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ABSTRACT

Context. At the end of the long H-burning phase (main sequence), low-mass to intermediate-mass stars evolve into asymptotic giant
branch (AGB) stars that can have carbon-rich envelopes depending on the initial C/O ratio. In their circumstellar envelopes (CSEs),
dust particles and molecules are formed and shed back to the interstellar space. Therefore, these stars significantly contribute to the
galactic astro-chemical evolution.
Aims. To shed light on the chemical properties of carbon-rich CSEs, especially carbon- and silicon-bearing molecules, we performed
parallel spectral-line surveys of IRC+10216 and CIT 6, the brightest and second-brightest carbon-rich star envelopes on the sky.
Methods. We conducted 30–50 GHz observations towards both sources using a high-sensitivity-wide-band extended Q-band receiver
(eQ) of the Nobeyama 45-m telescope. We then analysed data of CIT 6 and used data of IRC+10216 for comparison purposes. We
applied the rotational-diagram method to derive their rotational temperatures and column densities for HC5N and HC7N. For other
molecules, we assumed an excitation temperature to derive their column densities.
Results. Molecular column densities in CIT 6 are systematically lower than those of IRC+10216, typically by one order of magnitude.
Silicon- and sulfur-bearing species such as SiS and CS show the strongest depletion, whereas carbon-chain molecules (HCnN, C6H)
remain relatively prominent, indicating that carbon-chain formation is still efficient in CIT 6. Rotational temperatures are higher in
CIT 6, which is consistent with the fact that emission arises from warmer and more compact regions of its envelope. Both sources
show low 12C/13C ratios and mildly sub-solar 28Si/29Si values, which are non-solar isotopic ratios.
Conclusions. Both envelopes display canonical, carbon-rich AGB chemistry and comparable isotopic compositions. CIT 6, however,
shows slightly higher excitation temperatures, stronger carbon-chain growth, and deeper depletion of Si- and S-bearing species. These
signatures point to a more evolved circumstellar environment, where dust condensation and shock processing further modulated the
molecular composition.

Key words. stars: AGB and post-AGB – stars: carbon – ISM: lines and bands – ISM: molecules – planetary nebulae: general –
planetary nebulae: individual: CIT 6
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1. Introduction

A carbon star has an atmosphere with a higher abundance of
carbon compared to oxygen (Wallerstein & Knapp 1998). It
represents the final phase of low-mass to intermediate-mass
main-sequence stars (masses of 0.8–8 M⊙). Typically, in the late
stages of their evolution, carbon stars have exhausted most of
their nuclear fuel. They lose mass through strong stellar winds,
creating a circumstellar envelope (CSE) of gas and dust. They
produce carbon and other heavy elements, which are expelled
into the interstellar medium through these stellar winds (Jura
1986; Dinh-V-Trung & Lim 2008; Hirano et al. 2005), contribut-
ing to its enrichment. Understanding the chemical compositions
in CSEs is also important for studying the chemical evolution of
interstellar gas in our Galaxy (Hirano et al. 2004; Dinh-V-Trung
et al. 2022).

Among all carbon stars, IRC+10216 (also named CW Leonis,
IRAS 09452+1330, RAFGL 1381, and the Peanut Nebula) is the
brightest source at near-infrared wavelengths (Ulrich et al. 1966;
He et al. 2008, 2017). It is located at a distance of 123 ± 14 pc
(Groenewegen et al. 1998, 2012) from the Sun. It is believed to
be in a late stage of its life, blowing off its own sooty atmo-
sphere to eventually form a white dwarf (Patel et al. 2009; Ladjal
et al. 2010). On the other hand, CIT 6 (also named RW Leo-
nis Minoris, GL 403, IRC+30219, and IRAS 10131+3049) is the
second-brightest carbon star (Ulrich et al. 1966; Dinh-V.-Trung
& Lim 2009; Zhang et al. 2009b). Its distance from the Sun is
400 ± 50 pc (Cohen & Hitchon 1996). CIT 6 is thought to be a
binary as a result of detailed observations and simulations of its
spiral structures (Kim et al. 2013, 2015).

These stars have rather different diameters, masses, tem-
peratures, and luminosities; hence, they exhibit different spec-
troscopic features, especially at millimetre wavelengths (see
Table 2). For example, the rotational lines of SiO and SiC2
show double-peaked profiles in IRC+10216, whereas they show
a broad, single, asymmetric peak feature in CIT 6. Hubble Space
Telescope observations of CIT 6 revealed that a bipolar structure,
frequently seen in protoplanetary nebulae (pPNs), has developed
in the innermost region of the CSE (Schmidt et al. 2002). CIT 6
is therefore in the transitional phase from the asymptotic giant
branch (AGB) to the planetary nebula stage.

Both stars exhibit semi-periodic variability with periods of
640 days for IRC+10216 and 630 days for CIT 6, respectively
(Alksnis & Khozov 1975; Whitelock et al. 2006). The significant
mass-loss rates are measured to be 1.1× 10−5 and 2.2× 10−5 M⊙
yr−1 for CIT 6 and IRC+10216, respectively (De Beck et al. 2012;
Dinh-V.-Trung & Lim 2009; Whitelock et al. 2006).

In this paper, we present the results of a spectral-line survey
of carbon stars in the Q band (30–50 GHz) toward CIT 6 and
IRC+10216. This band includes numerous transitions of carbon-
rich species such as cyanopolyynes and carbon-chain radicals
(Taniguchi et al. 2024b,a), making it well suited for revealing
the physical and chemical properties of cool CSEs. Previous
spectral-line surveys of carbon stars primarily focused on the
brightest carbon star, IRC+10216. For example, Kawaguchi et al.
(1995) conducted a survey in the 28–50 GHz range using the
Nobeyama 45 m telescope, identifying 188 lines with a noise
level of ∼10 mK in T ∗A at a 250 kHz resolution. More recently,
Tercero et al. (2021) and Pardo et al. (2022) performed a deep
spectral-line survey with the Yebes 40 m telescope, identifying
713 transition lines in the 31.0–50.3 GHz range with an excel-
lent noise level of ∼1 mK at a comparable frequency resolution,
thereby detecting many more lines.

Table 1. Summary of this and previous line surveys toward CIT 6.

Range Reference Telescope1 Coverage2

(GHz)

30–50 This paper NRO 45 m 1
36–49 Chau et al. (2012) NRO 45 m ∼0.35
90–116 Yang et al. (2023) ARO 12 m 1
131–160 Zhang et al. (2009a) ARO 12 m 1
219–244 Zhang et al. (2009a) SMT 10 m 1
252–268 Zhang et al. (2009a) SMT 10 m 1
18–145 Henkel et al. (1985) Multiple telescopes < 0.1
45–94 Fukasaku et al. (1994) Multiple telescopes < 0.1

Notes. 1 NRO: Nobeyama Radio Observatory; ARO: Arizona Radio
Observatory; SMT: Submillimetre Telescope. 2 Ratio of the observed
bandwidth to the bandwidth given in the first column.

We used a newly developed 30–50 GHz band extended-Q
band receiver (eQ) (Chiong et al. 2022; Nakamura et al. 2024),
which has excellent sensitivity and wide bandwidth, installed at
the Nobeyama 45-m telescope. A previous line survey towards
CIT 6 in a similar frequency range was conducted by Chau et al.
(2012) with the Nobeyama 45m telescope, but they only covered
a limited frequency range in the Q band (36–38.5 GHz, 39.5–
40.5 GHz, and 41.5–50 GHz). They detected 25 spectral lines
of five molecular species (HC3N, HC5N, HC7N, SiO, and CS).
Their results suggest that cyanopolyynes are enhanced similarly
to IRC+10216. The obtained lines sometimes show asymmet-
ric shapes, consistent with the high-resolution observations by
Dinh-V-Trung & Lim (2008); Kim et al. (2015), which also
revealed a spiral structure in the CSE of CIT 6. More recently,
Yang et al. (2023) conducted a 3 mm (90–116 GHz) survey
towards CIT 6 and detected 42 emission lines for ten molecu-
lar species and four isotopologues. For comparison, the previous
line surveys towards CIT 6 are summarised in Table 1.

Here, we present the first complete spectral survey of CIT 6
in the 30–50 GHz range in order to compare the chemical prop-
erties of the CSEs of IRC+10216 and CIT 6. We describe the
details of the observations in Sect. 2. The results are presented
in Sect. 3 and the discussions are given in Sect. 4. Finally, we
summarize our conclusions in Sect. 5.

2. Observation

In March 2024, we observed two carbon-rich stars, CIT 6 and
IRC+10216, using the NRO 45m telescope equipped with the eQ
receiver (Nakamura et al. 2024) and the SAM45 FX-type spec-
trometer (see Table 4). Observations were conducted in position-
switching mode, with the emission-free reference position
located +30′ away from the target in right ascension. To cover the
30–50 GHz frequency range, we used six different frequency set-
tings, each covering (0.4 GHz × 8 =) 3.2 GHz with a frequency
resolution of 120 kHz and a bandwidth of 500 MHz. The veloc-
ity resolution ranges from 0.7 km s−1 at 50 GHz to 1.2 km s−1

at 30 GHz. For the final data product, we binned two channels,
resulting in a spectral resolution of 240 kHz. During the observa-
tion season, only eight arrays of the SAM45 spectrometer were
available for the eQ receiver. The beam size (HPBW) is 37′′ at
43 GHz, which corresponds to 0.022 pc and 0.056 pc at the dis-
tances of IRC+10216 and CIT 6, respectively. The main-beam
efficiency was 0.73 at 43 GHz. The typical system temperature
Tsys during the observations was in the range of 100–200 K (at
frequencies above 40 GHz) and 50–80 K (at frequencies below
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Table 2. Basic properties of CIT 6 and IRC+10216.

CIT 6 IRC+10216 References (CIT 6; IRC+10216)

Distance (pc) 400 ± 50 123 ± 14 Cohen & Hitchon (1996); Groenewegen et al. (2012)
Dust-effective stellar radius (AU) 7 11 Ramstedt & Olofsson (2014); Menten et al. (2012)
Envelope radius (AU) 2600 13 370 Dinh-V.-Trung & Lim (2009); Tuo et al. (2024)
Teff (K) 1800 1630 Ramstedt & Olofsson (2014); Menten et al. (2012)
Luminosity (L⊙) 10 000 8600 Ramstedt & Olofsson (2014); Menten et al. (2012)
VLSR (km s−1) −1 −26 Fukasaku et al. (1994); Menten et al. (2012)
Expansion velocity (km s−1) 17 14.5 Dinh-V.-Trung & Lim (2009); Cernicharo et al. (2000)
Mass-loss rate Ṁ (M⊙ yr−1) 1.1 × 10−5 2.2 × 10−5 Dinh-V.-Trung & Lim (2009); Whitelock et al. (2006)
Variability period (days) 630 640 Alksnis & Khozov (1975); Whitelock et al. (2006)

Table 3. Noise levels of CIT 6 and IRC+10216 data.

Set LSB/USB Band rms (CIT 6) ∗ rms (IRC+10216)
(GHz) (mK) (mK)

1 LSB 30–32 5.6–4.0 6.2–5.0
2 LSB 32–34 5.9–3.8 7.2–5.7
3 LSB 34–36 4.5–3.8 6.5–5.1
4 LSB 36–38 4.3–3.6 4.5–3.8
5 LSB 38–40 21.0–8.4 7.2–9.7

5 USB 40–42 11.2–8.0 13.8–5.7
1 USB 42–44 5.7–4.3 6.2–3.5
2 USB 44–46 8.4–6.5 9.4–10.7
3 USB 46–48 5.1–6.7 9.7–10.4
4 USB 48–50 7.6–8.1 7.2–9.7

Notes. ∗ The frequency resolution of the data is 240 kHz.

Table 4. Summary of observations.

Source tintegration Date

IRC+10216 1.5 h × 5 sub-bands March 17–24, 2024
CIT 6 1.5 h × 5 sub-bands March 17–24, 2024

IRC+10216 1.5 h × 5 sub-bands March 25–30, 2024
CIT 6 1.5 h × 5 sub-bands March 25–30, 2024

40 GHz). The telescope pointing was checked every 1.5 hours by
observing the SiO maser line (J = 1–0, ν = 1 and ν = 2) from
R Leo, maintaining a pointing accuracy within 3–5′′. The total
observation time for one frequency setting was around two hours
for the position-switch observations. The on-source integration
time of each setting was about 40 min. The rms noise levels are
3.8–10.7 mK in IRC+10216 and 3.6–21.0 mK in CIT 6 at 30–
38 GHz, respectively, due to higher system noise temperatures at
the upper end of the band (see Table 3 for more details).

For all calculations in Sect. 3.1 for CIT 6, we converted the
antenna temperature T ∗A to the source brightness temperature TS
and corrected for beam dilution as follows:

TS =
1
η

θ2b + θ
2
s

θ2s
T ∗A, (1)

where η = 0.74 is the average main-beam efficiency, which
slightly increases to 0.75 at 33 GHz and decreases to 0.73 at
45 GHz (Nakamura et al. 2024). θb, the HPBW of the beam,
is 38′′ at 43 GHz and scales linearly with frequency ν as

θb(ν) = 38′′
43 GHz
ν
. (2)

The average source diameter of CIT 6, θs, is about 20′′, as
revealed by interferometric mapping with the Sub-millimetre
Array (SMA) (Kim et al. 2015), and that of IRC+10216 is
about 45′′, as mapped by the Atacama Large Millimetre Array
(ALMA) (Agúndez et al. 2017). The correction factor increases
from ∼8 at 30 GHz to ∼4 at 50 GHz, showing that the appar-
ent line brightness of CIT 6 would be underestimated by roughly
one order of magnitude at the low-frequency end if no correction
was applied. For IRC+10216, however, the molecular envelope is
comparable to or larger than the beam across the band, so only
the main-beam efficiency correction is required. Note that the
difference in beam filling factor may still bias relative abundance
ratios slightly (by <20%), but this is within our stated uncertain-
ties and does not affect the qualitative conclusion that molecular
lines in CIT 6 are systematically weaker than in IRC+10216.

3. Results and analysis

3.1. Detected lines in CIT 6

Figure 1 presents the complete spectra towards CIT 6 and
IRC+10216, while Appendix B shows zoomed-in views of spec-
tra in 1 GHz segments. IRC+10216 spectra are included solely
for visual comparison; no line characterisation was performed
for this source. Our IRC+10216 spectra are consistent with those
reported by Kawaguchi et al. (1995) and Pardo et al. (2022).

Thanks to the high sensitivity (0.2–0.6 mK per MHz), high
spectral resolution (0.229 MHz), and full coverage of the 31.0–
50.3 GHz band of the IRC+10216 survey of Pardo et al. (2022),
we used their detected line list to identify our detected lines
beside using the Splatalogue line catalogue (Remijan et al.
2007). We identify 42 lines above the 3σ level at the line peak in
the CIT 6 spectra (Table 5). They are all detected in the survey
of Pardo et al. (2022) towards IRC+10216. Table 6 groups these
detections into four chemical families: cyanopolyynes, carbon-
chain radicals, Si-bearing molecules, and S-bearing molecules.
The line intensities are comparable to those measured by Chau
et al. (2012) at the same frequencies. Compared to Chau
et al. (2012), our survey detects several additional transitions
of cyanopolyyne species (HC3N, HC5N, HC7N) and new tran-
sitions of other molecules in CIT 6, including SiC2, C3S, C6H,
C34S, SiS, and 13CS. In total, we identify 29 new transition lines
compared to the earlier study.

The cyanopolyyne family (HC2n+1N) dominates the
millimetre–wave spectra of both CIT 6 and IRC+10216 and
serves as a benchmark for comparing their chemical and
physical conditions. Rotational transitions of HC3N, HC5N,
and HC7N are clearly detected in both sources within the
31–50 GHz band, in agreement with earlier Nobeyama 45 m
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Fig. 1. Overview of the wide-band spectra from 30 to 50 GHz toward CIT 6 obtained with the eQ receiver on the NRO 45m telescope. Different
colours represent different spectral arrays of the SAM45 FX-type digital spectrometer. The dotted lines indicate some strong transition lines detected
toward CIT 6. Zoom-in spectra are shown in Appendix A and B.

Table 5. Line parameters of detected species in CIT 6 observed with the eQ receiver at the NRO 45m telescope.

No Molecule Transition Rest Freq. Eup S ul gup Sµ2 B Tint(CIT) Tint(IRC) Tint ratio Line shape
(MHz) (K) (MHz) (mK) (mK) CIT/IRC

1 HC7N J=27→26 30455.74 20.46 27.00 55 3.27 564.00 0.16 0.85 0.19 Multiple peaks
2 HC7N J=28→27 31583.71 22.00 28.00 57 3.29 564.00 0.16 1.48 0.11 Multiple peaks
3 HC5N J=12→11 31951.78 10.00 12.00 75 2.83 1331.33 1.06 7.35 0.14 Double peaks
29 CCS NJ = 34 → 23 45379.03 5.40 3.97 9 3.69 6477.75 0.27 1.71 0.15 Multiple peaks

Notes. Observations cover 30–50 GHz with a channel spacing of 120 kHz (velocity resolution: ∼0.7–1.2 km s−1 across the band). Integrated
intensities (Tint) are derived from baseline-subtracted spectra over fixed velocity windows centred on the fitted VLSR. Eup is the upper-level energy.
S ul is the intrinsic line strength; gup is the upper-level degeneracy. Sµ2 is given in Debye2. B is the rotational constant. Tint =

∫
TS dv in K km s−1.

surveys (Kawaguchi et al. 1995) and subsequent studies towards
CIT 6 and IRC+10216 (Chau et al. 2012; Pardo et al. 2022).
Seven detected transitions of HC5N and 17 of HC7N span a wide
range of upper level energies, from 2–54 K for and 10–22 K,
respectively. In IRC +10216, the lines are stronger than those
in CIT 6 and display the characteristic double-peaked profiles
expected from an expanding envelope with vexp ≃ 14.5 km s−1

(Pardo et al. 2022). Line shapes in CIT 6 are more asymmetric,
with blueshifted wings dominating over the blue sides, which is

consistent with previous reports that its envelope departs from
spherical symmetry and exhibits incomplete shells (Chau et al.
2012).

The SiO spectrum towards CIT 6 shows enhanced emission
in the redshifted wing, similar to IRC+10216, while 29SiO is only
faintly detected. SiS is marginally detected (∼2σ in smoothed
spectra) and is much stronger in IRC+10216. SiC2 emission is
relatively strong with a broad profile. S-bearing species such as
C3S, CS, 13CS, and C34S are also strong, often with multiple
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Table 6. Detected molecules in line survey towards CIT 6.

Species Molecules∗

Carbon-chain species
Cyanopolyyne molecules HC3N, H13CCCN, HC13CCN,

HC5N, HC7N
Carbon-chain radicals C6H∗, C3N, SiC2, CCS, C3S
Other species
Si-bearing molecules SiO, 29SiO, SiS
S-bearing molecules CS, 13CS, C34S

Notes. ∗ Newly detected molecules in the Q band toward CIT 6 with
this survey.

spectral peaks. Two CCS lines and one SiS line appear weak
(∼2σ). HC3N and H13CCCN show strong emission, while other
isotopologues are faint. HC5N lines are among the strongest fea-
tures; unlike the horn-shaped profiles seen in IRC+10216, they
display Gaussian-like profiles in CIT 6, with similar shapes
across the two detected transitions. HC7N lines exhibit mul-
tiple peaks and hyperfine structures (see detailed figures in
Appendix A).

3.2. Integrated intensity

Line intensities in both CIT 6 and IRC+10216 were measured
by numerical integration using the trapezoidal rule, over a
frequency range of 5.86 MHz centred on the rest frequency.
The resulting integrated intensities, Tint =

∫
TSdν, are listed in

Table 5. For lines detected in both our survey and that of Chau
et al. (2012), the integrated intensities agree within 50%. In
CIT 6, the peak and integrated intensities of most transitions are
lower than of those measured in IRC+10216. This leads to 2.5–
20 times lower column densities (see Sect. 4.1). Since its angular
source diameter is larger than the beam, we do not need to correct
for beam dilution towards IRC+10216.

3.3. Column density and excitation temperature
determination

We derived molecular column densities using two comple-
mentary approaches, depending on the number and quality of
detected transitions for each species.

3.3.1. Rotation-diagram analysis for HC5N and HC7N

For seven detected transitions of HC5N and 17 of HC7N that
span a wide range of upper level energies (from 2–54 K for
HC5N and 10–22 K for HC7N, respectively), we applied the rota-
tional diagram method (Goldsmith & Langer 1999) to determine
both the rotational temperature (Trot) and total column density
(Ntot). Assuming optically thin emission and local thermody-
namic equilibrium (LTE), the relationship between Trot and Ntot
is given by

ln
(

Nu

gu

)
= ln

[
3kTint

8π3ν Sµ2

]
= ln

(
Ntot

Qrot

)
−

Eu

kTrot
, (3)

where Nu is the column density in the upper level, gu = 2Ju +
1 is its degeneracy, k is the Boltzmann constant, ν is the rest
frequency, µ is the dipole moment, S is the line strength, µ2S
is given in Debye2 unit, Eu/k is the upper level energy in K,
Q = kTrot/(hB) is the rotational partition function, and B is the

Fig. 2. Rotational diagrams of HC5N (a) and HC7N (b) constructed from
transitions detected in our survey. The best-fit linear regressions are
shown, from which the rotational temperatures (Trot) and total column
densities (Ntot) are derived. Error bars represent the 15% uncertainties
in the line intensities.

rotational constant. Values of µ2S and Eu/k are taken from Pardo
et al. (2022) and the Splatalogue database1, while B is obtained
from the JPL Molecular Spectroscopy Catalogue2.

Using integrated intensities derived in Sect. 3.2, the rota-
tional diagrams of HC5N yield Trot = 24 ± 8 K and Ntot =
1.47± 0.34× 1014 cm−2 for CIT 6, and Trot = 21± 6 K and Ntot =
8.67 ± 1.98 × 1014 cm−2 for IRC+10216 (Fig. 2). For HC7N, we
obtain Trot = 30 ± 3 K and Ntot = 1.63 ± 0.21 × 1014 cm−2 for
CIT 6, and Trot = 24±2 K and Ntot = 8.88±1.16×1014 cm−2 for
IRC+10216. For IRC+10216, while column densities are consis-
tent with the results obtained from the recent Yebes 40 m Q–band
analysis (Pardo et al. 2022), our Trot of both HC5N and HC7N
molecules are 11 K and 9 K higher, respectively. This might
come from the fact that NRO 45 m has smaller beam, which
probes relatively warmer inner regions of the envelope, possibly
where dust condensation and UV photochemistry sustain ongo-
ing carbon-chain formation. The original Nobeyama survey of
IRC+10216 by Kawaguchi et al. (1995) derived Trot = 19 ± 2 K
and Ntot = 1.1 × 1015 cm−2 for HC5N, values which are consis-
tent with our IRC+10216 results to within 20%. The fact that
Trot are higher in CIT 6 compared to IRC+10216 confirms that
cyanopolyyne emission originates in a warmer region of its enve-
lope; this is consistent with its more evolved status inferred from
optical and infrared studies.

The column-density ratios between the two
envelopes are N(HC5N)CIT6/N(HC5N)IRC+10216 ≈ 0.18 and
N(HC7N)CIT6/N(HC7N)IRC+10216 ≈ 0.18. This is consistent with
previous intensity ratios of ∼0.1–0.2 reported by Chau et al.
(2012) and indicates that both species are depleted by a factor
of 5–6 in CIT 6 relative to IRC+10216. Both sources show the
expected decreasing trend N(HC3N) > N(HC5N) > N(HC7N),
which is consistent with stepwise polymerisation reactions
such as C2H + HC2n+1N→ HC2n+3N + H (Pardo et al. 2022).
1 https://splatalogue.online
2 https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.
html
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Table 7. Derivation of physical properties of detected molecules in CIT 6 derived from this survey.

No Molecule Significance # lines Tex (K) Ntot (CIT) Ntot (IRC) Ntot (CIT)/Ntot (IRC) Comments

1 HC3N Strong (>5σ) 2 25 4.08 × 1014 1.77 × 1015 0.23 –
2 H13CCCN Moderate (>3σ) 1 25 1.37 × 1013 9.81 × 1013 0.14 –
3 HC13CCN Moderate (>3σ) 1 25 2.08 × 1013 8.95 × 1013 0.23 –
4 HC5N Very strong (>10σ) 7 25 1.63 × 1014 8.80 × 1014 0.19 Profiles differ from horn-shaped IRC lines
5 HC7N Strong (>5σ) 17 25 1.39 × 1015 8.24 × 1015 0.17 –
6 C6H Moderate (∼4–5σ) 1 25 1.57 × 1014 3.92 × 1014 0.40 First detection in CIT 6
7 C3N Strong 1 25 6.44 × 1013 7.13 × 1014 0.09 –
8 SiO Strong (>5σ) 1 25 3.58 × 1012 1.71 × 1013 0.21 Similar to IRC profile shape
9 29SiO Weak (∼2σ) 1 25 3.91 × 1013 3.16 × 1014 0.12 Marginal detection
10 SiS Weak (∼2σ) 1 25 2.18 × 1013 4.32 × 1014 0.05 Detected only in smoothed spectra
11 SiC2 Strong (>5σ) 1 25 6.36 × 1013 5.27 × 1014 0.12 First detection in Q band in CIT 6
12 CS Strong (>5σ) 1 25 2.25 × 1013 1.36 × 1014 0.17 –
13 13CS Strong (>5σ) 1 25 3.32 × 1013 1.96 × 1014 0.17 First detection in Q band in CIT 6
14 C34S Strong (>5σ) 1 25 1.74 × 1013 6.97 × 1013 0.25 First detection in Q band in CIT 6
15 CCS Weak (∼2σ) 1 25 1.66 × 1013 7.71 × 1013 0.22 –
16 C3S Strong (>5σ) 1 25 1.74 × 1013 6.97 × 1013 0.25 First detection in CIT 6

Notes. Tex: excitation temperature; Ntot: total column density.

In conclusion, the derived rotation temperature and column
density support the view that CIT 6 is slightly more evolved
than IRC+10216.

3.3.2. LTE analysis of single transitions of other molecules

To derive the total column densities of all detected molecules
under the assumption of LTE, we adopted a single excitation
temperature of Tex = 25 K for both CIT 6 and IRC+10216.
This representative temperature was chosen based on the
cyanopolyyne analysis in Sect. 3.3.1, where the rotational dia-
grams of HC5N and HC7N yielded Trot values in the 20–30 K
range for both sources. Although a uniform temperature approx-
imation introduces uncertainties for species with significantly
different excitation conditions, it allows a consistent, compar-
ative assessment of molecular abundances across the Q-band
data set.

Column densities were calculated using the standard opti-
cally thin LTE expression

Ntot =
3k

8π3 ν Sµ2

Qrot(Tex)
gu

eEu/Tex Tint, (4)

where ν is the rest frequency (Hz), Sµ2 the line strength (D2),
gu the upper level degeneracy, Eu the upper level energy (K),
and Qrot(Tex) = kTex/(hB) the rotational partition function for a
linear rotor. The integrated intensity, Tint (K km s−1), is derived
in Sect. 3.2. The estimated uncertainty of each column density is
∼30%, combining the calibration error, baseline subtraction, and
the uncertainty associated with the adopted single Tex.

Figure 3 compares the LTE column densities obtained for
all molecules in CIT 6 and IRC+10216. Most molecular column
densities in CIT 6 are generally lower than in IRC+10216 by fac-
tors of 2–10. A few species, such as SiO, are similar in both
sources suggesting enhanced emission or less depletion in the
warmer, inner envelope of CIT 6.

The derived column densities span 4 × 1012–1.4 × 1015 cm−2

for both sources, which is consistent with previous Q-band sur-
veys (Kawaguchi et al. 1995; Chau et al. 2012; Pardo et al. 2022).
The global offset between the two envelopes mirrors that found
for the cyanopolyynes (Sect. 3.3.1), reinforcing the view that
CIT 6 is chemically similar to IRC+10216, but less abundant
in most molecular species due to its more evolved and possibly
more diluted circumstellar envelope.

Fig. 3. Comparison of molecular column densities in CIT 6 and
IRC+10216 derived from our survey data. The dashed red line marks
the one-to-one relation, where both sources have equal column densi-
ties. The dashed yellow line indicates where column densities in CIT 6
are two times lower than in IRC+10216, while the dashed green line
shows the case where column densities in CIT 6 are ten times lower.
Most species are less abundant in CIT 6 by factors of 2–10, while a few
(e.g. SiO) show comparable column densities. A detailed breakdown of
relative abundances with respect to HC3N, C34S, and SiO is provided in
Table 7 and 8.

4. Discussion

4.1. Molecular inventory and comparison with IRC+10216

Our Q-band survey towards CIT 6 reveals a molecular inventory
dominated by carbon chains, cyanopolyynes, and S/Si-bearing
species such as HC3N, HC5N, HC7N, C3S, C6H, SiC2, SiS, and
SiO. All of these molecules are also detected towards IRC+10216
(see Sect. 3). Fig. 3 compares the column-density values of CIT6
and IRC+10216 for each species. The derived column densities
span 4 × 1012–1.4 × 1015 cm−2 for both sources, with a clear
systematic offset between the two envelopes. Across the full
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Table 8. Relative abundances of detected molecules in CIT 6 and IRC+10216 with HC3N, C34S, SiC2, and SiO as references.

No Molecule N/N(HC3N) (CIT) N/N(HC3N) (IRC) N/N(C34S) (CIT) N/N(C34S) (IRC) N/N(SiC2) (CIT) N/N(SiC2) (IRC) N/N(SiO) (CIT) N/N(SiO) (IRC)

1 HC3N 1.0 1.0 2.3 3.0 0.64 0.45 1.03 2.07
2 H13CCCN 0.3 0.4 0.8 1.2 0.26 0.20 0.42 0.92
3 HC13CCN 0.5 0.3 1.1 0.9 0.31 0.14 0.50 0.66
4 HC5N 1.3 1.7 3.0 5.3 0.87 0.65 1.40 1.91
5 HC7N 2.1 1.9 4.9 5.9 1.40 0.77 2.25 2.42
6 C6H 0.8 0.3 1.8 1.0 0.50 0.15 0.80 0.68
7 C3N 0.9 1.8 2.0 5.5 0.55 1.06 0.89 3.05
8 SiO 1.0 1.4 2.3 4.2 0.62 0.22 1.0 1.0
9 29SiO 0.1 0.1 0.2 0.2 0.06 0.01 0.09 0.05
10 SiS 0.6 1.7 1.3 5.2 0.35 0.27 0.56 1.22
11 SiC2 1.6 2.4 3.7 7.4 1.0 1.0 1.61 4.58
12 CS 10.2 8.4 23.8 25.6 6.50 1.32 10.5 6.06
13 13CS 0.6 0.7 1.4 2.2 0.39 0.29 0.64 1.35
14 C34S 0.4 0.3 1.0 1.0 0.27 0.13 0.42 0.60
15 CCS 0.4 0.3 0.9 1.0 0.25 0.05 0.40 0.24
16 C3S 0.9 1.1 2.2 3.3 0.59 0.44 0.96 1.38

Table 9. Isotopic ratios derived from LTE column densities of CIT 6 and IRC+10216 (this work), with benchmarks.

Ratio Tracer (type) CIT 6 ± IRC+10216 ± Solar Local ISM Notes
32S/34S N(CS)/N(C34S) 23.4 9.9 25.3 10.8 22.1 20.0 Optically thick CS; uncertainty ∼30%
28Si/29Si N(SiO)/N(29SiO) 10.9 4.6 18.5 7.9 19.7 – SiO possibly thick; SiS ratios often closer to solar
12C/13C N(CS)/N(13CS) 18.1 7.7 13.0 5.5 89.4 54.0 Apparent; CS often optically thick
12C/13C N(HC3N)/N(H13CCCN) 29.8 8.3 18.0 5.0 89.4 54.0 –
12C/13C N(HC3N)/N(HC13CCN) 19.6 5.5 19.8 5.5 89.4 54.0 –
12C34S/13C32S N(C34S)/N(13CS) 0.52 0.16 0.36 0.11 – – Optically thin product ratio
12C/13C (inferred) thin pair + 32S/34S= 22.1 11.5 3.6 8.0 2.5 89.4 54.0 From Eq. (6); opacity-independent

Notes. App. denotes apparent ratios derived using a main isotopologue (lower limits if optically thick). Optically thin pair ratios only use rare
isotopologues and are largely insensitive to opacity. The thin-pair value 12C34S/13C32S is converted to an inferred 12C/13C adopting 32S/34S = 22.1
(Asplund et al. 2009). Benchmarks: solar isotopic ratios from Asplund et al. (2009); representative local ISM 12C/13C = 54 ± 10 from Yan et al.
(2023). Apparent ratios are lower limits when the main isotopologue is optically thick. See text for discussion of Si and C isotopes and for thin–thin
comparisons (Kahane et al. 1988; Cernicharo et al. 2000; Fonfría et al. 2015).

sample, the ratios NCIT6/NIRC+10216 range from ∼0.05 to ∼0.4,
with a median of 0.15, indicating that the molecular column
densities in CIT 6 are typically five-to-ten-times lower than in
IRC+10216. The most suppressed species in CIT 6 are SiS (0.05)
and C3N (0.09), while relatively carbon-rich radicals such as
C6H approach parity with ratios of ∼0.4. Among the Si-bearing
molecules, SiO is only modestly depleted (NCIT6/NIRC = 0.21);
this is consistent with its emission originating from a warmer
and more compact region of the envelope.

The overall trend confirms that carbon-chain molecules (e.g.
HCnN and CnH) remain prominent in CIT 6, whereas Si- and S-
bearing species are systematically weaker than in IRC+10216.
This pattern suggests that (i) the outer envelope of CIT 6
still sustains efficient carbon-chain growth, but (ii) Si- and S-
bearing molecules are more heavily depleted, likely through
enhanced dust condensation or shock-driven chemistry. The
same behaviour is evident when abundances are normalised to
reference species such as SiO, HC3N, or C34S (Table 8).

Using SiO as a reference, SiS is under-abundant in CIT 6 by a
factor of ∼2.17 compared with IRC+10216 ([SiS/SiO]CIT = 0.56
vs. [SiS/SiO]IRC = 1.22). This depletion implies that a larger
fraction of Si is locked in dust grains or that SiS destruc-
tion by shocks is more effective in CIT 6. Similar depletion
of CS and C3S further indicates a general suppression of gas-
phase S-bearing species, possibly due to different dust-formation
efficiency or freeze-out conditions.

4.2. Isotopic ratios

Isotopic ratios provide powerful diagnostics of stellar nucleosyn-
thesis and Galactic chemical evolution, as they trace the products
of nuclear processing and convective dredge-up in evolved stars

(Kahane et al. 1988; Wilson & Rood 1994; Herwig 2005; Peng
et al. 2013). During the thermally pulsing AGB phase, repeated
dredge-up events transport the ashes of He-shell burning (mainly
C, N, F, and s-process elements) to the surface, modifying the
isotopic composition of the CSE (Busso et al. 1999; Herwig
2005; Cristallo et al. 2009; Zhang et al. 2013; Wasserburg et al.
2017). The resulting isotopic yields strongly depend on the stellar
mass and metallicity (Peng et al. 2013), leaving observable sig-
natures in the surrounding ISM. Although IRC+10216 resides in
the solar neighbourhood, its isotopic composition is known to be
markedly non-solar (Kahane et al. 1988, 1992; Cernicharo et al.
2000), reflecting significant enrichment by processed material
following late dredge-up episodes.

We derived isotopic ratios using the column densities derived
in Sect. 3.3. When the main isotopologue is optically thick,
the resulting ratios represent apparent lower limits. To mitigate
optical-depth effects, we preferentially used optically thinner
isotopic pairs, and, where necessary, we used optical-depth cor-
rections (Linke et al. 1977; Kahane et al. 1988; Cernicharo et al.
2000). The resulting ratios for both CIT 6 and IRC+10216 are
summarised in Table 9 and illustrated in Fig. 4.

From the CS isotopologues, we formed[ 12C
13C

]
app
≃

N(CS)
N(13CS)

,

[ 32S
34S

]
app
≃

N(CS)
N(C34S)

. (5)

A more robust, opacity-independent ratio can be obtained from
the thin pair:

N(C34S)
N(13CS)

=

( 12C
13C

) ( 34S
32S

)
, (6)

which constrains the product of the two elemental ratio.
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Fig. 4. Apparent isotopic ratios derived from column densities in CIT 6
(blue) and IRC+10216 (orange).

Using the column densities in Table 7, for CIT 6 we obtain
N(CS)/N(13CS) = 18.1± 7.7, N(CS)/N(C34S) = 23.4± 9.9, and
N(C34S)/N(13CS) = 0.52 ± 0.16. For IRC+10216, the corre-
sponding ratios are 13.0 ± 5.5, 25.3 ± 10.8, and 0.36 ± 0.11,
respectively. Adopting the solar 32S/34S ratio of 22.1 (Asplund
et al. 2009), Eq. (6) implies 12C/13C ≃ 11.5 ± 3.6 in CIT 6 and
≃8.0 ± 2.5 in IRC+10216. These values are significantly below
the solar value (89.4) and the local ISM average (54 ± 10), con-
firming the well-known non-solar 12C/13C ratio in IRC+10216
and revealing a similarly low value in CIT 6.

From the SiO family, we derive[ 28Si
29Si

]
app
=

N(SiO)
N(29SiO)

= 10.9 ± 4.6 (CIT), 18.5 ± 7.9 (IRC),

again representing apparent lower limits if the SiO is optically
thick. Previous studies have reported somewhat higher values
from SiS transitions (28Si/29Si ≈ 17 ± 5; Cernicharo et al. 2000;
Fonfría et al. 2015), consistently with our measurements given
the different excitation and opacity of SiO lines.

For HC3N, we find apparent ratios of
N(HC3N)/N(H13CCCN) = 29.8 ± 8.3 for CIT 6, and 18.0 ± 5.0
for IRC+10216. We also find N(HC3N)/N(HC13CCN) =
19.6 ± 5.5 for CIT 6, and 19.8 ± 5.5 for IRC+10216. When
compared with the isotopic ratios derived from the CS system
(Sect. 4.2 and Table 9), the HC3N-based apparent 12C/13C ratios
are systematically higher than the opacity-corrected thin-pair
values. This difference likely reflects the lower optical depth of
HC3N compared with CS. After accounting for line opacity and
excitation differences, both tracers converge towards a consistent
elemental 12C/13C of ∼11.5 in CIT 6 and ∼8.0 in IRC+10216, in
agreement with previous high-sensitivity studies (e.g. Kahane
et al. 1988; Cernicharo et al. 2000; Pardo et al. 2022).

Overall, the isotopic composition of CIT 6 mirrors that
of IRC+10216 within uncertainties, showing comparably low
12C/13C (∼10–20) and slightly sub-solar 28Si/29Si (∼10–20).
Both stars thus display the characteristic isotopic signatures of
advanced AGB evolution (Massalkhi et al. 2018, 2019). The
low 12C/13C ratios confirm substantial enrichment in CN-cycle
material and are consistent with isotopic mixing models for
low-to-intermediate-mass carbon stars. CIT 6 therefore appears
chemically similar to IRC+10216 but slightly more evolved, with
deeper dredge-up and enhanced dust condensation leaving a
strong isotopic imprint on its present-day CSE.

4.3. 13C isotopic fractionation in HC3N

The isotopic distribution within HC3N provides additional
insight into carbon fractionation and formation pathways. In

Table 10. Isotopomer ratios in CIT 6 and IRC+10216.

Ratio CIT 6 IRC+10216

N(HC13CCN)/N(H13CCCN) 1.52 ± 0.43 0.91 ± 0.26
N(HC3N)/N(H13CCCN) 29.8 ± 8.3 18.0 ± 5.0
N(HC3N)/N(HC13CCN) 19.6 ± 5.5 19.8 ± 5.5

CIT 6, the isotopomers H13CCCN and HC13CCN have column
densities of N = 1.37 × 1013 and 2.08 × 1013 cm−2, respectively,
compared with N(HC3N) = 4.08× 1014 cm−2. These correspond
to 3.4% and 5.1% of the main isotopologue abundance. The
resulting isotopomer ratios are N(HC13CCN)/N(H13CCCN) =
1.52 ± 0.43, N(HC3N)/N(H13CCCN) = 29.8 ± 8.3, and
N(HC3N)/N(HC13CCN) = 19.6 ± 5.5. In IRC+10216, the cor-
responding column densities are N(H13CCCN) = 9.81 × 1013,
N(HC13CCN) = 8.95 × 1013, and N(HC3N) = 1.77 × 1015 cm−2.
The isotopomer ratios are N(HC13CCN)/N(H13CCCN) =
0.91 ± 0.26, N(HC3N)/N(H13CCCN) = 18.0 ± 5.0, and
N(HC3N)/N(HC13CCN) = 19.8 ± 5.5 (see Table 10).

These results show that in CIT 6 the central-carbon iso-
topomer (HC13CCN) is somewhat more abundant than the
terminal-carbon isotopomer (H13CCCN), whereas in IRC+10216
the two are nearly equal. Both sources exhibit isotopomer ratios
with respect to the main isotopologue of 20–30, implying modest
13C enrichment relative to the main isotopologue. The simi-
lar isotopomer pattern between the two envelopes indicates that
fractionation processes in CIT 6 remain comparable to those
operating in IRC+10216 and in cold dark clouds such as TMC-1
(Takano et al. 1998; Taniguchi et al. 2017). HCC13CN, which is
often the most abundant isotopomer in TMC-1, is not detected in
our CIT 6 data, but it has been identified towards IRC+10216 in
deeper Yebes observations (Pardo et al. 2022).

As emphasised by Massalkhi et al. (2019), isotopomer pat-
terns must be interpreted with care, since line opacity and
selective photodissociation can bias direct ratios. Nevertheless,
the close match between CIT 6 and IRC+10216 suggests simi-
lar HC3N formation pathways – likely dominated by reactions of
CN with C2H2 – and comparable isotopic exchange efficiencies.
The modest central–carbon enhancement in CIT 6 could hint at
slightly different excitation or fractionation conditions, possibly
linked to its more evolved circumstellar envelope and stronger
dust condensation activity.

5. Conclusions

We conducted a complete 30–50 GHz spectral-line survey of
the carbon star CIT 6 with the new eQ receiver on the
NRO 45 m telescope, accompanied by comparative observations
of IRC+10216. The high sensitivity of the eQ system (∼5–10 mK
per 240 kHz channel) enabled the first full Q-band molecular
inventory of CIT 6. Our principal findings are as follows:
1. We detected 42 emission lines from 16 molecular species

in CIT 6, including cyanopolyynes (HC3N, HC5N, HC7N),
carbon-chain radicals (C6H, C3N, CCS, C3S), and Si/S-
bearing molecules (SiO, SiS, SiC2, CS, C34S, 13CS). Among
them, 29 transitions are newly identified in the Q band
towards CIT 6;

2. The molecular column densities of CIT 6 are systemati-
cally lower than those of IRC+10216 by factors of ∼2.5–20
(median ratio ≃ 0.15). Si- and S-bearing species (e.g. SiS,
CS, C3S) are the most depleted, while carbon-chain species
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such as C6H and HCnN remain relatively strong, indicating
efficient carbon-chain formation despite the star’s advanced
evolutionary state;

3. Rotational-diagram analysis of HC5N and HC7N yields
Trot = 24± 8 K and Ntot = 1.47± 0.34× 1014 cm−2 for CIT 6,
and Trot = 21 ± 6 K and Ntot = 8.67 ± 1.98 × 1014 cm−2

for IRC+10216. The higher Trot in CIT 6 suggests emis-
sion from warmer regions closer to the star, possibly linked
to enhanced infrared pumping or shock heating within its
asymmetric envelope;

4. Using a single excitation temperature of Tex = 25 K for all
other species, we derived LTE column densities spanning
1012–1015 cm−2. Normalised abundance ratios show that
C6H and CCS are enhanced in CIT 6 relative to both HC3N
and C34S, while SiS and C3N are depleted. These trends indi-
cate that CIT 6 exhibits comparatively stronger carbon-chain
and early-time sulfur chemistry, but more efficient depletion
of refractory elements into dust grains;

5. Isotopic analysis confirms significant non-solar enrichment
patterns. From the CS family, we obtain apparent ratios of
12C/13C= 18.1 ± 7.7 and 32S/34S= 23.4 ± 9.9 for CIT 6,
and 13.0 ± 5.5 and 25.3 ± 10.8 for IRC+10216, respec-
tively. Using the opacity-independent thin pair C34S/13CS
and adopting 32S/34S= 22.1, we infer 12C/13C= 11.5 ± 3.6
for CIT 6 and 8.0 ± 2.5 for IRC+10216. From SiO, we find
28Si/29Si= 10.9±4.6 for CIT 6 and 18.5±7.9 for IRC+10216.
All values are far below the solar 12C/13C= 89.4, consis-
tent with strong internal processing and dredge-up in both
envelopes;

6. HC3N isotopomer analysis further reveals apparent 12C/13C
ratios of ∼20–30, which are systematically higher than
those derived from CS due to lower opacity, and consis-
tent with a true elemental ratio of 20–30 (CIT 6) and 15–25
(IRC+10216) after opacity correction;

7. Overall, both envelopes display canonical carbon-rich AGB
chemistry and comparable isotopic compositions. CIT 6,
however, shows slightly higher excitation temperatures,
stronger carbon-chain growth, and deeper depletion of Si-
and S-bearing species. These signatures point to a more
evolved circumstellar environment, where dust condensation
and shock processing have further modulated the molecular
composition.

Data availability

The reduced spectra are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/706/A127.
Figures B.1 to B.11 in Appendix B are available via Zenodo.
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Appendix A: Zoom-in views of several molecular
line profiles

Figs. A.1, A.2, A.3, A.4, and A.5 show the line profiles of silicon-
bearing molecules, sulfur-bearing molecules, carbon-chain radi-
cals, HC3N, and HC5N, respectively.

Some spectral line profiles towards IRC+10216 display a
symmetric double-peaked structure, characteristic of optically
thin emission from an expanding, spherically symmetric circum-
stellar envelope (Dinh-V-Trung & Lim 2008). The blue- and
red-shifted peaks arise from the front and back hemispheres
of the outflow, respectively, and their velocity separation corre-
sponds to approximately twice the terminal expansion velocity of
the envelope (∼14 km s−1 for IRC+10216). The central dip is due
to the reduced line-of-sight velocity gradient near the systemic
velocity.

In contrast to IRC+10216, the spectral line profiles towards
CIT 6 often exhibit an asymmetric double-peaked or skewed
structure, which has been attributed to the presence of a spi-
ral density pattern in the circumstellar envelope, likely induced
by binary interaction. In such a configuration, the velocity-
integrated emission from the spiral arms is not evenly distributed
between the approaching and receding sides, resulting in unequal
peak intensities. The asymmetry is further enhanced by local
density and temperature variations along the spiral, as revealed
by high-resolution interferometric imaging (Kim et al. 2015).

Fig. A.1. Spectra of silicon-bearing molecules towards CIT 6 smoothed
by a factor of 5 (blue) and IRC+10216 (orange). The intensity of the
IRC+10216 spectra is divided by 5.

Appendix B: Spectra of individual 1 GHz frequency
chunks towards CIT 6 and IRC+10216

Appendix B is available via Zenodo
(https://zenodo.org/records/17924939), where we

Fig. A.2. Spectra of sulfur-bearing molecules towards CIT 6 smoothed
by a factor of 5 (blue) and IRC+10216 (orange). The intensity of the
IRC+10216 spectra is divided by 5.

present the spectra of each individual 1 GHz band in the
30–50 GHz range towards CIT 6 and IRC+10216. The identified
transition lines and molecular names are highlighted in green.
The full list of detected transitions can be found in Tab. 5. See
Tabs. 3 and 4 for details of the observations, including rms noise
levels, observing periods, and integration times.
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Fig. A.3. Spectra of carbon-chain radical molecules towards CIT 6
smoothed by a factor of 5 (blue) and IRC+10216 (orange). The inten-
sity of the IRC+10216 spectra is divided by 5.

Fig. A.4. Spectra of HC3N and its isotopologues towards CIT 6
smoothed by a factor of 5 (blue) and IRC+10216 (orange). The inten-
sity of the IRC+10216 spectra is divided by 5.

Fig. A.5. Spectra of HC5N towards CIT 6 smoothed by a factor of 5
(blue) and IRC+10216 (orange). The intensity of the IRC+10216 spectra
is divided by 5.
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Fig. A.6. Spectra of HC7N towards CIT 6 smoothed by a factor of 5 (blue) and IRC+10216 (orange). The intensity of the IRC+10216 spectra is
divided by 5.
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