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Á. L ́opez-Gallifa , 1 ‹ V. M. Rivilla , 1 M. T. Beltr ́an, 2 L. Colzi , 1 C. Mininni, 3 Á. S ́anchez-Monge, 4 , 5 
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A B S T R A C T 

Most stars, including the Sun, are born in rich stellar clusters containing massive stars. Therefore, the study of the chemical 
reservoir of massive star-forming regions is crucial to understand the basic chemical ingredients available at the dawn of 
planetary systems. We present a detailed study of the molecular inventory of the hot molecular core G31.41 + 0.31 from the 
project GUAPOS (G31.41 + 0.31 Unbiased ALMA sPectral Observational Surv e y). We analyse 34 species for the first time 
plus 20 species analysed in previous GUAPOS works, including oxygen, nitrogen, sulfur, phosphorus, and chlorine species. 
We compare the abundances derived in G31.41 + 0.31 with those observed in other chemically-rich sources that represent the 
initial and last stages of the formation of stars and planets: the hot corino in the Solar-like protostar IRAS 16293-2422 B, and 

the comets 67P/Churyumov-Gerasimenko and 46P/Wirtanen. The comparative analysis reveals that the chemical feedstock of 
the two star-forming regions are similar. The abundances of oxygen- and nitrogen-bearing molecules exhibit a good correlation 

for all pair of sources, including the two comets, suggesting a chemical heritage of these species during the process of star 
formation, and hence an early phase formation of the molecules. Ho we ver, sulfur- and phosphorus-bearing species present worse 
correlations, being more abundant in comets. This suggests that while sulfur- and phosphorus-bearing species are pre-dominantly 

trapped on the surface of icy grains in the hot close surroundings of protostars, they could be more easily released into gas phase 
in comets, allowing their cosmic abundances to be almost reco v ered. 

Key words: astrochemistry – line: identification – comets: general – stars: formation – ISM: individual object: G31.41 + 0.31 –
ISM: molecules. 

1

O  

s  

a  

o  

s  

t  

i  

s
 

w  

(  

t  

d  

�

d  

c  

i  

2  

2  

s  

f  

h  

o  

s  

g  

m  

a  

r  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3244/7623616 by guest on 04 D
ecem

ber 2024
 I N T RO D U C T I O N  

ne of the fundamental open questions in astrochemistry is to under-
tand which is the chemical feedstock of star and planet birthsites,
nd how it is transferred during the different phases of evolution
f star and planetary systems: from parental molecular clouds, to
tarless/pre-stellar cores, to protostars, to planet-forming discs, and
o planetary objects (planets, comets, and asteroids). Nowadays, it
s debated to what extent the molecular content is conserved or
ignificantly reprocessed between the different evolutionary stages. 

It has been shown that water ices from the Solar Nebula were
idely available for the formation of the subsequent planetary system

Cleeves et al. 2014 ; Altwegg et al. 2017 ), and that at least most of
hem could survive to the process of accretion in planet-forming
iscs ( ̈Oberg et al. 2011 ; Visser, van Dishoeck & Black 2009 ). The
 E-mail: alvarolg@cab.inta-csic.es 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
etection of molecules in protoplanetary discs also suggest that the
hemical reservoir found in planet-forming sites might be directly
nherited from earlier phases (e.g. Loomis et al. 2018 ; Bianchi et al.
019 ; Booth et al. 2021 ; van der Marel et al. 2021 ; Ceccarelli et al.
023 ; Tobin et al. 2023 ). Moreo v er, the molecular abundances of
ome species derived in planet-forming discs are similar to those
ound in comets ( ̈Oberg et al. 2015 ). Supporting this chemical
eritage, Bockel ́ee-Morvan et al. ( 2000 ) found that the abundances
f some selected molecules present in the comet Hale–Bopp are
imilar to those of several interstellar high-mass star-forming re-
ions. More recently, Drozdovskaya et al. ( 2019 ) showed that the
olecular abundances of the comet 67P/Churyumov-Gerasimenko

nd the Solar-like protostellar environment IRAS 16293-2422 B are
easonably well correlated. Furthermore, Coletta et al. ( 2020 ) found
hat the molecular ratios of two complex organic molecules (COMs,
pecies with > 5 atoms; Herbst & van Dishoeck 2009 ), methyl
ormate and dimethyl ether, are nearly constant in multiple sources at
if ferent e volutionary stages of star and planetary system formation
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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molecular clouds, pre-stellar cores, low-, intermediate- and high- 
ass star-forming regions, protostellar shocks, and comets). 
Since there is a gro wing e vidence that our Sun was born in a dense

tellar cluster that included also massive stars (Carpenter 2000 ; Lada 
 Lada 2003 ; Porras et al. 2003 ; Reach et al. 2009 ; Adams 2010 ;

¨ berg et al. 2011 ; Dukes & Krumholz 2012 ; Korschinek et al. 2020 ;
falzner & Vincke 2020 ; Brinkman et al. 2021 ), the study of the
hemical composition of massive star-forming regions can give us 
nformation about the molecular feedstock of an environment that 
ight resemble the birthsite of our Solar System. This is the main

urpose of the project GUAPOS (G31.41 + 0.31 Unbiased ALMA 

pectral Observational Surv e y), which carried out a spectral surv e y
f the whole ALMA Band 3 towards the massive star-forming region 
31.41 + 0.31 (hereafter G31.41). This region, with a mass of 70 M �

Cesaroni 2019 ), harbours a hot molecular core (HMC) where at least
our massive protostars are forming (Beltr ́an et al. 2021 ). G31.41 is
ocated at 3.75 kpc distance (Immer et al. 2019 ) and has a luminosity
f ∼4.4 × 10 4 L � (Osorio et al. 2009 ). The G31.41 hot core is one
f the most chemically rich sources in the Galaxy (Beltr ́an et al.
009 ; Rivilla et al. 2017 ; Suzuki et al. 2023 ). The initial exploitation
f GUAPOS data were focused on selected categories of COMs, 
ike the isomers of glycolaldehyde (HCOCH 2 OH; Mininni et al. 
020 ; hereafter GUAPOS I), peptide-like bond molecules (Colzi et al. 
021 ; hereafter GUAPOS II), several oxygen- and nitrogen-bearing 
OMs (Mininni et al. 2023 ; hereafter GUAPOS III); and phosphorus- 
earing molecules (Fontani et al. 2024 ; hereafter GUAPOS IV). 
The aim of this work, GUAPOS V, is to extend the chemical

hemical census of the G31.41 massive star-forming region already 
resented in previous GUAPOS works, with the aim of comparing 
t with those of other well-studied astronomical objects at different 
volutionary stages of the star and planet formation process. We have 
hosen sources that have been extensively studied in a homogeneous 
ay, i.e. using the same data set analysed with the same method and
roviding chemical censuses of tens of species, which will allow 

s to study the chemical budgets of different chemical families in 
 statistical way. The chosen sources to perform the comparison 
re: the low-mass proto-Solar analogue IRAS 16293-2422 B (here- 
fter IRAS16B; Jørgensen et al. 2016 ; Drozdovskaya et al. 2019 ),
nd the comets 67P/Churyumov-Gerasimenko (hereafter 67P/C-G; 
rozdovskaya et al. 2019 ; Rubin et al. 2019 ), and 46P/Wirtanen

hereafter 46P/W; Biver et al. 2021 ). In Section 2 , we present the
LMA observations of G31.41 used in our analysis. In Section 3 ,
e describe the census of molecules that we have used to compare

he chemical reservoir of G31.41 with those of other sources. In
ection 4 , we present the molecular data analysis of the G31.41
pectra. In Section 5 , we quantitatively compare the molecular 
bundances derived in G31.41 with those of other three sources 
sing three complementary statistical tests. In Section 6 , we discuss
he implications of our results, and in Section 7 , we summarize the

ain conclusions of this work. 

 ALM A  OBSERVATIONS  O F  G 3 1 . 4 1  + 0 . 3 1  

he observations were carried out with Atacama Large Millime- 
er Array (ALMA) during the Cycle 5 as part of the project
017.1.00501.S (PI: M. T. Beltr ́an). The phase centre was αJ2000 

 18 h 45 m 34 s and δJ2000 = −0.1 ◦12 ′ 45 ′′ . We fully co v ered the Band
 (86.05–115.91 GHz) obtaining an unbiased spectral surv e y. The 
requency resolution of the correlator setup was 0.49 MHz equi v alent
o a velocity resolution of ∼1.6 km s −1 at 90 GHz. The datacubes
f the whole surv e y were created using a common restoring beam
f 1.2 ′′ , about 4500 au. The uncertainties in the flux calibration
re ∼ 5 per cent (from Quality Assesment 2 reports), which is in 
ood agreement with flux uncertainties at ALMA band 3 reported in
onato et al. ( 2018 ). For more details regarding the observations, we

efer to Mininni et al. ( 2020 ). 

 SAMPLE  O F  MOLECULES  

he molecules considered in this study were selected because they 
ave been detected or searched for (providing an upper limit for their
olumn density) towards at least two of the four sources considered
the high- and low-mass star-forming regions G31.41 and IRAS16B, 
espectively, and the comets 67P/C-G and 46P/W). The total number 
f molecules considered for the comparative study are 57 and the
nformation about the detection or non detection of the molecules 
owards the four astronomical sources are listed in Table B1 . For
RAS16B, we have used the abundances and upper limits reported 
n Drozdovskaya et al. ( 2019 ; see also references therein), Mart ́ın-
om ́enech et al. ( 2017 ), Coutens et al. ( 2018 , 2019 ), Calcutt et al.

 2019 ), and Manigand et al. ( 2021 ). Regarding 67P/C-G, we used the
esults presented in Calmonte et al. ( 2016 ), Dhooghe et al. ( 2017 ),
 ayolle et al. ( 2017 ), Altwe gg, Balsiger & Fuselier ( 2019 ), Hadraoui
t al. ( 2019 ), Rubin et al. ( 2019 ), Schuhmann et al. ( 2019 ), and
ivilla et al. ( 2020 ); while for 46P/W, we considered the information

eported in Biver et al. ( 2021 ). For G31.41, we have used the
olecules already reported in previous works (GUAPOS I, Mininni 

t al. ( 2020 ); II Colzi et al. ( 2021 ); III, Mininni et al. ( 2023 ); Garc ́ıa
e la Concepci ́on et al. ( 2022 ); and Cesaroni et al. ( 1994 ), and the
nes analysed in this work (see Section 4 ). For NH 3 , we used the
ata presented by Cesaroni et al. ( 1994 ), based on VLA observations
ith a beam of 1.3 × 1 arcsec 2 , which is very similar to that of the
UAPOS ALMA observ ations, and hence allo ws a fair comparison.

 DATA  ANALYSI S  O F  T H E  G 3 1 . 4 1  + 0 . 3 1  

PECTRA  

e present here the analysis of the molecular emission of 34
olecules in the GUAPOS spectral surv e y, along with other 20
olecules analysed in previous works (see Table 1 ). The ALMA

ata were calibrated and imaged with the Common Astronomy 
oftware Applications (CASA 

1 package, McMullin et al. 2007 ). 
ince G31.41 presents an extremely rich spectrum, with no line-free 
hannels, we did not perform the continuum subtraction in the uv-
pace before imaging. For each observed basebands, the spectrum 

ncluding the continuum level was extracted from an area equal to
he synthesized beam (1.2 arcsec) and centred on the continuum 

eak of our source. The root mean square (rms) noise of the spectra
s 7–27 mK. More details are described in Mininni et al. ( 2020 ).
o subtract the continuum in the extracted spectra, as described in
olzi et al. ( 2021 ), we applied to each baseband spectrum the sigma
lipping method (c-SMC) of the PYTHON based tool STATCONT 

2 

S ́anchez-Monge et al. 2018 ). 
To perform the spectral analysis (line identification and fitting), we 

se the Madrid Data Cube Analysis (MADCUBA) software 3 (Mart ́ın 
t al. 2019 ). We searched for different molecules in the spectrum, and
e fit them using the spectral line identification and modeling (SLIM) 

ool of MADCUBA, which incorporates the Cologne Database for 
MNRAS 529, 3244–3283 (2024) 
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M

Table 1. Molecules analysed on G31.41 throughout all GUAPOS publications that are used in this work. The molecules that are not detected, for which we 
provide column density upper limits, are indicated in italics. 

This work 

HCN HNC CO H 2 CO H 2 S CH 3 CCH CH 3 NC 

NH 2 CN C 3 H 6 HOCN c-C 2 H 4 O syn-CH 2 CHOH CS PN † 
H 2 CS trans-HONO ∗ PO † CH 3 SH SO CH 3 Cl HC 3 N 

HC 2 NC trans-C 2 H 3 CHO HOCH 2 CN CH 3 CHCH 2 O C 2 H 5 CHO ∗ OCS gauche-C 2 H 5 SH 

CH 3 OCH 2 OH ∗ S 2 SO 2 HS 2 H 2 S 2 NH 2 CH 2 COOH 

(conf. I) 

Previous publications 

NH 3 
e CH 3 OH 

c CH 3 CN 

c HNCO 

b CH 3 CHO 

c NH 2 CHO 

b C 2 H 5 OH 

c 

CH 3 OCH 3 
c trans-HCOOH 

d CH 3 NCO 

b C 2 H 3 CN 

c CH 3 COCH 3 
c CH 3 C(O)NH 2 

b CH 3 NHCHO 

b 

C 2 H 5 CN 

c CH 3 OCHO 

a CH 2 OHCHO 

a CH 3 COOH 

a aGg’-(CH 2 OH) 2 c gGg’-(CH 2 OH) 2 c 

References. a GUAPOS I – Mininni et al. ( 2020 ); b GUAPOS II – Colzi et al. ( 2021 ); c GUAPOS III – Mininni et al. ( 2023 ); d Garc ́ıa de la Concepci ́on et al. ( 2022 ); e 

Cesaroni et al. ( 1994 ). Molecules marked with ∗ are tentative detections. † We note that PN and PO are not detected towards the position of the HMC analysed in this work, 
but that they are detected towards shocked gas in the region that is analyzed in GUAPOS IV (Fontani et al. 2024 ). 
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olecular Spectroscopy 4 (CDMS, M ̈uller et al. 2001 , 2005 ; Endres
t al. 2016 ) and the Jet Propulsion Laboratory molecular catalogs 5 

JPL; Pickett et al. 1998 ). 
SLIM produces a synthetic spectrum assuming local thermody-

amic equilibrium (LTE) conditions, and taking into account the
ine opacity (see formalism in Mart ́ın et al. 2019 ). Considering the
igh density of the G31.41 molecular core, which is ∼10 8 cm 

−3 

Mininni et al. 2020 ), LTE is a good approximation. SLIM compares
he synthetic LTE spectrum with the observed spectrum, and finds
he best-fit applying the AUTOFIT tool based on a Levenberg–

arquardt algorithm. The free physical parameters of the fit are:
he column density ( N ), the excitation temperature ( T ex ), and the
elocity ( v − v 0 ), where v 0 is the systemic velocity of G31.41
96.5 km s −1 ; Beltr ́an et al. 2018 ), and the full-width at half maximum
FWHM). As discussed in Mininni et al. ( 2020 ) and Colzi et al.
 2021 ), the molecular emission fills the beam, and hence no beam
ilution correction was applied. 
G31.41 is a chemically rich source, so the blending among lines

f different species is frequent. To take this into consideration, we
erformed the fit of each molecule accounting also for the emission
f all other species detected. To run AUTOFIT, we have selected
he most unblended transitions of each molecule and also those
ransitions that, together with the emission from other known species,
ell reproduce the observed spectrum. If possible, we have left

ree the four physical parameters of the fit. In case the AUTOFIT
lgorithm did not converge, we fixed some of the parameters.
nfortunately, in many cases, AUTOFIT does not converge if T ex 

s set as a free parameter due to the lack of enough transitions free
f contamination and co v ering a broad range of energy levels. Thus,
 ex cannot be directly derived, and we assumed a value for it. For the
ost complex molecules with ≥6 atoms, which are expected to trace

he HMC, we have assumed 150 K (similar to the values derived by
ivilla et al. 2017 ; Mininni et al. 2020 ; Colzi et al. 2021 ); while for
olecules with < 6 atoms, which likely trace colder gas, we have

ssumed 50 K. To e v aluate the impact of these assumptions on the
erived column densities, we have also repeated the fits using a range
f temperatures: 100 and 200 K for molecules with ≥6 atoms, and
5 and 75 K for molecules with < 6 atoms, respectively. As shown in
ables 2 and A1 , the resulting column densities in these temperature
NRAS 529, 3244–3283 (2024) 

 http:// cdms.astro.uni-koeln.de/ classic/ 
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d  

r  

T  

i

anges are, in most cases, within less than a factor of 2 with respect
o the values derived using the assumed values of 50 or 150 K. In
ddition, to allow the convergence of AUTOFIT in some cases, v −
 0 and/or FWHM were fixed to 0 and 7 km s −1 , respectively, which
t properly the most unblended transitions. 
Some of the molecules analysed present high abundances and thus

hey are optically thick. As a consequence, the derived N should be
onsidered as a lower limit. In these cases, we have searched for
nd analysed their optically thinner isotopologues to obtain a better
stimation of the column density. If more than one isotopologue
s well detected, we have adopted the optically thinnest to derive
he N of the main isotopologue. We used the follo wing v alues of
he isotopic ratios, which depends on the galactocentric distance
 D GC ), assuming D GC for G31.41 of 5.02 kpc (calculated from the
eliocentric distance of 3.75 kpc, Immer et al. 2019 ): 12 C/ 13 C =
9.5 ± 9.6 (Milam et al. 2005 ; Yan et al. 2019 ), 14 N/ 15 N = 340 ± 90
Colzi et al. 2018 ), 32 S/ 34 S = 14.6 ± 2.1 (Yu et al. 2020 ), and 16 O/ 18 O
 330 ± 140 (Wilson 1999 ). Moreo v er, for isotopic ratios that are

ot sensitive to D GC , we used: 34 S/ 33 S = 5.9 ± 1.5 (Yu et al. 2020 ),
4 S/ 36 S = 115 ± 17 (Mauersberger et al. 1996 ), and 18 O/ 17 O =
.6 ± 0.2 (Wilson 1999 , taking the value of the local interstellar
edium – ISM). 
The molecular abundances were obtained by using the column

ensity of N (H 2 ) = (1.0 ± 0.2) × 10 25 cm 

−2 derived from the
ontinuum emission within the same region used to extract the
pectrum (more details in Mininni et al. 2020 ). 

In the following sections, we describe in detail the fitting procedure
nd the results obtained for each molecular species (including
sotopologues) detected, the tentative detections and the upper
imits derived from the non-detected molecules. The spectroscopic
nformation of all the molecules used in this work is summarized in
able C1 . The transitions used for fitting each species are listed in
able D1 . 

.1 Detected molecules 

e summarize in Table 2 the results of the line fitting of the different
olecules. For optically thick molecules, we show in the table only

he result of the optically thin isotopologue used to derive the column
ensity of the main isotopologue. The results of the fits of the
emaining isotopologues, including the main ones, are shown in
able A1 instead. The detailed analysis of each molecule (and its

sotopologues) are described in the following sections. 

http://cdms.astro.uni-koeln.de/classic/
https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.html
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Table 2. Results of the SLIM fits of the molecules analysed towards G31.41, ordered by increasing molecular mass, from which we have retrieved their 
abundances. For optically thick molecules, we include the optically thin isotopologue that we have used to derive the column density of the main isotopologue 
(the results of the other isotopologues are presented in Table A1 instead). The resulting physical parameters, along with their associated uncertainties, are 
presented. The values of the parameters fixed to perform some fits are shown without uncertainties. In the case of non-detections, we indicated the upper limit 
in the column density with < . In the case of tentative detections, they are denoted with ∼. When T ex is fixed, we calculate in what factor the value of N changes 
when using the different temperatures T min and T max : 25–75 and 100–200 K for fixed temperatures of 50 and 150 K, respectively. We also present the maximum 

line opacity of the transitions of each molecule ( τmax ), and the molecular abundances compared to H 2 . The transitions used to obtain these values are in Table D1 . 

Formula T ex N N(T min )/ N- v − v 0 FWHM τ a 
max N /N 

b 
H 2 

Fig. 
(K) ( × 10 16 cm 

−2 ) N(T max )/ N (km s −1 ) (km s −1 ) ( × 10 −8 ) 

Detected molecules 

HCN 150 ± 40 1.6–1.2 10 ± 6 F1 
HC 

15 N 50 0.45 ± 0.02 1.6–1.2 0.3 ± 0.2 9.1 ± 0.3 1.7 ± 0.2 (4.5 ± 0.9) × 10 −2 F1 
HNC ∗ < 1.1 0.7–1.6 0.073 F1 

H 

15 NC ∗ 50 < 0.003 0.7–1.6 0 7 0.017 3.2 × 10 −4 F1 
CO (2.6 ± 1.5) × 10 5 1.0–2.1 (2.6 ± 1.6) × 10 4 F2 

13 C 

18 O 50 20 ± 6 1.0–2.1 0 7 0.13 ± 0.11 2.0 ± 0.7 F2 
H 2 CO (2.6 ± 1.2) × 10 2 2.0–1.0 26 ± 13 F3 

H 2 C 

18 O 50 0.78 ± 0.07 2.0–1.0 −0.9 ± 0.3 7.4 ± 0.7 0.053 ± 0.007 0.078 ± 0.017 F3 
CH 3 CCH 150 12.0 ± 0.9 0.6–1.7 1.3 ± 0.6 11.8 ± 1.2 0.06 ± 0.03 1.2 ± 0.3 F4 
CH 3 NC 150 0.11 ± 0.04 0.8–1.8 0 7 0.03 ± 0.03 (1.1 ± 0.5) × 10 −2 F5 
NH 2 CN 50 0.111 ± 0.008 0.6–1.6 −0.5 ± 0.3 7 0.34 ± 0.08 (1.1 ± 0.3) × 10 −2 1 

CS 71 ± 22 0.6–1.4 7 ± 3 2 
C 

36 S 50 0.04 ± 0.01 0.6–1.4 −0.5 ± 1.2 9.5 0.08 ± 0.04 (4.2 ± 1.3) × 10 −3 2 
c-C 2 H 4 O 132 ± 7 6.3 ± 0.3 0.47 ± 0.15 8.6 ± 0.4 0.10 ± 0.03 0.63 ± 0.13 3 

H 2 CS 30.6 ± 11 0.6–1.6 3.1 ± 1.2 F6 
H 2 C 

33 S 50 0.36 ± 0.06 0.6–1.6 0 7 0.07 ± 0.06 (3.6 ± 1.0) × 10 −2 F6 
trans-HONO 50 ∼ 0.45 ± 0.06 0.6–1.7 −1.1 ± 0.5 7 0.10 ± 0.06 (4.5 ± 1.1) × 10 −2 F7 

SO 3.9 ± 0.8 0.6–1.4 0.39 ± 0.11 F8 
34 SO 50 0.27 ± 0.04 0.6–1.4 1.3 ± 0.6 7 0.20 ± 0.06 (2.7 ± 0.7) × 10 −2 F8 

CH 3 SH 150 7.2 ± 0.4 0.5–1.6 1.3 ± 0.3 7 0.042 ± 0.014 0.70 ± 0.15 4 
HC 3 N 2.8 ± 0.4 1.1–1.2 0.28 ± 0.07 F9 

H 

13 CCCN 50 0.062 ± 0.004 1.1–1.2 1.0 ± 0.3 9.2 ± 0.7 0.32 ± 0.08 (6.2 ± 1.3) × 10 −3 F9 
HC 

13 CCN 50 0.070 ± 0.003 1.1–1.2 0.7 ± 0.3 10.4 ± 0.6 0.33 ± 0.05 (7.0 ± 1.5) × 10 −3 F9 
HCC 

13 CN 50 0.080 ± 0.004 1.2–1.2 2.2 ± 0.3 9.5 0.40 ± 0.07 (8.0 ± 1.7) × 10 −3 F9 
C 2 H 5 CHO 150 ∼ 3.00 ± 0.15 0.6–1.3 0.1 ± 0.2 7 0.02 ± 0.02 0.30 ± 0.07 F10 

OCS (1.8 ± 0.8) × 10 2 0.9–1.2 18 ± 9 F11 
18 OCS 50 0.55 ± 0.07 0.9–1.2 2.9 ± 0.5 7 0.16 ± 0.06 (5.5 ± 1.3) × 10 −2 F11 

CH 3 OCH 2 OH 150 ∼(2.55 ± 0.15) × 10 2 0.6–1.4 2.7 ± 0.3 7 0.02 ± 0.03 26 ± 6 F12 
SO 2 10 ± 3 1.1 ± 0.4 F13 

34 SO 2 56 ± 14 0.68 ± 0.14 1.9 ± 0.4 7 0.15 ± 0.05 (7 ± 2) × 10 −2 F13 

Non detected molecules (upper limits) 

H 2 S 50 < 7.6 × 10 4 9120–0.07 c 0 7 < 9 × 10 −3 < 8 × 10 3 G1 
C 3 H 6 150 < 3.6 0.6–1.6 0 7 < 1.4 × 10 −3 < 0.4 G1 

HOCN 50 < 0.006 0.6–1.8 0 7 < 0.03 < 6 × 10 −4 G1 
syn-CH 2 CHOH 150 < 4.0 0.6–1.5 0 7 < 9 × 10 −3 < 0.4 G1 

PN 50 < 0.005 0.6–1.4 0 7 < 0.02 < 5.0 × 10 −4 G1 
PO 50 < 0.019 0.6–1.4 0 7 < 0.015 < 1.9 × 10 −3 G1 

CH 3 Cl 50 < 0.04 0.6–1.6 0 7 < 0.012 < 4 × 10 −3 G1 
HC 2 NC 50 < 0.003 0.9–1.2 0 7 < 5 × 10 −3 < 2.6 × 10 −4 G1 

trans-C 2 H 3 CHO 150 < 0.16 0.7–1.5 0 7 < 0.010 < 1.6 × 10 −2 G1 
HOCH 2 CN 150 < 0.8 0.6–1.4 0 7 < 0.011 < 8 × 10 −2 G1 

CH 3 CHCH 2 O 150 < 1.9 0.8–1.2 0 7 < 0.011 < 0.19 G1 
gauche-C 2 H 5 SH 150 < 1.7 0.6–1.8 0 7 < 9 × 10 −3 < 0.17 G1 

S 2 50 < 290 1.2–1.1 0 7 < 0.04 < 29 G1 
HS 2 50 < 0.4 0.6–1.6 0 7 < 0.02 < 3 × 10 −2 G1 
H 2 S 2 50 < 1.7 0.5–1.7 0 7 < 0.06 < 0.17 G1 

NH 2 CH 2 COOH 150 < 2 0.7–1.6 0 7 < 5 × 10 −3 < 0.2 G1 

Isotopic ratios used: 12 C/ 13 C = 39.5 ± 9.6 (mean value of isotopic ratios from Milam et al. 2005 ; Yan et al. 2019 ), 14 N/ 15 N = 340 ± 90 (Colzi et al. 2018 ), 32 S/ 34 S = 14.6 ± 2.1 
(Yu et al. 2020 ), 34 S/ 33 S = 5.9 ± 1.5 (Yu et al. 2020 ), 34 S/ 36 S = 115 ± 17 (Mauersberger et al. 1996 ), 16 O/ 18 O = 330 ± 140 (Wilson 1999 ), 18 O/ 17 O = 3.6 ± 0.2 (Wilson 1999 , 
taking the value of local ISM). a Maximum τ of all the transitions detected in each species. b Value of N (H 2 ) = (1.0 ± 0.2) × 10 25 cm 

−2 (Mininni et al. 2020 ). c The transition 
of H 2 S used has a high value of E up of 520 K (see Table D1 ), which is completely out of the range of the T ex adopted in the fits (25, 50, and 75 K); and thus the derived N is 
e xtremely sensitiv e to the value assumed. ∗This molecule, HNC, is detected, but the profiles of the main isotopologue and the 13 C isotopologue show absorptions (see Fig. F1 ). 
We have derived an upper limit using the 15 N isotopologue (see details in Section 4.1.2 ). 
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3248 Á. L ́opez-Gallifa et al. 

M

4

T  

a  

F  

i  

a  

s  

r  

i  

t  

r  

t

4

S  

t  

l  

H  

l  

i  

H  

c  

h  

2

4

S  

t  

s  

C  

(  

i  

a  

T  

i  

C  

d  

a  

r
r  

i  

D

4

T  

(  

o  

b  

1
 

p  

M  

T  

i  

u

4

W  

t  

w  

s  

a  

f  

fi
1

4

W  

s  

1  

a  

i  

w  

e  

c  

p  

(

4

W  

s  

m  

r  

C  

t  

a  

w  

p  

1
 

i  

C  

0  

s  

G

4

T  

i  

t  

e  

i  

a  

T  

n  

i  

A  

u  

n  

0  

4

F  

G  

w  

w  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3244/7623616 by guest on 04 D
ecem

ber 2024
.1.1 Hydro g en cyanide (HCN) 

he spectral profiles of the J = 1 − 0 rotational transitions of HCN
nd H 

13 CN show clear absorptions (left and middle upper panels of
ig. F1 ), which are likely due to filtering of extended emission by the

nterferometer and/or possible infall motions. To derive the molecular
bundance of HCN, we have then used the 15 N isotopologue, which
hows a Gaussian emission profile (upper right panel of Fig. F1 ). The
esults of the fit are shown in Table 2 . The derived line opacity ( τ )
s ∼1.7, which indicates that even the 15 N isotopologue is optically
hick. The column density of HCN derived, assuming the 14 N/ 15 N
atio, is (1.5 ± 0.4) × 10 18 cm 

−2 . We warn that, due to the opacity,
his value is likely a lower limit of the true column density. 

.1.2 Hydro g en isocyanide (HNC) 

imilarly to HCN, the spectral profiles of the J = 1 − 0 rotational
ransitions of HNC and HN 

13 C show absorptions (left and middle
ower panels of Fig. F1 ). Unlike HC 

15 N, the J = 1 − 0 transition of
 

15 NC is heavily contaminated with a transition of CH 3 NH 2 (right
ower panel of Fig. F1 ). Therefore, we derived an upper limit for
ts column density (procedure explained in Section 4.2 ) using the
 

15 NC isotopologue, and we retrieve the upper limit of the HNC
olumn density applying the 14 N/ 15 N ratio (Table 2 ). We obtain a
igh HCN/HNC ratio > 136, as expected in hot gas (Colzi et al.
018 ; Hacar, Bosman & van Dishoeck 2020 ). 

.1.3 Carbon monoxide (CO) 

imilarly to HCN and HNC, the spectral profiles of the J = 1 − 0 rota-
ional transitions of CO and 13 CO show strong absorptions (Fig. F2 ),
o we searched for optically thinner isotopologues. The isotopologue
 

17 O is heavily blended with two bright transitions of CH 3 COOH
Fig. F2 ), and thus we report an upper limit (procedure explained
n Section 4.2 ). The transition of the C 

18 O isotopologue is detected,
lthough partially blended with emission of CH 3 OCHO (see Fig. F2 ).
he transition of the optically thinner double isotopologue 13 C 

18 O
s also detected (Fig. F2 ), only slightly blended with a transition of
H 3 NCO. We used the 13 C 

18 O isotopologue to derive the column
ensity of CO taking into account the slight contribution of CH 3 NCO,
nd using the corresponding carbon and oxygen isotopic ratios. The
esults of the fits are shown in Tables 2 and A1 . The derived CO/H 2 

atio is 2.6 × 10 −4 , which is consistent with the typical value found
n molecular clouds (e.g. Dickman 1978 ; Lis & Goldsmith 1988 ;
uan et al. 2023 ). 

.1.4 Formaldehyde (H 2 CO) 

he brightest transition of H 2 CO, 6 1, 5 → 6 1, 6 at 101.3330 GHz
Table D1 ) is detected and appears unblended, but it is heavily
ptically thick ( τ = 4), while other weaker transitions appear heavily
lended (Fig. F3 ). Thus, we searched for rarer isotopologues. The
3 C and the 17 O isotopologues are detected, but their transitions are
artially optically thick ( τ = 0.24 and 0.4, respectively, see Table A1 ).
oreo v er, the transition of HC 

17 
2 O is partially blended with CH 3 OH.

he 6 1, 5 → 6 1, 6 transition of the 18 O isotopologue is unblended, and
t is optically thin ( τ = 0.053). Therefore, we used it to derive the col-
mn density of H 2 CO, obtaining (2.6 ± 1.2) × 10 18 cm 

−2 (Table 2 ). 

.1.5 Propyne (CH 3 CCH) 

e fitted the two K -ladders of the J = 5 − 4 and J = 6 − 5 rotational
ransitions showed in Fig. F4 . Some of the transitions are blended
NRAS 529, 3244–3283 (2024) 
ith CH 3 COCH 3 , aGg’-(CH 2 OH) 2 and CH 3 OCHO. The observed
pectrum is well reproduced with the combined emission of CH 3 CCH
nd the blending species, as shown in Fig. F4 . If we leave T ex as a
ree parameter the AUTOFIT algorithm does not converge, hence we
xed it to 150 K. We derived a column density of (1.20 ± 0.09) ×
0 17 cm 

−2 (see Table 2 ). 

.1.6 Methyl isocyanide (CH 3 NC) 

e fitted the K -ladder of the J = 5 − 4 rotational transition. As
hown in Fig. F5 , the K = 0 and K = 1 transitions (at 100.5265 and
00.5242 GHz, respectively, see Table D1 ) are slightly blended with
Gg’-(CH 2 OH) 2 . In addition, the K = 2 transition (at 100.5174 GHz)
s blended with CH 3 OCHO and K = 3 (at 100.5061 GHz) is blended
ith HCOCH 2 OH and CH 3 COCH 3 . The blending of the higher

nergy transitions of the K -ladder (see Table D1 ) does not allow
onvergence of the AUTOFIT algorithm leaving T ex as a free
arameter, so we fixed it to 150 K. We retrieved a column density of
1.1 ± 0.4) × 10 15 cm 

−2 (see Table 2 ). 

.1.7 Cyanamide (NH 2 CN) 

e show in Fig. 1 the most intense and less blended transitions of this
pecies (Table D1 ). The 5 1, 5 → 4 1, 4 transition at 99.3112 GHz is only
arginally contaminated by CH 3 COOH. The other transitions of the

ight-hand panels of Fig. 1 , are partially blended with CH 3 COOH,
 2 H 5 OCHO, C 2 H 5 OH, and with a transition not identified, respec-

ively. We note that all other transitions predicted by the LTE model
re consistent with the observed spectra, but they are heavily blended
ith emission from other species. The transitions used for the fit are
artially optically thick ( τ = 0.04–0.34; T able 2 ). W e searched for the
3 C isotopologue, but it is not detected. The NH 2 CN/NH 2 CHO ratio
n G31.41 is 0.007, using the value derived here and that reported by
olzi et al. ( 2021 ) for formamide. For comparison, in IRAS16B is
.02 (Coutens et al. 2018 ), which is only a factor three of difference
uggesting that the NH 2 CN column density that we have derived for
31.41 is more or less reliable. 

.1.8 Carbon monosulphide (CS) 

he only rotational transition of CS in the GUAPOS spectral range
s the 2 → 1 at 97.9810 GHz (see Table D1 ), which is optically
hick and it shows a clear absorption probably due to filtering of
xtended emission and/or infall (see Fig. 2 ). The transitions of the
sotopologues 13 CS, C 

34 S, and C 

33 S are unblended, but they also
re optically thick, with τ of 2.5, 1.17, and 1.0, respectively (see
able D1 ). The isotopologues C 

36 S and 13 C 

34 S are also detected with
o or very little contamination (Fig. 2 ). For the fit of C 

33 S and C 

36 S
sotopologues, we fixed the FWHM to 9.5 km s −1 (see Tables 2 and
1 ), derived from the fit of C 

34 S, instead of the 7 km s −1 generally
sed when no further information are available and the AUTOFIT do
ot converge. We used the optically thinner isotopologue, C 

36 S ( τ =
.08), to derive the column density of CS, which is shown in Table 2 .

.1.9 Ethylene oxide (c-C 2 H 4 O) 

ig. 3 shows selected transitions of c-C 2 H 4 O detected towards
31.41, which are unblended or partially blended and intense,
ith emission from other species whose joint contribution explains
ell the observed spectrum. We note that the remaining transitions
redicted by the LTE model are consistent with the observed
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Figure 1. NH 2 CN described in Section 4.1.7 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the individual 
transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines are the frequency of the transitions that we are fitting. 
The plots are sorted by decreasing intensity of the corresponding species (red line). 

Figure 2. CS isotopologues described in Section 4.1.8 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of 
the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 
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pectrum, but appear more blended with transitions of other species. 
he transitions are optically thin ( τ ≤ 0.10; see Table D1 ). They cover
 wide range of transitions energies from 9.5 to 290 K, allowing us
o leave T ex as a free parameter. We found T ex = 132 ± 7 K, similar
o the assumed value of 150 K assumed for the molecules with > 5
toms. The other derived parameters are shown in Table 2 . 

.1.10 Thioformaldehyde (H 2 CS) 

he fit of the detected transitions of H 2 CS (see Fig. F6 and Table D1 )
ives a T ex = 38 K (see Table A1 ) and indicates that the emission of
he molecule is optically thick. We have thus searched for optically 
hinner isotopologues with 13 C, 33 S, and 34 S, which are also detected 
nd shown in Fig. F6 . Since AUTOFIT does not converge leaving
 ex as a free parameter, we fixed it. We do not use the value derived
or the main isotopologue because of its optical thickness, but we 
sed instead 50 K, following our general criteria. The transitions 
f the 13 C isotopologue are partially blended, while the transitions 
f H 2 C 

33 S are less blended with other species (Fig. F6 ). The
sotopologue H 2 C 

34 S is slightly optically thick ( τ = 0.03–0.33), 
hereas H 2 C 

33 S has a lower τ of 0.01–0.07. Therefore, we used
he H 2 C 

33 S isotopologue to retrieve the column density of H 2 CS
T able 2 ). W e note that the H 2 CS column density derived by using
 2 C 

34 S would be a factor 3.6 lower, confirming that it is partially
ptically thick. 

.1.11 Nitrous acid (HONO) 

ome few transitions of this species are detected with no or slight
lending (see Table D1 ), such as the the 6 1, 5 → 6 0, 6 transition at
8.0877 GHz shown (fourth panel of Fig. F7 ), the 4 0, 4 → 3 0, 3 at
3.9528 GHz (slightly blended with CH 3 CONH 2 ; upper right panel
f Fig. F7 ), and the 8 1, 7 → 8 0, 8 transition at 111.5519 GHz (second
eft-most upper panel of Fig. F7 ). We note that all other transitions
redicted by the LTE model are consistent with the observed spectra,
ut they are heavily blended, with only one possible discrepancy 
f the 3 1, 2 → 3 0, 3 at 85.7329 GHz, in which the LTE model
 v erestimate the observ ed spectrum by ∼1.5 K (middle right panel
f Fig. F7 ). This difference might be due to a non-optimal baseline
ubstraction, considering that the uncertainty of the continuum level 
f the ALMA baselines in the GUAPOS surv e y is of the same
rder (1.2 K, as described in Colzi et al. 2021 ). Since the number of
nblended transition detected of this species is not enough to claim a
obust detection, we consider it as a tentative detection. We note that
MNRAS 529, 3244–3283 (2024) 
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Figure 3. c-C 2 H 4 O described in Section 4.1.9 . Selected transitions of c-C 2 H 4 O are shown, more transitions are detected but are not part of this figure. The 
black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the individual transition, and the blue curve is the cumulative 
fit considering all detected species. The red dashed lines indicate the frequency of the molecular transitions. The plots are sorted by decreasing intensity of the 
corresponding species (red line). 
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Figure 4. CH 3 SH described in Section 4.1.13 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the individual 
transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular transitions. The 
plots are sorted by decreasing intensity of the corresponding species (red line). 
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his species has been only detected pre viously to wards IRAS16B
y Coutens et al. ( 2019 ). In this source the HONO/CH 3 OH ratio is
 × 10 −5 , whereas the ratio in G31.41 we derived a similar value
f 6 × 10 −5 , which further supports that the molecule is tentatively
etected. 

.1.12 Sulphur monoxide (SO) 

our intense and unblended transitions of SO are detected (see Fig. F8 
nd Table D1 ). The AUT OFIT conver ged leaving all parameters free
see Table A1 ). The results indicate that three of the transitions
re optically thick ( τ > 0.8; Table D1 ), and that only the 5 4 →
 4 transition is optically thin ( τ= 0.15). Therefore, we used the
sotopologue 34 SO, whose detected transitions are shown in the lower 
anels of Fig. F8 . Since the main isotopologue is optically thick, we
o not use the T ex derived for it, but assume a value of 50 K, following
ur general criteria. The 2 3 → 1 2 transitions at 97.7153 GHz (lower 
eft panel) is completely unblended, while the other three are partially 
lended. These transitions are optically thin ( τ < 0.2). We applied 
he 32 S/ 34 S ratio to derive the column density of SO (see Table 2 ). 

.1.13 Methyl mercaptan (CH 3 SH) 

e have detected several unblended transitions of CH 3 SH (see Fig. 4
nd Table D1 ). These transitions are optically thin ( τ < 0.042).
he remaining CH 3 SH transitions, along with the contribution from 

ther species, such as C 2 H 

13 
5 CN or C 2 H 5 CHO, are consistent with

he observed spectra. The derived parameters of the fit are shown in
able 2 . 
.1.14 Cyanoacetylene (HC 3 N) 

he spectral co v erage of the GUAPOS surv e y contains the J = 10 − 9,
 = 11 − 10 and J = 12 − 11 transitions of HC 3 N. The transitions
 = 10 − 9 and J = 12 − 11 are unblended, while the J = 11 − 10
ransitions is partially blended with CH 3 OCHO (see Fig. F9 and
able D1 ). By fitting these transitions we obtained a value for
 ex of 58 ± 8 K (see Table A1 ), and line opacities of τ= 1.6-
.0, which indicate that the main isotopologue is optically thick. 
e have also searched for the three 13 C isotopologues: H 

13 CCCN,
C 

13 CCN, and HCC 

13 CN. We fixed the T ex to 50 K because the
alues obtained from the HC 3 N fit are not reliable due to the
igh optical depth. The transitions of the three isotopologues are 
nblended, or they are blended with emission from other identified 
pecies that explain properly the observed spectrum. The transti- 
ion J = 12 − 11 of HCC 

13 CN is blended with HCOCH 2 OH; the
ranstition J = 11 − 10 of H 

13 CCCN is blended with C 2 H 3 CN and
H 3 COOH; and the transtition J = 12 − 11 of HC 

13 CCN is blended
ith aGg’-(CH 2 OH) 2 . The emission of the 13 C isotopologues is
ptically thinner than that of the main isotopologue ( τ = 0.26–
.40). The column densities obtained for the three isotopologues 
re similar (Table 2 ). To derive the column density of HC 3 N we
ave thus done the average of the column densities of the 13 C
sotopologues, and applied the isotopic ratio. Since the transitions 
ave intermediate opacities, the HC 3 N column density might be 
lightly underestimated. We also searched for optically thinner 
sotopologues ( 15 N or the double 13 C isotopologues), but they are not
etected. We note that the upper limits obtained for those isotopo-
ogues are consistent with the column density we report for HC 3 N
Table 2 ). 
MNRAS 529, 3244–3283 (2024) 
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.1.15 Propanal (C 2 H 5 CHO) 

he transitions 12 0, 12 → 11 1, 11 E and 12 0, 12 → 11 1, 11 A, both
t 114.1011 GHz (Table D1 ), shown in upper middle panel of
ig. F10 , are unblended. Fig. F10 also shows other several transitions
f C 2 H 5 CHO that reproduce well the observed spectra when the
ontribution of the emission from other species is considered. The
ther transitions predicted by the LTE model are consistent with the
bserved spectra, but they are heavily blended, and thus they are not
sed for the LTE model fit. Therefore, we consider that this species is
entatively detected. The results of the fit using the transitions shown
n Fig. F10 are presented in Table 2 . This molecule has been detected
reviously in other interstellar sources, including IRAS16B, in which
ykke et al. ( 2017 ) found a C 2 H 5 CHO/CH 3 OH ratio of 2.2 × 10 −4 ,
ery similar to the value derived here for G31.41 (4.0 × 10 −4 ), which
upports the tentative detection. 

.1.16 Carbonyl sulphide (OCS) 

everal transitions of OCS, O 

13 CS, OC 

34 S are clearly detected
ith no contamination (see Fig. F11 and Table D1 ). For OCS and
 

13 CS AUT OFIT conver ges leaving T ex as a free parameter, giving
4 ± 5 and 35 ± 16 K, respectively (Table A1 ). However, both are
ptically thick ( τ > 1.1), and hence they do not provide a reliable
alue for the temperature. Thus, we hav e fix ed T ex = 50 K for
he other isotopologues. The transitions of 18 OCS and OC 

33 S are
ptically thinner ( τ = 0.16-0.22), and also unblended, except for
he 8 → 7 transition of OC 

33 S, which is blended with CH 3 OCHO,
nd for the 10 → 9 transition of 18 OCS, which is blended with an
nidentified species. The results of the fits for the isotpologues and
he main molecule are shown in Tables 2 and A1 . The column density
f OCS using the isotopologue 18 OCS or OC 

33 S are consistent within
 factor of 1.3. We used the isotopologue 18 OCS to estimate the
olumn density of OCS because it is slightly optically thinner. 

.1.17 Methoxymethanol (CH 3 OCH 2 OH) 

he LTE model using the parameters shown in Table 2 is depicted
n Fig. F12 , which shows several transitions of this species that
ight be detected towards G31.41. The inclusion of the contribution

f the CH 3 OCH 2 OH emission, along with that of other molecules
reviously identified, explain better the observed spectrum than
ithout considering it. We note that the remaining transitions
redicted by the LTE model are consistent with the observed data.
o we ver, there is not enough unblended transitions of this species

o provide a robust detection, and hence we consider it as tentative.
his molecule has been only previously detected in the MM1 core of
GC6334-I by McGuire et al. ( 2017 ), in Orion KL by Tercero et al.

 2018 ), and in IRAS16B by Manigand et al. ( 2020 ). These works
ound a CH 3 OCH 2 OH/CH 3 OH ratios of 0.014, 0.014, and 0.029,
espectively. In this work, we have derived a very similar ratio of
.034 towards G31.41, supporting the tentative detection. 

.1.18 Sulphur dioxide (SO 2 ) 

ig. F13 shows the transitions of SO 2 , 34 SO 2 and 33 SO 2 detected
owards G31.41 (see also Table D1 ). Several transitions of SO 2 and
3 SO 2 are blended with other species, while the two transitions of
4 SO 2 are unblended. Moreo v er, this isotopologue is the only for
hich AUT OFIT conver ges leaving T ex as a free parameter, giving
 value of 56 ± 14 K, and a low opacity of τ= 0.15 ± 0.05. We
ave then fixed this derived value of T ex also for SO 2 and 33 SO 2 .
NRAS 529, 3244–3283 (2024) 
he main isotopologue SO 2 is optically thick ( τ= 0.64), while 33 SO 2 

s optically thin ( τ= 0.08). In this case, although the opacity of the
4 SO 2 is slightly higher than that of 33 SO 2 , we have used the former
o derive the column density of SO 2 because their detected lines are
nblended (Fig. F13 ). The results are shown in Tables 2 and A1 . 

.2 Non-detected molecules 

esides the 18 molecules with positive detections (including 3
entati ve detections) to wards G31.41 presented in the pre vious
ection, we have also searched for other 16 species (of the molecule
ample described in Section 3 ) that were not detected in this or any
ther GUAPOS works (see Table 1 ). We have thus derived upper
imits for their column densities, which are listed in Table 2 . The
ransitions of these species from which we have obtained the upper
imits are mostly blended. Therefore, to compute the upper limits,
e have selected the brightest transition of each species according to

he LTE model that do not appear heavily blended. Since there are no
ine-free channels in the G31.41 spectra, to derive the upper limits
e have fixed the values of T ex , v − v 0 and FWHM to the values
reviously explained in Section 4 , and we have increased the value
f N that makes the LTE model (including also the contribution from
ther species) visually compatible with the observed spectra. We list
n Table D1 the transition used for each molecule, and in Fig. G1 ,
e show the observed spectra at the corresponding frequency. To

ssess how constraining are the derived upper limits, in Fig. G2
Appendix G ), we have compared them, normalized to CH 3 OH,
ith the molecular ratios (or upper limits) obtained in IRAS16B.
he details of this comparison are presented in Appendix G . 

 C O M PA R I S O N  WI TH  OTH E R  

NTERSTELLAR  S O U R C E S  

e have compared the chemical reservoir of G31.41, using the
olecular abundances derived here and in previous works (Cesaroni

t al. 1994 ; Mininni et al. 2020 , ; Colzi et al. 2021 ) with that of the hot
orino surrounding the low-mass Solar-like protostar IRAS16B, and
he two comets 67P/C-G and 46P/W. While G31.41 and IRAS16B
re two archetypical examples of a hot core and a hot corino,
espectively , namely , the natal environments where massive and low-
ass (Solar-like) protostars are born, the two comets (67P/C-G and

6P/W) are representatives of the outcoming products of the process
f star and planet formation. We select these three sources to be
ompared with G31.41 because its chemical reservoir have been
re viously extensi vely studied, providing molecular catalogs of tens
f molecules. Their molecular abundances were derived from deep
urv e ys based on homogeneous data, which were analysed using the
ame procedure, like we have performed in the GUAPOS project for
31.41. This is a fundamental requisite to obtain reliable values of
olecular abundance ratios, and fair comparisons of the chemical

ontent of the four sources. 
IRAS16B is the prototypical example of a low-mass star-forming

egion, and its rich molecular content has been obtained using
LMA data in multiple works, especially from the Protostellar

nterferometric Line Surv e y (PILS; e.g. Jørgensen et al. 2016 ).
RAS16B is a member of a multiple protostellar system (Maureira
t al. 2020 ), and it is commonly considered a proto-Solar analogue
iven its low mass, which is 0.1 M � (Jacobsen et al. 2018 ). IRAS16B
s the most chemically rich hot corino kno wn, and se veral molecules
ave been detected towards it for the first time in the ISM (e.g.
outens et al. 2019 ; Zeng et al. 2019 ), or in low-mass star-forming

egions (e.g. Ligterink et al. 2017 ; Mart ́ın-Dom ́enech et al. 2017 ;
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Figure 5. Molecular abundances with respect to CH 3 OH (of detected molecules and upper limits) classified by chemical families on different pair of sources. 
The errorbars marked with arrows are the upper limits. Grey dotted line is the 1:1 relation on each plot. Dark and light grey are half and one order of magnitude 
difference with respect to the grey dotted line. In the legend: r s is the Spearman correlation coefficient, τ is the Kendall one, T-S is the Theil–Sen one, p is the 
correspondent p -value. 
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alcutt et al. 2018 ; Coutens et al. 2018 ). For our comparison, we
ave used the molecular abundances of 55 molecular species towards 
RAS16B (41 detected molecules; and 14 non-detected molecules for 
hich we used column density upper limits, see Table B1 ), obtained

rom Drozdovskaya et al. ( 2019 ; see also references therein), Mart ́ın-
om ́enech et al. ( 2017 ), Coutens et al. ( 2018 , 2019 ), Calcutt et al.

 2019 ), and Manigand et al. ( 2021 ). For those molecules for which
he uncertainties of the derived molecular column densities are not 
vailable, we have assumed an uncertainty of 20 per cent . 

The comet 67P/C-G was visited by the European Space Agency 
ESA) spacecraft Rosetta, which provided us with unique data thanks 
o the instrument onboard ROSINA (Rosetta Orbiter Spectrometer 
or Ion and Neutral Analysis; Le Roy et al. 2015 ). This instrument has
rovided an unprecedented view of the volatile chemical composition 
f a comet (Rubin et al. 2019 ) by obtaining in situ data from the
olatile emanated from the nucleus of the comet. The abundances 
ere obtained by mass spectroscopy, thus isomer groups cannot be 
istinguished. We used here the data from Calmonte et al. ( 2016 ),
hooghe et al. ( 2017 ), Fayolle et al. ( 2017 ), Altwegg et al. ( 2019 ),
adraoui et al. ( 2019 ), Rubin et al. ( 2019 ), Schuhmann et al. ( 2019 ),

nd Rivilla et al. ( 2020 ). For the comparison presented in this work,
e have considered the molecular abundances of 32 isomeric groups 

29 detections and 3 non-detected species for which abundance upper 
imits were derived, see Table B1 ). 

The chemical composition of the comet 46P/W was studied in 
etail with the IRAM 30-m telescope and the NOEMA interferometer 
hen its distance was less than 0.1 au from Earth by Biver et al.

 2021 ). We have used the molecular abundances reported in Biver
t al. ( 2021 ), which provided information of 31 species (11 detections
nd 20 non-detections for which upper limits are available, see 
able B1 ). 

.1 Comparison of molecular abundances 

e have directly compared the molecular abundances derived 
owards the four sources in Fig. 5 , in which we have normalized
he column densities of all the species with respect to methanol
CH 3 OH). To compute the molecular ratio uncertainties, we have 
sed error propagation for those column densities with symmetric 
ncertainties (e.g. those of G31.41 and IRAS16B). For the molecules 
ith column densities reported with asymmetric uncertainties in the 

omet 67P/C-G (e.g. S-bearing from Calmonte et al. 2016 ), the error
ars have been computed by considering the minimum and maximum 

atios calculated considering the column density uncertainties, as also 
one by Drozdovskaya et al. ( 2019 ). 
Fig. 5 is composed of six panels that show the molecular abundance

atios for each possible pair of sources. In the cases in which the
olecules are not detected, but upper limits of their column densities

ave been reported (see Section 4.2 for G31.41), we denote them with
riangles. Due to the use of the mass spectroscopy technique for the
omet 67P/C-G, we summed the column densities of the molecules 
ith the same molecular mass of the other three sources for the

omparison. In the case that the column density of one of the species
s an upper limit, we have considered the sum as an upper limit as
ell. 
In Figs 6 –8 , we have separated different families of molecules:

i) oxygen(O)-bearing species; (ii) nitrogen(N)-bearing species (in- 
luding molecules with O); and (iii) sulfur(S)-, phosphorus(P)-, 
MNRAS 529, 3244–3283 (2024) 



3254 Á. L ́opez-Gallifa et al. 

M

Figure 6. Same as in Fig. 5 but only plotting O-bearing molecules with respect to CH 3 OH. The errorbars marked with arrows are the upper limits. Grey dotted 
line is the 1:1 relation on each plot. Dark and light grey are half and one order of magnitude difference with respect to the grey dotted line. In the legend: r s is 
the Spearman correlation coefficient, τ is the Kendall one, T-S is the Theil–Sen one, and p is the correspondent p -value. We note that the limits of the axis are 
different to those shown in Fig. 5 for display purposes. 
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nd chlorine(Cl)-bearing species. We have normalized the column
ensity of each molecule by the reference molecule indicated in the
xis label: CH 3 OH for O-bearing, CH 3 CN for N-bearing, and CH 3 SH
or S-, P-, and Cl-bearing species. The column densities of CH 3 OH
nd CH 3 CN in G31.41 are calculated by Mininni et al. ( 2023 ) using
H 

18 
3 OH and 13 CH 3 CN istopologues, respectively, while CH 3 SH has

een analysed in this work (Section 4.1.13 ). 
Figs 5 –7 shows in general a good correlation of O- and N-bearing

pecies for all pair of sources, spanning a remarkably broad range
f molecular abundance ratios of up to 6 orders of magnitude. Most
f the points fall in the ±1 order of magnitude region from the 1:1
orrelation (grey shaded area in the figures). 

The case of S- and P-bearing species is different. Fig. 5 shows
hat these species, when normalized to CH 3 OH, lie well below the
:1 correlation, namely they are underabundant, in the star-forming
egions (G31.41 and IRAS16B) compared to 67P/C-G (upper middle
nd lower left panels in Fig. 5 ). However, when the abundance ratios
re computed by using CH 3 SH instead of CH 3 OH, they lie closer
o the 1:1 line as shown in Fig. 8 . This suggests that the chemical
ontent of S- and P-bearing species, unlike O- and N-bearing, is
ifferent in the star-forming regions and the comet 67P/C-G. We will
iscuss in detail the implications of this in Section 6 . 

.2 Correlation between sources using statistical tests 

o quantify the goodness of the molecular abundance correlations
etween the different sources, and hence to investigate how their
hemical contents behave, we used three statistical tests: Spearman
 r s ), Kendall ( τ ), and Theil–Sen (T–S). Each test checks different
NRAS 529, 3244–3283 (2024) 
roperties of the correlations: while Spearman and Kendall report
hether the data points are monotonically increasing or not (by

omparing the ranges and by analysing if the pairs of data are
oncordant or discordant, respectively), T–S indicates if the data can
e fitted by a linear fit, similarly to the Pearson correlation coefficient,
ut with the advantage of being less sensitive to the outliers. We
resent a detailed description of the three tests in Appendix E . 
We applied the correlation tests using the molecular abundance ra-

ios of the detected molecules. For each statistical test, we calculated
ts p -value, which quantifies the reliability of the derived correlation
oefficient by taking into account the number of data points and the
oodness of the correlation. If the correlation coefficient calculated is
erfectly reliable, then the p -value is 0, whereas a value of 1 indicates
hat the correlation coefficient is not reliable at all. We considered that
 value below 0.1 is good enough to trust the correlation coefficient.

To analyse the results of the correlation tests we have computed
our correlation matrices, one for each test, and one for the average
orrelation coefficient ( m ) defined as: 

 = 

r s + τ + T-S 

3 
, (1) 

here r s , τ , and T-S are Spearman, Kendall, and T–S statistical
ests, respectively. Each matrix is divided in cells, with each cell
orresponding to the correlation coefficient for a pair of sources.
he correlation matrices have been obtained for different groups of
olecules: all molecules (Fig. 9 ), O-bearing (Fig. 10 ), N-bearing

Fig. 11 ), and S-bearing (Fig. 12 ). As shown in these figures, the
esults obtained using the three different statistical tests and the
verage one ( m ) are overall similar, which stress the robustness of the
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orrelation analysis. For this reason, we will restrict the discussion 
o the average correlation matrices. 

In order to help the interpretation of the correlation tests, we 
ave arbitrarily defined dif ferent v alues of the average correlation 
oefficient: m ≥ 0.9 (excellent correlation), 0.9 > m ≥ 0.7 (very good 
orrelation), 0.7 > m ≥ 0.5 (good correlation), 0.5 > m ≥ 0.3 (poor
orrelation), and 0.3 > m (no correlation). 

.2.1 Full chemical reservoir 

e first discuss the results found considering all the molecules 
nalysed. 

The average correlation matrix (Fig. 9 ) indicates that the pairs
f sources with very good correlations are IRAS16B and 46P/W 

 m = 0.78, p values < 0.01, based on 10 molecular species), and
he two comets ( m = 0.7, p = 0.1–0.23, indicating a low reliability
ecause is based on only five species). Good correlations are also 
ound between G31.41 and IRAS16B ( m = 0.63, p < 0.01 based on 35
olecular species), and G31.41 and 46P/W ( m = 0.54, p = 0.07–0.12,

ased on nine species). The poorest correlations involve the 67P/C-G 

omet with the two star-forming regions: IRAS16B ( m = 0.45, p <
.1, based on 17 molecular species), and G31.41 ( m = 0.22, based
n 15 molecular species, with high p -values ranging 0.21–0.7, which 
ndicated a low reliability). As discussed in the next sections, the main
eason for these discrepancies are the different molecular abundance 
atios for S-bearing species found in 67P/C-G compared to those in 
he star-forming regions. 

In the following sections, we discuss the results obtained for the 
ifferent families of molecules. 

.2.2 O-bearing species 

onsidering only O-bearing species, the correlation matrix (Fig. 10 ) 
ndicates that this family of molecules has in general better correla- 
ions between sources than the full chemical reservoir (compare with 
ig. 9 ). The best correlation is found between IRAS16B and comet
7P/C-G ( m = 0.86, p ≤ 0.01, using eight molecules); in agreement
ith the results previously found by Drozdovskaya et al. ( 2019 ).
here is also a very good correlation between G31.41 and 46P/W 

 m = 0.84, p < 0.1, based on five molecules). 
A very good correlation is also found between IRAS16B and 

6P/W ( m = 0.72, using five molecules). The lower middle panel of
ig. 6 shows that the detected molecules are inside the grey shaded
rea around the 1:1 correlation line, although the p -values (0.06–
.23) indicate that the correlation should be taken with some caution. 
The correlation between G31.41 and IRAS16B is good ( m = 0.65,

 < 0.001, based on 16 molecules). Most of the molecular abundance
atios (with the only exceptions of CH 3 CHO and CH 3 COOH) 
all within the area of ±1 order of magnitude around the 1:1
ine, confirming a very similar chemical composition of O-bearing 

olecules between these two star-forming sources. CH 3 CHO is less 
bundant in G31.41 by a factor of 26.1, which might be partially
ue to opacity effects, since Mininni et al. ( 2023 ) derived that its
mission is partially optically thick, with line opacities up to τ= 0.2.
H 3 COOH is more abundant in G31.41 than in IRAS16B by a factor
f 40.5. Ho we ver, this result is compatible with the ones obtained by
ininni et al. ( 2020 ), in which CH 3 COOH was more abundant in
31.41 compared with other three sources by a factor of 2 and also
as more abundant on G31.41 than other 18 sources. 
The poorest correlation found is between G31.41 and 67P/C-G 

 m = 0.26, based on seven groups with same molecular mass). The
eason for this poor correlation (see upper middle panel of Fig. 6 )
s the presence of two outliers: t-HCOOH and H 2 CO. In the case of
-HCOOH, the transitions analysed by Garc ́ıa de la Concepci ́on et al.
 2022 ) are slightly optically thick ( τ= 0.05–0.2), so the true column
ensity would be higher, and thus closer to the 1:1 region. These
wo outlier molecules might be either underabundant in G31.41 or 
 v erabundant in 67P/C-G. Comparing G31.41 with IRAS16B and the
omet 46P/W, both molecules fall in the shaded area around the 1:1
ine (Fig. 6 ; being t-HCOOH an upper limit in 46P/W). In addition,
hen comparing the two comets (67P/C-G and 46P/W), H 2 CO and

he upper limit of t-HCOOH are abo v e the 1:1 line. Thus, these two
pecies seem to be o v erabundant in comet 67P/C-G compared to the
ther sources. 
We did not perform correlation tests for the 67P/C-G and 46P/W

air because only two molecular abundance ratios are available 
lower right panel of Fig. 6 ). 

.2.3 N-bearing species 

he correlation matrices of N-bearing species are shown in Fig. 11 .
he comparison between the two star-forming regions (G31.41 and 

RAS16B) shows a very good correlation ( m = 0.78, p ≤ 0.01, based
n 11 molecules). 
As shown in Fig. 7 , most of the molecular abundance ratios are

ithin the area of ±1 order of magnitude with respect to the 1:1
ine, with only two outliers: HC 3 N and NH 2 CN. Both molecules fall
nly slightly outside of the ±1 order of magnitude area. As already
entioned in Section 4.1.7 , this discrepancy in NH 2 CN might be due

o optical depth effects. 
Only HCN, HNC, CH 3 CN, and NH 2 CHO are detected in both

omets, and also NH 3 and CH 3 NC were reported in 67P/C-G. As a
onsequence, only three molecular abundance ratios are available for 
he comparisons of G31.41 versus 67P/C-G, G31.41 versus 46P/W, 
nd IRAS16B versus 46P/W, and so the correlation tests performed 
hould be taken with caution. The average correlation coefficients 
re in the three cases m = 1 (Fig. 11 ), but the low number of points
only three), make these correlations not fully reliable. 

For the two comparisons left (IRAS16B versus 67P/C-G and 
7P/C-G versus 46P/W), we did not preform statistical tests because 
nly two molecular abundance ratios are available. 

.2.4 S-, P-, and Cl- bearing species 

ig. 12 shows the correlation matrices for S-bearing molecules. 
he correlations are systematically poorer than those for O- and 
-bearing molecules. 
The comparison between the two star-forming regions, based on 

ix molecules (upper left panel in Fig. 8 ), gives a good correlation in
he Spearman and Kendall correlation matrix ( r s = 0.64 and τ= 0.55,
especti vely). Ho we ver, the T–S correlation matrix value gives no
orrelation (T–S = 0.2). This is because T–S searches for a linear fit,
hile the other two methods check if the points are monotonically

ncreasing. The low correlation derived by T–S decreases the average 
oefficient to m = 0.46, which is slightly below to the threshold we
ave considered for a good correlation. In any case, the low number
f molecules considered (6), and the high p -values ( p = 0.13–0.70),
dvice to take this result with some caution. 

We cannot retrieve the correlation coefficients in the comparisons 
nvolving 46P/W due to the low number of S-bearing species detected 
only H 2 S and CS), and the non-detection of the reference molecule,
H 3 SH. 
MNRAS 529, 3244–3283 (2024) 
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Figure 7. Same as in Fig. 5 but only for N-bearing molecules (including molecules containing O) with respect to CH 3 CN. The errorbars marked with arrows 
are the upper limits. Grey dotted line is the 1:1 relation on each plot. Dark and light grey are half and one order of magnitude difference with respect to the grey 
dotted line. In the legend: r s is the Spearman correlation coefficient, τ is the Kendall one, T-S is the Theil–Sen one, and p is the correspondent p -value. We note 
that the limits of the axis are different to those shown in Fig. 5 for display purposes. 
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The comparison between the comet 67P/C-G and the two star-
orming regions gives no correlation ( m =−0.2 for G31.41, and
 = 0.09 for IRAS16B; Fig. 12 ), confirming that the S chemical

ontent in the comet significantly differs from that of the star-
orming regions, unlike the O and N content, as already mentioned
n Section 5.1 . 

Regarding Cl- and P-bearing species, we did not perform corre-
ation tests given the low number of species detected. Only CH 3 Cl
as been detected towards IRAS16B and 67P/C-G (Fayolle et al.
017 ), and PO towards 67P/C-G (Rivilla et al. 2020 ), preventing us
o compare among the different sources. 

 DISCUSSION:  T H E  C H E M I C A L  T H R E A D  

U R I N G  STAR  F O R M AT I O N  

e have compared in this work the chemical composition of four
ources that co v er initial and final steps of the formation of stars
nd planetary systems. On the one hand, the natal cores in a high-
ass and a low-mass star-forming region (G31.41 and IRAS16B,

espectively). On the other hand, two Solar System comets (67P/C-
 and 46P/W), whose chemical composition is thought to be

lmost pristine, namely-, it informs us about the primitive molecular
ngredients of our planetary system that could have been delivered
o the young Earth (Altwegg et al. 2016 , 2019 ). In the following, we
iscuss the implications of our findings about the evolution of the
hemical feedstock during the process of star and planet formation. 

Complementing the correlations done in Section 5 , and to follow
ow the molecular abundance ratios vary from source to source, we
ave plotted them in Fig. 13 , separating O-, N-, and S-bearing species.
NRAS 529, 3244–3283 (2024) 
he two former are normalized by CH 3 OH (upper right panel) and
H 3 CN (upper left panel), respectively. The latter is normalized by
H 3 OH (lower left panel) and CH 3 SH (lower right panel). As shown

n Fig. 13 , and already mentioned in Section 5 , we have found an
 v erall v ery good correlation between the molecular abundance ratios
f the two star-forming regions (G31.41 and IRAS16B), using a large
ample of molecules (35 common detected species in both sources).

ost of the molecular ratio pairs in these two regions are consistent
ithin an order of magnitude, with variation factors of 1.0 ± 0.6

or O-bearing species, and of 2.3 ± 1.6 for N-bearing molecules.
his similarity is remarkable because these two star-forming regions
av e v ery different physical properties. The y differ in the masses of
heir gas envelopes (70 versus 4 M �; Cesaroni 2019 and Jacobsen
t al. 2018 ; respectively), their protostellar masses (15–26 versus
.1 M �), and their luminosities (4.5 × 10 4 versus 3 L �), from Beltr ́an
t al. ( 2021 ) and Jacobsen et al. ( 2018 ), respectively. Their location
ithin the Galaxy is also different, and the local environment clearly
iffers in terms of clustering: while G31.41 is a massive protostellar
luster (Beltr ́an et al. 2021 ), IRAS16B is an isolated low-mass triple
rotostellar system (see e.g. Maureira et al. 2020 ). This implies that
he expected protostellar feedback (e.g. from protostellar molecular
utflows, and UV radiation) is significantly different. As well, the
rotostellar heating time-scales of the hot core G31.41 is expected
o be much faster than that of the hot corino IRAS16B (Viti et al.
004 ; Awad et al. 2010 ). Moreo v er, it should be noted that the spatial
cales traced by the observations used in this work are very different:
400 au for G31.41 and 60 au for IRAS16B (Mininni et al. 2020 and
ørgensen et al. 2018 , respectively). In principle, one should expect
hat all these abo v ementioned differences in the physical conditions
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Figure 8. Same as in Fig. 5 but only for the P-, S-, and Cl- bearing molecules with respect to CH 3 SH. The errorbars marked with arrows are the upper limits. 
Grey dotted line is the 1:1 relation on each plot. Dark and light grey are half and one order of magnitude difference with respect to the grey dotted line. In the 
legend: r s is the Spearman correlation coefficient, τ is the Kendall one, T-S is the Theil–Sen one, p is the correspondent p -value. We note that the limits of the 
axis are different to those shown in Fig. 5 for display purposes. 

Figure 9. Correlation matrices considering all the molecules analysed in this 
work. The goodness of the correlation is color-coded, the bluer the colour, the 
better the correlation. The value between brackets on each cell is the number 
of molecules considered. 
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ight have an imprint in the molecular ratios in the gas phase, due
o e.g. different desorption histories (thermal and/or shock-induced), 
V processing, or spatial scale ef fects. Ho we v er, we hav e found

hat the molecular ratios of O- and N-bearing species towards the 
ot core and hot corino of G31.41 and IRAS16B, respectively, are
emarkably similar. This result is in good agreement with previous 
orks that have found similar chemical reservoirs comparing tens 
f star-forming regions, based on smaller samples of molecules (e.g. 
oletta et al. 2020 ; van Gelder et al. 2020 ; Colzi et al. 2021 ; Nazari
t al. 2021 , 2022 ; and references therein). 

When the comparison is extended to comets, we have found 
ifferent results depending on the chemical family. O- and N-bearing 
pecies correlates well in general. As shown in the upper panels of
ig. 13 , most of the abundance ratios with respect to CH 3 OH and
H 3 CN, respectively, are consistent within one order of magnitude 

n the four sources. This might imply that the molecular abundance 
atios of O- and N-bearing species are set at early evolutionary
tages of star formation, and that the subsequent evolution does not
ignificantly alter them by a factor larger than 1 order of magnitude,
s shown in Fig. 13 . This is consistent with previous works that
ompared comets with several interstellar sources (Bockel ́ee-Morvan 
t al. 2000 ; Bianchi et al. 2019 ; Drozdovskaya et al. 2019 ; Coletta
t al. 2020 ), supporting the idea of chemical heritage of these
hemical families during the different phases of star and planet 
ormation. 

We note that this does not imply that all molecular abundance 
atios remain completely fixed and unaltered during the process of 
tar and planet formation. It is known that some molecular ratios can
ary when comparing sources at different evolutionary stages. For 
nstance, Sabatini et al. ( 2021 ), using observations and predictions
rom chemical models of a large sample of massive star-forming 
lumps, found that while the median abundances of some species 
emain almost constant (H 2 CO or CH 3 OH), those of other species
MNRAS 529, 3244–3283 (2024) 
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M

Figure 10. Correlation matrices for O-bearing molecules. The goodness of 
the correlation is colour-coded, the bluer the colour, the better the correlation. 
The value between brackets on each cell is the number of molecules 
considered. 

Figure 11. Correlation matrices for N-bearing molecules. The goodness of 
the correlation is colour-coded, the bluer the colour, the better the correlation. 
The value between brackets on each cell is the number of molecules 
considered. 
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Figure 12. Correlation matrices for S-bearing molecules. The goodness of 
the correlation is colour-coded, the bluer the colour, the better the correlation. 
The value between brackets on each cell is the number of molecules 
considered. 
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CH 3 CN or CH 3 CCH) change by less than one order of magnitude.
rquhart et al. ( 2019 ) considered up to 120 line intensity ratios

which can be used as an approximate proxy of abundance ratios)
o wards massi ve clumps at dif ferent stages, and found that 13 of
hem show some trends with evolutionary stage (see their fig. 20).
he ratios change only by a factor of ∼2–4 at most, with only a
ouple of exceptions, for which the factor is > 5. These variations are
n agreement with the results found in our analysis for the molecular
atios for N- and O-bearing species, when comparing the two star-
orming regions (low and high-mass) and the two comets. Although
 few species appear as outliers, as discussed in Section 5 , most of
NRAS 529, 3244–3283 (2024) 
he molecular ratios are in general well correlated in the four sources
nalysed, with variations less than 1 order of magnitude (see Figs 6 ,
 , and 13 ). 
Regarding S- and P-bearing species, clear differences were ob-

erved between the star-forming regions and the comets, as already
entioned in Section 5 . The two lower panels of Fig. 13 are very

llustrative of the behaviour of the S-bearing family. The abundance
atios with respect to CH 3 OH (lower left panel) have significantly
igher values in 67P/C-G than in the two star-forming regions by 1–2
rders of magnitude (factors of 7–377). Ho we ver, once normalized
ith CH 3 SH (lower right panel), the molecular abundance ratios in
7P/C-G are very similar to those of the two star-forming regions
CH 3 SH was not detected towards 46P/W). 

The Thiol/alcohol ratio CH 3 SH/CH 3 OH is 0.18 in 67P/C-G. This
alue is three orders of magnitude higher than those derived in
31.41 and IRAS16B: (8 ± 4) × 10 −4 and (4.8 ± 0.8) × 10 −4 ,

espectively. This suggests an overabundance of S-bearing species,
ompared to O-bearing, in the comet 67P/C-G. This is in good
greement with the high S/O ratio of 0.015 found by Calmonte
t al. ( 2016 ) in the coma of 67P/C-G, and in the comet C/1995 O1
ale–Bopp of 0.02 (Bockel ́ee-Morvan et al. 2000 ). Both values are
ery close to the cosmic abundance S/O ratio measured from solar
hotospheric abundances (Anders & Grevesse 1989 ; Lodders 2010 ).
s discussed in Calmonte et al. ( 2016 ), this strongly suggests that S is
ot depleted in these comets, in contrast to the results usually found in
ense clouds and star-forming regions (Gondhalekar 1985 ; Jim ́enez-
scobar & Mu ̃ noz Caro 2011 ; Laas & Caselli 2019 ; Fuente et al.
023 ), like G31.41 and IRAS16B. This means that in star-forming
egions most of the sulfur is trapped in ice grains, since S-bearing
pecies are more refractory than O- and N-bearing species, and thus
hey are not easily thermally desorbed into the gas phase in the hot
ores/corinos present in high- and low-mass star-forming regions,
espectively. In contrast, the results found in comets indicate that
hese S-bearing species can escape the surface, and hence we can
ave access to the refractory S-bearing content. 
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Figure 13. Comparison of the molecular abundances of the different molecules detected towards the four astronomical sources analyzed in this work. Upper 
panels show the column densities of detected molecules of O- and N- bearing molecules with respect to CH 3 OH and CH 3 CN, respectively. On the lower panels, 
S-bearing are represented with respect to CH 3 OH (left) and CH 3 SH (right). 
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A similar behaviour is also observed for P-bearing species, which 
re also thought to have a refractory character. In this work, we
ave not performed the statistical tests for P-bearing molecules 
ecause only a single species, phosphorus monoxide (PO), has been 
etected towards only one of the sources considered, the comet 
7P/C-G (Rivilla et al. 2020 ). The derived P/O ratio is (0.5–2.7)

10 −4 , close to the solar value of ∼6 × 10 −4 , which indicates
hat P, similarly to S, is only slightly or not depleted. In contrast,
he middle upper and left lower panels of Fig. 8 show that the
O upper limits derived towards G31.41 (this work) and IRAS16B 

Drozdovskaya et al. 2019 ) are below the 1:1 line, indicating that
his species is underabundant in the gas phase of star-forming 
egions compared to the 67P/C-G comet, similarly to the S-bearing 
pecies. 

Indeed, P-bearing molecules are not detected in hot cores (Rivilla 
t al. 2020 ) or hot corinos (Bergner et al. 2022 ). The interferometric
igh-angular resolution of these works has shown that the emission 
f P-bearing molecules (PN and PO) does not arise from the hot
as surrounding the protostars, but from more distant gas affected 
y shocks, which are able to sputter the grains and release the P
ontent of their surfaces. Very recently, Fontani et al. ( 2024 ) have
onfirmed that PN, and tentatively PO, are indeed detected in shocked 
as associated with molecular outflows powered by the protostars 

mbedded in the G31.41 cluster. n  
Finally, we note that the analysis performed here presents evident 
aveats that need to be addressed in the near future. We have
onsidered the molecular ratios of only four sources (two star- 
orming regions and two comets), whose chemical composition 
s very well known. This has allowed to study tens of different
olecular ratios, but with poor statistics in terms of number of

ources. Therefore, we stress that it is mandatory to perform unbiased
nd sensitive spectral surveys towards large samples of low- and high-
ass star-forming regions. This will allow an e xtensiv e analysis of

heir full chemical census, including tens of molecules, like the ones
one for G31.41 and IRAS16B by the GUAPOS and PILS surv e y,
espectively. This will complement previous efforts that have been 
ocused on a handful of selected species towards large samples of
ot corinos (e.g. Bouvier et al. 2021 or Yang et al. 2021 ), and hot
ores (e.g. Chen et al. 2023 ). 

Moreo v er, there is still a key step in the process of star and planet
ormation whose chemical content is largely unknown: the planet- 
orming disc phase. Numerous efforts have been done in the last
ears (e.g. Banzatti et al. 2020 ; Booth et al. 2021 ; Grant et al. 2021 ;
egues et al. 2021 ; Brunken et al. 2022 ), including the detection
f complex molecules (Brunken et al. 2022 ; Tabone et al. 2023 ),
hich have suggested a direct inheritance between protoplanetary 
iscs and previous phases e.g. (Booth et al. 2021 ). Ho we ver, the
umber of species detected in these objects, which are the cradles
MNRAS 529, 3244–3283 (2024) 
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f new planets, is still low compared with the ISM census (see
cGuire 2022 ). Hence, direct comparisons based on a large sample

f molecules, like the ones done in this work, are not possible yet,
nd should be addressed in the forthcoming years. As well, current
nd future space in situ and sample-return missions, targeting new
omets and asteroids, like the ongoing JAXA Hayabusa2 mission
o the asteroid Ryugu (e.g. Potiszil et al. 2023 ), or the OSIRIS-REx

ission to the asteroid Bennu (Lauretta et al. 2017 ), will significantly
iden our current view of the chemical ingredient of Solar System
bjects, and thus they will allow us to attain a complete view of the
hemical thread during the whole evolution of planetary systems. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work we provide a comprehensive view of the chemical
eedstock of the massive star-forming protocluster G31.41 + 0.31.

e have analysed the emission of 34 molecules using data from
he GUAPOS project (G31.41 + 0.31 Unbiased ALMA sPectral
bservational Surv e y). We hav e deriv ed the column densities and

bundances of 18 molecular species, including 25 isotopologues and
 tentative detections (HONO, C 2 H 5 CHO and CH 3 OCH 2 OH). For
he 16 molecules not detected, we derived column density upper
imits. We have added these molecules to those already reported
n previous GUAPOS works, to compile a total molecule sample
f 57 species. Then, we have performed a comparative study of
he G31.41 molecular abundance ratios with those of sources that
epresent dif ferent e volutionary stages of star formation, from the
rotostellar stage to Solar System objects: the prototypical Solar-like
rotostar (IRAS 16293-2422 B), and two comets (67P/Churyumov-
erasimenko and 46P/Wirtanen). To quantitatively study the correla-

ion between the chemical content of the sources, we performed three
omplementary statistical tests: Spearman, Kendall and Theil-Sen.
ur results shows that the molecular abundances of the two star-

orming regions, G31.41 (high-mass) and IRAS16B (low-mass), are
n general well correlated, including O-, N-, and S-bearing species.
his similarity, based on a large sample of molecules, denotes that
olecular abundance ratios do not vary by factors larger than 1

rder of magnitude, despite of the very different physical properties
f these two high- and low-mass star-forming regions, such as the
ass or the luminosity, level of clustering, protostellar feedback, UV

adiation, evolution time-scales, or location within the Galaxy. 
The comparison with the two comets (67P/C-G and 46P/W) shows

hat their O- and N-bearing molecular abundance ratios are also well
orrelated with those of the star-forming regions. This suggests that
he abundances ratios of these chemical families are primarily set at
nitial phases of star formation, and subsequently inherited without
ariations larger than 1 order of magnitude during the process of
tar and planet formation. Ho we ver, the S-bearing molecules behave
ifferently, being significantly more abundant in 67P/C-G and 46P/W
han in the gas phase of star-forming regions. This result can be
xplained in terms of sulfur-depletion in the ISM, namely that sulfur
s trapped on the icy surfaces of dust grains. On the contrary, S-
earing species are believed to have been freely desorbed into the
oma of the comets, reco v ering the expected cosmic abundance. A
imilar behaviour is also suggested for P, based on the PO detection
n the comet 67P/C-G, and the upper limits derived in the two star-
orming regions. 
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PPENDIX  A :  SLIM  FITS  O F  OTH ER  

S OTO P O L O G U E S  
NRAS 529, 3244–3283 (2024) 

able A1. Results of the SLIM fits of the isotopologues of the molecules analyse
sotopologues, ordered by increasing molecular mass. The resulting physical param
he parameters fixed to perform some fits are shown without uncertainties. In the ca
. When T ex is fixed, we calculate in what factor the value of N changes when usin

emperatures of 50 and 150 K, respectively. We also present the maximum line opa
hese values are in Table D1 . 

Formula T ex N N(T min )/ N- 
(K) ( ×10 16 cm 

−2 ) N(T max )/ N 

Detected mol

C 

17 O 50 <5 0.7–1.6 
C 

18 O 50 14 ± 5 0.7–1.4 

H 2 CO 50 62 ± 22 3.8–0.6 
H 

13 
2 CO 50 3.0 ± 0.4 2.2–1.0 

H 2 C 

17 O 50 4.9 ± 1.3 2.8–1.0 
13 CS 50 1.21 ± 0.14 1.0–1.0 

13 C 

34 S 50 0.23 ± 0.02 0.7–1.3 
C 

34 S 50 0.64 ± 0.04 2.7–1.2 
C 

33 S 50 0.56 ± 0.07 3.4–1.2 

H 2 CS 38.3 ± 1.2 9.9 ± 1.5 
H 

13 
2 CS 50 0.17 ± 0.04 0.6–1.7 

H 2 C 

34 S 50 0.58 ± 0.05 0.6–1.4 

SO 50 3.5 ± 0.3 2.0–1.0 

HC 3 N 58 ± 8 0.55 ± 0.06 

OCS 74 ± 5 18.7 ± 1.3 
O 

13 CS 35 ± 16 2.0 ± 0.3 
OC 

34 S 50 4.8 ± 0.4 1.8–1.2 
OC 

33 S 50 0.7 ± 0.1 0.6–0.8 

SO 2 56 4.4 ± 0.3 1.6–1.2 
33 SO 2 56 1.7 ± 0.2 0.4–1.3 

 Maximum τ of all the transitions detected in each species. 
PPENDI X  B:  SAMPLE  O F  M O L E C U L E S  USED  

O R  C O M PA R I S O N S  BETWEEN  S O U R C E S  

he complete list of molecules used in this work (detections, tentative
etections, and upper limits) is given in Table B1 for the four sources
sed in this work (G31.41, IRAS16B, 67P/C-G, and 46P/W). The
pecies are ordered by increasing molecular mass. 
d towards G31.41 that were not used to derive the abundances of the main 
eters, along with their associated uncertainties, are presented. The values of 
se of non detections, we indicated the upper limit in the column density with 
g the different temperatures T min and T max : 25–75 and 100–200 K for fixed 

city of the transitions of each molecule ( τmax ). The transitions used to obtain 

v − v 0 FWHM τa 
max Fig. 

(km s −1 ) (km s −1 ) 

ecules 

0 7 0.02 F2 
0 7 0.15 ± 0.10 F2 

0.8 ± 0.4 7.4 ± 1.0 4 ± 14 F3 
1.4 ± 0.4 6.3 ± 0.9 0.24 ± 0.05 F3 

0 7 0.4 ± 0.3 F3 

1.2 ± 0.3 7.7 ± 0.5 2.5 ± 1.0 2 
− 2.0 ± 0.5 11.3 ± 1.2 0.32 ± 0.06 2 

0.8 ± 0.3 9.5 ± 0.5 1.17 ± 0.18 2 
1.8 ± 0.6 9.5 1.0 ± 0.4 2 

0.6 ± 0.2 5.1 ± 0.2 > 10 F6 
1.4 ± 0.9 7 0.10 ± 0.05 F6 
1.7 ± 0.4 7 0.33 ± 0.07 F6 

1.0 ± 0.3 8.6 ± 0.6 2.2 ± 1.2 F8 

1.5 ± 0.2 11.0 ± 0.7 2.0 ± 1.1 F9 

0.95 ± 0.09 7.4 ± 0.3 2.8 ± 1.3 F11 
1.3 ± 0.3 5.9 ± 0.8 1.1 ± 1.0 F11 
0.8 ± 0.2 6.6 ± 0.5 1.4 ± 0.4 F11 
2.1 ± 0.5 6.9 ± 1.0 0.22 ± 0.06 F11 

0.3 ± 0.4 10.6 ± 0.8 0.64 ± 0.15 F13 
2.7 ± 0.6 8.8 ± 1.5 0.08 ± 0.04 F13 
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Table B1. Molecules used in this work. Molecules with a [ � ] implies that they are detected; [ ∼ � ] indicates a tentative detection; and [ < ] denotes non 
detections. The molecules indicated with ∗ in the 67P/C-G column are members of isomeric groups. 

Formula Name Mol. mass G31.41 IRAS16B 67P/C-G 46P/W 

NH 3 Ammonia 17 � 

a < 

f � 

f –
H 2 O Water 18 – � 

f � 

f –
HCN Hydrogen cyanide 27 � 

e � 

f � ∗f � 

p 

HNC Hydrogen isocyanide 27 < 

e < 

f � ∗f � 

p 

CO Carbon monoxide 28 � 

e � 

f � 

f < 

p 

H 2 CO Formaldehyde 30 � 

e � 

f � 

f � 

p 

O 2 Molecular oxygen 32 – < 

f � 

f –
CH 3 OH Methanol 32 � 

d � 

f � 

f � 

p 

H 2 S Hydrogen sulphide 34 < 

e � 

f � 

f � 

p 

HCl Hydrogen chloride 34 – < 

f � 

f –
CH 3 CCH Propyne 34 � 

e � 

i – –
CH 3 CN Methyl cyanide 41 � 

d � 

f � ∗f � 

p 

CH 3 NC Methyl isocyanide 41 � 

e � 

f � ∗f –
NH 2 CN Cyanamide 42 � 

e � 

j – –
C 3 H 6 Propylene/Propene 42 < 

e � 

l – –
HNCO Isocyanic acid 43 � 

c � 

f � ∗f < 

p 

HOCN Cyanic acid 43 < 

e < 

f � ∗f –
CS Carbon monosulphide 44 � 

e � 

f – � 

p 

CH 3 CHO Acetaldehyde 44 � 

d � 

f � ∗f � 

p 

c-C 2 H 4 O Ethylene oxide 44 � 

e � 

f � ∗f < 

p 

syn-CH 2 CHOH Vinyl alcohol 44 < 

e < 

f � ∗f –
NH 2 CHO Formamide 45 � 

c � 

f � 

f � 

p 

PN Phosphorus mononitride 45 < 

e < 

f < 

f < 

p 

H 2 CS Thioformaldehyde 46 � 

e � 

f � 

f < 

p 

C 2 H 5 OH Ethanol 46 � 

d � 

f � ∗f � 

p 

CH 3 OCH 3 Dimethyl ether 46 � 

d � 

f � ∗f < 

p 

trans-HCOOH Formic acid 46 � 

h � 

f � 

f < 

p 

trans-HONO Nitrous acid 47 ∼ � 

e � 

k – –
PO Phosphorus monoxide 47 < 

e < 

f � 

f < 

p 

CH 3 SH Methyl mercaptan 48 � 

e � 

f � 

f < 

p 

SO Sulphur monoxide 48 � 

e � 

f � 

f < 

p 

CH 3 Cl Methyl chloride 50 < 

e � 

f � 

f –
HC 3 N Cyanoacetylene 51 � 

e � 

f � ∗f < 

p 

HC 2 NC Isocyanoacetylene 51 < 

e – � ∗f –
trans-C 2 H 3 CHO Propenal 56 < 

e � 

l – –
CH 3 NCO Methyl isocyanate 57 � 

c � 

m – –
C 2 H 3 CN Vin yl c yanide 57 � 

d � 

h – < 

p 

HOCH 2 CN Glycolonitrile 57 < 

e � 

n – –
C 2 H 5 CHO Propanal 58 ∼ � 

e � 

f � ∗f –
CH 3 COCH 3 Acetone 58 � 

d � 

f � ∗f < 

p 

CH 3 CHCH 2 O Propylene oxide 58 < 

e – � ∗f –
CH 3 C(O)NH 2 Acetamide 59 � 

c � 

o – –
CH 3 NHCHO N-Methylformamide 59 � 

c < 

o – –
C 2 H 5 CN Ethyl cyanide 59 � 

d � 

h – < 

p 

OCS Carbonyl sulphide 60 � 

e � 

f � 

f < 

p 

CH 3 OCHO Methyl formate 60 � 

b � 

f � ∗f < 

p 

CH 2 OHCHO Glycoaldehyde 60 � 

b � 

f � ∗f < 

p 

CH 3 COOH Acetic acid 60 � 

b � 

f � ∗f < 

p 

gauche-C 2 H 5 SH Ethyl mercaptan 62 < 

e < 

f � 

f –
aGg’-(CH 2 OH) 2 aGg’- Ethylene glycol 62 � 

d � 

f � ∗f � 

p 

gGg’-(CH 2 OH) 2 gGg’- Ethylene glycol 62 � 

d � 

f � ∗f –
CH 3 OCH 2 OH Methoxymethanol 62 ∼ � 

e � 

f � ∗f –
S 2 Disulphur 64 < 

e < 

f � 

f –
SO 2 Sulphur dioxide 64 � 

e � 

f � 

f < 

p 

HS 2 Disulphanide 65 < 

e < 

f < 

f –
H 2 S 2 Disulphane 66 < 

e < 

f < 

f –
NH 2 CH 2 COOH Glycine (conf. I) 75 < 

e < 

f � 

f < 

p 

References. a Cesaroni et al. ( 1994 ); b Mininni et al. ( 2020 ); c Colzi et al. ( 2021 ); d Mininni et al. ( 2023 ); e This work; f Drozdovskaya et al. ( 2019 ) and 
references therein; g Garc ́ıa de la Concepci ́on et al. ( 2022 ); h Calcutt et al. ( 2018 ); i Calcutt et al. ( 2019 ); j Coutens et al. ( 2018 ); k Coutens et al. ( 2019 ); l 

Manigand et al. ( 2021 ); m Mart ́ın-Dom ́enech et al. ( 2017 ); n Zeng et al. ( 2019 ); o Ligterink et al. ( 2018 ); p Biver et al. ( 2021 ). 
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PPENDIX  C :  SPECTROSCOPIC  C ATA L O G  

NT RIES  

able C1 lists the spectroscopic catalog entries of all the molecules
nalysed in this work towards G31.41. The species are ordered by
ncreasing molecular mass. 
NRAS 529, 3244–3283 (2024) 

able C1. Spectroscopic entries used to perform the analysis, including the molec

Formula Name Mol. mass 

Detected mol

HCN Hydrogen cyanide 27 
HC 

15 N 

C 

18 O 

13 C 

18 O 

H 2 CO Formaldehyde 30 
H 

13 
2 CO 

H 2 C 

17 O 

H 2 C 

18 O 

CH 3 CCH Propyne 40 
CH 3 NC Methyl isocyanide 41 
NH 2 CN Cyanamide 42 

13 CS Carbon monosulphide 44 
13 C 

34 S 
C 

34 S 
C 

33 S 
C 

36 S 
c-C 2 H 4 O Ethylene oxide 44 

H 2 CS Thioformaldehyde 46 
H 

13 
2 CS 

H 2 C 

33 S 
H 2 C 

34 S 
trans-HONO Nitrous acid 47 

SO Sulphur monoxide 48 
34 SO 

CH 3 SH Methyl mercaptan 48 
HC 3 N Cyanoacetylene 51 

H 

13 CCCN 

HC 

13 CCN 

HCC 

13 CN 

C 2 H 5 CHO Propanal 58 
OCS Carbonyl sulphide 60 

O 

13 CS 
18 OCS 
OC 

34 S 
OC 

33 S 
CH 3 OCH 2 OH Methoxymethanol 62 

SO 2 Sulphur dioxide 64 
34 SO 2 
33 SO 2 

Non detected molecule

H 

15 NC Hydrogen isocyanide 27 
C 

17 O Carbon monoxide 28 
H 2 S Hydrogen sulphide 34 

C 3 H 6 Propylene/Propene 42 
HOCN Cyanic acid 43 

syn-CH 2 CHOH Vinyl alcohol 44 
ular catalog, tag of the species, version number, and date of the version. 

Catalogue Tag Version Date version 

ecules 

CDMS 27501 4 May 2007 
CDMS 28506 2 Dec. 2017 
CDMS 30502 1 June 2001 
CDMS 31502 1 July 2000 
CDMS 30501 3 Feb. 2017 
CDMS 31503 1 May 2000 
CDMS 31514 1 Feb. 2017 
CDMS 32503 2 Feb. 2017 
CDMS 40502 3 Aug. 2008 
CDMS 41514 1 Aug. 2018 

JPL 42003 1 Jan. 1991 
CDMS 45501 2 Jan. 2004 
CDMS 47501 2 Jan. 2004 
CDMS 46501 2 Jan. 2004 
CDMS 45502 2 Jan. 2004 
CDMS 48503 2 Jan. 2004 
CDMS 44504 3 Mar. 2022 
CDMS 42517 1 Sep. 2017 
CDMS 47505 2 Jan. 2019 
CDMS 47506 2 Jan. 2019 
CDMS 48508 2 Jan. 2019 

JPL 47007 1 Jan. 2006 
CDMS 48501 1 Aug. 1998 
CDMS 50501 1 Aug. 1998 
CDMS 48510 2 May 2020 
CDMS 51501 1 Oct. 2000 
CDMS 52509 1 Dec. 2004 
CDMS 52510 1 Dec. 2004 
CDMS 52511 1 Dec. 2004 
CDMS 58505 2 Jan. 2018 
CDMS 60503 2 Nov. 2005 
CDMS 61502 1 Apr. 2005 
CDMS 62506 1 Apr. 2005 
CDMS 62505 1 Apr. 2005 
CDMS 61503 1 Apr. 2005 
CDMS 62527 1 Aug. 2020 
CDMS 64502 2 July 2005 
CDMS 66501 1 Dec. 1999 
CDMS 65501 1 Dec. 1999 

s (upper limits) 

JPL 28006 1 Dec. 1979 
CDMS 29503 1 Jan. 2003 
CDMS 34502 1 Oct. 2008 
CDMS 42516 1 Jan. 2017 
CDMS 43510 1 May. 2009 
CDMS 44506 2 Sep. 2019 
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Table C1 – continued 

Formula Name Mol. mass Catalogue Tag Version Date version 

PN Phosphorus mononitride 45 CDMS 45511 2 Sep. 2019 
PO Phosphorus monoxide 47 CDMS 47507 2 Oct. 2019 

CH 3 Cl Methyl chloride 50 JPL 50007 3 May 2009 
HC 2 NC Isocyanoacetylene 51 JPL 51004 1 Dec. 1994 

trans-C 2 H 3 CHO Propenal 56 JPL 56008 1 Jan. 1996 
HOCH 2 CN Glycolonitrile 57 CDMS 57512 1 Mar. 2017 

CH 3 CHCH 2 O Propylene oxide 58 CDMS 58514 1 Jan. 2016 
gauche-C 2 H 5 SH Ethyl mercaptan 62 CDMS 62523 1 Sep. 2015 

S 2 Disulphur 64 JPL 64001 2 Oct. 1989 
HS 2 Disulphanide 65 CDMS 65509 1 July 2008 
H 2 S 2 Disulphane 66 CDMS 66507 1 Dec. 2014 

NH 2 CH 2 COOH Glycine (conf. I) 75 CDMS 75511 1 Apr. 2006 
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PPEN D IX  D :  M O L E C U L A R  TRANSITIONS  

SED  IN  T H E  ANALYSIS  

he transitions used for the MADCUBA fits of the molecular 
mission of the analysed species in this w ork tow ards G31.41 + 0.31
see Tables 2 and A1 ) are listed in Table D1 . 
able D1. List of the transitions of the molecules analysed in this work that were u
ables 2 and A1 ). Frequency is the rest frequency of the transitions in GHz; Quantu

evels; log I is the logarithm of the line intensity on nm 

2 MHz; E up is the energy of t
m s −1 and τ is the optical depth of the transition. In case of upper limits, the trans
uantum numbers used are: J which indicates the total angular momentum (fine str
f J onto the a and c inertial axis (if the molecule is symmetric top only K is needed
he spin quanta. The A and E labels refers to the A- and E-symmetry states, respec
unneling states, respectively, if present. The molecules are in the ground state by d

Molecule Frequency Quantum Transition 
(GHz) numbers 

Detected mol

HC 

15 N 86 .05497 J 1 → 0 
C 

18 O 109 .78217 J 1 → 0 
13 C 

18 O 104 .71140 J F + 1/2 1 1 → 0 1 
13 C 

18 O 104 .71140 1 2 → 0 1 
H 2 CO 89 .56506 J K a , K c 13 2, 11 → 13 2, 1

H 2 CO 101 .33299 6 1, 5 → 6 1, 6 

H 

13 
2 CO 96 .37575 J K a , K c 6 1, 5 → 6 1, 6 

H 2 C 

17 O 96 .38915 J K a , K c 6 1, 5 → 6 1, 6 

H 2 C 

18 O 92 .09365 J K a , K c 6 1, 5 → 6 1, 6 

CH 3 CCH 85 .43117 J K 5 4 → 4 4 
CH 3 CCH 85 .44260 5 3 → 4 3 
CH 3 CCH 85 .45077 5 2 → 4 2 
CH 3 CCH 85 .45567 5 1 → 4 1 
CH 3 CCH 85 .45730 5 0 → 4 0 
CH 3 CCH 102 .49902 6 5 → 5 5 
CH 3 CCH 102 .51664 6 4 → 5 4 
CH 3 CCH 102 .53035 6 3 → 5 3 
CH 3 CCH 102 .54014 6 2 → 5 2 
CH 3 CCH 102 .54602 6 1 → 5 1 
CH 3 CCH 102 .54798 6 0 → 5 0 
CH 3 NC 100 .49016 J K 5 4 → 4 4 
CH 3 NC 100 .50607 5 −3 → 4 3 
CH 3 NC 100 .50607 5 3 → 4 −3 

CH 3 NC 100 .51743 5 2 → 4 2 
MNRAS 529, 3244–3283 (2024) 

sed to perform the MADCUBA fits to obtain their physical parameters (see 
m numbers indicates the quantum number used to label the rotational energy 
he state of higher energy in K; Area is the integrated intensity of the line in K 

itions listed are only those used to retrieve the upper limit (see Fig G1 ). The 
ucture effects imply the use of both N and J ), K a and K c are the projections 
), v specifies the vibrational states, v t is the torsional state and F designates 
tively, if present. We label as 0 + and 0 − the symmetric and antisymmetric 
efault in this table unless specified. 

log I E up Area τ

(nm 

2 MHz) (K) (K km s −1 ) 

ecules 

− 2 .5525 4 .1 478 ± 6 1.7 ± 0.2 
− 5 .0708 5 .3 49 ± 9 0.15 ± 0.10 
− 5 .6079 5 .0 29 ± 12 0.07 ± 0.11 
− 5 .3069 5 .0 56 ± 12 0.13 ± 0.11 

2 − 4 .7850 370 3 ± 18 (8.0 ± 162.7) · 10 −3 

− 4 .0441 88 596 ± 20 4 ± 14 
− 4 .0960 86 71 ± 4 0.24 ± 0.05 
− 4 .0959 86 111 ± 20 0.4 ± 0.3 
− 4 .1432 84 18.9 ± 0.7 0.053 ± 0.007 
− 5 .4018 128 14 ± 11 0.01 ± 0.02 
− 4 .7776 77 67 ± 11 0.04 ± 0.02 
− 4 .9082 41 56 ± 11 0.03 ± 0.02 
− 4 .8187 19 .5 74 ± 11 0.04 ± 0.02 
− 4 .7905 12 .3 81 ± 11 0.04 ± 0.02 
− 5 .3363 198 10 ± 11 0.01 ± 0.02 
− 4 .9824 133 29 ± 11 0.02 ± 0.02 
− 4 .4777 82 109 ± 11 0.06 ± 0.03 
− 4 .6526 46 83 ± 11 0.05 ± 0.02 
− 4 .5822 24 104 ± 11 0.06 ± 0.03 
− 4 .5595 17 .2 112 ± 11 0.06 ± 0.03 
− 3 .5850 128 5 ± 9 0.00 ± 0.03 
− 3 .2633 78 12 ± 9 0.01 ± 0.03 
− 3 .2633 78 12 ± 9 0.01 ± 0.03 
− 3 .0940 43 19 ± 10 0.02 ± 0.03 
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Table D1 – continued 

Molecule Frequency Quantum Transition log I E up Area τ

(GHz) numbers (nm 

2 MHz) (K) (K km s −1 ) 

CH 3 NC 100 .52425 5 1 → 4 1 − 3 .0053 22 25 ± 10 0.02 ± 0.03 
CH 3 NC 100 .52654 5 0 → 4 0 − 2 .9773 14 .5 28 ± 10 0.03 ± 0.03 

NH 2 CN (v = 0) 99 .31120 J K a , K c 5 1, 5 → 4 1, 4 − 3 .0431 29 105 ± 6 0.34 ± 0.08 
NH 2 CN (v = 1) 99 .89218 5 0, 5 → 4 0, 4 − 3 .1135 86 37 ± 6 0.11 ± 0.06 
NH 2 CN (v = 0) 99 .95327 5 2, 4 → 4 2, 3 − 3 .6359 72 14 ± 6 0.04 ± 0.06 
NH 2 CN (v = 0) 99 .95660 5 2, 3 → 4 2, 2 − 3 .6359 72 14 ± 6 0.04 ± 0.06 
NH 2 CN (v = 0) 99 .97267 5 0, 5 → 4 0, 4 − 3 .4758 14 .4 52 ± 6 0.16 ± 0.07 
NH 2 CN (v = 0) 100 .62950 5 1, 4 → 4 1, 3 − 3 .0319 29 106 ± 6 0.34 ± 0.08 

13 CS 92 .49431 J 2 → 1 − 2 .8001 6 .7 491 ± 11 2.5 ± 1.0 
13 C 

34 S 90 .92603 J 2 → 1 − 2 .8223 6 .5 158 ± 6 0.32 ± 0.06 
C 

34 S 96 .41295 J 2 → 1 − 2 .7462 6 .9 394 ± 8 1.17 ± 0.18 
C 

33 S 97 .17206 J 2 → 1 − 2 .7360 7 .0 361 ± 18 1.0 ± 0.4 
C 

36 S 95 .01672 J 2 → 1 − 2 .7651 6 .8 35 ± 4 0.08 ± 0.04 
c-C 2 H 4 O 84 .28293 J K a , K c 6 2, 4 → 6 1, 5 − 4 .4034 40 74 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 84 .58020 7 4, 4 → 7 3, 5 − 4 .2644 56 95 ± 9 0.08 ± 0.03 
c-C 2 H 4 O 84 .75372 16 10, 6 → 16 9, 7 − 4 .0195 290 63 ± 9 0.05 ± 0.03 
c-C 2 H 4 O 85 .33100 9 6, 4 → 9 5, 5 − 4 .1169 95 112 ± 9 0.10 ± 0.03 
c-C 2 H 4 O 87 .36290 9 8, 2 → 9 7, 3 − 4 .2471 103 79 ± 9 0.07 ± 0.03 
c-C 2 H 4 O 87 .57435 10 7, 4 → 10 6, 5 − 4 .2872 117 68 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 91 .64206 11 8, 4 → 11 7, 5 − 4 .0183 142 107 ± 9 0.09 ± 0.03 
c-C 2 H 4 O 93 .29832 15 9, 6 → 15 8, 7 − 4 .1812 250 46 ± 9 0.04 ± 0.03 
c-C 2 H 4 O 93 .66810 3 0, 3 → 2 1, 2 − 4 .4416 9 .5 70 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 94 .66448 3 1, 3 → 2 0, 2 − 4 .2047 9 .5 118 ± 9 0.10 ± 0.03 
c-C 2 H 4 O 95 .70981 10 9, 1 → 10 8, 2 − 4 .1937 126 74 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 96 .67956 10 5, 5 → 10 4, 6 − 4 .0105 113 116 ± 9 0.10 ± 0.03 
c-C 2 H 4 O 100 .42654 12 10, 2 → 12 9, 3 − 4 .0456 175 80 ± 9 0.07 ± 0.03 
c-C 2 H 4 O 100 .43217 9 4, 5 → 9 3, 6 − 4 .2604 90 70 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 101 .28702 11 7, 5 → 11 6, 6 − 3 .9409 138 117 ± 9 0.10 ± 0.03 
c-C 2 H 4 O 101 .50304 10 6, 5 → 10 5, 6 − 4 .1967 113 73 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 102 .12815 9 9, 1 → 9 8, 2 − 4 .4052 107 46 ± 9 0.04 ± 0.03 
c-C 2 H 4 O 102 .15666 12 8, 5 → 12 7, 6 − 4 .1373 165 67 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 102 .42481 14 8, 6 → 14 7, 7 − 3 .9020 220 90 ± 9 0.08 ± 0.03 
c-C 2 H 4 O 102 .64039 8 3, 5 → 8 2, 6 − 4 .1066 70 106 ± 9 0.09 ± 0.03 
c-C 2 H 4 O 102 .79198 14 11, 3 → 14 10, 4 − 3 .9770 230 72 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 103 .22521 8 4, 5 → 8 3, 6 − 4 .3241 70 64 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 104 .05960 7 3, 5 → 7 2, 6 − 4 .2309 52 85 ± 9 0.07 ± 0.03 
c-C 2 H 4 O 104 .61389 13 9, 5 → 13 8, 6 − 3 .8934 194 100 ± 9 0.09 ± 0.03 
c-C 2 H 4 O 105 .77803 13 10, 4 → 13 9, 5 − 3 .9301 199 89 ± 9 0.08 ± 0.03 
c-C 2 H 4 O 110 .01110 13 7, 6 → 13 6, 7 − 4 .0837 189 63 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 110 .81097 11 10, 2 → 11 9, 3 − 4 .1038 152 70 ± 9 0.06 ± 0.03 
c-C 2 H 4 O 115 .33540 12 6, 6 → 12 5, 7 − 3 .8470 160 116 ± 9 0.10 ± 0.03 
c-C 2 H 4 O 115 .51028 15 11, 5 → 15 10, 6 − 3 .8502 260 76 ± 9 0.07 ± 0.03 

H 2 CS 101 .47780 J K a , K c 3 1, 3 → 2 1, 2 − 3 .6338 23 391 ± 12 > 10 
H 2 CS 103 .03990 3 2, 2 → 2 2, 1 − 4 .3591 63 143 ± 9 1.0 ± 0.3 
H 2 CS 103 .04045 3 0, 3 → 2 0, 2 − 4 .0276 9 .9 347 ± 12 7 ± 170 
H 2 CS 103 .05184 3 2, 1 → 2 2, 0 − 4 .3590 63 143 ± 9 1.0 ± 0.3 
H 2 CS 104 .61703 3 1, 2 → 2 1, 1 − 3 .6077 23 393 ± 13 > 10 
H 

13 
2 CS 99 .07613 J K a , K c 3 2, 2 → 2 2, 1 − 4 .4099 62 3 ± 5 0.01 ± 0.04 

H 

13 
2 CS 99 .07781 3 0, 3 → 2 0, 2 − 4 .0782 9 .5 17 ± 5 0.05 ± 0.04 

H 

13 
2 CS 99 .08632 3 2, 1 → 2 2, 0 − 4 .4099 62 3 ± 5 0.01 ± 0.04 

H 

13 
2 CS 100 .53473 3 1, 2 → 2 1, 1 − 3 .6588 23 34 ± 5 0.10 ± 0.05 

H 2 C 

33 S 100 .59846 J K a , K c , F + 1 / 2 3 1, 3, 4 → 2 1, 2, 3 − 4 .2561 23 17 ± 7 0.05 ± 0.06 
H 2 C 

33 S 100 .59910 3 1, 3, 5 → 2 1, 2, 4 − 4 .0922 23 25 ± 7 0.07 ± 0.06 
H 2 C 

33 S 100 .60122 3 1, 3, 3 → 2 1, 2, 2 − 4 .4410 23 11 ± 7 0.03 ± 0.06 
H 2 C 

33 S 100 .60196 3 1, 3, 2 → 2 1, 2, 1 − 4 .6451 23 7 ± 7 0.02 ± 0.06 
H 2 C 

33 S 102 .13423 3 0, 3, 2 → 2 0, 2, 1 − 5 .0390 9 .8 3 ± 7 0.01 ± 0.06 
H 2 C 

33 S 102 .13429 3 0, 3, 3 → 2 0, 2, 2 − 4 .8349 9 .8 6 ± 7 0.02 ± 0.06 
H 2 C 

33 S 102 .13451 3 2, 2, 3 → 2 2, 1, 2 − 5 .1664 62 1 ± 7 0.00 ± 0.06 
H 2 C 

33 S 102 .13474 3 2, 2, 5 → 2 2, 1, 4 − 4 .8177 62 2 ± 7 0.01 ± 0.06 
H 2 C 

33 S 102 .13500 3 0, 3, 5 → 2 0, 2, 4 − 4 .4861 9 .8 12 ± 7 0.04 ± 0.06 
H 2 C 

33 S 102 .13506 3 0, 3, 4 → 2 0, 2, 3 − 4 .6500 9 .8 8 ± 7 0.02 ± 0.06 
H 2 C 

33 S 102 .13637 3 0, 3, 3 → 2 0, 2, 3 − 5 .3209 9 .8 2 ± 7 0.01 ± 0.06 
H 2 C 

33 S 103 .68387 3 1, 2, 4 → 2 1, 1, 3 − 4 .2302 23 17 ± 7 0.05 ± 0.06 
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Table D1 – continued 

Molecule Frequency Quantum Transition log I E up Area τ

(GHz) numbers (nm 

2 MHz) (K) (K km s −1 ) 

H 2 C 

33 S 103 .68451 3 1, 2, 5 → 2 1, 1, 4 − 4 .0663 23 25 ± 7 0.07 ± 0.06 
H 2 C 

34 S 101 .28338 J K a , K c 3 2, 2 → 2 2, 1 − 4 .3814 62 11 ± 5 0.03 ± 0.05 
H 2 C 

34 S 101 .28431 3 0, 3 → 2 0, 2 − 4 .0498 9 .7 53 ± 5 0.16 ± 0.06 
H 2 C 

34 S 102 .80734 3 1, 2 → 2 1, 1 − 3 .6301 23 104 ± 5 0.33 ± 0.07 
trans-HONO 85 .73293 J K a , K c 3 1, 2 → 3 0, 3 − 4 .6587 10 .9 18 ± 6 0.05 ± 0.06 
trans-HONO 88 .91519 4 1, 3 → 4 0, 4 − 4 .5168 15 .5 22 ± 6 0.06 ± 0.06 
trans-HONO 91 .10546 4 1, 4 → 3 1, 3 − 4 .5011 14 .8 22 ± 6 0.07 ± 0.06 
trans-HONO 93 .00864 5 1, 4 → 5 0, 5 − 4 .3895 21 25 ± 6 0.07 ± 0.06 
trans-HONO 93 .95279 4 0, 4 → 3 0, 3 − 4 .4413 11 .3 26 ± 6 0.08 ± 0.06 
trans-HONO 94 .14469 4 2, 3 → 3 2, 2 − 4 .5869 27 15 ± 6 0.04 ± 0.06 
trans-HONO 94 .35453 4 2, 2 → 3 2, 1 − 4 .5849 27 15 ± 6 0.04 ± 0.06 
trans-HONO 97 .13505 4 1, 3 → 3 1, 2 − 4 .4463 15 .6 24 ± 6 0.07 ± 0.06 
trans-HONO 97 .16409 7 0, 7 → 6 1, 6 − 4 .7344 32 9 ± 6 0.03 ± 0.06 
trans-HONO 98 .08767 6 1, 5 → 6 0, 6 − 4 .2698 28 28 ± 6 0.08 ± 0.06 
trans-HONO 103 .90574 1 1, 1 → 0 0, 0 − 5 .0365 5 .0 7 ± 6 0.02 ± 0.05 
trans-HONO 104 .23771 7 1, 6 → 7 0, 7 − 4 .1542 37 30 ± 6 0.09 ± 0.06 
trans-HONO 111 .55187 8 1, 7 → 8 0, 8 − 4 .0410 46 31 ± 6 0.09 ± 0.06 
trans-HONO 113 .84133 5 1, 5 → 4 1, 4 − 4 .2076 20 32 ± 6 0.10 ± 0.06 

SO 86 .09395 N J 2 2 → 1 1 − 3 .7129 19 .3 269 ± 17 0.8 ± 0.3 
SO 99 .29987 2 3 → 1 2 − 3 .2826 9 .2 525 ± 19 2.2 ± 1.2 
SO 100 .02964 5 4 → 4 4 − 4 .2359 39 61 ± 16 0.15 ± 0.15 
SO 109 .25222 3 2 → 2 1 − 3 .5047 21 316 ± 17 1.0 ± 0.4 

34 SO 84 .41069 N J 2 2 → 1 1 − 3 .7385 19 .2 25 ± 6 0.07 ± 0.06 
34 SO 96 .78176 5 4 → 4 4 − 4 .2700 38 5 ± 6 0.01 ± 0.05 
34 SO 97 .71532 2 3 → 1 2 − 3 .3047 9 .1 66 ± 6 0.20 ± 0.06 
34 SO 106 .74324 3 2 → 2 1 − 3 .5335 21 30 ± 6 0.09 ± 0.06 

CH 3 SH (vt = 0) 100 .11022 J K a , K c 4 1, 3 → 3 1, 2 A − 4 .7606 17 .1 41 ± 5 0.038 ± 0.014 
CH 3 SH (vt = 0) 100 .16413 6 1, 5 → 6 0, 6 E − 5 .2272 32 13 ± 5 0.012 ± 0.014 
CH 3 SH (vt = 0) 101 .13915 4 0, 4 → 3 0, 3 A − 4 .7166 12 .1 45 ± 5 0.042 ± 0.014 
CH 3 SH (vt = 0) 101 .13965 4 0, 4 → 3 0, 3 E − 4 .7183 13 .6 45 ± 5 0.042 ± 0.014 
CH 3 SH (vt = 0) 101 .15688 4 3, 1 → 3 3, 0 E − 5 .1317 51 15 ± 5 0.014 ± 0.014 
CH 3 SH (vt = 0) 101 .15933 4 −2, 3 → 3 −2, 2 A − 4 .8688 31 30 ± 5 0.028 ± 0.014 
CH 3 SH (vt = 0) 101 .15999 4 −3, 2 → 3 −3, 1 E − 5 .1335 52 15 ± 5 0.014 ± 0.014 
CH 3 SH (vt = 0) 101 .16066 4 3, 1 → 3 3, 0 A − 5 .1337 53 15 ± 5 0.014 ± 0.014 
CH 3 SH (vt = 0) 101 .16069 4 −3, 2 → 3 −3, 1 A − 5 .1337 53 15 ± 5 0.014 ± 0.014 
CH 3 SH (vt = 0) 101 .16716 4 −2, 3 → 3 −2, 2 E − 4 .8665 30 30 ± 5 0.028 ± 0.014 
CH 3 SH (vt = 0) 101 .16830 4 2, 2 → 3 2, 1 E − 4 .8674 30 30 ± 5 0.028 ± 0.014 
CH 3 SH (vt = 0) 101 .95538 8 1, 7 → 8 0, 8 E − 5 .0769 50 17 ± 5 0.016 ± 0.014 
CH 3 SH (vt = 0) 102 .20247 4 −1, 4 → 3 −1, 3 A − 4 .7429 17 .3 42 ± 5 0.039 ± 0.014 
CH 3 SH (vt = 0) 103 .50419 8 0, 8 → 7 1, 6 A − 5 .2575 44 12 ± 5 0.011 ± 0.014 
CH 3 SH (vt = 0) 105 .24607 10 1, 9 → 10 0, 10 E − 4 .9596 73 20 ± 5 0.019 ± 0.014 
CH 3 SH (vt = 0) 107 .55635 11 1, 10 → 11 0, 11 E − 4 .9112 87 21 ± 5 0.020 ± 0.014 
CH 3 SH (vt = 0) 113 .26158 7 −1, 7 → 7 0, 7 A − 4 .8824 39 25 ± 5 0.023 ± 0.014 
CH 3 SH (vt = 0) 115 .48181 8 −1, 8 → 8 0, 8 A − 4 .8301 49 27 ± 5 0.025 ± 0.014 

HC 3 N 90 .97902 J 10 → 9 − 2 .2848 24 656 ± 17 1.6 ± 0.7 
HC 3 N 100 .07639 11 → 10 − 2 .1673 29 699 ± 17 1.8 ± 0.9 
HC 3 N 109 .17363 12 → 11 − 2 .0612 34 732 ± 17 2.0 ± 1.1 

H 

13 CCCN 88 .16683 J 10 → 9 − 2 .3247 23 109 ± 7 0.26 ± 0.07 
H 

13 CCCN 96 .98300 11 → 10 − 2 .2070 28 120 ± 7 0.28 ± 0.08 
H 

13 CCCN 105 .79911 12 → 11 − 2 .1007 33 128 ± 7 0.31 ± 0.08 
H 

13 CCCN 114 .61499 13 → 12 − 2 .0040 39 134 ± 7 0.32 ± 0.08 
HC 

13 CCN 90 .59306 J 10 → 9 − 2 .2902 24 131 ± 5 0.28 ± 0.05 
HC 

13 CCN 99 .65185 11 → 10 − 2 .1726 29 143 ± 5 0.30 ± 0.05 
HC 

13 CCN 108 .71053 12 → 11 − 2 .0665 34 152 ± 5 0.33 ± 0.05 
HCC 

13 CN 90 .60178 J 10 → 9 − 2 .2901 24 144 ± 6 0.34 ± 0.07 
HCC 

13 CN 99 .66147 11 → 10 − 2 .1725 29 157 ± 6 0.37 ± 0.07 
HCC 

13 CN 108 .72100 12 → 11 − 2 .0664 34 167 ± 7 0.40 ± 0.07 
C 2 H 5 CHO 95 .92183 J K a , K c 9 1, 8 → 8 1, 7 E − 4 .7545 24 13 ± 7 0.01 ± 0.02 
C 2 H 5 CHO 95 .92183 9 1, 8 → 8 1, 7 A − 4 .7545 24 13 ± 7 0.01 ± 0.02 
C 2 H 5 CHO 105 .23370 20 6, 14 → 20 5, 15 A − 4 .6066 127 12 ± 7 0.01 ± 0.02 
C 2 H 5 CHO 105 .23370 20 6, 14 → 20 5, 15 E − 4 .6066 127 12 ± 7 0.01 ± 0.02 
C 2 H 5 CHO 105 .24563 11 0, 11 → 10 0, 10 E − 4 .5895 31 16 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 105 .24563 11 0, 11 → 10 0, 10 A − 4 .5895 31 16 ± 7 0.02 ± 0.02 
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Table D1 – continued 

Molecule Frequency Quantum Transition log I E up Area τ

(GHz) numbers (nm 

2 MHz) (K) (K km s −1 ) 

C 2 H 5 CHO 106 .14414 10 4, 7 → 9 4, 6 E − 4 .7010 37 12 ± 7 0.01 ± 0.02 
C 2 H 5 CHO 106 .14414 10 4, 7 → 9 4, 6 A − 4 .7010 37 12 ± 7 0.01 ± 0.02 
C 2 H 5 CHO 114 .10106 12 0, 12 → 11 1, 11 E − 4 .4792 37 19 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 114 .10106 12 0, 12 → 11 1, 11 A − 4 .4792 37 19 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 114 .39401 12 0, 12 → 11 0, 11 E − 4 .4865 37 19 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 114 .39401 12 0, 12 → 11 0, 11 A − 4 .4865 37 19 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 114 .39671 11 1, 10 → 10 1, 9 E − 4 .5299 35 17 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 114 .39671 11 1, 10 → 10 1, 9 A − 4 .5299 35 17 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 114 .56471 12 1, 12 → 11 0, 11 E − 4 .4754 37 19 ± 7 0.02 ± 0.02 
C 2 H 5 CHO 114 .56471 12 1, 12 → 11 0, 11 A − 4 .4754 37 19 ± 7 0.02 ± 0.02 

OCS 85 .13910 J 7 → 6 − 3 .7954 16 .3 634 ± 12 1.9 ± 0.5 
OCS 97 .30121 8 → 7 − 3 .6277 21 706 ± 12 2.3 ± 0.8 
OCS 109 .46306 9 → 8 − 3 .4815 26 762 ± 12 2.8 ± 1.3 

O 

13 CS 84 .86517 J 7 → 6 − 3 .7994 16 .3 138 ± 9 0.9 ± 0.7 
O 

13 CS 96 .98812 8 → 7 − 3 .6317 21 153 ± 9 1.0 ± 0.9 
O 

13 CS 109 .11085 9 → 8 − 3 .4854 26 163 ± 9 1.1 ± 1.0 
18 OCS 91 .27539 J 8 → 7 − 3 .7102 19 .7 42 ± 6 0.13 ± 0.06 
18 OCS 102 .68412 9 → 8 − 3 .5635 25 48 ± 6 0.15 ± 0.06 
18 OCS 114 .09261 10 → 9 − 3 .4337 30 53 ± 6 0.16 ± 0.06 
OC 

34 S 94 .92280 J 8 → 7 − 3 .6591 21 287 ± 12 1.3 ± 0.4 
OC 

34 S 106 .78739 9 → 8 − 3 .5126 26 314 ± 12 1.4 ± 0.4 
OC 

33 S 96 .07605 J 8 → 7 − 3 .6438 21 62 ± 6 0.19 ± 0.06 
OC 

33 S 108 .08478 9 → 8 − 3 .4974 26 70 ± 6 0.22 ± 0.06 
CH 3 OCH 2 OH 85 .08004 J K a , K c 8 2, 6 → 7 2, 5 A − 6 .6963 21 14 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 85 .20982 8 1, 7 → 7 1, 6 E − 6 .6736 19 .1 15 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 85 .21097 8 1, 7 → 7 1, 6 A − 6 .6736 19 .1 15 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 89 .21647 9 1, 9 → 8 1, 8 E − 6 .5847 22 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 89 .21696 9 1, 9 → 8 1, 8 A − 6 .5847 22 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 90 .14764 9 0, 9 → 8 0, 8 E − 6 .5734 22 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 90 .14817 9 0, 9 → 8 0, 8 A − 6 .5734 22 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 92 .78498 9 2, 8 → 8 2, 7 E − 6 .5707 25 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 92 .78589 9 2, 8 → 8 2, 7 A − 6 .5707 25 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 93 .58279 9 7, 2 → 8 7, 1 A − 6 .9814 51 6 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .58279 9 7, 3 → 8 7, 2 A − 6 .9814 51 6 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .60710 9 6, 3 → 8 6, 2 E − 6 .8223 43 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .60809 9 6, 4 → 8 6, 3 E − 6 .8222 43 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .60833 9 6, 4 → 8 6, 3 A − 6 .8222 43 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .60833 9 6, 3 → 8 6, 2 A − 6 .8222 43 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .65692 9 5, 4 → 8 5, 3 E − 6 .7176 37 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .65778 9 5, 5 → 8 5, 4 E − 6 .7176 37 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .65801 9 5, 5 → 8 5, 4 A − 6 .7176 37 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .65840 9 5, 4 → 8 5, 3 A − 6 .7176 37 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .75157 9 4, 6 → 8 4, 5 A − 6 .6445 32 14 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .75642 9 4, 6 → 8 4, 5 E − 6 .6586 32 13 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .76442 9 4, 5 → 8 4, 4 E − 6 .6585 32 13 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .77121 9 4, 5 → 8 4, 4 A − 6 .6444 32 14 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .78982 9 3, 7 → 8 3, 6 E − 6 .5942 28 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 93 .79054 9 3, 7 → 8 3, 6 A − 6 .5940 28 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 94 .24198 9 3, 6 → 8 3, 5 E − 6 .5900 28 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 94 .24345 9 3, 6 → 8 3, 5 A − 6 .5899 28 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 95 .54203 9 1, 8 → 8 1, 7 E − 6 .5284 24 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 95 .54326 9 1, 8 → 8 1, 7 A − 6 .5284 24 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 96 .02709 9 2, 7 → 8 2, 6 E − 6 .5401 25 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 96 .02854 9 2, 7 → 8 2, 6 A − 6 .5401 25 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 98 .96546 10 1, 10 → 9 1, 9 E − 6 .4545 27 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 98 .96598 10 1, 10 → 9 1, 9 A − 6 .4545 27 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 99 .70353 10 0, 10 → 9 0, 9 E − 6 .4467 27 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 99 .70407 10 0, 10 → 9 0, 9 A − 6 .4467 27 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 102 .91252 10 2, 9 → 9 2, 8 E − 6 .4377 30 20 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 102 .91349 10 2, 9 → 9 2, 8 A − 6 .4377 30 20 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 103 .98025 10 8, 2 → 9 8, 1 A − 6 .9039 64 6 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 103 .98025 10 8, 3 → 9 8, 2 A − 6 .9039 64 6 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 103 .99831 10 7, 3 → 9 7, 2 E − 6 .7399 56 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 103 .99951 10 7, 4 → 9 7, 3 E − 6 .7399 56 9 ± 8 0.01 ± 0.02 
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Table D1 – continued 

Molecule Frequency Quantum Transition log I E up Area τ

(GHz) numbers (nm 

2 MHz) (K) (K km s −1 ) 

CH 3 OCH 2 OH 103 .99958 10 7, 4 → 9 7, 3 A − 6 .7399 56 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 103 .99958 10 7, 3 → 9 7, 2 A − 6 .7399 56 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .03528 10 6, 4 → 9 6, 3 E − 6 .6302 48 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .03637 10 6, 5 → 9 6, 4 E − 6 .6302 48 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .03664 10 6, 5 → 9 6, 4 A − 6 .6302 48 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .03665 10 6, 4 → 9 6, 3 A − 6 .6302 48 12 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .10545 10 5, 5 → 9 5, 4 E − 6 .5516 42 15 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .10633 10 5, 6 → 9 5, 5 A − 6 .5515 42 15 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .10640 10 5, 6 → 9 5, 5 E − 6 .5516 42 15 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .10743 10 5, 5 → 9 5, 4 A − 6 .5515 42 15 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 104 .22752 10 3, 8 → 9 3, 7 E − 6 .4534 33 19 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 104 .22853 10 3, 8 → 9 3, 7 A − 6 .4534 33 19 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 104 .22965 10 4, 7 → 9 4, 6 A − 6 .4938 37 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 104 .23394 10 4, 7 → 9 4, 6 E − 6 .5126 37 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 104 .26533 10 4, 6 → 9 4, 5 E − 6 .5123 37 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 104 .27179 10 4, 6 → 9 4, 5 A − 6 .4934 37 17 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 104 .97919 10 3, 7 → 9 3, 6 E − 6 .4472 33 19 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 104 .98066 10 3, 7 → 9 3, 6 A − 6 .4471 33 19 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 105 .74159 10 1, 9 → 9 1, 8 E − 6 .4012 29 22 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 105 .74285 10 1, 9 → 9 1, 8 A − 6 .4012 29 22 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 106 .95038 10 2, 8 → 9 2, 7 E − 6 .4034 30 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 106 .95198 10 2, 8 → 9 2, 7 A − 6 .4034 30 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 108 .68584 11 1, 11 → 10 1, 10 E − 6 .3383 32 24 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 108 .68638 11 1, 11 → 10 1, 10 A − 6 .3383 32 24 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 109 .24857 11 0, 11 → 10 0, 10 E − 6 .3330 32 24 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 109 .24914 11 0, 11 → 10 0, 10 A − 6 .3330 32 24 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 112 .98786 11 2, 10 → 10 2, 9 E − 6 .3197 35 24 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 112 .98889 11 2, 10 → 10 2, 9 A − 6 .3197 35 24 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .38015 11 9, 2 → 10 9, 1 A − 7 .0137 80 4 ± 8 0.00 ± 0.02 
CH 3 OCH 2 OH 114 .38015 11 9, 3 → 10 9, 2 A − 6 .9457 80 5 ± 8 0.00 ± 0.02 
CH 3 OCH 2 OH 114 .39297 11 8, 3 → 10 8, 2 E − 6 .6704 70 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .39426 11 8, 3 → 10 8, 2 A − 6 .6704 70 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .39426 11 8, 4 → 10 8, 3 A − 6 .6704 70 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .39440 11 8, 4 → 10 8, 3 E − 6 .6704 70 9 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .42086 11 7, 4 → 10 7, 3 E − 6 .5562 61 13 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .42218 11 7, 5 → 10 7, 4 E − 6 .5562 61 13 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .42227 11 7, 5 → 10 7, 4 A − 6 .5562 61 13 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .42227 11 7, 4 → 10 7, 3 A − 6 .5562 61 13 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .47210 11 6, 5 → 10 6, 4 E − 6 .4729 54 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .47330 11 6, 6 → 10 6, 5 E − 6 .4729 54 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .47358 11 6, 6 → 10 6, 5 A − 6 .4729 54 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .47363 11 6, 5 → 10 6, 4 A − 6 .4729 54 16 ± 8 0.01 ± 0.02 
CH 3 OCH 2 OH 114 .56750 11 5, 6 → 10 5, 5 E − 6 .4104 47 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .56765 11 5, 7 → 10 5, 6 A − 6 .4101 47 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .56841 11 5, 7 → 10 5, 6 E − 6 .4104 47 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .57037 11 5, 6 → 10 5, 5 A − 6 .4101 47 18 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .64784 11 3, 9 → 10 3, 8 E − 6 .3295 38 23 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .64902 11 3, 9 → 10 3, 8 A − 6 .3295 38 23 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .72196 11 4, 8 → 10 4, 7 A − 6 .3626 42 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .72379 11 4, 8 → 10 4, 7 E − 6 .3702 42 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .80088 11 4, 7 → 10 4, 6 E − 6 .3696 42 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 114 .80513 11 4, 7 → 10 4, 6 A − 6 .3620 42 21 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 115 .79249 11 1, 10 → 10 1, 9 E − 6 .2886 34 25 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 115 .79376 11 1, 10 → 10 1, 9 A − 6 .2886 34 25 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 115 .81704 11 3, 8 → 10 3, 7 E − 6 .3207 38 23 ± 8 0.02 ± 0.02 
CH 3 OCH 2 OH 115 .81863 11 3, 8 → 10 3, 7 A − 6 .3207 38 23 ± 8 0.02 ± 0.02 

SO 2 86 .63909 J K a , K c 8 3, 5 → 9 2, 8 − 4 .7055 55 51 ± 12 0.09 ± 0.09 
SO 2 97 .70233 7 3, 5 → 8 2, 6 − 4 .6702 48 55 ± 12 0.10 ± 0.09 
SO 2 100 .87811 2 2, 0 → 3 1, 3 − 5 .3576 12 .6 19 ± 12 0.03 ± 0.08 
SO 2 104 .02942 3 1, 3 → 2 0, 2 − 4 .2264 7 .7 231 ± 13 0.45 ± 0.13 
SO 2 104 .03358 16 2, 14 → 15 3, 13 − 4 .2421 138 38 ± 12 0.06 ± 0.09 
SO 2 104 .23930 10 1, 9 → 10 0, 10 − 3 .7708 55 313 ± 13 0.64 ± 0.15 
SO 2 107 .84347 12 4, 8 → 13 3, 11 − 4 .4181 111 36 ± 12 0.06 ± 0.09 

34 SO 2 102 .03188 J K a , K c 3 1, 3 → 2 0, 2 − 4 .2159 7 .6 38 ± 4 0.10 ± 0.04 
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Table D1 – continued 

Molecule Frequency Quantum Transition log I E up Area τ

(GHz) numbers (nm 

2 MHz) (K) (K km s −1 ) 

34 SO 2 104 .39171 10 1, 9 → 10 0, 10 − 3 .7543 55 54 ± 4 0.15 ± 0.05 
33 SO 2 93 .07066 J K a , K c , F + 1 / 2 7 3, 5, 6 → 8 2, 6, 7 − 5 .3800 47 4 ± 6 0.01 ± 0.04 
33 SO 2 93 .07115 7 3, 5, 9 → 8 2, 6, 10 − 5 .2125 47 6 ± 6 0.01 ± 0.04 
33 SO 2 93 .07315 7 3, 5, 7 → 8 2, 6, 8 − 5 .3240 47 5 ± 6 0.01 ± 0.04 
33 SO 2 93 .07359 7 3, 5, 8 → 8 2, 6, 9 − 5 .2679 47 5 ± 6 0.01 ± 0.04 
33 SO 2 102 .99524 3 1, 3, 2 → 2 0, 2, 1 − 5 .2041 7 .7 10 ± 6 0.02 ± 0.04 
33 SO 2 102 .99551 3 1, 3, 2 → 2 0, 2, 2 − 5 .6022 7 .7 4 ± 6 0.01 ± 0.04 
33 SO 2 102 .99824 3 1, 3, 5 → 2 0, 2, 4 − 4 .6513 7 .7 35 ± 6 0.07 ± 0.04 
33 SO 2 103 .00143 3 1, 3, 3 → 2 0, 2, 2 − 5 .0000 7 .7 16 ± 6 0.03 ± 0.04 
33 SO 2 103 .00161 3 1, 3, 3 → 2 0, 2, 3 − 5 .4862 7 .7 5 ± 6 0.01 ± 0.04 
33 SO 2 103 .00411 3 1, 3, 4 → 2 0, 2, 4 − 5 .5932 7 .7 4 ± 6 0.01 ± 0.04 
33 SO 2 103 .00440 3 1, 3, 4 → 2 0, 2, 3 − 4 .8152 7 .7 24 ± 6 0.05 ± 0.04 
33 SO 2 104 .29673 10 1, 9, 11 → 10 0, 10, 11 − 4 .3407 55 35 ± 6 0.07 ± 0.04 
33 SO 2 104 .29805 10 1, 9, 10 → 10 0, 10, 10 − 4 .3834 55 32 ± 6 0.07 ± 0.04 
33 SO 2 104 .30599 10 1, 9, 12 → 10 0, 10, 12 − 4 .2948 55 39 ± 6 0.08 ± 0.04 
33 SO 2 104 .30730 10 1, 9, 9 → 10 0, 10, 9 − 4 .4214 55 29 ± 6 0.06 ± 0.04 

Non detected molecules 

H 

15 NC 88 .86571 J 1 → 0 − 2 .5690 4 .3 <6 <0.017 
C 

17 O 112 .35878 J F + 1/2 1 2 → 0 3 − 5 .6952 5 .4 <4 <0.012 
C 

17 O 112 .35898 1 4 → 0 3 − 5 .3942 5 .4 <8 <0.02 
C 

17 O 112 .36001 1 3 → 0 3 − 5 .5191 5 .4 <6 <0.018 
H 2 S 89 .49799 J K a , K c 7 1, 6 → 6 4, 3 − 6 .7612 520 <3 <9 · 10 −3 

C 3 H 6 103 .68912 J K a , K c 6 0, 6 → 5 0, 5 E − 5 .7493 17 .5 <1.5 <1.4 · 10 −3 

C 3 H 6 103 .69002 6 0, 6 → 5 0, 5 A − 5 .7493 17 .5 <1.5 <1.4 · 10 −3 

HOCN 104 .87468 J K a , K c 5 0, 5 → 4 0, 4 − 2 .8221 15 .1 <9 <0.03 
syn-CH 2 CHOH 96 .87491 J K a , K c 5 0, 5 → 4 0, 4 − 5 .0111 14 .0 <10 <9 · 10 −3 

PN 93 .97977 J 2 → 1 − 2 .4850 6 .8 <8 <0.02 
PO ( 2 � 1/2 , v = 0) 109 .20620 J + 1/2 F ( � ) 3 3 → 2 3 ( f ) − 3 .3018 8 .4 <5 <0.015 

CH 3 Cl 106 .33474 J K, F + 1/2 4 2, 6 → 3 2, 5 − 4 .1714 43 <1.7 <5 · 10 −3 

CH 3 Cl 106 .33505 4 1, 4 → 3 1, 3 − 4 .2831 20 <1.9 <6 · 10 −3 

CH 3 Cl 106 .33603 4 1, 5 → 3 1, 4 − 4 .1589 20 <3 <7 · 10 −3 

CH 3 Cl 106 .33683 4 0, 3 → 3 0, 2 − 4 .3710 12 .8 <1.8 <5 · 10 −3 

CH 3 Cl 106 .33683 4 0, 4 → 3 0, 3 − 4 .2442 12 .8 <2 <7 · 10 −3 

CH 3 Cl 106 .33692 4 1, 3 → 3 1, 2 − 4 .4099 20 <1.4 <4 · 10 −3 

CH 3 Cl 106 .33790 4 1, 6 → 3 1, 5 − 4 .0420 20 <3 <0.010 
CH 3 Cl 106 .33896 4 0, 5 → 3 0, 4 − 4 .1200 12 .8 <3 <9 · 10 −3 

CH 3 Cl 106 .33896 4 0, 6 → 3 0, 5 − 4 .0030 12 .8 <4 <0.012 
HC 2 NC 109 .28910 N J 11 12 → 10 11 − 2 .7069 31 <1.8 <5 · 10 −3 

HC 2 NC 109 .28910 11 11 → 10 10 − 2 .7467 31 <1.7 <5 · 10 −3 

HC 2 NC 109 .28910 11 10 → 10 9 − 2 .7866 31 <1.5 <4 · 10 −3 

trans-C 2 H 3 CHO 114 .65333 J K a , K c 13 0, 13 → 12 0, 12 − 3 .4357 39 <11 <0.010 
HOCH 2 CN 112 .92288 J K a , K c 12 1, 11 → 11 1, 10 0 − − 4 .1281 37 <12 <0.011 

CH 3 CHCH 2 O 103 .70741 J K a , K c 19 5, 15 → 19 4, 16 − 4 .3734 130 <12 <0.011 
gauche-C 2 H 5 SH 113 .62252 J K a , K c 11 1, 10 → 10 1, 9 0 − − 4 .5362 34 <10 <9 · 10 −3 

gauche-C 2 H 5 SH 113 .62443 11 1, 10 → 10 1, 9 0 + − 4 .5363 34 <10 <9 · 10 −3 

S 2 104 .68660 N J 7 7 → 7 6 − 6 .7048 57 <15 <0.04 
HS 2 110 .29403 J K a , K c , J + 1 / 2 , F 7 0, 7, 8, 7 → 6 0, 6, 7, 6 − 4 .5604 21 <7 <0.02 
HS 2 110 .29415 7 0, 7, 8, 8 → 6 0, 6, 7, 7 − 4 .5019 21 <8 <0.02 
H 2 S 2 98 .07649 J K a , K c 2 1, 1 → 3 0, 3 − 4 .9609 8 .7 <20 <0.06 

NH 2 CH 2 COOH (conf. I) 113 .15603 J K a , K c 17 2, 15 → 16 2, 14 − 4 .9207 53 <4 <4 · 10 −3 

NH 2 CH 2 COOH (conf. I) 113 .33620 19 1, 19 → 18 1, 18 − 4 .8602 56 <5 <5 · 10 −3 

NH 2 CH 2 COOH (conf. I) 113 .33669 19 0, 19 → 18 0, 18 − 4 .8602 56 <5 <5 · 10 −3 
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PPENDIX  E:  STATISTICAL  TESTS  

e have used three complementary correlation tests, Spearman
 r s ), Kendall ( τ ), and T–S, to perform a quantitative analysis of
he comparison of the chemical content in the different interstellar
ources. We explain here the basics of these correlation tests, and
ow to interpret their results. 
NRAS 529, 3244–3283 (2024) 
1 Spearman 

pearman correlation test ( r s ) is a non-parametric test or a range
orrelation test. This test orders the x i and y i data from lower to
igher separately. Once the data of x i and y i are reordered, each data
re replaced by its range, i.e. an integer number starting by 1 for x i 
nd y i following the order. If two or more data have the same value
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 x i or y i ), the number assigned is the average number of the ranges.
he formula which calculates the Spearman correlation coefficient 
epends on the range of both data, in this case, the range of x i and y i 
s R i and S i , respectively. Therefore, this is the formula: 

 s = 

∑ n 

i= 1 ( R i − R )( S i − S ) √ ∑ n 

i= 1 ( R i − R ) 2 
√ ∑ n 

i= 1 ( S i − S ) 2 
(E1) 

he range of this correlation test is from −1 to 1. −1 is perfect
nti-correlation, 0 no correlation at all and 1 perfect correlation. 

2 Kendall 

endall correlation test ( τ ) is based on Kendall correlation coefficient 
hich is a non-parametrical correlation test. In this case, we calculate 
y pairs of n data ( x i , y i ). We have the n data ( x , y ) with all the
ossible pair of points ( x i , y i ) - ( x i , y i ) having n ( n − 1)/2 different
airs, which are classified in two different cate gories. An y pair of
ata ( x i , y i ) and ( x j , y j ), where i 
= j are concordant if x i > x j 
nd y i > y j or x i < x j and y i < y j . Otherwise, the pair of data are
iscordant. 
To calculate the value of this coefficient the equations is the 

ollowing: 

= 

2( n C − n D ) 

n ( n − 1) 
(E2) 

here n C is the concordant pair, n D is the discordant one and n is the
umber of the data ( x , y ). This coefficient has the same range and
nterpretation as Spearman correlation coefficient. 

3 Theil–Sen 

he T–S estimator is an alternative for the conventional linear re-
ression (i.e. Pearson correlation coefficient). This method provides 
s with a non-parametric linear regression which is very robust. It is
ery ef fecti ve against outliers. The idea is to calculate the slope ( b ij )
or each possible pair of points using the following formula: 

 ij = 

y j − y i 

x j − x i 
(E3) 

he final estimation for the slope ( b T-S ) of the linear regression is the
edian of all the slopes. The intercept point is calculated by doing

he median of all the intercept points of the data. 
Once we have the slope, we use formula that associates the slope
f a linear regression with a correlation coefficient (this is used to
btain Pearson correlation coefficient), T–S in this case. The formula 
s the following: 

 −S = 

√ 

b T −S ( y , x ) × b T −S ( x , y ) (E4) 

By doing so, we obtain a correlation coefficient from a linear
egression, but more robust and less dependent on outliers. This 
orrelation coefficient has the same range and interpretation as 
pearman and Kendall. The difference is that this coefficient is 
 v aluating if the points are close to a straight line, and the other
oef ficients e v aluates is the points are monotonically increasing or
ecreasing. 
To calculate the p -value of T–S, we use the p -value of Pearson

orrelation coefficient, due to this estimator is a modified linear 
egression (Pearson), so for p -value, we used the t distribution: 

 = 

r 
√ 

n − 2 √ 

1 − r 2 
(E5) 

here r is the coefficient value and n is the number of observations.
o calculate the p -value, the formula is 2 × P ( T > t ), where T
ollows a t distribution with n − 2 degrees of freedom. P is the
robability of a certain value of being higher than t , P follows the
ensity distribution of a t distribution. We integrated the probability 
ensity from t to infinite to obtain the P , the expression used is the
ollowing: 

 x>t = 

∫ ∞ 

t 

�( n + 1 
2 ) √ 

nπ�( n 2 ) 

(
1 + 

x 2 

n 

)− n + 1 
2 

dx (E6) 

Where n is the degrees of freedom, t is the t distribution described
n equation E5 , and x is T . 

To obtain the p -value we solve the equation E6 , and we multiply
he result by 2 because the p -value is from two tails of the Gaussian.

PPENDI X  F:  R E M A I N I N G  SPECTRA  O F  

ETECTED  M O L E C U L E S  

e show here the spectra of the detected molecules towards G31.41
nalysed in this work that have not been presented in the main text.
he results of the parameters obtained from the fits are summarized

n Tables 2 and A1 , and the information about the transitions used
re listed in Table D1 . 
MNRAS 529, 3244–3283 (2024) 
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Figure F1. HCN and HNC isotopologues described in Sections 4.1.1 and 4.1.2 . The black histogram and its grey shadow are the observational spectrum. The 
red curve is the fit of the individual transition, the green curve is the upper limit obtained using that transition, and the blue curve is the cumulative fit considering 
all detected species. The red/green dashed lines indicate the frequency of the molecular transitions. 

Figure F2. CO isotopolgues described in Section 4.1.3 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the 
individual transition, the green curve is the upper limit obtained using that transition, and the blue curve is the cumulative fit considering all detected species. 
The red/green dashed lines indicate the frequency of the molecular transitions. 
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Figure F3. H 2 CO isotopolgues described in Section 4.1.4 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of 
the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 

Figure F4. CH 3 CCH described in Section 4.1.5 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the 
individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 

Figure F5. CH 3 NC described in Section 4.1.6 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the individual 
transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular transitions. 
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Figure F6. H 2 CS isotopologues described in Section 4.1.10 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit 
of the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 
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Figure F7. HONO described in Section 4.1.11 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the individual 
transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular transitions. The 
plots are sorted by decreasing intensity of the corresponding species (red line). 

Figure F8. SO isotopologue described in Section 4.1.12 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of 
the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 
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Figure F9. HC 3 N isotopologues described in Section 4.1.14 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit 
of the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 
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Figure F10. C 2 H 5 CHO described in Section 4.1.15 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of the 
individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 
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Figure F11. OCS isotopologues described in Section 4.1.16 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit 
of the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3244/7623616 by guest on 04 D
ecem

ber 2024
NRAS 529, 3244–3283 (2024) 



GUAPOS V 3279 

Figure F12. CH 3 OCH 2 OH described in Section 4.1.17 . The black histogram and its grey shado w are the observ ational spectrum. The red curve is the fit of 
the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 
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Figure F13. SO 2 isotopologues described in Section 4.1.18 . The black histogram and its grey shadow are the observational spectrum. The red curve is the fit of 
the individual transition, and the blue curve is the cumulative fit considering all detected species. The red dashed lines indicate the frequency of the molecular 
transitions. The plots are sorted by decreasing intensity of the corresponding species (red line). 
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PPEN D IX  G :  MOLECULES  N OT  DETECTED  

OWA R D S  G 3 1 . 4 1  + 0 . 3 1  

he spectra of the transitions used to obtain the column density 
pper limits towards G31.41 presented in Table 2 are shown in 
ig. G1 , and the information about the transitions used are included

n Table D1 . The upper limits are calculated by using the brightest
ransitions according to the LTE model that are not heavily blended 
nd by performing a visual inspection to make the upper limits
ompatible with the observed spectra (explained in more detail in 
ection 4.2 ). To assess how constraining (or not) are the derived
pper limits, in Fig. G2 , we show how they compare, normalized
o CH 3 OH, with the fractional abundances or upper limits derived 
owards IRAS16B. Most of the molecules not detected towards 
31.41 were also reported as upper limits towards IRAS16B, and 

hey fall within or very close to the region of ±1 order of magnitude
round the 1:1 line (light grey shaded area of Fig. G2 ). Only five
pecies of the sample are not detected towards G31.41 but detected
n IRAS16B: H 2 S, HOCH 2 CN, C 2 H 3 CHO, CH 3 Cl, and C 3 H 6 . The
pper limit of H 2 S we derived in G31.41 is not constraining because
here are not adequate transitions of this species in the ALMA Band
. As shown in Table D1 , the transition used to derive the upper
imit, although it is the best in the spectra analysed, it is relatively
eak and has a high energy level; and as a consequence, the derived
pper limit is high. The upper limit derived for HOCH 2 CN is not
articularly constraining either around one order of magnitude higher 
han the value derived from its detection in IRAS16B. In contrast, for
 2 H 3 CHO, CH 3 Cl and C 3 H 6 , the upper limits are belo w the v alues
erived in IRAS16B, indicating that these species are less abundant 
n G31.41. 
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Figure G1. Molecules not detected in G31.41. The black histogram and its grey shadow are the observational spectrum. The LTE synthetic spectra using the 
derived upper limits of N are indicated with green curves. To compute the upper limits of their molecular abundances we have used the brightest and less blended 
transitions, which are shown here. The green dashed lines indicate the frequency of the molecular transitions. The transitions of this plots are in Table D1 on the 
not detected molecules section. 
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Figure G2. Molecular abundances of G31.41 upper limits with respect to 
CH 3 OH compared with their respective values of IRAS16B. The errorbars 
marked with arrows are the upper limits. Grey dotted line is the 1:1 relation 
on each plot. Dark and light grey are half and 1 order of magnitude difference 
with respect to the grey dotted line. 
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