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Abstract. We present a comparative study on molecular abundances in comets based on milli-
metre/submillimetre observations made with the IRAM 30-m, JCMT, CSO and SEST telescopes.
This study concerns a sample of 24 comets (6 Jupiter-family, 3 Halley-family, 15 long-period) ob-
served from 1986 to 2001 and 8 molecular species (HCN, HNC, CH3CN, CH30H, H,CO, CO, CS,
H,S). HCN was detected in all comets, while at least 2 molecules were detected in 19 comets.

From the sub-sample of comets for which contemporary H,O production rates are available, we
infer that the HCN abundance relative to water varies from 0.08% to 0.25%. With respect to other
species, HCN is the molecule which exhibits the lowest abundance variation from comet to comet.
Therefore, production rates relative to that of HCN can be used for a comparative study of molecular
abundances in the 19 comets. It is found that: CH3OH/HCN varies from < 9 to 64; CO/HCN varies
from < 24 to 180; HyCO/HCN varies between 1.6 and 10; and HpS/HCN varies between 1.5 and
7.6.

This study does not show any clear correlation between the relative abundances and the
dynamical origins of the comets, or their dust-to-gas ratios.
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1. Introduction

The last decade has proven the efficiency of microwave observations in invest-
igating the chemical composition of cometary atmospheres. The composition of
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cometary nuclei is of strong interest for understanding their origin. As these ob-
jects should not have evolved so much since their formation, their composition
provides clues to the composition in the outer regions of the solar nebula where
they formed. The ultimate goal of this chemical composition survey of comets is
to find out eventually comet families according to their chemical content and link
them to their origin (e.g., Jupiter-family comets or Oort—Cloud comets) and likely
formation region (giant planets region to Kuiper Belt). This paper provides a first
synthesis of a 15-year investigation at radio wavelengths.

Up to now, chemical diversity among comets has been investigated from nar-
rowband photometry of radicals in the visible (A’Hearn et al., 1995). A class of
carbon-depleted comets, tentatively associated with Jupiter-family comets, was
noted. One of the goals of the present study is to investigate whether such a di-
versity can be confirmed by the direct observation of the sublimation products of
nucleus ices.

2. Observations

The radio lines of 8 molecules (HCN, HNC, CH;CN, CH;0H, H,CO, CO, CS,
H,S) were searched for with the Institut de Radio Astronomie Millimétrique
(IRAM) 30-m or 4 x —5 x 15-m Plateau-de-Bure interferometer, the James Clerk
Maxwell Telescope (JCMT) 15-m, the Caltech Submillimeter Observatory (CSO)
10.4-m or the Swedish-ESO Submillimetre Telescope (SEST) 15-m radio tele-
scopes. A list of the 24 comets detected in at least one line, with particularities
and references, is given in Table I.* From a statistical point of view, at least 5 of
these molecules were searched for in 11 of the comets and at least two molecules
were detected in 19 comets out of the 24.

3. Data Reduction and Production Rates

In most cases the production rates were derived following the methodology and
parameters described in Biver et al. (1999a). To model the gas density in the
coma, an isotropic steady-state outflow described by a Haser density radial profile
was assumed, unless stated otherwise in the references given in Table 1. The line
shapes have been used to derive an estimate of the gas outflow velocity (vexp).
When available, rotational temperatures of methanol or other species were used
to derive the gas temperature. Otherwise, the gas temperature was assumed on the
basis of observations in comets of similar activity at similar heliocentric distances.

* We have excluded from this study comets C/1997 J2 (Meunier-Dupouy), observed at 3 AU in
which only CO and CH30H were detected, and 29P/Schwassmann—Wachmann 1, observed at 6 AU
in which only CO was detected. The upper limits obtained on HCN production rates in both comets
do not provide any significant constraint.
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TABLEI

Observed comets and references

Comet N2 Origin® Particularities References®

2P/Encke - JF

10P/Tempel 2 20 JF Strong jet

19P/Borrelly 19 JF Strong jet [1]

21P/Giacobini—Zinner 21 JF No or low CO

22P/Kopff 22 JF Low CO [2]

45P/Honda-M.-P. - JF [2]

1P/Halley - HF [3]

23P/Brorsen—Metcalf - HF [2, 4]

109P/Swift-Tuttle 25 HF Strong jet [2, 5]
HCN, CH3OHrich  [6]

C/1989 X1 (Austin) 1 LPC,DN CH3OHrich [2,4,7,8]

C/1990 K1 (Levy) 2 LPC [2,4,7,8]

C/1995 O1 (Hale-Bopp) 3 LPC,old HCN,H;CO, [9, 10]
HjS, CO, CS rich

C/1996 B1 (Szczepanski) 4 LPC,old CH3OH rich [2]

C/1996 B2 (Hyakutake) 5 LPC CO rich [11]

C/1996 Q1 (Tabur) 6 LPC,old CH3OH poor [2]
disintegrated

C/1998 M5 (LINEAR) - LPC

C/1998 P1 (Williams) - LPC CO rich

C/1998 T1 (LINEAR) 10 LPC

C/1998 U5 (LINEAR) - LPC,old

C/1999 H1 (Lee) 12 LPC CH3OH rich [12]

C/1999 S4 (LINEAR) 13 LPC,DN CH3OH, CO poor [13]
disintegrated

C/1999 T1 (McNaught-H.) 14 LPC COrich [14]

C/2000 WM (LINEAR) 15 LPC CO, H;S poor

C/2001 A2 (LINEAR) 16 LPC CO poor, HpSrich  [14]

4Reference number in Figures 2-4.

bJF: Jupiter family; HF: Halley family; LPC: long-period comet; DN: dynamically new
(semi-major axis a > 10000 AU); old: orbital period < 10000 years.

¢[1]: Bockelée-Morvan et al. (2002); [2]: Biver (1997); [3]: Despois et al. (1986); [4]:
Colom et al. (1992); [5]: Bockelée-Morvan et al. (1994b); [6]: Despois et al. (1996); [7]:
Bockelée-Morvan et al. (1994); [8]: Crovisier et al. (1991); [9]: Biver et al. (2002); [10]:
Bockelée-Morvan et al. (2000); [11]: Biver et al. (1999a); [12]: Biver et al. (2000); [13]:
Bockelée-Morvan et al. (2001); [14]: Crovisier et al. (2001).
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TABLE II

Molecular abundances in 24 comets

Molecule  Comets observed Q/ Owater QO/OHCN
Detected  Upper limit Mini Maxi Mini Maxi
HCN 24 0 0.08% 0.25% 1 1
HNC 5 2 <0.003% 0.035% <0.03 0.17
CH3CN 0 0.013% 0.035% 0.08 0.23
CH;0H 15 2 <0.9% 6.2% <9 64
CO 5 4 <1.7% 23% <19 180
H,CO 13 2 0.13% 1.3% 1.6 10
H;S 11 3 0.12% 1.5% 1.5 7.6
CS 9 0 0.05% 0.17% 0.5 1.2

Water outgassing rates were taken from the current literature, namely Crovisier et
al. (2002a, b), when available, or extrapolated on the basis of the magnitude—water
production rates correlation formula log Qn,0 = 30.74 —0.24(m —5log A), from
Jorda et al. (1992).

4. Comparison of Chemical Abundances

Most relative abundances were derived from the ratio of production rates to water
outgassing rates. HCN was also used as a reference as it is the easiest molecule
to detect close to the Sun and was detected in the 24 comets observed within 1.5
AU from the Sun. Since HCN was often observed quasi simultaneously and with
a similar beam size as the other molecules studied here, the abundances relative to
HCN are more reliable. They have been used in Figures 3—4.

The sample (Table I) comprises 4 Jupiter-family comets, 2 Halley-family
comets and 13 long-period comets (2 dynamically new, 3 “old” with period of
less than 10 000 years), in which HCN plus at least one other molecule were detec-
ted. Figure 1 shows the current status of the histogram analysis of the abundances
relative to water (HNC/HCN for HNC) in those comets, in which some of the 8 mo-
lecular species abundances could be measured. Table Il summarizes the abundance
ranges observed.

No significant difference could be found between the different comet classes,
but it must be emphasized that our analysis is still preliminary, and that the sizes
of the sub-samples are limited. We also investigated the possibility of a correlation
between relative molecular abundances with the dust-to-gas ratio of the comets,
traced by the A fp/Q[CN] ratio deduced from visible spectrophotometry. No trend
could be found.
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Figure 1. Histogram analysis of the abundances relative to water (excepted for HNC, for which the
HNC/HCN abundance ratio is of higher significance) of all eight molecules studied here. Comets
are grouped by bins of 0.2 in log of the molecular abundance ratios. In the case of CO, unfilled bars
are additional information provided by the more extensive study carried out in the infrared (DiSanti
et al., 2000 and previous observations) or UV (Feldman et al., 1997). See also Huebner (2002) and
Bockelée-Morvan and Crovisier (2002) for more extensive studies of the chemical content of comets.
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5. Results

5.1. CN-BEARING MOLECULES

HCN was the first molecule firmly detected at millimetre wavelengths in a comet,
in 1P/Halley in 1985. It has subsequently been detected in 23 comets. Its measured
abundance relative to water ranges between 0.08% and 0.25% — when a water
outgassing rate is available — and is one of the least variable from comet to comet
(Figures 1 and 2). For this reason, HCN is also often taken as a reference.

CH;CN has been detected in only 4 comets (including one marginal detection)
since 1996, with an abundance relative to HCN between 0.08 and 0.23.

HNC has been detected in 5 comets since 1996, but its origin is puzzling. While
production through chemical reaction in the coma of Hale-Bopp was invoked to
explain its increasing abundance closer to the Sun, it cannot explain abundances re-
lative to HCN in the range 6—17% observed in other comets. It also seems that there
is a general trend of increasing HNC/HCN ratio for decreasing ry, in all comets.

5.2. CO-BEARING MOLECULES

Methanol (CH30OH) has been detected in 17 comets since C/1989 X1 (Austin) in
1990. Several lines have often been simultaneously detected, enabling temperature
measurements. Its abundance relative to water (Table II, Figures 1-2) varies at
least twice as much as for HCN: <0.9% to 6.2%, with most comets (including all
Jupiter-family comets) being in the 1.5-2.8% range.

Formaldehyde (H,CO): This molecule has been detected in 13 comets since
1989. We have assumed a distributed source with a Haser equivalent density distri-
bution and a parent lifetime of about 10000 s at r, = 1 AU, as suggested by many
observations (Colom et al., 1992; Biver et al., 1999a, 2002) — this is equivalent to
a parent scale-length of 8000 r,~ for an average expansion velocity of 0.8 ;- 03
km s~! (Biver et al., 1999a, 2000). Its abundance relative to water varies by one
order of magnitude and a factor of 6 relative to HCN. Curiously, the comets that
are abundant in formaldehyde are also abundant in methanol (Figure 3), but owing
to the long lifetime of CH3OH (about 77000 s at 1 AU), it is not a likely parent
molecule for H,CO. Large polymers thermally degraded on grains are a more likely
parent source for formaldehyde, as suggested by Cottin et al. (2001).

CO: other techniques (infrared and UV) are usually more sensitive to measure
the CO abundance in comets close to the Sun. But this molecule can have a high
abundance (CO/HCN > 85 in 4 long-period comets) above ~ 10% relative to water
close to the Sun and much higher further away. Far from the Sun, CO is the main
driver of cometary activity and can be detected in the radio out to more than 14 AU
(Biver et al., 2002; Biver, 2001). In 4 other comets (including short-period comets)
we found CO/HCN below 40. Hence CO might not be the second most abundant
species in these comets.
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Figure 2. HCN abundance versus CH3OH abundance (relative to water) in comets. The numbers
inside the circles refer to comets as listed in Table 1. Dotted line error bars with comet number on

one of the axis are 3-o upper limits for non-detections.

5.3. SULPHUR-BEARING MOLECULES

Hydrogen sulphide (H,S) was first detected in comets in 1990 (Crovisier et al.,
1991) and has been detected in 11 comets since. Its abundance relative to HCN
varies by a factor 5 — and even by one order of magnitude with respect to water —
but most comets have a ratio H,S/HCN between 4 and 6 (Figure 4). Variations in
H;,S abundances seem completely uncorrelated with dynamical origin.

CS has been recently observed in the radio but was observed in comets in the
UV well before 1996. So far we have assumed (in the 9 comets in which we
detected CS) that it is the photo-dissociation product of CS, (Biver et al., 1999a).
However, it was found that the CS/HCN ratio decreased with heliocentric distance
asr, 0.7 (Biver et al., 1999a, 2002). This trend is observed in some other comets
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Abundances relative to HCN in comets
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Figure 3. CH3OH abundance versus HyCO abundance (relative to HCN) in comets. The comets that
are rich in methanol seem also to be abundant in formaldehyde.

and was previously observed in comet 1P/Halley by Meier and A’Hearn (1997).
This is puzzling as CS, is a very volatile molecule and is not expected to sublimate
less easily than H,O or HCN further away from the Sun. Taking out this trend with
ry, the CS/HCN ratio is close to 0.8 at r, &~ 1 AU in most comets.

6. Conclusion

This work is still in an early phase: A larger sample of comets and a multi-
dimensional analysis of the grouping of the comets according to their chemical
composition are obviously needed. Heliocentric trends (for HNC, CS and form-
aldehyde) should be further understood before any definitive conclusions can be
drawn. They possibly indicate that the chemical composition of cometary comae is
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Figure 4. HpS abundance versus CS abundance (relative to HCN) in comets.

probably not fully representative of nuclei composition. In the current state, com-
parison for similar heliocentric distances only reveals that Jupiter-family comets,
likely formed in the Kuiper Belt, do not show distinct compositions from the others,
presumably coming from the Oort Cloud. But one might also expect a larger scatter
among long-period comets if they were formed over a wider range of heliocentric
distances (Jupiter to Neptune region) in the proto-planetary nebula.
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