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ABSTRACT

Context. Evidence that the chemical characteristics around low- and high-mass protostars are similar has been found: notably, a variety
of carbon-chain species and complex organic molecules (COMs) form around both types. On the other hand, the chemical compositions
around intermediate-mass (IM) protostars (2 M⊙ < m∗ < 8 M⊙) have not been studied with large samples. In particular, it is unclear
the extent to which carbon-chain species form around them.
Aims. We aim to obtain the chemical compositions of a sample of IM protostars, focusing particularly on carbon-chain species. We
also aim to derive the rotational temperatures of HC5N to confirm whether carbon-chain species are formed in the warm gas around
these stars.
Methods. We conducted Q-band (31.5–50 GHz) line survey observations toward 11 mainly IM protostars with the Yebes 40 m radio
telescope. The target protostars were selected from a subsample of the source list of the SOFIA Massive Star Formation project.
Assuming local thermodynamic equilibrium, we derived the column densities of the detected molecules and the rotational temperatures
of HC5N and CH3OH.
Results. Nine carbon-chain species (HC3N, HC5N, C3H, C4H, linear-H2CCC, cyclic-C3H2, CCS, C3S, and CH3CCH), three COMs
(CH3OH, CH3CHO, and CH3CN), H2CCO, HNCO, and four simple sulfur-bearing species (13CS, C34S, HCS+, and H2CS) are detected.
The rotational temperatures of HC5N are derived to be ∼20–30 K in three IM protostars (Cepheus E, HH288, and IRAS 20293+3952).
The rotational temperatures of CH3OH are derived in five IM sources and found to be similar to those of HC5N.
Conclusions. The rotational temperatures of HC5N around the three IM protostars are very similar to those around low- and high-mass
protostars. These results indicate that carbon-chain molecules are formed in lukewarm gas (∼20–30 K) around IM protostars via the
warm carbon-chain chemistry process. Thus, carbon-chain formation occurs ubiquitously in the warm gas around protostars across a
wide range of stellar masses. Carbon-chain molecules and COMs coexist around most of the target IM protostars, which is similar to
the situation for low- and high-mass protostars. In summary, the chemical characteristics around protostars are the same in the low-,
intermediate- and high-mass regimes.

Key words. astrochemistry – stars: formation

1. Introduction

Many astrochemical studies have been dedicated to investigating
the chemical compositions around protostars (for a review, see
Jørgensen et al. 2020). It is well known that complex organic
molecules (COMs), which consist of more than six atoms

⋆ Corresponding author; kotomi.taniguchi@nao.ac.jp

(Herbst & van Dishoeck 2009), are abundant in hot regions with
temperatures ≥100 K, namely hot cores and hot corinos around
high-mass (m∗ ≥ 8 M⊙) and low-mass (m∗ ≤ 2 M⊙) protostars,
respectively. These COMs are formed on dust surfaces during
the cold pre-stellar core stage and/or the warm-up stage after
protostars are born, or they are synthesized in hot gas around
protostars (e.g., Skouteris et al. 2019; Jin & Garrod 2020; Garrod
et al. 2022).
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Sakai et al. (2008) detected high-excitation lines of carbon-
chain species, such as cyclic-C3H2, linear-C3H2, C4H, C4H2,
and CH3CCH, from the low-mass protostar L1527. Sakai et al.
(2010) found that the intensity distribution of cyclic-C3H2 shows
a steep increase within 500–1000 au of the protostar. At these
distances, temperatures range from ≈20–30 K. These carbon-
chain species are not a remnant of the parent molecular cloud but
instead formed from CH4 sublimated from dust grains at around
25 K (Hassel et al. 2008). This carbon-chain formation pro-
cess was named warm carbon-chain chemistry (WCCC; Sakai
et al. 2008). Oya et al. (2017) show that carbon-chain species
and COMs coexist around the low-mass protostar L483, but
their spatial distributions are different; COMs are concentrated
in the central hot corino regions, whereas carbon-chain species
are more extended and absent at the central protostar position.
This type of source is called a hybrid.

This chemical diversity around low-mass protostars may be
caused by the different strengths of the interstellar radiation
field (ISRF), as proposed by Spezzano et al. (2017) based on
their observations toward the pre-stellar core L1544. Subse-
quent single-dish survey observations detected the presence of
carbon-chain species and/or COMs across various low-mass pro-
tostars, including hot corinos, WCCC sources, and hybrid-type
sources. Lefloch et al. (2018) find that carbon-chain-rich sources
are located on the outsides of dense filaments, whereas hot-
corino type sources are mainly present inside the dense filament,
which is shielded from the ISRF. These results, which are consis-
tent with the scenario proposed by Spezzano et al. (2017), were
interpreted as follows: the CO molecules, precursors of COMs,
can survive in the dense regions and COMs become abundant,
whereas CO is destroyed by the ISRF in the less shielded regions.
The destruction of CO leads to high abundances of C and C+,
precursors of carbon-chain species, outside the dense filament
or at the edge of the molecular clouds, and these conditions are
favorable for the formation of WCCC-type sources. Therefore, a
pre-stellar environment could significantly modify the chemistry
in the protostellar envelope, potentially promoting the formation
of carbon-chain molecules with higher C abundances.

Studies on the carbon-chain species of high-mass protostars
followed. Green et al. (2014) conducted survey observations of
the HC5N (J = 12–11) line toward 79 high-mass protostars asso-
ciated with the 6.7 GHz methanol masers. They detected the
HC5N line from 35 sources. After these survey observations,
follow-up observations were conducted. Taniguchi et al. (2017)
derived the abundances of HC5N toward three high-mass proto-
stars and conclude that these abundances cannot be explained by
the WCCC mechanism. Taniguchi et al. (2019a) show that the
observed abundance ratio of HC5N/CH3OH around the high-
mass protostar G28.28-0.36 (Taniguchi et al. 2018a) can be
reproduced in their hot-core model when the temperature reaches
100 K. More recently, Taniguchi et al. (2023) presented spatial
distributions of carbon-chain species (HC3N, HC5N, and CCH)
and COMs toward five high-mass protostars obtained with the
Atacama Large Millimeter/submillimeter Array (ALMA) Band
3, and indicated that HC5N exists in the hot-core regions where
the temperature is above 100 K. Based on these findings, they
proposed hot carbon-chain chemistry (HCCC) to explain the
observational results around high-mass protostars. In the HCCC
mechanism, carbon-chain species are formed in the warm gas,
adsorbed onto dust grains, and accumulated in ice mantles below
100 K, and these carbon-chain species evaporate into the gas
phase when the temperature reaches 100 K. Stable carbon-chain
species such as cyanopolyynes (HC2n+1N, n = 1, 2, 3, ...) are
more abundant than unstable radical-type carbon-chain species

(e.g., CCH and CCS) in HCCC compared to WCCC (for a
review, see Taniguchi et al. 2024a).

Although astrochemical studies toward low-mass and high-
mass protostars have become more common, our knowledge
about the chemical compositions around intermediate-mass (IM)
protostars (2 M⊙ < m∗ < 8 M⊙) remains limited. Alonso-Albi
et al. (2010) investigated the CO depletion and N2H+ deuteration
toward Class 0 IM protostars with the IRAM 30 m telescope.
They were able to fit the C18O (J = 1–0) maps assuming that
the C18O abundance decreases inward within the protostellar
envelope until the temperatures of the gas and dust reach
≈20–25 K, corresponding to the sublimation temperature of
CO. The deuterium fractionation of N2H+ was found to be
0.005–0.014, which is lower than those in pre-stellar clumps
by a factor of 10. The chemical compositions of COMs have
only been investigated toward a few IM protostars. Fuente et al.
(2014) observed the IM protostar NGC 7129 FIRS 2 with the
IRAM Plateau de Bure Interferometer (PdBI) and IRAM 30 m
telescope, and detected numerous COMs (e.g., CH3OCHO,
CH3CH2OH, CH2OHCHO, aGg’-(CH2OH)2, and CH3CH2CN)
from its central hot region. They find similarities between the
chemical compositions of this IM protostar and that of the Orion
KL hot core, suggesting that the IM protostar NGC 7129 FIRS
2 contains a hot core. Lines of COMs have been detected from
another IM protostar, Cepheus E (Ospina-Zamudio et al. 2018).
Ospina-Zamudio et al. (2018) observed this source with the
IRAM 30 m telescope and the NOrthern Extended Millimeter
Array (NOEMA) and detected various COMs, including large
species such as CH3COCH3 and C2H5CN.

Although it has been shown that hot corino chemistry
emerges around IM protostars, it is still unclear whether carbon-
chain molecules are formed in warm and/or hot regions (i.e.,
whether WCCC and/or HCCC proceed) and whether chemical
diversity emerges as well as in low-mass and high-mass regimes.
To address these questions, we need observations of carbon-
chain species around IM protostars and an investigation of their
abundances relative to COMs.

This paper presents Q-band (31.5–50 GHz) line survey obser-
vations toward 11 mainly IM protostars with the Yebes 40 m
telescope. We focus on carbon-chain molecules, whose rota-
tional transition lines can be efficiently observed in the Q
band. We aim to determine whether carbon-chain molecules are
formed in warm gas around IM protostars. Modeling of the struc-
ture of IM protostellar envelopes by Crimier et al. (2010) shows
that the radius of the 30 K dust and gas region is approximately
0.01–0.02 pc.

The paper is organized as follows. Section 2 explains details
of the observations with the Yebes 40 m telescope. The results
and spectral analyses are presented in Sects. 3.1 and 3.2, respec-
tively. We discuss carbon-chain chemistry and the chemical
characteristics around IM protostars by comparing them with
low-mass and high-mass regimes in Sect. 4. Our main conclu-
sions are summarized in Sect. 5.

2. Observations

We carried out Q-band (31.5–50 GHz) line survey observations
with the Yebes 40 m radio telescope (Proposal IDs 22A008 and
22B005, PI Kotomi Taniguchi). Eleven target protostars were
selected from a subsample of the source list of the SOFIA
Massive (SOMA) Star Formation project (De Buizer et al. 2017;
Liu et al. 2020) based on the following criteria: (1) the source
declination is above +20◦, and (2) other infrared sources are not
contaminated within the Yebes beam size (≈40′′–50′′).
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Table 1. Summary of the 11 target sources.

Source name RA (J2000) Dec (J2000) VLSR Lbol Menv m∗ d Class
(km s−1) (L⊙) (M⊙) (M⊙) (kpc)

Cepheus E 23:03:13.6 +61:42:43.5 –11 6.6+6.7
−3.3 × 102 2.2+2.2

−1.1 3.0+1.3
−0.9 0.73(n) 0( f )

L1206 22:28:51.4 +64:13:41.1 –11(a) 4.3+4.0
−2.1 × 103 13+15

−7.1 3.4+3.1
−1.6 0.8 0/I(g)

HH288 00:37:13.6 +64:04:15.0 –29 1.1+1.7
−0.7 × 103 6.9+13

−4.6 3.1+2.6
−1.4 2.0 0(h)

IRAS 00420+5530 00:44:58.0 +55:47:00.0 –51 1.5+3.5
−1.0 × 103 17+38

−12 3.4+3.4
−1.7 2.2 0/I(i)

IRAS 20343+4129 S1 20:36:07.5 +41:40:09.1 +11.5 1.7+1.8
−0.9 × 104(o) 9.8+9.7

−4.9
(o) 10.9+5.7

−3.8
(o) 1.4 I( j)

IRAS 00259+5625 00:28:42.0 +56:42:00.0 ...(b) 2.5+12.5
−2.0 × 103 25+65

−18 3.3+6.0
−2.1 2.5 0(i)

IRAS 05380+2020 05:40:54.0 +20:22:45.0 ...(b) 7.94 × 10(d) ... 3.3–3.5(d) 1.34 0/I(k)

IRAS 20293+3952 20:31:10.7 +40:03:10.7 +6.3 3.1+7.1
−2.2 × 104(p) 18.6+37.6

−12.5
(p) 13.7+11.6

−6.3
(p) 1.4 ...

IRAS 21307+5049 21:32:30.6 +51:02:16.5 –46.6 9 × 103(c) ... ... 5.2 ...
IRAS 22198+6336 22:21:26.8 +63:51:37.6 –11 1.6+0.7

−0.5 × 103 1.9+1.1
−0.7 3.6+1.1

−0.8 0.76 0(l)

IRAS 23385+6053(e) 23:40:54.5 +61:10:28.1 –51 5.6+27.4
−4.7 × 103 26+52

−17 5.1+9.6
−3.3 4.9 0(m)

Notes. The bolometric luminosity (Lbol), envelope mass (Menv), and stellar mass (m∗) are taken from Fedriani et al. (2023). (a) The velocity was
derived from the 6.7 GHz methanol maser line (Xu et al. 2009). The CO(J = 1–0) spectrum shows a peak around -10 km s−1 (Sugitani et al. 1989).
(b) No available data for the systemic velocity. (c) Taken from the RMS Database Server2. (d) Taken from Lundquist et al. (2014). (e) This source has
been categorized as a high-mass protostar (Beuther et al. 2023). The dynamical mass was derived to be ∼9 M⊙ by fitting a Keplerian rotation disk
seen in the CH3CN lines (Cesaroni et al. 2019). ( f ) Taken from de A. Schutzer et al. (2022). They considered its luminosity to be 100 L⊙. (g) This
source was suggested to be between Class 0 and I by Liu et al. (2020), whereas Fiorellino et al. (2023) proposed it to be Class I. (h) Taken from
Gueth et al. (2001). (i) Taken from Fedriani et al. (2023). ( j) Taken from Palau et al. (2007). (k) Taken from Lundquist et al. (2014). (l) Taken from
Sánchez-Monge et al. (2010). (m) Taken from Molinari et al. (1998). (n) An alternative distance of 820 pc was used for Cep E by de A. Schutzer
et al. (2022), which is based on the measurement of the distance of the Cep OB3b cluster at 819 ± 16 pc by Karnath et al. (2019). Here we have
retained the distance that was used in the SOMA SED fitting analysis but acknowledge that, as is typical for most star-forming regions, distances
can be uncertain by at least ∼10%. (o) Taken from the SOMA V paper by Telkamp et al. (in prep.). (p) Obtained from the SED fitting with the same
method developed by Fedriani et al. (2023).

Table 1 summarizes the details of target sources. The coordi-
nates correspond to the beam center of our observations. We list
the protostellar properties derived by Fedriani et al. (2023) from
spectral energy distribution (SED) fitting. We note that Lbol is
the intrinsic bolometric luminosity of the source, which can be
different from the luminosity inferred from the received bolo-
metric flux assuming isotropic emission (Lbol,iso) that is often
quoted in observational studies of the protostars. This is because
the received bolometric flux is affected by the orientation of
the protostar (i.e., the “flashlight effect”) and by foreground
extinction.

The subsample mainly consists of IM protostars, and the cen-
tral values of available stellar masses (m∗) are within the IM
regime (Table 1). However, we note that IRAS 23385+6053 has
previously been categorized as a high-mass protostar (Beuther
et al. 2023). In the end, our target source list consists of 10
IM protostars and 1 high-mass source (IRAS 23385+6053). We
abbreviate IRAS source names as I plus the first five num-
bers before “+” in the rest of this paper (e.g., I 00420). Five
sources (Cepheus E, L1206, HH288, I 00420, and I 20434)
were observed in the 22A008 program, and the other seven
sources were observed in the 22B005 program. The observations
were carried out February 5–14, 2022 (22A008) and between
September 2022 and January 2023 (22B005).

We employed the standard position-switching mode. The off-
source positions were regions where the visual extinction (AV )
is below 3 mag in the Av maps obtained from the Atlas and
Catalogue of Dark Clouds (Dobashi et al. 2005)1.

1 https://darkclouds.u-gakugei.ac.jp/more/readme.html
2 http://rms.leeds.ac.uk/cgi-bin/public/RMS_DATABASE.
cgi

The Q-band receiver, one of the Nanocosmos receivers
(Tercero et al. 2021), was used for the observations. This receiver
obtains dual-polarization (H and V) data. The fast Fourier trans-
form spectrometers with 38 kHz resolution and 2.5 GHz band-
width mode were used. Eight base bands were allocated for each
polarization, and the 31.5–50 GHz band was observed simul-
taneously. The frequency resolution of 38 kHz corresponds to
∼0.3 km s−1 in the Q band. The main beam efficiencies (ηMB) and
beam sizes (the half-power beam width) were approximately 50–
65% and 36′′–54′′, respectively, between 32 GHz and 49 GHz.
The calibration was performed at the beginning of the position-
switching, observing the sky and both hot and cold loads; this
procedure was repeated every 18 min. Pointing and focus were
corrected every hour based on pseudo-continuum observations
of intense SiO maser lines toward evolved stars close to our target
sources. The pointing errors were within 7′′and the calibration
uncertainties are estimated to be less than 15%. The obtained
antenna temperature (T ∗A) was converted to the main beam tem-
perature (TMB) using the following formula (Tercero et al. 2021):
TMB = T ∗A

ηF
ηMB

, where ηF is the forward efficiency (0.91–0.93 in
the Q band; Tercero et al. 2021).

3. Results and analyses

3.1. Results

We made fits files of the spectra from CLASS (software from
the GILDAS package), and further data reduction was con-
ducted with the CASSIS software (Vastel et al. 2015). Spec-
tra of carbon-chain species (HC3N, HC5N, C3H, linear (l)-
H2CCC, cyclic (c)-C3H2, C4H, CCS, C3S, and CH3CCH),
COMs (CH3OH, CH3CHO, and CH3CN), H2CCO, HNCO, and
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Table 2. Detection status in IM protostars.

Species Cepheus E L1206 HH288 I 00420 I 20343 I 00259 I 05380 I 20293 I 21307 I 22198 I 23385

Carbon-chain molecules
HC3N

√ √ √ √ √ √ √ √ √ √ √

HC5N
√ √ √ √ √ √ √ √ √

C3H
√ √ √ √ √

C4H
√ √ √ √ √ √ √ √ √ √

l-H2CCC (
√

)
√ √ √ √

(
√

)
√ √

c-C3H2
√ √ √ √ √ √ √ √ √

CCS
√ √ √ √ √ √ √ √ √ √

C3S
√ √ √ √

CH3CCH
√ √ √ √ √

COMs
CH3OH

√ √ √ √ √ √ √ √ √ √

CH3CHO
√ √ √ √ √ √ √ √ √

CH3CN
√ √ √ √ √ √ √

H2CCO
√ √ √ √ √ √ √

HNCO
√ √ √ √ √ √ √ √

S-bearing species
13CS

√ √ √ √ √ √ √ √ √ √

C34S
√ √ √ √ √ √ √ √ √ √

HCS+
√ √ √ √ √ √ √ √ √ √

H2CS
√ √ √ √ √ √ √ √ √ √

Notes. l-H2CCC has been tentatively detected with a S/N of 3 in Cepheus E and I 00259, as indicated by the parentheses around the check
mark: (

√
).

sulfur-bearing species (13CS, C34S, HCS+, and H2CS) toward the
11 sources are available on Zenodo. We categorized CCS and
C3S into carbon-chain species following the definitions provided
in Taniguchi et al. (2024a) even though they contain a sulfur
atom. Table A.1 summarizes the information on each line (tran-
sition, rest frequency, and upper-state energy). The average rms
noise levels measured in line-free channels are around 5 mK.

Table 2 summarizes the detection status in each source.
Cyanoacetylene (HC3N) is detected from all of the sources, and
cyanodiacetylene (HC5N) is detected from all of the sources
except I 05380 and I 21307. c-C3H2 is associated with the pro-
tostars where HC5N has been detected. Two c-C3H2 lines show
different features, which are likely caused by different upper-
state energies (Table A.1). CCS is detected from all of the
sources except for I 21307. All of the carbon-chain species listed
in Table 2 are detected from L1206, HH288, and I 22198. All
the other sources except I 05380 and I 21307 show lines from at
least five carbon-chain species. Only three and two carbon-chain
species from I 05380 and I 21307 are detected.

In addition to carbon-chain species, three COMs (CH3OH,
CH3CHO, and CH3CN), H2CCO, and HNCO are detected in
the Q band. Methanol (CH3OH), one of the most fundamental
COMs, and S-bearing species are detected from all of the sources
except I 05380. We can see the wing emission in the spectra of
CH3OH in Cepheus E, I 00259, and I 20293. Except for these
three sources, the 41,4 − 30,3 E lines of CH3OH show a single
peak and the line peak coincides with the rest frequency, which
means that the emission comes from low-velocity quiescent gas,
presumably envelopes.

The IM protostars L1206, HH288, and I 22198 are the most
line-rich sources, whereas I 05380 is likely a line-poor source.
The source distance of I 05380 is 1.34 kpc (Table 1), and this
source is not the farthest one, which means that the beam dilu-
tion effect (a beam size of ≈40′′ corresponds to 0.25 pc at
1.34 kpc) is not responsible for the non-detection of molecular

lines. This source has the lowest luminosity among our target
IM protostars, and the gas and dust temperatures could be lower.
Thus, the hot and warm regions are smaller than those of the
other sources. These physical conditions may have limited our
species detections.

3.2. Spectral analyses

We derived rotational temperatures using seven HC5N lines
(from J = 12–11 to J = 18–17) and four CH3OH lines in the
Q band (Sect. 3.2.1). The rotational temperature provides a hint
of where carbon-chain species exist: outer cold envelopes, luke-
warm envelopes, or central hot-core regions. Such a distinction
is important for constraining the formation processes of carbon-
chain species around IM protostars (i.e., are they just a remnant
of the parent molecular cloud or a product of WCCC or HCCC)
(Taniguchi et al. 2024a). We analyzed spectra and derived the
column densities of the other species with the Markov chain
Monte Carlo (MCMC) method assuming local thermodynamic
equilibrium (LTE) because there is not enough data to conduct
the rotational diagram analysis (Sect. 3.2.2).

3.2.1. Rotational diagram of HC5N and CH3OH

We fitted the spectra with a Gaussian profile and conducted rota-
tional diagram analysis using the CASSIS software (Vastel et al.
2015). We applied this method to all of the sources where the
HC5N lines have been detected. However, we were only able to
fit the data and derive rotational temperatures for three sources,
Cepheus E, HH288, and I 20293. We could not derive the rota-
tional temperatures in the other sources because the data points
cannot be fitted using this method. This is likely caused by low
signal-to-noise ratios (S/Ns) of the lines and/or non-Gaussian
profiles.

A65, page 4 of 16



Taniguchi, K., et al.: A&A, 692, A65 (2024)

Tex = 17.3±2.7 K
N = (7.7±1.2)×1011 cm-2

Tex = 20.0±2.5 K
N = (5.8±0.6)×1011 cm-2

Tex = 29.3±14.3 K
N = (9.8±2.7)×1011 cm-2

HC5N Cepheus E HC5N HH288 HC5N I20293

CH3OH L1206 CH3OH HH288 CH3OH I00420

CH3OH I20343 CH3OH I22198

Tex = 19.7±3.0 K
N = (8.1±2.3)×1013 cm-2

Tex = 19.6±7.1 K
N = (1.3±0.9)×1014 cm-2

Tex = 27.9±8.5 K
N = (1.1±0.5)×1014 cm-2

Tex = 18.8±6.0 K
N = (1.1±0.7)×1014 cm-2

Tex = 24.0±4.7 K
N = (2.8±0.9)×1014 cm-2

Fig. 1. Rotational diagrams of HC5N and CH3OH. 10% errors are indicated for each data point.

The top panels of Fig. 1 show the rotational diagrams of
HC5N in these three sources. The J = 12–11 line shows sys-
tematically lower values in all of the sources and could not be
fitted with the other lines simultaneously. This is caused by the
fact that the lowest J line was observed at the edge of the band
of the receiver, and some systematic effects caused the inten-
sity fluctuation. In addition, it is likely that HC5N is located
in both cold envelopes and warm envelopes; contributions from
cold envelopes are larger for the lowest energy line. Since its
spatial distributions are unknown, we cannot estimate the beam
dilution effect for each line. Thus, we could not correct the beam-
filling factors, so we derived the average rotational temperatures
within the beams. We need observations of lower J lines to cover
cold-envelope components.

We fitted the data excluding the J = 12–11 line to avoid
the systematic effects mentioned in the preceding paragraph.
The rotational temperatures were derived to be 20.0 ± 2.5 K,
17.3 ± 2.7 K, and 29.3 ± 14.3 K in Cepheus E, HH288, and
I 20293, respectively. The rotational temperatures in Cepheus E
and HH288 are well constrained, and we used these temperatures
in the analyses of the other carbon-chain species (Sect. 3.2.2).

We conducted rotational diagram analysis for the CH3OH
data. The spectra in several sources show non-Gaussian profiles,
such as wing emission or complicated several-velocity compo-
nents, and we could not obtain rotational temperatures in these
cases. We were able to use this method for the five sources that
show Gaussian profiles. The middle and bottom panels of Fig. 1

show the rotational diagrams of these five sources. The derived
rotational temperatures of CH3OH are around 20–30 K, which
are similar to those of HC5N. Since the observed lines of CH3OH
have low upper-state energies (Table A.1) and the line widths are
relatively narrow, the emission likely comes from low-velocity
quiescent gas in the envelope (Taniguchi et al. 2020; Tychoniec
et al. 2021; Gorai et al. 2024).

3.2.2. Markov chain Monte Carlo method

We conducted MCMC spectral analysis using the CASSIS soft-
ware (Vastel et al. 2015). We assumed LTE for all of the species.
In the fitting procedure, we treated the molecular column density
(N), line width (the full width at half maximum), and centroid
velocity (VLSR) as free parameters. Since we do not know the
molecular spatial distributions, we derived the beam-averaged
column densities.

In analyses of carbon-chain species (except for HC5N and
CH3CCH), we fixed the excitation temperatures (Tex) because
we could not determine both the column density and the exci-
tation temperature simultaneously due to insufficient lines. The
excitation temperature of 20 K was used for all of the sources
except for HH288, for which we used the rotational tempera-
ture of HC5N (17.3 K; Sect. 3.2.1). We could not fit all of the
lines of CCS, c-C3H2, and l-H2CCC simultaneously under the
assumption of a single excitation temperature of 20 K. In that
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Table 3. Excitation temperatures of HC5N, CH3OH, and CH3CCH derived via the MCMC method.

Species Cepheus E L1206 HH288 I 00420 I 20343 I 00259 I 05380 I 20293 I 21307 I 22198 I 23385

HC5N 25 ± 8 26 ± 8 24 ± 8 22 ± 5 27 ± 9 20 (fix) ... 24 ± 8 ... 25 ± 8 20 (fix)
CH3OH ... ... ... ... ... ... ... ... 39 ± 8 36 ± 8 ...
CH3CCH ... 16.5 ± 0.8 23 ± 3 ... 19 ± 4 ... ... 22 ± 4 ... 21 ± 4 ...

Notes. The unit is kelvins [K]. Errors indicate the standard deviation.

case, we divided the spectra into two groups based on the upper-
state energies; lines with low upper-state energies (Eup/k ≤ 9 K)
were fitted with an excitation temperature of 10 K, whereas
those with high upper-state energies (Eup/k ≥ 12 K) were fitted
with an excitation temperature of 20 K. We indicate these dif-
ferent assumed excitation temperatures as “(low)” and “(high),”
respectively, in Table A.2. The assumed excitation temperature
of 10 K is a typical gas kinetic temperature for starless cores.
Such a method was applied because we assumed that carbon-
chain molecules are present in both the outer cold envelopes and
the warm envelopes, which are close to the IM protostars.

We tentatively detect l-H2C3 in Cepheus E, and we treated
its column density as the upper limit. We fitted four C4H lines
simultaneously because they have similar upper-state energies.
We did not fit lines with non-Gaussian profiles or low S/Ns.
However, all of the lines cannot be well fitted simultaneously: the
fit of the N = 5–4 line emission fails to reproduce the N = 4–3
line emission, and vice versa. Only the best-fitting results that
show the smallest chi-square values are displayed in the spectral
figures. However, the derived physical parameters were calcu-
lated taking this issue into account; large errors are included in
the derived physical parameters if all of the lines were not fitted
simultaneously.

In the case of HC5N, we treated the excitation temperature as
an additional free parameter because its seven lines are available,
which means that its column densities and excitation tempera-
tures were determined simultaneously. In I 00259 and I 23385,
the S/Ns are not high enough or several lines were not detected,
and so we fixed the excitation temperature at 20 K. We could
not fit the J = 12–11 line with the other lines simultaneously
due to systematically low intensities (see also Sect. 3.2.1). We
therefore fitted the J = 12–11 transition with a fixed excitation
temperature of 10 K, but the column densities derived by this line
should be considered reference values due to the uncertainties in
peak intensities. In Table A.2, these column densities are labeled
“(low).” The other lines were fitted with the excitation tempera-
ture as a free parameter. The determined excitation temperatures
and column densities are listed in Tables 3 and A.2, respectively.

We derived the column densities and excitation temperatures
of CH3CCH using two K-ladder lines (K = 0 and 1) with the
MCMC method for the five sources. The rotational temperatures
are derived to be around 20 K, which are consistent with those
of HC5N (Table 3). These results provide evidence that carbon-
chain species exist in warm regions because the abundance of
CH3CCH is suggested to be increased by the WCCC mechanism
(Taniguchi et al. 2019a).

In our analyses of COMs and S-bearing species, we used an
excitation temperature of 20 K, which is constrained by the rota-
tional diagram analyses of CH3OH (Sect. 3.2.1). We treated the
excitation temperature as a free parameter of the CH3OH data in
I 21307 and I 22198, in which two lines with a Gaussian profile
(41,4−3−0, 3 E and 10,1−00,0 A) have been detected. The derived
excitation temperatures are summarized in Table 3. For I 23385,

the excitation temperature was fixed to 20 K. We excluded spec-
tra with low S/Ns and non-Gaussian profiles from the fitting. We
analyzed spectra with the two velocity components for CH3CN
in I 20293, and 13CS, C34S, and H2CS in I 23385. The two veloc-
ity components in I 23385 are consistent with those found in the
C18O and C17O lines (–50.5 km s−1 and –47.8 km s−1; Fontani
et al. 2004). Although CH3CN has two K-ladder lines, the K = 1
line was detected with low S/Ns and we could not use it for
the fitting. We thus fitted the K = 0 line with a fixed excitation
temperature in the CH3CN analysis.

The derived column densities are summarized in Table A.2.
Some column densities show large uncertainties due to low
S/Ns or non-Gaussian line features. The derived line widths and
centroid velocities are summarized in Table A.3.

4. Discussion

4.1. Comparison of the rotational temperatures of HC5N

Here we compare the rotational temperatures of HC5N around
IM protostars to those around low-mass and high-mass counter-
parts. We utilize the results obtained by single-dish telescopes,
and the derived rotational temperatures are beam-averaged
values.

Sakai et al. (2009) carried out the Q-band observations with
the Green Bank 100 m Telescope (GBT) and 3 mm band (90–
150 GHz) observations with the IRAM 30 m telescope toward
the low-mass protostar L1527 (d = 140 pc), which is one of the
WCCC sources (Sakai et al. 2008). They derived a rotational
temperature for HC5N of 14.7± 5.3 K using three lines (J = 16–
15, 17–16, and 32–31). We note that the rotational temperature
was derived by fitting with almost two data points because the
upper-state energies of the J = 16–15 and J = 17–16 transitions
are similar.

Taniguchi et al. (2017) detected the HC5N lines in the Ka
band (J = 10–9 and 11–10) with GBT, and in the 45 GHz
(J = 16–15 and 17–16) and 90 GHz (J = 31–30, 32–31, 34–33,
36–35, 38–37, and 39–38) bands with the Nobeyama 45 m radio
telescope from three high-mass protostars, which are also mas-
sive young stellar objects (MYSOs; G 12.89+0.49, G 16.86-2.16,
and G 28.28-0.36). The rotational temperatures with the beam-
size correction are 18± 2, 17± 2, and 13.8+1.5

−1.1 K in G 12.89+0.49
(d = 2.94 kpc), G 16.86-2.16 (d = 1.7 kpc), and G 28.28-0.36
(d = 3.0 kpc), respectively. Because the observations have a
low angular resolution, these temperatures are considered to be
lower limits due to contamination from outer cold envelopes, as
pointed out by Taniguchi et al. (2021).

In the case of the IM protostars, the rotational temperatures
of HC5N were derived to be around 20 K (Sect. 3.2.1). In the
MCMC analysis, the derived excitation temperatures are slightly
higher (∼25 K) but consistent with the former within the errors.
The rotational temperatures around the IM protostars are close to
those around the low-mass and high-mass protostars and clearly
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higher than the gas kinetic temperature in molecular clouds
(∼10 K). In addition, the excitation temperatures around the IM
protostars agree with the WCCC scenario in which CH4 subli-
mated from dust grains around 25 K forms carbon-chain species.
These results imply that carbon-chain molecules are formed in
warm gas around IM protostars by WCCC (Sakai et al. 2008;
Hassel et al. 2008) or HCCC (Taniguchi et al. 2019a, 2023). The
derived excitation temperatures of CH3CCH also support this
scenario.

Here, we constrain which mechanism is dominant in our
observations, WCCC or HCCC. The size of the hot region
of Cepheus E, with temperatures above 100 K, was estimated
to be 0.7′′, corresponding to ∼510 au (Ospina-Zamudio et al.
2018). Thus, our target sources should have much smaller hot
regions (T > 100 K) compared to the beam size (40′′−50′′).
This means that the detected carbon-chain emission around the
IM protostars should come from warm envelopes rather than
central hot regions. Thus, we conclude that the WCCC mech-
anism forms the carbon-chain species around the IM protostars.
We need high-angular-resolution (≤0.5′′) observations to inves-
tigate whether the HCCC mechanism works around the IM
protostars.

Since our observations only cover lines with upper-state ener-
gies around 10–22 K (Table A.1), the detected emission may be
biased to warm or cold components (i.e., the outer layers of the
protostellar envelopes). Even in this case, our conclusion that
carbon-chain species form around the IM protostars is robust.
Since the photodissociation region (PDR) chemistry does not
produce HC5N efficiently, the detected emission of HC5N likely
comes from mainly warm central gas, not the cavity walls of
molecular outflows.

In summary, the carbon-chain formation around protostars
occurs ubiquitously. It is difficult to conclude which formation
mechanism is dominant, WCCC or HCCC, around IM protostars
from the rotational temperatures derived using Q-band single-
dish observations. We need high J transition observations and
imaging observations with interferometers to resolve the current
open questions.

4.2. Comparison of the chemical compositions

Figure 2 compares the molecular abundances with respect to
HC3N, which are defined as N(molecules)/N(HC3N), of the 11
protostars. We used HC3N as the standard because it has been
detected in all the sources, and it is useful for comparisons to
results in low-mass and high-mass regimes, as we describe later.
The various panels show comparisons of carbon-chain species,
three COMs, H2CCO, HNCO, and S-bearing species. If two
velocity components have been derived, we plotted the sums of
the two.

As a general trend, the derived abundances do not vary
among the sources when we focus on a particular molecule,
especially the S-bearing species. On the other hand, the abun-
dances of CH3OH vary more significantly for I 21307, I 22198,
and I 23385, which have larger abundances compared to the other
sources whose abundances we were able to derive. The fact
that we can see wing emission in their spectra means that the
CH3OH lines come not only from warm envelopes but also from
molecular outflows and shock regions, as noted in Sect. 3.2.1.

We compared the abundances with respect to HC3N of the
11 protostars and the low-mass WCCC source L1527 (Yoshida
et al. 2019). The C4H/HC3N ratio in L1527 was derived to
be ∼19, which is higher than those of our target sources. The
high-temperature components of HC5N in Cepheus E, L1206,

and I 22198 show similar values as L1527 (∼0.2), whereas
HH288, I 00420, I 20343, I 00259, I 20293, and I 23385 show
slightly lower values than L1527. The abundances of c-C3H2
around the IM protostars tend to be lower than that of L1527
(≈3.6). The abundances of the other carbon-chain species in
IM protostars are consistent with those of L1527 within the
errors; the abundance ratios in L1527 are CCS/HC3N≈0.49,
l-H2CCC/HC3N≈0.1, and CH3CCH/HC3N≈5.7. These results
suggest that the formation of large carbon-chain species has not
yet occurred around most of the target IM protostars, because
the WCCC mechanism starts with CH4 and small carbon-chain
species form first.

The CH3OH/HC3N ratio in L1527 is around 1.9, which is
close to those of L1206, HH288, and I 20343 and lower than
those of I 21307, I 22198, and I 23385. On the other hand, the
CH3CN/HC3N ratios of all of the IM protostars are higher than
that of L1527 (∼0.02), which is expected because L1527 is
deficient in COMs. Hence, the N-bearing COM is more abun-
dant around the IM protostars than the low-mass WCCC source,
whereas the CH3OH abundances seem to depend on the source
properties.

The chemical characteristics of the IM protostars can be
summarized as follows:
1. The compositions of small carbon-chain species are similar

to those in L1527;
2. The abundances of larger carbon-chain species tend to be

low compared to L1527;
3. Three IM protostars (L1206, HH288, and I 20343) have sim-

ilar CH3OH/HC3N abundance ratios as L1527, whereas two
IM sources (I 21307 and I 22198) have much higher ratios;
this implies that the CH3OH abundances depend on the
source characteristics;

4. CH3CN is more abundant around the IM protostar than
around L1527.

Next, we compared the HC5N/HC3N abundance ratios to
those in high-mass protostellar objects (HMPOs) derived from
Q-band observations with the Nobeyama 45 m radio telescope
(Taniguchi et al. 2018b). We calculated the HC5N/HC3N toward
14 HMPOs where both species have been detected (Taniguchi
et al. 2018b). The average HC5N/HC3N ratio is 0.3, but there is
a large scatter, from 0.1 to 1.0. The HC5N/HC3N ratios in the
IM protostars are similar to the minimum and average values of
HMPOs.

We obtained the HC5N/HC3N and CH3OH/HC3N abun-
dance ratios toward three MYSOs (G 12.89+0.49, G 16.86-2.16,
and G 28.28-0.36) from Taniguchi et al. (2018a). These three
MYSOs are more physically evolved than HMPOs. At the MYSO
stage, the HCCC mechanism produces cyanopolyynes efficiently
(Taniguchi et al. 2023). The MYSO G 12.89+0.49 is found to be a
COM-rich hot core, whereas G 28.28-0.36 is a carbon-chain-rich
and COM-poor source. The HC5N/HC3N ratios are 0.2 toward
G 12.89+0.49 and G 16.86-2.16, and 0.3 toward G 28.28-0.36.
The HC5N/HC3N abundance ratios around the IM protostars are
consistent with or slightly lower than those of the MYSOs.

The CH3OH/HC3N ratios are 21, 12, and 3 in the three
MYSOs G 12.89+0.49, G 16.86-2.16, and G 28.28-0.36, respec-
tively. The ratio in I 00420 is consistent with those in
G 12.89+0.49 and G 16.86-2.16 within the errors, whereas the
ratios for L1206, HH288, and I 20343 match with that for
G 28.28-0.36. The ratios for I 22198 and I 21307 are higher than
that for G 12.89+0.49 by a factor of approximately 3 and 7,
respectively.

In summary, the HC5N/HC3N ratios in the IM protostars
are close to those in HMPOs and MYSOs in single-dish scales.
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Fig. 2. Comparison of molecular abundances with respect to HC3N for: carbon-chain species (top), COMs, H2CCO, and HNCO (middle), and
S-bearing species (bottom). Errors indicate the standard deviation. In the caption, “high” and “low” indicate the high and low temperatures com-
ponents. The dashed red lines mark the abundance ratios for the low-mass WCCC source L1527 (Yoshida et al. 2019).

Since we used results obtained by the single-dish telescopes,
their emission is dominated by warm envelopes rather than the
hot-core regions. The WCCC mechanism works ubiquitously
around protostars of various stellar masses and produces similar
chemical compositions of carbon-chain species.

4.3. Relationship between bolometric luminosity and the
HC5N/HC3N abundance ratio

Energetic particles such as UV radiation and cosmic rays could
increase the HC5N/HC3N ratios (Fontani et al. 2017; Taniguchi
et al. 2019a). For instance, Fontani et al. (2017) find that the
emission of HC3N and HC5N does not coincide in OMC2-
FIR4; HC3N emission overlaps relatively well with the con-
tinuum emission, whereas HC5N emits only in the eastern

half. In this subsection we investigate a possible correlation
between the bolometric luminosity and the HC5N/HC3N abun-
dance ratio based on data toward low-mass, IM, and high-mass
protostars.

Figure 3 shows the relationship between the HC5N/HC3N
abundance ratios and the source bolometric luminosity. We plot
data toward IM protostars, the low-mass WCCC source L1527
(Yoshida et al. 2019), HMPOs (Taniguchi et al. 2018b), and
the MYSO G 12.89+0.49 (Taniguchi et al. 2018a) to cover a
wide range of bolometric luminosity. No correlation is found
between the bolometric luminosity and the HC5N/HC3N ratio.
This implies that the formation of cyanopolyynes around proto-
stars is not dominated by UV radiation and energetic particles.
This ensures that the WCCC mechanism, which depends only
on the temperature, forms carbon-chain species.
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Fig. 4. Line widths of HC5N (black) and CH3CHO (red) vs. bolometric
luminosity.

4.4. Comparison of line widths and centroid velocities

The line width and centroid velocity provide a clue as to what
each molecular line traces. In this subsection we compare these
values for each source.

Figure A.1 shows comparison of the line width (full width at
half maximum) obtained by the MCMC analyses (Sect. 3.2.2) of
the different molecular lines for each IM protostar. We do not see
any differences between carbon-chain species, COMs, H2CCO,
HNCO, and S-bearing species. This suggests that both carbon-
chain species and COMs possibly trace similar regions around
the IM protostars (i.e., warm envelopes).

In Cepheus E, the lines of HC3N, the low upper-state-energy
lines of CCS and l-H2CCC, and C34S show narrower line widths
compared to the other lines. We can see similar trends in HC3N
and C34S toward L1206 and the low upper-state-energy line of
CCS in HH288. These lines likely trace mainly cold envelopes.
However, these trends are not universal for all of the IM proto-
stars. The different linear-scale beam sizes (≈0.14–1.0 pc) – in

other words, different source distances (≈0.7–5 kpc; see Table 1)
– may affect these results.

Figure A.2 compares the centroid velocity (VLSR) of each
molecular line obtained via the MCMC analyses (Sect. 3.2.2).
All of the lines have values similar to the source systemic veloci-
ties in Cepheus E, I 00420, I 20343, I 20293, I 21307, and I 22198.
The velocities of the molecular lines in HH288, except for c-
C3H2, are slightly higher than the source systemic velocity. The
velocities of all of the molecular lines seem to be higher than the
systemic source velocity in L1206. This could happen because
the source velocity in L1206 was derived by the maser. The ther-
mal molecular lines likely have different velocity components
than the maser lines.

We can see velocity shifts in the molecular lines from the
source systemic velocities in L1206, HH288, and I 23385. There
are no available data for the systemic velocities of I 00259 and
I 05380. Here, we provide systemic velocities of these protostars
based on the results of HC3N, which is a good dense core tracer:
–10 km s−1 for L1206, –28.5 km s−1 for HH288, –39 km s−1 for
I 00259, 2.5 km s−1 for I 05380, and –50.3 km s−1 for I 23385.
Table A.3 summarizes this information.

For the CH3CN in I 20293 and the 13CS and C34S in I 23385,
two velocity components were identified. The two velocity com-
ponents of CH3CN in I 20293 are different from those of the
other lines, but the lower velocity component is marginally con-
sistent with that of HCS+ within the errors. We cannot identify
the cause(s) of the velocity shifts in the single-dish observations.
In the case of the isotopomers of CS in I 23385, the low-velocity
components (∼−50 km s−1) are similar to most of the other
molecular lines, whereas the high-velocity component is simi-
lar to those of C4H and the high-velocity component of CCS
(low). As seen in Fig. A.1, the C4H lines in I 23385 show wider
line features (∼3.6 km s−1) than the other sources. Hence, the
emission region of C4H in I 23385 may be different from that
of the other IM protostars; for example, it could be the cavity
wall of the molecular outflows. Such a difference suggests that
I 23385 contains a more massive star than IM protostars and that
the powerful outflow(s) affect the spatial distributions of these
molecules, which agrees with the conclusions of Beuther et al.
(2023).

Figure 4 shows a plot of line widths of HC5N (black) and
CH3CHO (red) versus the bolometric luminosity. There is no
correlation between the bolometric luminosity and line widths
of either species in the bolometric luminosity range of the target
IM protostars. These results imply that the observed lines trace
regions less affected by the central stars; the lack of correlation is
caused by the low-angular-resolution data obtained by the single-
dish telescope. Similarly, no correlations between the bolometric
luminosity and line widths of carbon-chain species were found
toward the HMPOs observed with the Nobeyama 45 m telescope
(Taniguchi et al. 2019b).

4.5. The cyclic-to-linear ratio of the C3H2 isomer

We investigated the cyclic-to-linear ratios (hereafter the c/l
ratios) by combining observations and theoretical studies (Sipilä
et al. 2016; Loison et al. 2017). Physical conditions likely affect
the c/l ratios. For instance, the c/l ratios of C3H2 were found
to be 110 ± 30 and 30 ± 10 for molecular clouds with densities
of 104 cm−3 and 4 × 105 cm−3, respectively (Loison et al. 2017).
The c/l ratio at the starless clump in the Serpens South cluster-
forming region was derived to be 58± 6 (Taniguchi et al. 2024b).
These results imply that the density plays a key role in produc-
ing differences in the c/l ratio of the C3H2 isomers. It has been
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Fig. 5. Cyclic-to-linear ratios of the C3H2 isomers c-C3H2 and
l-H2CCC. The blue and red bars indicate the ratios for the low- and
high-temperature components as a function of the upper-state energies
(see Sect. 3.2.2).

proposed that isomerization reactions of l-C3H2 + H→ c-C3H2
+ H and t-C3H2 + H→ c-C3H2 + H are responsible for the high
c/l ratio in low-density conditions (Loison et al. 2017). In this
subsection we compare the c/l ratio of the C3H2 isomers of the
IM protostars.

Figure 5 shows a comparison of the c/l ratios of the C3H2
isomers, c-C3H2 and l-H2CCC. “Low” (blue) and “high” (red)
mean that the ratios were derived using the low Eup lines
assuming an excitation temperature of 10 K and the high Eup
lines assuming an excitation temperature of 20 K, respectively
(see Sect. 3.2). Since l-H2CCC has been tentatively detected in
Cepheus E and I 00259 and their column densities are the upper
limits, their c/l ratios are the lower limits. The spectra of c-C3H2
show weak peak intensities in I 00420, and the relative error is
large. If we exclude the three sources with large uncertainties,
the low components have a c/l ratio in the range 10–20. The low
components have higher ratios than the high components (∼3–5)
in the three sources for which both of the components have been
detected, albeit with large errors.

This may reflect the fact that outer cold envelopes (the low
component) have lower densities than inner warm regions, where
the WCCC mechanism occurs (the high component). However,
the temperature may also affect the c/l ratio. Since previous the-
oretical studies did not take the warm-up phase into account, this
remains unclear.

The c/l ratio in the WCCC source is lower than those in
the cold pre-stellar cores; the c/l ratios in pre-stellar cores were
derived to be ∼30–110 (Sipilä et al. 2016; Loison et al. 2017),
whereas the ratio in L1527 was derived to be 12 (Sipilä et al.
2016). This tendency is visible Fig. 5: the low components have
higher values than the high components. These two different c/l
ratios support the scenario that carbon-chain species exist in both
the outer, less dense envelopes and the inner, denser envelopes.

4.6. Carbon and sulfur isotopic ratios in CS

Figure 6 compares the C34S/13CS abundance ratios of the ten
protostars. Comp 1 and Comp 2 of I 23385 mean two different
velocity components; –50 km s−1 and –47.8 km s−1, respectively.
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Fig. 6. C34S/13CS ratios for the ten IM protostars. The Comp 1 and
Comp 2 of I 23385 are –50 km s−1 and –47.8 km s−1, respectively. The
local ISM value (2.8 ± 0.6) was calculated from the results of Yan et al.
(2023).

The local interstellar medium (ISM) value (2.8 ± 0.6; Yan et al.
2023) was calculated using the following formula and adopting
the results of the CS isotopologs:

C34S
13CS

=
12C
13C
×

34S
32S
. (1)

The observed ratios are consistent with the local ISM value
within the errors. Comp 2 of I 23385, whose velocity component
is VLSR ≈ −47.8 km s−1, has a higher C34S/13CS abundance ratio
than the local ISM. Since I 23385 has the highest bolometric
luminosity and is a high-mass protostar, one possible explana-
tion for such an isotope anomaly is that the local UV radiation
destroys less-abundant isotopologues (13CS) more efficiently
(i.e., the self-shielding effect). Or, the PDR-like chemistry at
the cavity wall of the molecular outflow may affect the chem-
istry of Comp 2. Three outflows or jets have been identified
in this high-mass protostellar system via several shock tracers,
including SiO, H2, [Fe II], and [Ne II] (Beuther et al. 2023). If
Comp 2 traces the outflow components, the self-shielding effect
may be responsible for the high C34S/13CS ratio only in Comp 2.
High-angular-resolution observations that resolve the two differ-
ent components are needed to determine the origin of the isotope
anomaly.

5. Conclusions

We conducted Q-band line survey observations toward 11 pro-
tostars, which were selected from the subsample source list of
the SOMA project, with the Yebes 40 m telescope. The main
findings and conclusions of this paper are as follows:
1. We have detected nine carbon-chain species (HC3N, HC5N,

C3H, C4H, linear-H2CCC, cyclic-C3H2, CCS, C3S, and
CH3CCH), three COMs (CH3OH, CH3CHO, and CH3CN),
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H2CCO, HNCO, and four S-bearing species (13CS, C34S,
HCS+, and H2CS);

2. The derived rotational temperatures of HC5N are approx-
imately 20–30 K, suggesting that carbon-chain molecules
exist in warm regions around the IM protostars. The rota-
tional temperatures are consistent with those derived in
low-mass and high-mass protostars. We need to observe high
J lines to confirm the presence of hot components;

3. Based on comparisons of the chemical compositions around
the IM protostars to those in the low-mass WCCC source
L1527, HMPOs, and MYSO, the HC5N/HC3N ratios are
found to be similar to those around low-mass and high-mass
protostars. Since the beam size of the single-dish telescope
is much larger than the hot regions around IM protostars,
the detected carbon-chain emission must come from warm
envelopes where the WCCC mechanism is dominant. To
confirm the HCCC mechanism, we need interferometric
observations to obtain their spatial distributions;

4. No correlations are found between the bolometric luminosity
and the HC5N/HC3N abundance ratio and line width. This
implies that these cyanopolyynes are not formed by the PDR
chemistry and supports the WCCC scenario;

5. The c/l ratios of the C3H2 isomers suggest that these species
exist in regions with at least two different physical condi-
tions: the less dense outer regions and denser inner regions.
These results support our assumption that carbon-chain
species exist in outer cold envelopes too;

6. The C34S/13CS ratios in the IM protostars generally agree
with the value in the local ISM. However, the second veloc-
ity component in I 23385 (∼−47 km s−1) has a higher ratio.
Since this is a high-mass protostar with a high bolomet-
ric luminosity, the enhancement of the local UV radiation
may produce such an isotopic anomaly. Or, the PDR-like
chemistry at the cavity wall may affect it.

Our results confirm that carbon-chain species form in warm gas
around IM protostars and that the WCCC mechanism is robust
here. Future interferometric observations and higher-frequency
line survey observations are needed to further constrain the
chemical compositions and carbon-chain formation mechanisms
around IM protostars, that is, to confirm the HCCC mechanism
and compare the spatial distributions of carbon-chain species
and COMs.

Data availability

The spectral figures are available on Zenodo (https://
zenodo.org/records/13990455).
A copy of the reduced spectra is available at the CDS via
anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/
A+A/692/A65.
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Appendix A: Spectral line information and derived
parameters

Information on the detected lines is summarized in Table A.1.
Table A.2 summarizes the derived column densities for each
source (Sect. 3.2). Table A.3 summarizes the line width (full
width at half maximum) and the velocity component (VLSR)
obtained via the MCMC analysis. Figure A.1 shows compari-
son of line width (full width at half maximum) obtained via the
MCMC analyses (Sect. 3.2.2) among different molecular lines
for each IM protostar. Figure A.2 indicates comparison of the
centroid velocity (VLSR) of each molecular line obtained via the
MCMC analyses (Sect. 3.2.2).

Table A.1. Information on molecular lines.

Species Transition Frequency(a) Eup/k
(GHz) (K)

HC3N 4 − 3 36.392324 4.4
HC3N 5 − 4 45.490314 6.5
HC5N 12 − 11 31.951772 9.9
HC5N 13 − 12 34.614387 11.6
HC5N 14 − 13 37.276994 13.4
HC5N 15 − 14 39.939591 15.3
HC5N 16 − 15 42.602153 17.4
HC5N 17 − 16 45.264720 19.6
HC5N 18 − 17 47.927275 21.9
C3H J = 3

2 −
1
2 ,Ω =

1
2 , F = 2 − 1, l = f 32.627297 1.6

C3H J = 3
2 −

1
2 ,Ω =

1
2 , F = 2 − 1, l = e 32.660645 1.6

C4H N = 4 − 3, J = 9
2 −

7
2 , F = 4 − 3(b) 38.049616 4.6

C4H N = 4 − 3, J = 9
2 −

7
2 , F = 5 − 4(b) 38.049691 4.6

C4H N = 4 − 3, J = 7
2 −

5
2 , F = 4 − 3(b) 38.088441 4.6

C4H N = 4 − 3, J = 7
2 −

5
2 , F = 3 − 2(b) 38.088481 4.6

C4H N = 5 − 4, J = 11
2 −

9
2 , F = 5 − 4(b) 47.566770 6.8

C4H N = 5 − 4, J = 11
2 −

9
2 , F = 6 − 5(b) 47.566814 6.8

C4H N = 5 − 4, J = 9
2 −

7
2 , F = 5 − 4(b) 47.605490 6.9

C4H N = 5 − 4, J = 9
2 −

7
2 , F = 4 − 3(b) 47.605502 6.9

l-H2CCC 21,2 − 11,1 41.198335 16.3
l-H2CCC 20,2 − 10,1 41.584676 3.0
l-H2CCC 21,1 − 11,0 41.967671 16.4
c-C3H2 32,1 − 31,2 44.104777 18.2
c-C3H2 21,1 − 20,2 46.755610 8.7
CCS JN = 32 − 21 33.751370 3.2
CCS JN = 33 − 22 38.866420 12.4
CCS JN = 34 − 23 43.981019 12.9
CCS JN = 43 − 32 45.379046 5.4
C3S 6 − 5 34.684369 5.8
C3S 7 − 6 40.465015 7.8
C3S 8 − 7 46.245624 10.0
CH3CCH 21 − 11 34.182760 9.7
CH3CCH 20 − 10 34.183414 2.5
CH3OH 41,4 − 3−0,3 E 36.169261 28.8
CH3OH 70,7 − 61,6 A 44.069367 65.0
CH3OH 10,1 − 00,0 A 48.372460 2.3
CH3OH 1−0,1 − 0−0,0 E 48.376887 15.4
CH3CHO 20,2 − 10,1 E 38.506035 2.9
CH3CHO 20,2 − 10,1 A 38.512079 2.8
CH3CHO 21,1 − 11,0 E 39.362537 5.2
H2CCO 21,2 − 11,1 40.039022 15.9
H2CCO 21,1 − 11,0 40.793832 16.0
HNCO 20,2 − 10,1 43.962996 3.2
CH3CN 21 − 11 36.794765 9.8
CH3CN 20 − 10 36.795475 2.6
13CS 1 − 0 46.247563 2.2
C34S 1 − 0 48.206941 2.3
HCS+ 1 − 0 42.674195 2.0
H2CS 10,1 − 00,0 34.351430 1.6

Notes. (a) Taken from the Cologne Database for Molecular Spec-
troscopy (CDMS; Endres et al. 2016) except for CH3CHO, whose values
are taken from the Jet Propulsion Laboratory (JPL) catalog (Pickett et al.
1998). (b) These lines are blended with the closest lines.
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Fig. A.1. Comparison of line width (full width at half maximum) obtained via the MCMC analyses. θbeam indicates the linear-scale beam sizes of
40′′ at each source distance.
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Fig. A.2. Comparison of the centroid velocity (VLSR) obtained via the MCMC analyses. The error bars do not include the velocity resolution of
spectra (≈0.3 km s−1). The dashed gray horizontal lines indicate the systemic velocity of the source (Table 1). The dashed red horizontal lines
indicate the systemic velocity updated or reported based on our results.
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