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ABSTRACT

Using APEX-1 and APEX-2 observations, we have detected and studied the ro-
tational lines of the HC3N molecule (cyanoacetylene) in the powerful outflow/hot
molecular core G331.512-0.103. We identified thirty-one rotational lines at J lev-
els between 24 and 39; seventeen of them in the ground vibrational state v=0 (9
lines corresponding to the main C isotopologue and 8 lines corresponding to the 3C
isotopologues), and fourteen in the lowest vibrationally excited state vy=1. Using
LTE-based population diagrams for the beam-diluted v=0 transitions, we determined
Toxe=85+4 K and N(HC3N)=(6.9+0.8) x10'* cm~2, while for the beam-diluted v;=1
transitions we obtained Tyx.=89+10 K and N(HC3N)=2+1x10'"" cm~2. Non-LTE
calculations using Hs collision rates indicate that the HC3N emission is in good agree-
ment with LTE-based results. From the non-LTE method we estimated Ty;, ~90 K,
n(Hs)~2x10" cm ™2 for a central core of 6 arcsec in size. A vibrational temperature
in the range from 130 K to 145 K was also determined, values which are very likely
lower limits. Our results suggest that rotational transitions are thermalized, while IR
radiative pumping processes are probably more efficient than collisions in exciting
the molecule to the vibrationally excited state v7=1. Abundance ratios derived under
LTE conditions for the '3C isotopologues suggest that the main formation pathway of
HC3N is CoHy + CN — HC3N + H.
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1 INTRODUCTION dant cyanopolyyne. Due to its low rotational constant (1/13
of CO) and large dipole moment (3.7 D, DeLeon & Muenter
1985), cyanoacetylene lines can be detected over a wide
range of rotational lines (closely spaced by only 9.1 GHz)
at relatively low frequencies, in contrast with, for example,
HCN or HCO™, which have high-J lines at very high fre-
quencies that are extremely difficult to detect with ground-
based telescopes. The critical density of HC3N (nm,~10°-
10° cm™) is comparable to other high density gas tracers,
such as HCN, CS, or HCO™. In addition, HC3N is usually

Cyanopolyynes molecules (HC2,41N, n >1) are typical
carbon-chain molecules that seem to be ubiquitous in the
interstellar medium (ISM) since they have been detected
in a wide range of environments both in the Milky Way
and in other galaxies. The shortest member of the family,
HC3N (cyanoacetylene; H-C=C-C=N), is the most abun-
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Figure 1. Total spectrum obtained with APEX-1 and APEX-2 data, used to identify the HC3N lines. The rest frequencies of the v=0
transitions of the main C isotopologue of HC3N are indicated by the green dashes at the bottom of the spectrum. Some of the most
prominent and characteristic molecular transitions in the observed bands are indicated in red as a reference.

optically thin even in low-J transitions, mostly due to its rel-
atively low abundance, which is suitable for studying dense
molecular gas (e.g Bergin et al. 1996). This makes it eas-
ier to conduct multi-transition analysis for HC3N than for
other dense molecular gas tracers, which can help to better
understand the physical and excitation conditions of dense
molecular gas in star forming regions. Further, the HC3N
molecule can be excited not only in the ground vibrational
state, but also in several vibrationally excited states that can
also be used to derive important information about the phys-
ical characteristics of the region under study, such as kinetic
and vibrational temperatures, density, etc. (Wyrowski et al.
1999; Martin-Pintado et al. 2005; Jiménez-Serra et al. 2009;
Peng et al. 2017).

Several lines of HC3N have been widely detected in a
number of hot cores and high-mass star forming regions

(Bergin et al.  1996; Kim et al. 2000; de Vicente et al.
2000; Sollins & Megeath 2004; Belloche et al. 2013;
Sanchez-Monge et al.  2013;  Taniguchi et al. ~ 2016b,

2018b,c). Surveys of sources at different evolutionary
stages, from high-mass starless cores to protostellar objects,
reveal the presence of spectral signatures of both HCsN
and HCsN (Taniguchi et al. 2018a). In the protostellar
shock LL1157-B1, including observations toward its protostar
L1157-mm, lines of HC3N and HC5N were observed showing
different physical components of the gas (Mendoza et al.
2018a). In the solar-type protostar IRAS 16293-2422,
observations of HC3N and HCsN also revealed different
gas conditions between the outer and inner regions of
the protostellar system (Jaber Al-Edhari et al. 2017). In
protoplanetary disks, observations at high spatial resolution
of HC3N and CH3CN show abundance ratios of those

molecules in agreement with protostellar envelopes and
comets (Bergner et al. 2018).

As part of a project aimed at studying in detail the
physical and chemical properties of the massive outflow/hot
molecular core G331.512-0.103 (Bronfman et al. 2008), in
this paper we present an analysis of the above source based
on APEX observations of HC3N lines. The excellent spectral
and spatial resolution of the SHeFI APEX-1 and APEX-2
data, along with the obtained spectral coverage, provides a
powerful tool to perform a complete analysis on the source.

2 THE MOLECULAR OUTFLOW/HOT
MOLECULAR CORE G331.512-0.103

G331.512-0.103 (hereafter G331) is a bright massive young
stellar object associated with the central region of the gi-
ant molecular cloud (GMC) G331.5-0.1 (Bronfman et al.
2008; Merello et al. 2013a), which is located at the tangent
point of the Norma spiral arm at a heliocentric distance
of ~7.5 kpc. The presence of very broad emission wings in
CO, CS, and SiO indicates a very powerful outflow with
a mass of around 55 Mg and a momentum of ~2.4x10°
Mg km s~ (Bronfman et al. 2008). Merello et al. (2013b)
analyzed ALMA SiO(8-7), H**CO™(4-3), HCO™ (4-3), and
CO(3-2) observations towards G331 revealing the existence
of lobes closely aligned with the line of sight and an ex-
panding bubble blown by stellar winds likely arising from a
hyper compact HII region confined within an angular extent
of about 5 arcsec (~0.18 pc at a distance of 7.5 kpc).
Several transitions of CH3CN and CH3OH have
also been reported in the central core harbouring G331
(Mendoza et al. 2018b). The results revealed that the emis-
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sion of CH3CN and CH3OH are related to gas components
having kinetic temperatures of Tx~141 K and Tx~74 K,
respectively. In agreement with previous high-resolution in-
terferometric observations, the models show that the emit-
ting region is compact (< 5.5 arcsec), with a gas volume
density np, ~1x107 cm™3. Recently, ALMA observations
have revealed the presence of HCsN J=38-37 rotational
line (Hervias-Caimapo et al. 2019). The authors identified
two group of lines. The first group, showing broad (~ 20
km s~ 1) velocity wings, includes HC3N, SiO, S*®0, HCO™,
and H'®CN; very likely they trace the outflow and shocked
gas emission. The second group, with narrow (6-10 km s™')
emission lines, includes CH3CCH, CH3sOH and H¥3CO™T
lines. They may be arising from the quiescent core ambi-
ent medium.

The physical, chemical, and kinematical properties of
G331 make this object one of the most massive, powerful,
and youngest hot cores/outflows known to date.

3 OBSERVATIONS, DATABASES, AND
METHODOLOGY

The molecular observations presented in this paper were ob-
tained with the 12-m APEX telescope (Giisten et al. 2006)
at Llano de Chajnantor (Chilean Andes) in May 2017. As
front end for the observations we used the APEX-1 receiver
of the Swedish Heterodyne Facility Instrument (SHeFI;
Risacher et al. 2006; Vassilev et al. 2008). The back end for
the observations was the eXtended bandwidth Fast Fourier
Transform Spectrometer2 (XFFTS2) which consists of two
units with 2.5 GHz bandwidth divided into 32768 channels
each. The half power beam width (HPBW) in the APEX-1
frequency band varies between 25 - 30 arcsec. Calibration
was performed using the chopper-wheel technique. The out-
put intensity scale given by the system is T'x, which repre-
sents the antenna temperature corrected for atmospheric at-
tenuation. The observed intensities were converted to main-
beam brightness temperature by T, = TA /1mb(A), where
Nmb(A) was obtained using the Ruzes’s equation for a mean
main beam efficiency of 0.75 and a surface accuracy (rms)
of 17 pm. The spectra were obtained in the single point
mode in the coordinates RA, Dec.(J2000)= 16"12"10.1°%,
—51°28'38.1" in sixteen frequency setups to cover the entire
APEX-1 band (214 to 272 GHz). Because only up to 4 GHz
total instantaneous bandwidth can be used, frequency setups
were spaced by 3.7 GHz in order to avoid noisy marginal de-
tections. The spectra were hanning-smoothed to obtain a
final rms noise of ~ 0.025 — 0.05 K and a final spectral res-
olution of ~ 0.4 km s~! for all the setups.

The spectra were reduced using the CLASS90 program
of the IRAM GILDAS software package'. The analysis of the
spectra and the line identification was performed using the
CASSIS software? conjointly with the CDMS?* (Miiller et al.
2005), JPL* (Pickett et al. 1998), and NIST® (Lovas et al.
2009) spectroscopic databases.

http://www.iram.fr/IRAMFR/GILDAS
http://cassis.irap.omp.eu
https://www.astro.uni-koeln.de/cdms
https://spec.jpl.nasa.gov/
https://physics.nist.gov/cgi-bin/micro/table5/start.pl
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The APEX-1 observations used in this work were com-
bined with previous observations carried out using the
APEX-2 instrument (HPBW = 17 - 23 arcsec) (see Fig. 1).
We adopted calibration uncertainties of around 20 percent
(Dumke & Mac-Auliffe 2010).

4 RESULTS AND ANALYSIS
4.1 Line identification

The APEX-1 and APEX-2 data used in this work cover the
total frequency range between 214 GHz and 356.5 GHz, with
the APEX-1 frequency range between 214 and 272 fully cov-
ered and some gaps in the APEX-2 band between 272 and
292 GHz, 296 and 329 GHz, 333 and 336.4, and 340.4 and
343.3 GHz (see Fig. 1). Nevertheless, the covered frequency
range allows the detection of a considerable number of HC3N
lines, having an upper level energy (E,) of the main isotopo-
logue between ~131 K and ~341 K. The detection of these
lines is necessary to perform a high accuracy determination
of some physical parameters in the region (e.g. column den-
sity, kinetic temperature, opacity, etc.).

Since the central region of G331 shows a very rich
hot molecular core chemistry, a forest of molecular tran-
sitions leads to a confusing spectra (see Fig. 1), espe-
cially for the presence of broad lines (Mendoza et al. 2018b;
Hervias-Caimapo et al. 2019). Then, we performed the line
identification adopting the following standard criteria:

(i) The observed frequencies of the lines should agree
with the rest frequencies for the systemic velocity of the
source (Vigr ~ —90 km s71)°.

(if) The peak temperature of the lines should be at least
about three times the rms noise. A couple of exceptions
were included where the signal-to-noise ratio is locally a bit
lower than in the rest of the spectrum.

(iii) All predicted lines based on an LTE spectrum at a
well-defined rotational temperature should be present in the
observed spectrum approximately at their predicted relative
intensities.

Since a considerable number of predicted contaminant
molecular transitions, known as weeds’, can be detected at
several frequencies in the mm and sub-mm range, we also
inspected for possible contaminant emission. Such inspec-
tion was carried out using spectral catalogs and the Weeds
extension of the CLASS radio astronomy software.® Thus,
we remarked three status in the line identification (see last
column of Table 1): a) lines possibly blended with known
interstellar species (pbw): transitions whose FWHM values
derived from the Gaussian fits coincide with predicted fre-
quencies of interstellar species detected in the ISM (in all the
cases the possible contaminat species were detected in the

6 In this work radial velocities are always referred to the Local
Standard of Rest (lsr)

7 Term usually adopted to refer to species with numerous spectral
lines in the mm/sub-mm regime

8 https://www.iram.fr/IRAMFR/GILDAS/doc/html/weeds-html/weeds.html
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Figure 2. Observed spectra of the detected lines of HC3N in the ground vibrational state v=0. The red curves show the gaussian fit
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ISM but at different transitions, therefore significant con-
tamination is unlikely). b) neighbor lines (nl): criterion that
was used to identify the spectral lines which appear within a
spectral window equivalent to Vig, -90 £ 30 km s_l; c) clean
lines (cl): lines whose spectral profiles and FHWH values are
not affected by other spectral features, such as blended or
neighbor lines.

4.1.1 v=0 lines

Using the criteria mentioned above, we confirmed the detec-
tion of 9 rotational lines of the main C isotopologue of HC3N
in the ground vibrational state (v=0). Six of them were iden-
tified in the APEX-1 band, while three lines were identified
in the APEX-2 band (see Fig. 2). Identified lines are listed
in Table 1 along with some of their spectroscopic parame-
ters like frequency, energy of the upper level of the transi-
tion (E.), and Einstein coefficient of the transition (Au.).
For these lines we performed a Gaussian fit and we obtained
their integrated areas (f Twmb dv), linewidths (FWHM), peak
temperatures (Tpeax), and velocities (Visy). These parame-
ters are also indicated in Table 1. As can be seen from the

MNRAS 000, 1-15 (2015)

table, the velocity dispersion of the peak velocities of the
lines around the systemic velocity Vi, = —90 km s7! s
quite low (< 0.57 km s™'), and the mean systemic velocity
of the lines is Vi, =-90.4340.08 km s~ . In Table 1 we also
indicate the optical depth of each line (7) that will be further
derived in Section 4.2.1.

It is also worth mentioning that the frequency range
analysed in this work covers several transitions of larger cya-
nopolines (thirty-one for the molecule HC5N and over forty
for the molecule HC7N) and still, no lines corresponding to
these species were detected in our dataset.

4.1.2  Isotopologues

We also searched for lines of the *C-, D-, and '*N-bearing
isotopologues of HC3N that are predicted to be present in
the observed frequency intervals. We identified *>C isotopo-
logue lines with maximum J numbers between 24 and 27,
all in the ground vibrational state v=0. They are shown
in Fig. 3. The transition (25-24) of H**CCCN was not de-
tected since it overlaps with the strong "*CO (2-1) line. The
same occurs with the (26-25) transition of HC**CCN, which
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Table 1. HC3N lines detected in G331 and their parameters obtained from Gaussian fits.

Transition Frequency E, Al [ T, dv Vier Theak FWHM T Remark$
(MHz) (K) (x 107%s71) (K kms™1) (km s™1) (K) (km s~1)
v=0
24-23 218324.72  130.98 82.6 6.94 £0.72 -90.35 £ 0.05 1.17 £0.05 5.39 £0.11 0.298* cl
2524 227418.91  141.89 93.5 7.49 £ 0.75 -90.37 £ 0.05 1.23 £0.05 5.57 £0.11 0.278* cl
26-25 236512.78  153.24 105.2 6.20 £ 0.62 -90.35 £ 0.05 0.99 £0.04 5.55+ 0.12 0.260* cl
27-26 245606.31  165.03 117.9 6.02 £ 0.61 -90.37 £ 0.07 0.94 £ 0.06 5.63 £ 0.17 0.248* cl
28-27 254699.51  177.25 131.6 6.47 £ 0.66 -90.37 £ 0.07 1.02 £0.06 5.58 £ 0.15 0.235* pbw 3350,
nl CHoNH
29-28 263792.31  189.91 146.3 5.85 £+ 0.59 -90.49 +£ 0.07 0.89 £0.06 5.93 £0.16 0.206* pbw CH30H
37-36 336520.08  306.91 304.8 4.86 = 0.50  -90.50 £ 0.08 0.65 & 0.05 6.67 = 0.19  0.082* nl SO
38-37 345609.01  323.49 330.2 3.87 £ 0.39 -90.57 £ 0.06 0.58 £0.04 6.16 £0.14 0.077* pbw CH30H
39-38 354697.46  340.51 357.1 4.14 £ 0.43  -90.54 + 0.08 0.53 £ 0.04 6.92 £ 0.18  0.060* cl
13C Isotopologues
H3CCCN
2625 229203.09  148.51 95.7 0.28 + 0.04 -91.1 + 0.2 0.06 £ 0.02 4.1+ 04 0.024% cl
27-26 238015.68  159.93 197.3 0.30 £ 0.04 -90.9 + 0.2 0.06 £ 0.02 4.8 £ 0.5 0.0221 cl
HC3CCN
24-23 217398.56  130.42 81.5 0.28 + 0.05 -89.4 + 0.4 0.07 £ 0.02 4.2 £ 0.8 0.025% cl
2524 226454.18  141.29 92.3 0.32 £+ 0.05 -90.7 + 0.4 0.06 £ 0.02 59+ 1.0 0.024% cl
27-26 244564.44  164.33 116.4 0.32 £ 0.06 -91.5 + 0.4 0.07 £ 0.03 3.6 +£0.8 0.0277  pbw CH30H
HCC!3CN
24-23 217419.57  130.44 81.6 0.51 £ 0.06 -90.2 + 0.2 0.10 £ 0.02 54+ 04 0.035T  pbw CH30H
nl 13CN
25-24 226476.04  141.31 92.3 0.43 £ 0.06 -89.9 + 0.4 0.08 £ 0.03 54+ 0.7 0.0317 cl
2625 235532.20  152.61 103.9 0.50 + 0.07 -88.9 £ 0.3 0.09 £+ 0.02 5.6 £ 0.6 0.037t cl
vy =1
24_1-23; 218860.81  452.15 82.7 0.58 + 0.07 -91.3 + 0.3 0.10 £ 0.03 4.9 +£ 0.5 0.015* cl
241-23_1 219173.75  452.34 83.0 0.34 £ 0.05 -91.6 + 0.3 0.08 £ 0.02 4.1 £ 0.6 0.018* cl
251244 227977.27  463.09 93.5 0.69 + 0.08 -90.2 + 0.2 0.12 £ 0.02 6.0 + 0.5 0.013* cl
25_1-244 228303.17  463.29 93.4 0.70 £ 0.09 -90.8 + 0.3 0.10 £ 0.02 6.8 + 0.6 0.011* cl
26_1—251 237093.38  474.47 105.2 0.53 £+ 0.07 -90.5 + 0.4 0.07 £ 0.02 8.4+ 1.2 0.009* cl
261-25_1 237432.26  474.69 105.7 0.57 £ 0.07 -91.0 £ 0.2 0.10 £ 0.03 53+ 0.5 0.014* cl
271-26_1 246209.14  486.29 118.0 0.45 + 0.08 -91.4 + 0.5 0.07 £ 0.03 9.0+ 1.9 0.011* cl
27_1-261 246560.95  486.52 118.5 0.78 £ 0.10 -89.3 + 0.4 0.10 £ 0.03 8.1+ 0.9 0.009* cl
28_1-271 255324.55  498.54 131.7 0.58 + 0.10 -91.5 + 0.5 0.09 £+ 0.03 6.7+ 1.1 0.011* cl
281-27_1 255689.29  498.79 132.2 0.72 £ 0.11 -91.3 + 0.6 0.08 £ 0.02 8.9+ 1.6 0.008* cl
291-28_1 264439.58  511.23 146.4 0.20 £+ 0.04 -91.6 + 0.3 0.05 £+ 0.03 2.6 + 0.7 0.029* cl
29_1-28; 264817.24 511.50 147.1 0.40 £+ 0.07 -91.1 + 0.5 0.07 4 0.02 6.2 + 1.1 0.012* cl
321314 292198.64  552.26 197.9 0.50 + 0.08 -90.2 + 0.3 0.09 £ 0.02 4.9 + 0.6 0.014* cl
39-1-381 356072.44  662.68 359.2 0.31 £ 0.06 -90.3 + 0.4 0.05 £ 0.02 6.6 + 1.0 0.008* nlo SO2

*Obtained iteratively from the opacity correction (Sect 4.2.1) tObtained from Eq.8 (Sect. 4.2.3)

transitions for the DC3N and HC3®N isotopologues were de-
tected in our dataset.

seems to overlap with another strong (7imp ~ 1.3 K) uniden-
tified line. Thus, a complete triad H*CCCN-HC*®CCN-
HCC!CN could not be detected for a particular J tran-
sition. As a marginal detection, we included the HC**CCN

(27-26) line, which is better identified over an extra hanning-
smoothed spectra (not shown here).

The velocity dispersion of the derived peak veloc-
ity of the lines with respect to the systemic velocity
(< 1.5 km s™1) is larger than that of the main isotopologue,
probably due to a lower accuracy of the fit. The mean sys-
temic velocity of the lines is Vie=-90.340.8 km s No

4.1.83 wv7=1 lines

The molecule of HC3N has seven modes of vibration, three
bending modes (doubly degenerate) and four stretching
modes, which are usually identified from v; to vz (for a com-
plete revision, see Wyrowski et al. 1999). Then, besides ro-
tational lines in the ground vibrational state (v=0), we also
searched for rotational transitions of HC3N in vibrationally
excited states. As a result, we found transitions in the lowest
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excited state, v7=1 (corresponding to the bending vibration
mode of the C-~C=C group). The detected lines are shown
in Fig. 4. The interaction between the bending angular mo-
mentum of the vibrational vy=1 state and the rotational
angular momentum of the molecule leads to a splitting in
two rotational levels for each J—J — 1 transition (indicated
in Fig. 4 as -1 and 1). As for the case of the HC'*CCN
(27-26) line (see Sect. 4.1.2), we included the marginal de-
tection of the transition 29;-28_;. It should be noted that
the transition 39;-38_1 was not detected since it is blended
with an intense (~ 0.25 K) and wide (~ 8 km s™') unidenti-
fied line at ~ 355.569 GHz. The spectroscopic and Gaussian
fit parameters are listed in Table 1. In particular, most of
them have the same transitional levels of HC3N v=0 with
maximum J numbers between 24 and 39. A velocity disper-
sion of <1.6 km s™! for the derived peak velocities of the
lines is observed around the systemic velocity of the source,
which has a mean value of Vi5;=-90.940.7 km s~'. For con-
sistency, we performed the Gaussian fit to the lines using the
velocity interval defined for the 25;-24_; transition, which
is the most conspicuous one.

4.2 Line analysis
4.2.1 LTE analysis

In order to estimate excitation temperatures, Texc, and col-
umn densities, N(HC3N), we constructed population dia-
grams from the identified transitions of the molecule. This
term refers to a plot of the column density per statistical
weight of a number of transition energy levels, as a function
of their energy above the ground state (Goldsmith & Langer
1999). In local thermodynamical equilibrium (LTE), and as-
suming that the emission is optically thin, this corresponds
to the Boltzmann distribution and can be represented as

N, N, E
In (—1) :ln< fot ) - (1)
Ju Q(Texc) kTeXC
where N, /g, is the column density per statistical weight
for the upper level u, F, is the energy of the upper level,
Q(Texc) is the partition function, and Nio is the total col-

umn density. Since N,, can be estimated from the integrated
intensity of the line as

8rku?
N, = T 2
hCaAul 8 / b dv ( )

then, Eq. 1 represents a Boltzmann distribution whose val-
ues In(Ny/gu) vs. Ey, can be obtained from the lines and
can be fitted using a straight line, whose slope is defined by
the term 1/7Texc.

The population diagrams were constructed using a

where AQ, and AQ;

are the solid angle of the antenna beam and the solid an-
gle of the source, respectively. The beam dilution factor was
applied on the left side of Eq. 1. A source size of ~6 arcsec
was adopted (see Sect. 4.2.2).

In the upper panel of Fig. 5 we show the obtained pop-
ulation diagrams for the HCsN v=0 lines. From the ex-
cellent fit obtained from the data (xZ.q=1.28) we derived
N(HC3N)=(5.840.6)x10'* ecm™2 and Tox.=8944 K. The

beam dilution factor In (ﬁ)
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Figure 5. Upper panel: Population diagrams for the HC3N v=0
lines, showing the least squares fits without optical depth correc-
tion (red color) and with optical depth correction (blue color).
The corresponding errors in density and temperature are indi-
cated in parenthesis. Lower panel: Population diagrams for the
HC3N w7=1 lines. The upper dotted line represents the least
square fit without the transition line 291-28_1 (see transitions
with E,=511 K).

plotted uncertainties in Fig. 5 are:

N\ AW
A(ln gu) -2, (3)

were W is the integrated area of the line and AW is its
uncertainty, estimated as®

AW = \/ (cal/100 x W)2 + (rmsx/ 2 x FWHM x Av)2
(4)

being cal the calibration error (in percentage), rms the noise
around the selected line (in K), FWHM the line full width
half maximum (in km s™"), and Av the bin size (in km s™')

The population diagrams obtained before were con-
structed under assumption of optically thin emission
(7 <<1). In order to test the reliability of this approxima-
tion, we have introduced the optical depth correction factor

9 http://cassis.irap.omp.eu/docs/RadiativeTransfer.pdf
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C: (photon escape probability) in Eq. 2 as

_ 8mkv?
v hCSAul

where Cr-=7/(1—e~7) (Goldsmith & Langer 1999), being T
the optical depth of the line. When the line is optically thin,
the factor C'; is then equal to unity. Thus, Eq. 1 becomes

Ny, Niot Ey

and the ordinate of the population diagram fit is rescaled
to slightly larger values. The correction is performed with
CASSIS, which execute iteratively the calculations of C-
until values of temperature and column density converge.
From the fit (xZ.4=1.33) we derived a column density
N(HC3N)=(6.940.8)x10'* cm™? and a excitation temper-
ature Texc=854+4 K. Then, the percentage differences of
N(HC3N) and Texc with respect to the values obtained with-
out optical depth correction are about 19 percent higher and
5 percent lower, respectively. For the sake of comparison, the
corrected population diagram is shown in Fig. 5 together
with the original diagram without optical depth correction.
The optical depth of each line, estimated with this method,
is listed in Table 1. As can be noticed from Table 1 and
Fig. 5, differences are moderately significant (7 2 0.2) only
for low J-values (J < 28). This trend is in line with the vari-
ation of the optical depth as a function of J presented by
Goldsmith & Langer (1999) for the molecule of HC3N with
hB/kT=0.003, for which a maximum relative optical depth
is obtained for J =~ 20, and monotonically decreasing for
J<20 and J220 (see fig. 1 of that work).

As can be noticed from Fig. 2 some lines show
Lorentzian instead of Gaussian profiles, which is a
very usual feature in emission lines affected by out-
flows. After a Lorentzian fit of the beam-diluted
lines, we derived an opacity-corrected column density
N(HC3N)=(7.840.5)x10'* cm™? and an excitation temper-
ature Texc=9013 K, respectively, which means a difference
of ~13 percent higher in density and ~7 percent also higher
in temperature, compared with values obtained by Gaussian
fitting.

In the lower panel of Fig. 5 we also show the pop-
ulation diagrams obtained for the vz=1 lines. From the
fit we derived a column density and temperature of
N(HC3N)=(2.242.0)x10"® ecm™2 and Tex.=87+14 K, re-
spectively. The low accuracy of the fit (x2.4=6.07) is due,
not only to the significantly lower signal-to-noise ratio of
the detections, but mostly to the transition line 29;-28_;
(B = 511.23 K) which lies outside the 3 rms scatter limit
of the plot. Removing this line from the plot, we obtained a
more accurate fit (x2,,=2.8); the column density and tem-
perature obtained then are N(HC3N)=(24+1)x10" cm™?
and Texc=89+10 K, respectively. As expected, these values
are consistent with those obtained for the v=0 lines. Optical
depths obtained iteratively for the v7=1 lines are <0.03 (see
Table 1), which amounts to a difference of only 0.6 percent
and 3.5 percent in temperature and column density, respec-
tively, with respect to those obtained without opacity cor-
rection (not shown in Fig. 5). The excitation temperatures
derived before for the rotational transitions in the v=0 and
vr=1 states are in good agreement with those derived from
the CH3OH emission by Mendoza et al. (2018b) and from

X Cq— X /Tmb dv (5)

CH3CCH emission by Hervias-Caimapo et al. (2019) for the
ambient gas in G331. We note, however, that HC3N column
densities derived above for G331 are almost one order of
magnitude larger than some found in typical Galactic hot
molecular cores (e.g. Taniguchi et al. 2018a,c).

Besides transitions of different J levels in the same vi-
brational state, the level population of different v states for
a constant rotational J level can also be analyzed to derive
the so-called "vibrational temperature” (7Tyi,) which deter-
mines the relative population of vibrationally excited levels.
A rough estimate of Ty;p, can be obtained from a compar-
ision between vibrationally excited lines with ground-state
lines (e.g. Goldsmith et al. 1982). Here, assuming optically
thin emission, we use

Wiw,=1) (—AEm)
— — X 7
ooy P T @

where W(,.—1) and W(,—¢ stand for the integrated intensi-
ties of a J—.J-1 transition for the vibrational states v;=1
and v=0, respectively, and AFr is the energy difference be-
tween the v=0 and v;=1 states. Thus, we estimated Tyip
for constant J levels in the range between 24 to 27 and
we obtained vibrational temperatures in the range 130 K
to 145 K. As expected, obtained values of Ty, are higher
than those previously obtained, for rotational transitions
within the same vibrational state, from the population dia-
grams (a similar trend was also reported by Goldsmith et al.
1982 in the Orion Molecular Cloud using v7z=1 and v=0
lines of HC3N) but lower than those reported in the liter-
ature for Galactic hot cores and star forming regions (e.g.
Wyrowski et al. 1999; Jiménez-Serra et al. 2009; Peng et al.
2017). It is worth mentioning that the above values of Tyip
should be considered as lower limits since the v=0 state is ex-
pected to be dominated by more extended and cooler emis-
sion. Thus, the ratio W(,,=1)/W(,=0) is rather a measure of
the relative population in the v7=1 vibrational state instead
of a measure of Tyi, (Wyrowski et al. 1999). Observations
of more vibrational modes, either bending or stretching, are
needed in order to determine Ty;, more accurately.

4.2.2 Non-LTE analysis using collision rates

All the estimates obtained so far rely on the assumption of
LTE regime. By means of the excitation diagrams displayed
in Fig. 5, we obtained single excitation temperatures from
the whole set of observed rotational lines of HCsN, both
in ground and vibrationally excited states. The Boltzmann
distribution of the excitation diagrams and the quality of
the straight lines (with slope 1/Texc, Eq. 6) seem to validate
the LTE condition for rotational transitions of HC3N. As a
consequence, the kinetic temperatures would be expected to
be similar to the excitation temperatures if actually all the
levels were thermalized.

For a better understanding of the excitation mecha-
nisms and optical depth effects, as to determine the gas
kinetic temperature and density, it would also be useful
to carry out an analysis of the HC3N emission assuming
non-LTE conditions. To this end, we use statistical equilib-
rium calculations to perform non-LTE models of the HC3N
(v=0) lines. The statistical equilibrium calculations were
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carried out using the RADEX code'® (van der Tak et al.
2007). Then, by means of non-local radiation effects we
tested how far is the HC3N emission from the LTE hypoth-
esis considering collisional excitations induced by molecu-
lar hydrogen, whose rate coefficients are presented and dis-
cussed in Faure et al. (2016). The RADEX calculations were
computed simultaneously applying the Markov Chain Monte
Carlo method (MCMC) (Foreman-Mackey et al. 2013),'*
which is hereafter referred to as RADEX/MCMC. In gen-
eral, the RADEX/MCMC method computes the best so-
lution by means of numerical chains in a n-dimensional pa-
rameter space that can be delimited by different free param-
eters, such as the kinetic temperature (Tkin), column den-
sity (IV), linewidths (FWHM), source size, and volume den-
sity (n(Hz)). Taking into account the availability of collision
rate coefficients, the last parameter is set accordingly to the
H2-HC3N collision system (e.g. Faure et al. 2016). Through
stochastic processes, the RADEX/MCMC finds the best so-
lution up to achieve the minimum value of the x? function.
Since the method operates using the spectral lines as main
input, the quality of the models depends on the spectral
survey (e.g. number and strength of the lines), the free pa-
rameters and their ranges of integration.

The RADEX/MCMC models of HC3N were computed
considering the first six rotational lines listed in Table 1,
from J=24-23 to J=29-28. As free parameters, we intro-
duced and calculated the distributions of Tiin, N(HCsN),
n(Hz), and source size. In order to encompass the HC3N
emission, the statistical equilibrium calculations were car-
ried out assuming an emitting region < 6 arcsec in size, a
value consistent with the HCsN J=38-37 emission map ex-
hibited in Hervias-Caimapo et al. (2019). Since the quality
of the computation is a monotonically increasing function of
the numbers of steps or iterations, we included in our rou-
tines large samples for draw numbers, of the order of 10%.

As a corner diagram, the RADEX/MCMC results of
HC3N are shown in Fig. 6. In that plot, the histograms
of each free parameter merge into bi-dimensional dia-
grams exhibiting the highest probability distribution. Dis-
tributions of the HC3N column density, Hs density, ki-
netic temperature and source size are exhibited. Sum-
marizing, the physical conditions derived from the best
RADEX/MCMC computation (x2,4=4.41), were obtained
to be N(HC3N)=4.5+0.1x10"* cm™2 and Tiin=90+3 K for
a central core with size and Haz volume density of < 6 arcsec
and ~ 2x107 cm ™3, respectively.

In comparison with the LTE analysis of HC3N, the re-
sults obtained assuming non-LTE conditions are relatively
in good agreement with those obtained by the excitation di-
agram for the v=0 state (see Sect. 4.2.1). The percentage
differences of column density and temperature with respect
to the values obtained in LTE conditions for the v=0 lines
with optical depth correction are about 6 percent higher and
53 percent lower, respectively, while the difference with re-
spect to the values without optical depth correction is only
about 1 percent higher and 28 percent lower, respectively.

10 https://home.strw.leidenuniv.nl/ moldata/radex.html
1 http://dfm.io/emcee/current/
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Table 2. Physical properties derived for the HC3N and its 13C
isotopologues.

Isotopologue N X 2¢/13¢
[x 1013 em™2]  [x 10711]

HC3N 69 + 8t 79 — 62 -

HCCI3CN 6.7+ 0.9 7.8 5.9 ~ 10

HCI3CCN 3.8+ 0.8 4.7-3.1 ~ 18

H3CCCN 3.7+ 0.6 4.4 3.2 ~ 19

13C HCO3N 3.3+ 0.2¢ 3.6—3.2 ~ 21

TObtained by population diagram (see Sect. 4.2.1)
tObtained by the LTE/MCMC method

4.2.3 Isotopic analysis

Since a scarce number of transitions from isotopic species
were detected, and some of them having a poor signal-to-
noise ratio, a population diagram does not provide reliable
solutions for the temperature and column density. Then, we
estimated the column density of the three detected *C iso-
topologues from a single line of each species assuming LTE
conditions and using the following formulae:

T = | ) a
being

J(T) = % [elir) 1]‘1, 9)
and
N=r 35 \/an m(J?+ 1) olr) [1_6(_ﬁ)y

(10)

(Goldsmith & Langer 1999), where Ti,, stands for the main
beam temperature of the line, f for the beam filling factor
(estimated to be ~ 0.03512)7 Texc is the excitation temper-
ature (assumed to be 85 K; see Sect. 4.2.1), and T is the
background temperature (2.7 K). For this equation, we es-
timate an error of about 15-25 percent arising mostly from
the uncertainties in T (see Table 1). In Eq. 10 Av is the
line width FWHM (in ecm s™'), @ is the partition func-
tion estimated as Q = kTexc/hB (B is the rotational con-
stant of HC3N; 4549.059 MHz), v is the permanent elec-
tric dipole of HC3N (assumed to be 3.73172x 1078 esu cm;
DeLeon & Muenter 1985), E; (in erg) is the energy of the
lower rotational level, and J; is the lower rotational quantum
number. Obtained column density for each isotopologue is
given in Table 2, while optical depths obtained with Eq. 8
are listed in Table 1. The errors estimated for the column
density of the *C isotopologues were derived considering the
uncertainties in 7 (see above) and Av (see Table 1). For the
calculations, we used the most conspicuous line detected for
each isotopic species. Then, for HCC¥*CN and HC¥CCN
we used the (24-23) transition, while for H**CCCN we used
the (26-25) transition.

12 Estimated considering a source size of ~ 6 arcsec (see
Sect. 4.2.2) and an average beam size of ~ 27 arcsec for the
APEX-1 band
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Figure 6. Corner diagram with the highest probability distribution of the column density (Ncol, cm™2), kinetic temperature (Tkin,
K), source size (Size, arcsec) and Hy density (n(H2), cm~3) derived from the best RADEX/MCMC model (x2,,=4.41) of HC3N.
Collision excitation coefficients between HC3N and Ha were used to perform the calculations considering the HC3N lines from J=24-23

to J=29-28. The blue solid lines indicate the median values.

The relative abundances of the isotopic species with
respect to Ho were derived using the Hz column density
obtained previously from the emission of H'*COT (e.g.
Merello et al. 2013a; Mendoza et al. 2018b). ALMA ob-
servations of the H™®CO™(4-3) emission have shown the
existence of an internal cavity surrounded by a shocked
shell, around the driving source, confined in < 5 arcsec
(Merello et al. 2013a) for which an averaged column density
N(H¥CO")~3.240.2x10"® cm™2 was derived (result ob-
tained by Hervias-Caimapo et al. 2019, but not included in
that work). Then, we estimated the Ha column density using
the abundance ratio HISCO+/H2:3.3X10711 of Orion KL
(Blake et al. 1987) and we obtained N (H2)=9.7x10%* cm ™2,
almost one order of magnitude higher than that derived in
typical high-mass star forming regions (e.g. Taniguchi et al.

2018b). The abundances of HC3N, HCC'®CN, HC'*CCN,
and H*®*CCN were then obtained dividing their column den-
sities by N(Hz). In Table 2 we summarize the range of
obtained abundances, indicated as X, which were derived
considering the uncertainties of column densities estimated
using Eq. 10. It is worth pointing out that N(Hz) can be
otherwise estimated from the surface density derived by
Merello et al. (2013a) from the 1.2 mm continuum emission
of G331 (referred to as MM3 in that work). Adopting a mean
molecular weight per Hydrogen molecule 4=2.29 (corrected
for Helium), a column density N(Hs)=2.7x10%* cm™2 can
be obtained, which would increase the abundances reported
in Table 2 by a factor of ~3.5

Since HC3N and its '*C isotopologue lines are optically
thin (see Col. 9 of Table 1) we can obtain reliable mea-
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Figure 7. Corner diagram with the highest probability
distributions of the column density Ng, (cm™2) against
the excitation temperature Texe (K) derived from the
LTE/MCMC models of the 13C HC3N isotopologues.
The best model (x?,,=5.88) yielded Texc=8245 K and

N(H¥CCCN)=N(HC!3CCN)=N(HCC!3CN)=(3.340.2)x 1013 cm~

for a source size of 6 arcsec. The blue solid lines indicate the
median values.

surements of the '>C/'*C isotopic ratio in G331 from the
column densities calculated before. For the estimations we
have considered column densities of HC3N and its isotopo-
logues obtained in LTE conditions. The obtained '2C/'*C
isotopic ratios are shown in the last column of Table 2.

In addition to the estimates obtained above, we also
carried out LTE models of the *C isotopologues of HC3N
applying the MCMC method, whose methodology will here-
after referred to as LTE/MCMC. From the lines of the iso-
topologues listed in Table 1, we obtained LTE solutions
under the main assumption that the *C HC3N isotopo-
logues and HC3N have the same origin, (i.e. they are con-
fined in a region of up to 6 arcsec and with Tcx. between
~ 80 K and 90 K). The LTE/MCMC models were com-
puted including as free parameters only the column den-
sity and excitation temperature. As an upper limit, based
on the premise that HC3sN must be more abundant than
its isotopologues, the '*C column densities were integrated
with the condition that N < N(HC3N) = 1x10* em™2.
A single LTE/MCMC computation was carried out for all
the '3C isotopologues to obtain a single excitation solution
for all of them. Such computation included all the observed
lines of the '*C isotopologues (Table 1). We found that the
best model (xZ.,=5.88) to reproduce the observed lines of
H¥CCCN, HC¥CCN and HCC'™CN is the one that as-
sumes N=(3.340.2)x10"® cm™2 and Tex.=8245 K for a
source size of 6 arcsec. The LTE/MCMC results are shown
in Fig 7 as a corner diagram, where the highest probability
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distribution of Texe against N is exhibited. A second ap-
proach was made by adopting 7=85 K (see Sect. 4.2.1) and
computing only the column density as a free parameter. The
best model (x2,,=5.87) yielded N=(3.1840.04) x 10*® cm ™2,
which is lower than the column density reported above only
by a very small percentage, namely ~ 4 percent.

5 DISCUSSION
5.1 Excitation for the v=0 and v7=1 states

In Sects. 4.2.1 and 4.2.2, we used LTE and non-LTE ap-
proaches to derive the density and temperature in G331. Ob-
tained values for Tk and N(HC3N) from both methods are
in good agreement for the v=0 lines which suggests that de-
tected transitions are almost thermalized (Teoxc=Tkin). How-
ever, it is expected that low-energy transitions may sam-
ple the emission from both hot and cold gas components,
while highly excited transitions are expected to be rather
originated from hot gas environments. Thus, high rotational
transitions may also be excited by radiative process, which
become more efficient as the angular momentum of the up-
per state increases (high-J levels).

The critical density of a rotational transition J—J-1
can be estimated as

Aigg_
J,J—1 (J,J-1)

’ N — 11
e ’Y(JvJ - 1) ( )

being 7(s,s—1) the collisional coefficient for the J—J-1 tran-
sition, and A(j j_1) its Einstein’s transition probability. If
n(Hz) << nJ7~! the excitation temperature is mostly de-
termined by the nearby radiation field instead of the gas
kinetic temperature, which implies that the J level is not
thermalized (Texe < Tkin). Using the exclusive collisional
rate coefficients discussed in Faure et al. (2016), we derived
critical densities for the J=38—37 transition for tempera-
tures between 80 K and 100 K and we obtained values be-
tween 1.6x10” cm™® and 1.3x107 cm ™. These values are
a bit lower than that estimated in Sect. 4.2.2 (~ 2x10"
em™?), which very likely confirms that the gas density in
G331 is high enough for thermalizing the molecule, even at
the higher J levels detected in our observations.

The detection of vibrationally excited lines (v7=1) sug-
gests that the excitation of the molecule might be strongly
influenced, besides collisions, by radiative processes. As pre-
viously done in the above paragraph, we must compare the
ambient density derived in Sect. 4.2.2, with the critical den-
sity for the vibrational bending mode v;=1. The latter was
estimated by Wyrowski et al. (1999), who derived n. for
the v7=1-0 transition of HC3N using the far-IR absorption
measurements of Uyemura & Maeda (1974) to estimate the
Einstein’s transition probability (A,,), and using semiem-
pirical formula for vibrational relaxation times as a func-
tion of temperature, reduced mass, and energy vibration
(Goldsmith et al. 1982), to estimate the collisional coeffi-
cient. Then, the authors derived n. = 4 x 10® cm™® for
T = 300 K (a suitable temperature for a hot core). This
value is almost one order of magnitude higher than the am-
bient density derived for G331 in this work. This implies
that IR radiative excitation processes (likely originated by
the thermal emission of dust grains) are probably more effi-
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cient than collisions in exciting the vibrationally upper state
v7=1 of the molecule.

In case of IR radiative excitation and assuming that the
gas and dust are thermally coupled (a good approximation
considering a gas density of 2x107 cm™®; see Sect. 4.2.2)
the temperature Ty, determined from the HC3N emission
is a good estimate of the dust temperature. Then, we can
estimate the IR bolometric luminosity of the hot core by
using the Stefan-Boltzmann law (e.g. de Vicente et al. 2000)

2

Lh@C ﬁ) T(Allust (12)
were r is the radius of the hot core, and Tyyust is the dust
temperature. Adopting an upper limit emission size of 6
arcsec (~0.22 pc at a distance of 7.5 kpc) and a temper-
ature Tyust=130 K (see Sect. 4.2.1) we obtained for G331 an
IR bolometric luminosity L =~ 6x10° L. This value would
correspond to a ZAMS star type earlier than O4 (Panagia
1973). In order to test this, we estimated the number of
ionizing Lyman continuum photons needed to sustain the
ionization in G331 using

NLyc =4.5x 1048 T670‘45 8(4800 MHz) d2 (13)

(Simpson & Rubin 1990) were d is the distance in kpc,
T. is the electron temperature (assumed as 10* K), and
S(4800 MHz) is the radio continuum flux at 4800 MHz in Jy
(adopted as 0.095 Jy; Merello et al. 2013b). Keeping in mind
that more than 50 percent of the UV photons can be ab-
sorbed by the ISM (Inoue 2001), the total amount of ioniz-
ing photons needed to sustain the current level of ionization
in G331 is NLye ~ 1 x 10*® s7!. Adopting fluxes extracted
from Panagia (1973), we estimate the spectral type of the
ionizing source to be about 09/08.5 (ZAMS). Then, the
spectral type of the internal stellar source derived by this
method is different than that derived from the IR bolomet-
ric luminosity. It should be noted, however, that the latter
magnitude is highly dependant on the size of the hot core
(see Eq. 12), which for the case of G331 is highly uncertain
due to the presence of a powerful outflow.

— 1.8625 x 10~° (

5.2 12C/13C ratio

5.2.1 Isotopic fractionation and astrochemical
implications

As can be seen from Fig. 3, the J=24—23 and J=25—24
transition lines of the HCC'®CN isotopologue are brighter
than those of the HC**CCN. This trend can be confirmed
from their integrated intensities ([T dv; see Tablel).
The derived ratio HCC*¥CN/HC"™CCN of the integrated
intensities for the J=24—23 line is 1.8 4+ 0.5, while for
the J=25—24 line is 1.3 £+ 0.4. On the other hand, the
J=27-26 lines for the H**CCCN and HC¥CCN isotopo-
logues have about the same peak temperature (within the
errors), a tendency that can also be confirmed by the ra-
tio H'¥*CCCN/HC™CCN integrated intensities, derived to
be 0.9 + 0.3. Then, observed integrated intensities of the
HCC'CN lines are stronger by a factor between 1.8 to 1.3
than those of HC'*CCN lines, while there is no significant
difference in intensities between H'*CCCN and HC"*CCN
lines. This kind of anomaly, known as isotopic fractiona-
tion, has been reported and studied, not only in HC3N but

also in HC5N and other carbon-chain molecules, in several
hot and cold sources (e.g. Takano et al. 1998; Sakai et al.
2007, 2013; Li et al. 2016; Araki et al. 2016; Taniguchi et al.
2016a,b, 2017).

The relative abundances ratios of the *C isotopo-
logues can be also calculated using column densities es-
timated from the most conspicuous transitions assuming
LTE conditions (see Table 2). Thus, the abundance ratios
were obtained to be [HCC*¥*CN]:[HC**CCN]:[H**CCCN] =
1.8(+£0.5):1.0:1.0(£0.4). These results seem to confirm that
the abundance of H¥*CCCN and HC'*CCN are compara-
ble with each other, while HCC'*CN is more abundant than
the others. Similar abundance ratios of HC3sN were reported
in several star-forming and starless cores in the Galaxy
(L1527: Taniguchi et al. 2016b; Araki et al. 2016; TMC-1:
Takano et al. 1998; (G28.28-0.36: Taniguchi et al. 2016b; Ser-
pens South 1A: Li et al. 2016)

Since the isotope exchange reactions seem unlikely in
the case of HC3N (Takano et al. 1998), it has been pro-
posed that the differences in abundances in *C isotopo-
logues are rather a consequence of the formation pathway
of the molecule. In the case of HC3N it has been proposed
that the neutral-neutral reaction

CyHs + CN — HCsN + H (14)

is the most important chemical pathway to produce HC3N in
the cold cloud TMC-1 (Herbst & Leung 1990; Takano et al.
1998). Further, Chapman et al. (2009) demonstrated that
this formation pathway also occurs relatively easy at hot
core temperatures (100 — 200 K). Thus, the chemical source
of the C atom can be supplied from CpHs and/or CN
favoring a given position where the "*C atom could be lo-
cated into the molecule. A reaction between predominant
13Cenriched CN with less enriched '>C C2Hs in the environs
of G331 could then explain the observed abundance ratios
[HCC™*CN):[HC'*CCN]:[H*®*CCCN] = a:bic, with a>brc
(e.g.Taniguchi et al. 2016b; Araki et al. 2016). It is worth
noting that a transition of the molecule *CN at 217.42856
GHz was identified in our dataset, next to the HCC*CN
(24-23) transition line (see Fig. 3).

We accept, however, that the HC3N abundance ratios
reported before have large errors. Then, it is important to
contrast these results with a multitransition study of rota-
tional lines having larger signal-to-noise ratios (presumably
at lower J levels). A complete analysis of APEX data at
lower frequencies will be carried out soon. This study would
allow us, not only to estimate the abundance ratios of HCsN
more accurately, but also to detect some transitions of larger
cyanopolyynes (e.g. HC5N) not detected in our dataset (see
below).

5.2.2  Average 2 C/* C ratio

As shown in Sect. 4.2.3, the average '*C/'3C ratio was esti-
mated from LTE/MCMC calculations by computing all the
isotopologue lines in a single run, which yielded to a ratio
of ~21 (see last line in Table 2). Alternatively, the average
12C/I?’C ratio of HC3N in G331 can be also estimated from
the column density of each isotopic species as

3 X NuosN

120/130(HCSN) _
Nyscoen + Nuciscen + Nuccisen
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Figure 8. Sketch of the simple model proposed to explain the
emission of HC3N and other molecules detected in G331 (based
on the models of Merello et al. 2013a and Hervias-Caimapo et al.
2019).

(15)

Using Eq. 15 and column densities of each isotopic species
indicated in Table 2, the average isotopic ratio was obtained
to be ~15. This result is in relatively good agreement with
the 12C/I?’C ratios derived from observations of CH3OH and
CH3CN in G331 (Mendoza et al. 2018b).

In order to compare the *C/**C abundance ratio de-
rived for G331 with that expected from its environs (in this
case, the giant molecular cloud G331.5-0.1) we used the
empirical formula 12(3/13026.21><D(;c—&—18.71 (derived by
Milam et al. 2005 for Galactic GMCs) where Dgc is the
distance of G331.5-0.1 to the Galactic center (derived using
simple trigonometry). Thus, the expected >C/**C abun-
dance ratio for the the molecular cloud G331.5-0.1 is ~ 43,
more than twice of that derived for G331.

5.3 The emission of HC3N and larger
cyanopolyynes

As previously mentioned in Sect. 2, high spatial resolution
ALMA observations towards G331 revealed the emission of
SiO(8-7), H*¥*CO™(4-3), HCO™(4-3), and CO(3-2) towards
the center of the objects (Merello et al. 2013a). The au-
thors interpreted the emission like a high-velocity jet lying
almost along the line of sight with an expanding shocked
shell/bubble surrounding the driving source, which is ob-
served in projection as a ring of ~ 5 arcsec in size, at
the systemic velocity (~ —90 km s™1). The line J=38-37 of

MNRAS 000, 1-15 (2015)
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HC3N was also reported towards G331 with ALMA observa-
tions (Hervias-Caimapo et al. 2019). The authors identified
this line as a part of a group of lines (HC3N, SiO, S0,
HCO™, and H®CN) with broad velocity wings tracing the
shocked gas and the outflow, for which a temperature of 160—
200 K was derived. The second group (CH3OH, CH3CCH,
and H'¥*CO™) have narrow emission lines and trace a colder
(~70 K) core ambient medium.

In Sect. 4.2, from HC3N lines, we derived tempera-
tures between ~80 K and 90 K, which are much closer to
the temperature of the (quiescent) ambient gas derived by
Hervias-Caimapo et al. (2019) than the one of the (expand-
ing) molecular shocked gas. This might indicate that the
molecular gas traced by HC3N may be physically associated
with molecular gas of the ambient core, which has not been
fully disturbed by the plowing power of the expanding shell.
This could in turn explain the narrower profile of the HCsN
line in the group of lines with broad wings (see fig. 1 from
Hervias-Caimapo et al. 2019).

Thus, we can speculate that the emission of HC3N could
be originated in a middle region, between the quiescent
ambient core and the expanding molecular gas. Then, the
molecular gas traced by the HC3N emission might be being
disturbed by the expansion of the shell in its inner region,
while its undisturbed outer layer preserves much of the phys-
ical properties and systemic velocity of the ambient core (see
Fig. 8). This is a fairly plausible scenario considering that
G331 has shown to be one of the youngest hot cores/outflows
known to date. A more detailed analysis of high resolution
data is necessary to shed some light on these issues.

Regarding to larger cyanopolyynes, as previ-
ously mentioned in Sect. 4, we did not report evi-
dences for HCsN, HC;N, nor HCoN (e.g. Sakai et al.
2008; Jaber Al-Edhari et al. 2017; Zhang et al. 2017,
Cordiner et al. 2017; Mendoza et al. 2018a; Seo et al.
2019). The absence of HCsN in the current dataset could
be associated with several factors, such as (1) insufficient
sensitivity in the frequencies of the APEX-1 and APEX-2
data, (2) the excitation regime of the molecular environ-
ment, or (3) lower abundances of the molecule. For instance,
the second HCs5N (v=0) line that should appear in our
observations corresponds to the J=82-81 transition with
E,=434.8 K near the transition of HC3N (v=0) appeared
at the level J=24-23 with FE,=130.98 K (see Tablel).
However, in order to conclude on the detection of HCs5N
in G331 subsequent studies are needed at lower frequencies
with instruments such as APEX SEPIA-B5, or with high
resolution ALMA Bands 3, 4 and 5. The frequency interval
of the mentioned ALMA bands, from 84211 GHz, seems
suitable to look for HCsN emission considering the physical
and chemical implications of HC3N in G331. For instance,
Agindez et al. (2017) using ALMA data discussed the
spatial and chemical correlations between HC3sN and HC5N
in sources such as IRC+10216.

6 SUMMARY

As part of a project aimed at studying the chemical
and physical properties prevailing in the massive out-
flow /hot molecular core G331.512-0.103, we used APEX-1
and APEX-2 observation to detect and analyze the emission
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of the simplest cyanopolyyne molecule HC3N, a typical hot
core tracer. The main results can be summarized as follows:

(i) We detected thirty-one rotational lines of HC3N
above ~ 3 rms (with the exception of two marginal cases) at
J levels between 24 and 39. Seventeen of them correspond
to the ground vibrational state v=0 (inlcluding 8 lines of
13C isotopologues) and fourteen correspond to the lowest
vibrationally excited state v7=1.

(ii) From multitransition LTE analyses for the v=0
and v7;=1 beam-diluted lines we estimated excitation
temperatures between ~ 85 and 89 K, and HC3N column
densities between ~6.9x10™ em™2 and 2x10'® cm™2. From
a non-LTE MCMC/RADEX analysis of the v=0 lines,
we determined that the emission of HC3N is originated
in a region of up to 6 arcsec in size, having an ambient
H> density of ~2%107 em™2. The results obtained from
both, LTE and non-LTE approaches, suggest that detected
rotational transitions are almost thermalized (Texe = Tkin),
even at high J levels.

(iii) Using v=0 and v7=1 lines we determined vibrational
temperatures between 130 and 145 K, which are very
likely lower limits. The critical density of the v7=1 states
indicates that IR radiative pumping processes are likely to
be more efficient than collisions in exciting the vibrationally
upper states of the molecule.

(iv) Using a single-transition LTE analysis, we es-
timated the column densities of the 3C isotopo-
logues of HC3N. Derived values are (6.740.9) x 10
em™2, (3.840.8) x10® cm™2, and (3.740.6) x 10%3
em™?, for HCC'™CN, HC'CCN, and H"S@CCCN, re-
spectively. Then, derived densities (and integrated
intensities of different lines) yields an abundance ra-
tio of about [HCC"™CN]:[HC™CCN]:[H'*CCCN] =
1.8(£0.5):1.0:1.0(£0.4). By means of a multi-transition
analysis using the LTE/MCMC method, an average solution
with N = (3.3£0.2) x 10" cm™? and Texe = 8245 K
was also determined for the *C HC3N isotopologues.
The '2C/'C ratios derived from the observations are in
agreement with those previously derived in G331 from
CH3OH and CH3CN. The evidences for *C fractionation
reported in this work are in line with the widely accepted
chemical formation pathway CoHao4+CN—HC3N+H.

(v) Based on previous ALMA observations and recent
results, a very simple physical model was proposed to at-
tempt to shed some light on the emission of HC3N and other
molecules previously detected with ALMA.
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