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ABSTRACT

Isocyanic acid (HNCO) is a simple molecule with a potential to form prebiotic and complex organic species. Using a spectral
survey collected with the Atacama Pathfinder EXperiment (APEX), in this work we report the detection of 42 transitions of
HNCO in the hot molecular core/outflow G331.512-0.103 (hereafter G331). The spectral lines were observed in the frequency
interval ~ 160-355 GHz. By means of Local Thermodynamic Equilibrium (LTE) analyses, applying the rotational diagram
method, we studied the excitation conditions of HNCO. The excitation temperature and column density are estimated to be T, =
58.8 £2.7Kand N = (3.7 £ 0.5) x 10" cm™2, considering beam dilution effects. The derived relative abundance is between (3.8
+0.5) x107% and (1.4 + 0.2) x1078. In comparison with other hot molecular cores, our column densities and abundances are in
agreement. An update of the internal partition functions of the four CHNO isomers: HNCO; cyanic acid, HOCN; fulminic acid,
HCNO; and isofulminic acid, HONC is provided. We also used the astrochemical code NauTiLus to model and discuss HNCO
abundances. The simulations could reproduce the abundances with a simple zero-dimensional model at a temperature of 60 K
and for a chemical age of ~103 years, which is larger than the estimated dynamical age for G331. This result could suggest the
need for a more robust model and even the revision of chemical reactions associated with HNCO.
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1 INTRODUCTION pathways, are important for a better comprehension of the origins of
life on Earth and elsewhere.

The potential interest of HNCO in radio astronomy has generated
and stimulated debates, specially about its formation and detection.
Among the first experimental works, Jones et al. (1950) and Jones
& Badger (1950) made experimental investigations of the infrared
and microwave spectra of HNCO and HNCS. Hocking et al. (1972)
and Hocking et al. (1975) carried out laboratory measurements to
study the HNCO microwave and millimeter spectrum. Concurrently,
Snyder & Buhl (1972) reported the results of a survey for HNCO
in Galactic molecular sources, concluding about its detection in
Sgr B2. HNCO is a near prolate asymmetric top molecule with a
linearity barrier at 1899 cm™! (Niedenhoft et al. 1995); its rotational
levels undergo a hyperfine splitting caused by the nuclear spin of
nitrogen (Lapinov et al. 2007). The rotational levels of HNCO are
assigned by the spectroscopic notation for the asymmetric top, such
as Jg, k., where J is the rotational angular momentum, and K, and
K. are the projections of J to the molecule fixed principal a and
* E-mail: camcanelo@gmail.com c-axes, respectively (Hocking et al. 1974; Niedenhoff et al. 1995;
1" As discussed in Herbst & van Dishoeck (2009), the term complex is la- Zinchenko et al. 2000).
belled by astronomers if not by chemist, and makes a reference to interstellar Churchwell etal. (1986) found that the most likely excitation mech-
molecules with 6 or more atoms including the element carbon. anism of HNCO in Sgr B2 might be radiative rather than collisional,

The isocyanic acid (HNCO) is the simplest molecule containing
four of the six biogenic elements: carbon, hydrogen, oxygen, ni-
trogen, phosphorus and sulphur (abbreviated as CHONPS) that are
present in all living beings. Although it has only four atoms, HNCO
could be precursor of other prebiotic and complex organic molecules
(COMS1 ), which are of great astrochemical and astrobiological inter-
est due to their potential to form molecules such as amino acids, sug-
ars and nucleobases (e.g. Gorai et al. 2020, and references therein).
HNCO molecules are included as a peptide bond [-(H)N-C(O)-]
between any two single amino acid, such as glycine (Fedoseev
et al. 2015). Moreover, recent experiments, simulating interstellar
ice chemical processes, have shown that HNCO and CHy can form
molecules with peptide bonds in solid state under far-UV irradiation
(Ligterink et al. 2018). The observation of COMs in astrophysical
environments, along with the study of their formation and destruction
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so the molecule can be an optimal tracer of the far infrared field (at
A =110 and 330 um). As a consequence of the energy structure and
short lifetimes of the excited K, ladders of HNCO, its populational
diagram can be substantially induced by far-infrared radiation. In a
study based on observations of HNCO (59 5—4¢ 4) in massive star
forming regions, Li et al. (2013) found that the HNCO emission show
signs of embedded mid-infrared or far-infrared sources, and also a
correlation with emission of HC3N.

As we mentioned previously, the first detection of HNCO in the
interstellar medium (ISM) was towards the molecular cloud complex
Sgr B2 (Snyder & Buhl 1972). Since then, HNCO has been period-
ically reported in several astronomical objects, from comets up to
external galaxies. Based on sub-mm observations of comets, Biver
et al. (2006) carried out a comparative study of molecules such as
CH30H, H,CO, HNCO, among others, towards the comets C/1999
T1 (McNaught-Hartley), C/2001 A2 (LINEAR), C/2000 WM1 (LIN-
EAR) and 153P/Ikeya-Zhang. Lis et al. (1997) performed observa-
tions of Comet C/1996 B2 (Hyakutake) and reported for the first
time the HNCO 16¢ 16—150,15 transition, at v ~ 351633.257 MHz,
in a comet. Crovisier (1998) discussed the presence of HNCO in
comets Hyakutake and Hale-Bopp; its synthesis could be associ-
ated with the OCN™ anion. In the context of planetary atmospheres,
based on Herschel/HIFI-PACS and Cassini/CIRS studies of Titan’s
atmosphere, Dobrijevic et al. (2014) carried out photochemical mod-
els to predict the presence of compounds such as NO, HNCO and
N,O. In low-mass protostellar objects, HNCO was studied along with
NH;CHO in solar-type protostars and protostellar shocks (Mendoza
et al. 2014; Lopez-Sepulcre et al. 2015, 2019).

More recently, Herndndez-Gémez et al. (2019) observed HNCO
towards IRAS 16293-2422 and computed models using the astro-
chemical code NautiLus. Their study included observations from
several telescopes including the Atacama Pathfinder Experiment
(APEX). Considering evolved objects, HNCO was observed in the
oxygen-rich circumstellar envelope around an intermediate-mass
evolved star, OH231.8+4.2, which harbors a bipolar molecular out-
flow (Velilla Prieto et al. 2015). In the context of high mass star
forming regions, Zinchenko et al. (2000) surveyed 81 dense high-
mass star-forming regions and emission lines of HNCO were detected
towards 57 sources, with a tentative detection of HN'3CO (109,10—
90,9) at ~ 220 GHz in G310.12-0.20. Gorai et al. (2020) carried
out a study of HNCO, NH,CHO and CH3NCO in the hot molecular
core G10.47+0.03, finding that they are chemically linked with each
other according to their data analysis results and chemical models.
In the same source, Wyrowski et al. (1999) had previously reported
the first detection of vibrationally excited HNCO, as part of a study
that was mainly focused on HC3N. In Sgr B2 and Orion KL, Turner
(1991) analysed several transitions of HNCO in the frequency inter-
val ~ 87-220 GHz. In extragalactic sources, Nguyen-Q-Rieu et al.
(1991) reported the first detection of HNCO in external galaxies. They
observed the 4¢ 4—3¢,3 and 6¢ -5, 5 transitions towards NGC 253
using the IRAM-30m observatory. Meier & Turner (2005) observed
emission of HNCO towards the nearby spiral galaxy IC 342, finding
a correlation with another tracer as CH3OH. Martin et al. (2006)
analysed the physical conditions of HNCO, among other chemical
species, using a 2 mm spectral survey towards NGC 253. Martin et al.
(2009) determined HNCO abundances in galaxies, concluding that
HNCO is a good tracer to diagnose the evolutionary state of nuclear
starburst.

G331 has proven to be very rich source in molecular emission
(e.g. Bronfman et al. 2008; Merello et al. 2013b; Mendoza et al.
2018; Duronea et al. 2019; Hervias-Caimapo et al. 2019) and the
analysis of HNCO could be an important tool not only to understand

MNRAS 000, 1-17 (2020)

the physical properties of the source but also to complement the
inventory of Galactic sources where this molecule has been detected.
Moreover, the present study could increase the chemical knowledge
of the molecular species and their reaction networks present in G331.

In this work, we focus on the identification of HNCO in the hot
molecular core G331, which is one of the most luminous and ener-
getic outflows known in the Galaxy. It is located towards the bright-
est and most massive dust condensation of the star-forming region of
G331.5-0.1, placed in the Norma spiral arm at a heliocentric distance
of approximately 7.5 kpc (Merello et al. 2013a). The mass of the core
is about 40 M while the mass of each outflow lobe is about 25 M
(Hervias-Caimapo et al. 2019). G331 also presents a momentum of ~
2.4x103 Mg km s~! and a kinetic energy of ~1.4x10%8 erg (Bronf-
man et al. 2008). Such values are expected in flows driven by young
massive stellar objects with Ly, ,; ~ 1x10° Lo (e.g. Bally 2016). Ob-
servations in the ALMA band 7 receiver revealed a main hydrogen
density of the core of ~ 5 x 10° cm™~3 and a temperature around 70 K
(Hervias-Caimapo et al. 2019). Moreover, the observed SiO and SO,
molecular lines also traced a denser region with temperatures up to
200 K which suggests an expanding shell-like structure.

Another approach to understand the chemical network of HNCO in
G331 is to simulate its abundance with an astrochemical model. The
evidence of ammonium salts in comet 67P/Churyumov-Gerasimenko
can suggest that species like halides and HNCO are in the form
of salt, presenting high sublimation temperatures which would not
allow their detection in the gas phase and could explain the relatively
low interstellar abundances of HNCO (Altwegg et al. 2020). In this
sense, the NautiLus code (Ruaud et al. 2016) considers both gas and
grain reactions to perform time-dependent simulations of molecular
abundances in hot and cold molecular cores, which can allow an
overview of the HNCO chemistry in G331.

The article is divided as following: Section 2 presents the method-
ology of the observations and data analysis; Section 3 exhibits the
detected lines and their physical analysis; these results are also dis-
cussed in Section 4 together with the NauTiLus simulations; and
finally, the summary and conclusions of this work are presented in
Section 5.

2 METHODOLOGY

The observations have been obtained with the APEX telescope2
(Giisten et al. 2006) using the single point mode towards the coor-
dinates RA:DEC = 1611210.1, —=51°28’38.1”". The spectral line
setups were collected over various semesters between 2014 and 2019.
We have used APEX-1 and APEX-2 receivers of the Swedish Het-
erodyne Facility Instrument (SHeFI; Vassilev et al. 2008) to observe
bands within the intervals 213-275 GHz and 267-378 GHz, respec-
tively. As backend, the eXtended bandwidth Fast Fourier Transform
Spectrometer2 (XFFTS2) has been used. The spectral resolution,
corresponding to a velocity resolution, has been obtained between
~ 0.15 and 0.25 km s~! for a noise level of ~ 30 mK. This paper
includes results from the last observations conducted with the SEPIA
BS receiver (Belitsky et al. 2018), since various lines of HNCO were
discovered within the frequency interval covered by that receiver

2 This publication is based on data acquired with the Atacama Pathfinder
Experiment (APEX), over various semesters between 2014 and 2019, under
projects IDs C-094.F-9709B-2014, C-097.F-9710A-2016, C-099.F-9702A-
2017, C-0102.F-9702B-2018 and C-0104.F-9703B-2019. APEX is a collab-
oration between the Max-Planck-Institut fur Radioastronomie, the European
Southern Observatory, and the Onsala Space Observatory.



(159-211 GHz). For further clarity, the resolution of the spectra ex-
hibited in the present work has been degraded to a common value of
1 km s~!. The original intensity, obtained in scale of antenna temper-
ature (T;), has been converted to the main-beam temperature (7},,5)
scale using main-beam efficiency values of 7r,,;, = 0.80, 0.75 and
0.73 at the frequencies 208, 230 and 352 GHz 3, respectively, whose
Half Power Beam Width (HPBW) values are within ~ 17-30 arcsec.

The data reduction and line identification have been carried out us-
ing the CLASS/GILDAS* and CASSIS? softwares. Lines have been
analysed using Spectroscopic databases such as the NIST® Recom-
mended Rest Frequencies for Observed Interstellar Molecular Mi-
crowave Transitions (Lovas 2004), CDMS’ (Endres et al. 2016),
JPL3 (Pickett et al. 1998) and Splatalogue®. The radiative analyses
have been carried out assuming Local Thermodynamic Equilibrium
(LTE), excitation temperatures and column densities were estimated
from rotational diagrams (Goldsmith & Langer 1999). The rotational
diagrams were constructed using CASSIS, which requires a given
calibration uncertainty to compute rotational temperatures and col-
umn densities with their respective errors. A calibration uncertainty
of 30 per cent (Dumke & Mac-Auliffe 2010) was considered in this
work. Descriptions on the methodology and data analysis have been
presented in previous works (e.g. Mendoza et al. 2018; Duronea et al.
2019).

3 RESULTS

In general, the spectral lines of HNCO have been identified over the
30 level. Lines with ladders K, = 0, 1 and 2 have been detected and
independently analysed in Sec. 3.1, the spectra are exhibited in Fig. 1,
2 and 4. Across the different K,-ladder lines of HNCO, it is noted
that some of them are more sensitive to the presence of the outflow.
In order to illustrate that, and considering the case of HNCO lines
affected by an outflow in the circumstellar envelope of the late star
OH 231.8+4.2 (Velilla Prieto et al. 2015), we examine in detail two
HNCO lines in G331 whose spectral profiles are displayed in Fig. 3.

We obtained Gaussian fit parameters for the identified HNCO
lines. The results are presented in Table 1, where we list both the
spectroscopic and fit parameters with their respective uncertainties.
Concerning the HNCO line intensities and integrated areas, their
values decrease inversely with the K, ladder number, as it was also
discussed in previous observational studies (Churchwell et al. 1986;
Zinchenko et al. 2000; Velilla Prieto et al. 2015). While the HNCO
K, = 0 lines are strong enough to be detected, those with K, = 2
require a more carefully analysis due to the weakness of the emission.
We have performed the line identification adopting three standard
criteria (e.g. Snyder et al. 2005), namely: a) the agreement between
the rest frequency of an assigned transition with the frequency at the
local source rest velocity of the source, which for G331 is Vi, =~ -
90kmss~!; b) lines with signal to noise ratio over the limit of detection
(>30); ¢) considering the relative intensities of predicted lines, e.g.
under LTE conditions, and comparing with previous observational
studies.

3 http://www.apex-telescope.org/telescope/efficiency/

4 https://www.iram. fr/IRAMFR/GILDAS/

5 http://cassis.irap.omp.eu/

6 http://physics.nist.gov/cgi-bin/micro/table5/start.pl
https://www.astro.uni-koeln.de/cdms/catalog
https://spec.jpl.nasa.gov/
https://www.cv.nrao.edu/php/splat/
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3.1 Qualitative analysis
HNCO K, =0

Nine lines of HNCO K, = 0 have been detected and are exhibited
in Fig. 1. They have been identified by selecting and superposing
only HNCO K, = 0 transitions over the spectral survey. The line
intensities of those transitions are the highest in comparison to the
K, =1,2andeven 3 ladders (Fig. 2, 4 and 5). Examining the spectra,
an antenna temperature value around 0.6 K could differentiate the
HNCO K, ladders, while K, = 1, 2 and 3 exhibited 7, < 0.6 K. As a
general perception in the observed K, ladders, the intensities seem to
be in reasonably agreement with the line strengths (i.e. Einstein co-
efficients) found in spectroscopic databases (§ 2), since they present
a slight increment as a function of the frequency. That tendency can
also be appreciated in Table 1, where we present the spectroscopic
properties and estimated fluxes (i.e. integrated intensities) of the
HNCO lines.

Among all the spectral lines, only two are likely affected by blended
or contaminant emission.Those are the 11¢ 11—10p ;0 and 13¢ j3—
12,1, transitions identified at 241774.032 and 285721.951 MHz,
respectively (see Fig. 1). For the first one, two neighbour lines
of CH30H, appearing at 241767.247 MHz (5_1 5 — 4_; 4 E) and
241791.367 MHz (5¢ 5 — 40,4, A), are likely responsible for the blend-
ing. Those transitions were reported in previous works by Loren &
Mundy (1984) in OMC-1. For the second one, it was found partially
blended by a broad line likely associated to SO, v = 0 (173 15 —
175 16) at the frequency ~ 285743 MHz.

Table 1 lists the spectroscopic properties of all the HNCO tran-
sitions. The first part of that table presents the HNCO K, = 0
spectral characterisation. The lowest and highest K; = O transitions
are HNCO 8 g—7¢,7 and 169 16—15¢,15 identified at the frequen-
cies ~ 175843.695 and 351633.257 MHz, respectively. Likewise, the
upper energy levels (E,,) and Einstein coefficients (A,;) that gov-
ern those transitions are in the ranges £, ~ 37.98-143.46 K and
Ay ~ (7.43-61.3)x107> s~ 1, respectively. Gaussian functions are
used to fit parameters as fluxes, FWHM and V,, values, all of them
in units of K km s™!, km s~! and km s~!, respectively. As presented
in Table 1, the rest frequencies of the lines are well identified at
Vigr 290 km s~! and the linewidths present a low dispersion of
FWHM values, between ~ 5.5 and 6.7 km s~!. Fluxes are found
to be in the range ~ 3.63-8.02 K km s~!, with the highest values
for the lines at highest frequencies, according to APEX SHeFI 2.
For the mentioned range, the lowest and highest flux values corre-
spond to HNCO 9 9—8¢ g and 15¢ 15-14¢, 14 at 197821.461 MHz
and 329664.367 MHz, respectively.

HNCO K, =1

Seventeen lines of HNCO K, = 1 have been observed as spectral
pairs within the same rotational transitions. Their spectra are exhib-
ited in Fig. 2. As we have already done for K, = 0 ladder, K, = 1
transitions have been chosen and superposed over the spectral survey.
The intensities and fluxes of the K, = 1 ladders are lower than those
with K; = 0. The K, = 1 lines have been observed across a wide fre-
quency interval, from ~175189.027 MHz to 352897.581 MHz, and
they are stronger as the frequency increases. As we have highlighted
for the K, = 0 ladder, such tendency can be corroborated through the
spectrum and the fitted parameters listed in the middle part of Ta-
ble 1. Concerning to problems affecting the spectral emission, almost
all the lines are clean or free of contamination.

Two aspects can be highlighted from the spectra exhibited in Fig. 2.
On the one hand, the spectral profiles are not totally symmetrical,
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Table 1. Lines of HNCO detected in G331. The transitions are presented following the order of the K, -ladder numbers, K, = 0, K, = 1 and K, = 2. The

integrated flux (K km s, line width (FWHM, km s~!) and line position (Vig;-, km s71) are estimated from Gaussian fits.

Frequency Transition Ayl E, Integrated Flux FWHM Visr NIST
(MHz) (Jkake)u = Jkake)r (1073s7hH  (K) (Kkms™") (kms™h (kms™h reference
175843.695 80,8 — 70,7 743 37.98 371003  591+005 -90.23 +0.02 —
197821.461 90,9 80,8 10.70 4747 363003  586+0.07 -90.36+0.03 —
219798.274 100,10 — 90,9 14.70 5802  453+005 553007 -90.50 +0.03 1]
241774.032 11,11 = 100,10 19.60 69.62 535£033  571+044 -90.47+0.17 131
263748.625 129,12 = 11,11 25.60 82.28 4.86+£0.08  595+0.12 -90.66+0.04 [1]
285721.951 130,13 = 120,12 32.60 95.99 790010  670+0.10 -90.76 = 0.04 —
307693.905 140,14 = 130,13 40.90 11076 724+0.03  6.07+0.03 -90.56 +0.01 —
329664.367 150,15 — 140,14 50.40 12658 8.02+007  642+0.08 -90.64 +0.03 —
351633.257 160,16 — 150,15 61.30 14346 679+006  6.60+0.08 -90.51+0.03 7]
175189.027 81,8-71,7 7.16 8L.11 1.01£001  508+0.07 -90.93+0.03 —
176472.191 81,7- 716 731 81.39 076001  460+0.10 -90.97 +0.03 —
197085.416 91,9-818 10.30 90.57 068001  442+008 -90.99+0.03 —
198528.881 91,8-817 10.50 90.92 1.01£001  560+0.10 -90.85=0.04 —
218981.009 101,10 - 91,9 14.20 101.08 175005  573£021 -90.67 +0.07 [1]
220584.751 1019918 14.50 101.50  1.73£006  629+031 -90.79+0.10 2]
240875.727 11;11 =10y 10 19.00 11264 156 £0.03  548£0.12 -90.91+0.05 131
242639.704 11101019 19.50 11315 1.74£004 552013 -90.67 £0.05 (3]
262769.477 1215 - 11 1 24.80 12525 1.80£0.10  5.80+0.50 -90.80 +0.20 -
264693.655 120,11 - 111,50 25.40 12585  1.59+004 521019 -90.85+0.07 [4]
284662.172 131,13 - 121 12 3170 13891  213£003  530£0.10 -90.86+0.04 —
286746.514 13,12 - 1211y 32.40 13961 253£002  553+006 -90.91+0.02 —
306553.733 141 14— 131 13 39.70 153.62 213002  591£0.07 -90.86+0.02 -
308798.184 14113 - 13112 40.60 15443 274£002  583+0.07 -90.86=0.02 -
330848.569 15014 — 144 13 50.10 17031 464£005  740£0.10 -90.56+0.04 [51
350333.059 16,16 — 151,15 59.70 18620  3.24+004  584+009 -90.81=0.03 (6]
352897.581 161,15 — 15114 61.00 18725  255£003  525+008 -90.81+0.03 —
175791.267 82,7-T26 6.65 20825  037+001  7.60+030 -92.20+0.10 —
175792.957 82,6 - T2.s 6.65 20825  041+003  790+0.60 -89.40 = 0.30 —
197762.939 9.8 82,7 9.66 217.74  051+0.02  9.10+040 -92.50 +0.20 —
197765.372 927826 9.66 21774  052+005  920+040 -88.8=0.10 —
219733.850° 1029 -9 1350 22829 - - - 131
219737.1937 102,38 —92.7 1350 22829 - - - 131
241703.852¢ 113,10 1029 18.10  239.89 - - - —
241708312 1159 - 1028 1810 23989  0.67+004  490+040 -91.20=0.10 —
285640.923 135,12 - 122,11 3040 26625  0.63+005 640060 -91.60 +0.20 —
285648.301 132,11 - 122,10 3040 26625 053004 620060 -91.30+0.1 —
307607.799 145,13 - 132,12 3820 28101 064002  7.70£040 -91.70+0.1 —
307617.020 14512 - 13211 3820 28101 047002  610+030 -90.70 £0.10 —
329573.452 155,14 — 142,13 4720 29683  0.57+005 550060 -91.30+0.20 —
329584.800 155,13 — 142,12 4720 29683  0.64+008  7.00+1.00 -90.8+0.30 —
351537.795 165,15 — 152,14 5750 31370  072+007 580070 -91.60 +0.20 —
351551.573 162,14 — 152,13 5750 31370 046004 570070 -90.80 +0.20 —

Notes and labels: Columns 5-7 list Gaussian fit parameters with their respective uncertainties.”Weak and unresolved lines. “Line likely affected by dominant
emission of CH3OH. NIST references, when available: [1] Armstrong & Loren (1984); [2] Loren & Mundy (1984); [3] Sutton et al. (1985); [4] Greaves &
White (1991); [5] Sutton et al. (1991); [6] MacDonald et al. (1996); [7] Jewell et al. (1989).

exhibiting a tail extended towards low frequency values, in some
cases. On the other hand, regarding contamination or problems in
the spectra, the HNCO 107 9-9; g line at 220584.751 MHz presents
a neighbour unidentified emission that could be CH3CN 124-11¢ at
220594.431 MHz, which was previously reported in OMC-1 (Loren
& Mundy 1984). Moreover, in the panel of the HNCO 12} 1»—
111,17 line at 262769.477 MHz, a feature in absorption appears
at ~ 262787 MHz affecting the whole spectrum. Such absorption is
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likely associated with water vapour as it has been discussed in studies
about the atmospheric transparency at Chajnantor.lo

Concerning the line profiles, the spectral tail mentioned above has
also been evidenced in HNCO lines detected in OH 231.8+4.2, which
is an oxygen-rich circumstellar envelope around an intermediate-
mass evolved star also harbouring a bipolar molecular outflow (Velilla
Prieto et al. 2015). So we speculate that such asymmetry in the lines
could be due to outflow activity. In addition, it is also worth men-
tioning that such tail is more notorious in some transitions than

10 https://almascience.eso.org/about-alma/atmosphere-model
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Figure 1. HNCO emission lines (K, = 0) and their LTE models, exhibited as black and red histograms, respectively. The line intensities, y-axes, are given in
units of antenna temperature, the x-axes represent the frequency (bottom) and velocity (top). The horizontal and vertical dashed lines represent the baseline and
the rest velocity of G331, respectively. The transitions are indicated in the top left corner of each plot. The spectral resolution was smoothed to 1 km s~!.

others. It also seems to be better traced by the ladder K, = 1 than
K, = 0. In Fig. 3, we emphasise the observed tails in the HNCO
81,8—71,7 and 151 14—14 13 lines, detected at 175189.027 MHz and
330848.569 MHz, respectively, since both lines exhibit remarkably
well the one-side tail extended up to -70 km s~!. Comparing both
lines, we note that the second one is more intense and stronger by a
factor ~ 5 if we take, for instance, the ratio from their fluxes. Although
other studies found spectral profiles of HNCO (Velilla Prieto et al.
2015) similar to those observed here, we took into account a scenario
of possible contamination affecting the HNCO emission (Fig. 3).
However, such scenario is unlikely due to the rare species and/or
transitions theoretically predicted. In the case of the HNCO 8 g—
71,7 line detected at 175189.027 MHz, transitions of e.g. CH,ND,
C,H50H and i-C3H7CN are predicted at ~ 175185.19, 175188.99
and 175189.44 MHz. Regarding the HNCO 151 1414 13 line de-
tected at 330848.569 MHz, which was catalogued in Sgr B2(N) by
Sutton et al. (1991), transitions of e.g. HCOCN and ISNHZHCO at
~ 330845.85 and 330851.20 MHz, respectively, could be possible
contaminants. Thus, the observed spectral profiles of HNCO seem to
be much better explained by the outflow activity of G331.

In spite of the spectral asymmetries shown in Fig. 3, a rela-
tive percentage was estimated by considering the area under the

Gaussian fits with respect to the whole area integrated within
—70 < Vjg-(kms~!) < —110. Thus, the areas under the Gaussian
fits represent up to = 80 per cent of the total area under the spectra.
Although these lines have different intensities and fluxes (Fig. 3b),
the percentages are similar as both lines have similar spectral tails.
Velilla Prieto et al. (2015) also observed this wing, through spectral
lines of HNCO, but in outflows of AGB stars.

HNCO K4 =2

Sixteen transitions of HNCO K, = 2 have been identified across the
survey, they appear as spectral pairs partially resolved. The spectral
lines are exhibited in Fig. 4, where it can be noted that their emission
are noisier and weaker than the previously analysed K, ladders;
those were aspects that put constraints on the line identification of
the HNCO K, = 2 transitions. Likewise, it can be observed that
the intensity of the lines increases with the frequency. In addition,
the spectral pairs are more spaced as the frequency increases. For
instance, by comparing the two panels centred at 175792 MHz and
329579 MHz of Fig. 4, it can be noted that the spectral pair of the
second one, 15 14—145 13 and 157 13-14 |2, is better resolved than
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Figure 2. As in the caption of Fig. 1. HNCO emission lines (K, = 1) and their LTE models. The transitions are indicated in the top left corner of each plot. In
the panel of the 12 12 — 111 11 line at ~ 262769 MHz, the black spectrum was adjusted from the grey one which is likely compromised by an atmospheric issue
at ~ 262785 MHz (see the text).
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Figure 3. Spectral wings observed in the (a) HNCO 8 g-7; 7 and (b)
151,14—144 13 transitions identified at the rest frequencies ~ 175189.027 and
330848.569 MHz, respectively. The diagonal patterns depict the area under
the spectra from —70 to —110 km s~!. The red dotted lines depict the areas
under the Gaussian fits.

the first one, 83 7—7; ¢ and 83 ¢—75 5. Apart from the HNCO blending
mentioned above, only the K, = 2 transitions at ~ 241706 MHz are
affected by a neighbour and intense line of CH30H (50 5—4¢,4, E)
identified at ~ 241700 MHz (see Fig. 4). Concerning the line profiles,
the lines do not exhibit the spectral tails like those highly evidenced
in the HNCO K, = 1 ladder.

In the lowest part of Table 1, we present the parameters of the
observed HNCO K, = 2 transitions. Summarising, the lowest and
highest transitions are identified at the rest frequencies 175791.267
and 351551.573 MHz, respectively. Their upper energy levels, which
areintherange E,, ~208.25-313.70 K, are the highest in comparison
with the other K,; ladders. Concerning the Einstein coefficients, they
are in the range A,; ~ (6.65-57.5)x 1073 s~ similar to those of the
other K, ladders. In order to quantify the spectral emission, Gaussian
functions have been adjusted to estimate the line parameters, whose
results are presented in Table 1. Since the lines are partially blended,
the estimation of the Gaussian fits has been difficult, mainly for the
lowest frequency transition pairs observed at ~ 175792, 197764,
219735 and 241706 MHz. In addition to that problem, and due to the
weakness of the emission, the resultant Gaussian fits are not as good
as those for the previously analysed K, ladders; as a consequence,
the LTE analysis of the HNCO K, =2 lines, e.g. the match between
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models and observations (Fig. 4), might not be as reliable as those ob-
tained from the strongest K ladders observed in this work (Figs. 1 and
2). Regarding the rest frequencies, they were found more dispersed
with respect to the systemic velocity, approximately between -88 and
92 km s~!. Intensities and fluxes were found to be as the weakest
among all the K, ladders, see Table 1. The transitions 103 99 g,
103,8-92,7 and 115 19—107 ¢ were unable to obtain reliable Gaussian
fits.

HNCO K4 =3

A subtle evidence for a HNCO K, = 3 line has been found. The
HNCO 133 1o — 123 ¢ transition is identified at the rest frequency
285541.575 MHz, and is exhibited in Fig. 5. As expected, the spec-
tral line is weak and has the highest upper energy level identified in
this work, E,, = 470.91 K, with A,; =2.78 x 10~* s~!. As a con-
sequence, such emission would suggest a higher excitation condition
than that found from the other HNCO K, = 0, 1 and 2 ladders. As
can be noted by the models at two different excitation temperatures
displayed in Fig. 5, the highest temperature does reproduce better
the line profile. Analysing other species for the peak, CH3OCN at
285539.098 MHz, DNCO at 285539.531 MHz or acetone (CH3),CO
at 285542.349 MHz could be candidate transitions. The predicted po-
sition in the spectrum for those species are also indicated in Fig. 5.

3.2 LTE analysis

In order to estimate the physical conditions traced by HNCO in G331
we constructed rotational diagrams. They are an important method to
infer source properties from molecular line emissions (see Goldsmith
& Langer 1999, for a complete description and discussion). They
basically consist of a plot of the column density per statistical weight,
for a given number of molecular rotational energy levels, as a function
of their energies above the ground state. More specifically, if LTE is
assumed for the source, the level populations can be represented by
the Boltzmann distribution and the rotational diagram is described
by Eq. 1. Moreover, if the emission lines can also be considered
as optically thin, the plotted function is a straight line with a slope
defined by 1/T,, from which is possible to derive the excitation
temperature of the source where it is the molecule, that should be
equal to the kinetic temperature of the gas in LTE conditions. Thus,

Ny 3kW N E,
Inf—)|=In|—5———|=In|{=]| - (@)

( 8u ) (8ﬂ3v3u1u2gu ) (Q) k Tex
where N,, is the column density of the upper level, g,, the degeneracy
of the upper level, k is the Boltzmann constant, W the integrated
intensity of the transition, v the rest frequency of the line, S,; is the
line strength of the transition, u is the dipolar moment, N is the total
column density, Q is the internal partition function of the molecule,
and E,, the upper level energy of the transition.

For the construction of the rotational diagram, it is also consid-
ered a beam dilution factor associated with a point-like emitter re-
gion. The correction can be performed by the addition of the term
In (AQ,/AL) on the right-hand side of Eq. (1) (Goldsmith & Langer
1999), where AQ,, is the antenna solid angle and AQy is the source
solid angle. This ratio correlates the subtended angle of the source
with the solid angle of the antenna beam. For the HNCO emission, ob-
served through several spectral lines, we adopt a hypothetical source
size of 5 arcsec to evaluate the beam dilution effects, although, under
the hypothesis that the emission fills the antenna beam, a rotational di-
agram solution was also constructed considering 30 arcsec. The LTE
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Figure 4. As in the caption of Fig. 1. HNCO emission lines (K, = 2) and their LTE models. The transitions are indicated in the top left corner of each plot.
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Figure 5. Tentative detection of the HNCO line (133 19 — 123 9) at the rest
frequency 285541.575 MHz. The baseline and the source’s velocity are rep-
resented by the dotted horizontal and vertical lines, respectively. The LTE
models at 60 K and 100 K, displayed as red dashed and orange dot-dashed
lines, respectively, are to illustrate the rotational diagram result and a hypo-
thetical higher excitation condition, respectively. There is a fainter emission
next to the HNCO line where we indicated other candidate molecules.

treatment of HNCO was motivated by radiative analyses of HC3N
in G331, although the physico-chemical origin of both molecules
is different. For instance, in previous works, various lines of HC3N,
including its 3¢ isotopologues, were analysed with APEX (Duronea
etal. 2019), as well as mapped with ALMA via the HC3N J = 38-37
transition (Hervias-Caimapo et al. 2019). Furthermore, in the case
of optically thick transitions, the optical depth correction can be per-
formed by the correction factor C+ (Eq. 3) as shown in Eq. 2 (as
derived in Goldsmith & Langer 1999):

Nu,thick = Nu,thin x Cr )

T
Tl-e T
where 7 is the optical depth.
The rotational diagrams with and without opacity correction (2)
are presented in Fig. 6. Regarding the rotational diagram corrected by
the opacity, it considers only the non-blended transitions of HNCO
because the opacity correction does not converge on blended tran-
sitions, like various of those belonging to the K, = 2 ladder and
identified at lowest frequency values (e.g. the first panels of Fig. 4).
The best linear fit for the diagrams gave N(HNCO) = (3.1 = 0.4) x
101 cm™2 and T,x= 59.4 + 2.3 K, without the opacity correction;
and N(HNCO) = (3.7 £ 0.5) x 10'% cm™2 and T,x= 58.8 £ 2.7 K, by
applying the opacity correction. The reduced )(2 values for each fit
are 1.12 and 1.21, respectively. Assuming that the HNCO emission
is extended, optically thin and that fills approximately the antenna
beam, we evaluated a rotational diagram adopting 30 arcsec, the best
linear fit (x?,,=1.98) gave N(HNCO) = (1.4 = 0.2) x 10" cm™2
and Tox= 65.5 + 3.7 K. With similar results, such temperatures
around 60 K might indicate that HNCO molecules are concentrated
in external and colder regions of the core, according to the proposed
shell-like structure of G331 (Merello et al. 2013b; Hervias-Caimapo
et al. 2019; Duronea et al. 2019).

o

3)
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No C; correction With C; correction
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Figure 6. Rotational diagrams of HNCO constructed applying opacity correc-
tion (right panel) and without opacity correction (left panel). In both cases,
a source size of 5 arcsec was adopted. In second plot, only the lines with
no blended/contaminant emission are considered. The best linear fit for each
display yields, respectively, Tex = 59.4 £ 23 Kand N = (3.1 = 04) X
10" cm™ (y2, ,=1.12); and Tx= 58.8 + 2.7 K and N = (3.7 % 0.5) X
10 cm™2 (Xfed=1.21). The set of data with different K, values are also
represented in the plots.

Moreover, Churchwell et al. (1986) indicated that HNCO transi-
tions with £, > 40 K require an excitation temperature of ~ 70 K
and also that radiative processes are responsible for the excitation of
HNCO in Sgr B2, as already mentioned. This suggests that HNCO
can be considered as a good probe of the far-infrared radiation field
but not of gas properties such as density and kinetic temperature. The
only common transition with our work is 10¢_190—9¢,9, the others are
at lower frequencies (Churchwell et al. 1986). In this sense, according
to the similar excitation temperature of ~ 60 K obtained with the ro-
tational diagrams, the same trend appears to be maintained at higher
HNCO transition levels. This may imply that radiative processes,
rather than collisional mechanisms, could also dominate the excita-
tion of HNCO molecules in G331. In this article, it is reported for
first time a multiline analysis of HNCO, covering transitions within
the energy interval E,, = 37-314 K, towards a massive hot molecular
core/outflow like G331. Recently, He et al. (2021) studied the spatial
distribution of HNCO 4 4—4¢ 3, SiO 2-1 and HC3N 10-9 in a sam-
ple of southern massive star-forming regions, discussing correlations
between the morphology of the gas and dust emission. In an earlier
work, Martin et al. (2008) proposed how HNCO and CS could be
useful molecules to study the influence of shocks and/or the radia-
tion field in nuclear regions of galaxies. Thus, there are follow-up
questions that warrant further studies to have a deeper understanding
on the role that the outflow activity, the physical conditions of the
dust and collisional mechanisms can play into the formation, distri-
bution and excitation of HNCO gas in massive protostellar objects
like G331.

4 DISCUSSION
4.1 Abundances: comparison with other sources

From the column densities obtained with the rotational diagram, as-
suming a source size of 5 arcsec, it is possible to estimate the abun-
dance of HNCO if the column density of H, is also known. The most
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Figure 7. Histograms of the column densities of HNCO (top) and their
relative abundances to H, (bottom) in several sources: “Bisschop et al. (2007),
PIRAS 16293-2422 (B, Martin-Doménech et al. 2017), “IRAS 16293-2422
(hot corino, Herndndez-Gémez et al. 2019), 4 Velilla Prieto et al. (2015),
“Gorai et al. (2020). The minimum and maximum values (G331p77n and
G331p4 ax) obtained for G331 are also shown.

recent values of N(Hy) derived for G331 are 9.7 x 1023 ¢cm™2, ob-
tained from the H! 3CO+/H2 ratio of Orion KL, and 2.7 x 1023 cm’z,
estimated by the superficial density from the continuum emission at
1.2 mm in G331 (Duronea et al. 2019, and references therein). There-
fore, by taking the column density of HNCO corrected by the optical
depth, N(HNCO)=(3.7+0.5) x 10! ¢cm™2, and adopting Hy column
densities values of 2.7 x 102 and 9.7 x 1023 ¢cm™2, the relative
abundances of HNCO are estimated to range from (3.8 + 0.5) X 1072
to (1.4 +0.2) x 1078.

In Fig. 7, the histograms of the column densities and HNCO abun-
dances for several sources are displayed in order to compare with
those derived for G331. The objects shown are high-mass young stel-
lar objects (YSOs) in hot core stages (AFGL 2591, G24.78, G75.78,
NGC 6334 IRS1, NGC 7538 IRS1, W3(H20) and W 33A, Bisschop
et al. 2007); low mass protostar IRAS 16293-2422, in the compact
source B (Martin-Doménech et al. 2017) and in the hot corino region
(Herndndez-Gémez et al. 2019); oxygen-rich circumstellar envelope
around an intermediate-mass evolved star (OH231.8+4.2, Velilla Pri-
eto et al. 2015); and hot molecular core (G10.47+0.03, Gorai et al.
2020).

Concerning the HNCO column densities, G331 and most of the
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YSOs of Bisschop et al. (2007) present similar values. This might
be due to similar evolutionary stage of these objects, with protostars
embedded in hot molecular cores. The two sources of IRAS 16293—
2422 have higher column densities, which could be connected to
the innermost and densest regions of this object (e.g. hot corino).
In colder envelopes, the HNCO column densities could be up to
four orders of magnitude lower (Herndndez-Gémez et al. 2019). The
histogram of the abundances, on the other hand, reveals a greater
variation among the objects. The HNCO abundances of G75.78 and
G331,77 N are very similar, while G331 4 5 is in better agreement
with the other YSOs.

Itis worth noting that the column density reported for G10.47+0.03
is much higher than G331, however the abundance of HNCO in this
source is in the range calculated for G331. The most evolved object
in this sample, OH231.8+4.2, shows the lowest column density and
the highest abundance of HNCO. Despite these peculiar cases, the
values of HNCO column density and abundance in G331 are in
agreement with those obtained in most of the hot molecular cores in
the histograms.

4.2 The CHNO isomers: HNCO, HOCN, HCNO and HONC

HNCO has three meta-stable isomers of which HCNO (fulminic acid)
and HOCN (cyanic acid) as well as HNCO have been observed in
the Interstellar Medium. Isofulminic acid (HONC) is the only meta-
stable isomer that has not been detected in the ISM yet. All these
isomers are quasi-linear molecules except isofulminic acid, which
has a bent structure (Mladenovi¢ & Lewerenz 2008; Mladenovic
et al. 2009). HCNO and HOCN are much less abundant than HNCO
and their occurrence in space has been restricted to a few sources. On
the one hand, HCNO was discovered in dark clouds by Marcelino
et al. (2009); using observations at the 3 mm band of the IRAM-
30m telescope, they detected HCNO in the starless cores B1, L1544,
L183 as well as in the low mass star forming region L1527. On
the other hand, HOCN was observed towards the Galactic centre by
Briinken et al. (2010); similarly, using observations at the 3 mm band
of IRAM-30m, they detected transitions of HOCN in a quiescent
molecular cloud and in several positions of the Sgr B2 complex.

The dipole moments of the four isomers have been reported and
discussed in the literature. The values for HNCO, HCNO, HOCN
and HONC have been estimated to be ~ 2.08 , 3.1, 3.7 and 3.13 D,
respectively (e.g. Hocking et al. 1974; Hocking et al. 1975; Takashi
et al. 1989; Mladenovi¢ & Lewerenz 2008; Mladenovic et al. 2009).
Among the four species, HNCO is the most stable one (by 1.1 eV),
this has been demonstrated through studies about the equilibrium
structure and energetic of the CHNO isomers (e.g. Mladenovi¢
& Lewerenz 2008; Mladenovic et al. 2009). Regarding the abun-
dance ratios between the isomers, Marcelino et al. (2009) determined
HNCO/HCNO between 40 — 70 in dark clouds and starless cores;
Briinken et al. (2010) determined values of ~ 0.3 — 0.8 per cent for
HOCN relative to HNCO towards the Galactic centre.

In this work, HNCO was clearly detected through several spectral
lines, as presented in Table 1. The search for HCNO and HOCN,
on the other hand, did not yield conclusive results to confirm their
presence in G331. About HOCN, the number of predicted transitions
with E,, <450 K is about 60; however, only spectral noise has been
observed where most of the lines should appear. Two transitions
might be speculatively inspected since they are dominated by spectral
emission relatively well known in the literature. That is the case of the
transition HOCN 93 ¢—83 5 at the rest frequency 188655.358 MHz,
which is likely affected by SO, 9 891 ¢ at 188654.973 MHz; and
HOCN 123 19113 9 at the rest frequency 251528.269 MHz, which is



likely affected by c-C3Hj 65 551 4 at 251527.311 MHz (Nummelin
etal. 1998). Regarding HCNO, the number of predicted transitions is
considerably minor in comparison to HOCN, about 10 for the same
interval of E,,. Similarly, the transition HCNO 12-11 is identified
at the rest frequency 275227.774 MHz, however it is likely affected
by SO; 153 13—15, 14 at 275240.184 MHz (Loren & Mundy 1984).
Additionally, in the SO, case, a factor that also makes difficult a
positive identification is that the lines exhibit Lorentzian profiles, so
that such emission could be more related to the outflow. In the c-C3Hj
case, the line exhibit a Gaussian profile as the HNCO lines, which
could be more in agreement with the physical origin of the HNCO
emission. In perspective, the “puzzle” of the CHNO isomers in
hot molecular cores is compelling, theoretical and/or experimental
approaches might be required for a better comprehension of their
properties in the ISM.

4.3 Internal partition function of CHNO isomers

The rotational-vibrational partition function of the isomers of CHNO
(§ 4.2) (McLean et al. 1977) have been updated in this work accord-
ing to Carvajal et al. (2019) and presented here altogether for their
comparison.

Usually, the internal partition function is computed as a direct sum
of a considerable number of rovibrational energies in order to reach
a convergence at any temperature. Unfortunately, the spectroscopic
data for the isomers of CHNO is still insufficient. Then, we have
to compute the partition function adopting some suitable approxi-
mations that were already validated (see, e.g., Carvajal et al. 2019,
and references therein). Thus, the molecular partition functions for
CHNO isomers are computed as a product of the rotational partition
function Qrot(T) and of the vibrational contribution Q. (7):

Orv(T) = Qrot(T) Qvin(T) 4

where the rotational contribution is computed as a direct sum whether
the convergence is reached with the available spectroscopic data.
In the particular cases of the CHNO isomers, the rotational spec-
troscopic information is available in the CDMS catalogue and the
predicted rotational energies in the vibrational ground state can be
computed with Pickett’s code (Pickett 1991). Otherwise, the approxi-
mation of the classical partition function can be a suitable alternative
to provide the rotational partition function for sources at not very low
temperatures (Herzberg 1991) besides being a useful tool to test the
convergence of the direct sum at higher temperatures (Carvajal et al.
2019). In the particular cases of CHNO isomers, the classical parti-
tion function values turn out to be adequate at temperatures higher
than 20 K. However, the addition of some simple correction terms
to the classical partition function can improve this approximation
considerably (Wells & Raston 2020). For all the CHNO isomers, the
nuclear spin statistical weights are the same and, in this work, they
are considered as 1.

Concerning the vibrational partition functions for the CHNO iso-
mers, these cannot be obtained as a direct sum because there are not
enough experimental or calculated vibrational energies at disposal.
Therefore, the harmonic approximation (Herzberg 1991) has been
used to estimate the vibrational contribution of the partition function
and, therefore, it is enough to know the vibrational fundamental fre-
quencies. If any bending degree of freedom for these four isomers
was susceptible to undergo a strong anharmonicity caused, e.g., by
a large amplitude motion, the vibrational partition function could be
split into two contributions (see, e.g., Carvajal et al. 2019, and refer-
ences therein): the one derived from small amplitude vibrations and
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another coming from the large amplitude vibrational modes. The vi-
brational partition function from the small amplitude vibrations can
be computed with the harmonic approximation whereas the large am-
plitude contribution should be calculated as a direct sum using the
predicted energies of the large amplitude bending states (Favre et al.
2014), which could be calculated with any approach conceived for
the analysis of nonrigid molecules (see, e.g., Jensen 1983; Khalouf-
Rivera et al. 2020).

Table 2 provides, for the four CHNO isomers, the results of the vi-
brational contribution in the harmonic approximation (Ql\}?gm) of the
internal partition function (Qyy), the internal partition function com-
puted in the present work by means of Eq. (4), the rotational partition
function in the CDMS catalogue computed as a direct sum (Endres
et al. 2016) and the relative differences between the values reported
in the present work and in the CDMS for the temperature range
from 2.725 K to 500 K. In addition, the uncertainties of the internal
partition functions have been included for the four CHNO isomers.
These have been estimated upwardly considering large uncertainties
for the rotational and vibrational fundamental energies at 100 MHz
and 1 cm™, respectively. In general, at temperatures above 20 K,
the relative difference between the partition function values obtained
in the present work and those in CDMS catalogue are substantially
larger than the upward estimate of the uncertainty of the internal
partition function.

From Table 2, it can be observed that the rotational contributions
to the internal partition functions of the four isomers have similar
values at the lowest temperatures, e.g. down to 7' = 10 K. For higher
temperatures, above T = 225 K, the difference between the rotational
partition function of fulminic acid and the values of the other three
isomers (isocyanic acid, cyanic acid and isofulminic acid), with more
similar values, becomes larger. This could be explained because of
the structure of fulminic acid is linear and of the other have a near-
prolate asymmetric top structure. Nevertheless, the internal partition
functions of isocyanic acid, cyanic acid and isofulminic acid become
completely different at higher temperatures despite the fact that these
three isomers have a bent structure. This stems from the differences
among the vibrational partition functions of the bent isomers.

In Table 2, the weight of the vibrational contribution to the internal
partition function can also be assessed for the set of the four CHNO
isomers at different temperatures. The differences between the inter-
nal partition function and the rotational partition function become
noteworthy (more than 1 per cent) at temperatures higher than 225 K
for HNCO, 150 K for HOCN, and T = 75 K for HCNO and HONC.
Even when the vibrational partition function has been calculated
with the harmonic approximation and, in some cases, using funda-
mentals, the values of this approximation, although underestimated,
are in good agreement with the direct sum values (Carvajal et al.
2019).

As supplementary material, the rotational, vibrational and rovibra-
tional partition function calculated in the present work from 1 K to
500 K (in intervals of 1 K) is also provided for the following isomers:
cyanic acid (HOCN); fulminic acid (HCNO); and isofulminic acid
(HONC). For isocyanic acid (HNCO), same material can be found
elsewhere (Carvajal et al. 2019).

In App. A we will give some details about the calculation of the
partition function for the four CHNO isomers.

4.4 Chemical modelling with Nautilus

In order to better understand the chemical pathways involved in the
production and destruction of HNCO, we used the NauTiLus code
(Ruaud et al. 2016) to carry out a time-dependent chemical model.
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Table 2. Vibrational and rotational-vibrational partition function for CHNO isomers: isocyanic acid (HNCO); cyanic acid (HOCN); fulminic acid (HCNO); and

isofulminic acid (HONC). Comparison between the values obtained in the present study and those published in CDMS catalogue®.

HNCOP? HOCN
T(K) gham e (. (Carvajal etal. 2019)?  Q(CDMS)®  Rel. Diff.(%)f ~ @Mme O (Present work)?:8  Q(CDMS)®  Rel. Diff.(%)/
2725  1.000000 5.5129(50) 5.51 0.00 1.000000 5.7601(52) 5.7601 0.00
5.000  1.000000 9.8228(42) 9.82 0.00 1.000000 10.3038(44) 10.3038 0.00
9375  1.000000 18.4493(36) 18.45 0.00 1.000000 20.1244(37) 20.1244 0.00
18.750  1.000000 42.8295(30) 42.83 0.00 1.000000 50.8161(32) 50.8159 0.00
37.500  1.000000 117.3053(27) 117.30 0.01 1.000000 142.1565(12) 142.1413 0.01
75.000  1.000019 332.0002(27) 331.99 0.00 1.000314 402.21(33) 401.3740 0.21
150.000  1.006395 949.759(40) 943.71 0.64 1.024660 1165.30(98) 1135.3539 257
225.000  1.048753 1827.01(36) 1742.43 4.63 1.114711 2328.9(22) 2087.4819 10.37
300.000  1.144368 3080.9(12) 2695.34 12,51 1.269376 4083.1(48) 3217.0765 21.21
500.000 1.667813 9690.5(89) 5866.52 39.46 1.984226 13733.(23) — —
HCNO HONC

T (K) Qham ¢ Orv(Present work)? Q(CDMS)®  Rel. Diff(%)f  @Mm < Q. (Present work)"  Q(CDMS)®  Rel. Diff.(%)
2725  1.000000 5.2981(49) 5.2980 0.00 1.000000 5.5525(50) 5.5307 0.39
5.000  1.000000 9.4247(41) 9.4247 0.00 1.000000 9.9416(42) 9.9014 0.40
9.375  1.000000 17.3697(34) 17.3697 0.00 1.000000 19.7403(36) 19.6616 0.40
18.750  1.000000 34.4006(29) 34.4005 0.00 1.000000 50.9055(31) 50.7102 0.38
37.500  1.000369 68.4919(25) 68.4665 0.04 1.000033 142.7292(30) 142.2148 0.36
75.000  1.027795 140.402(52) 136.6050 2.70 1.007476 405.760(45) 401.5499 1.04
150.000  1.296184 353.73(63) 272.9036 22.85 1.130785 1286.6(11) 1135.8099 11.72
225.000  1.842269 753.9(21) 409.2300 45.72 1.393281 2911.3(48) 2088.3400 28.27
300.000 2.707133 1477.0(53) 545.5841 63.06 1.764826 5676.3(125) 3218.5016 43.30
500.000  7.363415 6695(31) — — 3.328126 23019.(129) — —

¢ The nuclear spin degeneracy is considered as 1.
b Result from Carvajal et al. (2019).

€ The vibrational partition function is computed with the harmonic approximation. For more details, see the text.
4 Qy=Qror (direct sum) QS{’;"‘ unless noted otherwise. An upward estimate of the uncertainties is given in parentheses in units of the last quoted digits. For

more details, see the text.

¢ Rotational partition function computed as a direct sum with no vibrational contribution. Their values are reported in CDMS catalogue (Endres et al. 2016).
J Relative difference of the partition function given in the present study with respect to the one reported in CDMS catalogue.

8 The rotational contribution of the partition function is computed with a direct sum up to T = 18.75 K inclusive. From 37.50 K forward, the rotational partition
function is obtained with the classical approximation. For more details, see the text.

" The rotational contribution of the partition function is computed with a direct sum except for T = 500 K, which is obtained with the classical approximation.

For more details, see the text.

NaurtiLus allows to simulate and study grain- and gas-phase chemi-
cal processes for instance in hot and cold cores (Semenov et al. 2010;
Reboussin et al. 2014; Ruaud et al. 2015, 2016). The predictions of
the model include the time evolution of the chemical abundances
for a given set of physical and chemical parameters. For the solid-
state chemistry, it considers mantle and surface as chemically active,
following the formalism of Hasegawa & Herbst (1993) and the ex-
perimental results of Ghesquiere et al. (2015). In this sense, the
code can perform a three-phase (gas plus grain mantle and surface)
time-dependant simulation of the chemistry in hot cores, including
chemical reactions in both gas and solid phases (Ruaud et al. 2015).

This approach is interesting for our work since most of HNCO
may be trapped in icy grains, as suggested by Altwegg et al. (2020).
The grain chemistry of the code considers the standard direct photo-
dissociation by photons along with the photo-dissociation induced by
secondary UV photons, as described by Prasad & Tarafdar (1983),
which are effective processes on the surface and mantle of the grains.
The network of chemical reactions used by the code is presented on
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the KIDA!! (KInetic Database for Astrochemistry) catalogue (Wake-
lam et al. 2015).

The first and simplest simulation to perform is a zero-dimensional,
i.e., total density, gas temperature, and other physical condition are
uniform within the considered core and throughout the simulation
time. There is no structure evolution in this case. Once our source
present a shell-like structure, a more elaborated structure model is
necessary to be simulated together with NauTILUs in order to repre-
sent the HNCO abundances more accurately. Nevertheless, this ap-
proximation can furnish the first insights in the chemistry of G331.
The initial elemental abundances for the core were selected from the
recent values used by Vidal & Wakelam (2018) and are displayed
in Table 3. They represent an intermediate-metal abundance case, in
which all the abundances are the same as the low-metal one except
that the amount of the element sulphur is raised to 1.5%10™> com-
pared with Hy (Wakelam et al. 2006). Concerning parameters such

' http://kida.obs.u-bordeauxl.fr/


http://kida.obs.u-bordeaux1.fr/

Table 3. Initial abundances assumed for the NauTtiLus model (extracted from
Vidal & Wakelam (2018)). References are: 1. Wakelam & Herbst (2008);
2. Jenkins (2009); 3. Hincelin et al. (2011); 4. low-metal abundances from
Graedel et al. (1982); 5. depleted value from Neufeld et al. (2005).

Element n;/mg% Ref. Element n;/npg%  Ref.
H, 0.5 He 9.0(-2) 1
N 6.2(-5) 2 (6] 2.4(-4) 3
c* 1.7(-4) 2 St 1.5(-5) 2
Fe* 3.0(-9) 4 Sit 8.0(-9) 4
Na* 2.0(-9) 4 Mg* 7.0(-9) 4
Crt 1.0(-9) 4 Pt 2.0(-10) 4
F 6.7(-9) 5

@ Abundances given in the format a(b) representing ax10?.

T = 60K, n(Hy) = 1x10’cm™3

LTE abundances ———t—.

_ 1078 s
— (B \ .
£10720] | ==
é 10—12.
() _
g 10 14 |
g 10—16.
c - 7= —16c-1
S 10-18] 7=1.3x10"1%s
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Figure 8. Best-fit time evolution of the HNCO abundances simulated with
NauTiLus. We assumed a gas and grain temperatures of 60 K, and density
of 107 cm™3. The cosmic ray ionisation rate () was varied in 1.3x10716,
1.3x10717 and 1.3x 107185~ The grey strip indicates the range of the derived
LTE abundances.

as the visual extinction, we assumed a typical value of 10 mag for a
dark cloud. The gas and dust temperatures were considered the same
in the simulations.

Several simulations were tested for a range of density and temper-
ature of 10° — 108 ¢cm™3 and 50 — 200 K, respectively (see Canelo
2020, for more details). The best-fit model is obtained adopting a
density of 1x107 cm™3 and a temperature of 60 K, and is presented
in Fig. 8. The standard cosmic ray ionisation rate for Hy ({y,) is
1310717571 (Wakelam et al. 2015; Ruaud et al. 2016), which is
a key parameter for the gas-grain models since cosmic rays induce
desorption processes in which chemical species pass to the gas phase
from grain surfaces (Hasegawa & Herbst 1993; Ruaud et al. 2015).
Taking into account that the cosmic ray ionisation might vary in
interstellar gas clouds, e.g. 0.6-6 x 10717 s~! (Van der Tak & van
Dishoeck 2000; Dalgarno 2006), we also tested models consider-
ing {y, = 1.3%10710 and 1.3x107 857! the results are shown in
Figure 8. The main difference between the models is the plateau of
the abundance intensity peaks and, consequently, the position of the
maximum value. The maximum abundances obtained were 1.86,4.19
and 5.48 x1078, respectively. Although these abundances are a bit
higher than those obtained from the rotational diagrams, the model at
60 K is the only one that can reproduce the abundance range of G331
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and also the excitation temperature derived for HNCO, although the
final adopted density is slightly higher than the core density derived
by Hervias-Caimapo et al. (2019, see Sec. 1).

From Fig. 8 it can be seen that the balance of the chemical reac-
tion and chemical equilibrium are highly dependant on the cosmic
ionisation rate. Higher rates induce more chemical reactions (as ex-
pected, as it is a more significant energy source) that last a shorter
period of time. Maximum abundances are also lower but the chem-
ical equilibrium occurs faster. Considering ¢ = 1.3 x10717s~1 the
chemical age could be between 3 x10*~° years with a maximum
simulated abundance around 10° years. The other limiting values of
¢ presented the same abundance 1.4 x10~8 derived for G331 at 10°
years, approximately. These models could suggest that 10 years may
be a plausible chemical age for G331. Hot cores and hot corinos, in
general, are expected to have a dynamical age up to 1045 years,
as obtained for IRAS 16293-2422 (Hernandez-Gomez et al. 2019)
and G10.47+0.03 (Gorai et al. 2020), for example. Within this sce-
nario, the chemical age derived for G331 is also in agreement with
most of the objects of Fig. 7. The molecular flow of the evolved star
OH231.8+4.2 has an estimated dynamical age of 800 yr, but this
source is in a later evolutionary stage. Nevertheless, we cannot con-
clude that HNCO could be used as a chemical clock. Our simulations
are zero-dimensional and this molecule can be highly dependent on
the initial parameters (Herndndez-G6mez et al. 2019). Moreover, the
chemical age obtained with NauTILUS is, at least, one order of magni-
tude larger than the estimated dynamical age of G331 (~ 2000 years,
Merello et al. 2013b).

In these simulations, the code uses two formation pathways which
lead to HNCO by means of gas-grain processes. The whole mecha-
nism suggest that HNCO is initially formed on the surface of grains,
via H + OCN — HNCO, then it might pass from the solid (s) to the
gaseous (g) phase through sublimation processes, via HNCO (s) —
HNCO (g). They are enough to reproduce the observed abundances
in this temperature regime and with a zero-dimension simulation,
but the code returns a greater time scale to do it so. Furthermore,
higher temperatures presented a drastic decrease in the simulated
abundance. For a more robust model, with structure evolution and
time evolution of physical conditions, other reactions may have to be
included in the code, if their rate coeflicients are available. One ex-
ample is the reaction NH + CO — HNCO, normally proposed as the
main pathway to form HNCO in analogous mixtures of interstellar
ice processed by proton or UV radiation (Fedoseev et al. 2015). It is
also possible that the incorporation of this reaction in the code may
lead to a chemical age similar to the previously derived dynamical
age of G331.

5 CONCLUSIONS

In this paper, we reported the observation of 42 emission lines of
the potential prebiotic molecule HNCO in the hot molecular core
G331. This core was observed with the APEX telescope covering
the interval frequency 160 — 355 GHz. The HNCO transitions are
distributed into their K;-ladder numbers of 0, 1 and 2. The K, =0
transitions presented the highest fluxes while the K, = 2 transitions
showed the lowest ones, appearing as spectral pairs partially resolved.
Such trends are expected from the different K -ladder numbers, in
which the spectral pairs of each ladder get a better separation as the
frequency increase. Furthermore, the observations allowed to see a
particular spectral profile with extended tails in some HNCO lines, as
in the HNCO J = 8-7 and J = 15-14 transitions. The HNCO emission
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can be responsible for about 80 per cent of the entire flux, while the
wing could be an effect of the outflow or a contaminant emission.

With LTE rotational diagrams, we obtained the HNCO excitation
temperature and column density of T x=59.4 + 2.3 K and N(HNCO)
= (3.1 = 0.4) x 10! em™2, without the opacity correction, and
Tox= 58.8 + 2.7 K and N(HNCO) = (3.7 = 0.5) x 10! cm™2,
considering beam dilution effects. This value of temperature could
indicate that HNCO molecules are located in the external and colder
regions of G331, according to the shell-like structure model of G331.
We also derived the HNCO relative abundances by considering two
main values, so that it was obtained values in the interval of (3.8
£ 0.5) x 1072 < [HNCO] < (1.4 = 0.2) x 1073. We compared
our column densities and abundances of HNCO with values from
other hot molecular cores and evolved objects, and our results are in
agreement with most of the objects.

In addition, the internal partition functions of the four CHNO
isomers (isocyanic acid, HNCO; cyanic acid, HOCN; fulminic acid,
HCNO; and isofulminic acid, HONC) have been updated with the
vibrational contribution and their values are provided from 1 K to
500 K in intervals of 1 K in the supplementary material. We think
that this update is relevant for the estimate of abundances of the four
CHNO isomers in surveys at temperatures higher than 225 K for
HNCO, 150 K for HOCN, and 7 = 75 K for HCNO and HONC.

Finally, we simulated the chemistry of HNCO with the three-
phase time-dependent code NauTiLus. We used a zero-dimensional
simulation with a temperature of 60 K that represented our derived
abundances without the need to add more grain-phase reactions to
the NauTiLus database. We also varied the cosmic ionisation rate
to better comprehend the influence of this physical parameter in the
simulations. From the models, we could also suggest a chemical age
around 107 years for G331, which is higher than estimated dynamical
age. One explanation for this difference could be the absence of a key
reaction to form HNCO in the code.
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APPENDIX A: CALCULATION OF THE PARTITION
FUNCTIONS OF CHNO ISOMERS

Here we are giving some details for the calculation of the rovibra-
tional partition function for the isomers of CHNO isomers (isocyanic
acid, cyanic acid, fulminic acid and isofulminic acid).

A1l Isocyanic acid (HNCO)

Isocyanic acid is a near-prolate asymmetric top of which rotational-
vibrational partition function has been previously calculated (Carva-
jal et al. 2019). The main results of this isomer have been included
here to compare them with the internal partition functions of the
other three isomers. Thus, here we only outline the details for its
calculation.

The internal partition function has been computed from Eq. 4. The
rotational partition function has been computed as a direct sum taking
into consideration the rotational energies predicted up to J = 135 and
K4 =30 from the Hamiltonian provided by Lapinov et al. (2007). The
harmonic vibrational partition function has been calculated with the
experimental vibrational fundamental frequencies recorded by East
et al. (1993).

A2 Cyanic acid (HOCN)

Cyanic acid is a bent molecule with a near-prolate asymmetric top
structure of which rotational spectrum has been measured in the
centimeter- and millimeter-wave windows (Brunken et al. 2009). This
molecular species has no available experimental vibrational energies
in the gas phase except the v, band (Su et al. 2000; Shimanouchi
2018) but the complete set of fundamental frequencies have been
obtained theoretically (Mladenovi¢ & Lewerenz 2008).

The values of the rotational partition function calculated as a direct
sum and as a classical approximation are given in Table Al. The
direct sum is obtained using the predicted rotational energy levels up
to J = 72 and K,=8 (Brunken et al. 2009) provided in the CDMS
(Endres et al. 2016). The classical approximation is computed with
the rotational constants from Brunken et al. (2009). In Table A1 it can
be observed that the relative differences between the two procedures
are relatively small for temperatures above T = 18.75 K. Nevertheless,
it should be highlighted that, for temperatures from 37.5 K to 300 K,
the direct sum results in slightly smaller values than the ones provided
by the classical approximation. This fact could suggest that the direct
sum has not been converged for this temperature interval. On the
contrary, the direct sum has reached the convergence because, if
this had not been reached at T = 37.5 K, the difference between
the direct sum and the classical approximation would have been
increased for higher temperatures. In addition, we have compared
the values obtained through the direct sum in this work and the
rotational partition function values provided in the CDMS (Endres
etal. 2016), which are also reported in Table 2. It can be observed that
the values of the direct sum in this work and those from CDMS, which
only provides values up to T = 300 K, are practically the same. The
relative difference between them is smaller than 0.00 per cent except
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Table A1. Rotational partition function for cyanic acid (HOCN). Comparison
between the direct sum values and the classical approximation®.

HOCN

TK)  Q¥Pb g (directsum)¢  Rel. Diff.(%)<

rot

2.725 2.78 5.76 51.66
5.000 6.92 10.30 32.83
9.375 17.77 20.12 11.70
18.750 50.26 50.82 1.09
37.500 142.16 142.14 -0.01
75.000 402.08 401.38 -0.18
150.000  1137.25 1135.36 -0.17
225.000  2089.27 2087.44 -0.09
300.000  3216.64 3215.89 -0.02
500.000  6921.10 6863.28 -0.84

< Nuclear spin degeneracy is considered as 1.

b Rotational partition function computed with the classical approximation
using the rotational constants from Brunken et al. (2009).

¢ Rotational partition function computed as a direct sum considering the
predicted rotational energy levels up to J =72 and K, = 8 (Brunken et al.
2009). The predicted rotational energies are also given in CDMS (Endres
et al. 2016).

 Relative differences.

for T = 300 K, which is of —0.04 per cent. Thus, it can be considered
that the direct sum values of the rotational partition function have
reached the convergence for all the temperature range up to T =300 K.
However, at 500 K, according to the increasing difference between
the direct sum and the classical approximation, we can state that the
direct sum has not converged for this temperature. Therefore, even
though the convergence of the direct sum seems to be reached up to
T =300 K, we will consider for the rotational partition function in
Eq. (4) the values of the direct sum up to T = 36 K inclusive and
of the classical approximation from T = 37 K up, according to the
highest value.

The vibrational partition function has been obtained using the
harmonic approximation from the ab initio fundamental vibrational
frequencies calculated with the CCSD(T)/cc-pVQZ(all) level of the-
ory (Mladenovi¢ & Lewerenz 2008). Their values are given in Table 2
together with the values of rovibrational partition function computed
with Eq. (4) as well as those up to 300 K of the CDMS rotational
partition function. The relative difference between the results of this
work and of CDMS become larger than 10 per cent at 225 K of
temperature. Despite it is expected that the new values of the internal
partition function are more precise, a more comprehensive list of
experimental and predicted rovibrational data would be necessary to
improve the partition function values as well as to get the convergence
for the direct sum along all the interval up to T = 500 K.

In the supplementary material, it is provided the rotational (as
a direct sum up to T = 36 K and from this temperature forward
as a classical approximation), vibrational and rovibrational partition
function computed in the present work for cyanic acid (HOCN) up
to T =500 K using a 1 K interval.

A3 Fulminic acid (HCNO)

Fulminic acid is a linear molecule of which experimental spec-
trum has been recorded in the millimeter-wave rotational and in-
frared ranges (Winnewisser & Winnewisser 1971; Albert et al. 1996;
Schulze et al. 2000). The internal partition function has been com-
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Table A2. Rotational partition function for fulminic acid (HCNO). Compar-
ison between the direct sum values and the classical approximation®.

HCNO

T(K) QuPProXh Orot (direct sum)©  Rel. Diff.(%)4

rot

2.725 4.950696 5.298078 6.56
5.000 9.083845 9.424730 3.62
9.375 17.032210 17.369697 1.94
18.750 34.064420 34.400567 0.98
37.500 68.128841 68.466594 0.49
75.000 136.257682 136.605301 0.25
150.000  272.515363 272.904169 0.14
225.000  408.773045 409.230843 0.11
300.000  545.030726 545.585087 0.10
500.000  908.384544 909.229250 0.09

¢ Nuclear spin degeneracy is considered as 1.

b Rotational partition function computed with the classical approximation
for linear molecules using the rotational constant from Winnewisser &
Winnewisser (1971).

¢ Rotational partition function computed as a direct sum considering the
predicted rotational energy levels up to J = 90 (Winnewisser &
Winnewisser 1971). The predicted rotational energies are also reported in
the CDMS (Endres et al. 2016).

@ Relative differences.

puted using Eq. (4) where the rotational partition function has been
calculated as a direct sum and compared in Table A2 to the classical
approximation for a linear molecule (Herzberg 1991).

The direct sum of the rotational partition function has been ob-
tained considering the predicted rotational energies in the vibrational
ground state up to J = 90. The predictions have been calculated from
the rotational Hamiltonian provided by Winnewisser & Winnewisser
(1971) although, in this particular case, they have also been reported
in the CDMS (Endres et al. 2016). The classical approximation has
been calculated from the rotational constant B provided by Win-
newisser & Winnewisser (1971). In Table A2, it can be observed that
the classical approximation has a good agreement with the direct sum
from T = 18.75 K up and, although slightly smaller, the difference
decreases for higher temperatures.

The harmonic approximation of the vibrational partition function
has been obtained using the experimental fundamental vibrational en-
ergies (Albert et al. 1996; Schulze et al. 2000; Shimanouchi 2018).
These values are given in Table 2 together with the values of the
internal partition function, written as product of the direct sum of
the rotational contribution and harmonic approximation of the vi-
brational contribution, and the CDMS rotational partition function
calculated as a direct sum (Endres et al. 2016). In addition, the rela-
tive difference between the internal partition function obtained in this
work and the CDMS partition function is also given. It can be noted
that the relative diffference is larger than 20 per cent at temperatures
higher than 150 K. CDMS does not provide the partition function at
T =500 K.

In the supplementary material, it is reported the rotational (as a di-
rect sum), vibrational and rovibrational partition function computed
in the present work for fulminic acid (HCNO) up to T = 500 K using
a 1 K interval.



A4 Isofulminic acid (HONC)

Isofulminic acid is the CHNO isomer with less spectroscopic infor-
mation. This molecule is a non-linear asymmetric top molecule close
to the prolate limit. Up to the present, the only experimental spec-
troscopic paper about this species provides some microwave data as
well as ab initio calculations of the rotational parameters and the
fundamental vibrational energies (Mladenovic et al. 2009).

Despite the lack of data, the rotational partition function has been
calculated as a direct sum and this has been compared to the values
given by the classical approximation (see Table A3). The direct sum
has been calculated from the rotational energies up to J = 80 and
Kg = 20 predicted with SPCAT code (Pickett 1991) using the ex-
perimental value of the rotational constant B and the ab initio values
of the rotational constants A and C (Mladenovic et al. 2009). These
latter parameters have also been used for the classical approximation.
The comparison between the direct sum and the classical approxima-
tion for the rotational partition function is also provided in Table A3.
From temperatures above 18.75 K, the relative difference is rather
small and decreases for higher temperatures. Nevertheless, it can be
noted that the value of the classical approximation becomes slightly
larger (with a relative difference smaller than 0.1 per cent) than the
direct sum at T = 500 K. This reveals that, at any temperature above,
when this difference will become substantially larger, the conver-
gence of the direct sum obtained with the present spectroscopic data
will not be reached anymore.

The values of the harmonic approximation of the vibrational par-
tition function are given in Table 2 together with the rovibrational
ones calculated through Eq. (4). The vibrational partition function is
worked out using the fundamental vibrational frequencies determined
with the ab initio CCSD(T)/cc-pCVTZ level of theory (Mladenovic
et al. 2009). To calculate the rovibrational partition function, the
values of the rotational direct sum are considered up to T = 437 K
inclusive since the direct sum provides larger values than those of
the classical approximation. Above this temperature, the classical
approximation is considered in its stead. In addition, in Table 2 the
internal partition function of this work is set side by side with the
values of the rotational partition function reported in the CDMS up
to T = 300 K (Endres et al. 2016). It should be highlighted that the
relative difference is larger than 10 per cent at the temperature of
150 K. In any way, a more precise partition function could be deter-
mined in case that new experimental spectral measurements as well
as experimental fundamentals are available.

In the supplementary material, it is reported the rotational (as
a direct sum up to T = 437 K and from this temperature on as
a classical approximation), vibrational and rovibrational partition
function computed in the present work for isofulminic acid (HONC)
up to T =500 K using a 1 K interval.

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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Table A3. Rotational partition function for isofulminic acid (HONC). Com-
parison between the direct sum values and the classical approximation®.

HONC

T(K) QIPb g (direct sum)€  Rel. Diff.(%)?

2.725 2.782829 5.552537 49.88

5000 6916585 9.941600 30.43

9375 17757982 19.740254 10.04
18750 50.227159 50.905466 133
37500 142.063859 142.724545 0.46
75000  401.817274 402.748482 0.23
150.000 1136510876  1137.826802 0.12
225000  2087.903800  2089.514569 0.08
300000 3214538189 3216.363948 0.06
500000 6916584928  6911.736014 -0.07

¢ Nuclear spin degeneracy is considered as 1.

b Rotational partition function computed with the classical approximation
using the rotational constants from Mladenovic et al. (2009).

¢ Rotational partition function computed as a direct sum considering the
predicted rotational energy levels up to J = 80 calculated through SPCAT
code (Pickett 1991) using the rotational parameters from Mladenovic et al.
(2009).

 Relative differences.
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