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Abstract. From radio spectroscopic observations of comets, more than 22 molecules, radicals and ions, plus several
isotopologues, were detected, the majority of them being recently revealed in comets C/1996 B2 (Hyakutake) and
C/1995 O1 (Hale-Bopp). Among them, 6 molecules were detected for the first time (Bockelée-Morvan et al. 2000)
in the course of a spectral survey conducted at radio wavelengths in comet Hale-Bopp with the CSO, the IRAM
30-m telescope and Plateau de Bure interferometer. In addition, many species were searched for unsuccessfully,
some of them with stringent upper limits. We present here a review of these observations and further analysis
of their results. This include: (i) confirmed detection of acetaldehyde (CHsCHO); (ii) limits on small molecules
such as ketene (H,CCO) or methanimine (CH,NH); (iii) limits on the abundance ratios in homologous series such
as HCsN/HC;N, ethanol/methanol, acetic acid/formic acid; (iv) searches for precursors of key cometary species
such as atomic Na and HNC; (v) constraints on more exotic species ranging from water dimer (H20): to glycine;
(vi) detection of the H3*S isotopic species and independent observations of HDO and DCN; (vii) limits on several
other deuterated species; (viil) limits on several radicals and ions and a tentative detection of the CoH radical;
(ix) the presence of unidentified lines. Typical abundance upper limits of 2-5 x107* relative to water are achieved
for many species. Better upper limits are obtained for some linear molecules with high dipole moments. But really
complex molecules such as dimethyl ether or glycine are poorly constrained. These results should give important
clues to the chemical composition of cometary ices, to the formation mechanisms of cometary material, and to
the chemical processes which occur in the inner coma.

Key words. astrochemistry — comets: general — comets: individuals: C/1995 O1 (Hale-Bopp) — line: identification

— radio lines: solar system — solar system: formation

1. Introduction

From radio spectroscopic observations of comets, more
than 22 molecules, radicals and ions, plus several isotopo-
logues, were detected, the majority of them being recently
revealed in comets C/1996 B2 (Hyakutake) and C/1995
O1 (Hale-Bopp). This brought us new insights into the
composition and nature of comets (Crovisier 1998; Despois
1999; Irvine et al. 2000a; Bockelée-Morvan et al. 2000,
2004).

We present here some of the results of a spectral survey
at radio wavelengths made in comet C/1995 O1 (Hale-
Bopp). We mainly concentrate on observations made
around perihelion, from March to May 1997. In this pe-
riod, the comet was at 0.91-1.4 AU from the Sun, at 1.3—
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2.2 AU from the Earth, and had a water outgassing rate
from 5 to 11 x 103% molec. s~!. Three radio telescopes were
used: the Caltech Submillimeter Observatory (CSO) on
Mauna Kea (Hawaii), the Institut de radioastronomie mil-
limétrique (TRAM) 30-m telescope on Pico Veleta (Spain)
and the IRAM interferometer on Plateau de Bure (France;
hereafter PdBI), used here in the single-dish mode.

This survey resulted in the detection of most of the
cometary molecules already known at radio wavelengths
(CO, HCN, CH30H, H,CO, H,S, CS, CH3;CN, HNC,
OCS, HNCO) and of several new cometary molecules (SO,
SO, HC3N, NH,CHO, HCOOH, HCOOCH3;) and a new
ion (H3O%). This was reported by Biver et al. (1999),
Lis et al. (1999) and Bockelée-Morvan et al. (1999, 2000).
The present paper reports a further analysis of this sur-
vey focussed on the study of the non-detected molecules.
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Table 1. Characteristics of the radio telescopes used for the
spectral survey.

telescope diam. freq. HPBW beam
[m] [GHz] [l efficiency

IRAM 30-m 30 90 27 0.75
150 16 0.52

230 11 0.39

IRAM PdBI  5x 15 115 42 0.83
230 21 0.58

CSO 10 230 31 0.72
345 21 0.65

During this analysis, two additional cometary molecules
have been detected: acetaldehyde, which is discussed in
Section 3.5, and ethylene glycol, which is presented in a
separate paper (Crovisier et al. 2004). We also report on
the detection of the H3%S isotopic species and on detec-
tions of HDO and DCN (which were also detected at the
James Clerk Maxwell Telescope, as previously reported by
Meier et al. 1998a, 1998b).

Upper limits from previous extensive searches at radio
wavelengths were published by Crovisier et al. (1993) for
comets C/1989 X1 (Austin) and C/1990 K1 (Levy), and
by Lis et al. (1997) for comet C/1996 B2 (Hyakutake).
Upper limits for sodium compounds searched for at the
CSO in comet Hale-Bopp were also reported by Lis et al.
(1999).

Section 2 describes the survey, its strategy of observa-
tion and the methods of analysis. The following sections
will comment on the results molecule per molecule, for pu-
tative parent molecules (Sect. 3), isotopic species (Sect. 4),
radicals and ions (Sect. 5). Section 6 is a general discussion
of the results.

2. Observations

2.1. The radio telescopes and spectrometers

A description of the telescopes used in the present work
is given in Table 1. The receivers and backends are de-
scribed in more detail in Bockelée-Morvan et al. (2000).
Observations were optimized by making the best use of
parallel modes and of the versatility of the backends (sev-
eral receivers with the IRAM 30-m, double sideband mode
with the IRAM PdBI and CSO, several backends in par-
allel with all telescopes). Two kinds of spectra were ob-
tained, most of the time simultaneously: a) high-resolution
spectra allowing to resolve the lines, but covering a small
spectral range (e.g., 128 channels of 100 kHz); these spec-
tra were aimed at specific lines; b) low-resolution spec-
tra, covering a large spectral range (e.g., 500 channels
of 1 MHz); these spectra were devoted to serendipitous
searches.

Table 2. Parameters of comet Hale-Bopp used to derive molec-
ular abundances.

date Th A Trot Vexp Q[H20]
dd/mm/yy [AU] [AU] [K] [kms™!] [10% s7!]
1/08/96 3.58 2.73 25 0.60 0.2
15/02/97 1.21 1.73 83 0.93 5.5
1/03/97 1.07 1.49 96 0.98 8.0
15/03/97 0.96 1.34 108 1.02 9.0
1/04/97 0.91 1.35 114 1.05 10.0
15/04/97 0.95 1.51 109 1.03 11.0
1/05/97 1.06 1.77 97 0.98 8.0
15/05/97 1.19 2.01 85 0.94 5.5
1/06/97 1.39 2.27 72 0.88 4.0

Trot and Vexp are taken from Biver et al. (1999). Q[H2O] is from
SWAN/SOHO Lyman «a data (Combi et al. 2000) and from the
observations of the 18-cm line of OH at Nancay (Colom et al.
1999).

2.2. Strategy of observations

A real spectral survey, i.e. the full coverage of a compre-
hensive spectral region, was not possible because of the
large amount of observing time required to make sensitive
observations, and of the limited period when the comet
was bright and observable. We thus restricted our obser-
vations to selected spectral domains. These domains were
chosen so that they encompass as many “interesting” lines
as possible.

To help us in choosing the spectral domains to ob-
serve, we developed a computer programme (PAPSYNTHE)
to make synthetic cometary spectra. This programme uses
as input the JPL molecular database files (Pickett et al.
1998) and the following parameters: geocentric distance
A; heliocentric distance ry; telescope diameter; coma ex-
pansion velocity Veyxp; molecular rotational temperature
Trot; the list of cometary molecules with their hypothetical
abundances relative to water and their photodissociation
rates; the water production rate Q[H20]. The molecules
are assumed to be at local thermodynamical equilibrium
with a constant Tt throughout the coma and to have a
parent molecule Haser distribution.

The predictions of PAPSYNTHE were used to select the
most intense lines of a given species, and to spot combi-
nations of lines of different species that could be observed
with the same receiver setting. In many cases, it was pos-
sible to include in the spectral domain to be observed a
line from an abundant species (such as CHzOH or H,CO)
which could be easily detected: this provided a direct val-
idation of the observation (check of the telescope pointing
and of the receiver tuning).

We estimate that, altogether, a spectral domain of
~ 30 GHz was covered during our observations, which
corresponds to about 10% of the region between 85 and
375 GHz. It was found afterwards that strong transitions
of several species, which were not considered in our pri-
mary choice, were serendipitously observed during our sur-
vey. We anticipate that several other species (radicals and
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Table 3. Photodissociation rates and dipole moments of the molecules investigated in the present work.

Molecule photo rate dipole moment [D] reference
[s™] pa 1B pc
(H20)2 — 2.633 ~ 0. ~ 0. 0
H20: 1.3x 107" 0.657  1.732 — JPL
CH;CCH 4.2 x 107° — 0.780 — JPL
CH>CO 4.4 x 1071 1.422 — — JPL
CH:CHO 7.5 x 107° 0.262 2.33 ¢
c~CyH,0 — — 1.88 — CDMS
CyHsOH trans 1.8 x 1073 0.046 1.438 — JPL
CH;OCH; 3.1x107° — 1.302 — 0
CH,COOH 5.1 x 1073 0.86 1.47 — 0
CH,OHCHO — 2.55 0.87 — CDMS
NH,CH,COOH T — 0.91 0.70 — JPL
HCsN (4.33) JPL
C2H5CN 3.85 1.23 JPL
CH,;NH — 1.325 1.530 — JPL
NH,CN — 4.327 — 0.961 JPL
NH,OH — 0.598 — 0.60  CDMS
HCNO — — 3.06 — 0
N2O 5.9x107° — 0.161 — JPL
NS — — 1.81 — JPL
H2CS 1.649 JPL
CH,SH — 1.312  0.758 — 0
NaCl — — 8.97 — JPL
NaOH — — (6.83) — JPL
PH; 6.1 x 107° — — 0.574 JPL
HDO (1.3x107°%)  0.657  1.732 — JPL
DCN (1.5 x 10~ 5) — 2.984 — JPL
HDCO (2.0 x 10~ ) 2.330  0.195 JPL
CH>:0D (1.3 x 107°%)  0.833 1.488 0
CH,DOH (1.3x 107°)  (0.885) (1.440) — ¢}
NH,D (1.3x 107 0.8 — 1.463 JPL
HDS (2.5 x 10~ 4) 0.470  0.974 — JPL
H3*S (2.5 x 107%) — (0.974)  — ¢}
SiC — — (1.7) — JPL
Sio — — 3.098 — JPL
HCO 1.363  0.700 JPL
C.H (0.77) JPL
HNO — 1.03 1.31 — JPL
HCP — — 0.390 — JPL
HOCO* — (2.0) (2.8) — JPL
H,COH* — (1.44)  (1.77) — CDMS
HCNHT — — (0.29) — CDMS
N.H* — — 3.4 — JPL

Dipole moment values between parentheses are uncertain (ab initio calculations). Photodestruction rates for isotopologues are
assumed equal to those of the main isotopic species. The last column lists which molecular data set was used: “JPL” for the
JPL data set, “CDMS” for the Cologne data set and “O” for others (see text).

ions), for which spectral data are still lacking, were also
Further work on our data

covered in these observations.
is still awaiting molecular databases for further species.

2.3. Principle of analysis

As in our previous studies (Crovisier et al. 1993, Lis et al.
1997) we made an extensive use of the PAPSYNTHE software
and of JPL and Cologne molecular databases (Pickett et
al. 1998; Miiller et al. 2001). For some species not included

in these databases, or for which updated data are avail-
able (CH3OCHj3, CH3CHO, CH30D...), we converted
the available molecular data files to the JPL format. For
other species without available convenient electronic files
(e.g., (H20)3), a case-by-case study was necessary (and
the analysis is still in progress).

Production rates are evaluated assuming a parent
molecule Haser distribution. The expansion velocities
(Vexp) and rotational temperatures (T;o1) are interpolated
from Table 2. The photodissociation rates, when avail-
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able, are taken from Crovisier (1994) or Huebner et al.
(1992) and are listed in Table 3. They are assumed to be
10~*s~' at 1 AU when unknown. The relative production
rates (relative to water — the so-called “abundances”) are
estimated using water production rates interpolated from
Table 2. The line intensities or their upper limits are de-
termined from the observed spectra by integrating over
[-2, +2] km s~!, which is expected to cover the full width
for unblended lines.

3. Results: various molecules

For each molecule, a selection of the most significant obser-
vations are listed line by line in Tables 4—-8. The summary
of the resulting limits on the relative production rates is
listed in Table 9.

3.1. Water dimer ((H20);)

An independent search for microwave lines of the water
dimer ((H50)4) was made by Scherer et al. (1998) in comet
Hale-Bopp. This search was restricted to centimetric lines
observable at the Effelsberg radio telescope, which are not
the most favourable transitions.

Analyses of the water dimer rotational spectrum were
published by Coudert & Hougen (1990) and Zwart et
al. (1991). A comprehensive list of transitions was made
available to us by Coudert (pers. comm.), upon which
our search was based. The partition function and line
strengths were evaluated as in Scherer et al. (1998). Our
upper limit is 0.5% relative to water. This is an order
of magnitude lower than the limit (< 6%) obtained by
Scherer et al. from the observation of the 20 E~~13E™ line
at 24.284 GHz.

From theoretical predictions (Crifo & Slanina 1991),
water dimers are expected to have small abundances (<
10~5 for comet Halley) and our limit is probably not sig-
nificant.

3.2. Hydrogen peroxide (HyO;)

This molecule is not detected in the interstellar medium.
Our upper limit is 0.03%.

3.3. Propyne (CH5CCH)

Propyne (aka methyl acetylene) is the smallest asymmet-
ric hydrocarbon, with a dipole moment of 0.78 D. It
can therefore be searched for by its rotational lines. It
was sometimes proposed as a parent for the Cg radical
(Krasnopolsky 1991; see also the discussion by Helbert et
al. 2000). Tts abundance upper limit, however, (0.045%)
is slightly smaller than the Cgz production rate (= 0.06%
from Schleicher et al. 1997).

3.4. Ketene (CH,CO)

Our abundance upper limit is 0.045% for this molecule.
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Fig.1. Observations of acetaldehyde in comet C/1995 O1
Hale-Bopp. Top: A marginal line of acetaldehyde observed at
IRAM 30-m at 236.0491 GHz, together with a CO™T line and
an unidentified feature.Bottom: Rotational lines of methanol
and acetaldehyde observed at IRAM PdBI. The z-axis is the
frequency in the principal sideband where the methanol lines
appear. The acetaldehyde line is at 244.832 GHz in the image
sideband.

3.5. Acetaldehyde (CH;CHO)

Molecular data are taken from Kleiner et al. (1996). At
the beginning of the observations, we were not aware of
the Kleiner et al. paper and our search for CH3CHO was
based upon the JPL database, in which the frequencies
were in error of several MHz for this species.

The detection of CH3CHO was confirmed during the
present work, after the paper of Bockelée-Morvan et al
(2000) reporting the radio detection of other molecules
was completed. A series of lines were marginally observed
with the IRAM 30-m in April and May (one of them is
shown in Fig. 1, top). The confirmation came from the
serendipitous observation of the 13¢ 13120 12 A7 line to-
gether with methanol lines at PdBI (Fig. 1, bottom). This
line is observed at the 7—o level, on the edge of the band,
with a shape closely resembling those of the methanol lines
in the same spectrum. The corresponding 13g,13-12¢ 12 F
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line at 244.789 GHz, which was observed the same day, is
unfortunately blended with strong methanol lines.

CH3CHO is next to HoCO in the aldehyde homolo-
gous series. We measure Q[CH3CHO] = 0.025% whereas
Q[H2CO] was 1.1% (Bockelée-Morvan et al. 2000). Thus
Q[CH3CHO]/Q[H5CO] is only =~ 1/50. However, this
should be mitigated by the fact that most of cometary
formaldehyde is coming from a distributed source, the
fraction really directly coming from nucleus ices being
less than 6% of the total HoCO (Wink et al. 1999).
[CH3CHO]/[H2CO] could then be higher than 1/3 in nu-
cleus ices.

From mass spectroscopy investigations of 1P/Halley,
Altwegg et al. (1999) reported the “probable” detection of
acetaldehyde (or its isomers) with an abundance of 0.5%,
much higher than our value for comet Hale-Bopp.

3.6. Ethylene oxide (c-CyH40)

Ethylene oxide (aka oxirane) is an isomer of acetalde-
hyde. The upper limit we obtain is 0.2%. Thus, [(c—
C,H40]/[CH3CHO] < 10, which is not a stringent limit
compared to the ratio [(c-CsH40]/[CH3CHO] = 0.1-0.4

observed in interstellar hot cores (Nummelin et al. 1998).

3.7. Ethanol (C;H5;0H)

The ethanol ground state is the trans conformer. Two
other conformers, the gauche 4+ and gauche —, are present
at about 57 K above the ground state and are indeed ob-
served in the interstellar medium (Pearson et al. 1998).
Our limit (< 0.05%) refers to the trans conformer only.
At 100 K, the total CoH5OH abundance is about 2.1 times
that of the ground state conformer. Thus, the limit for to-
tal ethanol is 0.1%.

Comparing with the methanol production rate (2.4%
as reported by Bockelée-Morvan et al. 2000), we note that

3.8. Dimethyl ether (CH;OCHs)

Molecular data are taken from Groner et al. (1998). The
observed lines are blends of AA, FE, AE and FA transi-
tions. The table lists the frequencies for the stronger FE
component and the intensities for the sum of the com-
ponents. Our results are puzzling. There are two hints of
detections, each at the 4—¢ level, which, if real, would cor-
respond to an abundance of 0.5-0.7%. However, the 17
May observation at TRAM 30-m (together with a strong
formaldehyde line) puts a stringent upper limit of 0.1%.
We have adopted in Table 9 a conservative upper limit of
0.5%.

3.9. Acetic acid (CH3;COOH)

The search for acetic acid was based upon molecular data
from Wlodarczak & Demaison (1988 and pers. comm.). A

more comprehensive database is now available (Ilyushin
et al. 2001, 2003; I. Kleiner, pers. comm.) which was used
in our analysis.

The upper limit we obtain is 0.06%. This is not much
lower than the abundance of formic acid (0.09%; Bockelée-
Morvan et al. 2000).

3.10. Glycolaldehyde (CHy;OHCHO)

A line of CH:OHCHO is marginally present at the 2.7-¢
level, which would correspond to an abundance of 0.07%.
But the absence of other lines sets up an upper limit of
0.04%.

See also the discussion in Crovisier et al. (2004),
where CH;OHCHO is compared to ethylene glycol
(HOCH,CH,OH), which is detected with an abundance
of 0.25%.

Methyl formate (HCOOCH3), acetic acid and glyco-
laldehyde are isomers. Of these species, only the first one
is detected in the comet, with an abundance of 0.08%
(Bockelée-Morvan et al. 2000), the others having slightly
lower abundance upper limits.

3.11. Glycine (NHyCH; COOH)

Glycine (NH,CH;COOH) is the simplest amino acid.
Considering its interest for astrobiology, this molecule
has been actively searched for in the interstellar medium
(Miao et al. 1994, Combes et al. 1996, Snyder 1997,
Ceccarelli et al. 2000, Hollis et al. 2003 and references
therein). Definite detection has been claimed by Kuan
et al. (2003). Molecular data for conformers I and II of
glycine are available from Lovas et al. (1995) and are listed
in the JPL database. The present upper limit has been
evaluated for conformer I. Conformer II has a stronger
dipole moment, but its equilibrium energy is 700 cm™?!
higher. From laboratory measurement, Ehrenfreund et al.
(2001a) have evaluated the lifetime of glycine (and of other
amino acids) to be of the order of a few hours in cometary
conditions (at 1 AU), which is similar to our default value
of 10000 s.

Our best upper limits come from three lines expected
with similar intensity around 227 GHz. The limit for in-
dividual lines is 0.19%. Co-adding the three lines would
provide a limit of 0.11%. However, one of the lines has
a frequency uncertainty of & 3 MHz. Co-adding the two
other lines provides an upper limit of 0.14%, which is the
value listed in Table 9.
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Table 4. Parameters of molecular lines searched in the present survey.

Transition frequency  telescope date int. f Tydv [mK km s_l]
[GHz] dd/mm/yy [min] model observed
Water dimer (H20)2

12, EY 11, E~ 146.9609 IRAM 30-m 8/04/97 130 21 < 105
12_o,E~-11_,E* 147.1302 IRAM 30-m 17/05/97 102 9 < 57
IRAM 30-m 22/05/97 162 9 <51

[CS (3-2) line simultaneously]
1o AT-100AF  157.1691  IRAM 30-m 5/04/97 85 27 <165

[CH3OH lines simultaneously]

Hydrogen peroxide HyO4

41,3-30,3 143.7126 IRAM 30-m 21/05/97  157* 252 <78
61,5—50,5 251.9147 CSO 3/04/97 18* 190 < 90
Propyne CH;CCH
130120 222.1670 IRAM PdB 18/03/97 34 71 < 23
[and other lines of the 13—12 series]
140 130 239.2522 CSO 27/03/97 32 37 < 250
[and other lines of the 14-13 series]  [simultaneous lines of CHsCN]
Ketene CH2CO
11111101 10 220.1782 IRAM 30-m 15/05/97 50% 294 < 323
IRAM 30-m 22/05/97  135* <93
13113121 12 260.1948 CSO 16/04/97 10 51 < 192
CSO 17/04/97 44 < 220
Acetaldehyde CH;CHO
111,10-101 9 A™ 216.6302 IRAM 30-m 16/05/97 45% 859 264 £+ 67
IRAM 30-m 22/05/97  102* 66 + 24
12211 112,10 A 230.3019 IRAM 30-m 22/05/97 27* 876 126 + 42
120,12 110,11A+ 226.5927 IRAM 30-m 11/04/97 65% 944 175 + 66
1211111110 A7 236.0491 IRAM 30-m 4/04/97  128* 1064 219 £ 59
CSO 22/02/97 22 268 < 47
135,12-122,11 A~ 249.3239 CSO 22/04/97 38 204 < 50
133,10 1239 A~ 251.4892 CSO 21/04/97 32 182 < 55
130,12-12¢,1 24% 244.8322 IRAM PdBI 12/03/97 16* 508 122 +17
[line near the band edge]
130,13 120,12 F 244.7892 IRAM PdBI 12/03/97 16* 508

[line blended with methanol lines]

Ethylene oxide ¢ C2H4O

817726 254.2317  CSO 21/04/97 16 11 <95
827-The 254.2357 6 <95
9%.0-81.4 263.2925  CSO 8/04/97 22 9 <50
91,0—80,8 263.2925 15
Ethanol C2HsOH trans
14; 14130 13 235.9833  TRAM 30-m 4/04/97  113* 290 <170

441330 252.9514  CSO 23/04/97  40* 43 <75
440331 252.9524 43

[Simultaneous CH3OH lines]

Fach entry gives:

- the transition denomination;
- the frequency (in GHz);

- the telescope;

- the date of the observation;
- the integration time (“*” denotes observations made at high spectral resolution);

- the expected line intensity (in mK km s™!) from the PAPSYNTHE model for a production rate of 10%® s™!;

- the 3-¢ upper limit (in mK km s™') or the line area with its 1-o error in case of (marginal) detection.
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This upper limit (& 0.15% in number relative to wa-
ter) corresponds to & 0.3% in mass in cometary ice, or
0.05% in mass in cometary material if we assume a dust-
to-ice ratio of 5 (estimates of the dust-to-gas ratio in this
comet range from 2 to 10; Grin et al. 2001, Weiler et al.
2003). In CI and CM type carbonaceous chondrites, which
could be akin to cometary material, glycine is among the
most abundant amino acids, the other ones being ala-
nine, vy-amino-n-butyric acid and aminoisobutyric acid.
The glycine concentration is & 7 x 10~7 in mass in the
CI-type meteorites Orgueil and Tvuna (Ehrenfreund et al.
2001b), a2 2.5x 107° in the CM-type meteorites Murchison
and Murray (Cronin & Chang 1993). In this respect, our
limit in comet Hale-Bopp is hardly significant. On the
other hand, the abundance of glycine measured by Kuan
et al. (2003) in the Galactic Centre (Sag B2) and in Orion
KL is comparable to other minor gas phase species such
as formic acid. We note that our limit on glycine, which
is at the level of &~ 1.5 the abundance of HCOOH, is quite
relevant in this context.

3.12. Cyanodiacetylene (HCsN)

Our upper limit for HC5N is 0.003%, whereas the abun-
dances of HCN and HC3N are 0.25 and 0.020, respectively
(Bockelée-Morvan et al. 2000). Thus, [HCsN]/[HC3N] <
0.14 whereas [HC3N]/[HCN] = 0.08, showing the contin-
uous decrease of the abundance of cyanopolyynes with
increasing carbon chain. See Section 6 and Fig. 6.

3.13. Methanimine (CH,NH)
Our upper limit for CH3;NH is 0.03%.

This molecule was proposed as a possible parent for
HNC (the unstable isomer of HCN) by Irvine et al. (1998),
but their search for CHsNH was inconclusive. The ori-
gin of cometary HNC is a mystery. Its abundance relative
to HCN varies from comet to comet and increases with
decreasing heliocentric distance (Biver et al. 1999, 2002;
Trvine et al. 1999). Chemical models fail to explain its pro-
duction from the conversion of HCN in the coma (Rodgers
& Charnley 2001).

Our upper limit corresponds to Q[CH,NH] < 3. x 10%7
s™! near perihelion. At that time, Q[HNC] was about
3-4 x10%7 s~ (Biver et al. 1999), assuming a parent
molecule distribution; if this species is indeed coming from
an extended source, its production rate is underestimated.
Thus, even if the yield for the CHsNH — HNC + 2 H
photodissociation channel is unity, our observation seems
to exclude the production of all the cometary HNC from

methaniminel.

A related CHN molecule is methylamine (CH3NH,). A
comprehensive data set of microwave lines is still lacking

! Unless the lifetime of CH3NH is significantly smaller than
our assumed value of 10* s, in which case we would have un-
derestimated its production rate.

for this species. The published lines of this molecule were
not covered in our survey.

3.14. Ethyl cyanide (C;HsCN)

Our upper limit (0.01%) is half the abundances of the
detected carbon-chain cyanides CHzCN and HC3N (0.02%
from Bockelée-Morvan et al. 2000).

3.15. Cyanamide (NH,CN)

Our upper limit is 0.004%. This very low value is due to
the high dipole moment of the molecule.

3.16. Hydroxylamine (NH;OH)

Although not detected in the interstellar medium, hydrox-
ylamine is suspected to be an important constituent of in-
terstellar ices (Charnley et al. 2001). Our upper limit is
0.25%, somewhat below the abundance of ammonia (0.7%
from Bird et al. 1999).

3.17. Fulminic acid (HCNO)

Fulminic acid is an isomer of isocyanic acid (HNCO,
observed with an abundance of 0.1%; Bockelée-Morvan
et al. 2000). Molecular data are from Winnewisser &
Winnewisser (1971). This species has not been detected
in the interstellar medium.

Our upper limit corresponds to an isomeric ratio
Q[HCNO]/Q[HNCO] < 1/60. The good limit is due to
the high dipole moment (3.06 D) of this linear molecule.

3.18. Nitrous oxide Ny O

Nitrogen oxides have small dipole moments and their radio
lines cannot be easily observed. Our limit for N2 O (0.23%)
is thus not stringent. Unfortunately, nitric oxide NO was
not covered in the present survey.

3.19. NS radical

The NS radical was detected by Irvine et al. (2000b)
in comet Hale-Bopp on 22 March at the James Clerk
Maxwell Telescope (JCMT) (J(15/2-13/2) e and f tran-
sitions at 346 GHz). No plausible parent could be found
which would produce this radical by photodissociation.
Chemical models do not predict any significant produc-
tion of NS in the coma (Canaves et al. 2002). The presence
of this radical i1s thus a puzzle. A direct production from
cometary ices has been invoked (Irvine et al. 2000b).

We could not confirm this detection (serendipitous ob-
servation of the J(11/2-9/2) transition at 254 GHz with
the CSO on 21 April). Our upper limit (0.01%) is about
twice lower than the abundance derived by Irvine et al.
(assuming in both cases a parent molecule distribution).
One should consider, however, the unknown spatial dis-
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Table 5. Parameters of molecular lines searched in the present survey (continued).

Transition frequency telescope date  int. f Tydv [mK km s7!]
[GHz] dd/mm/yy [min] model observed
Dimethyl ether CH;OCHs
717-60.6 147.0249  IRAM 30-m 8/04/97  130% 41 216 + 54
1046-10;7  203.5703 ITRAM 30-m 3/04/97  150% 59 <153
452-32 222.4226  CSO 23/04/97  24* 10 < 100
43,1322 222.4337 CSO 24/04/97 6 10 < 180
1211211011 225.5991 CSO 23/04/97 24%* 34 243 + 69
IRAM PdB 16/03/97 28 <80
IRAM 30-m 17/05/97 244 97 < 100
[Simultaneous H2CO line at 225.697 GHz]
Acetic acid CH;COOH
184,16 174,15 A 216.8116 IRAM 30-m 21/05/97  102%* 120 < 150
19,1718, 164 2274542 IRAM 30-m 5/04/97  165* 150 <89
Glycolaldehyde CH; OHCHO
14014-13115  143.6409 IRAM 30-m  21/05/97 120 57 <75
141,14 130,13 143.7656 37 <75
13212-12;11  146.0193 IRAM 30-m  17/05/97 105 40 <55
200,20—191,19 203.2668 IRAM 30-m 03/04/97 152 229 320 £ 120
201,20—190,19 203.2701 229
20517-19416  218.2605 IRAM 30-m  21/05/97 55 44 < 150
Te2-65 1 220.1966 IRAM 30-m  22/05/97 135 87 <75
76,1652 220.1969 87
Glycine I NH,CH2,COOH
354,31 3432 222.611 CSO 23/04/97 24 16 <135
Cso 24/04/97 6 < 180
1211« 11104 227.3609 IRAM 30-m 5/04/97 310 35 < 66
337, 327« 227.3628 35 < 66
331443214, 4 227.5478 38 < 66
[and many others]
Cyanodiacetylene HCsN
34-33 90.5262 IRAM PdB 13/03/97 24 360 < 30
IRAM 30-m 5/04/97  295* 1125 <35
40-39 106.4994 IRAM 30-m 4/04/97  150* 1600 < 53
54-53 143.7663 IRAM 30-m 21/05/97  157* 1295 < 64
59 58 157.0743 IRAM 30-m 5/04/97 85 2240 < 180
Ethyl cyanide CoHsCN
253,00 24321 227.7808 IRAM 30-m 5/04/97 310 704 < 66
Methanimine CH:NH
11,10, 225.5548 IRAM 30-m  17/05/97 244 290 <65
615606 226.5484 TRAM 30-m  11/04/97  65* 545 < 190
61.6-51.5 251.4212  CSO 21/04/97 32 115 <55
41,3312 266.2701 CSO 8/04/97 44* 220 <75

See description in the footnotes of Table 4.

tribution of this radical, the fact that different lines were
observed, and possible non-thermal excitation.

3.20. Thioformaldehyde (H,CS)

Thioformaldehyde (H,CS) was detected in comet Hale-
Bopp by Woodney et al. (1999) with the National Radio
Astronomical Observatory (NRAQO) 12-m telescope at

Kitt Peak. This detection relies on the observation of a
single line with a limited S/N.

We could not confirm this detection. Our upper limit
is 0.04% and is similar to the abundance (0.038%) we
derive from the Woodney et al. observation, using the
same model parameters. Woodney (pers. comm. quoted
by Bockelée-Morvan et al. 2000) derived an abundance of
0.02%, but an abundance of 0.05% is reported in Woodney
(2000). The photodissociation rate of HyCS is unknown.
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Table 6. Parameters of molecular lines searched in the present survey (continued).

Transition frequency telescope date int. f Tydv [mK km s7!]
[GHz] dd/mm/yy [min] model observed
Cyanamide NH2CN
11111 101,10 218.4618 IRAM 30-m 3/04/97 53*% 4760 < 200
Hydroxylamine NH.OH
515414 251.6774  CSO 5/04/97 68 28 <70
50,5404 251.8385 31 <70
Fulminic acid HCNO
11-10 252.2965 CSO 22/04/97 38%* 3800 < 60
Nitrous oxide N2O
10-9 251.2116  CSO 21/04/97 32% 29 < 67
11-10 276.3278  CSO 7/04/97 32 35 < 92
Radical NS
5/2-3/2 ¢ 115.153 IRAM 30-m 12/05/97 15 174 < 420
[simultaneous CO(1-0) line]
11/2 9/2 253.968 CSO 21/04/97 32 785 < 82
[simultaneous CH3OH lines]
15/2-13/2 e 345.823 JCMT 22/03/97 4380 =640 + 110
15/2-13/2 f 346.220 JCMT 22/03/97 4380 =480 £ 60
[For comparison: detection by Irvine et al. 2000b]
Thioformaldehyde HyCS
81,8— 71,7 270.5207  CSO 19/03/97 16* 440 < 200
27/03/97 22 < 150
[simultaneous HCOY line — very close]
919 818 304.3060 CSO 4/04/97 40 600 < 240
[simultaneous CH3OH lines]
71,6615 244.0478 NRAO 12-m 23/03/97 435 =167 £ 39
[For comparison: detection by Woodney et al. 1999]
Methyl mercaptan CHsSH
90-80 At 227.3264 IRAM 30-m 5/04/97 310 190 < 24
9-8, A™ 227.5314 IRAM 30-m 5/04/97  310* 155 <72
other lines IRAM PdB 6/03/97 8 < 80
of the 9-8 series IRAM PdB 11/03/97 27 < 60
[simultaneous HC3N line at 227.4189 GHz]
10494 A~ 252.8415 CSO 23/04/97 40 < 45
[simultaneous CH3OH lines]
Phosphine PH;
1000 266.9447  CSO 2/08/96 96* 13 <21

See description in the footnotes of Table 4.

Woodney used 2.x10~*s~1, i.e. the same as that of H,CO,
whereas we used our default value of 10~% =1,

3.21. Methyl mercaptan (CHsSH)

Molecular data are taken from Bettens et al. (1999).
The upper limit is 0.05%, which corresponds to
Q[CH3SH]/Q[CH30H] < 0.02, not significantly smaller
than the cosmic abundance ratio [S]/[O] = 0.032 & 0.10
(Grevesse & Sauval 1998).

3.22. Phosphine (PHs)

Phosphine is detected in the atmospheres of Jupiter and
Saturn, but not in interstellar clouds. No phosphorous
species has ever been observed in comets.

Phosphine was searched for through its fundamental
rotational line 15—0q at 266.945 GHz at the CSO. The ob-
servation took place on 2 August 1996 when the comet was
still at 3.6 AU from the Sun and was not repeated, un-
fortunately. The upper limit is Q[PHz] < 3.2 x 1026 s~1,
This corresponds to Q[PHs]/Q[H20] < 0.0016, which is
not significant compared to the cosmic elemental abun-
dance ratio [P]/[0] = 4.240.8 x 10~* (Grevesse & Sauval
1998).

However, PH3 is a very volatile species. It sublimates
at an equilibrium temperature of 41 K under cometary
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Table 7. Parameters of molecular lines searched in the present: survey: deuterated and isotopic species.

Transition frequency telescope date int. f Tydv [mK km s_l]
[GHz] dd/mm/yy [min] model observed
Deuterated water HDO
312221 225.8967 IRAM PdB 9,16/03/97 40 — 105 £+ 21
IRAM 30-m 17/05/97  244%* — 90 £ 20
211 212 241.5616  CSO 27/03/97  85* < 55
Deuterated hydrogen cyanide DCN
21 144.8280 IRAM 30-m 29/05/97  145* < 105
3-2 217.2385 IRAM 30-m  9,10/04/97  253* — 217 + 57
[simultaneous CH3OH line]
5-4 362.0465 CSO 6/04/97 43* — < 335
24/04/97 13* — < 680
Deuterated formaldehyde HDCO
11,1-00,0 227.6681 IRAM 30-m 5/04/97 310 4 < 90
T16-Tox 252.7264  CSO 23/04/97 40 2 <70
60,6 51,5 252.9639 2 <70
[Simultaneous CH3OH lines]
455-35 250.0349  CSO 21/04/97 10 298 < 150
[Simultaneous CH3;OH and SO lines]
Deuterated methanol CH;OD
51 A™-5, At 143.7417 IRAM 30-m 21/05/97  120%* 178 < 62
50 At-49 AT 226.5387 IRAM 30-m 11/04/97 65 160 <210
5-4 F series 226.277 266 280 + 71
5.0 F-5_1 F 270.5814 CSO 27/03/97 22 86 < 270
6s AT 6, A™ 307.3682 CSO 4/04/97 40 122 < 250
Deuterated methanol CH,DOH
515 41,4 €o 220.0719 IRAM 30-m 22/05/97 135 82 <75
5i4-415 e 2256676 ITRAM 30-m  17/05/97 244 62 < 60
514-415 €0 2268184 ITRAM 30-m  11/04/97 65 153 < 89
Deuterated ammonia NHyD
322-312 216.5626 IRAM 30-m  16/05/97 45 180 <90
29/05/97 155 186 < 60
Deuterated hydrogen sulphide HDS
10,1—00,0 244.5556 CSO 27/03/97 86 12 < 35
Hydrogen sulfide HaS, **S variety
11,0-101 167.9105 IRAM 30-m 9-10/11/96  160* — 107 £+ 24

See description in the footnotes of Table 4.

conditions, comparable to that of the hypervolatiles CO
(24 K), CHy (31 K) or CoHg (44 K). At 1y = 3.6 AU, the
sublimation of water is inhibited by the low equilibrium
temperature of the cometary nucleus, whereas that of the
hypervolatiles is not. If we rescale the [PHs]/[H2O] ratio
according to the [CO]/[H20] evolution with heliocentric
distance (as measured by Biver et al. 1999), we would
obtain Q[PH3]/Q[H20] < 1.6 x 10=% at r, &~ 1 AU, now
smaller than the cosmic [P]/[H] ratio.

3.23. Sodium species (NaCl and NaOH)

Atomic sodium in comets is conspicuous in the coma (or,
for comet Hale-Bopp as a “third type” tail) through its
D; and D lines observed in comets at r, < 1.5 AU. Its
origin, however, is still a mystery. Direct desorption from
dust grains or degradation of parent molecules have been

invoked. Since the [Na]/[O] cosmic ratio is 1/300 (Grevesse
& Sauval 1998) and the Na production rate observed in
the comet was only 5 x 1076 relative to water (Cremonese
et al. 1997), most of the cometary sodium must remain
trapped in refractories.

The upper limits listed in Table 9 for NaOH and NaCl
are those reported in Lis et al. (1999) and the detail of the
observations is not repeated here. The limits are very low
because of the very large dipole moments of these linear
molecules (6.8 and 9.0 D, respectively). They are compa-
rable to the Na production rate observed in the comet,
so that no definite conclusion can be drawn from our
observations on the nature of the Na source in comets.
Furthermore, these limits were evaluated assuming life-
times of 10* s for these molecules. The real lifetimes are
likely to be much shorter (Cremonese et al. 2002), in which
case our upper limits are underestimated.
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Table 8. Parameters of molecular lines searched in the present: survey: radicals and ions.
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Transition frequency telescope date int. f Tydv [mK km s7']
[GHz] dd/mm/yy [min] model observed
Radical SiC
T, J(6-5) e,f 236.2876  CSO 27/03/97 32 615 < 250
Radical Si0O
5-4 217.1050 IRAM 30-m  9,10/04/97 253 18000 < 250
76 303.9270 CSO 4/04/97 40 9000 < 250
Radical HCO
30,3 20,2 260.0603  CSO 16/04/97 10 120 < 190
Cso 17/04/97 44 < 220
Ethynyl radical C:H
N(3-2) J(7/2-5/2) F(4-3) 262.0042 CSO 21/04/97 10 see text
(3-2) J(7/2-5/2) F(2-2)  262.0065
N(3-2) J(5/2-3/2) F(3-2)  262.0650
(3-2) J(5/2-3/2) F(2-1)  262.0675
Nitrozyl HNO
30,2—20,2 244.3641 CSO 27/03/97 85%* < 52
Methylidynephosphine HCP
76 279.6347 CSO 7/04/97 32 115 < 100
Protonated carbon dioxide HOCOt
50.5—40.4 106.9136 IRAM PdB  20/03/97  34* 85 <21
IRAM PdB 21/03/97  58* <19
Protonated formaldehyde HoCOHT
110 lon 168.4011 IRAM 30-m 3/04/97  224%* < 180
Protonated hydrogen cyanide HONH*
3-2 222.3293 IRAM 30-m 26/05/97 53* 86 < 500
Protonated dinitrogen NoH?T
3-2 279.5117 CSO 7/04/97 32 9400 < 100

See description in the footnotes of Table 4.

4. Results: isotopic species

The enrichment of deuterium in cometary and interstel-
lar molecules is characteristic of the fractionation which
occurred during the formation of these molecules?. Up to
now, HDO and DCN are the only deuterated molecules
detected in comets (Bockelée-Morvan et al. 1998, Meier et
al. 1998a, 1998b). For comprehensive discussions of this
topic, see Meier & Owen, 1999 and Altwegg & Bockelée-
Morvan (2003). [D]/[H] in cometary water was found
to be 3 x 107* in three comets (1P/Halley, C/1996 B2
(Hyakutake), C/1995 O1 (Hale-Bopp)), enriched by a fac-
tor of & 10 over the protosolar value. [D]/[H] in HCN was
still higher (2 x 1073) in comet Hale-Bopp. The deuterium
enrichment could be even higher in other molecules, as is
observed in interstellar clouds (Table 10).

4.1. Deuterated water (HDO)

HDO was detected in comet Hale-Bopp at the JCMT
through its 110—0gp submillimetric line at 465 GHz, as was

® Note that the [D]/[H] ratio in a molecule H,R

. H,_1DR H,_1DR -
O Beot B8 Thus, [D]/[Hla,0 = 0.5

[HDO]/[H,0]

not

reported by Meier et al. (1998a). The observation of this
line from the ground requires exceptionally good weather
conditions.

Millimetric lines of HDO between low-energy levels are
the 110—111 line at 80.578 GHz (which was then unfortu-
nately not accessible to the TRAM receivers), the 319-291
line at 225.897 GHz, and the 211—215 line at 241.562 GHz.
These lines are much weaker (by a factor of 10 or more)
than the submillimetric lines of HDO. The 242 GHz line
was observed together with 5x—4x methanol lines at the
CSO on 27 March, but was not detected. The 226 GHz
line was serendipitously detected at the edge of a low-
resolution backend of the PdB interferometer on 9 and 16
March (Fig. 2, top). Despite the low velocity resolution
and the signal-to-noise ratio of the line of & 5 only, con-
fidence in the detection comes from the presence of the
line in the two independent observations. This line is also
present at the 4.5—c level in a high-resolution spectrum
obtained on 17 May at the IRAM 30-m (Fig. 2, bottom).

The HDO production rates were computed using an
excitation model which includes solar IR, pumping of the
vibrational bands and collisional excitation by electrons
and neutrals (see Bockelée-Morvan et al. 1998; Meier et

al. 1998a). Inferred Q[HDO] values are 9.4 + 1.9 x 10?7,
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Table 9. Summary of molecular upper limits in comet Hale-
Bopp derived from the present work.

J. Crovisier et al.: Upper limits on molecules in comet Hale-Bopp

molecule [X]/[H20]
H->O 100
(H20)2 < 0.5
H2 02 < 0.03
CH;CCH < 0.045
CH,CO < 0.032
CH;CHO = 0.025
c-CyH,40 < 0.20
CoHsOH < 0.10
CH:OCH; < 0.45
CH;COOH < 0.06
CH,OHCHO < 0.04
NH.CH.COOHI <« 0.15
HCsN < 0.003
C;HsCN < 0.010
CH,NH < 0.032
NH.CN < 0.004
NH.OH < 0.25
HCNO < 0.0016
N>O < 0.23
NS < 0.01
H,CS < 0.04
CH;3;SH < 0.05
NaOH < 0.0003
NaCl < 0.0008
PH; < 0.16
HDCO < 0.05
CH:;0D < 0.07
CH>DOH < 0.06
NH:D < 0.08
HDS < 0.3

All upper limits are given at the 3—o level.

< 3.5%x10% and 4.7+ 1.1 x 10*" s~' for 9 and 16 March,
27 March, and 17 May, respectively. This translates into
[D]/[Hla,0 = 5.2+ 1.2x107%, < 1.8 x 1074, and = 4.1 £
1.0x10~*, respectively. The uncertainties given in these
numbers include a 10% uncertainty in Q([H20]) values.
For comparison, Meier et al. (1998a) deduced [D]/[H]u,0
= 3.3+0.8 x 10~* from the 465 GHz line observed on
5 April, using the same modelling for HDO excitation.
Therefore, the measurements obtained from the 226 GHz
and 465 GHz lines agree within the error bars.

On the other hand, the low upper limit of 1.8 x 10~* we
derive from the 242 GHz line is puzzling. The simultane-
ous observation of CHzOH lines provides a methanol pro-
duction rate consistent with contemporary independent
measurements, thereby excluding a decrease of cometary
activity at the very moment of the HDO observations.
Model calculations show that the derived Q[HDO] is not
very sensitive to assumed model parameters. So, we do not
have any evident explanation for this conflicting result.
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Fig. 2. The 3;2-22; line of HDO at 225.897 GHz observed at
the PdBI in comet Hale-Bopp (top) and at the IRAM 30-m
telescope (bottom).
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Fig.3. The J(3-2) line of DCN at 217.238 GHz observed at
the IRAM 30-m telescope in comet Hale-Bopp.

4.2. Deuterated hydrogen cyanide (DCN)

We searched for DCN through its J(2-1) and (3-2) transi-
tions at IRAM 30-m, and its J(5-4) transition at the CSO.
A tentative detection at the 4-¢ level was obtained near
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Table 10. [D]/[H] ratios in deuterated molecules in interstellar
clouds and in comets.

Molecule TMC 1 OMC 1 hot cores comets
(10K) (~60K) (~ 200K)
HDO > 0.002 0.0003
DCN 0.023 0.02 0.005 0.002
NH>D < 0.02 0.003 < 0.04
HDCO 0.015 0.02 0.14 < 0.05
CH:0D 0.03 < 0.03
CH,DOH 0.04 < 0.008
HDS < 0.001 < 0.2

Values for TMC 1, OMC 1 and hot cores are from Millar
(2000) (from Hatchell et al. 1999 for HDS). Values for comets
are from Bockelée-Morvan et al. (1998) and Meier et al. (1998a)
for HDO, from Meier et al. (1998b) for DCN, and from the

present work for upper limits.

perihelion for the J(3-2) line. It is reported in Table 7 and
shown in Fig 3. It corresponds to Q[DCN] = 7.942.1x10%°
s~ and, compared to the simultaneous measurement of
Q[HCN], to [D]/[H]acn = 2.3£0.6 x 1073, For consistency,
we have used the same modelling (described by Biver et
al. 1999) for HCN and DCN; instead of PAPSYNTHE. This
value is in excellent agreement with the measurement of
Meier et al. (1998b) (2.340.6 x 1073). The upper limits for
undetected lines are also higher than this value ([D]/[H]
< 7.7x 1073 and < 3.6 x 1073 for the J(2-1) and J(5-4)

lines, respectively).

4.3. Deuterated formaldehyde (HDCO)

HDCO has two dipole moment components, ps =
2.32 D and pup = 0.18 D, corresponding to a-type
and b-type transitions. Hence, a-type transitions are two
orders of magnitude stronger than b-type transitions.
Unfortunately, most of the transitions which were searched
for were b-type. An a-type transition (495-321) was, how-
ever, observed serendipitously at the CSO, but the inte-
gration time was short and the limit is not very good. Our
upper limit on HDCO comes from this observation. HyCO
(and so should be HDCO) is observed to come, in part,
from a distributed source of unknown nature (Colom et al.
1992; Bockelée-Morvan et al. 2000). This hampers the de-
termination of the production rates of HoCO and HDCO.
Our determination [HDCO]/[H2CO] < 0.1, corresponding
to [D]/[H] < 0.05, however, is based upon the compari-
son of the column densities and does not suffer from this

difficulty.

4.4. Deuterated methanol (CH3;0D, CH,DOH)

The molecular data for CH30D are taken from Anderson
et al. (1988). A computer file of the CH3OD transitions,
provided by E. Herbst, (pers. comm.) was converted to the
JPL catalogue format. Our upper limit is based upon the
51-HgA line at 143.741 GHz observed at the IRAM 30-m.

For CH;DOH we also used a list of transitions pro-
vided by E. Herbst, (pers. comm.), described in Parise
et al. (2002). Note that if the deuterium atom can re-
place with the same probability the four hydrogen atoms
of CH30H (as expected from models involving grain chem-
istry; Charnley et al. 1997), one would expect [CH,DOH]
= 3 [CH30D]. The observation of CHyDOH is thus
more sensitive for the measurement of the [D]/[H] ra-
tio. Jacq et al. (1993) observed [CH;DOH]/[CH30D] =
1.1-1.5 in Orion-TRc2, whereas Parise et al. (2002) ob-
served [CHyDOH]/[CH30D] = 20 + 14 in the proto-
star TRAS 162931-2422. We obtain [D]/[H]cu,on < 0.03
from CH30D, < 0.008 from CH;DOH. For comparison,
Eberhardt et al. (1994) measured [D]/[H]cu,on < 0.01
from mass spectroscopy in comet Halley (mass spec-
troscopy cannot distinguish CH,DOH from CH30D).

4.5. Other deuterated species (NH;D, HDS)

NH;D has not been searched for on purpose. A line
serendipitously observed at IRAM 30-m does not pro-
vide a very stringent limit ([D]/[H]xm, < 0.04; however,
[D]/[H]~m, as high as 0.05 has been recently observed in
NH; in dark clouds by Saito et al. 2000).

For HDS, only the fundamental transition 191—0qq at
244.556 GHz was searched for, at the CSO. The upper
limit is not very significant ([D]/[H]m,s < 0.2).

Although no detection could be achieved, the upper
limits obtained on HDCO, CH30OD and CH,DOH, which
are the most significant, show that these molecules are
less deuterium enriched in comets than in interstellar
clouds, confirming the result obtained for HDO and DCN
(Table 10). This possibility results from reprocessing in
the Solar Nebula, as proposed by Hersant et al. (2001):
gas-phase H,O and HCN, originating from ices infalling
from the presolar cloud, underwent isotopic exchanges
with Hs in the inner Solar Nebula; reprocessed gas then
diffused by turbulence to the outer regions where comets
formed. The rate of isotopic exchange is species dependent

and less efficient for HCN.

4.6. Other isotopic species (Hy>1S)

Jewitt et al. (1997) measured [*2C]/[*3C], [**N]/[*°N] and
[328]/[34S] ratios from the observations of radio lines of
H'3CN, HC'N and C3*S with the JOMT. Our observa-
tion of H'3CN at the CSO is discussed by Lis et al. (1999).

H3%S was searched for and tentatively detected at the
4—0 level on 9 and 10 Nov. 1996 at IRAM through its 10—
1p1 line at 167.910 GHz (Fig. 4). The molecular data are
taken from Helminger et al. (1973). A direct comparison
with the corresponding line of H32S (which is optically
thin) observed at the same moment gives [32S]/[>*S] =
16.543.5. This is lower than the value [32S]/[34S] = 2743
observed by Jewitt et al. (1997) for the CS radical and
than the cosmic isotopic ratio [32S]/[3*S] = 22.5 (Anders
& Grevesse 1989).
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Fig. 4. The H3'S line observed at IRAM in comet Hale-Bopp
(average of 9 and 10 November 1996). The H3?S line observed
on 9 November is shown for comparison in dashes, scaled down
by a factor of 5.

5. Results: radicals and ions

Many radicals and ions were covered in our survey®. Some
of them are listed in Table &:

— SiC (silicon carbide)

— SiO (silicon monoxide)

— HCO radical

— HNO radical

— HCP radical

— HOCO? (protonated carbon dioxide)

— H,COHt (protonated formaldehyde)

— HCNHT* (protonated hydrogen cyanide)
— NoH?* (protonated dinitrogen)

For completeness, we also mention our search for
the CH radical lines at 9 cm wavelength performed in
May 1997 with the Nangay radio telescope, reported by
Crovisier et al. (2002).

These species obviously cannot be parent molecules.
We do not provide any evaluation of their upper limits in
terms of production rates. Their observations are listed in
Table 8. The special case for the CyH radical is discussed
in the next subsection.

5.1. Ethynyl radical (C;H)

CyoH (ethynyl radical) could be a photo-degradation
product of many hydrocarbon species. It could also
be responsible for the 2.44 pum unidentified features
in infrared spectra of comets (S.J. Kim, pers. comm.).
Altwegg et al. (1999) suggested the possible presence of
C.H in 1P/Halley coma, from mass spectroscopy, with
Q[C2H]/Q[H20] = 1-6 x10~*.

? Our observations of CN, CO*, HCO' and HaO™ are pre-
sented and briefly discussed by Lis et al. (1999) and Henry et
al. (2001).

€/1995 01 (Hale—Bopp) €so 21 April 1997
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Fig.5. The C:H lines tentatively observed at the CSO in
comet Hale-Bopp. Bars indicate the relative intensities of the
C2H multiplet. Lines of CH:OH, SO and H'*CN (in the lower
sideband) were observed simultaneously.

Marginal features are present at 262.005 and
262.066 GHz in a CSO spectrum, which also shows fea-
tures of SO (66—5¢), H3CN J(3-2) and methanol (Fig. 5).
They might be due to the N(3-2) J(7/2-5/2) and J(5/2—
3/2) transitions of this radical. Both features are broader
(Av = 15 km s7!) than other cometary lines. This could
be explained by: (i) the hyperfine structure of these mul-
tiplet transitions; (ii) the kinematics of CoH; coming from
multi-step photodissociation of hydrocarbons, CHs could
have higher velocities than parent molecules, when pro-
duced with an ejection velocity outside the inner colli-
sional region. The feature corresponding to the N(3-2)
J(7/2-5/2) transition is not centred exactly on the ex-
pected frequency, however.

We have evaluated the expected signal of CoH ex-
pected from the photodissociation of acetylene. We as-
sumed Q[CaHsy] = 0.3% that of water (Dello Russo et al.
2001). C4H4 photodissociates preferentially in CoH with a
rate of 107° s~1 at 1 AU (Huebner et al., 1992; Boyé et al.,
2002). We assumed that the scale length of CoH (whose
lifetime is unknown) is larger than the instrumental field
of view. We derive fTde =150 and 110 mK km s~ for
the N(3-2) J(7/2-5/2) and J(5/2-3/2) blends, respec-
tively. The corresponding features in Fig. 5 are 600 and
200 mK km s~', respectively. This is a factor two to four
larger than expected from the model. However, we con-
sider that the identification is plausible, considering model
uncertainties and the expected contributions of CsHg and
of still undetected other hydrocarbons to the production
of the CoH radical.

6. Discussion and conclusion
6.1. Methodological issues

From the spectral survey of comet Hale-Bopp at radio
wavelengths, the detection of more than 20 molecules,
molecular ions, radicals and isotopologues was achieved.
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Fig.6. The relative abundances of linear cyanopolyynes in
comet Hale-Bopp (Bockelée-Morvan et al. 2000 and present
work), in the dark cloud TMC-1 (Irvine et al. 1987) and in the
proto planetary nebula CRL 618 (Cernicharo et al. 2001). For
the comet, the abundances are plotted relative to water and
the triangle indicates an upper limit. For the interstellar and
circumstellar sources, the abundances are normalized to that
of HCN.

number of molecular species
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Fig. 7. The number of detected molecular parent species with
production rates (relative to water in percent) larger than a
given abundance value. The dashed line is a guess of the true
distribution.

The present analysis results in setting upper limits on the
abundances of & 25 additional molecules and 5 isotopo-
logues (Table 9). The present survey is a significant im-
provement over those made previously at IRAM on comets
C/1989 X1 (Austin) and C/1990 K1 (Levy) (Crovisier et
al. 1993), because comet Hale-Bopp had a much higher gas
production rate and because of the higher spectral cover-
age, thanks to the CSO. The improvement over the CSO
survey made on comet C/1996 B2 (Hyakutake) (Lis et al.
1997) is not so important in terms of sensitivity (because
the close approach of this comet to Earth compensated its
more modest gas production rate), but the present sur-
vey 1s more comprehensive because longer observing time

could be scheduled.

Table 11. Some unidentified lines observed at the IRAM 30-m
telescope

Frequency date f Tydv
[MHz] dd/mm/yyyy [mKkm s™!]

96732.7 29/05/1997 42+ 16
105468.6  03/04/1997 65 £ 21
105551.9  03/04/1997 129 + 34
106494.8  03/04/1997 54 + 17
106911.5  03/04/1997 62 + 16
140782.3  xx/04/1997 180 £ 39
140792.5 03/04/1997 174 £+ 39
140794.1  03/04/1997 125 £+ 39
146964.3  03/04/1997 75 + 36
147094.4  03/04/1997 125 + 31
157014.5  03/04/1997 244 + 74
203403.0  08/04/1997 203 + 50
218465.0  03/04/1997 290 + 60
226777.9 11/04/1997 245 + 73
227677.6  05/04/1997 137 £ 38
236040.5 04/04/1997 358 + 68

Some of these features do coincide with molecular lines, but the
identifications have been ruled out because the transitions oc-
cur between high energy levels, or the same species is expected
to have stronger lines that are not seen.

Spectral confusion is still not a problem (in con-
trast with galactic sources such as Orion or the Galactic
Centre): cometary lines are narrow, and rotational tem-
peratures are low. One should remark, however, that in a
bright comet such as comet Hale-Bopp, the advantage of
the large gas production rate, yielding more intense lines,
is in part counterbalanced by the larger expansion velocity
and the higher rotational temperature.

The detections are becoming harder when molecular
species are getting more complex and heavier. This is eas-
ily explained not only because these species are less abun-
dant, but also because their emission is distributed over
much more lines (partition function effect), at longer wave-
lengths. This can be seen from Table 9: very low upper lim-
its could be set to linear species such as NaCl or HC5N,
whereas limits on species such as glycine or dimethyl ether
are not stringent.

What is the reliability of our upper limits (Table 9)?
To convert column densities into production rates, a par-
ent molecule spatial distribution has been assumed. For
secondary species (resulting from chemical processing)
or species coming from a distributed source such as or-
ganic grains, the listed upper limits are underestimated.
For many species, photodissociation rates are lacking (see
Table 3). In this case, the default value which is assumed
(10=* s71) corresponds, for the average observing condi-
tions, to a scalelength equal to the instrumental field-of-
view radius at a frequency of 135 GHz for the IRAM 30-m,
of 270 GHz for the IRAM PdBI, and of 400 GHz for the
CSO. It is thus a crucial parameter. As a consequence,
upper limits for short-lived species (which therefore “do
not fill the beam”) may be significantly underestimated.
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6.2. Consequences for the chemistry of comets

The present work completes the inventory of molecules
in comet Hale-Bopp presented by Bockelée-Morvan et al.
(2000). Molecular abundances are rapidly decreasing with
increasing complexity. This is clear for the homologous
series of linear cyanopolyynes (Fig. 6). This can also be
seen from the limit [ethanol]/[methanol] < 1/25. The limit
[acetic acid]/[formic acid] < 2/3 is not so stringent.

This decrease of abundance with increasing complex-
ity is not observed for hydrocarbons: abundances for CoHs
and CyHg are not much less than that of CHs (Bockelée-
Morvan et al. 2004 and references therein). This might
be explained by drastic fractionation following condensa-
tion/sublimation of this hypervolatile species (Notesco et

al. 1997).

6.3. Future prospects

Which molecular species are still to be discovered in
comets? There are certainly many more molecules to be
detected at the 10~%-10~° abundance level, but we may
wonder if we are missing important molecules at the 1073
or more level. Fig. 7 shows the cumulative histogram of the
number N of detected species as a function of their abun-
dance X. We have also drawn the power law N oc X =04,
suggested by the data from the most abundant species. If
realistic, this law would imply that observational bias af-
fect species with abundances < 10~3, and that we should
expect ~ 100 species with X > 1075,

The presence of unidentified features in cometary spec-
tra already points to the existence of further species. In
the visible, many features are noted (e.g., Brown et al.
1996; Cochran & Cochran 2002), presumably due to rad-
icals. Others were recently revealed in the infrared with
the Keck/NIRSPEC instrument (Mumma et al. 2001a,
2001b), that could be due to parent molecules. Several
unidentified lines at the 3 to 5—c level of confidence are
also noted in our radio survey. Some of them are listed in
Table 11.

In the radio domain, future progress will depend upon
the apparition of bright, unexpected comets, since there
is no short-period comet with high production rate (i.e.,
Q[H20]> 10?° s71) expected in the next years. The emer-
gence of new instruments in the next decade, such as the
Atacama Large Millimetre Array, which will provide an
increase of sensitivity, or the Herschel Space Observatory,
which will open a new spectral range in the submillimetric
domain, will certainly contribute new discoveries.

The present work clearly shows the limits of chemi-
cal analysis of comets by remote sensing. Really complex
species such as amino acids will have to be investigated
by space probes with in situ techniques such as gas chro-
matography, or will need the return to Earth of cometary
nucleus samples.
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