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ABSTRACT

We report on the detection of nine lines of the n2 bending mode of triatomic carbon, C3, in the direction of
Sagittarius B2. The R(4) and R(2) lines of C3 have been also detected in the carbon-rich star IRC 110216. The
abundances of C3 in the direction of Sgr B2 and IRC 110216 are . and .1026, respectively. In283 # 10
Sgr B2 we have also detected the 23–12 line of NH with an abundance of a few times 1029. Polyatomic molecules
will have a weak contribution from their pure rotational spectrum to the emission/absorption in the far-infrared.
We suggest, however, that they could be, through their low-lying vibrational bending modes, the dominant carriers
of emission/absorption in the spectrum of bright far-infrared sources.

Subject heading: infrared: ISM: lines and bands — ISM: individual (Sagittarius B2) — ISM: molecules —
line: identification — molecular data — radiative transfer

1. INTRODUCTION

In the past 20 years, many long carbon chains have been
detected in interstellar and circumstellar clouds. Cyanopoly-
ynes, HC N ( , 5), are abundant molecules in sourcesn = 12n11

like TMC-1 and IRC 110216 (Turner 1971; Morris et al. 1975,
1976; Broten et al. 1978; Bell et al. 1982, 1997). Long carbon-
chain radicals have been detected in the same sources through
their pure rotational spectrum at radio wavelengths (C5H, C6H,
C7H, C8H, H2C3, and H2C4; Cernicharo et al. 1986, 1987; Guélin
et al. 1987; Cernicharo & Guélin 1996; Guélin et al. 1997).
The relatively slow decrease in the abundance of the higher
order chains in these sources (Cernicharo et al. 1987; Guélin
et al. 1997) indicate that they are produced very efficiently.

Among the carbon-chain radicals, triatomic carbon has
played an important role in astrophysics since its detection in
cometary tails in the last century and its identification in the
laboratory by Douglas (1951). Its spectroscopic constants were
derived by G. Herzberg and coworkers in 1965 (Gausset et al.
1965). C3 has also been observed at optical wavelengths in the
atmospheres of cool stars (see, e.g., Zuckerman et al. 1976),
and it has been identified in the envelope of IRC 110216
through its n3 antisymmetric stretching mode in the mid-infra-
red by Hinkle, Keady, & Bernath (1988), who derived
x(C3 . Recent results with the Infrared Space Obser-26) . 10
vatory (ISO) show that this molecule has a very high abundance
in C-rich evolved stars and that its rovibrational transitions in
the mid-infrared are one of the main sources of line opacity in
these objects. However, nothing is known about the appearance
and abundance of triatomic carbon in the interstellar medium.
It has been suggested that C3 could be involved in the formation
of the diffuse interstellar bands (Douglas 1977; Clegg & Lam-
bert 1982), but optical observations have been unsuccessful so
far (Snow, Seab, & Joseph 1988).

While the abundance of the long and polar carbon chains
have been derived in the interstellar medium (ISM) and cir-

1 Based on observations with ISO, an ESA project with instruments funded
by ESA Member States (especially the PI countries: France, Germany, the
Netherlands, and the United Kingdom) and with participation of ISAS and
NASA.

cumstellar medium (CSM), the light molecules necessary for
the formation and synthesis of such chains have not yet been
detected, mainly because of their lack of permanent dipole
moment and hence of pure rotational transitions. Molecules
without dipole moment can be observed in the infrared through
their vibrational transitions. Exotic polyatomic molecules could
have vibrational modes of very low energy which will produce
transitions in the far-infrared. Triatomic carbon has a bending
mode, n2, at 63.4 cm21 (Schmuttenamer et al. 1990). This vi-
brational transition, , is the only way to detect thisn = 1 r 02

molecule in the ISM because the flux of molecular clouds at
the frequency of the stretching mode of C3 (.5 mm; see Hinkle
et al. 1988) is too low to allow systematic studies of this species.
Cernicharo et al. (1996, 1997a) have reported a tentative de-
tection of the bending mode of triatomic carbon in IRC
110216. In this Letter, we report the detection of several lines
of triatomic carbon in the direction of Sagittarius B2 and of
the R(2) and R(4) lines of C3 toward IRC 110216. In addition,
we also report the detection of NH in Sgr B2.

2. OBSERVATIONS AND RESULTS

We have searched for the emission/absorption of several lines
of triatomic carbon toward interstellar and circumstellar clouds
using the Long-Wavelength Fabry-Perot spectrometer (LWS/
FP; Clegg et al. 1996; Swinyard et al. 1996) on board ISO
(Kessler et al. 1996). The LWS/FP data of Sgr B2 were obtained
during revolutions 322, 327, 469, and 476. The number of scans
for each spectrum varied between 12 and 30 depending on the
expected absorption produced by the different species searched
in our different ISO proposals. The LWS/FP spectra of IRC
110216 were obtained during revolution 201; 45 scans were
taken with 0.5 s integration ramps at each commanded LWS/
FP position. All spectra were oversampled, with two samples
per resolution element of 0.015 mm ( ). The fluxl/Dl . 9500
calibration of all the LWS/FP spectra was relative to Uranus
(Swinyard et al. 1996).

The spectra were analyzed using the ISO spectrometers data
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Fig. 1.—LWS/FP observations of C3 in Sgr B2. The intensity scale corre-
sponds to the continuum normalized flux. The wavelength of each transition
is indicated at the bottom left corner of each panel. The Q(10) spectrum could
also contain the transitions of SH at 154.864 and 154.915 mm.J = 5/2–3/2
Both lines of SH could have similar intensities and will appear separated by
100 km s21. The SH lines remain undetected, while the C3 Q(10) line is detected
with a signal-to-noise ratio of 7.

Fig. 2.—R(2) (top) and R(4) (middle) lines of triatomic carbon observed
with the LWS/FP in IRC 110216. The bottom panel shows the average of
both lines. The abscissa corresponds to the LSR velocity, and the ordinate is
the continuum removed flux in units of 1017 W cm22.

reduction package ISAP.2 The resulting C3 spectra toward Sgr
B2 are shown in Figure 1. All data were processed with version
7 of the pipeline. The relative calibration of the observed FP
continua with the grating observations have been checked, and
a polynomial baseline has been removed from all the spectra.

The C3 lines in Sgr B2 appear at velocities between 55 and
70 km s21. Taking into account the present absolute wavelength

2 The ISO Spectral Analysis Package (ISAP) is a joint development by the
LWS and SWS Instruments Teams and Data Centers. Contributing institutes
are CESR, IAS, IPAC, MPE, RAL, and SRON.

calibration of the LWS/FP instrument (515 km s21), the ob-
served LSR velocity differences can be totally attributed to
instrumental effects. The averaged velocity from all the ob-
served lines is km s21, which agrees well with the65 5 5
velocity of the Sgr B2 cloud (see, e.g., van Dishoeck et al.
1993). All lines, except R(2), appear barely resolved. The R(2)
line shows a broad absorption covering near 200 km s21, similar
to the H2O spectra observed by Cernicharo et al. (1997b) in
this source. This broad absorption could correspond to the
warm molecular clouds near the Galactic center and/or to the
cold dark clouds intersecting the line of sight of Sgr B2. How-
ever, we note that the velocity coverage of the R(2) spectrum
is not enough to ensure a correct baseline subtraction and some
of the observed absorption could be spurious. Nevertheless,
the R(4) and R(6) lines, which have a good signal-to-noise
ratio, also show broad absorption in addition to the feature
produced by Sgr B2. Vanorden et al. (1995), from observations
with the Kuiper Airborne Observatory, have tentatively as-
signed a narrow and weak line they have found in the direction
of Sgr B2 to the R(2) line of C3, but they do not present any
analysis of their data.

Figure 2 shows the two C3 lines observed in IRC 110216.
The lines are centered at the velocity of the source. The ob-
served intensities are very similar for both transitions,
. W cm22. The contribution of these lines to the2170.8 # 10
grating spectrum of IRC 110216 will be of the order of

W cm22 mm21, which agrees very well with the2192 # 10
intensity observed for the Q-band feature around 157 mm (Cer-
nicharo et al. 1996). The broad feature in the grating spectrum
that was assigned by Cernicharo et al. to the Q-band of triatomic
carbon contains the Q(2), Q(4), Q(6), Q(8), and R(0) lines.
Many other lines from the P and R bands could also be mar-
ginally depicted in the grating spectrum, but baseline effects
and the limited resolution do not allow a derivation of line
intensities and convincing identifications. However, the R(2)
and R(4) lines presented in Figure 2 definitively confirm the
presence of the rovibrational lines of C3.

1(0, 1 , 0) r (0, 0, 0)
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Fig. 3.—The 23–12 line of NH in Sgr B2. In the same spectrum, the C3

Q(12) is also detected with an absorption of 3.5%.

3. DISCUSSION

Since the detection of HC3N in the interstellar (Turner 1971)
and circumstellar medium (Morris et al. 1975, 1976), the syn-
thesis of complex hydrocarbons has been a basic topic in the
study of the chemistry of organic molecular species in the dense
and cold ISM clouds (Herbst & Leung 1989) and in the chem-
istry of the external layers of circumstellar envelopes (Cherch-
neff & Glassgold 1993; Cherchneff, Glassgold, & Mamon
1993). In all these models, C3 plays an important role in the
growth of carbon chains. A determination of its abundance in
the interstellar and circumstellar media could improve our un-
derstanding of the chemistry prevailing in these objects. How-
ever, the problem of the excitation of the energy levels of
triatomic carbon is particularly complex because the presence
of the low-lying bending mode (and its overtones). While its
ground state does not have a permanent dipole moment and
many rotational levels could be populated through collisions,
the population of the bending mode and its overtones requires
a nonnegligible density (and/or infrared photons) because the
dipole moment for the vibrational transition (0, 0, 0) r

is .0.2 D (Schmuttenamer et al. 1990). Hence, col-(0, 1, 0)
lisions and IR photons are going to play an important role in
the pumping of the rovibrational levels of C3. For molecular
species having higher energy vibrational levels, one can assume
that these levels are populated mainly through IR photons since
the densities required to have an efficient collisional pumping
are very high (see González-Alfonso et al. 1998 and González-
Alfonso & Cernicharo 1999 for the peculiar case of IR pumping
of H2O). In order to get an estimate of abundance of C3, we
have adopted the collisional rates of the OCS molecule (Green
& Chapman 1978) for transitions inside a vibrational level and
the same collision rates divided by a factor 10 for collisions
between the ground state and the bending mode. If the emission
from the dust at the wavelength of the bending mode (158 mm)
is strong and the dust opacity is .1, then the excitation will
be dominated by IR photons. This is probably the case for Sgr
B2. In IRC 110216, where the continuum emission at .5 mm
(the frequency of the stretching mode of C3) is very strong,
other radiative processes could also be considered.

3.1. Sgr B2

The lines of C3 in Sgr B2 are prominent and suggest a large
abundance for this species. We have modeled the triatomic
carbon absorption following the model and physical parameters
adopted by Cernicharo et al. (1997b) for water vapor absorp-

tion. The total H2 column density in the model is 232 # 10
cm22 (see also van Dishoeck et al. 1993). In the inner part of
the cloud, the IR photons dominate the excitation of C3. The
dust opacity at 150 mm is .3, hence few C3 photons will escape
from the dense part of the Sgr B2 cloud. The flux of Sgr B2
at the frequency of the overtones of the C3 bending mode
decreases considerably. Excitation from absorption of photons
at the frequencies of the , 3, ) transitions will be lessDn = 22

important. In the external parts (and depending of the size
adopted for the cloud), collisions and IR photons coming from
the inner region compete in populating the rovibrational levels
of C3. With the adopted collisional rates, the excitation tem-
peratures in the external layers of the cloud are .10–15 K,
while in the inner region they reach .20–25 K. The best fit
to the data is obtained for a fractional abundance of C3 of

which, taking into account the different assumptions283 # 10
made in our models, could be reliable within a factor 2. The
predicted absorption ranges between 15% and 30% for P, Q,
and R lines up to . When convolved with the FP in-J = 12
strumental profile, the predicted intensities agree with the ob-
served absorption lines of C3 presented in Figure 1. It can be
noted that the R(2) line, and some other low J lines, indicate
the presence of absorption at other velocities (which has been
observed for many other species; see van Dishoeck et al. 1993
and Cernicharo et al. 1997b). The C3 column density of these
other velocity components is lower than that of Sgr B2. As-
suming that the clouds intersecting this line of sight have col-
umn densities of .1022 cm22, we estimate a C3 fractional abun-
dance of .1029. Chemical models predict an abundance for
C3 between 1028 (early time) and 10210 (steady state) in the
ISM (Herbst & Leung 1989). Our results favor the formation
of C3 in an early-stage evolution phase of molecular clouds.
Our search for C3 in other molecular clouds having similar
physical properties (density, column density, and temperature)
has been unsuccessful. Hence, we cannot conclude on the
chemical differences leading to the formation of significant
amounts of C3 in Sgr B2.

In addition to C3, we have searched for several molecular
species (NH, SH, H3O

1, H2O
1, and CH2) in the direction of

Sgr B2. Figure 3 shows the 23–12 line of NH in Sgr B2. No
unidentified lines have been found in our observations. A quick
look to the ISO database shows that only a few unidentified
lines are present in the LWS/FP survey of Sgr B2. Therefore,
we are confident with the assignment of the line shown in
Figure 3 to NH. The NH line is barely resolved by the FP
spectrometer which suggests a rather narrow line, kmDv . 10
s21. NH has been reported in the diffuse interstellar medium
(Meyer & Roth 1991) but not in dense molecular clouds. In
order to estimate the abundance of NH, we have assumed a
rotation temperature of 20–25 K for NH and the physical pa-
rameters adopted by Cernicharo et al. (1997b). We derive
N(NH cm22 and a fractional abundance of a14) . (4–6) # 10
few times .1029, which is a factor 10 lower than the abundance
of NH2 in Sgr B2 (van Dishoeck et al. 1993). All the other
lines searched in our proposals, except those of H3O

1 that will
be discussed in a forthcoming paper, were undetected at a 3 j
absorption level of 5%–10% of the continuum emission.

3.2. IRC 110216

The flux arising in the mid-infrared from the inner layers of
IRC 110216 could be large enough to populate the leveln = 12

through radiative absorption from the ground to high-n2 excited
states (including the n3 stretching mode) followed by radiative
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decay. However, nothing is known about the dipole moments
of these transitions and of their spectroscopic constants, and a
detailed model cannot be carried out. A similar situation is
found for the fundamental and overtones of the bending mode
of C4H (Guélin et al. 1987; Yamamoto et al. 1987). The in-
tensity ratio of the C3 lines in IRC 110216, R(4)/R(2), is close
to 1, which suggests that the excitation temperature is .30 K,
similar to that found in IRC 110216 for many other carbon
chains (Guélin et al. 1987). We have used a large velocity
gradient code which involves rotational levels of the ground
and the bending mode up to . We have assumedn = 1 J = 202

that the emission is arising from a shell of 150 in radius, similar
to that found by Guélin, Lucas, & Cernicharo (1993) for the
carbon-chain radicals CnH. The collisional rates are those
adopted for the modeling of Sgr B2. Some runs indicated,
however, that collisions alone will require high densities to
pump the C3 levels [n(H2 cm23]. The inclusion of IR6) . 10
emission from the central region reduces the volume densities
to . cm23 and requires N(C3 cm22 to ex-4 163 # 10 ) . 2 # 10
plain the LWS/FP spectra of Figure 2 and the LWS grating
data of Cernicharo et al. (1996). Therefore, C3 is mainly
pumped through far-IR photons in this source. For a total col-
umn density of cm22, the triatomic carbon fractional222 # 10
abundance is 1026. This result is in good agreement with the
abundance inferred by Hinkle et al. (1988) from the analysis
of the n3 mode of C3. The derived C3 abundance is a factor 4
larger than that of C4H. Cherchneff & Glassgold (1993) have
predicted an abundance for C3 of .1027 in the external layers
of circumstellar envelopes and an abundance for C4H 10 times
larger. Our data suggest that the abundance of C3 is larger than
expected from these calculations. Probably the photodissocia-
tion of large molecular species has to be included in the models.
However, we note that our treatment of the radiative transfer
for C3 in IRC 110216 is rather simple and that more accurate
models could be performed if additional molecular data for this
species are provided from laboratory experiments.

3.3. The Contribution of Polyatomic Molecules to the
Far-Infrared Spectrum of Interstellar

and Circumstellar Clouds

The number of abundant light molecular species with sig-
nificant dipole moment producing emission/absorption in the
far-IR is rather reduced (CO, HCN, NH3, H2O, NH2, NH, CH,
OH, CH1, CH2, )). One could expect a feature-free far-infrared
spectrum in interstellar and circumstellar clouds compared with
the richness of the millimeter and submillimeter spectrum of
these objects. Polyatomic molecules like C3, C5, C3H, C4H,
C4H2, and C6H2, however, have vibrational bending modes at
very low energy. The rovibrational transitions between these
levels, as is the case for C3, could contribute to the far-infrared
spectrum of interstellar and circumstellar clouds. Obviously,
the species having large-amplitude movements in their bending
modes, i.e., large oscillator strengths for the vibrational tran-
sitions, will produce large absorption/emission features. More-
over, the detection of the bending mode of triatomic carbon
opens new possibilities for identifying molecular species with-
out permanent dipole moment (symmetrical species) in the far-
IR. Although these species could also be observed in the mid-
and near-infrared through their stretching vibrational transi-
tions, not all molecular clouds are strong emitters at these wave-
lengths. The detection of C3 and C5 (Bernath, Hinkle, & Keady
1989) and of C4H2 and C6H2 (Cernicharo 2000) clearly indi-
cated that symmetric polyatomic species are created in a very
efficient way in interstellar and circumstellar clouds. Other pos-
sible molecular features in the far-IR are the b-type transitions
of slightly asymmetrical polyatomic species (HNCO, HOCO1,
HCO, HNO, )). Future heterodyne space missions like the
Far-Infrared Space Telescope (FIRST) will provide important
insights in the chemical complexity of the ISM and CSM
through the observation in the submillimeter and far-infrared
domain of large molecular species.
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support under grants PB96-0883 and ESP98-1351-E.
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