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1 INTRODUCTION

ABSTRACT

We have carried out mapping observations of molecular emission lines of HC;N and CH;OH
toward two massive cluster-forming clumps, NGC 2264-C and NGC 2264-D, using the
Nobeyama 45-m radio telescope. We derive an I(HC3;N)/I[(CH3OH) integrated intensity
ratio map, showing a higher value at clumps including 2MASS (Two Micron All Sky
Survey) point sources at the northern part of NGC 2264-D. Possible interpretations of the
I(HC3;N)/I(CH30H) ratio are discussed. We have also observed molecular emission lines from
CCS and N,H™ toward five positions in each clump. We investigate the N(N,H')/N(CCS) and
N(N,H™)/N(HC;N) column density ratios among the ten positions in order to test whether
they can be used as chemical evolutionary indicators in these clumps. The N(N,H™)/N(CCS)
ratio shows a very high value toward a bright embedded IR source (IRS1), whereas the
N(N,H™)/N(HC;N) ratio at IRS1 is comparable with those at the other positions. These results
suggest that ultraviolet radiation affects the chemistry around IRS1. We find that there are
positive correlations between these column density ratios and the excitation temperatures
of NoH™, which implies the chemical evolution of clumps. These chemical evolutionary
indicators likely reflect the combination of evolution along the filamentary structure and
evolution of each clump.

Key words: astrochemistry —stars: massive — ISM: molecules.

observations but also millimetre and submillimetre observations,
which trace molecular rotational transition lines and dust continuum

The majority of stars are born in clusters (e.g. Lada & Lada 2003)
and recent studies showed evidence that our Sun was also born
in such a cluster region (Adams 2010). Hence, it is essential for
our understanding of environments where star formation occurs
and the Solar system was born to study cluster regions. Despite the
importance of cluster regions, formation and evolutionary processes
of clusters are still poorly known.

Young clusters are identified in near-infrared (near-IR) images,
and they are often embedded in their natal molecular clumps (e.g.
Dobashi 2011; Shimoikura et al. 2013). Therefore, not only IR
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emission, are important to understand cluster-forming regions.
Recently, Shimoikura et al. (2018) conducted observations toward
15 regions with the Nobeyama 45-m radio telescope and identified
24 clumps in massive cluster-forming regions. Based on the spatial
coincidence between the gas and the star density, they categorized
cluster-forming clumps into four types: clumps without clusters
(Type 1), clumps showing good correlations with clusters (Type 2),
clumps showing poor correlations with clusters (Type 3), and clus-
ters with no associated clumps (Type 4). They proposed that the clus-
ter formation proceeds from Type 1 through Types 2 and 3, to Type 4.

Nowadays, chemical composition is known as a useful tool
to investigate the evolution and physical conditions during star
formation (e.g. Caselli & Ceccarelli 2012; van Dishoeck 2018).

Published by Oxford University Press on behalf of the Royal Astronomical Society

1202 aunp g0 uo 1sanb Aq G0E00/S/SBET/Z/E6/AI0IME/Seuw /W0 dno-olWapeo.//:Sdjy WOy papeojumod


http://orcid.org/0000-0003-4402-6475
http://orcid.org/0000-0001-5431-2294
mailto:kotomi.taniguchi4043@gmail.com

2396 K. Taniguchi et al.

For example, some chemical evolutionary indicators have been
proposed for low-mass star-forming cores, combining N-bearing
species (NH; and N,H™) with carbon-chain molecules, which are
known as late- and early-type species, respectively (Suzuki et al.
1992; Benson, Caselli & Myers 1998). In high-mass star-forming
regions, the N(N,HT)/N(HC;N) column density ratio was found to
be a chemical evolutionary indicator based on the results of the
observations with the Nobeyama 45-m radio telescope (Taniguchi
et al. 2019c¢).

As another advantage to chemical composition as a tool, the
chemical differentiation around protostars seems to reflect the
variety of star formation processes (Sakai & Yamamoto 2013;
Taniguchi et al. 2019a) and environments (Spezzano et al. 2016).
Saturated complex organic molecules (COMs), consisting of more
than six atoms, have been found to be abundant around massive
young protostars, produced by hot core chemistry (e.g. Herbst &
van Dishoeck 2009). Similar chemical compositions have been
discovered around low-mass protostars, caused by what is known
as hot corino chemistry. COMs are formed on dust grains during
the cold-prestellar and warm-up phases (Garrod & Herbst 2006),
and efficiently sublimate into the gas phase during heating from
protostars. Further gas-phase reactions also produce COMs (e.g.
Skouteris et al. 2019).

In contrast to COMs, carbon-chain molecules are classically
known as early-type species, because they are abundant in young
starless cores and deficient in star-forming cores (Suzuki et al.
1992). They are formed from atomic carbon (C) and ionic car-
bon (C") in the gas phase via ion—molecule and neutral-neutral
reactions. However, recent studies have shown that carbon-chain
molecules can be regenerated around protostars (Hassel, Herbst &
Garrod 2008), where the reaction between CH4 sublimated from
dust grains and C* initiates carbon-chain formation. Such a carbon-
chain chemistry was first found around low-mass protostars and
named Warm Carbon Chain Chemistry (Sakai & Yamamoto 2013).
Recent observations toward massive young stellar objects (MYSOs)
also showed that cyanopolyynes (HC,, ;- ;N) are abundant around
some MYSOs (Taniguchi et al. 2017, 2018a). In addition, HC3N
appears to be formed in the warm dense gas around high-mass
protostellar objects (Taniguchi et al. 2018b, 2019c). Taniguchi
et al. (2018a) found that COM-poor cores are surrounded by
cyanopolyyne-rich envelopes and COM-rich cores, namely hot
cores, are surrounded by CH;OH-rich envelopes.

The chemical differentiation between carbon-chain-rich condi-
tions and COM-rich conditions may be caused by the different
time-scales for the duration of the prestellar collapse stage (Sakai &
Yamamoto 2013). In particular, long and short prestellar collapse
stages lead to COM- and carbon-chain-rich conditions, respectively.
If there is enough time for ionic/atomic carbon to convert into CO
molecules, CO molecules are adsorbed on to dust grains and the
hydrogenation of CO on dust surface generates CH3OH and COMs
abundantly. On the other hand, carbon atoms are depleted on to dust
grains during the short time-scale of prestellar collapse, and CHy
can be efficiently formed on dust surfaces.

Another possible cause of the origin of the chemical differ-
entiation around protostars is the penetration of the interstellar
radiation field (Spezzano et al. 2016). The interstellar radiation
field destroys CO molecules to form atomic carbon and oxygen.
Therefore, CH3;OH is rich in the well-shielded regions, while
carbon-chain molecules are abundant in the regions irradiated by
the interstellar radiation field. Recently, different timescales of the
warm-up phase were proposed as another possible origin of the
chemical differentiation (Taniguchi et al. 2019a). The fast and
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Table 1. Summary of the observed lines.

Species Transition Rest frequency Ey/k
(GHz) (K)
Mapping observations
HC3N J=10—-9 90.979023 24.0
CH3;OH 8y — 71, At 95.169391 83.5¢
CH;OH 20 — 1o, E 96.744545 20.1°
CH;O0H 20 — 1o, AT 96.741371 6.97"
CH;0H 2., —1_,E 96.739358 12.5°
CCS IN =77 — 66 90.686381 26.1
HNC J=1-0 90.663568 44
Position-switching observations
NoH* J=1-0 93.1733977 4.47
CCS IN=287—"T¢ 93.8701070 19.9

Note: a and b refer to our characterization of these lines into high- and
low-excitation-energy lines, respectively.

slow warm-up phases will produce CH3;OH- and cyanopolyyne-
rich conditions, respectively. This time-scale should depend on the
size of warm region and the infall velocity, which are related to
various physical conditions in star-forming regions.

Although the examples given above are for individual stars on
core scale in low-mass star-forming regions and on clump scale
in high-mass star-forming regions, such relationships have been
confirmed by observations. In this paper, we investigate the chemical
composition in the NGC 2264-C and NGC 2264-D cluster-forming
clumps and test the utility of chemical composition as a probe on
larger scales than studied before. NGC 2264 is located in the Mon
OB1 association, the distance of which is approximately 760 pc
(Dahm 2008). Both of the cluster-forming clumps are classified
as Type 2 by Shimoikura et al. (2018), which means that clusters
correlate with the clumps. Regarding structure in these clumps, there
are two well-characterized IR sources surrounded by a variety of
young stellar objects (YSOs). IRAS 06384 + 0932, also referred to
as IRS1, is a bright embedded IR source in the NGC 2264-C clump.
This source is a B2-type object with bolometric luminosity of Ly
~ 2300 L, (Peretto, André & Belloche 2006). IRAS 06382 + 0939,
which is also called IRS2, is a Class I YSO with Ly, ~ 150 L in
the NGC 2264-D clump (Peretto et al. 2006).

In Section 2, we describe our observations. The resultant in-
tegrated intensity maps and spectra are shown in Sections 3.1
and 3.2, respectively, while the analyses and results are summa-
rized in Section 3.3. As mentioned in the above, the [N-bearing
species]/[carbon-chain species] ratios are considered to be chemical
evolutionary indicators, and the [carbon-chain species]/[COMs]
ratios seem to reflect a variety of the environments or formation
processes of cores/clumps. We discuss our investigation of the
N(N,H1)/N(CCS) and N(N,H")/N(HC3N) column density ratios
in Section 4.1 and the /(HC;N)/I(CH3;OH) integrated intensity ratio
in Section 4.2. The conclusions of this paper are summarized in
Section 5.

2 OBSERVATIONS AND DATA REDUCTION

All the observations described in this paper were carried out in
2019 January with the Nobeyama 45-m radio telescope (Proposal
ID: CG181002, PI: Kotomi Taniguchi, 2018-2019 season). Table 1
summarizes the rest frequency and excitation energy of the observed
lines (CDMS; Miiller et al. 2005). We could not detect CCS
(Ux = 77 — 66) in the mapping observations with the current
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sensitivity, and we will not discuss it in the following sections.
The HNC (J = 1 — 0) line was simultaneously observed in the
same spectrometer as the CCS line (Jy = 77 — 6¢). Other CH;0H
emission lines, 29 — 19, AT and 2_; — 1_;, E, were observed in the
same frequency band of the 2p — 1p, E transition line of CH;OH.
We categorize these three CH; OH lines as the low-excitation-energy
lines. On the other hand, the 8y — 7;, A transition of CH;OH has
a high excitation energy, and we call this line the high-excitation-
energy line in the following sections.

2.1 Mapping observations

The mapping observations of HC3N (J = 10 — 9) and CH30H (8
— 71, AT and 2y — 1g, E) lines toward NGC 2264-C (hereafter
the South region) and -D (hereafter the North region) were carried
out using the four-beam, two-polarization, two-sideband FOREST
(FOur beam REceiver System on the 45-m Telescope) receiver
(Minamidani et al. 2016). The main beam efficiency (nvg) and
beam size (HPBW) at 96 GHz were 51 percent and 17.3 arcsec,
respectively. The system temperatures were 140—170 K during the
observations.

We used the SAM45 FX-type digital correlator in frequency
setting with bandwidth and frequency resolution of 62.5 MHz
and 30.52 kHz, respectively, applying the spectral window mode.
The frequency resolution corresponds to a velocity resolution of
0.1kms™'.

We employed the on-the-fly (OTF) observing mode. The mapping
areas were 6 arcmin x 6 arcmin for both regions and the grid spacing
was set to 7.5 arcsec. The centre coordinates of the maps were (2000,
S2000) = (6"41™115124, + 9029'00728) for the South region and
(6"41m045157, + 9°34’ 29”06) for the North region. The off-source
positions were determined based on the CO maps (Shimoikura et al.
2018). The coordinates of the off-source positions were (2000, 82000)
= (6"40™55%, 4 9°29'00") for the South region and (6"41™25°,
+9°35'00") for the North region.

The telescope pointing was checked every 1.5-2 h by observing
the SiO (J/ = 1 — 0) maser line from Orion-KL at (2000, §2000)
= (5"35™1435, -5°22'30"4). We used the H40 receiver for the
pointing observations, and found that the pointing error was within
3 arcsec.

The data reduction was conducted with the NOSTAR, which is
the software for data reduction of the OTF data obtained with
the Nobeyama 45-m telescope (Sawada et al. 2008). The effective
angular resolution of the resultant maps is 21 arcsec.

2.2 Position-switching observations

Based on the integrated intensity map of HC3;N obtained by the
mapping observations (Section 2.1), we chose five positions in
each region, which show strong HC;N emission (see Figs 1c and
e). Table 2 summarizes the coordinates of each position, plus the
number of associated YSOs identified by 2MASS or Spitzer data
(Cutri et al. 2003; Rapson et al. 2014) and their names in the Simbad
identifier.! The s1 — s3 positions are located in the strong HC3N
emission peak around IRS1, while the s4 and s5 positions are at
eastern positions in the elongated structure. The nl position is the
eastern edge of the filamentary structure, while the n2 —n4 positions
are located at the north-west parts showing a ring-like structure, and
the n5 position is an isolated strong HC3N peak in the south-east

Thttp://simbad.u-strasbg.fr/simbad/
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part in the North region. The oft-source positions are the same as
the OTF observations (Section 2.1).

The position-switching observations were carried out using the
FOREST receiver (Minamidani et al. 2016) with the single-beam
mode. The main beam efficiency and beam size (HPBW) at
93 GHz were 53 per cent and 17.8 arcsec, respectively. The system
temperatures were 120-200 K. The SAM45 correlator is run with
bandwidth and frequency resolution of 125 MHz and 30.52 kHz,
respectively, without the spectral window mode, and the frequency
resolution corresponds to the velocity resolution of 0.1 kms~'. We
conducted the two-channel binning in the final spectra, and then the
velocity resolution of the final spectra is smoothed to 0.2 kms~!.

We set the scan pattern at 20 s for both on- and off-source
positions. The chopper-wheel calibration method was employed
and the absolute calibration error was around 10 percent. The
procedure of the pointing observations were the same as the
mapping observations (Section 2.1), and the pointing error was
less than 3 arcsec.

We conducted data reduction using the Java Newstar, which
is the astronomical data analysing system of the single-position
observations obtained with the Nobeyama 45-m telescope. The total
on-source integration times are between 20 and 45 min.

3 RESULTS AND ANALYSES

3.1 Results of mapping observations

Table 3 summarizes the noise levels of the integrated intensity maps
which are shown in Fig. 1. The HNC line is a good dense gas tracer,
and we show its integrated intensity map in Fig. 1(a). The spatial
distribution of HNC seems to be filamentary and more fragmented
in the North region, which resembles that of another dense gas tracer
NoHT (J =1 — 0) (see fig. 5 of Peretto et al. 2006). Williams &
Garland (2002) suggested that such a fragmented structure with
low-intensity peak implies a slightly more evolved cluster in which
individual protostars start to shed their circumstellar envelopes and
migrate away from their birthplace, based on the distribution of the
870 pum dust continuum emission. On the other hand, in the South
region, the HNC distribution shows a core-like structure centred
nearly at IRS1. The morphology is similar to the NoH' and the
1.2 mm dust continuum emission (see fig. 4 of Peretto et al. 2006).

The spatial distribution of the low-excitation-energy lines of
CH;OH is shown in Fig. 1(b). As shown in Fig. A1 in Appendix A,
there are three lines in the narrow frequency range. At some
positions, especially near IRS1, the line widths are so wide that
we cannot make integrated intensity maps of each line. Hence,
Fig. 1(b) shows the integrated intensity map of the sum of these
three lines. The spatial distribution of the low-excitation-energy
CH;OH line shows more complicated structures compared to that
of HNC. Its distribution is similar to that of SO (Jx = 3, — 2 see
fig. 6 of Shimoikura et al. 2018), which may suggest that the low-
excitation-energy CH3;OH originates partially from shock regions
rather than hot core regions (e.g. Arce et al. 2007). On the other
hand, the high-excitation-energy line of CH3OH is detected only
near IRS1 (Figs 1d and A2). This line is considered to originate
from the hot gas around protostars, normally referred to as hot
cores (Watanabe et al. 2015, 2017).

Fig. 1(c) shows the spatial distribution of HC3N in the North
region. The ring-like structure with three prominent peaks can be
seen at the north-west part, and are labelled n2 — n4. Another
prominent peak corresponds to the n5 position. This position was
identified as D-MMI1 by Peretto et al. (2006), who mentioned that
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Figure 1. Integrated Intensity maps of (a) HNC (J/ = 1 — 0), (b) CH30H (low-excitation-energy lines), (c) HC3N in the North region, (d) CH30H (8y — 7;
A7) in the South region, and (¢) HC3N in the South region. The contour levels are 0.2, 0.4, 0.6, 0.8, and 0.9 of their peak levels, where the peak intensities are
17.2,23.0,2.5,8.9, and 5.5 K kms~! for (a)-(e), respectively. The yellow diamond and square indicate the IRAS06384+0932 (IRS1) and IRAS06382 + 0939
(IRS2) positions, respectively. The white dashed squares in panel (b) indicate the regions of panels (c)—(e). Panels (c) and (e) show the positions of the
position-switching observations (nl — n5 and sl — s5) as indicated by the white cross marks. The white filled circles indicate the beam size of the Nobeyama
45-m telescope at 93 GHz (=18 arcsec).
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Table 2. Positions of the position-switching observations and associated YSOs.

2399

Position name RA (J2000) Dec. (J2000) Number of YSOs®

Name of YSOs”

NGC 2264-C (South)

sl 06"41™10:99  +9°29'21"5 0
s2 06"41m09:16 4 9°29'38"7 3
s3 06"41™12:87  +9°29'08"1 3
s4 06"41m14351 4 9°28'3470 2
s5 06"41m15:24 4+ 9°29'07"2 1
NGC 2264-D (North)

nl 06"41m12:42 4 9°352974 2
n2 06"41m0103  +9°35'47"3 1
n3 06"41m00816 4 9736 1870 4
n4 06"40mS774 499353374 1
n35 06"41m0652  +9°34'03"1 3

J06410890+0929451, Allen’s Source (IRS1), J06410954 + 0929250
J06411259+0929048, 106411196 + 0929089, [RPG2014] 28064
[RPG2014] 27511, [RPG2014]27392

[RPG2014] 27970

J06411184 + 0935313, [RPG2014] 32898

J06410028 + 0935591

J06410063+0936103, J064059524-0936105, J06410025+0936311, J06405981 + 0936332
[RPG2014] 33125

J06410665+0933576, J06410629+-0933496, 106410562 + 0933549

Notes:* Number of YSOs within a 18 arcsec beam size, corresponding to the beam size at 93 GHz.
"The names were taken from the Simbad identifier. Objects with brackets of [PRG2014] mean that they were identified by Spitzer data (Rapson et al. 2014). Others

starting with ‘J” were identified by 2MASS data (Cutri et al. 2003).

“Non-detection of any YSOs at the s1 position may be caused by the nearby bright IRS1 source.

Table 3. Qualities of integrated intensity maps.

Panel Species Transition Noise level
(K kms™1)

(a) HNC J=1-0 0.2

(b) CH3;OH 29 — 1o, E 0.4

(c) and (e) HC3N J=10-9 0.1

(d) CH3;0H 8 — 71, AT 0.1

this position contains a Class 0 object. In the South region (Fig. le),
the HC3;N emission is concentrated around IRS1. Furthermore, the
HC3N emission is stronger and its line widths are wider around
IRS1 (Fig. A3). HC;N is likely to form and/or to survive in the
warm dense gas around the protostars (Hassel et al. 2008; Taniguchi
et al. 2019a).

3.2 Results of position-switching observations

Fig. 2 shows spectra of CCS (Jy = 87 — 7¢) toward the 10 positions.
The rms noise levels are 19-22 mK for all of the positions except
for s1 where the rms noise level is 26 mK. The CCS line has been
detected with a signal-to-noise ratio (S/N) above 4 toward all of the
positions. We fitted the spectra with a Gaussian profile and obtained
the spectral line parameters shown in Table 4. In the case of the n4,
s3, and s4 positions, we applied two-velocity-component Gaussian
fitting. In Fig. 2, the blue and red curves indicate each component,
and their synthesized profiles are shown by the green curves.

We also produced spectra of the HC;N line from the OTF data,
as shown in Fig. A3. The spectral line parameters for these lines are
summarized in Table 4.

Fig. 3 shows spectra of NoHT (J = 1 — 0) at the 10 positions. The
emission has been detected with an S/N ratio above 4 toward all the
positions. The rms noise levels are 19—22 mK for all of the positions
except for s1 where the rms noise level is 27 mK. We performed
a Gaussian fitting and obtained the spectral line parameters as
summarized in Table 5. The two-velocity-component Gaussian
fitting was applied to s3, and the blue and red curves indicate
each component, and the green curve is the synthesized profile.
The orange curve indicates the result of one-velocity-component
Gaussian fitting. We used the value obtained with this fitting
when we derived its column density and excitation temperature
(Section 3.3).

Several spectra exhibit features of molecular outflows (Buckle,
Richer & Davis 2012). For example, outflow wings are seen in the
spectra of HC3N at the positions s2, s5, and n2 in Fig. A3. Multiple
velocity components are seen in CCS at s3, s4, and n4 in Fig. 2, and
in NoH' at s3 in Fig. 3.

3.3 Analyses

We derived the column densities and excitation temperatures of
N,H™ at the 10 positions from a local thermodynamic equilibrium
(LTE) analysis, following the procedure and using the formulae
derived in appendix B1 of Furuya, Kitamura & Shinnaga (2006).
The excitation temperatures and column densities are determined si-
multaneously by a least-squares fit using the hyperfine components
of N;H". We derived the optical depth as a function of velocity
using the formula

! v—V, 2
T(V) = Tiot E siexp [—4ln(2) <7A sys) :| , (D)
v

i=1

where 7, is the total optical depth, s; is the normalized relative
intensity of the ith hyperfine component, and Av is the line width
(FWHM, Table 5) of the ith component. We used the Vi sg(F| =
2 — 1) values as Vi, because this line includes the centroid
component. The column density is derived with the formula

Tox + 0.75
N =3.30 x 10" 1( * ) Tiot A Vint. ()

— o441/ Tex

We assume that all of the hyperfine components have the same
thermal and non-thermal line broadenings. This assumption can
be applicable because all of these lines should come from the
same emission region. We used the line width of F; = 0 — 1
as the intrinsic line width (Avj,), because this component is not
blended and consists of only one component. The derived excitation
temperature, total optical depth, and column density are summarized
in Table 6.

We derived column densities of CCS and HC3N assuming the
LTE condition, using the formulae (Goldsmith & Langer 1999):

Tmb

= n|l-——m |
R R TV T

3
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P I I |

-20 -10 0 10 20

Visg [km s

P I B | P -

-20 -10 0 10 20 30

Visr [km s7!]

Figure 2. Spectra of CCS (Jx = 87 — 76) toward nl —n5 and sl — s5 obtained with the position-switching observations with the Nobeyama 45-m telescope.
The red curves indicate the results of the Gaussian fitting. In the case of n4, s3, and s4, we applied two-velocity-component Gaussian fitting indicated by the
blue and red curves, and the synthesized spectra of the two components are indicated by the green curves.

where
= o () 1}
and

N =

Shav w11 Eiover
Tsms Va2 202 Jowe 1 5P ( kT )
{l—exp (— v )}_1. (5)
KT

In equation (3), t and T},, denote the optical depth and peak inten-
sity, respectively, while Tex and T, are the excitation temperature
and the cosmic microwave background temperature (>~ 2.725 K),
respectively. We calculated the optical depth and column density
assuming that excitation temperatures of 10, 15, 20, and 25 K,
by taking into consideration the derived excitation temperatures of
NoH*. J(T) in equation (4) is the effective temperature equivalent
to that in the Rayleigh—Jeans law. In equation (5), N, Av, S, O,
i, and Ejywer denote the column density, line width (FWHM),
line strength, partition function, permanent electric dipole moment,
and energy of the lower rotational energy level, respectively.
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The rotational constant and permanent electric dipole moment of
CCS are 6477.75 MHz and 2.88 Debye, and those of HCsN are
4549.059 MHz and 3.73172 Debye.”> We used Ty, and the line
width obtained from the Gaussian fitting (Table 4). The derived
column densities of CCS and HC3;N for each position and each
assumed excitation temperature are summarized in Table 7. We
also derived the column density ratios of N(N,H*)/N(carbon-chain
species) at each position as summarized in Table 7.

4 DISCUSSION

4.1 The N(N,H*)/N(carbon-chain species) column density
ratios

The N(N-bearing species)/N(carbon-chain species) ratios are clas-
sically known as chemical evolutionary indicators in low-mass star-
forming regions (e.g. Suzuki et al. 1992; Benson et al. 1998). For
example, Benson et al. (1998) found that the N(N,H")/N(CCS)

2Splatalogue database; https:/www.cv.nrao.edu/php/splat/
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Table 4. Spectral line parameters of CCS (/Jy = 87 — 7¢) and HC3N (J =
10 — 9) at 10 positions.

Position Visr Tmb Av
(kms~") (K) (kms~")

[ Tapdv Rms
(K kms™")  (mK)

CCS (Un=87—T¢)

nl 3.64(9)  0.14(2) 1.1(2) 0.16(4)  19.7
n2 499(9)  0.16(2) 1.6 (2) 027(5)  19.1
n3 498(5) 031(3)  1.15(12) 038(5) 207
nd 5019 026(2) 1.1(2) 030(6) 212
6.18(8) 022(3)  081(17) 0.19 (5)
n5 6.37(6) 027(2)  1.95(15) 0.56(6) 217
s1 827(7) 034(2)  247(18) 090(8) 258
$2 727(8)  022(2)  1.94(19) 045(6) 205
$3 6.57(8) 0314  098(15) 033(6) 212
791(8) 044(2)  1.39(16) 0.65 (8)
s4 6.67(11)  0.25(2) 1.5(3) 040 (8) 217
8.00(18)  0.10 (4) 0.8 (4) 0.09 (6)
$5 620(2) 0.52(2) 1.14 (6) 0.63(4) 210
HC3N (J =10 — 9)
nl 3112 12005 1246)  1.59(10)
n2 484(2) 247(8) 0.99(4)  2.61(13)
n3 469(1)  4.08(8) 079 (2)  3.42(10)
nd 491(2)  2.50(6) 130(4)  3.45(13)
ns 620 (1)  2.03(5) 1323)  2.84(10)
sl 822(1) 4.80(4) 1.87(2)  9.55(12)
) 758(2)  3.04(4) 206(3)  6.66(15)
$3 7483)  1.90(5) 2.54 (8) 51(2)
s4 6.58(4) 0.86(3)  2.61(10)  2.40(12)
$5 597(2)  1.90(6) 1.04(4)  2.10(10)

Notes: Numbers in the parentheses are the standard errors of the Gaussian
fit,

expressed in units of the last significant digits.

The rms noise levels for HC3N spectra were smaller than 100 mK.

column density ratio is lower in starless cores than in star-forming
cores by a factor of 2. The average values are derived to be ~ 1.1
for cores with stars and ~ (.5 for starless cores, respectively. In
the case of high-mass star-forming regions, Taniguchi et al. (2019¢)
found that the N(N,H")/N(HC3N) column density ratio tends to
decrease from high-mass starless cores to high-mass protostellar
objects. In this study, we investigate the N(N,H')/N(CCS) and
N(N,H™)/N(HC;3N) column density ratios at the 10 positions in or-
der to test whether these ratios can be used as chemical evolutionary
indicators.

Figs 4(a) and (b) show plots of N(CCS) versus N(N,H")/N(CCS)
and N(HC;N) versus N(N,H')/N(HC3N), respectively, using points
from NGC 2264. Fig. 4(c) shows the plot of N(N,H')/N(HC;N)
versus N(N,H')/N(CCS) at the 10 positions. Figs 4(d) and (e)
show the relationships between the excitation temperature of NpyH',
Tex(NoHT), and the N(N,H')/N(CCS) and N(N,H')/N(HC;N)
ratios, respectively. The s4 position differs from the others because
it has no 850 um dust continuum clump (Buckle & Richer 2015),
while this position seems to be in a molecular outflow (Buckle et al.
2012). The large line width of HC3N at s4 may support a possibility
of the origin of a molecular outflow. Given its uniqueness, s4 is
plotted as an open red circle.

As a general trend, the N(N,H™)/N(CCS) values plotted for NGC
2264 in Fig. 4(a) lie higher than the average value in the low-mass
star-forming cores studied by Benson et al. (1998). In fact, the
average N(N,H")/N(CCS) values for positions in NGC 2264 and
for the low-mass star-forming cores are 5.4 and 1.1, respectively.
This may imply that the clumps in NGC 2264 are more chemically

evolved than those previously studied in low-mass star-forming
regions.

We further discuss the characteristics of the N(N,HT)/N(CCS)
and N(N,HT)/N(HC;N) ratios in NGC 2264 in the following
subsections.

4.1.1 Relationships with the excitation temperature of NoH™

Firstly, we investigate whether the N(N,H)/N(CCS) and
N(N,H')/N(HC3N) ratios are chemical evolutionary indicators for
clumps in the NGC 2264 cluster-forming regions. In order to do this,
we use the excitation temperature of NoH™, the abscissa in Figs 4
(d) and (e), as a tracer of clump temperature. The N,H™ excitation
temperature is expected to increase with clump evolution, in which
case it is considered as a physical evolutionary indicator.

A statistical approach was used for determining the correla-
tion between excitation temperature and abundance ratios. The
Kendall’s rank correlation method was applied in this paper. Table 8
summarizes the probability (p) and the Kendall’s rank correlation
coefficient (). Because the s2 position seems to be significantly
affected by IRS1, we conducted the test for the two cases: (1)
all of the 10 positions and (2) 9 positions except for the s2
position.

In the case of (1), the probability that the N(N,H")/N(CCS)
ratio and 7 are not correlated (p-value) is 0.71 percent, and the
Kendall’s rank correlation coefficient (t) is +0.67. Hence, there is
a positive correlation between these parameters. The corresponding
p- and t-values for the relationship between the N(N,H )/N(HC3N)
ratio and T are 0.47 percent and +0.69, respectively. Thus, the
N(N,H™)/N(HC;N) ratio also has a positive correlation with T.
If we exclude the s2 position, the corresponding probabilities
are slightly higher, but the conclusion that there are positive
correlations between the column density ratios and 7ex does not
change.

Since the NoH* excitation temperature is considered to increase
with clump evolution, the positive correlations between the column
density ratios and the NoH* excitation temperature mean that the
N(N,HT)/N(CCS) and N(N,H')/N(HC3N) ratios increase as the
clump evolves. Such a characteristic is similar to that found in low-
mass star-forming cores (Suzuki et al. 1992; Benson et al. 1998). We
conclude that these column density ratios are chemical evolutionary
indicators of clumps in the cluster-forming regions.

4.1.2 Characteristics in the South region

We compare the column density ratios among clumps in the South
region in this subsection. The s2 position shows a relatively high
N(N,HT)/N(CCS) value, whereas the N(N,H")/N(HC;3N) ratio is
not higher than the other positions (Fig. 4b). The s1 position also
shows similar features to s2, which can be seen in Fig. 4(c). These
results indicate that CCS is deficient at the s1 and s2 positions,
while HC3N is relatively abundant. This suggests that the CCS
molecules are efficiently destroyed, while the HC3N molecules can
survive in these regions. Because the observed lines of CCS and
HC;3N have similar excitation energies, as listed in Table 1, the
difference between CCS and HC3;N probably does not originate
from the excitation conditions.

The sl and s2 positions seem to be significantly affected by
the B2-type star, IRS1. Around IRS1, the strong ultraviolet (UV)
radiation could efficiently destroy CCS. On the other hand, HC;N
is relatively stable and robust against the harsh interstellar environ-
ment and thus it can resist the exposure to UV radiation (Clarke &

MNRAS 493, 2395-2409 (2020)
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Figure 3. Spectra of NyH' (/ =1 — 0) toward nl —n5 and s1 — s5 obtained with the position-switching observations with the Nobeyama 45-m telescope. The
red curves indicate the results of the Gaussian fitting. In the case of s3, we applied two-velocity-component Gaussian fitting indicated by the blue and red curves,
and the synthesized spectra of the two components are indicated by the green curves. The orange curve shows the fitting result of the single-velocity-component

Gaussian fitting.

Ferris 1995). Therefore, if HC3N is destroyed to some extent by
the effects from IRS1, it is difficult to recognize the effect with the
angular resolution of the single-dish telescope.

4.1.3 Evolution in the North region

In this subsection, we discuss evolution in the North region,
where the effects from IRS1 seem to be small, using the chemical
evolutionary indicators.

The N(N,H')/N(CCS) values at nl and n5 are similar to each
other (&5 — 6) and they are higher than the north-west positions,
n2 — n4 (Fig. 4a). These ratios mean that the nl and n5 positions
are chemically more evolved than the others, from the discussion in
Section 4.1.1.

There are two possible interpretations for this tendency. One is
the chemical trend along the filamentary structure. The ratio seems
to decrease from south-east to north-west. If IRS1 has affected its
surrounding and induced star formation, the chemistry may proceed
faster around IRS1 and such a chemical differentiation between the
south-east and north-west positions in the North region may occur.

MNRAS 493, 2395-2409 (2020)

The second interpretation of the tendency involves the chemical
evolution of the clumps. We now discuss combining information of
protostars. Both the nl and n5 positions contain the 850 um dust
continuum clump associated with both Class 0/I and II protostars
(Buckle & Richer 2015). The n2 position is associated with a Class
II protostar, whereas the n3 and n4 positions contain Class 0/I
protostars (Buckle & Richer 2015). The clumps with both Class
0/1 and II sources show the highest N(N;H")/N(CCS) value, while
the clumps associated with Class 0/I protostars show low values,
and the clump associated with only a Class II protostar shows an
intermediate value. This trend is independent of the number of
the identified YSOs (see Table 2). Since the n1 and n5 positions are
considered to be chemically more evolved, we can infer that clumps
associated with both Class 0/I and II protostars are more evolved
than that associated with only a Class II protostar. This scenario
suggests that a second round of star formation has been occurring
in the clumps associated with both Class 0/I and II protostars.

As seen in Fig. 4(b), the N(NoH')/N(HC3N) ratio at the n5
position is higher than the other positions. The values at the three
north-west positions (n2 — n4) are similar to each other, while the
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Table 5. Spectral line parameters of NoHT (J = 1 — 0) at 10 positions.

Position  Transition VSR T Av [ Tmpdv Rms

(F{—F) (kms™h X) (kms™!) (K kms™!) (mK)
0-1 1.09 (6) L14(7)  1.32(10)

nl 2-1 240 (2) 295(4)  210(3)  6.59(14) 193
1-1 2.06 (5) 1.59(4)  349(12)
0—1 100 (7)  132(10)  141(15)

n2 2-1 4.08 (2) 274(5)  229(5  6.67(19) 194
-1 1.84 (6) 190(7)  3.72(18)
0-1 133(9)  091(7)  1.29(14)

n3 2-1 4.11(2) 3.05(6)  2.05(5) 66(2) 206
1—1 2.21(7) 146 (6) 643 (17)
0—1 1.03 (3) 1.70 (6) 1.86 (8)

n4 2-1 4.32(1) 271(3) 2543  7.32(10) 207
-1 1.88(3)  218(4)  435(10)
0-1 2.30(8) L14(5)  2.80(15)

ns 2-1 5.25(1) 559(6)  22103) 1312 208
1-1 4.21(7) 1.69(3)  7.60(18)
0—1 373 (8) 1.79 (5) 7.1(3)

s1 2-1 756(1)  1093(7)  2.63(2) 305(3) 266
-1 727(8)  225(3) 17.4 (3)
0-1 347 (14) 1.38 (6) 5.103)

52 2-1 6.61(1) 10.17(11)  226(3) 244(4) 205
1—1 6.42 (12) 1.90 (4) 13.0 (4)
0—1 2.13 (14) 2.6 (2) 6.0 (6)

$3 2-1 6.14(3)  695(14)  3.01(7) 223(7) 211
-1 486 (14)  2.77(9) 14.3 (6)
0—1 0.83 (4) 1.83(9) 163 (1)

s4 2-1 6.04(2) 270(3)  266(3)  7.64(13) 209
1—1 1L79(3)  231(5) 441(12)
0—1 3.07 (14) 1.12 (6) 3703)

s5 2-1 535(2) 558(9)  241(5 1434 210
1-1 4.21 (10) 1.99 (6) 8.9(3)

Note: Numbers in parentheses are the standard errors of the Gaussian fit, expressed in
units of the last significant digits.

Table 6. Excitation temperature, total optical depth, and column density of

NoH* at 10 positions.

Position Tex (K) Tiot N(x 1013 em™2)
nl 12,0 (1.1) 1.2(1) 1.84 (16)
n2 11.2(1.3) 1.2(1) 19(2)
n3 147 (1.8) L1(1) 2.0(2)
n4 7.3 (0.4) 25(1) 247 (13)
nS 262 (1.6) 0.95 (6) 6.2 (4)
sl 22.0(0.8) 2.0(1) 147 (6)
s2 25.8 (1.8) L5 (1) 114 (8)
s3 13.4(1.6) 2.1(2) 9.1(1.0)
s4 11.4(0.8) 0.95(7) 2.15 (16)
s5 18.6(1.5) 2.0(2) 6.7 (6)

Note: Numbers in parentheses are the standard errors expressed in units of

the last significant digits.

value at position n1 is slightly higher than these three positions and
marginally consistent with that at n5. The tendency of this ratio is
largely similar to that of the N(N,H")/N(CCS) ratio, as mentioned
in the preceding paragraph. Hence, the N(N,H")/N(HC;N) ratio
also supports the idea of clump evolution: clumps associated with
both Classes 0/1 and II protostars seem to be more evolved than that
associated with only a Class II source.

In summary, the N(N,HT)/N(CCS) and N(N,H")/N(HC3N) ra-
tios seem to reflect both the evolution along the filament and
evolution of each clump.

4.2 The I(HC;N)/I(CH3OH) integrated intensity ratio

Chemical differentiation between COMs- and carbon-chain-rich re-
gions has been found around both low- and high-mass protostars, as
mentioned in Introduction. Such chemical differentiation seems to
suggest a variety of formation processes (Sakai & Yamamoto 2013;
Taniguchi et al. 2019a) and environments (Spezzano et al. 2016).
In this subsection, we investigate such a chemical differentiation
using the /(HC;N)/I(CH;OH) ratio.

We constructed a ratio map of the integrated intensities of the
HC3N and CH3;OH emission lines, /(HC3;N)/I[(CH3;0H), which
is shown in Fig. 5. Because the high-excitation-energy line of
CH3OH has been detected only around IRS1, we only used its low-
excitation-energy lines, as shown in Fig. 1(b). Table 9 summarizes
the I(HC3;N)/I(CH3;0H) values at the 10 positions. The highest
I(HC;N)/I(CH3OH) ratio is derived to be ~0.7, and is found at
the n3 position. This value is larger than the other positions by a
factor of more than two. In the South region, the highest value is
0.35 at the sl position, corresponding to the centre of the HC3N
distribution (Fig. le).

In addition to possessing the highest ratio, the n3 position shows a
relatively higher excitation temperature of NoH compared with the
n2 and n4 positions, and four YSOs were associated with n3 within
the beam size of 18 arcsec (Cutri et al. 2003). Therefore, n3 is not a
starless clump and the highest /(HC3N)//(CH3;OH) ratio could not be
explained by the different chemical evolutionary stages between the
n3 and other positions. The highest /(HC;N)/I[(CH3;OH) ratio toward

MNRAS 493, 2395-2409 (2020)
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3.4 (1.5-3.6)
4.2 (2.1-4.2)
3.8 (2.5-4.5)
1.4 (1.4-2.3)
7.8 (4.4-8.0)

5.17 (6) 4.30 (5) 4.09 (5)

10.1 (1)
5.41(12)

3.70 (15)

8.7 (7.3-8.7)

12.9 (11.3-13.5)

1.76 (17)
0.88 (11)

1.68 (16)
0.84 (11)

1.68 (16)
0.84 (11)

2.02(19)
1.01 (13)

sl
s2
s3
s4

2.81 (6) 2.72 (6)

3.25(7)

2.09 (8) 2.04 (8)

2.37.9)

4.9 (4.1-5.0)

1.9 (3)
0.78 (16)

1.8 (3)

0.74 (15)

1.8 (3)

0.74 (15)

2.2(3)
0.89 (18)
1.45 (10)

Tex = 10K

1.05 (5) 0.94 (5) 0.93 (5)

1.58 (8)

2.4 (2.4-2.9)
5.6 (4.6-5.6)

0.97 (5) 0.85 (4) 0.83 (4)
Tex =25K

Tx = 15K

1.51(7)

Tex = 10K

1.25 (8)
Tx =25K

1.20 (8) 1.20 (8)
Tex =20K

Tex = 15K

s5

Tex =20 K

Note

Notes: Numbers in parentheses are the standard errors expressed in units of the last significant digits.

4Values are derived using N(carbon-chain species) with the Tex closest to Tex(NaH™) for each position. The ranges in parentheses are for the four assumed excitation temperatures.

n3 may imply chemical diversity; the n3 position is a cyanopolyyne-
rich and CH3OH-poor clump with protostars (Taniguchi et al. 2017,
2018a).

As mentioned previously, three possible origins of such
cyanopolyyne-rich and CH3OH-poor conditions have been pro-
posed: a short time-scale for prestellar collapse (Sakai & Yamamoto
2013), the penetration of the interstellar radiation field (Spezzano
et al. 2016), and a long warm-up stage (Taniguchi et al. 2019a).
The n3 position is located at the edge of the filamentary structure
(Fig. 1). Hence, the effects of the interstellar radiation field may
be partially related to the high /(HC3;N)/I[(CH3;0H) ratio at the n3
position. However, both NGC 2264-C and NGC 2264-D are located
in the denser part of the giant molecular cloud (Buckle et al. 2012;
Rapson et al. 2014). The effect of the interstellar radiation field in
these cluster regions is still unclear.

Around massive protostars, the effects of UV radiation from the
massive protostars should be more significant than the interstellar
radiation field. If the UV radiation from the massive protostar effects
such a chemical differentiation, we would expect the carbon-chain
species to be abundant near the massive protostar, because the UV
radiation would produce C and/or C*, which are precursors of
carbon-chain species. Thus, the UV radiation from the massive pro-
tostar is unlikely to be related to the observed I(HC;N)/I[(CH;OH)
ratio.

From our observations, we can evaluate the time-scales of
prestellar collapse and warm-up stages from the large-scale point
of view, since the beam size of the Nobeyama 45-m telescope
cannot resolve each star-forming core. The age of NGC 2264 is
estimated to be ~3 Myr (Sung, Bessell & Chun 2004). Hence, there
was enough time for carbon ions (C) to be converted into CO
molecules (Taniguchi et al. 2019b) before protostars were born in
these clumps. In that case, CH3OH would be formed efficiently
by hydrogenation of CO molecules on dust surfaces leading to a
CH;OH-rich condition, and the observed high /(HC;N)/I[(CH;OH)
ratio at the n3 position could not be explained by the time-scale of
prestellar collapse.

As mentioned in Introduction, the time-scale of warm-up stage
is considered to be related to the infall velocity (Taniguchi et al.
2019a). Peretto et al. (2006) derived the mass infall rates toward the
central protostar object in NGC 2264-C (South region) and D-MM1
source, which corresponds to the n5 position in this paper, in NGC
2264-D (North region) to be ~3 x 1073 and ~1.1 x 107* Mg
yr~!, respectively. Therefore, the infall velocity is smaller in the
North region by nearly one order of magnitude. It will take longer
time to gather gas and dust during the formation of protostars in
the North region, leading to the long warm-up period. In that case,
a cyanopolyyne-rich and CH3OH-poor condition can be realized
(Taniguchi et al. 2019a).

In summary, the interstellar radiation field and infall velocity
(related to the timescale of the warm-up stage) may also be related
to the high /(HC;N)/I(CH3OH) intensity ratio at the n3 position
with the data obtained by the single-dish telescope.

5 CONCLUSIONS

We have carried out mapping observations of HC3N and CH;OH
toward NGC 2264-C and NGC 2264-D with the Nobeyama
45-m radio telescope in order to investigate the chemical dif-
ferentiation between these cluster-forming clumps. We derived
the I(HC3N)/I(CH;0H) map, and found the ratio at the north-
west position in NGC 2264-D to be higher than the other po-
sitions by a factor of 2. The results may suggest a chemical
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Figure 4. Comparisons of the N(N,H")/N(carbon-chain species) ratios among 10 positions: (a) N(CCS) versus N(N;H)/N(CCS), (b) N(HC3N) versus
N(N,HT)/N(HC3N), (c) N(NHT)/N(HC3N) versus N(N,H')/N(CCS), (d) N(N;HT)/N(CCS) versus Tex(N2H'), and (e) N(NHT)/N(HC3N) versus
Tex(NoH™). In panel (b), the error bars for N(HC3N) are actually included, but plot symbol size is larger than the error bars of N(HC3N). Hence, the
error bars are included in circle symbols.The blue and red symbols represent North and South regions, respectively. The s4 position is indicated by the red open
circle, because this position is not associated with 850 xm dust continuum clump but is associated with a molecular outflow. Labelled data points are referred
to in the text especially in Section 4.1.

diversity. The interstellar radiation field and the small infall
velocity, corresponding to a long time-scale of warm-up stage,
may be related to the high value at the northern edge of NGC

2264-D.

We also observed the molecular emission lines of CCS and N,H™
toward 10 positions in the two cluster regions, and derived the
N(N,H')/N(CCS) and N(N,H")/N(HC;N) column density ratios
at these positions. The N(N,H")/N(CCS) value toward IRSI, the
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Table 8. Summary of the Kendall’s rank correlation statics.

p (per

Pair of parameters cent) T
(1) All 10 positions

N(NoHT)/N(CCS) versus Tex 0.71 +0.67
N(N,H1)/N(HC3N) versus Tex 0.47 +0.69
(2) Except for s2

N(N,HT)/N(CCS) versus Tex 1.59 +0.65
N(NoH')/N(HC3N) versus Tex 1.27 +0.67

Notes: p and T represent the probability that there is no
correlation between the two parameters and the
Kendall’s rank correlation coefficient, respectively.

I(HC;NY/I(CH;0H)
0.2 0.4 0.6

37
36’
35’
34’
33
32’
31’

J2000 Declination

30
29’
_8'

g%27'
06%41™18° 09° 03° 40™57°
J2000 Right Ascension

Figure 5. Ratio map of the integrated intensities of HC3N and CH3OH,
I(HC3N)/I(CH3OH). The yellow diamond and square indicate the IRS1 and
IRS2 positions, respectively. The white cross marks indicate nl—n5 and
s1—s5 positions.

B2-type massive protostar, is much higher than toward the other
positions, whereas the N(NH")/N(HC3N) value is comparable
with those at the other positions. These results may imply that
CCS is efficiently destroyed around the massive protostar. Further-
more, these ratios have positive correlations with the excitation

Table 9. Summary of the /(HC3N)/I[(CH30H) ratio.

position Value
nl 0.16
n2 0.32
n3 0.71
n4 0.29
nS 0.19
sl 0.35
s2 0.22
s3 0.26
s4 0.16
s5 0.16

MNRAS 493, 2395-2409 (2020)

temperature of N;H™', which is suggestive of a chemical evolution
of clumps. These column density ratios likely reflect a combina-
tion of evolution occurring both along the filament and in each
clump.
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the OTF observations.
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Figure Al. Spectra of CH30H (29 — 1o, E) toward nl — n5 and sl — s5 obtained from the OTF data with the beam size of 18 arcsec. In the case of nl,
we applied two-velocity-component Gaussian fitting indicated by blue and red curves, and the synthesized spectra of the two components are indicated by
green curve. The red curves indicate the results of the Gaussian fitting. We also observe the 29 — 1o, A* (96.741371 GHz; Ey/k =697 K)and2_; — 1_1, E

(96.739358 GHz; Ey/k = 12.54 K) lines simultaneously.
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Figure A2. Spectra of CH30H (8) — 71, AT) toward nl —n5 and s1 — s5 obtained from the OTF data with the beam size of 18 arcsec. The red curves indicate
the results of the Gaussian fitting.
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Figure A3. Spectra of HC3N (J = 10 — 9) toward nl — n5 and s1 — s5 obtained from the OTF data with the beam size of 18 arcsec. The red curves indicate

the results of the Gaussian fitting.
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