maximum
and solar minimum conditions and have accuracies of ~20—
30% for the well-documented species. But the photodisso-
ciation rates of several cometary molecules (e.g., H,CS,
SO,, NH,CHO) are unavailable or uncertain by factors of
several. Expansion velocities for some molecules can be
determined from analysis of observed radio line profiles,
but usually the outflow velocities are uncertain by ~30%.
There is also the problem that the outflow velocity changes
with position in the coma, as molecules are accelerated by
photolytic heating in the coma, but typically observers adopt
an average outflow speed that is appropriate for the size of
the aperture used (i.e., smaller velocities used for smaller
apertures).

For molecules released by an extended source, such as
H,CO (section 7), the Haser formula for daughter species
(see Combi et al., 2004) is generally used to describe their
spatial distribution. Inferred production rates then strongly
depend on the scalelength of their parent source, L, espe-
cially when the field of view samples cometocentric dis-
tances smaller than L. Any underestimate of L, will result
in an underestimate of the production rate. In this context,
there are some uncertainties in the production rates derived
from radio observations of distant comets for which subli-
mation from icy grains is likely and not taken into account
in most studies (A’Hearn et al., 1984; Biver et al., 1997,
Womack et al., 1997; Gunnarsson et al., 2002). H,CO pro-
duction rates obtained in Comet Hale-Bopp at large r are
uncertain as well, as there is little information on the he-



liocentric variation of the H,CO parent scalelength (see
section 7).

With sufficient spatial resolution and mapping, the ra-
dial distribution of molecules can be investigated, and pro-
duction rates can be more accurately determined. Section 7
discusses how native and extended sources of CO molecules
are extracted from the analysis of long-slit spectra.

The spatial distribution of cometary molecules is certainly
much more complex than assumed by the Haser model. As
discussed elsewhere in this book (e.g., Crifo et al., 2004),
the production rate may vary on short timescales, outgas-
sing from the nucleus may not be isotropic, and the expan-
sion velocity increases with distance from the nucleus and
may have day/night asymmetries. Anisotropic outgassing
and/or velocity variations have been considered in a few
radio studies, using information provided by the line shapes
and mapping (e.g., Gunnarsson et al., 2002; Veal et al.,
2000).

5. OBSERVATIONS OF
PARENT MOLECULES

In this section, we review the in situ measurements and
spectroscopic investigations of parent molecules and noble
gases. The production rates relative to H,O (also called abun-
dances in the text) measured in several well-documented
comets near their perihelion are listed in Table 1. Upper
limits for several undetected molecules are given in Table 2.

5.1. Water

Water is the most abundant constituent of cometary ices
and its production rate is used for quantifying cometary
activity and for abundance determinations. Its presence in
cometary comae was definitively established in the 1970s
from observations of H and OH, which showed that these
species were produced in appropriate quantities and with
spatial distributions and velocities consistent with H,O pho-
tolysis (see the review of Festou et al., 1993).

Water is difficult to measure directly. The fundamental
bands of vibration, especially v; near 2.7 um, cannot be
observed from the ground because of strong absorption in
the terrestrial atmosphere. This band was observed in 1P/
Halley and C/1986 P1 (Wilson) from the KAO (Mumma et
al., 1986; Larson et al., 1989), in 1P/Halley with the Vega/
IKS IR spectrometer (Combes et al., 1988), and with ISO
in Comets Hale-Bopp and 103P/Hartley 2 (Crovisier et al.,
1997, 1999a,b) (Fig. 3).

Nonresonance fluorescence bands (hot-bands) of H,O
have weaker g-factors, but some are not absorbed by tellu-
ric H,O and thus can be observed from the ground. Direct
absorption of sunlight excites molecules from the ground
vibrational state to a higher vibrational state, followed by
cascade into an intermediate level that is not significantly
populated in the terrestrial atmosphere (Crovisier, 1984).
Hot-band emission from H,0 v, + v;— v, was first detected
near 2.66 uym in high-dispersion airborne IR spectra of
Comets 1P/Halley and C/1986 P1 (Wilson) (Weaver et al.,
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1986; Larson et al., 1989), but the strong 2.7-um funda-
mental bands (v, and v;) blanket this entire region from the
ground. However, groundbased IR observations of Comets
1P/Halley and C/1986 P1 (Wilson) indicated the presence
of excess flux near 2.8 pm that could not be attributed to
H,O fundamental bands (Tokunaga et al., 1987; Brooke et
al., 1989), but was consistent with the expected flux from
H,0 hot-bands (Bockelée-Morvan and Crovisier; 1989). The
hot-band emissions in this spectral region were more ex-
tensively sampled by ISO in Comet Hale-Bopp (Fig. 3).
High spectral dispersion surveys of the 2.9-um region ob-
tained in Comets C/1999 H1 (Lee) and 153P/2002 C1
(Ikeya-Zhang) with NIRSPEC at the Keck telescope re-
vealed multiple lines of the V| + V3=V, (V| + V, + V3)—(V, +
V,), and 2v; — v; H,O hot-bands (Mumma et al., 2001a;
Dello Russo et al., 2004).

In other spectral regions, the terrestrial atmosphere is
generally transparent to H,O hot-band emissions. Hot-band
emission from H,O was detected in Comets C/1991 T2
(Shoemaker-Levy), 6P/d’ Arrest, and C/1996 B2 (Hyakutake)
using bands near 2 ym (v, + V, + V5 — Vv, and 2v, + V;—V,)
(Mumma et al., 1995, 1996; Dello Russo et al., 2002a).
Production rates were obtained for all three comets, and a
rotational temperature was obtained for H,O in Comet Hya-
kutake (Mumma et al., 1996). A survey of the CO (1-0)
band (4.7 um) in Comet Hyakutake revealed new emissions
that were identified as nonresonance fluorescence from the
V,—V, and v; -V, hot-bands of H,O (Mumma et al., 1996;
Dello Russo et al., 2002a). As H,O and CO can be sampled
simultaneously (Fig. 4), preference was given to the 4.7-um
region thereafter (e.g., C/1995 O1 Hale-Bopp (Weaver et al.,
1999b; Dello Russo et al., 2000), 21P/Giacobini-Zinner
(Weaver et al., 1999a; Mumma et al., 2000), C/1999 H1 (Lee)
(Mumma et al., 2001b), C/1999 S4 (LINEAR) (Mumma et
al., 2001a).

The rotational lines of H,O also cannot be observed from
the ground, except for a line of one of the trace isotopes
(HDO — see section 9). Lines in the far-IR, especially the
21p~1g15 2912, and 332, lines near 180 ym, were ob-
served by ISO in Comet Hale-Bopp (Crovisier et al., 1997).
The fundamental ortho rotational line, 1,,—1,, at 557 GHz,
was observed using SWAS (Neufeld et al., 2000) and the
Odin satellite (Lecacheux et al., 2003) in C/1999 H1 (Lee),
153P/2002 C1 (Ikeya-Zhang), and several other comets.
These lines are very optically thick, which means that the
derivation of accurate H,O production rates requires a reli-
able model for the H,O excitation and radiative transfer.

5.2. Carbon Monoxide and Carbon Dioxide

5.2.1. Carbon monoxide (CO). The CO molecule was
discovered in comets during a sounding rocket observation
of C/1975 V1 (West), when resonance fluorescence in the
Fourth Positive Group (A!TI-X!Z+) near 1500 A was de-
tected in the UV spectrum (Feldman and Brune, 1976).
Emission in these bands has been detected subsequently in
nearly every bright (my, < 7) comet observed at UV wave-
lengths with IUE (cf. Feldman et al., 1997), the HST (cf.
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TABLE 1. Production rates relative to water in comets.

C/1995 O1 C/1996 B2 C/1999 H1 C/1999 S4 153P/2002 C1
Molecule 1P/Halley (Hale-Bopp) (Hyakutake) (Lee) (LINEAR) (Ikeya-Zhang)
H,0 100 100 100 100 100 100
CO 3.5%, 1101 121131 23[13.14] 14%.125.26] 19_3()[25.27,28] 1.81361_4137] <0.41411, 0.9142] 20451 45146.47]
Co, 3-4123] 6t.15
CH, <0.8141 1.5016] 0.8116.29] 0.8138] 0.14142] 0.5116]
C,H, 0.311] 0.11161-0.3[17] 0.21301-0.531] 0.27138] <0.12142] 0.18148]
C,H, 0.4111 0.61171 0.61291 0.67138] 0.11142] 0.62149]
CH;0H 1.815.6] 2.4014] 2(27.28] 2.1[381_4139] <0.15042] 2.5146.47]
H,CO* 412.7.8] 1.1014] 1(27.28] 1.3039] 0.61411 0.41471
HCOOH 0.09114] <0.1143]
HCOOCH; 0.08114]
CH,;CHO 0.02118]
NH,CHO 0.015014]
NH; 1.5 0.7019] 0.5032.33] <0.21501
HCN 0.1010.11] 0.25114.20] 0.1[27.281_0,2034] 0.103810.3039] 0.10421 0.10471—0.2148]
HNCO 0.10114] 0.07128] 0.04147]
HNC 0.04[14.21] 0.01(2835] 0.011391 0.02143] 0.005%:147]
CH,CN 0.02114] 0.01133] 0.01147]
HC;N 0.02114] <0.011471
H,S 0.416] 1.5014] 0.8127] <0.91391 0.30431 0.81471
0OCS 0.4114.22] 0.11036] <0.2[471
SO, 0.2014]
CS, 0.2112] 0.2014] 0.11271 0.08139] 0.12143] 0.061471-0.11451
H,CS 0.05123]
NS >0.02124]
S, 0.0051371 0.0021401 0.0012044] 0.004145!

*Production from the nucleus; see text.

TValue at heliocentric distance r = 1 AU extrapolated from the value of 20% measured at r = 2.9 AU, assuming that [CO,]/[CO] did not
change with r.

#H,CO abundances refer to production from an extended source.

§Measured at r ~ 1 AU; increased up to 0.02% at r ~ 0.5 AU (N. Biver et al., personal communication, 2003; Irvine et al., 2003).

References: [1] Eberhardt (1999); [2] Combes et al. (1988); [3] Krankowsky et al. (1986); [4] Altwegg et al. (1994); [5] Bockelée-
Morvan et al. (1995); [6] Eberhardt et al. (1994); [7] Meier et al. (1993); [8] Mumma and Reuter (1989); [9] Meier et al. (1994);
[10] Despois et al. (1986); [11] Schloerb et al. (1986); [12] Feldman et al. (1987); [13] DiSanti et al. (2001); [14] Bockelée-Morvan
et al. (2000); [15] Crovisier et al. (1997); [16] Gibb et al. (2003); [17] Dello Russo et al. (2001); [18] Crovisier et al. (2004a); [19] Bird
et al. (1999); [20] Magee-Sauer et al. (1999); [21] Irvine et al. (1998); [22] Dello Russo et al. (1998); [23] Woodney (2000); [24] Irvine
et al. (2000b); [25] DiSanti et al. (2003); [26] McPhate et al. (1996); [27] Biver et al. (1999a); [28] Lis et al. (1997); [29] Mumma et
al. (1996); [30] Mumma et al. (2003); [31] Brooke et al. (1996); [32] Palmer et al. (1996); [33] Bockelée-Morvan (1997); [34] Magee-
Sauer et al. (2002a); [35] Irvine et al. (1996); [36] Woodney et al. (1997); [37] Weaver et al. (1996); [38] Mumma et al. (2001b);
[39] Biver et al. (2000); [40] Feldman et al. (1999); [41] Weaver et al. (2001); [42] Mumma et al. (2001a); [43] Bockelée-Morvan et
al. (2001); [44] Weaver (2000); [45] Weaver et al. (2002b); [46] DiSanti et al. (2002); [47] N. Biver et al. (personal communication,
2003); [48] Magee-Sauer et al. (2002b); [49] Dello Russo et al. (2002b); [50] Bird et al. (2002).

Weaver, 1998), and sounding rockets (cf. Feldman, 1999).
More recently, resonance fluorescence in several bands of
the Hopfield-Birge system (B!Z+-X!1¥+ CIX+-X!¥+ and
E!TI-X!Z+) has been detected between 1075 A and 1155 A
in spectra measured by FUSE (Feldman et al., 2002).
Through the end of 2002, CO emission had been detected
in a total of 12 comets at UV wavelengths, with [CO/H,0]
abundances ranging from ~0.4% to nearly 30%.

The radio lines of CO are intrinsically weak because of
the small dipole moment of this molecule. However, these
lines are the most easily detected gaseous emissions for
comets at large heliocentric distances (r = 3 AU). The CO

J(2-1) line at 230 GHz was first observed in 29P/Schwass-
mann-Wachmann 1 (Senay and Jewitt, 1994) at r = 6 AU,
and subsequently in a few bright comets. In Comets Hya-
kutake and Hale-Bopp, the J(1-0) and J(3-2) lines were also
observed. The J(2—1) line was detected out to r = 14 AU in
Comet Hale-Bopp with the Swedish-ESO Submillimetre
Telescope (SEST) (Biver et al., 2002a).

The first clear detection of the lines of the v(1-0) IR
band of CO near 4.7 ym was obtained during observations
of Comet Hyakutake (Mumma et al., 1996; DiSanti et al.,
2003). Eight lines of this band were detected in emission,
using CSHELL spectrometer at the NASA/IRTE. CO has



TABLE 2. Molecular upper limits in Comet Hale-Bopp
from radio observations (from Crovisier et al., 2004).

Molecule (X)/(H,0)
H,0 100
H,0, <0.03
CH,CCH <0.045
CH,CO <0.032
C,H;OH <0.10
CH;0CH; <0.45
CH;COOH <0.06
Glycine I <0.15
HC,N <0.003
C,H,CN <0.01
CH,NH <0.032
CH,;SH <0.05
NaOH <0.0003
NaCl <0.0008

been detected in every comet observed since then with
CSHELL and with NIRSPEC at the Keck Observatory (eight
Oort cloud comets and one Jupiter-family comet) (Mumma
et al., 2003; Weaver et al., 1999a,b). Selected spectra of C/
1999 H1 (Lee) and Comet Hyakutake are shown in Fig. 4.
CO rotational temperatures were obtained from Boltzmann
analyses of the measured spectral line intensities and were
used to extrapolate total production rates from the observed
lines. For eight Oort cloud comets observed by IR ground-
based spectroscopy through the end of 2002, the total CO
abundance ranged from 1% to 24% relative to H,O (Mumma
et al., 2003).

CO was investigated by mass spectrometry in 1P/Halley
with the Giotto NMS (Eberhardt et al., 1987). As detailed
in section 7.1, these measurements revealed that part of the
CO originated from an extended source. Native and ex-
tended sources of CO were separately quantified in a few
comets from long-slit IR observations (section 7.2). Among
eight Oort cloud comets observed at IR wavelengths, the
native abundance [CO/H,0] varies by more than a factor
of 40 [0.4-17% (Mumma et al., 2003) (section 8).

5.2.2. Carbon dioxide (CO,). The presence of carbon
dioxide in cometary comae was indirectly established a long
time ago from the existence of CO3 in cometary tails (see
Feldman et al., 2004). It was confirmed by the detection
of the CO, v; band at 4.26 um. This band is very strong
(g-factor = 2.6 x 10-3 s71), but it cannot be observed from
the ground because of strong absorption from terrestrial
CO,. The v, band has only been observed by Vega/IKS in
1P/Halley (Combes et al., 1988), and by ISO in Comets
Hale-Bopp (Crovisier et al., 1997, 1999a) and 103P/
Hartley 2 (Colangeli et al., 1999; Crovisier et al., 1999b).
CO, was also observed in 1P/Halley from the mass 44 peak
in the Giotto NMS mass spectra (Krankowsky et al., 1986).
The inferred CO, production rate relative to H,O was 3—4%
in 1P/Halley and 8-10% in 103P/Hartley 2. It was >20%
in Comet Hale-Bopp, but this comet was only observed at
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r> 2.9 AU. This higher value is likely due to the higher
volatility of CO, compared to H,O. The value of 6% given
in Table 1 is that extrapolated to 1 AU, using the Q(CO,)/
Q(CO) ratio of ~0.3 measured at 2.9 AU.

As discussed in section 3.4, the presence of CO, is also
indirectly inferred from observations of the CO Cameron
bands near 2050 A, which can be emitted via prompt emis-
sion following the photodissociation of CO,. In practice,
these UV bands can only be used to derive accurate CO,
production rates when the comet is CO-depleted, or is bright
enough to allow observations with sufficient spectral reso-
lution (A/OA = 1500) to unambiguously identify the sepa-
rate emissions from CO, photodissociation and electron
impact on CO, which overlap in low-resolution data.

5.3. Methanol (CH;0H), Formaldehyde (H,CO),
and Other CHO-bearing Molecules

5.3.1. Methanol (CH;OH). The identification of
CH,OH was first suggested by Knacke et al. (1986) to ex-
plain the 3.52-um feature seen near the broad 3.3-3.5-um
emission in several low-resolution spectra of 1P/Halley.
Hoban et al. (1991) observed the 3.52-um feature in Comets
C/1989 Q1 (Okazaki-Levy-Rudenko), C/1989 X1 (Austin),
C/1990 K1 (Levy), and 23P/Brorsen-Metcalf, and showed
that its properties were consistent with fluorescence from
low-temperature (70 K) CH;OH in the v; band. Figure 6
displays 3.2-3.7-um spectra of Comets C/1989 X1 (Aus-
tin) and C/1990 K1 (Levy) showing CH;OH emission.
Definite identification of CH;OH in cometary comae was
obtained from the detection of several J(3—2) rotational lines
at 145 GHz in Comets C/1989 X1 (Austin) and C/1990 K1
(Levy) at the 30-m telescope of the Institut de Radioastron-
omie Millimétrique (IRAM) (Bockelée-Morvan et al., 1991,
1994).

Methanol has now been observed in many comets, both
at radio and IR wavelengths, and the CH,OH abundances
inferred from radio and IR spectra are generally consistent
(Table 1). In Comet Hale-Bopp, ~70 rotational lines were
detected at millimeter and submillimeter wavelengths (Biver
et al., 1999b). Methanol rotational lines often appear as
multiplets in radio spectra (Fig. 2), whose analysis provides
clues to the temperature and excitation conditions in the
coma (see section 3.2). High-resolution Keck/NIRSPEC
spectra obtained in the 3-um region in Comets C/1999 H1
(Lee) and C/1999 S4 (LINEAR) show the P, Q, R structure of
the v, band and present, near 3.35 pm, many ro-vibrational
lines belonging to the v, and vq CH;OH bands (Mumma et
al.,, 2001a,b).

The v, and vy CH; stretching modes of CH;OH are
responsible for about half the total intensity of the 3.3—
3.5-um emission feature (Hoban et al., 1993; Bockelée-
Morvan et al., 1995). Synthetic spectra, as modeled by
Bockelée-Morvan et al., are shown in Fig. 6. Other weaker
CH;0H combination bands should contribute as well. The
rotational structure of these bands is not yet available, which
makes it difficult to identify new hydrocarbons or CHO-
bearing molecules in this spectral region.



404

Comets Il

- C/1989 X1 (Austin)
15-16 May 1990  —

T

£ -

o ) ¥.

£ W

; lllllsllillllllllllllllll
=

S C/1990 K1 (Levy)

\:f 27 August 1990

=)

L

I TN N N T T T I T W I W N B O
3.2 3.3 34 35 3.6 3.7

Wavelength (um)

Fig. 6. 3.2-3.7-um spectra of Comets C/1989 X1 (Austin) and
C/1990 K1 (Levy) (thick line). The continuum flux due to ther-
mal emission and scattered light from dust grains has been sub-
tracted. The contributions of the methanol bands (v,, V3, and Vv,
at 3.33, 3.37, and 3.52 pm respectively) are shown in thin lines.
The residual emission spectra, after subtracting methanol emis-
sion, are shown in dashed line. Figure adapted from Bockelée-
Morvan et al. (1995).

Besides the 3.52-um band, CH;0H is identified in 1P/
Halley from the peak at 33 amu/q present in Giotto IMS
and Giotto NMS mass spectra, which is essentialy due to
CH,;0H} (Geiss et al., 1991; Eberhardt et al., 1994). Eber-
hardt et al. inferred a CH;OH abundance relative to H,O that
is consistent with the value derived from the 3.52-ym band.

The [CH;OH/H,0] abundance ratios measured up to
now range from less than 0.15% in Comet C/1999 S4 (LIN-
EAR) to 6%, with many comets around ~2% (see section 8).

5.3.2. Formaldehyde (H,CO). Cometary H,CO was
first identified in 1P/Halley, from the signature of its pro-
tonated ion in mass-spectra obtained with Giotto NMS
(Meier et al., 1993). Its spatial distribution was found to
differ from that expected for a parent molecule, suggesting
the presence of a extended source of H,CO in the coma (see
the discussion in section 7). Its v, band near 3.59 um was
possibly detected in the Vega/IKS spectrum of 1P/Halley

(Combes et al., 1988; Mumma and Reuter, 1989) This de-
tection is controversial, however, as this band was not de-
tected in groundbased IR spectra of 1P/Halley and several
other comets (e.g., Reuter et al., 1992). The detection of
H,CO by IR long-slit spectroscopy is difficult, owing to its
low abundance and daughter-like density distribution. Re-
cently, DiSanti et al. (2002) reported the detection of the
Q branch of the H,CO v, band in high-resolution spectra
of 153P/2002 C1 (Ikeya-Zhang) obtained with CSHELL at
the NASA/IRTF.

A detection of the 1,,—1,; line of H,CO at 6 cm wave-
length in Comet 1P/Halley using the Very Large Array
(VLA), announced by Snyder et al. (1989), is controversial.
If real, it would lead to an exceptionally high abundance
of H,CO (see discussion in Bockelée-Morvan and Crovisier,
1992). The first definite detection of H,CO at millimeter
wavelengths (3,,-2,, at ~226 GHz) was in Comet C/1989
X1 (Austin) at IRAM (Colom et al., 1992). Since then, this
molecule has been observed via several lines at millimeter
and submillimeter wavelengths in several comets. H,CO
was monitored at radio wavelengths in Comet Hale-Bopp
(Biver et al., 1997, 1999b, 2002a) (see Fig. 7). It exhibited a
steep heliocentric production curve (~r—43) over the entire
range 1 <r <4 AU, which contrasted with the r3-r-2 evo-
lution observed for most molecules. This behavior is related
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Fig. 7. Gas production curves in Comet Hale-Bopp from radio
observations at IRAM, JCMT, CSO, and SEST telescopes (Biver
et al., 2002a). OH production rates are from observations of the
18-cm lines at the Nancay radio telescope. Inverted triangles in-
dicate upper limits in cases of nondetection.



to the production mechanism of H,CO, which became more
efficient when the comet approached the Sun.

The Q(H,CO)/Q(H,0) production rate ratio refering to
the extended H,CO production has been estimated to 4%
for Comet 1P/Halley. This ratio ranges from 0.13 to 1.3%
for comets in which H,CO has been investigated at milli-
meter wavelengths (Biver et al., 2002b).

5.3.3. Other CHO-bearing molecules. Several new or-
ganic CHO-bearing molecules were identified in Comet
Hale-Bopp with millimeter spectroscopy thanks to its high
gaseous activity. Formic acid (HCOOH) was detected from
four J(10-9) lines near 225 GHz using the Plateau de Bure
interferometer (PdBi) of IRAM in single dish mode (Fig. 8)
(Bockelée-Morvan et al., 2000). Methyl formate (HCOOCH;)
is one of the most complex cometary molecule detected in
the gas phase. A blend of eight J(21-20) rotational transi-
tions at ~227.56 GHz was detected in low-resolution spectra
of Comet Hale-Bopp obtained at the IRAM 30-m telescope
(Bockelée-Morvan et al., 2000) (see Fig. 8). Acetaldehyde
(CH;CHO) has been detected from its 13 ;3-12 ;, A* line

T
263. 75 GHz

251. 83 GHz

221. 97 GHz 227. 61 GHz

267. 53 GHz

Main Beam Brightness Temperature (K)

218. 32 GHz

Velocity (km s-1)

Fig. 8. Spectra of SO (CSO, February 21), SO, IRAM/PdBi,
March 18, 20, 21), OCS (CSO, March 26), HC;N (CSO, Febru-
ary 20), HNCO (CSO, February 19), NH,CHO (IRAM 30-m,
April 5), HCOOH (IRAM/PdBi, March 20-21), and HCOOCH;
(IRAM 30-m, April 5) observed in Comet Hale-Bopp in 1997. The
velocity frame is with respect to the comet nucleus velocity. The
dashed line superimposed on the observed spectrum of HCOOCH;
is a synthetic profile, which takes into account that the HCOOCH;
line at ~225.562 GHz is a blend of eight transitions whose posi-
tions are shown. From Bockelée-Morvan et al. (2000).
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at 244.83 GHz with IRAM/PdBi (Crovisier et al., 2004a).
Several marginal features at the frequencies of CH,CHO
lines are also present in IRAM 30-m spectra (Crovisier et
al., 2004a). These molecules, which are ubiquitous compo-
nents of star-forming regions, are much less abundant than
CH;OH and H,CO (Table 1): ~0.1% relative to H,0O for
HCOOH and HCOOCH;, and ~0.02% for CH,CHO. Further
work on archive millimeter spectra of Comet Hale-Bopp led
to the identification of ethylene glycol (HOCH,CH,OH)
(Crovisier et al., 2004b) with an abundance of 0.25% rela-
tive to water.

5.4. Symmetric Hydrocarbons

Symmetric hydrocarbons lack a permanent dipole mo-
ment and their excited electronic states predissociate, hence
only their ro-vibrational bands are observable in cometary co-
mae. Since 1996, CH,, C,H,, and C,H, have been detected
in many comets. The overall appearance of the 3.0-um re-
gion, which is particularly rich in emission lines from hy-
drocarbons and other species, is shown in Fig. 9 for Comet
C/1999 H1 (Lee). A tentative detection of C,H, was also
obtained in Comet 153P/2002 C1 (Ikeya-Zhang) (Magee-
Sauer et al., 2002b). Searches for C,H,, C;H¢, C;Hg, and
C¢Hg have been negative so far (M. Mumma, personal com-
munication, 2003).

5.4.1. Methane (CH,). CH, was first clearly detected
spectroscopically in Comet Hyakutake, through ground-
based observations of five lines of the v; band at 3.3 ym
(Mumma et al., 1996). Earlier attempts to detect methane
are reviewed in Mumma et al. (1993). Methane has been
detected in every comet searched since then, including
Comet Hale-Bopp, C/1999 S4 (LINEAR), C/1999 H1 (Lee)
(Figs. 9a,b), C/1999 T1 (McNaught-Hartley), C/2001 A2
(LINEAR), C/2000 WM, (LINEAR), and 153P/2002 C1
(Ikeya-Zhang). Its abundance [CH,/H,O] ranged from 0.14%
to 1.4% in the sample (Gibb et al., 2003) (see section §).

5.4.2. Acetylene (C,H,). C,H, was first detected in
Comet Hyakutake, through three lines of its v; band at
3.0 um (Brooke et al., 1996). The Oort cloud comets sam-
pled up to now are consistent with [C,H,/H,0] =0.2-0.5%
(Table 1), excepting C/1999 S4 (LINEAR) for which the
abundance relative to H,O was significantly lower (<0.12%
at the 26 limit) (Mumma et al., 2001a) (see section 8). The
abundance retrieved from in situ measurements of 1P/Hal-
ley was ~0.3% (Giotto NMS) (Eberhardt, 1999).

5.4.3. Ethane (C,Hg). C,Hg was first detected in Comet
Hyakutake, when emissions in four Q-branches of its v,
band (3.35 um) were measured (Mumma et al., 1996). C,H,
has been detected in every comet searched since then
(Mumma et al., 2003). Among Oort cloud comets, the abun-
dance is remarkably constant ([C,H/H,0] ~ 0.6% (Table 1),
the sole exception being C/1999 S4 (LINEAR) (Mumma et
al., 2001a). The abundance retrieved from in situ measure-
ments of Comet Halley was 0.4% (Giotto NMS) (Eberhardt,
1999). However, C,H, was significantly depleted in 21P/
Giacobini-Zinner, the quintessential C,-depleted Jupiter-
family comet (Mumma et al., 2000; Weaver et al., 1999a;
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Fig. 9. High-dispersion spectra of Comet C/1999 H1 (Lee) obtained on August 21, 1999 with NIRSPEC at the Keck telescope in the
3-um region. The dashed line shows a synthetic spectrum of the atmospheric transmittance. Adapted from Mumma et al. (2001b).

A’Hearn et al., 1995). The v; band (3.45 pm) of C,Hg was
detected in Comets Hale-Bopp, Lee, and C/2001 A2 (LIN-
EAR), but it has not yet been quantitatively analyzed (M.
Mumma, personal communication, 2003).

5.5. Sulfur-bearing Molecules

5.5.1. CS radical tracing carbon disulfide (CS,). The
CS radical, which is observed at both UV and radio wave-
lengths (see Feldman et al., 2004) is thought to trace CS,.
The inferred CS, abundances range from 0.04% to 0.3%
(Meier and A’Hearn, 1997). CS, has a very short lifetime
(~500 s at r = 1 AU), and the spatial brightness profiles of
CS measured during the UV observations are consistent
with the hypothesis that CS is derived from a short-lived
parent.

5.5.2. Hydrogen sulfide (H,S). Hydrogen sulfide was
first detected through its 1,y—1,, line at 169 GHz at the

IRAM 30-m telescope in Comets C/1989 X1 (Austin) and
C/1990 K1 (Levy) (Bockelée-Morvan et al., 1991; Crovisier
et al., 1991a). It was subsequently observed in several other
comets (Biver et al., 2002b), but only through its two milli-
metric lines at 169 and 217 GHz. The H,S/H,O ratio ranges
from 0.12% to 1.5%.

Protonated H,S was identified in ion mass spectra of
Comet 1P/Halley, from which a [H,S]/[H,0] abundance of
0.4% was derived. This value is within the range of values
measured in other comets (Eberhardt et al., 1994).

5.5.3. Sulfur monoxide and dioxide (SO and SO,). SO
and SO, have so far been detected only in Comet Hale-
Bopp, through several rotational transitions at radio wave-
lengths (Lis et al., 1999; Bockelée-Morvan et al., 2000) (see
Figs. 2 and 8). The 65-5, line of SO at 219.949 GHz was
imaged with IRAM/PdBi, and shows a brightness distri-
bution consistent with a daughter distribution (Wink et al.,
1999). It is likely that SO can be fully explained by the



photodissociation of SO, (Bockelée-Morvan et al., 2000).
Before these detections, Kim and A’Hearn (1991) derived
upper limits on Q(SO)/Q(H,0) and Q(S0,)/Q(H,0) pro-
duction rate ratios from the absence of their electronic bands
in the UV, which are much lower than those inferred from
the radio observations of Comet Hale-Bopp (0.3% and 0.2%
for SO and SO, respectively): A reappraisal of the g-fac-
tors of these bands is certainly necessary.

5.5.4. Carbonyl sulfide (OCS). OCS was first detected
through its J(12—-11) radio line at 145.947 GHz by Woodney
et al. (1997) in Comet Hyakutake, and confirmed by sev-
eral other radio lines in Comet Hale-Bopp (Fig. 8) (Lis et
al., 1999; Bockelée-Morvan et al., 2000). Lines of the
strong v, band at 4.85 um (g-factor of 2.6 x 10-3 s-1) were
observed by Dello Russo et al. (1998) in Comets Hyakutake
and Hale-Bopp. In the latter comet, the long-slit infrared
observations suggested an extended source for OCS (sec-
tion 7.2). Inferred Q(OCS)/Q(H,0) are 0.1% and 0.4% for
Comets Hyakutake and Hale-Bopp respectively.

5.5.5. Thioformaldehyde (H,CS). H,CS was detected
by one rotational line (7,4—6,5 at 244 GHz) in Comet Hale-
Bopp with the 12-m radio telescope of the National Radio
Astronomy Observatory (NRAO) (Woodney et al., 1999).
Its abundance relative to H,O has been evaluated to 0.05%
by Woodney (2000).

5.5.6. Disulfur (S,). The S, molecule was discovered
during IUE observations of C/1983 H1 (IRAS-Araki-Alcock)
when several bands of the B3X{-X3X; system near 2900 A
were detected (A’Hearn et al., 1983). A reanalysis of those
data using improved spectral reduction techniques and re-
vised g-factors (Budzien and Feldman, 1992) suggests that
the [S,/H,0] abundance varied from 0.007% to 0.25% dur-
ing the course of the observations.

The most common form of solid sulfur is Sg, and the
discovery of S, in a comet was the first detection of this
unusual molecule in any astronomical object. The lifetime
of S, is very short (a few hundred seconds at r = 1 AU),
which means that exceptional spatial resolution (roughly a
few hundred kilometers at the comet) is generally required to
detect it. Thanks to the close approach to Earth of C/1996 B2
(Hyakutake) and the high spatial resolution available from
HST, S, has now been detected in four other comets, with
[S,/H,O] abundances in the range 0.001-0.005% (Table 1).
Thus, whatever its origin, S, seems to be ubiquitous in com-
ets, at least the long-period ones, although its abundance
apparently varies over a large range. Note, however, that
the derived S, abundances are usually strongly dependent
on the assumed S, lifetime, whose uncertainty could inflate
the true abundance variation.

5.5.7. NS radical. NS was detected through the two
J(15/2—-13/2) e and f radio transitions at the James Clerk
Maxwell Telescope (JCMT) by Irvine et al. (2000b) in
Comet Hale-Bopp. The origin of this molecule is puzzling;
NS is a radical that is unlikely to be present in cometary ices,
but no plausible parent could be found. Because its spatial
distribution and photodissociation rate are unknown, its
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abundance relative to H,O Q(NS)/Q(H,0) is highly uncer-
tain, but estimated to =20.02% (Irvine et al., 2000b).

5.6. Nitrogen-bearing Molecules

With an abundance of ~0.5% relative to H,O, NH; is
apparently the dominant N-bearing cometary molecule. The
abundance of the super volatile molecule N, in cometary
nuclei, which would constrain the formation conditions of
these objects in the solar nebula, is the subject of continu-
ing debate.

5.6.1. N, Asmentioned in section 3.4, FUSE searches
for UV fluorescence from N, have been unsuccessful. The
upper limit on the [N,/H,O] ratio in two long-period comets
[C/2001 A2 (LINEAR) and C/2000 WM, (LINEAR)] was
<0.2%, while the [N,/CO] ratio in those same two comets
was <30% (P. D. Feldman, personal communication, 2003).

Mass spectrometry in Comet Halley has also not been
very helpful in constraining the N, abundance because of
the accidental coincidence in the masses of N, and CO
(Eberhardt et al., 1987).

The presence of N, in comets is indirectly inferred from
emissions in the ]03223—)(22; First Negative System of the
N? ion near 3910 A. During observations ranging from early
in the twentieth century all the way up to the 1986 appari-
tion of 1P/Halley, detections of this band have been claimed
in many comets (e.g., Wyckoff et al., 1991, and discussion in
Cochran et al., 2000). N, abundances of ~0.02% relative
to H,O have been derived from these observations. However,
high-spectral-resolution observations of some recent comets
[122P/de Vico, C/1995 O1 (Hale-Bopp), and 153P/2002 C1
(Ikeya-Zhang)] did not detect the N} band (Cochran et al.,
2000; Cochran, 2002), with upper limits of <10--10-* on
the abundance of N, relative to CO. Thus, the reality of the
detection of the N3 ion in the low-resolution spectra of
comets observed earlier may be questioned, especially con-
sidering the severe spectral blending by emissions from
CO*, CO%, CH, and CH* bands in this same region, and
potential confusion with Nj emissions from airglow and
aurora.

5.6.2. Ammonia (NH;). Ammonia was tentatively de-
tected from its 24-GHz inversion line in Comet C/1983 H1
(IRAS-Araki-Alcock) by Altenhoff et al. (1983). Confirmed
detections of several inversion lines were obtained in Com-
ets Hyakutake (Palmer et al., 1996) and Hale-Bopp (Bird
et al., 1997, 1999; Hirota et al., 1999), from which abun-
dances of ~0.5% were derived (Table 1). An upper limit of
0.2% was measured for Comet 153P/2002 C1 (Ikeya-Zhang)
(Bird et al., 2002).

The infrared v, band of NH; at 3.00 um was detected
in Comets Hale-Bopp (tentatively) (Magee-Sauer et al.,
1999) and 153P/2002 C1 (Ikeya-Zhang) (K. Magee-Sauer
et al., personal communication, 2003).

Ammonia was also indirectly investigated from the bands
of its photodissociation products NH and NH,, which are
easily observed in the visible (see Feldman et al., 2004).
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From detailed chemical modeling, Meier et al. (1994) in-
vestigated the relative contributions of NH} vs. OH* and
NH} vs. H,O* at masses 17 and 18 in Giotfo NMS spectra.
They inferred an NH; abundance of 1.5% in Comet 1P/Hal-
ley, a factor 2-3 times higher than the values measured in
Comets Hyakutake and Hale-Bopp.

5.6.3. Hydrogen cyanide (HCN) and hydrogen isocya-
nide (HNC). HCN was firmly detected in Comet Halley
from its J(1-0) line at 88.6 GHz by several teams (Despois
et al., 1986; Schloerb et al., 1986, 1987; Winnberg et al.,
1987). It is now one of the easiest parent molecules to ob-
serve from the ground and can serve as a proxy for moni-
toring gas production evolution. It is also found to be in
remarkably constant ratio with H,O production (~0.1% ac-
cording to radio measurements, see section 8), so that it can
be used to evaluate relative molecular abundances (Biver
et al., 2002b).

HCN is also observed in the infrared through its v; band
at 3.0 um (Brooke et al., 1996; Magee-Sauer et al., 1999;
Mumma et al., 2001b). The spectrum of Comet Lee in
Fig. 9c shows many ro-vibrational lines of HCN. For some
comets, there is a factor of two discrepancy between infra-
red and radio determinations of the HCN abundance rela-
tive to H,O (Table 1).

HNC, an isomeric form of HCN that is unstable in usual
laboratory conditions, was first detected from its J(4-3) line
at 363 GHz in Comet Hyakutake (Irvine et al., 1996). It was
then observed in Hale-Bopp by several groups (Irvine et
al., 1998; Biver et al., 2002a; Hirota et al., 1999) and in
several other comets (Biver et al., 2002b; Irvine et al.,
2003). The origin of HNC is subject to debate. For Comet
Hale-Bopp, an increase of the HNC/HCN ratio (from 0.03 to
0.15) was observed when the comet approached the Sun and
became more active; this was interpreted as a clue to chemi-
cal conversion of HCN to HNC in the coma, which becomes
more efficient in a denser coma (Irvine et al., 1998). How-
ever, high HNC/HCN ratios were also observed in Comets
Hyakutake, C/1999 H1 (Lee), and C/2001 A2 (LINEAR),
which were only moderately productive (Table 1). The
HNC/HCN ratio seems to be rather inversely correlated with
1 (Biver et al., 2002b; Irvine et al., 2003), which would favor
a production due to thermo-desorption from heated grains.

5.6.4. Methyl cyanide (HC;N) and cyanoacetylene
(CH;CN). Two other nitriles are observed in comets.
CH;CN was first detected in Comet Hyakutake with the
IRAM interferometer in single-dish mode through a series
of rotational lines at 92 GHz (Dutrey et al., 1996). HC;N
was first detected in Comet Hale-Bopp through several rota-
tional lines (Lis et al., 1999; Bockelée-Morvan et al., 2000
(see Fig. 2). These two molecules are 10 times less abun-
dant than HCN (Table 1).

5.6.5. Isocyanic acid (HNCO). A single radio line of
HNCO was observed at the Caltech Submillimeter Observa-
tory (CSO) in Comet Hyakutake (Lis et al., 1997). Confir-
mation was obtained by detection of several rotational lines
in Comet Hale-Bopp (Fig. 8) (Lis et al., 1999; Bockelée-
Morvan et al., 2000). It was also observed in 153P/2002 C1

(Ikeya-Zhang) (N. Biver et al., personal communication,
2002). Its abundance relative to H,O is in the range 0.04—
0.1%.

5.6.6. Formamide (NH,CHO). NH,CHO was detected
by several radio lines in Comet Hale-Bopp at CSO and
IRAM and the inferred abundance is 0.015% (Fig. 8) (Lis
et al., 1999; Bockelée-Morvan et al., 2000).

5.7. Noble Gases

The noble gases (He, Ne, Ar, Kr, and Xe, in order of
increasing atomic mass and decreasing volatility) are both
chemically inert and highly volatile. Thus, their abundances
in cometary nuclei are especially diagnostic of the comet’s
thermal history. However, remote observations of the noble
gases are difficult because their resonance transitions lie in
the far-UV spectral region (A < 1200 A), which is acces-
sible only from space and is outside the wavelength range
covered by the HST and the Chandra X-ray observatory.
Searches for several noble gases (He, Ne, and Ar) have been
attempted by sounding rockets (Green et al., 1991; Stern et
al., 1992, 2000), the Hopkins Ultraviolet Telescope (Feld-
man et al., 1991), the Extreme Ultraviolet Explorer (EUVE)
(Krasnopolsky et al., 1997), the Solar and Heliospheric
Observatory (SOHO) (Raymond et al., 2002), and FUSE
(Weaver et al., 2002a), but there has not yet been a convinc-
ing detection of any noble gas sublimating from a cometary
nucleus.

5.7.1. Helium. Helium is the lightest and most vola-
tile of the noble gases, and significant amounts could be
frozen in cometary nuclei only if the equilibrium tempera-
ture never rose above a few kelvins. For this reason, the
detection of emission in the He resonance line at 584 A dur-
ing EUVE observations of Comet Hale-Bopp was not in-
terpreted in terms of the production of He atoms sublimat-
ing from the nucleus (Krasnopolsky et al., 1997). Rather,
the emission could be fully explained by invoking charge
exchange between He 11 solar wind ions and cometary neu-
tral species, which produces He in an excited state that can
then relax radiatively [i.e., the same excitation mechanism
responsible for cometary X-rays; see Lisse et al. (2004)].
Thus, observations of He emission from comets do not shed
any light on the thermal history of cometary nuclei, but they
can be used as probes of the solar wind conditions and of the
interaction between cometary neutrals and the solar wind.

5.7.2. Neon. Neon is also highly volatile, with a subli-
mation temperature of ~10 K under solar nebula conditions.
Fortuitously, the Ne resonance line at 630 A overlaps the
strong solar O Vv line, which boosts the Ne g-factor upward
by a factor of ~100 relative to what it would be if only the
solar continuum was available for the excitation. A sensitive
search for this Ne line in Comet Hale-Bopp with EUVE re-
sulted in an upper limit on the [Ne/O] abundance that was
depleted by a factor of ~25 relative to the solar value in the
ice phase, and by a factor of ~200 in total (gas + dust) (Kras-
nopolsky et al., 1997). An even more sensitive upper limit
was obtained for Comet Hyakutake; [Ne/O] was depleted by



a factor of 700 in ice and by more than 2600 in total rela-
tive to the solar value (Krasnopolsky and Mumma, 2001).

5.7.3. Argon. There was a claimed detection of the
two principal resonance lines of Ar at A = 1048.22 and
1066.66 A during a sounding rocket observation of Comet
Hale-Bopp in 1997 (Stern et al., 2000). The deduced [A1/
O] ratio was rather high, 1.8 + 0.96 times the solar value
of [A1/O]g = (46 = 8) x 104, but the CO abundance was
also high (=12%) (DiSanti et al., 2001), indicating that
Comet Hale-Bopp retained highly volatile material. Recent
high-spectral-resolution observations of comets with FUSE
(Weaver et al., 2002a) demonstrate that there are other lines
that can be confused with Ar emission in low-resolution
spectra like those of Stern et al. (2000), which makes the
Ar detection in Comet Hale-Bopp questionable.

Sensitive searches for Ar have been made with FUSE
in two long-period comets, C/2000 WM, (LINEAR) and C/
2001 A2 (LINEAR) (Weaver et al., 2002a). Argon was not
detected in either comet, and the [Ar/O] abundance was
depleted by at least a factor of 10 (56 result) relative to the
solar value. These large Ar depletions may not be surpris-
ing because the abundance of CO, which has comparable
volatility to Ar, was also very low in these comets (below
1%). The upper limit on [Ar/O] for the only CO-rich comet
observed by FUSE so far, C/1999 T1 (McNaught-Hartley)
with [CO/H,0] = 13%, was not very constraining, no larger
than the solar abundance at the 56 level.

Given the string of null results discussed above, infor-
mation on the noble gas content in cometary nuclei may
not be obtained until a mass spectrometer makes sensitive
in situ measurements.

5.8. Other Molecules and Upper Limits

Polycyclic aromatic hydrocarbons (PAHs) are thought to
be an important constituent of interstellar matter, respon-
sible for the ubiquitous emission bands near 3.28, 7.6, and
11.9 um (C-H stretching, C—C stretching, and C-H bend-
ing modes respectively). Are PAHs also present in comets?
An emission band near 3.28 um has been observed in some
comets (e.g., Davies et al., 1991; Bockelée-Morvan et al.,
1995) (see Fig. 6) and tentatively attributed to PAHs in the
gas phase, although other species, such as CH, and OH
prompt emission are also contributing at this wavelength.
This PAH band was not observed in Comet Hale-Bopp,
either from the ground or with ISO, but the ISO spectra
were obtained at relatively large heliocentric distances (r >
2.7 AU) where the PAHs may not be emitting efficiently.
Moreels et al. (1993) claimed to detect phenanthrene (C,,H,)
in the near-UV spectrum of 1P/Halley measured by the
three-channel spectrometer on Vega, but this result has not
been confirmed by any other observation. Perhaps the best
suggestion for cometary PAHs comes from the identifi-
cation of napthalene, phenanthrene, and other PAHs in laser
ablation studies of dust collected in the terrestrial strato-
sphere that is thought to be of cometary origin (Clemett et
al., 1993). In summary, the presence and precise composi-

Bockelée-Morvan et al.: The Composition of Cometary Volatiles 409

tion of PAHs in cometary nuclei remain open issues requir-
ing further investigation. Some problems that still need to
be addressed more rigorously include the excitation mecha-
nism for PAHs, which is thought to be dominated by elec-
tronic pumping in the UV followed by intermode conver-
sion to excitation of the numerous PAH vibrational modes;
how PAHs are released from cometary refractories to the gas
phase; and the lifetime of PAHSs in cometary comae (Joblin
et al., 1997).

In addition to the detected molecules discussed above
and listed in Table 1, upper limits have been set for many
other species from dedicated or serendipitous searches at
radio and IR wavelengths. A selection of upper limits ob-
tained from radio observations of Comet Hale-Bopp (Cro-
visier et al., 2004a) is listed in Table 2.

Numerous unidentified features have been detected in
cometary spectra. This indicates that new cometary species
are still to be identified, pending further theoretical spec-
troscopic investigations and laboratory measurements. Uni-
dentified lines observed in the visible and UV domains are
presumably due to atoms, radicals, or ions (cf. Feldman et
al., 2004). Likely, many of these unidentified lines are due
to already known cometary species (e.g., C,, NH,, ...).

In the IR, several unidentified bands have been noted for
a long time. This is the case for the 2.44-um band (Johnson
et al., 1983) and for the 3.3-3.5-um broad band, which can
be only partly attributed to C,Hg and CH;OH (see discus-
sion in section 5.3.1). We have strong indications that the
3.4-3.5-pym excess emission shown in Fig. 6 mainly arises
from gas-phase fluorescence and not from refractory organ-
ics (Bockelée-Morvan et al., 1995). Recently, many uniden-
tified lines have been detected in IRTF/CSHELL and Keck/
NIRSPEC high-resolution spectra (e.g., Magee-Sauer et al.,
1999; Mumma et al., 2001b). Some of these latter lines could
be due to CH;0H, whose IR spectrum is still poorly under-
stood. Considering that the IR spectra of simple, stable mol-
ecules are well known, we could conclude that the unidenti-
fied lines are probably due to radicals or to more complex
molecules. A few unidentified lines have also been noted
in the radio domain, but they were observed with limited
signal-to-noise ratio.

6. HELIOCENTRIC EVOLUTION
OF PRODUCTION RATES

Extensive studies of the evolution of the outgassing of
many comets as a function of heliocentric distance are avail-
able from the observation of daughter species [e.g., Schlei-
cher et al. (1998) for 1P/Halley, Rauer et al. (2003) for
Hale-Bopp]. Spectroscopic observations of parent mole-
cules, however, were generally conducted during the most
active phase of the comets (i.e., near perihelion), when the
signals received from Earth are expected to be the stron-
gest. Monitoring along comet orbit was only possible for a
few bright comets, such as Comet Halley [HCN at r = 0.6—
1.8 AU (Schloerb et al., 1987)], Hyakutake [HCN, CH,OH,
CO, H,CO, H,S at r = 0.24-1.9 AU (Biver et al., 1999a)],
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and C/1999 H1 (Lee) [H,0, HCN, CH;0H, H,CO at r <
1.7 AU (Biver et al., 2000; Chiu et al., 2001)]. The early
discovery at r = 7 AU of Comet Hale-Bopp and its excep-
tional intrinsic activity [Q(H,0) = 103! molecules s-1 at
perihelion] provided the first opportunity to follow the evo-
lution of the production rates of a number of molecules over
a much larger heliocentric range. Figure 7 shows the result
of a monitoring performed at radio wavelengths (Biver et
al., 2002a) during which many molecules were detected up
tor=4-5 AU, and up to 14 AU in the case of CO. Long-
slit spectroscopy in the infrared covered the 0.9-4.1-AU
range for CO, the 0.9-4-AU range for C,Hg, and the 0.9-
1.5-AU range for H,O (DiSanti et al., 2001; Dello Russo
et al., 2000, 2001).

Gas production curves are almost the only observational
tools we have to obtain informations regarding the nature
and physical state of cometary ices, and their thermal prop-
erties and sublimation mechanisms. A review of the various
processes involved in cometary activity, and of the math-
ematical models developed so far, is presented by Prialnik
et al. (2004). Gas production curves also complement use-
fully visual light curves for the study of seasonal effects,
dust mantling, etc. (see Meech and Svoren, 2004). A funda-
mental question that arises and can be addressed observa-
tionally from gas production curves is to which extent pro-
duction rate ratios reflect the bulk composition inside the
nucleus. Both numerical simulations and laboratory experi-
ments show that the link is not simple, at least for the most
volatile species.

The monitoring performed in Comet Hale-Bopp showed
that the coma composition changed with heliocentric dis-
tance. CO was the main escaping gas at large r (Fig. 7). The
H,O production rate surpassed that of CO for r < 3 AU.
Capria et al. (2000) showed that the heliocentric behavior
of CO production (roughly in r-2 from r = 0.9 to 14 AU)
can be explained if CO is present in the nucleus both as
pure ice and as trapped gas in amorphous H,O ice that
would be immediately below the surface. This trapped gas
is released during the amorphous to crystalline phase tran-
sition. In contrast, models considering only the sublimation
of pure CO ice fail in reproducing the observed heliocen-
tric dependence.

As seen in Fig. 7, distinct trends are observed among the
various molecules. As already discussed, the steep produc-
tion curves of HNC and H,CO are likely related to an ex-
tended production in the coma (see sections 5.3.2 and
5.6.3). Steep production curves when compared to, e.g.,
HCN are also observed for CS and OCS (Woodney, 2000;
Biver et al., 2002a). A pre-/postperihelion asymmetry is also
apparent for all molecules.

7. SPATIAL DISTRIBUTION OF PARENT
MOLECULES AND EXTENDED SOURCES

The study of the spatial distribution of parent molecules
provides clues on the distribution of the outgassing at the
surface of the nucleus and on gas dynamics processes oc-

curring in the coma (see Crifo et al., 2004). However, data
acquired so far provide limited information due to the lack
of spatial coverage and resolution. Radio and long-slit IR
spectra provide numerous examples of anisotropic distri-
butions with day/night asymmetries, which will not be dis-
cussed here. Rather, we will focus on studies of the radial
distribution of molecular species in the coma. Some spe-
cies can be released directly from the nucleus, and also can
be produced in the coma from other precursors. The former
source is said to be direct (or native), while the latter is said
to be extended (or distributed). The native and extended
sources exhibit different radial distributions, and can be
recognized in this way.

7.1. Radial Distribution from In Situ Measurements

The discovery of extended sources of molecules in the
coma was one of the highlights of the space investigation
of 1P/Halley. The best examples were for CO (Eberhardt
et al., 1987) and H,CO (Meier et al., 1993). Their densi-
ties measured by NMS along the path of the Giotto space-
craft do not match those expected for a parent molecule.
Only one-third (~3.5% relative to H,O) of the total CO was
released directly from the nucleus, the remainder (~7.5%)
being produced from an extended source in the coma (Eber-
hardt et al., 1987; Eberhardt, 1999). H,CO in Comet Halley
was produced mainly, and perhaps totally, from an extended
source (Meier et al., 1993). The region containing the ex-
tended sources extended to ~104 km from the nucleus.
Meier et al. (1993) estimated the scalelength of the parent
source of H,CO to be 1.2 times the photodissociative scale-
length of H,CO that corresponds to ~5000 km. According
to Eberhardt (1999), there is also indication of a second
extended source of H,CO with a much longer scalelength.
These discoveries sparked keen interest in identifying the
nature of the extended sources.

Proposed sources for extended H,CO focus on the de-
composition of (native) polymerized H,CO (Meier et al.,
1993), possibly polyoxymethylene (POM) (Mitchell et al.,
1987, 1989; Huebner, 1987). Recent laboratory work dem-
onstrates that adequate monomeric H,CO can be produced
by thermal decomposition of POM, if cometary grains are
4% POM by mass in Comet Halley (Cottin et al., 2004).

Photolysis of monomeric H,CO was suggested as a sig-
nificant source for extended CO in 1P/Halley. According
to Meier et al. (1993), the photodissociation of H,CO pro-
vides about two-thirds of the extended CO source. Accord-
ing to Eberhardt (1999), H,CO could even fully account
for the extended CO source after a reanalysis of the data.
In contrast, in Comet Hale-Bopp, H,CO was found to be
only a minor contributor to extended CO as its production
rate was much below that of CO extended production (sec-
tion 7.2.1). Carbon suboxide (C;0,) was suggested as a
source of CO (Huntress et al., 1991), but the upper limit
derived from Vega IKS spectra (C;0, < 0.1%) (Crovisier
et al., 1991b) was well below the minimum value (7.5%)
required to produce the amount of extended CO inferred
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Fig. 10. Observations of Comet Hale-Bopp with IRTF/CSHELL. (a) Image of thermal continuum at 3.5 um (A/OA = 70). The east-
west slit is indicated. (b) Spatial profiles of CO, H,O, and dust along the slit. (¢) Rotational temperatures for CO along the slit.
(d) Symmetric Q-curves showing the rise to terminal values. From DiSanti et al. (2001).

from the Giotto observations. An alternative view, that
Giotto flew through a jet enriched in CO, was proposed by
Greenberg and Li (1998) to interpret the NMS observations.

7.2. Radial Distribution from
Long-Slit Spectroscopy

7.2.1. Infrared results. 'When a molecule is released
directly from the nucleus, its column density is expected
to vary, in first approximation (i.e., Haser model and p «
v1), as p~L, where p is the distance between the line of sight
and the nucleus (i.e., the impact parameter). If an extended
source is also present, the variation of column density with
r is much flatter. Under favorable circumstances, this dif-
ference can be used to extract the two sources separately.
In Comet Hale-Bopp, extended sources were identified for

OCS (Dello Russo et al., 1998) and CO (Weaver et al.,
1999b; DiSanti et al., 1999, 2001; Brooke et al., 2003),
although the ratio of native to extended source production
rates for CO remains controversial. In contrast, the column
density profiles for H,O (Weaver et al., 1999b; Dello Russo
et al., 2000; Brooke et al., 2003), C,H, (Weaver et al.,
1999b; Dello Russo et al., 2001; Brooke et al., 2003), CH,
(Weaver et al., 1999b; Brooke et al., 2003), and HCN
(Magee-Sauer et al., 1999) were consistent with release
solely from the nucleus.

The technique is illustrated for Comet Hale-Bopp in
Fig. 10 from DiSanti et al. (2001). An image of the thermal
continuum near 3.5 um (A/OA ~ 70) reveals dust enhance-
ments to the northeast and northwest (sunward) of the nu-
cleus (Fig. 10a). High-dispersion spectra were measured
with the slit positioned as shown. The intensity profiles
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measured along the slit show that CO is extended to the
east while H,O is symmetric about the nucleus and the dust
is extended to the west (Fig. 10b).

To extract the contribution of the native and extended
CO sources, DiSanti et al. (2001) developed the method of
Q-curves, as shown in Fig. 10d. The intensities measured
at symmetric positions along the slit are first averaged to
minimize the effects of outflow asymmetry. An apparent
production rate can be then derived from the intensity
measured at a specific location using equation (11) and the
formula that links the column density to the production rate
under the idealized assumption of spherical outflow at con-
stant velocity. The resulting Q-curve (Fig. 10d) rises from
the nucleocentric value to a terminal value that is taken to
represent the roral production rate for the species. The
nucleus-centered value is always too low, owing to slit
losses induced by seeing, drift, guiding error, and other
observing factors, but the terminal value is reached quickly
for molecules released directly from the nucleus (e.g., H,0,
C,Hg, CH,, dust). Molecules having an extended source rise
more slowly to the terminal value (e.g., CO, OCS) (com-
pare Q-curves for CO, H,O, and dust; Fig. 10d).

It was estimated that ~70% of OCS was produced from
an extended source in Comet Hale-Bopp near perihelion
(Dello Russo et al., 1998). At large heliocentric distance
(4.1 AU < r <2 AU), the spatial profile of CO was consis-
tent with its release solely from the nucleus. However,
within 2 AU an extended source was activated, and it sup-
plied at least half the total CO released thereafter (0.9 AU <
r< 1.5 AU) (DiSanti et al., 2001); using a different ap-
proach involving explicit modeling of both parent and
daughter spatial distributions, Brooke et al. (2003) estimated
that ~90% of the observed CO was derived from the ex-
tended source at r = 1 AU, in apparent contradiction with
the conclusions of DiSanti et al. (2001). The abrupt onset
and constant fractional production of the extended source
thereafter suggest a thermal threshold for release from small
CHON grains, rather than photolysis of a precursor volatile.
Monomeric H,CO was at most a minor contributor to ex-
tended CO in Comet Hale-Bopp. Carbon dioxide is admit-
tedly a significant source of CO. However, it cannot explain
the extended CO source observed in the IR, which has a
scalelength much smaller than the CO, photodissociation
scalelength. In Comet Hyakutake, CO was abundant and it
was released almost entirely from the nucleus (DiSanti et
al., 2003).

7.2.2. Ultraviolet results. The advent of the long-slit
capability of the Space Telescope Imaging Spectrograph
(STIS) on HST now permits extremely high-spatial resolu-
tion studies of CO and S,. However, the small g-factors for
the CO emissions makes this approach feasible only for the
brightest comets. While the g-factors are much larger for S,,
its abundance is so low that poor signal-to-noise is a problem
in this case as well. Nevertheless, accurate spatial bright-
ness profiles for S, were recently obtained in 153P/2002 C1
(Ikeya-Zhang) and indicate that S, probably originates in the

Relative Dec. (arcsec)

Relative R.A. (arcsec)

Fig. 11. Mosaicked image of HCN J(1-0) main hyperfine com-
ponent (F = 2-1) obtained on April 6, 1997, for Comet Hale-Bopp
with the BIMA array. Contour interval: 0.23 K averaged over
3.5 km s~!. The angular resolution is 10". From Wright et al.
(1998).

nucleus but may have a lifetime that is significantly longer
than the theoretical value (Weaver et al., 2002b).

7.3. Millimeter Wave Mapping/Interferometry

Mapping of rotational emission lines was only attempted
in a few comets. Most investigations were performed in
Comets Hyakutake and Hale-Bopp, due to their exceptional
brightnesses. Focal plane arrays and on-the-fly mapping
(which consists in moving the telescope beam across the
source at a constant velocity) provided extended coverage
of the molecular emissions with single-dish telescopes, al-
though with limited spatial resolution (10" at most) [(e.g.,
Lovell (1999) using QUARRY at the Five College Radio
Astronomy Observatory (FCRAO)]. Large maps using con-
ventional techniques were also obtained (e.g. Hirota et al.
(1999) at the Nobeyama 45-m telescope; Biver et al. (1999a)
at JCMT). Interferometry techniques have been successfully
used for the first time, and provided angular resolutions up
to 2". Numerous observations were performed in Comet
Hale-Bopp with the IRAM Plateau de Bure interferometer,
the array of the Berkeley-Illinois-Maryland Association
(BIMA), and the Owens Valley Radio Observatory (OVRO).
Interferometric maps of rotational lines of CO, HCN (e.g.,
Fig. 11), H,S, CS, SO, H,CO, HNC, DCN, HDO, and
CH;0H were obtained (Blake et al., 1999; Veal et al., 2000;
Wink et al., 1999; Wright et al., 1998; Woodney et al., 2002).
In contrast to other spectral domains, additional information
on the spatial distribution along the line of sight can be
extracted from the radio maps by analyzing the line shapes.



Maps of Comet Hale-Bopp show the presence of gas-
eous jets. The images obtained by Blake et al. (1999) with
OVRO show HNC, DCN, and HDO emissions offset by a
few arcseconds with respect to the dust continuum emis-
sion, interpreted as due to jets enriched in these molecules.
No such offsets were observed for other species mapped
with millimeter interferometry. Veal et al. (2000) observed
structures in HCN J(1-0) maps obtained with BIMA, which
varied and disappeared on timescales ~2 h. These variations
may trace rotating HCN jets, as observed for CO. Indeed,
a sinusoidal temporal variation in the spectral shift of the
CO J(2-1) line was observed at IRAM/PdBi (Henry et al.,
2002; Henry, 2003). Both the period of this sinusoid, which
is consistent with the nucleus rotation period, and the time
modulation of the signals received by the antenna pairs,
suggest the existence of a CO spiraling jet. From the maps
of Comets Hyakutake and Hale-Bopp (Biver et al., 1999a;
Wink et al., 1999), H,CO clearly appears extended with a
parent scalelength consistent with that derived for 1P/Halley
from the in siftu measurements. Coarse radio mapping in
C/1989 X1 (Austin) gave similar results (Colom et al.,
1992). In contrast, the HCN and H,S maps of Comet Hale-
Bopp (Wink et al., 1999; Wright et al., 1998) are consistent
with parent molecule distributions. As discussed in sec-
tion 5.5.3, the interferometric observations of SO show that
this species does not follow a parent density distribution, and
suggest the photolysis of SO, as the main source of SO
(Wink et al., 1999).

Other observational clues for extended sources obtained
by radio observations concern distant comets. Gunnarsson
et al. (2002) mapped the CO J(2-1) line in Comet 29P/
Schwassmann-Wachmann 1 with the SEST telescope. They
concluded that there was a large (~70%) contribution of CO
coming from an extended source, likely sublimating icy
grains. No such imaging was performed in Comet Hale-
Bopp when far from the Sun. However, the CO line shapes
of Comet Hale-Bopp at large r resemble those of 29P/
Schwassmann-Wachmann 1, which led Gunnarsson et al.
(2003) to suggest that sublimating grains were also contrib-
uting to the CO production in Comet Hale-Bopp when at
r >4 AU. These line profiles are asymmetric, and character-
ized by a pronounced peak on the blue wing of the line, and
a redshifted part of lower intensity. This blue peak would
correspond to nuclear production toward the Sun, while the
redshifted component is the red part of a symmetric pro-
file due to the secondary source. Much more symmetric
radio lines were observed for CH;OH, H,CO, and OH at
r> 3.5 AU (Biver et al., 1997; Womack et al., 1997). These
results are consistent with a relative contribution of the icy
grains vs. nucleus outgassing being more important for
CH,;0H, H,CO, and H,O than for CO. This may be not sur-
prising given the lower volatilities of CH;OH, H,CO, and
H,0 ices compared to CO ice.

Snyder et al. (2001) used the maps of HCN J(1-0) and
CS J(2-1) obtained in Comet Hale-Bopp with the BIMA
array to measure the photodissociation rates of these mol-
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ecules. That of HCN was found consistent with theoretical
predictions, while a photodissociation rate 10 times larger
than the commonly accepted value is suggested for CS.

8. MOLECULAR ABUNDANCES AND
CHEMICAL DIVERSITY AMONG COMETS

According to current theories, comet formation in the
solar nebula extended over a wide range of heliocentric
distances for both Oort cloud comets [also called nearly
isotropic comets (Dones et al., 2004)] and Jupiter-family
comets [now recognized as a subclass of the ecliptic com-
ets (Duncan et al., 2004; Morbidelli and Brown, 2004)],
which suggests that comets could display diversity in their
chemical composition depending on the local temperature
and nebular composition where they formed. If there was
significant mixing of nebular material across large ranges
in heliocentric distance, even individual cometary nuclei
could exhibit chemical inhomogeneity.

Chemical diversity among comets is indeed observed for
both parent volatiles and daughter species. From a study of
radicals (OH, CN, C,, C;, NH) in 85 comets, A’Hearn et al.
(1995) proposed the existence of two classes of comets,
depending on their C,/CN ratio: “typical” comets and “C,-
depleted” comets. They found that about one-half the Ju-
piter-family comets (JFCs) were C,-depleted, but the frac-
tion of C-depleted nearly isotropic comets was much smaller.
The meaning of this depletion is clouded by two factors.
First, the relative production of C, and CN from several pos-
sible gas and dust precursors is not known. Second, the
present volatile composition of a JFC may not reflect its
original volatile composition. Jupiter-family comets typi-
cally have low-inclination, prograde orbits with periods less
than ~20 years, and they are subjected to much greater in-
solation than the nearly isotropic comets. Thus, some JFCs
may have experienced thermal fractionation while in their
present orbits.

Surveys of parent volatile abundances show strong evi-
dence for chemical diversity among comets (Fig. 12 and
Table 1). Among the Oort cloud comets (OCCs), the native
CO abundance varies by a factor of ~40 (0.4-17%) rela-
tive to H,O. The abundance of extended CO varies by a
similar amount, but the two sources are not correlated. The
comet-to-comet differences in native CO are presumably
attributable to intrinsic variation in the amount of CO ice
frozen into cometary nuclei. The CO, abundance varied by
a factor of five (2.5-12%) among five comets (Feldman et
al., 1997), although this conclusion rests on the assump-
tion that the observed CO Cameron band emission was due
solely to the photodissociation of CO,. Infrared investiga-
tions of CO, in three comets indicate CO,/H,O variations
by at least a factor of 2.

Infrared observations of hydrocarbons in a handful of
comets (Mumma et al., 2003; Gibb et al., 2003) show that
the CH, abundance varies by a factor of ~10 (0.14-1.4%),
apparently without correlation with CO. Thus, one cannot
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Fig. 12. Abundances relative to water in comets. The range of
measured values is shown in the gray portions. The number of
comets for which data are available is given in the right. For CO,
abundances refer to total CO (native and distributed sources).

define a “typical” abundance for either CO or CH,. The
C,H, abundance shows less diversity, with six OCCs show-
ing ~0.4-0.7% and only C/1999 S4 (LINEAR) differing
greatly. In the same group of comets, the C,H, abundance
was typically 0.2-0.3%, but it was significantly lower in
C/1999 S4. The CH;OH abundance is ~2% in 14 comets
(including all four JFCs sampled) observed in the infrared,
but three OCCs had much lower abundances [C/1990 K1
(Levy), C/1996 Q1 (Tabur), and C/1999 S4] and two had
much higher abundances [C/1989 X1 (Austin), 109P/Swift-
Tuttle].

From radio observations of about 25 comets (including
6 JFCs), Biver et al. (2002b) studied the production rates
of HCN, HNC, CH,CN, CH;0H, H,CO, CO, CS, and H,S
relative to H,O. Hydrogen cyanide is the best-studied mol-
ecule. In contrast to other species, the distribution of the
HCN/H,O ratios is strongly peaked, with most comets
around 0.1%. Observed in more than 10 comets, CH;O0H,
H,CO, and H,S show large variations. The distribution of
CH;0H/H,O ratios follows that measured from infrared
spectra. The H,CO/H,O abundance ranges from 0.4% to
1.3% in 12 comets, but is significantly lower (<0.15%) in
21P/Giacobini-Zinner. H,S/H,0 varies from 0.4% to 1.5%
in 10 comets, but is only 0.12% in C/2000 WM, (LINEAR).

The comets that are abundant in CH,;OH are also abundant
in H,CO. No clear correlation is found between the rela-
tive abundances and the dynamical origin of the comets,
or their dust-to-gas ratios.

From UV observations of the CS radical by IUE and
HST of 19 comets (Meier and A’Hearn, 1997), the CS,
abundance varies from 0.04% to 0.3%.

Perhaps one should not be surprised to find significant
chemical diversity among even a small sample of nearly
isotropic comets because, as stated earlier, the comets from
the Oort cloud were probably formed over a large range of
heliocentric distances. The most recent dynamical models
suggest that comets now in the Oort cloud were contrib-
uted in roughly equal numbers by each giant planet and the
Kuiper belt (Dones et al., 2004). The chemical diversity
found to date suggests that comets from various regions of
the protoplanetary disk are present in today’s Oort cloud
and can provide a window on this crucial period in solar
system development. However, many more comets must be
sampled and additional parent molecules measured to estab-
lish overall taxonomic classes of comets from their chem-
istry and related parameters.

9. ISOTOPIC COMPOSITION

Isotopic ratios are an important diagnostic of the physi-
cal conditions that prevailed during the formation of com-
etary volatiles, as well as isotopic exchange and mixing
processes that may have occurred in the solar nebula be-
fore their incorporation into comets. Since most detections
of parent molecules postdate 1985, it is not surprising that
the detection of their isotopomers is rare. We summarize
most of the measurements in Table 3.

The first measurements of the D/H ratio in H,O were
obtained in Comet Halley from mass-resolved ion-spectra
of H;0* acquired by the IMS (Balsiger et al., 1995) and
NMS (Eberhardt et al., 1995) instruments onboard Giotto.
These independent data provided precise D/H values, which
combined give a D/H value of ~3 x 10-4. Thanks to the
availability of sensitive groundbased instrumentation in the
submillimeter domain, HDO was detected in Comets Hya-
kutake (Fig. 13) and Hale-Bopp from its 1,,—0,, line at
464.925 GHz (Bockelée-Morvan et al., 1998; Meier et al.,
1998a). The derived D/H values are in agreement with the
determinations in 1P/Halley. Blake et al. (1999) reported
the interferometric detection of the 2,,-2,, HDO transition
at 241.562 GHz in Comet Hale-Bopp and derived a D/H
value one magnitude larger in jets compared to the sur-
rounding coma. A serendipitous detection of the 3,,—2,,
HDO line at 225.897 GHz in Comet Hale-Bopp was also
reported by Crovisier et al. (2004a).

DCN was detected in Comet Hale-Bopp with the JCMT
from its J(5—4) rotational transition at 362.046 GHz (Meier
et al., 1998b). The inferred D/H value in HCN is 2.3 x 10-3,
i.e., seven times larger than the value in H,O. The same
value is reported by Crovisier et al. (2004a) from a mar-
ginal detection of the J(3—2) DCN line at the IRAM 30-m
telescope. Interferometric observations of this J(3-2) DCN
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TABLE 3. Isotopic ratios in comets.
Ratio Molecule Comet Value Method* Reference
D/H H,0 Halley (3.08%338) x 104 m.s.t Bualsiger et al. (1995)
Halley (3.06 £ 0.34) x 104 m.s.t Eberhardt et al. (1995)
Hyakutake (29 = 1.0) x 104 r.S. Bockelée-Morvan et al. (1998)
Hale-Bopp (3.3 £0.8)x 104 LS. Meier et al. (1998a)
HCN Hale-Bopp 23 +04)x103 r.s. Meier et al. (1998b)
H,CO Halley <2x10-2 m.s.} Balsiger et al. (1995)
Hale-Bopp <5x%x10-2 r.S. Crovisier et al. (2004a)
CH,OH Halley <~1x10-2 m.s.$ Eberhardt et al. (1994)
Hale-Bopp <3x 102 r.sd Crovisier et al. (2004a)
Hale-Bopp <8 x10-3 .8.%% Crovisier et al. (2004a)
NH, Hyakutake <6 x10-2 v.s.ft Meier et al. (1998c¢)
Hale-Bopp <4 x10-2 r.s. Crovisier et al. (2004a)
CH, 153P/2002 C1 <l x10-! is. Kawakita et al. (2003)
H,S Hale-Bopp <2x 101 r.s. Crovisier et al. (2004a)
CH Hyakutake <3x10-2 V.S. Meier et al. (1998c)
12C/13C C, four comets$$ 93+10 V.S. Wyckoff et al. (2000)
CN Halley 95+ 12 V.S. Kileine et al. (1995)
CN five comets 90+ 10 V.S. Wyckoff et al. (2000)
CN Hale-Bopp 165 +40 r.S. Arpigny et al. (2003)
CN C/2000 WM, 11520 L.S. Arpigny et al. (2003)
HCN Hyakutake 34 &+ ]2%%* r.S. Lis et al. (1997)
HCN Hale-Bopp 11112 r.s. Jewitt et al. (1997)
HCN Hale-Bopp 109 £ 22 r.s. Ziurys et al. (1999)
HCN Hale-Bopp 9015 r.s. Lis et al. (1999)
14N/I5N CN Hale-Bopp 140 £ 35 V.S. Arpigny et al. (2003)
CN C/2000 WM, 140 +30 V.S. Arpigny et al. (2003)
HCN Hale-Bopp 323 +46 r.S. Jewitt et al. (1997)
HCN Hale-Bopp 33098 r.s. Ziurys et al. (1999)
160/180 H,O Halley 518 £45 m.s. Balsiger et al. (1995)
H,O0 Halley 470 +40 m.s. Eberhardt et al. (1995)
H,O 153P/2002 C1 450 £50 I.S. Lecacheux et al. (2003)
3287348 S+ Halley 23+6 m.s. Altwegg (1996)
CS Hale-Bopp 27+3 r.s. Jewitt et al. (1997)
H,S Hale-Bopp 17+4 r.s. Crovisier et al. (2004a)

* m.s.: mass spectrometry; r.s.: radio spectroscopy; v.s.: visible spectroscopy; i.s.: infrared spectroscopy.

T From H;0+
¥ From HDCO*.
§ CH,DOH and CH;0D averaged.
1 For CH,;0D.
** For CH,DOH.
t From NH.
# From NH,D.

§$% Mean ratio in C, from observations in C/1963 Al (Ikeya), C/1969 T1 (Tago-Sato-Kosaka), C/1973 E1 (Kohoutek), and C/1975 N1

(Kobayashi-Berger-Milon).

11 Mean ratio in CN from five comets: 1P/Halley, C/1990 K1 (Levy), C/1989 X1 (Austin), C/1989 Q1 (Okazaki-Levy-Rudenko), and

C/1995 O1 (Hale-Bopp).
“**Ratio possibly affected by line blending.

line lead to DCN/HCN values in jets, which are again signi-
ficantly larger than the single-dish value (Blake et al., 1999).
We note that these differences in isotopic abundance ratios
for different regions of the coma (e.g., in and out of jets)
must be confirmed by higher-quality interferometric obser-
vations before too much effort is expended interpreting
these differences.

Finally, upper limits for several other D-bearing mol-
ecules were obtained, mainly by millimeter spectroscopy

or visible spectroscopy of daughter species (Table 3). Most
of these upper limits exceed a few percent and may be not
easily improved from further groundbased observations
unless a comet as bright as Comet Hale-Bopp is coming.

The measurements of isotopes other than D in cometary
volatiles are limited. In Comet Hale-Bopp, rotational tran-
sitions of HCISN, HI3CN, and C34S were detected, leading
to isotopic ratios that are compatible with the terrestrial
values 12C/13C = 89, 14N/I5N = 270, and 325/34S = 24 (Jewirt
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Fig. 13. The 1,,—0,, line of HDO at 465 GHz observed in Comet
C/1996 B2 (Hyakutake) with the CSO (Bockelée-Morvan et al.,
1998).

et al., 1997; Ziurys et al., 1999). From a tentative detection
of H,34S, Crovisier et al. (2004a) deduced a 32S/34S ratio
30% lower than the terrestrial value. In Comet Hyakutake,
Lis et al. (1997) inferred a 12C/13C ratio in HCN three times
lower than the terrestrial value. However, the J(3-2) HI3CN
line used for this measurement is partly blended with a SO,
line, so this result is uncertain. Regarding the 180/100 ra-
tio, which has only been measured in H,O, in situ measure-
ments in 1P/Halley are consistent with the terrestrial value
of 500 (Table 3). HI30 has been detected through its fun-
damental ortho line at 547.7 GHz in Comet 153P/2002 C1
(Ikeya-Zhang) by Lecacheux et al. (2003), and the derived
HI3O/HI®O ratio is consistent with that obtained by mass
spectrometry in 1P/Halley.

Lines of 13CN [mainly in the B2X+-X2X+ v(0-0) system]
and 13C!12C (Swan bands) were identified in visible spectra
of several comets. All measurements give a C-isotopic ra-
tio in the CN and C, radicals consistent with the terrestrial
value [Table 3; see data for individual comets in Wyckoff et
al. (2000)]. These isotopic ratios may not fully reflect the
values in HCN and C,H,, as other sources of CN and C,
radicals are suspected to be present in the coma. Arpigny
et al. (2003) report anomalous C4N/CISN ratios (~140) in
Comets Hale-Bopp and C/2000 WM, (LINEAR). This is
much less than the ratio HC*N/HC!5N = 270 observed in
Comet Hale-Bopp, pointing to an additional, still unidenti-
fied, source of CN.

10. ORTHO-TO-PARA RATIOS

Molecules with H atoms at symmetrical positions may
exist in different nuclear-spin species according to the sum
I of the spins of their H atoms. These spin species are called
ortho (I=1) and para (I = 0) for molecules with two H
atoms (e.g., H,, H,0, H,S, H,CO, ... ); A and E for mol-

ecules with three H atoms (e.g., NH; or CH;0H); A, E, and
F for molecules with four H atoms (e.g., CH,); and so forth.
Conversions among different species in the gas phase by
radiative transitions or by collisions are strictly forbidden.
Conversions are presumably very slow in the solid phase
as well, although various proton-exchange mechanisms do
exist in that case.

The ortho-to-para population ratio (OPR) can be evalu-
ated from the rotational distribution of the molecules. When
there is equilibrium at a temperature T

E
QL+ 1) Z (27 + 1)exp(—ﬁj

o levels

E
QL +1) Z 27 + l)exp[—ﬁ)

p levels

OPR = (16)

where o and p refer to the ortho and para rotational levels.
J and E are the rotational quantum number and energy of
the levels respectively. For high temperatures, the popula-
tions tend to equilibrate to their statistical weights, 21 + 1.
Thus, the high-temperature OPR limit is 3 for H,O, 1 for
NH;, ... (see discussions by Crovisier, 1984; Mumma et
al., 1993).

From observations of the v; band of H,O with the KAO,
Mumma et al. (1993) reported an OPR of 2.5 + 0.1 for 1P/
Halley (T, = 29 K) and 3.2 + 0.2 for C/1986 P1 (Wilson)
(Tspin > 50 K). From observations with ISO (Fig. 3), the
OPR was 2.45 + 0.10 for Comet Hale-Bopp and 2.76 + 0.08
for 103P/Hartley 2 (Crovisier et al., 1997, 1999b), corre-
sponding to T;, =28 + 2 K and 36 + 3 K, respectively.

Kawakita et al. (2001, 2002) measured the OPR of the
NH, radical in Comets C/1999 S4 (LINEAR) and C/2001
A2 (LINEAR). Following symmetry conservation laws,
decay products maintain the spin distribution of the origi-
nal molecules during photolysis, so that the OPR of NH,4
may be traced from that of NH,. Kawakita et al. derived
an OPR for NH; of 1.17 + 0.04 and 1.12 + 0.03, respec-
tively, for the two LINEAR comets, corresponding to a spin
temperature of ~30 K.

Several other cometary molecules (H,CO, CH;0H, hy-
drocarbons, ... ) are likely to have OPR effects that are
worthy of investigation. The spin species of methane were
found to be consistent with Ty;, > 40-50 K (Weaver et al.,
1997; Gibb et al., 2003). Formaldehyde was also investi-
gated from its radio rotational lines, but no reliable OPR
could be derived because only a few lines could be probed.

The cold spin temperatures retrieved for cometary H,O
and NH; presumably have a meaning related to the history
of these species in the nucleus or even before, i.e., con-
nected with their formation:

1. Reequilibration in the nucleus. We would then ex-
pect different spin temperatures for different comets, de-
pending on their present orbit and dynamical history, which
does not seem to be the case. 30 K corresponds to the equi-
librium temperature at r ~ 100 AU, under present solar sys-
tem conditions.



2. Water formation. The cold spin temperature would
rule out a gas phase formation, since reactions leading to
H,0 are exothermal and would form H,O at a high tem-
perature. Rather, the low OPR values suggest formation on
grains, where H,0 would reequilibrate at the grain tempera-
ture (Tielens and Allamandola, 1987). The ortho-to-para
conversion of H, on interstellar grains is very fast — on the
order of 60 s. Thus, low OPR values are consistent with
cometary H,O originating in the interstellar medium.

3. Fractionation of spin species. It is also possible that
one of the spin species is favored by condensation or ab-
sorption on interstellar or cometary grains, as is indeed
observed in laboratory experiments such as condensation
of D,O on a cold matrix or selective absorption of H,O on
charcoal (Tikhonov and Volkov, 2002).

11. PERSPECTIVES

The situation regarding the detection and abundance
determinations of cometary parent molecules has drastically
changed since the publication of Comets (Wilkening, 1982).
At that time, CO was the only parent molecule that had been
directly identified. Generally, one had to rely on deducing
the identity of the parents from observations of their daugh-
ter products. A half dozen species were proposed in these
pioneering times, including H,0, CO,, CH,, NH;, all of
which have been confirmed by recent observations.

We now have firm, direct identifications of two dozen
parent molecules. It is very probable that the most abun-
dant ones (say, at the level of ~1% relative to H,O) are now
known, including those already suggested 20 years ago.
Many more molecules have emerged, some of them being
only trace species (less than ~0.1%): other hydrocarbons,
several nitriles and “CHO” species, and S-containing mol-
ecules.

Presumably, many additional molecules remain undetec-
ted in comets. The presence of unidentified lines (or blends
of lines) strongly suggests that we are on the verge of im-
portant new discoveries. More molecules have been de-
tected in the interstellar medium and even more in meteorites
(e.g., Botta and Bada, 2002), with abundances generally
decreasing with increasing complexity. No limit has yet been
reached in the complexity of molecules found in these envi-
ronments, and the same could be true for cometary material.

Future progress by remote sensing spectroscopy requires
continual improvements in sensitivity, as is being provided
now by new-generation instruments such as Keck/NIRSPEC,
the Subaru telescope, and the Very Large Telescope, or
planned intruments such as the Atacama Large Millimeter
Array. Apparitions of new, bright comets are always highly
anticipated, as they provide excellent opportunities to pro-
vide deeper searches than previously obtained. Short-period
comets (and more specifically, Jupiter-family comets) are
fainter objects, and therefore more difficult to study. Nev-
ertheless, improvements in technology will hopefully allow
investigations of parent molecules in a large fraction of the
short-period comets. Laboratory work on molecular spec-
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troscopy and the compilation of comprehensive spectro-
scopic databases are also needed for further progress.

An alternative approach is in situ analysis by space ex-
ploration, as will be performed by the Rosetta mission.
Mass spectroscopy and gas chromatography could be much
more sensitive than remote sensing.

Perhaps the ultimate answers regarding cometary com-
position will only be revealed by the analysis, at leisure on
Earth, of returned samples of cometary ices. Unfortunately,
there is not yet any approved space mission with this as its
goal, but we can hope for such a mission in the not too
distant future.

The cost and difficulty of encounter missions with com-
ets will limit, probably for a long time, in situ investiga-
tions to a very small number of objects chosen among the
short-period comets. Ground- and Earth-orbit-based obser-
vations will still be needed for the systematic investigation
of a large sample of objects, in order to study their diver-
sity. Only then will we truly be able to address the role that
comets played in the formation and evolution of the solar
system and their relation to the interstellar medium.
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