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Abstract. We analyzed the mid-infrared spectra of 4 optical
carbon stars and 4 candidates of infrared carbon stars obtained
with the ISO SWS. It has been revealed that special care should
be taken in determining the continuum levels for the analysis of
the emission and absorption bands of HCN and C2 H2 at 14 µm;
otherwise the SiC emission at 11 µm as well as molecular absorption at 7.5 µm may lead to the misidentification of spectral
features.
In the spectra of the two optical carbon stars TX Psc and
V CrB, we detected the emission of the HCN 2ν20 –ν21 band,
which is direct evidence for the existence of HCN in their circumstellar envelopes. The excitation is almost due to radiative
pumping, i.e. HCN molecules in the ground level are pumped
to the 2ν20 level by 7 µm photon from the photosphere or from
the inner envelope. Since this emission band was detected in the
spectrum of an Lb variable (TX Psc), a Mira variable (V CrB)
and an infrared carbon star (IRC+10216, Cernicharo 1998), it
is quite common in carbon stars over a wide range of the optical
thickness of circumstellar envelopes.
On the other hand, the absorption features due to the C2 H2
ν5 bands at 13.7 µm were detected in all of the sources except
for TX Psc. The absorption features turned out to be quite broad
in the spectra of optical carbon stars. This broad absorption is
attributed not only to the Q branches at 13.7 µm but also to the P
and R branches between 12 and 16 µm. These features in the optical carbon stars are basically explained by the absorption in the
photosphere or in the warm envelope close to the star. The detection of the C2 H2 absorption in our infrared sources definitely
confirms the carbon-rich nature of these objects. These absorption features would be formed in the inner envelope where the
mid-infrared radiation originates.
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1. Introduction
When low- and intermediate-mass stars evolve to red giants,
especially to asymptotic giant branch (AGB) stars, the chemical composition in the stellar surface significantly changes. The
most drastic change may be recognized in the formation of carbon stars. Another important characteristic in the AGB phase is
the heavy mass loss which causes the growth of a circumstellar
envelope. A variety of molecules are formed in the envelope,
and the chemistry including carbon-bearing molecules in the
envelope of carbon stars is an important subject in the study of
the late stages of the stellar evolution.
For the study of the circumstellar envelopes of cool evolved
stars, infrared molecular spectra have been investigated. However, the wavelength regions and objects observed were quite
limited before the Infrared Space Observatory (ISO). The entire spectra from 2.5 to 45 µm became available for the first time
thanks to the Short Wavelength Spectrometer (SWS) on board
the ISO. The spectra obtained with the SWS have contributed
to the study of molecular features originating in the circumstellar envelopes of cool stars as well as in the photospheres.
For instance, the absorption and emission features of H2 O and
CO2 were discovered in oxygen-rich giants, and the existence of
warm molecular envelopes in these sources was revealed (e.g.
Tsuji et al. 1997, Justtanont et al. 1998, Ryde et al. 1999).
In this series of papers, we have been investigating the infrared spectra of carbon stars observed with the ISO SWS. The
spectra up to 8 µm of 6 optical carbon stars were studied in our
previous work (Aoki et al. 1998b, hereafter Paper I), where we
identified a variety of features of diatomic molecules (CO, CS,
CH and SiS) and of HCN. In that work, the dependence of the
molecular features on C/O ratio was clearly shown, and most
features can at least qualitatively be explained by our model
photospheres. However, the absorption bands of CO and CS,
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Table 1. Observations
star

spectral type
(1)

S25 /S12 (3)

AOT

obs. date

TX Psc
T Lyr
SS Vir
V CrB

N, (C7,2) , Lb
J, (C6,5)(1) , Lb
N, Mira
N,(CH?), (C6,2e)(1) , Mira

−0.93
−0.79
−0.82
−0.83

SWS06
SWS06
SWS01,06
SWS06

26 Nov 1996
12 Nov 1996
14 Jun 1996
29 Jul 1996

AFGL341
AFGL2477
IRAS 19454+2920
IRAS 23321+6545

(C-rich)(2)
(C-rich)(2)
(C-rich)(2)
(C-rich)(2)

−0.35
−0.16
+0.40
+0.48

SWS01
SWS01
SWS01
SWS01

24 Jan 1998
30 May 1997
25 Apr 1997
28 Jul 1996

(1)
(2)
(3)

Yamashita (1972)
Omont et al. (1993) suggested that they are carbon-rich based on the HCN emission in the radio range
S25 /S12 = log(12F25µ /25F12µ )

especially their band head features, cannot be reproduced by
our synthetic spectra. As a possible explanation of these features, we suggested the contribution of molecular emission in
the outer atmosphere (the inner part of the circumstellar envelope) to the infrared spectra.
To investigate molecules in the circumstellar envelope, the
spectra of the longer wavelength region are expected to be useful, since the photospheric radiation, which has its peak around
1–2 µm, decreases with the increase of wavelength. While few
diatomic molecules have vibration-rotation bands in the wavelength region longer than 10 µm, there are strong bands of HCN
(ν2 ) and C2 H2 (ν5 ) in the 14 µm region. Since these polyatomic
molecules are predicted to be abundant in a cool and carbon-rich
environment, the observational investigation of these molecules
is indispensable in the study of the chemistry in the circumstellar
envelope.
The 14 µm region is hardly accessible by ground-based
observations. However, for the bright infrared carbon star
IRC+10216, the shorter wavelength part of the HCN ν2 and
the C2 H2 ν5 bands around 12 µm has been observed using the
Fourier Transform Spectrometer (FTS), and the abundances of
these molecules in the circumstellar envelope have been determined (e.g. Wiedemann et al. 1991, Keady & Ridgway 1993).
These bands have also been studied using the SWS spectra. Yamamura et al. (1999) reported the detection of the C2 H2 ν5 bands
in 11 objects and attempted to determine the column density of
C2 H2 in the circumstellar envelopes. The detection of HCN
emission as well as C2 H2 absorption in the 14 µm region in
IRC+10216 was reported by Cernicharo (1998). These works
show that more systematic studies of these bands for various
types of carbon stars are required.
In this paper, we report the molecular features identified in
the spectra of 8 sources obtained with the ISO SWS. In Sect. 2,
we describe the observation and the data reduction. The molecular data used to produce the line list are summarized in Sect. 3.
In Sect. 4, we first discuss the determination of the continuum
level around 14 µm. After normalizing the spectrum, we show
the identification of molecular features in each spectrum. In
Sect. 5, we discuss the emission of HCN and the absorption of
C2 H2 in the circumstellar envelopes of carbon stars.

2. Observation and data reduction
Our observing program with the ISO SWS was presented in Paper I. The sample discussed in this paper is given in Table 1 with
the spectral type and the details of the observation. The sample
consists of 4 optical carbon stars including Mira variables and
4 infrared stars. TX Psc and T Lyr are Lb variables and have
no heavy infrared excess up to 27 µm. The Mira variables SS
Vir and V CrB show moderate infrared excess and strong emission at 11 µm which is usually attributed to SiC grains. The
infrared sources have their peaks of radiation between 10 and
40 µm. Omont et al. (1993) suggested that they are carbon-rich
based on the detection of the HCN emission in the radio range.
While AFGL341 and AFGL2477 are in the region III of the
IRAS color-color diagram defined by van der Veen & Habing
(1988) and would be the AGB stars with thick circumstellar envelopes, IRAS 19454+2920 and IRAS 23321+6545 are in the
region V and would be post-AGB objects with detached envelopes (Omont et al. 1993). Unfortunately, most of the carbon
stars analyzed in Paper I for the 3–8 µm region are so faint at
14 µm that we could not investigate the molecular features, with
TX Psc the only exception.
The resolution of the SWS06 spectra is about 1500 while
that of SWS01 (speed1) spectra is about 200 at 14 µm. The
composition of our sample is similar to that of Yamamura et al.
(1999), though the objects are not identical at all. However, our
sample includes the high resolution SWS06 spectra of optical
carbon stars. Another SWS spectrum of TX Psc was analyzed
by Jørgensen et al. (1999). They pointed out the time variation
of the spectral features, comparing their observation with ours.
The data reduction was done with the SWS Interactive Analysis software (SWS IA) as in Paper I. One problem here is that
the spectra of the 12–16 µm region are severely affected by the
fringes due to the regular interference patterns, which depend on
the exact pointing of the satellite at the time of the observation.
To reduce this effect, we applied the defringing algorithm in the
SWS IA package ‘resp inter’ which tries to cancel the fringes
by the small shift of the Relative Spectral Response Function
(RSRF) in wavelength. However, such a procedure is somewhat
questionable because the real features occurring at frequencies
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close to the fringe pattern may be taken away. To check this effect, we show in Fig. 1 a comparison between the RSRF and the
SWS06 spectra of two stars which were reduced with and without the defringing processes. Though the effect of the fringes is
not significant in both spectra, we need special care in the discussion on the spectra processed with the defringing procedure.
We note that some features at 12.4 µm in the observed spectra
are probably due to the problem of the RSRF.
Another problem is that there are some discrepancies in flux
between different AOT bands in the SWS spectra due to the uncertainty of the flux calibration. Though the absolute flux levels
are not discussed in this paper, the discrepancies of the observed
flux at 12 µm and at 16 µm can cause errors in the determination of the continuum levels for the optical carbon stars and the
infrared stars, respectively (see Sect. 4.1). The flux levels were
corrected by scaling with respect to the band 3A (12–16 µm).
The slope of the spectrum in each AOT band was not changed
after the reduction by the SWS IA. The flux discrepancies are
at most 10%, except for the spectrum of SS Vir in which the
discrepancy at 12 µm is about 25%.
3. Molecular data
In the 14 µm region, the HCN ν2 bands and the C2 H2 ν5 bands
can be found, both of which are perpendicular bands and have
the strong Q branches (Herzberg 1945).
The molecular data of HCN used to produce the line list
of the ν2 bands were given in Paper I. We calculated the energy levels for v2 ≤ 4 and v3 ≤ 1, which cover up to about
3000 cm−1 .
C2 H2 is characterized by the two degenerate vibrations, and
the quantum number for the total vibrational angular momentum
k (= l4 + l5 ) should be considered. A full Hamiltonian representing bending energy levels up to v4 + v5 ≤ 4 was presented
by Herman et al. (1991). We calculate the energy levels using
their Hamiltonian and the molecular constants determined by
Kabbadj et al. (1991). For the calculation of line intensities, we
used the transition dipoles, Herman-Wallis factors, and HönlLondon factors derived by Weber et al. (1994). However, the
Herman-Wallis factors derived by Weber et al. (1994) are not
enough to calculate the line intensities for high excitation bands.
Therefore, the correction by these factors was neglected for high
excitation bands.
4. Identification of molecular features
In this section, we first discuss the determination of the continuum level around 14 µm. After normalizing the spectrum,
we identify the molecular emission and/or absorption in each
spectrum.
4.1. Spectral features in 7–15µm
The continuum levels around 14 µm should carefully be determined for optical carbon stars, because the emission of SiC at
11µm may affect the spectral features of this wavelength region.

Fig. 1. The spectra of TX Psc and T Lyr reduced with and without the
defringing processes (solid lines and dotted lines, respectively). The
bottom is the Relative Spectral Response Function (RSRF)

Furthermore, the 8–11 µm feature should be discriminated from
the absorption in 7–8 µm due to HCN, C2 H2 and CS. The identification of these features is another important subject which
has been studied based on low resolution spectra (see below).
In Fig. 2, we show the spectra of the optical carbon stars
in our sample between 7 and 20 µm, which are rebinned to a
resolution of 50. Since TX Psc and T Lyr have no strong infrared
excess, we fitted with the 3000 K Planck function which roughly
represents the photospheric component. As can be seen in Fig. 2,
there is no emission feature at 11 µm in the spectrum of TX
Psc, while there is broad absorption around 14 µm which can
be attributed to HCN (Sect. 4.2), and the absorption of the CS
fundamental bands at 7.5 µm (Paper I). The 7–12 µm region of
the spectrum of T Lyr can be interpreted as due to the absorption
of the C2 H2 ν4 + ν5 bands in 7–8 µm and due to the weak
emission of SiC around 11 µm. There is a small uncertainty
(≤0.05 dex) in the fitting, but we undoubtedly found a broad
absorption feature from 12 to 16 µm which can be attributed to
the P and R branches of the C2 H2 ν5 bands, in addition to the
strong Q branches at 13.7 µm (see Sect. 4.3).
On the other hand, the spectra of the Mira variables SS Vir
and V CrB are strongly affected by the emission from dust shells,
and can no longer be fitted with the 3000 K Planck function. To
estimate the continuum levels, we try to fit a 1300 K Planck
function to the observed spectra of these stars (Fig. 2). While
there is strong 11 µm emission of SiC, broad absorption bands
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Fig. 2. The spectra of optical carbon stars (dots). The resolution is
reduced to 50. The molecular features of CS, HCN and C2 H2 as well
as the SiC emission are identified. The solid lines fitted to the spectra
of TX Psc and T Lyr are the 3000 K Planck function, while those fitted
to the spectra of SS Vir and V CrB are the 1300 K one. These lines
fitted to the spectra are used as the continuum levels around 14 µm

around 7 µm and 14 µm are recognized in these spectra. These
absorption bands are attributed to HCN and C2 H2 (Sect. 4.4).
As shown above, the determination of the continuum levels
relates to the understanding of the 8–11 µm features. The emission features in this wavelength region were studied by Sloan
et al. (1998) based on the IRAS Low Resolution Spectra (LRS)
for 96 carbon stars. They classified TX Psc and V CrB into the
classes ‘N’ (no feature) and ‘SiC’ (11.2 µm emission), respectively, and these results were confirmed by our SWS spectra.
However, our analysis of the spectrum of T Lyr does not support their classification of this star into the ‘SiC ++’ class (11 µm
and 8.5–9.0 µm emission features), but suggests that the apparent emission feature at 8.5–9 µm is due to the strong absorption
of the C2 H2 ν4 + ν5 bands at 7.5 µm, as Sloan et al. (1998)
pointed out as another interpretation. They commented the two
characteristics of the SiC++ sources. The one is that all but one
of the six SiC++ sources are SRb or Lb variables. The other
is that the C/O ratios of the stars in this class are significantly
higher than in other classes (e.g. SiC class) according to Lambert et al. (1986). They suggested a correlation between the C/O
ratio and the 8.5–9.0 µm emission. However, the higher C/O ratio can cause the stronger C2 H2 absorption at 7.5 µm in the
spectra of SRb and Lb variables, while the absorption may be
diluted by the dust emission in Mira variables even if the pho-

Fig. 3. The spectra of infrared stars and the fit with the Planck functions.
The temperatures of the Planck functions are 400 K, 270 K and 170 K
for AFGL341, AFGL2477 and the other two stars, respectively. The
absorption of C2 H2 at 13.7 µm is identified in every spectrum

tospheric C2 H2 absorption is strong due to the high C/O ratio.
Hence, we suggest that the SiC++ sources should be interpreted
as the SiC stars with strong C2 H2 absorption at 7.5 µm. Further,
the spectrum of SS Vir, which was classified into the ‘Broad 1’
class (11 µm emission with short-wavelength excess) by Sloan
et al. (1998), can also be explained by the 7.5 µm absorption, the
11 µm emission and the 14 µm absorption. We note, however,
that more careful investigations of the spectra in this class are
required, given the large uncertainty in the flux calibration of
our SWS spectrum of SS Vir.
The observed spectra of our infrared sources are shown in
Fig. 3. The 13.7 µm absorption bands which are attributed to
the Q branches of the C2 H2 ν5 bands (Sect. 4.5) were clearly
detected in every spectrum. In the spectra of AFGL341 and
AFGL2477, the absorption features which can also be attributed
to C2 H2 are recognized in the 7–8 µm region. The spectra of
IRAS 19454+2920 and IRAS 23321+6545 in the wavelength
shorter than 12 µm are quite noisy. This fact is consistent with
the characteristics of post-AGB objects with detached envelopes
(see Sect. 4.5). As shown in Fig. 3, we fitted the Plank functions
with 170–400 K for the 10–17 µm region and regarded them as
continuum levels. In the spectra of AFGL341 and AFGL2477,
the broad absorption between 13 and 15 µm, which can be attributed to the P and R branches of the C2 H2 ν5 bands, was also
identified in addition to the narrow absorption of the Q branches
at 13.7 µm.

W. Aoki et al.: Infrared spectra of carbon stars observed by the ISO SWS. II

949

Fig. 5. The energy levels of HCN and the wavelengths of transitions in
the ν2 bands

Fig. 4. The normalized spectrum of TX Psc (solid line) and a synthtic
spectrum of the HCN ν2 bands based on the model photospheres with
Teff =3100 K and C/O=1.1 (dotted line). The bottom is the emission
spectrum of the HCN bands predicted for T =500 K. The emission of
the HCN 2ν20 –ν21 and ν21 bands is identified

4.2. TX Psc: HCN absorption and emission
The 14 µm region of the normalized spectrum of TX Psc is
shown in Fig. 4. In this figure, the synthetic spectrum of the HCN
ν2 bands based on the model photosphere with Teff =3100 K and
C/O=1.1 is also shown by the dotted line. The HCN absorption
feature appears at 13.9 µm in the spectrum of TX Psc, but is
much weaker than predicted, while the 3 µm HCN band is reasonably reproduced by the synthetic spectrum based on the same
model photosphere (Paper I). The weakness of the absorption
feature of HCN in the observed spectrum may indicate the HCN
emission in the outer atmosphere as in the case of the CO and
CS features discussed in Paper I.
In addition, the emission features of HCN at 14.04 and
14.30 µm were directly detected in the spectrum of TX Psc.
In Fig. 4, the emission spectrum of the HCN ν2 bands calculated assuming a temperature of 500 K is also shown. The emission features at 14.04 and 14.30 µm can be attributed to the Q
branches of the HCN ν21 and 2ν20 –ν21 bands, respectively (see
Fig. 5 where the energy levels of HCN and the wavelengths of
the transitions are shown). The emission features in the SWS06
spectrum of TX Psc are unlikely due to the fringes or due to errors in the defringing process if we compare the spectrum with
the RSRF (Fig. 1). We discuss the details of the HCN emission
from the circumstellar envelope of TX Psc in Sect. 5.1.

Fig. 6. The normalized spectrum of T Lyr (solid line) and a synthetic
spectrum of the C2 H2 ν5 bands based on the model photospheres with
Teff =2800 K and C/O=1.1 (dotted line). The middle and bottom are
the absorption spectra of the C2 H2 bands predicted for T =1000 K and
500 K, respectively. The P and R branches in the predicted spectra are
shown by the solid lines, whereas the spectrum including Q branches
is shown by the dotted line

4.3. T Lyr: C2 H2 absorption
Fig. 6 shows the normalized spectrum of T Lyr (top) and the
absorption profile of the C2 H2 ν5 bands for 1000 K and 500 K
(middle and bottom, respectively). We can recognize the broad
P and R branches of the C2 H2 ν5 bands between 12 and 16 µm,
in addition to the strong Q branches at 13.7 µm. We note that the
shorter wavelength region of the spectra is affected by the 11 µm
emission as well as by the instrumental problem at 12.4 µm (see
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Fig. 7. The normalized spectrum of
T Lyr with the identification of the
Q branches of the C2 H2 ν5 bands,
including that of the H12 C13 CH ν51
band

Sect. 2). A synthetic spectrum based on our model photosphere
is also shown in Fig. 6 (the dotted line in top). Since the stellar
parameters (e.g. Teff , C/O) were simply adopted so that the
synthetic spectrum can reproduce the P and R branches of the
observed spectrum, we do not insist on these values as the stellar
parameters of T Lyr.
The temperature of the layers contributing to this absorption is estimated to be higher than 1000 K, because of the broad
absorption feature. Since the temperature of the photosphere
where C2 H2 is abundant is 1000–1500 K in cool carbon stars,
the broad absorption of C2 H2 can be interpreted as of the photospheric origin. However, the synthetic spectra based on our
model photospheres cannot reproduce the absorption feature.
For instance, the Q branches in the observed spectrum are much
weaker than those in the synthetic spectrum which reproduces
the P and R branches (Fig. 6). One possible explanation of this
weakness of the Q branches is the dilution of the absorption
feature by dust emission, but that would not completely explain
the weakness of the Q branches in the observed spectrum, since
the infrared excess of this star is quite small.
The individual Q branches of the C2 H2 ν5 bands can be identified. The wavelength region around 13.7 µm is shown in Fig. 7
where the identification of the Q branches is given. In addition
to the Q branches of H12 C12 CH, the ν51 band of H12 C13 CH
at 13.73 µm was also detected. This result is quite reasonable,
because T Lyr is a J-type star, i.e. 13 C-rich carbon star. While
C2 H2 bands were clearly identified, no evident HCN band was
detected in the spectrum of T Lyr. This is consistent with the re-

sult of the analysis of the high resolution FTS spectrum around
3 µm by Ridgway et al. (1978). The deficiency of HCN in T Lyr
would be due to the low nitrogen abundance (N/C=0.04 was
derived by Lambert et al. 1986).
No high resolution and high quality spectrum of C2 H2 in
this wavelength region has been reported, except for the SWS06
spectrum of IRC+10216 by Cernicharo (1998) and by Yamamura et al. (1999). The spectrum of T Lyr can be a prototype
of C2 H2 absorption originating in the photosphere or in the
warm envelope for optical carbon stars, while the spectrum of
IRC+10216 is that for infrared carbon stars.
4.4. Mira variables: HCN and C2 H2 absorption
and HCN emission
The normalized spectra of SS Vir and V CrB are shown in Fig. 8.
In the spectrum of SS Vir, the broad absorption of the C2 H2 ν5
bands was detected as in the case of T Lyr, despite the lower
quality of the data and the rather uncertain normalization. In the
spectrum of V CrB, the absorption feature at 13.9 µm which can
be attributed to the HCN ν2 bands was detected, in addition to
the 13.7 µm absorption of C2 H2 . The broad absorption bands
in the spectra of these Mira variables mean that the absorption
originates in the photosphere or in the warm envelope close to
the photosphere.
The absorption features in Mira variables are much weaker
than those of T Lyr, and this would partly be explained by the
stronger dust emission in these Mira variables which fills the
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Fig. 8. The normalized spectra of two Mira variables. The absorption
features of the C2 H2 ν5 bands are identified. In the spectrum of V
CrB, the emission of the HCN 2ν20 –ν21 band is detected as well as
the absorption of the HCN ν2 bands. The dotted lines are the templates
representing the C2 H2 absorption in the photosphere and dust emission
in the envelope (see text)

molecular absorption. For a comparison, we tried to produce
the template of the spectrum which represents the C2 H2 absorption in the photosphere (and maybe in the warm envelope
close to the star) and the dust emission in the envelope. We used
the spectrum of T Lyr as the component of C2 H2 absorption
originating in the photosphere, since our model photospheres
may not necessarily reproduce the photospheric absorption (see
Sect. 4.3). To represent the contribution of dust emission, we
added a constant to the flux density of the photospheric component, and normalized it again. The spectra obtained by this
procedure are shown by the dotted lines in Fig. 8. The contribution by the dust emission is assumed 30% and 50% for SS Vir
and V CrB, respectively. Except for the HCN features, the broad
absorption bands are reasonably reproduced by these templates.
Thus the C2 H2 absorption features in these Mira variables can
simply be explained by the absorption in the photosphere or in
the warm envelope close to the star.
The photospheric spectra of Mira variables are recently studied based on the model atmospheres taking dynamics due to the
stellar pulsation into consideration (e.g. Aringer et al. 1999).
The absorption features may be weakened by the dynamical effect, but it is not easy to distinguish the effect from the dilution
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Fig. 9. The normalized spectra of infrared carbon stars (solid lines)
and predicted spectra of the C2 H2 ν5 bands (dotted lines) and of the
HCN ν2 bands (dashed line)

of the absorption by the dust emission. The quantitative analysis
including dynamics in the atmosphere and dust emission in the
circumstellar envelope should be done in future works.
The emission of the HCN 2ν20 –ν11 band at 14.3 µm was identified in V CrB as in TX Psc. We discuss the HCN emission from
the circumstellar envelope of carbon stars in Sect. 5.1.
4.5. Infrared carbon stars: C2 H2 absorption
In Fig. 9, the normalized spectra of the 4 infrared stars are shown
by the solid lines with the absorption profiles of C2 H2 assuming 500 K or 250 K by the dotted lines. The Q branches of the
C2 H2 bands at 13.7 µm were clearly detected in every spectrum.
Therefore, these sources have obviously carbon-rich envelopes.
These objects were classified as carbon-rich stars by Omont
et al. (1993) based on the detection of the HCN emission at
89 GHz. However, the HCN emission in the radio range may
be somewhat questionable as a criterion to distinguish carbon
stars from oxygen-rich stars, because the emission originates in
the quite cool envelope far from the central star and has been
sometimes detected even in the sources with OH masers. Our
detection of C2 H2 absorption finally confirms the carbon-rich
nature of these infrared sources.
The absorption features of the Q branches in the spectra of
AFGL341 and AFGL2477 are rather broad. Moreover, the P and
R branches are also detected in these spectra. For these reasons,
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the temperature of the layer which contributes to the absorption
is roughly estimated to be 500 K. This indicates that the absorption originates in the warm inner envelope. Since the P and R
branches are not clearly identified in IRAS 19454+2920 and
IRAS 23321+6545 (see Figs. 3 and 9), the temperature of the
layer contributing to the C2 H2 absorption in these sources would
be lower than in AFGL341 and AFGL2477, and estimated to be
about 250 K. However, this temperature is still higher than that
of the region where dust grains contribute to the peak of the flux
around 30 µm (∼ 100 K). These results mean that the radiation
at 14 µm originates in the inner envelope, and the absorption
features would be produced by the C2 H2 coexisting with dust
grains, while the peak of the flux around 30 µm originates in the
cooler and more extended envelope. The result that the temperature of the shells where C2 H2 absorption originates is lower in
IRAS 19454+2920 and IRAS 23321+6545 than in AFGL341
and AFGL2477 is quite reasonable, because the warm envelopes
are probably missing in these post-AGB objects.
Though HCN is also expected to be abundant in these stars,
the HCN bands are not clearly identified in the spectra. This
would be because the HCN bands are weaker than those of
C2 H2 due to the smaller oscillator strengths, even if the same
abundance is assumed for HCN and C2 H2 . We show the predicted spectrum of the HCN ν2 bands for the same column
density as that of C2 H2 by the dashed line with the spectrum of
AFGL341 in Fig. 9. Higher resolution or higher quality spectra
are required to derive the abundance ratio of HCN to C2 H2 .
5. Discussion
5.1. HCN emission from the circumstellar envelope
As shown in Sect. 4, the emission of the HCN 2ν20 –ν21 band
was detected in the spectra of TX Psc which has no strong dust
emission and of V CrB which is a Mira variable with moderate
infrared excess. The detection of this emission band was also reported by Cernicharo (1998) for the well-known infrared carbon
star IRC+10216. Hence, this emission band is quite common in
carbon stars over a wide range of the optical thickness of the
circumstellar envelope, and can be a useful probe to investigate
the structure of the envelope. We discuss here the emission of
the Q branch of the 2ν20 –ν21 band in the spectrum of TX Psc for
which the basic physical parameters (e.g. stellar radius, mass
loss rate) are known.
Since the HCN emission features originating in the envelope
are blended with the absorption in the photosphere (and partly in
the circumstellar envelope), the uncertainty of the measurement
of the emission is unavoidable. However, the emission feature
of the Q branch of the 2ν20 –ν21 band at 14.30 µm is at least as
strong as that of the ν21 band at 14.04 µm. If the region where
the emission of the 2ν20 –ν21 band originates is dense enough to
be in thermal equilibrium, the temperature should be quite high
(∼ 2000 K). However, the Q branch of the 2ν22 –ν21 band which
is expected at 14.00 µm is not seen in the spectrum of TX Psc.
This means that the excitation to the 2ν20 level is mainly due
to radiative pumping by 7 µm photon, because the transition
from the ground level to the 2ν22 level is forbidden due to the

selection rule on the quantum number l while the transition to
the 2ν20 is permitted. Then the temperature of the region where
the emission features originate is not necessarily so high.
The probability of collisional excitation is estimated by C ∼
NH2 σv. The cross section, σ, is of the order of 10−15 cm2 , and
the velocities of the molecules, v, for the relevant temperature
are about 1 km s−1 . The Einstein coefficients of the transitions
2ν20 and 2ν20 –ν21 are 2.1 s−1 and 3.3 s−1 , respectively (Maki
et al. 1995). Therefore the radiative processes dominate, if the
density is lower than 1010 cm−3 . Since the densities of the outer
atmosphere and the circumstellar envelope of TX Psc would not
be so high except for the innermost layer (Aoki et al. 1998a), the
above interpretation of the excitation mechanism of the HCN
molecule is quite reasonable.
The flux of the Q branch of the 2ν20 –ν21 band measured for
TX Psc is about 2×10−12 erg s−1 cm−2 . The uncertainty would
be as large as a factor of 2, because this emission band blends
with the photospheric absorption. We now estimate the flux of
the 2ν20 –ν21 band expected from the circumstellar envelope of
TX Psc, and compare it with the observed one. In the calculation,
we assume the pure radiative processes, i.e. the HCN molecule
in the ground level is pumped to the 2ν20 level by 7 µm photon
from the photosphere, and radiatively decays to the ν21 or to
the ground level. The fraction of the 2ν20 –ν21 transition is α =
A2ν20 −ν21 /(A2ν20 −ν21 +A2ν20 ) ∼ 0.6. We also assume an optically
thin circumstellar envelope with a constant mass loss rate (Ṁ ),
a constant expansion velocity (vexp ) and a constant abundance
of HCN (HCN ).
The number of HCN molecules in the spherical shell with
radius r and thickness dr is
dnHCN = 4πr2 dr · nHCN .

(1)

The density n is given by n = Ṁ /(4πr2 vexp µmH ), where µ
is the mean molecular mass. The flux of the 2ν20 –ν21 band from
this shell is
F2ν20 −ν21 (r)dr = α

1
D2
dn
fλ σλ δλ,
HCN
4πD2
r2 0 0

(2)

where D is the distance to the star, λ0 is the wavelength of
the 2ν20 transition (7.09 µm), and fλ0 is the 7 µm flux density
observed (200Jy=1.2 × 10−4 erg s−1 cm−2 cm−1 ). The cross
section, σλ0 , is given by (πe2 /me c2 )(λ20 f2ν20 /δλ), where f2ν20
is the band oscillator strength of the 2ν20 transition (1.6×10−6 ),
and δλ is the width of lines in the 2ν20 band. The stimulated
emission is ignored here. The integrated flux expected to be
observed is
Z ∞
0
e2 λ20 f2ν
Ṁ HCN
int
2
F2ν20 −ν21 (r)dr = α
fλ0
F2ν
0 −ν 1 =
2
2
2
4me c µmH
vexp rin
rin
∼ 6.6 × 10−12 (
×(

HCN
rin
Ṁ
)( )−1 ( −7
)
6 × 10−6 R?
10 M yr−1

vexp
)−1 erg s−1 cm−2 ,
10km s−1

(3)

where R? is the stellar radius (200R ). The abundance of HCN
in the circumstellar envelope has not yet been measured for
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TX Psc, though the upper limit, 2.2×10−5 , was determined
by Olofsson et al. (1993b) using the emission line in the radio
range. We here adopt HCN = 6 × 10−6 which was derived from
the calculation of photodissociation and molecular abundance
in the circumstellar envelope of TX Psc by Wirsich (1997). The
expansion velocity of the circumstellar envelope is 10.5 km s−1
which was determined by Olofsson et al. (1993a) using the CO
emission in the radio range. The order of the flux expected by
the above discussion is 10−12 erg s−1 cm−2 , which is consistent
with the observed one (2 × 10−12 erg s−1 cm−2 ). This means
that the emission of the HCN would be reasonably explained by
the radiative processes in the circumstellar envelope.
For the more detailed discussion, the parameters, e.g. vexp ,
should be given as functions of radius from the central star.
For instance, the velocity in the inner envelope would be much
smaller than the terminal velocity, and the density of HCN in the
inner envelope would be higher than that estimated in the above
simple calculation. Further, in the innermost layer, the effect of
the collisional transition may be important because of the higher
density. Since the HCN emission is not expected from the dense
region where collision dominates, the extent of the dense region
can be derived as rin in the above discussion. Thus, the HCN
emission can be used as a constraint for the future modeling of
the circumstellar envelope of carbon stars.
In oxygen-rich giants, the detection of the CO2 emission (ν2
bands) around 15 µm was reported by Justtanont et al. (1998)
and Ryde et al. (1999). The 15 µm emission features were also
detected in our M giants for which the CO2 absorption at 4.2 µm
was studied in Tsuji et al. (1997). These emission bands of CO2
in the 13–16 µm region of oxygen-rich stars have not yet been
consistently explained. For example, the ν21 band at 15.0 µm
which is expected to be the strongest is rather weaker than the
ν1 –ν21 band at 13.9 µm and the 2ν20 –ν21 band at 16.2 µm. This
behavior may be similar to that of the HCN 14 µm emission features discussed above. As a possible explanation of these CO2
emission features, a two-layer model of the circumstellar envelope was proposed by Ryde et al. (1999). Similar interpretation
may be possible for the HCN emission features in the 14 µm
region in carbon stars. But the situation is more complicated
because the photospheric contribution is large in the HCN features in carbon stars contrary to the CO2 features in oxygen-rich
stars.
5.2. C2 H2 in the circumstellar envelope
To investigate the abundance distribution of C2 H2 in the circumstellar envelope is an important subject, because this molecule
may play a significant role in dust formation in carbon stars. The
decrease of the C2 H2 abundance by at least a factor of 5 from
100 to 1000R∗ in IRC+10216 was shown by Keady & Hinkle
(1988) based on the high resolution spectra of C2 H2 and C2 H,
and this result was attributed to the accretion of the molecule
onto grains.
However, there is no evidence for the abundance variation
of C2 H2 in the circumstellar envelope of the optical carbon stars
in our sample. While the existence of HCN in the circumstel-
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lar envelope was confirmed by the emission bands, no emission
feature of C2 H2 was detected in the spectra. If we assume a circumstellar envelope like that of TX Psc, some emission features
of the Q branches of the C2 H2 ν5 bands, e.g. the ν4 + ν5 (σ)
– ν4 bands, are expected around 13.7 µm. However, no distinct
emission of C2 H2 was detected even in the spectrum of T Lyr
where the C2 H2 absorption was clearly identified (Fig. 7). This
may simply be due to the highly crowded absorption bands
of C2 H2 which mask the emission features. Higher resolution
spectroscopy and/or more detailed analysis are required for this
band which will bring useful information on chemistry in the
circumstellar envelope.
Since the C2 H2 absorption in the optical carbon stars is quite
broad, and the infrared excesses are not large, the absorption of
C2 H2 would be due to the hot component, i.e. the absorption in
the photosphere or in the warm inner envelope close to the star
with T >
∼ 1000 K. However, this does not necessarily imply the
depletion of C2 H2 by the accretion onto grains in the cool outer
envelope of these stars. If we assume a constant mass loss rate
(Ṁ ), a constant expansion velocity (vexp ) and a constant C2 H2
abundance (C2 H2 ), the column density of C2 H2 from r = rin
to rout is represented by
Z
N C 2 H2 =
=

rout

rin

Ṁ

dr
4πr2 vexp µmH C2 H2

Ṁ C2 H2
1
rin
(1 −
).
4πvexp µmH rin
rout

(4)

For example, if the hot layer is defined as the region from stellar
surface to 5R∗ , the column density of C2 H2 in the hot layer
(r < 5R∗ ) is higher by a factor of 4 than that in the cool layer
(r > 5R∗ ). Since the density in the hot layer should be much
higher due to the lower expansion velocity than in the cool outer
layer, the column density in the hot layer is much higher than that
in the cool layer. Thus, no obvious decrease of C2 H2 abundance
was found for our sources.
6. Concluding remarks
We analyzed the 14 µm molecular features of 4 optical carbon stars and 4 candidates of infrared carbon stars. The entire
spectra of this wavelength region became available thanks to
the ISO SWS. It has been revealed that special care should be
taken in determining the continuum levels for the analysis of
the emission and absorption bands of HCN and C2 H2 at 14 µm;
otherwise the SiC emission at 11 µm as well as molecular absorption at 7.5 µm may lead to the misidentification of spectral
features. The main conclusions on the 14 µm molecular bands
are as follows;
(1) The emission of HCN 2ν20 –ν21 bands was detected in the
two optical carbon stars, TX Psc and V CrB. This emission
feature originates in the circumstellar envelope where HCN
molecule in the ground level is pumped to the 2ν20 level
by 7 µm photon from the photosphere or from the inner
envelope.
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(2) The broad absorption features due to the C2 H2 ν5 bands
were detected in the three optical carbon stars, T Lyr, SS
Vir and V CrB. These features are basically explained by
the absorption in the photosphere or in the warm envelope
close to the star.
(3) The absorption of the C2 H2 ν5 bands was detected in the
4 infrared sources. This detection finally confirmed the
carbon-rich nature of these sources. The absorption features would be formed in the inner envelope in which the
mid-infrared radiation originates.
These results give constraints on the modeling of the circumstellar envelope. The higher resolution spectroscopy (R > 104 )
will make it possible to distinguish clearly the absorption or
emission in the circumstellar envelope from photospheric ones.
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