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Abstract

We have carried out observations of CCH (N = 1 — 0), CH;CN (J =5 — 4), and three '*C isotopologues of HC;N
(J=10—-9) toward three massive young stellar objects (MYSOs), G12.89+0.49, G16.86—2.16, and G28.28
—0.36, with the Nobeyama 45 m radio telescope. Combined with previous results on HCsN, the column density
ratios of N(CCH)/N(HCsN), hereafter the CCH/HCsN ratios, in the MYSOs are derived to be ~15. This value is
lower than that in a low-mass warm carbon chain chemistry (WCCC) source by more than one order of magnitude.
We compare the observed CCH/HC;N ratios with hot-core model calculations. The observed ratios in the MYSOs
can be best reproduced by models when the gas temperature is ~85 K, which is higher than in L1527, a low-mass
WCCC source (~35 K). These results suggest that carbon-chain molecules detected around the MYSOs exist at
least partially in higher temperature reg10ns than those in low-mass WCCC sources. There is no significant
difference in column density among the three '*C isotopologues of HC3N in G12.8940.49 and G16.86-2.16, while
HCC'*CN is more abundant than the others in G28 28-0.36. We discuss carbon-chain chemistry around the three
MYSOs based on the CCH/HC;N ratio and the ' 3C isotopic fractionation of HC3N.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Interstellar molecules (849); Massive stars (732)

1. Introduction

Approximately 200 molecules have been identified in the
interstellar medium and circumstellar shells (McGuire 2018).
Around 40% of the interstellar molecules are accounted for by
unsaturated carbon-chain molecules. Carbon-chain molecules,
such as CCS and HC;N, are generally known to be abundant in
cold (T~ 10K) starless/prestellar cores (e.g., Suzuki et al.
1992; Benson et al. 1998). They are formed in the gas phase via
ion—molecule reactions and exothermic neutral-neutral reac-
tions without reaction energy barriers. Their abundances
decrease in star-forming cores (Suzuki et al. 1992; Benson
et al. 1998), due to their destruction and/or depletion onto dust
grains in cold high density regions just before protostars form.
Based on the above characteristics, these carbon-chain species
are also called “early-type species.”

Around protostars, partially saturated complex organic mole-
cules (COMs), which consist of more than six atoms and are rich
in hydrogen atoms, are abundant (Herbst & van Dishoeck 2009).
These regions are referred to as hot cores and hot corinos in high-
mass and low-mass star-forming regions, respectively. The COMs
are formed on dust grains in the cold starless core and warm-up
phases (Garrod & Herbst 2006; Garrod et al. 2008). Gas-phase
reactions also contribute to the formation of COMs in both warm
regions (e.g., Skouteris et al. 2019) and in cold environments
(Balucani et al. 2015). Although general formation processes of
COMs have been proposed, recent ALMA observations have

revealed complexities of COM chemistry around protostars
both in high-mass and low-mass star-forming regions (Jorgensen
et al. 2020, and references therein). For example, a chemical
differentiation between N-bearing COMs and O-bearing COMs
has been found (e.g., Crockett et al. 2015). Even among O-bearing
COMs, there is a spatial segregation between COMs containing a
C-O-C structure and those containing a C—OH bond (Tercero
et al. 2018).

In contrast to hot corino chemistry, warm carbon chain
chemistry (WCCC) was proposed initially around some low-
mass protostars, such as L1527 and IRAS 15398-3359 (Sakai &
Yamamoto 2013). In WCCC sources, carbon-chain molecules are
efficiently formed from methane (CH,), which is desorbed from
dust grains at temperatures of ~25-30 K (Hassel et al. 2008).
Reactions between CH,4 molecules and C* ions initiate carbon-
chain formation in the lukewarm gas (T ~ 25-30 K). In high-mass
star-forming regions, observational studies concerning carbon-
chain chemistry are less well developed. It is unknown whether
carbon-chain molecules are formed anew around massive young
stellar objects (MYSOs), and, if they are formed, whether these
carbon-chain molecules exist in higher temperature regions than
those in low-mass WCCC sources.

Green et al. (2014) carried out survey observations of HCsN
toward MYSOs containing 6.7 GHzCH3;0H masers. They
detected HCsN in 35 sources out of 79 MYSOs using the
J=12—11 line (31951777 GHz; E,,/k=9.97K) with the
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34m radio telescope at Tidbinbilla. However, the detected
HCsN lines seem to come mainly from cold envelopes
(T~ 10K), not from inner hot regions, because of the large
beam size (0.95") and the low energy level of the observed line.
Taniguchi et al. (2018c) detected HCsN in 14 high-mass
protostellar objects (HMPOs) out of 35 sources using the
J=16—15 line (42.60215 GHz; E,,/k=17.4 K) with the
Nobeyama 45 m telescope and a beam size of 37”. However, this
line also may come from cold envelopes, and it was unclear
whether HCsN is in warm (7= 25K) and/or hot (T 2 100 K)
regions.

Taniguchi et al. (2017b) also carried out observations of
HCsN toward four MYSOs with the Green Bank 100 m and the
Nobeyama 45 m radio telescopes. They detected several lines
with high upper state energies that are difficult to excite in cold
regions (e.g., J=39 —38; Eup/k =99.7K). These results
suggest that HCsN exists in warm and/or hot regions around
MYSOs. However, their observations were conducted with
single-dish telescopes and it could not be strongly concluded
that the detected HCsN around MYSOs exists in higher
temperature regions than found in low-mass WCCC sources.
Taniguchi et al. (2018a) investigated the spatial distributions of
HC;5N and HC;sN in the G28.28-0.36 MYSO, and their spatial
distributions are positively correlated with the dust continuum
emission. These results support the possibility of gas-phase
cyanopolyyne formation (HC,,, . {N, n=1, 2, 3, ...) in warm
regions from dust-origin precursors.

Recently, Taniguchi et al. (2019a) conducted gas-grain
chemical network simulations in order to investigate the
carbon-chain chemistry around MYSOs in detail. Based on
these time-dependent calculations, they suggested that there are
largely two types of carbon-chain species. During the warm-up
period, cyanopolyynes, which are relatively stable species, are
formed in the gas phase, depleted onto dust grains and
condensed in ice mantles during the lukewarm phase
(25K <T< 100K). After their sublimation temperature is
reached (7 > 100 K), cyanopolyynes are desorbed from dust
grains and their gas-phase abundances show peak values. On
the other hand, CCH is efficiently formed and shows its peak
abundance in a WCCC-like region just after the temperature
reaches 25K, at which temperature the CH, molecules are
desorbed from dust grains. The CCH radicals are rapidly
formed by the electron recombination reaction of C,HJ, which
is formed by the reaction between CH, and C". After the
temperature exceeds 70 K, CCH is efficiently destroyed by
atomic oxygen (O). The main destroyer of CCH becomes H, at
temperatures above 90K, and destruction becomes much
faster. Motivated by this model calculation (Taniguchi et al.
2019a), we infer that the CCH/HCsN ratio can be used as a
temperature probe over the range where these carbon-chain
molecules exist. This ratio is expected to decrease with an
increase in temperature. Hence, if HCsN around MY SOs exists
to a greater extent in higher temperature regions than in
lukewarm regions around low-mass WCCC sources, the
CCH/HCsN ratios in MYSOs will be lower than those in
WCCC sources.

In this paper, we report new observations of CCH
(N=1—0), CH;CN (J =5 — 4), and three '*C isotopologues of
HCN (J=10-9) toward three MYSOs (G12.8940.49,
G16.86-2.16, and G28.28-0.36) with the Nobeyama 45 m radio
telescope. We describe the observations in Section 2. The spectra
of the above three species are presented in Section 3.1, and
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analytical methods and results are summarized in Section 3.2. In
combination with previous results on HCsN reported by
Taniguchi et al. (2017b), we derive the CCH/HCsN ratios
toward the three MYSOs. These CCH/HC;N ratios toward the
three MYSOs are compared with those in a low-mass WCCC
source L1527 in Section 4.1, and with the model calculation in
Section 4.2. In Section 4.3, the differences in column density
among the three '*C isotopologues of HC3N, namely the '*C
isotopic fractionation, and possible main formation pathways of
HC;N are presented. We discuss carbon-chain chemistry around
the three MYSOs based on the CCH/HC5N ratio and the '°C
isotopic fractionation of HC3N in Section 4.4. The main
conclusions of this paper are summarized in Section 5.

2. Observations

The observations presented in this paper were carried out
with the Nobeyama 45 m radio telescope in 2019 April and
May (2018-2019 semester'?). Our three target MYSOs are the
sources observed by Taniguchi et al. (2017b, 2018b). The
properties of the target sources are summarized in Table 1.
These sources were selected with the following criteria:

1. the source decl. is above —21°,

2. the distance (D) is within 3 kpc, and

3. CH3CN was detected with the Mopra telescope
(mebdv > 0.5 Kkms ™! for the Jx = 5, — 4, line; Purcell
et al. 20006).

In addition, the 6.7 GHz CH3OH maser and molecular outflows
are associated with all of the sources (Cyganowski et al. 2008;
Li et al. 2016). The 6.7 GHz CH30H maser is known as a sign
of massive star formation (Urquhart et al. 2015). The
G28.28-0.36 MYSO is categorized as a GLIMPSE Extended
Green Object (EGO; Cyganowski et al. 2011).

We used the FOREST receiver (Minamidani et al. 2016) in
the on—on observing mode.'? The integration time for each scan
was 20 s. The off-source positions for calibrating observations
were set at +15’away in decl. The main beam efficiency (1mp)
and the beam size (HPBW) at 86 GHz of this receiver are
~50% and 18", respectively. The system temperatures were
between ~200 and ~250 K, depending on weather conditions
and elevation.

We used the SAM45 FX-type digital correlator in a frequency
setup, the bandwidth and frequency resolution of which are 500
MHz and 122.07 kHz, respectively. This frequency resolution
corresponds to a velocity resolution of 0.4km s~ at the observed
frequency range. We conducted two-channel binning in the final
spectra, and the velocity resolution of the final spectra is
~0.8kms™".

The telescope pointing was checked every 1.5 hr by observing
the SiO maser line (/=1 —0; 43.12203 GHz) from OH39.7
+1.5at (012000, 62000) = (18h56m03g88, +06038/49//8) The H40
receiver was used for the pointing observations. The pointing
errors were within 3”.

3. Results and Analyses
3.1. Results

We analyzed spectra with the Java NEWSTAR, which is a
software package for data reduction and analyses of the

12 proposal ID; SP189002, PI; Kotomi Taniguchi.
13 https: //www.nro.nao.ac.jp/~nro45mrt/html/obs /nobs /scan.html#on-on
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Table 1
Summary of Target Sources
Source R.A. Decl. D Viys" L M_1ymp Spectral
(J2000) (J2000) (kpe) (km s™h (Lo) (M) Type
G12.89+0.49 18"11™ 5154 —17°31/30" 2.94° 333 3.3 x 10% 1505¢ BO?
G16.86-2.16 18120™ 2454 —15°16/04" 1.7¢ 17.8 3.2 x 10% 437° B2¢
G28.28-0.36 18"44™ 1333 —04°18'03" 3.08 48.9 LD 723+1240

Notes.
% Taken from Purcell et al. (2006).
® Taken from Immer et al. (2013).

¢ The mass and luminosity at the distance of 3.3 kpc are taken from Lu et al. (2014). We converted these values into those at a distance of 2.94 kpc. The luminosity is

indicated as Lz in Lu et al. (2014).

The approximate spectral types for a given luminosity are given in Table 1 in Panagia (1973).

¢ Taken from Urquhart et al. (2015).

[ The luminosity of G16.86-2.16 at a distance of 1.9 kpc is taken from Purcell et al. (2006). We converted it into the value at a distance of 1.7 kpc.

€ Taken from Green et al. (2014).

" The mass at a distance of 3.29 kpc is taken from Cyganowski et al. (2011). We converted it into that at a distance of 3.0 kpc. The bolometric luminosity could not be
derived, because a clear counterpart is not present or because confusion/blending precludes measuring a reliable flux for the EGO counterpart. The dust temperature

was assumed to be 28 K.

Nobeyama 45 m radio telescope.' The total integration times
are approximately 9 hr, 6 hr, and 7 hr, for G12.89+40.49,
G16.86-2.16, and G28.28-0.36, respectively.

Figures 1-3 show spectra of CCH (N =1 —0), three °C
isotopologues of HC3N (/=10 —9), and CH;CN (J=5 —4),
respectively, toward the three MYSOs. The rms noise levels are
4-5mK in T scale in all of the sources. We fitted the spectra
with a Gaussian profile. The obtained spectral line parameters
are summarized in Table 2. We applied a main beam efficiency
(Nmb) of 50%, 46%, and 48% to the CCH, CH5CN, and three

C isotopologues of HC;N lines, respectively, for calculation
of T, values. These 7, values were calculated by extrapola-
tion using the reported values at 86 GHz and 110 GHz."”

The observed radial velocities (Vigr) of each line are
consistent with the systemic velocities of each source (Table 1)
within the errors. The Jx=53—43 line of CH3;CN in
G28.28-0.36 shows a slightly larger Vi gg value compared
with the systemic velocity, but this is due to the low signal-to-
noise (S/N) ratio of this line.

Six lines of the hyperfine and fine structures of CCH have
been detected from the three MYSOs as shown in Figure 1.
Their line widths (Av) obtained by the Gaussian fitting are
~3—-35kms™! in G12.89+0.49 and G16.86-2.16, and
~2.5-3kms~ ' in G28.28-0.36, respectively (see Table 2).
These values agree with line widths of other carbon-chain
molecules (Taniguchi et al. 2017b, 2018b). In addition, these
line widths are consistent with typical line widths of molecular
lines in hot cores.

All of the three '*C isotopologues of HC3N have been
detected with S/N ratios above 10 in G12.89+0.49 and
G16.86-2.16, and S/N ratios between 6 and 9 in G28.28-0.36
(Figure 2). Their line widths are consistent with the main
isotopologue of the same transition (J= 10 —9; Taniguchi
et al. 2018b) within the errors.

Five K-ladder lines (K = 0-4) of CH;CN have been detected
from G12.89+0.49 and G16.86-2.16, and four lines, missing
the Jx =54 — 44 line, were detected from G28.28-0.36, as
shown in the upper panels of Figure 3. The line widths of the
K =0 line are in good agreement with those of carbon-chain

14 https: //www.nro.nao.ac.jp/~jnewstar/html/
15 https: //www.nro.nao.ac.jp/~nro45mrt/html/prop /eff/eff2019.html

species (CCH, HC;N, and HCsN), while the higher K-value
lines show wider spectral features. These results suggest that
the lines with higher upper energy levels come from inner hot
regions.

3.2. Analyses

We describe analytical methods and present results in this
subsection. The derived column densities and excitation tempera-
tures are summarized in Table 3. These derived column densities
are the averaged values with a beam size of 18”, in the same
manner as previous studies (Taniguchi et al. 2017b, 2018b).

3.2.1. CCH

We derived excitation temperatures and column densities of
CCH using the RADEX code (van der Tak et al. 2007). We
assumed that the gas kinetic temperatures (7,,) are equal to the
excitation temperatures of CH3;CCH, T..(CH3CCH), derived
by the rotational diagram method using the K-ladder lines of
the J=5—4 and 6 — 5 transitions (Taniguchi et al. 2018b).
The T..(CH;CCH) values were derived to be 3373° K, 297 K,
and 237¢ K in G12.89+0.49, G16.86-2.16, and G28.28-0.36,
respectively. The line widths of CCH are comparable to those
of CH;CCH, which supports the hypothesis that these species
trace similar temperature regions and our assumption that Ty
can be set at T.,(CH;CCH).

The chemical model calculations (Taniguchi et al. 2019a)
indicate that carbon-chain species are formed in the lukewarm
(T > 25 K) region, where the CH, molecules are desorbed from
dust grains, as in WCCC regions. In such temperature ranges,
the lowest H, density was estimated to be ~10° cm > based on
hot-core models by Nomura & Millar (2004). We then assumed
that the H, density is 1 x 10° cm > at first.

With the above conditions (n(Hy) =1 X 10°cm™ and Toas =
33K, 29K, and 23K in G12.89+0.49, G16.86-2.16, and
(G28.28-0.36, respectively), the derived excitation temperature
of CCH in G12.89+0.491s higher than the assumed T, value
(case a in Table 3). In G28.28-0.36, the column density and

excitation temperature of CCH are (2.8 4 1.1)x10"*cm ™2 and
16 £3K.
Next, we reduced the H, density to 5 x 10*cm™ and

derived the column densities and excitation temperatures of
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Figure 1. Spectra of the CCH (N = 1 — 0) lines toward the three MYSOs obtained with the Nobeyama 45 m radio telescope. The red curves indicate the results of the
Gaussian fit. / = N £+ % (except for N =0, when J = % only), and F =J £ % J couples electronic spin with rigid rotation, while F couples nuclear spin.

CCH (case b in Table 3). The column densities and excitation
temperatures of CCH are derived to be (4.1 & 1.4) x10"* cm™>
and 13+2 K in G12.89+0.49, and (5.1+£1.0) x10"*cm™>
and 11+2 K in G16.86-2.16, respectively. The column
density of CCH is derived to be (3.1+1.3) x10"*cm™ in
G28.28-0.36. The column densities of CCH do not change and
are in agreement for cases a and b within their errors.

Finally, we tried Ty, values at the lower limits of
Tx(CH3;CCH)—24 K in G12.8940.49, 21 K in G16.86-2.16,
and 17 K in G28.28-0.36—and an H, density of 1 x 10° cm >
(case ¢ in Table 3). The derived column densities of CCH do
not change significantly among all of the sets of assumed
physical parameters. The results are consistent within their
errors in all of the sources.

In the density range between 5 x 10* cm ™ and 10° cm ™, the
derived column densities of CCH increase by only a factor of
2 at n(H,) = 10°cm 3. Thus, the assumed physical parameters
do not change the column densities of CCH significantly, and
our following discussions are not affected.

3.2.2. 13C Isotopologues of HC;N

Taniguchi et al. (2018b) derived the column densities and
rotational temperatures of the main isotopologue of HC3N,

including the J =10 — 9 line, toward the same MYSOs using
the rotational diagram method under LTE conditions by
following Goldsmith & Langer (1999). Here, we assume that
the spatial distributions of the '*C isotopologues are the same
as the main isotopologue and apply the LTE assumption for
simplicity. We used the following formulae (Taniguchi et al.

2016a):
S O — )
J(Tex) — J (Toy)
where
hv hv !
J(T) = T{exp (E) — 1} , ()
and

N = T3hAV \/TQL 1 exp Elower
873 V4In2 = 1 Jiower + 1 kT
-1
x <1 —exp| — hv . 3)
kTex




THE ASTROPHYSICAL JOURNAL, 908:100 (12pp), 2021 February 10

0.06 T
G12.89+0.49

004l H!3CCCN ||

Tp* [K]

88.16 88.18

Frequency [GHz]

88.14

Taniguchi et al.

0.06

e
G12.89+0.49

HC'3CCN

1
G16.86-2.16

|
90.57 90.59 90.61
Frequency [GHz]

Figure 2. Spectra of three '>C isotopologues of HC3N (J = 10 — 9) toward the three MYSOs obtained with the Nobeyama 45 m radio telescope. The red curves

indicate the results of the Gaussian fit.

In Equation (1), 7 denotes the optical depth, and T,,,, represents
the peak intensities summarized in Table 2. The excitation
temperature and the cosmic microwave background temper-
ature (~2.73 K) are indicated as T., and Ty, respectively. We
assumed that the excitation temperatures of the '*C isotopo-
logues of HC;3N are equal to the rotational temperatures of the
main isotopologue (Taniguchi et al. 2018b); 24 K, 20K, and
13.4K in GI12.89+0.49, G16.86-2.16, and G28.28-0.36,
respectively. Since we have considered the latest result on
Tex for HC3N (Taniguchi et al. 2018b) as the most plausible,
we used their results here. J(T) in Equation (2) is the effective
temperature equivalent to that in the Rayleigh—Jeans law. The
symbols of A, k, and v denote the Planck constant, Boltzmann
constant, and rest frequency, respectively. In Equation (3), N is
the column density, Av is the line width (Table 2), Q is the
rotational partition function, u is the permanent electric dipole
moment, and Ejqy. i the energy of the lower rotational energy
level. We assume that the electric dipole moments of the '*C
isotopologues of HC3;N are equal to that of the main
isotopologue (3.73172 D; DeLeon & Muenter 1985).

The derived column densities are summarized in Table 3. In
G12.8940.49 and G16.86-2.16, the column densities of the
three *C isotopologues are consistent with each other in each
source. On the other hand, HCC'®CN is slightly more abundant
than the others in G28.28-0.36, which agrees with the previous
results (Taniguchi et al. 2016b).

In these observations, we observed only one rotational line
for each '*C isotopomer, and derived the column densities by
fixing the excitation temperatures. Hence, the absolute values
of column densities may contain extra uncertainties due to the
assumed T, value. However, these uncertainties do not affect
our discussion, because we focus on the '*C isotopic
fractionation of HC;N, or relative differences in abundance
among the '>C isotopologues, which are expected to trace the
same conditions. Relative abundances are not affected by the
assumed excitation temperature or absolute column densities,
when we compare them using the same transition.

The derived column densities in G28.28-0.36 reported here
and those of Taniguchi et al. (2016b) differ. This is caused by
the different assumed excitation temperatures. We believe that
the column densities derived here are more reliable, because
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Figure 3. The top panels show spectra of CH;CN (J = 5 — 4, K-ladder lines) toward the three MYSOs obtained with the Nobeyama 45 m radio telescope. The red
curves show the results of the Gaussian fitting of spectra. The bottom panels show the rotational diagram for each source. The error bars for each data point represent

30 errors.

Taniguchi et al. (2016b) assumed that the excitation temper-
ature is 100 K, a typical hot core temperature. As mentioned
before, the different values of column density do not affect our
discussion. Our final conclusion using '*C isotopic fractiona-
tion (Section 4.3) is consistent with that of Taniguchi et al.
(2016D).

3.2.3. CH;CN

We derived the rotational temperatures and column densities
of CH;CN in the three sources from a rotational diagram
analysis, using the following formula (Goldsmith & Langer
1999);

3k [Trpdv LN Eyp
n— m-——=1n - 9
87T3VSH2 O(Tio) kTt

“)

where S is the line strength, E,, is the upper energy level, and
O(Toy) s the partition function for the rotational temperature
T.or. The electric dipole moment of CH;CN is 3.92197 D
(Pickett et al. 1998). The f Topdv integral represents the
integrated intensity values summarized in Table 2.

The rotational diagrams for each source are shown in the bottom
panels of Figure 3. In the case of G12.89+0.49 and G16.86-2.16,
we excluded the Jx=54— 44 line (Eup/k: 127.5 K) from the
fitting, because the fitting results are significantly bad if we include
this point. We conjecture that contributions of inner hot regions for
this line are larger than those for other lines. In fact, the line widths
of the Jx =54 — 44 line are significantly larger than those of other
CH;CN lines (Table 2). The derived column densities and
rotational temperatures are 12703 x 10" cm 2 and 11975 K in
G12.8940.49,4.578 x 103 cm 2 and 6872¢ K in G16.86-2.16,

and 5.1504 x 102 cm ™2 and 3674" K in G28.28-0.36, respec-
tively (see Table 3).

We do not know sizes of the emission regions and so could
not apply a beam dilution correction for each line. The analyses
without the beam dilution correction may overestimate the
rotational temperature and underestimate the column density.

4. Discussion

4.1. Comparison of the CCH/HCsN Ratio between MYSOs and
WCCC Sources

As mentioned in Section 1, the CCH/HCsN ratio can
probably be used as a temperature probe for regions where
carbon-chain molecules exist. In this subsection, we will
compare the CCH/HC5N ratio among MYSOs and a low-mass
WCCC source.

We summarize the CCH/HC;sN ratio around the three high-
mass protostars and one low-mass protostar (L1527) in Table 4.
We estimated the errors for the most severe cases to confirm
that the CCH/HC;N ratios in MYSOs are clearly different
from that in L1527.

The column densities of HCsN were previously derived to be
2.397015 x 108 em 2, 2.78701¢ x 108 em 2, and 2.057035 x
108 em 2 in G12.89+0.49, G16.86-2.16, and G28.28-0.36,
respectively (Taniguchi et al. 2017b). These column densities
were derived by the rotational diagram method using 10 lines
with upper state energies of 7.0-99.7 K. Using the column
densities of CCH summarized in Table 3, the CCH/HCsN
ratios are calculated to be 17f§, 1718, and 14f$ in each MYSO.
These high-mass values were obtained using the column
densities of CCH in case c in Table 3. The errors cover all three
cases. These CCH/HCsN ratios are the averaged values over
the Nobeyama beam size of 18”.



Table 2
Spectral Line Parameters
G12.8940.49 G16.86-2.16 G28.28-0.36

Species Frequency® Eyp/k Tob AV STy Visr Tob AV° STy Visr Tob AV STy Visr
Transition (GHz) (K) K) (kms) (K kms ) (kmsh (K) kms™H (K kmsH (kmsh K) kms™H (K kmsH  (kmsh
CCH

3 1
I=32-%
F=1-1 87.284156 42 0.341 (15)  3.06 (16) 1.15 (14) 33.7 (1) 0.36 (3) 3.1 (3) 122 173 (1) 0359 (17)  2.12(12) 0.86 (11) 49.4 (1)
F=2-1 87.316925 42 1.548 (13)  3.66 (4) 6.2 (6) 33.1 (1) 2.69 (3) 273 (4) 8.1 (8) 175 (1)  1272(15) 291 (4) 4.1 (4) 49.6 (1)
F=1-0 87.328624 42 1.042 (14) 339 (5) 3.9 (4) 33.0 (1) 1.30 (3) 3.38 (10) 4.8 (5) 174 (1)  0852(16) 253 (6) 24 (2) 49.6 (1)

1 1
I=3-%
F=1-1 87.402004 42 1.035 (14)  3.36 (5) 3.8 (4) 33.5 (1) 1.28 (3) 3.32 (10) 47 (5) 171 (1) 0893 (16)  2.52(5) 25@3) 492 (1)
F=0-1 87.407165 42 0.556 (15)  3.04 (9) 19 (2) 32.8 (1) 0.65 (3) 3.07 (19) 22 (3) 172(1) 0551 (17) 215 (8) 1.35 (15) 493 (1)
F=1-0 87.446512 42 0.336 (15)  2.99 (16) 1.11 (13) 33.8 (1) 0.35 (3) 313) 12 (2) 173 (1)  0335(17) 220 (14) 0.83 (11) 49.5 (1)
H'*cCCN
J=10-9 88.166832 23.3 0.103 (6) 3.7(3) 0.41 (6) 324 (1) 0.092 (7) 3.13) 0.31 (5) 17.3 (1) 0.052 (9) 24 (5) 0.14 (4) 49.1 (1)
HCBCCN
J=10-9 90.593059 23.9 0.111 (5) 3.9 (2) 0.46 (6) 33.3 (1) 0.100 (6) 3.0 (2) 0.33 (5) 17.0 (1) 0.076 (9) 1.6 (2) 0.15 3) 49.0 (1)
HCCCN
J=10-9 90.601777 23.9 0.103 (5) 372 0.42 (5) 32.3 (1) 0.096 (6) 3203) 0.33 (5) 17.5 (1) 0.071 (8) 23(3) 0.18 (4) 49.5 (1)
CH,CN
Jk=54—44 919587260 1275  0.116 (6) 8.2 (5) 1.01 (13) 31.0 (1) 0.050 (8) 9.5 (1.8) 0.51 (14) 17.3 (2)
Jk=53—45 919711304 775 0353 (7)  6.23 (14) 24 () 341 (1)  0.188 (10) 6.5 (4) 132 17.9 (1) 0.030 (6) 4.5 (1.0) 0.14 (5) 50.3 (4)
Je=5,—4, 919799943 418 0410 (7)  5.52(11) 24 (3) 327(1) 0254 (11 53 (3) 1.5 (2) 17.4 (1) 0.075 (7) 2.8 (3) 0.23 (4) 49.0 (2)
Je=5—4, 91.9853141 20.4 0.614 (7) 5.88 (9) 3.9 4) 325(2) 0493 (12)  4.83 (15) 26 (3) 17.2 (2) 0219 8)  2.35(10) 0.58 (7) 49.6 (3)
Je=50—49 91.9870876 13.2 0.651 (9) 3.68 (6) 2.6 (3) 328(2)  0.587(13) 3.73(11) 24 (3) 17.4 (2) 0.264 (8) 2.10 (8) 0.63 (7) 49.0 (3)

Notes. Numbers in parentheses are the standard deviation, expressed in units of the last significant digits. The standard deviation for 7,,,, and Av is derived from the Gaussian fit, and we derived the standard deviation for

mebdv taking the standard deviation of Ty, and Av and 10% absolute calibration errors due to the chopper-wheel calibration into consideration.

? Rest frequency and excitation energy are taken from the Cologne Database for Molecular Spectroscopy (CDMS; Miiller et al. 2005) for the lines of CCH and '*C isotopologues of HC;N, and the Jet Propulsion
Laboratory (JPL) catalog (Pickett et al. 1998) for the CH3CN lines.

® Line widths are calculated using the following formula: Ay = ,/Avgzau — Aviﬁsl, where Av,,, and Av;, are the line widths obtained by the Gaussian fit and the instrumental velocity resolution (0.8 km s7h,

respectively.
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Table 3
Column Density and Excitation Temperature in Three MYSOs

Species G12.89+0.49 G16.86-2.16 (G28.28-0.36

N (em™?) Tex (K) N (cm™?) Tex (K) N (cm™?) Tex (K)
CCH* (4.2 +1.4) x 10" 40 + 15 49 +1.1) x 10" 26+6 (2.8 £ 1.1) x 10" 16+3
CccH® (4.1+1.4) x 10" 1342 (5.1 4 1.0) x 10" 1142 (3.1 +1.3) x 10" 9+1
CCH® (39+13)x 10" 1743 4.8+09) x 10" 1442 29+12)x 10" 1n+1
H'*CCCN (1.8 £0.2) x 10" 244 (1.4 40.2) x 10" 20¢ (7.6 £ 2.1) x 10" 13.4¢
HC'*CCN (1.9 +£0.2) x 102 24¢ (1.4 +£02) x 10" 204 (7.9 + 1.6) x 10" 13.4¢
HCCCN (1.8 +£0.2) x 10" 244 (1.4 40.2) x 10" 204 9.97 £ 1.9) x 10" 13.49
CH;CN 12432 % 104 11978 45758 x 1013 68728 51704 x 1012 361!

Notes. The errors are the standard deviation.

 The assumed gas kinetic temperatures are fixed at the excitation temperatures of CH;CCH derived by Taniguchi et al. (2018b): 33 K, 29 K, and 23 K for G12.89
+0.49, G16.86-2.16, and G28.28-0.36, respectively. The assumed H, densities are fixed at 1 x 10° cm ™.

® The assumed gas kinetic temperatures are fixed at the excitation temperatures of CH3;CCH derived by Taniguchi et al. (2018b). The assumed H, densities are fixed at
5% 10* cm™>.

¢ The assumed gas kinetic temperatures are fixed at the lower limits of excitation temperatures of CH;CCH derived by Taniguchi et al. (2018b); 24 K, 21 K, and 17 K
for G12.89+0.49, G16.86-2.16, and G28.28-0.36, respectively. The assumed H, densities are fixed at 1 x 10° cm 3.

4 The excitation temperatures are fixed at the main species derived by Taniguchi et al. (2018b).

Table 4
Comparison of the CCH/HCsN Ratio around Young Protostars

Source Type MYSOs Low-mass WCCC Source
Source G12.89+0.49" G16.86-2.16" G28.28-0.36" L1527°
CCH/HCsN 1743 17+¢ 14%$ 62513%

Notes. The upper and lower errors were calculated as [N(CCH) + § N(CCH)]/[N(HCsN) F § N(HCsN)], where § N(species) represents the standard deviation of the

column densities.

2 The column densities of HCsN were taken from Taniguchi et al. (2017b); 2.397313 x 1013 em™2, 2.78731¢ x 10'3 cm ™2, and 2.05%92; x 103 cm ™2 in G12.89
017 02 0.05

+0.49, G16.86-2.16, and G28.28-0.36, respectively.

® The column densities of HC;sN and CCH were taken from Yoshida et al. (2019).

For L1527, the low-mass WCCC source, Yoshida et al.
(2019) derived the column density and excitation temperature of
HC5N to be (2.4 +1.8)x10"? cm ™2 and 22 + 7 K, respectively.
Yoshida et al. (2019) derived the CCH column density in L1527
to be (1.2-2.2)x10" cm 2 and (1.5 £ 0.3)x 10" cm ™2 by non-
LTE and LTE methods, respectively. Thus, the CCH/HCsN
ratio in L1527 is 62513%".

We clearly recognize a difference in the CCH/HCsN ratio
between MYSOs and the L1527 low-mass WCCC source (see
Table 4). Specifically, the CCH/HCsN ratios in MYSOs are
lower than that in the low-mass WCCC source by one order of
magnitude at least, suggesting that the carbon-chain chemistry
around MYSOs is different from that in low-mass counterparts.

4.2. Temperature Dependence of the CCH/HCsN Ratio

We now compare the observed CCH/HC;sN ratios with the
modeled values. Taniguchi et al. (2019a) ran time-dependent
chemical simulations of hot-core models with a warm-up
period using the state-of-the-art three-phase chemical code
Nautilus (Ruaud et al. 2016). In this section, we first use the
results with a slow warm-up period (1 x 10° yr) between 15
and 185K, because our primary goal is to investigate the
temperature dependence of the CCH/HCsN ratio in detail.
Later we will use a faster warm-up period for comparison.

Panel (a) of Figure 4 shows comparisons between the
observed CCH/HCsN ratios in MYSOs (orange horizontal line)
and L1527 (blue horizontal line) along with the modeled value
as a function of temperature. The modeled CCH/HCsN ratio

generally decreases as the temperature increases. The observed
CCH/HC;N values in the MYSOs agree best with the modeled
value at 7~ 85 K. In the case of L1527, there are some regions
where the observed value is reproduced by the model
calculation, but the most likely point is at 7~ 35 K, taking the
distributions of carbon-chain species in L1527 (Sakai et al.
2010) and the profile of the gas temperature (e.g., van’t Hoff
et al. 2018) into consideration. This temperature almost agrees
with the carbon-chain spatial distribution in L1527 (Sakai et al.
2010) and matches the WCCC model (Hassel et al. 2008).

Panel (b) of Figure 4 shows the result of a fast warm-up
period (5 x 10* yr) with the same cosmic-ray ionization rate
(1.3 x 107757 ") as in panel (a). The observed CCH/HCsN
ratio agrees with the model at T~ 87 K, which is consistent
with the temperature suggested from panel (a) of ~85 K.

To summarize, carbon-chain species around MYSOs exist in
higher temperature regions than those in low-mass WCCC
sources. This suggestion is also supported by the facts that the
CCH column densities in the MYSOs are lower than those in the
low-mass WCCC sources, while the HCsN column densities in
the MYSOs are higher than those in the low-mass counterparts
by more than one order of magnitude. These results may indicate
that HCsN exists in higher temperature regions where CCH is
deficient around the MYSOs, as discussed in detail later.

Distributions of carbon-chain species could be extended to
cold and/or lukewarm envelopes too (e.g., Bianchi et al. 2019).
In that case, the observed CCH/HCsN ratios should be
considered as the upper limits because of the mixing with
low-temperature components. Such contributions from the low-
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Figure 4. Comparisons of the CCH/HC;N ratio between the observed values
and the model calculations (Taniguchi et al. 2019a). The red curves show the
modeled CCH/HCsN ratio in (a) the slow warm-up period (1 x 10° yr) model
with ¢ = 1.3 x 1077 s7", (b) the fast warm-up period (5 x 10* yr) model with
¢=13x10""s7!, and (c) the fast warm-up period (5 x 10* yr) model with
(=4.0x10" s The orange line indicates the observed value in
G28.28-0.36 and the yellow range covers the observed values in the three
MYSOs including the standard deviation. The blue line in panel (a) indicates
the observed value in L1527 and the blue range covers the observed error in
L1527.

temperature components are expected to be larger in MYSOs
than those in low-mass protostars. This means that the
temperature where carbon-chain species exist around MYSOs
estimated from the above comparison is the lower limit, and
our conclusion that carbon-chain molecules around MYSOs
exist in higher temperature regions compared to those around

Taniguchi et al.

low-mass WCCC sources does not change. In fact, Taniguchi
et al. (2019a) suggested that the observed lower limit of the
HCsN abundance and the observed HCsN/CH;0H ratio in
(G28.28-0.36 can be reproduced when the temperature reaches
the desorption temperature of HCsN (7'~ 115 K). Thus, HCsN
around MYSOs could exist in hot-core regions with tempera-
tures above 100 K.

Comparisons of ratios between molecular column densities
are more reliable than those of fractional abundances with
respect to H,, mainly because of large uncertainties in deriving
H, column densities. Hence, we conclude that HCsN around
MYSOs exists in higher temperature regions than in the low-
mass WCCC case. In such temperature regimes, CCH seems to
be destroyed efficiently by reactions with O (7'< 90 K) and H,
(T 290 K). On the other hand, the gas-phase HCsN molecules
are removed mainly by reactions with HCO™ and by adsorption
onto dust grains. The gas-phase HCO™ abundance is much
lower than those of O and H, by a few orders of magnitude.
Therefore, the destruction rate of HCsN is slower than that of
CCH in such high temperature conditions. In fact, the CCH
column densities in MYSOs are lower than those in low-mass
WCCC sources, while the HCsN column densities in MYSOs
are higher than those in low-mass WCCC sources. This implies
that CCH is possibly destroyed more efficiently in high-mass
star-forming regions in larger scales because of the higher
temperature. A similar conclusion that CCH is efficiently
destroyed around massive stars has also been reached in
previous studies (e.g., Jiang et al. 2015). Moreover, the
possibility of more efficient destruction of carbon-chain species
by atomic oxygen in high-mass star-forming regions compared
to that in low-mass counterparts was suggested by Taniguchi
et al. (2018c).

Panel (c) of Figure 4 shows the model result with a high
cosmic-ray ionization rate of 4 x 10~ '*s™! and a fast warm-up
period (5 X 10* yr) taken from Taniguchi et al. (2019a). We
present only the fast warm-up model because the observed
HC;sN abundance could not be reproduced in the slow warm-up
model and the high cosmic-ray ionization rate (see Taniguchi
et al. 2019a). Such a high cosmic-ray ionization rate could be
possible in protostellar systems (Padovani et al. 2016), and
abundances of a few carbon-chain species in the OMC-2 FIR 4
young intermediate-mass protoclusters can be reproduced with
this high cosmic-ray ionization rate (Fontani et al. 2017; Favre
et al. 2018). In this model, the observed CCH/HC5N ratios in
MYSOs can be explained at temperatures of ~80K and
~160 K. Since the observed CCH/HCsN ratios are possibly
the upper limits as discussed before, temperatures above 160 K
are not omitted, while the observed ratios cannot be reproduced
by the model at temperatures of ~90-160K. Again, the
suggested temperatures where carbon-chain species exist
(=80K and >160K) are higher than those in the low-mass
WCCC source.

4.3. °C Isotopic Fractionation of HC;N in MYSOs

During the observations presented in this paper, we have
detected the three '*C isotopologues of HC3N in the three
MYSOs. We summarize the derived '>C/'3C ratios of HC5N in
the three MYSOs in Table 5. The '*C/'°C ratio depends on the
distance from the Galactic center, hereafter Dgc (e.g., Milam
et al. 2005). In Table 5, we listed the predicted '*C/">C ratios



THE ASTROPHYSICAL JOURNAL, 908:100 (12pp), 2021 February 10

Table 5
12C/"3C Ratio of HC3N in the Three MYSOs
G12.89+0.49 G16.86-2.16 (G28.28-0.36
H'3CCCN 2574 3273 314,
HC!3CCN 2313 31+4 3013
HCC'*CN 25*4 30 + 4 24
Average 24 31 28
Prediction® 26-51 31-58 27-52

Notes. The column densities of the main isotopologue were derived to be
44 x10%em™, 43 x10%em ™, and 2.0 x 10%ecm™? in G12.8940.49,
G16.86-2.16, and G28.28-0.36, respectively (Taniguchi et al. 2018b). The errors
are the standard deviation.

# Calculated using the formula derived by Yan et al. (2019).

Table 6
The '*C Isotopic Fractionation of HC3N in the Three MYSOs
Source [H'*CCCN] [HC"*CCN] [HCC'CN]
G12.89+0.49 0.92 (£0.12) 1.00 0.90 (£0.11)
G16.86-2.16 0.96 (£0.14) 1.00 1.00 (£0.14)
G28.28-0.36 1.0 (£0.3) 1.0 1.3 (£0.2)

Note. The errors are the standard deviation.

derived by the following formula (Yan et al. 2019):

12C/13C = (5.08 + 1.10) x Dgc + (11.86 £ 6.60).  (5)
The Dgc values are estimated at 5.2 kpc, 6.4 kpc, and 5.5 kpc
for G12.89+0.49, G16.86-2.16, and G28.28-0.36, respec-
tively, applying the law of cosines and assuming that the
distance between the Galactic center and the Sun is 8 kpc
(Eisenhauer et al. 2003). The observed '*C/'*C ratios in the
three MYSOs almost agree with the predicted values within
their errors. This means that the dilution of the '*C species does
not occur for HC3N, which was also found in nearby low-mass
starless cores (Taniguchi et al. 2017a, 2019b). The 12C/ 3¢
ratios will change if the excitation temperatures of the '*C
isotopologues are different from those of the '*C species. Thus,
we do not discuss the matter in further detail, because we
derived the column densities of the '*C isotopologues with
fixed excitation temperatures (Section 3.2.2).

We derived the column density ratios of [H13CCCN]:
[HC'3CCN]: [HCC!3CN], namely the B3¢ isotopic fractiona-
tion, and the results are summarized in Table 6. Taniguchi et al.
(2016b) determined these ratios to be 1.0 (£0.2): 1.00: 1.47
(£0.17) (1o) in G28.28-0.36 with higher velocity resolution
(0.5kms ') spectra. The ratios derived in this paper in
G28.28-0.36 show a similar tendency; the abundances of
H'"3*CCCN and HC®CCN are comparable to each other, and
the abundance of HCC'*CN is higher than the others. On the
other hand, in G12.89+0.49 and G16.86-2.16, we could not
recognize any differences in abundance among the '°C
isotopologues.

Based on the '*C isotopic fractionation patterns, we can
constrain the main formation pathways of carbon-chain species
(e.g., Taniguchi et al. 2016a; Burkhardt et al. 2018). Regarding
HC;N, three fractionation patterns and corresponding forma-
tion pathways were proposed (Taniguchi et al. 2016b, 2017a):
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1. If the abundance ratios are [H13CCCN]: [HC13CCN]:
[HCC'®CN] = 1: 1: x (x is an arbitrary value), the
reaction “C,H, + CN” is dominant.

2. If the abundance ratios are [HBCCCN]: [HC13CCN]:
[HCC''CN] = y: 1: z (y and z are arbitrary values), the
reaction “CCH + HNC” is dominant.

3. If the abundance ratios are [HBCCCN]: [HC13CCN]:
[HCC'®CN]a 1: 1: 1, the electron recombination reac-
tion of HC;NH™ is dominant.

The third pathway is a hypothesis, because Taniguchi et al.
(2017a) assumed that there are competitive formation pathways
of HC;NH', which have not been confirmed by any
observations. According to the above classification, the main
formation pathway of HC;N is the electron recombination
reaction of HC;NH' in G12.894+0.49 and G16.86-2.16. In
(G28.28-0.36, the reaction between C,H, and CN is dominant,
which agrees with the conclusion by Taniguchi et al. (2016b).
We will discuss a possible explanation for the difference in the
main formation mechanism of HC;N between G28.28-0.36
and the others in the next subsection.

4.4. Constraints of Ages of MYSOs Based on the CCH/HCsN
Ratio and the "> C Isotopic Fractionation of HC;N

We constrain the age and possible carbon-chain chemistry in
each MYSO based on the CCH/HC5N ratio (Section 4.2) and
the '*C isotopic fractionation of HC5N (Section 4.3). Figure 5
shows the time dependence of the CCH/HC;sN ratio and
temperature during the warm-up period (Taniguchi et al.
2019a). The data are the same as in Figure 4. Figure 6 shows
the time dependence of contributions for each formation
pathway of HC3;N. The basic formation and destruction
mechanisms of carbon-chain species do not change between
the different warm-up periods with the same cosmic-ray
jonization rate (1.3 x 107'7 s™') (Taniguchi et al. 2019a).
Since the formation and destruction mechanisms depend on the
temperature, the age value will change but our discussions need
not change. We can investigate the time-dependence of the
formation pathways of HC;3N in detail using the model with the
slow warm-up period, and so presented this model here. The
results of the fast warm-up period with a cosmic-ray ionization
rate of 1.3 x 10~"7 s! were not presented in Figure 6, because
we were not able to find any new results.

As discussed in Section 4.2, the observed CCH/HCsN ratios
in MYSOs agree with the model at a temperature of ~85 K.
This temperature corresponds to 1.08 x 10°yr,'® as shown in
panel (a) of Figure 5. Just before this time (r < 1.07 x 10° yr),
the main formation pathway of HC;N is the reaction between
C,H, and CN (panel (a) of Figure 6). This is consistent with the
reaction proposed based on the '’C isotopic fractionation in
(G28.28-0.36.

The electron recombination reaction of HC;NHT is
dominant in the model with the high cosmic-ray ionization
rate during the whole warm-up period (panel (b) of Figure 6).
Thus, the *C isotopic fractionation of HC3N in G12.89+0.49
and G16.86-2.16 can be explained by this high cosmic-ray
ionization rate model. These results suggest that the cosmic-ray
ionization rates in G12.8940.49 and G16.86-2.16 may be
higher than that in G28.28-0.36 or physical structures in

16 This age does not mean a physical age of an MY SO, because we derive the
age from the chemical network simulations and the age will change by the
assumed warm-up timescales.
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Figure 5. Comparisons of the CCH/HC;N ratio between the observed values
and the model calculations (Taniguchi et al. 2019a). The red and black curves
show the modeled CCH/HC;sN ratio and temperature, respectively, in (a) the
slow warm-up period model with ¢ =1.3 x 10~'7 5™, (b) the fast warm-up
period (5 x 10% yr) model with (= 1.3 x 10~"7 s, and (c) the fast warm-up
period model with ¢ = 4.0 x 10~'* s~!. The orange line indicates the observed
value in G28.28-0.36 and the yellow range covers the observed values in the
three MYSOs including the standard deviation. The blue line in panel (a)
indicates the observed value in L1527 and the blue range covers the error in
L1527.

G12.89+0.49 and G16.86-2.16 allow cosmic rays to penetrate
into regions where carbon-chain species are formed. The
observed CCH !HCSN ratios in MYSOs agree with the age of
(4.7-4.86)x 10 yr as indicated in panel (c) of Figure 5.

In summary, the observed CCH/HCsN ratios around
MYSOs can be reproduced in the chemical network simula-
tions at a given temperature and time. Taking the '>C isotopic
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(a) Slow warm-up model (€=1.3x10""7 s'!)
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Figure 6. Production fraction of formation pathways of HC3;N during the

warm-up period (Taniguchi et al. 2019a). JHC;N denotes molecules on the dust
surface.

fractionation of HC;N into consideration, G12.89+0.49 and
G16.86-2.16 may prefer the model with the high cosmic-ray
ionization rate (( =4 x 10~ s71), while G28.28-0.36 agrees
with the model with the standard cosmic-ray ionization rate
(C=13x10""" s7"). These results imply that carbon-chain
chemistry in G12.894-0.49 and G16.86-2.16 may resemble that
in the OMC-2 FIR 4 young intermediate-mass protoclusters
(Fontani et al. 2017; Favre et al. 2018), but that in G28.28-0.36
is different from the other MYSOs and OMC-2 FIR 4. The
clear '*C isotopic fractionation of HC3N in G28.28-0.36
supports its bottom-up formation during the warm-up stage,
while carbon-chain species, at least HCsN, exist in higher
temperature regions than those in low-mass WCCC sources.
Different chemical pathways are present because of the
possibly different physical conditions, as suggested by our
chemical code. Future observations with interferometers such
as ALMA will clarify such a new type of carbon-chain
chemistry around MYSOs.

5. Conclusions

We have carried out observations of the rotational lines of
CCH (N=1-0), CH;CN (J=5—4), and three C iso-
topologues of HC3N (J =10 —9) toward the three MYSOs,
G12.89+0.49, G16.86-2.16, and G28.28-0.36, with the
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Nobeyama 45 m telescope. The observational results and main
conclusions are as follows:

1. We determined the CCH/HCsN ratios, which are
considered as a temperature probe where carbon-chain
species exist in the three MYSOs. The CCH/HC5sN ratios
are derived to be ~15 in the MYSOs. These CCH/HCsN
ratios in the MYSOs are lower than those in low-mass
WCCC sources by more than one order of magnitude.

2. We compare these observational values to the chemical
network simulations with a warm-up period. The observed
CCH/HC;5N ratios in the MYSOs are reproduced when the
temperature reaches ~85 K, while that in L1527 agrees
with the model at a temperature of ~35 K. In the model
calculation with the high cosmic-ray ionization rate
(4 x 107571, the observed CCH/HC;5N ratios in the
MYSOs can be reproduced at temperatures of ~80 K and
~160 K. Hence, HCsN detected around the MYSOs exists
preferentially in higher temperature regions than that in
low-mass WCCC sources. In such temperature regimes
(T > 70 K), CCH, which is a reactive species, is efficiently
destroyed by reactions with O and/or Hy.

3. We determined the '*C isotopic fractionation of HC;N in
the three MYSOs. All of the three '°C isotopologues of
HC;N show similar column densities in G12.89+0.49
and G16.86-2.16, while HCC'’CN is more abundant
than the others in G28.28-0.36. Based on the results, the
electron recombination reaction of HC;NH™ is proposed
as the main formation pathway of HC3N in G12.89+4-0.49
and G16.86-2.16. This is consistent with the model with
the high cosmic-ray ionization rate. On the other hand, in
G28.28-0.36, the main formation pathway of HC;N is
the reaction between C,H, and CN. This reaction is
dominant in the model with the standard cosmic-ray
jonization rate (1.3 x 1077 s71).

Based on the CCH/HCsN ratio and the '*C isotopic
fractionation, the carbon-chain chemistry in the G28.28-0.36
MYSO seems to be different from that in the other two MYSOs,
OMC-2 FIR 4 (Fontani et al. 2017; Favre et al. 2018), and low-
mass WCCC sources. In this source, cyanopolyynes are likely
formed by the bottom-up mechanism during the lukewarm
regions (25 < T < 50 K) and exist in higher temperature regions
(T 2 85K) than in low-mass WCCC sources.
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