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ABSTRACT

The characterisation of the molecular inventory of solar-type protostars is of crucial importance for a deep understanding of
the chemical complexity underlying our cosmic origins. In this context, we present here the full millimetre line sutvey of the
Class 0 protostellar object NGC 1333 IRAS 4A in the spectral bands at 3, 2 and 1.3 mm. In recognition-ef the powerful tool
that unbiased spectral studies provide for investigating the chemistry and physics of star-forming regions, we provide a detailed
description of the survey and the results of the analysis. We describe the identification of 1474 spectral lines belonging to 97
different molecular species, including complex organic molecules (COMs), which together cover-the most ubiquitous chemical
elements of life on Earth, namely carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulphur (CHNOPS). The abundances
obtained herein are compared with the Class 0 protostellar objects L483 and L1527, and selectedsmolecular ratios are used as
tracers of physicochemical properties of the sources. Particularly, the dominance of oxygen-bearing species and the presence of
distinct excitation temperature regimes support the attribution of NGC 1333 IRAS 4A.as ahot corino featuring three physical

components with distinguished and diverse chemical composition.

Key words: astrochemistry — stars: formation — ISM: abundances — ISM: jets.and'\outflows — ISM: molecules.

1 INTRODUCTION

Compelling observational evidence, notably supported by isotopie
studies, suggests that small celestial bodies within our solar sys-
tem, including comets and asteroids, have, to some extent; pre-
served the chemical composition from the early stages of the pro-
tosolar nebula (Pizzarello & Huang 2005; Cleeves et al. 2014).
This retention may extend to the prestellar phase~before the on-
set of gravitational collapse. Recently, the study_of the composition
of comet 67P/Churyumov-Gerasimenko (67P/C-G) by the Rosetta
space mission has revealed the presence of numerous complex or-
ganic molecules (COMs). Some of these molecules are of prebi-
otic and biological interests, including glycine (Altwegg et al. 2016;
Schuhmann et al. 2019; Altwegg et al. 2020; Rivilla et al. 2020).
Additionally, a comparative analysis with the relative abundances
of CHO-, N-, and S-bearing molecules measured with ALMA to-
wards the low-mass protostat\JRAS 16293-2422B (Drozdovskaya
et al. 2019) has shown a eonvincing correlation between protostellar
and cometary data: This suggests that the volatile composition of
cometesimals and planetesimals may have been partially inherited
from the pre< and protestellar phases of evolution.

From this standpoint, our comprehension of the chemistry occur-
ring within'star=forming regions is continuously enriched by persis-
tent endeavours to replicate it, employing a combination of inter-

* E-mail: h.quitian-lara@kent.ac.uk

stellar medium (ISM) models based on laboratory experiments and
computational simulations. Nonetheless, the alignment of observed
COM abundances with these simulations remains a challenging puz-
zle. It hinges on the intricate interplay of numerous mechanisms,
such as gas-phase and grain-surface chemistry, photolysis, and radi-
olysis, which collectively give rise to a multifaceted array of COMs
within star-forming regions (Jgrgensen et al. 2020).

Despite the element of arbitrariness in the widely accepted defi-
nition of COMs as proposed by Herbst & van Dishoeck 2009, i.e.,
any carbon-containing molecule with at least six atoms, it accurately
reflects the fact that the number of atoms in the molecules discovered
in the ISM is relatively modest compared to the macromolecules
present on Earth. Around 30% of the over 300 species detected in
the ISM (McGuire 2022) are COMs, making them essential com-
ponents of the chemical composition of the interstellar gas (for fur-
ther details, see the Molecules in Space catalogue of the Cologne
Database for Molecular Spectroscopy, CDMS!). Another indicator
of the chemical complexity in the ISM is the detection of species
with multiple heteroatoms, such as formamide (NH,CHO, Rubin
et al. 1971), isocyanic acid (HNCO) and its isomers (Snyder & Buhl
1972; Marcelino et al. 2009; Briinken et al. 2009), and ethanolamine
(NH2CH2CH,0H, Rivilla et al. 2021). The significance of these
molecules is underscored by the extensive body of research encom-
passing past experiments in astrochemistry (e.g., Oberg 2016; Her-

1 https://cdms.astro.uni-koeln.de/classic/catalog
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czku et al. 2021), insights into future experiments (Mason et al. 2021;
Fulvio et al. 2021; Elsaesser et al. 2023), and advances in compu-
tational astrochemistry (Biczysko et al. 2018; Sandford et al. 2020;
Germain et al. 2022; Enrique-Romero et al. 2022). Particularly, there
is a growing interest in exploring systems based on heavier main
group atoms, such as sulphur (Laas & Caselli 2019; Mifsud et al.
2021; Bilalbegovic et al. 2021) and phosphorus (Oliveira et al. 2020;
Chantzos et al. 2020; Baptista & de Almeida 2023), spurred by recent
astrochemical observations of molecules featuring these elements.

In recent decades, systematic studies of dark and prestellar cores
have revealed surprising complexity. Observations have unveiled a
much richer chemistry than initially anticipated, surpassing the pre-
dictions of models. In addition to the high presence of hydrocarbon
chains in these environments, COMs such as methanol (CH3OH),
methyl formate (CH3OCHO, or HCOOCHj3), and dimethyl ether
(CH30CH3) are frequently detected in star-forming regions. Exper-
imental evidence supports the idea that CH3OH can readily form
through the subsequent hydrogenation of CO on icy grain mantles at
low temperatures (Watanabe & Kouchi 2002). However, the mech-
anisms responsible for the formation of COMs, whether in the gas
phase or on the surface of grains, remain subjects of debate. To
address this, new and improved theoretical models and experiments
are currently under development to identify different synthesis routes
and mechanisms. These efforts encompass variations in the gas phase
and ice mantles that may operate at each stage of prestellar core for-
mation (Zamirri et al. 2019; Sandford et al. 2020; Turner & Kaiser
2020; Ceccarelli et al. 2022).

Concurrently, the abundant molecular deuteration observed in
prestellar cores and throughout the subsequent phases of protostellar
evolution, particularly in the Class 0 and Class I stages, naturally
raise questions about chemical inheritance during the star and disk
formation process (Bacmann et al. 2003; Caselli & Ceccarelli 2012).
Consequently, an overarching understanding of this evolutionary pro-
cess and its intricacies remains elusive. The limited number of studies
conducted on a handful of objects thus far has primarily concentrated
on COMs (Bottinelli et al. 2004b, 2007; Taquet et al. 2015), with a
focus on their properties on a small scale.

Detailed information on the large-scale environment of solar-type
protostellar objects is essential to fully characterise and understand
their chemical evolution. To address this need, the Astrochemical
Surveys At Iram (ASAI Lefloch et al. 2018)2 was initiated, with the
aim of exploring the molecular complexity in the evolution-of low-
mass stars, spanning from the initial prestellar phase to.the late-stage
status of these sources. The data used in this study-are.derived from
the openly accessible ASAI repository,3 which.offers fully reduced
and calibrated spectra of ten distinct youngstellarobjects.

In this work, we present an unbiased spectralline survey of the
Class 0 protostellar core IRAS 4A«(see section 2), conducted us-
ing the IRAM 30m telescope and utilising data retrieved from the
ASAI database (vide supra). The survey covers the spectral windows
of 72-116 GHz, 126-174 GHz, and 200-276 GHz. The motivation
behind selecting IRAS.4A as our’target is twofold: i) it stands out
as the brightest protostellar source within the ASAI sample, and ii)
it serves as a template for astrochemical investigations related to
solar-type star formation.”Additionally, we aim to achieve a compre-
hensive understanding’of the molecular composition of this source.
The intricacies of chemical networks often involve numerous actors,
sometimes originating from "chemical families" different from the

2 https://www.oan.es/asai/
3 https://www.iram.ft/ILPA/LP007/

primary molecule of interest or study. Despite numerous individual
studies focusing on IRAS 4A, we believe that a holistic perspective
of its chemical composition is still required. Therefore, the objec-
tive of this article is to offer a comprehensive view of the chemical
composition of this Class 0 protostellar core.

2 THE SOURCE

IRAS 4 is a multiple Class O protostellar system situated in the active
star-forming region NGC 1333 within the Perseus molecular com-
plex, at a distance of ~260 pc (Schlafly et al. 2014). Discovered by
Jennings et al. 1987 and subsequently confirmed by Sandell et al.
1991, IRAS 4 is one of the first Class 0 protostellar systems recog-
nised, shortly after the discovery of IRAS 16293-2422 and VLA
1623 (Andre et al. 1993). IRAS 4 comprises two primary,compo-
nents, separated by an angular distance of ~30 (IRAS 4A-and IRAS
4B, Sandell et al. 1991; Langer et al. 1996), with a third component,
IRAS 4C, identified later at a position ~50"" northéast,of IRAS 4A
(Rodriguez et al. 1999; Smith et al. 2000).

IRAS 4A is a strongly embedded protostellar,core featuring a
distinct warm region and measuring slightly less than 200 AU in total
size (Maret et al. 2004). Spectral lines from, IRAS 4 have revealed
multiple gas and dust layers, includingsi) an extended gas layer at
ambient velocities, characterised by narrew and fairly bright line
profiles (~1-5 km s_l; Lefloch etial. 1998b; Koumpia et al. 2016),
and ii) high-velocity wings with, extended profiles associated with
the IRAS 4 outflow (Blake.et al. 1995; Langer et al. 1996; Lefloch
et al. 1998b). Using the]dRAM-30m telescope, Bottinelli et al. 2004a
detected the presence of CH3OCHO, CH3CN, and HCOOH in IRAS
4A, leading to its classification as a hot corino, the second member of
this class shortly.after the discovery of IRAS 16293-2422 (Bottinelli
et al. 2004b).

While previous (sub-)millimetre line studies of IRAS 4A have
been conducted (Blake et al. 1995), they were limited by lower sensi-
tivity in the spectral data compared to the capabilities oftered by the
new,.EMIR receivers on the IRAM 30m telescope. The significant en-
hancement in receiver performance, coupled with their wide spectral
band (4-8 GHz), served as the linchpin for justifying the ambitious
ASAI project. One of the early outcomes of ASAI of particular sig-
nificance, is the discovery of the unexpected richness of the prestellar
phase, exemplified by the core L1544 (Lattanzi, Valerio et al. 2020;
Bianchi et al. 2023). This underscores the essentiality of acquiring
detailed information about the large-scale environment surrounding
solar-type protostars, enabling us to characterise and comprehend
their chemical evolution inherited from the prestellar phase, once pro-
tostellar accretion has commenced and outflow mass-loss phenomena
are underway. Currently, large (sub-)millimetre interferometers such
as NOEMA and ALMA are unveiling an increasing number of hot
corinos (Belloche et al. 2020; Yang et al. 2021), primarily through
the advent of unbiased surveys like SOLIS* (Ceccarelli et al. 2017)
and FAUST? (Codella et al. 2021).

Millimetre interferometry observations showed that both IRAS 4A
and IRAS 4B are multiple systems (Lay et al. 1995; Looney et al.
2000). The distance between the two components of IRAS 4A (4A1
and 4A2) is merely ~1.8" (Jgrgensen et al. 2007; Karska et al. 2013).
The IRAS 4A system has an estimated range of dust temperatures
around components IRAS 4A1 and IRAS 4A2 between T4 = 50 and

4 https://solis.osug.fr
5 http://faust-alma.riken.jp
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200 K (Lopez-Sepulcre et al. 2017), a massive and dense envelope
surrounding the nascent stars of 5.6 M and a bolometric luminosity
of 9.1 Lo (Karskaetal. 2013; Sahu et al. 2019). These results indicate
that the component IRAS 4A1 is more than three times brighter than
its companion IRAS 4A2 (Looney et al. 2000; Jgrgensen et al. 2007;
Santangelo et al. 2015).

IRAM/PdBI interferometer observations, with a resolution of ~2"”,
by Taquet et al. 2015 confirmed the hot corino nature of IRAS 4A
and allowed its initial chemical characterisation. Later, Santangelo
et al. 2015 and Lépez-Sepulcre et al. 2017, using the interferometer
observations of PABI and ALMA with angular resolutions of ~0.5"
and ~0.3"’, respectively, confirmed the status of IRAS 4A2 as a hot
corino by the detection of several COMs, including CH3OCH3, ethyl
cyanide (C2H5CN), and glycolaldehyde (CH2(OH)CHO). More re-
cently, De Simone et al. 2020 reported the detection of CH30H
emission towards IRAS 4A1 during observations at longer centime-
tre wavelengths with the eVLA, confirming the presence of organics
towards the protostar. Indeed, it is now established that IRAS 4A1l,
IRAS 4A2, and IRAS 4B are hot corinos.

IRAS 4A powers a bipolar molecular outflow, whose chemical
richness has been demonstrated in several observational studies.
Emission from the outflow has been detected in many molecular
tracers, such as CO, CS, H,O, HCO™, and SiO (Lefloch et al. 1998a;
Lefloch et al. 1998b; Santangelo et al. 2014). Observations at higher
angular resolution with NOEMA hint at a chemical differentiation
between the outflows of IRAS 4A1 and IRAS 4A2, and suggest that
the IRAS 4A1 outflow is younger (De Simone et al. 2020).

Recent observations suggest that the southern filament in the
Perseus/NGC 1333 region, where the IRAS 4A1, IRAS 4A2, and
IRAS 4B protostars lie, may have been shaped by a collision between
an expanding bubble and NGC 1333 (De Simone et al. 2022a). Dha-
bal et al. (2019) proposed that this collision could have led to the
formation of the protostars, while De Simone et al. (2022b), based
on observed abundance ratios and astrochemical models, suggested
that it triggered a sudden collapse in a region where precollapse cores
were not previously detected.

In Section 4, we provide a comprehensive overview of the extensive
chemical composition of the Class 0 protostellar object NGC 1333
IRAS 4A. We categorise the various identified species into distinct
elemental groups, thereby emphasising the intricate nature”of the
chemical content observed in the aforementioned source,

3 OBSERVATIONS AND DATA REDUCTION

A full description of the observing strategy can be found in the
general article presenting the Large Program*ASAI (Lefloch et al.
2018). Briefly, observations towards,the nominal position of IRAS
4A a(2000)= O3h29m10.\‘.42 6(2000)= +31°1332.2" were carried
out by the ASAI team over six semesters from September 2012 to
March 2015 with the IRAM30mtelescope. The broad-band EMIR
receivers E090, E150 and-E230:were used to cover the three spectral
windows at 3 mm,~2,mm, and 1.3 mm. They were connected to
Fast Fourier Transform Spectrometers (FTS) operating at their low
(200 kHz) spectral resolution modes. Observations in the 3 mm
(80-116 GHz) and-2"mm (126-174 GHz) bands were performed
simultaneously. The 1.3 mm band in the 200-276 GHz range was
covered by simultaneous observations of the lower sideband (LSB)
and the upper sideband (USB). Complementary observations of the
72-80 GHz band were obtained in January 2016. The frequency of
the local oscillator (LO) was regularly shifted by a fixed amount of
50 MHz. The half-power beamwidth (HPBW) of the IRAM 30m

IRAS 4A millimetre spectral survey 3

radio telescope is described with quite accuracy by HPBW (arcsec) =
2460/v(GHz). For ASAI observations, the typical beamwidth is in the
range 21-34, 14-19 and 9-12 arcsec at 3, 2 and 1.3 mm, respectively.

Contamination from the nearby reference position was observed
towards IRAS 4A for the bright, extended emission lines of some
tracers such as CO, HCO* and HCN. The corresponding spectral set-
tings (only) in the 3 mm band were re-observed in position-switching
mode with a reference position checked as emission-free. This mainly
concerns the spectral intervals of 87-94 GHz and 103-111 GHz.

Pointing was carefully checked every hour at the nearby continuum
source 0333+321 and pointing corrections were always less than 3"/,
less than one third of a beam width at 1.3 mm. Focus was monitored
regularly before and after sunset and proved to be stable with only
minor corrections.

The data reduction was performed using the GILDAS/CLASS
software developed at IRAMO. Firstly, a linear function (polyfiomial
function of degree 1) was subtracted from each spectrum.Following
this step, spectra exhibiting pronounced noise or evidenit.calibration
issues were excluded from further consideration. This assessment
involved a comparison of each scan with its (50 MHz LO)frequency-
shifted counterpart, which allowed spurious, signalsto be identified
and removed from the image band. The resulting scans were then
averaged to obtain the final spectral bands.

The full line survey is presented in,Table S7 in the Supporting
Information (SI) file. Fluxes are.expressed-in units of antenna tem-
perature corrected for atmospheric attenuation and rearward losses
(T:). Overall, an excellent sensitivity in all three millimetre bands
was achieved, with a final'root mean square (rms) in the range of 2
mK to 5 mK (TZ) perintervalof 1 kms™!, depending on frequency.
The calibration uncertainty is typically 10%, 15% and 20% at 3 mm,
2 mm and 1.3 mm;respectively.

For radiative transfer modelling and derivation of the molecular
line emission properties, line fluxes were expressed in main-beam
temperature units, Ty,;. To convert from T}, to T,p, we divided
the former by Befr/ Fefr, Where Beg is the main beam efficiency and
E.mis the'forward efficiency. The Beg values were derived from the
expression Beg = 0.863 exp[—(v(GHz)/361)2)] (Agiindez et al.
2019), while Feg varied from 0.95 to 0.92 depending on the line
frequency, as taken from the IRAM webpage”.

4 RESULTS
4.1 Line identification
4.1.1 Statistics

Table 1 shows the identified molecular species, considering only the
main isotopologues identified in the ASAI survey. The physical con-
ditions of the species as obtained by treatment of the spectral line
survey are presented in Tables S1-S6 in the SI. The complete cata-
logue of all detected spectral lines of IRAS 4A is shown in Table S7
in the SI. Examples of spectral bands with the detected molecular
species are shown in Figure 1 to illustrate the richness of the full line
survey. Molecular lines were identified and analysed using version
6.3 of the CASSIS software (Vastel et al. 2015). We used the CDMS
(Endres et al. 2016) and the Jet Propulsion Laboratory (JPL) cata-
logues (Pickett et al. 1998). A line was considered detected if its peak

6 http://www.iram.fr/IRAMFR/GILDAS
7 https://publicwiki.iram.es/Iram30mEfficiencies
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Figure 1. Molecular line emission detected in representative spectral bands: 85000 to 85500 MHz and 86500 to 87000 MHz (top), 165000 to 165500 and 170000
to 170500 MHz (middle) and 251000 to 251500 MHz and 251500 and 252000 MHz (bottom), towards IRAS 4A in the 3'mm, 2 mm and 1.3 mm bands. The
main lines, with intensities higher than 3¢, are identified. Intensities are expressed in units of antenna temperatire; Ti="An unidentified band (U) at 165002.1

MHz is also shown (see section 4.1.3 for more details).

Table 1. List of the 49 molecular species (main isotopologues only) directly
detected through our spectral survey in IRAS 4A. The species are organised
by their total number of atoms.

2 3 4 5
co HCO H,CO H,CCO
CN HCN HCNH* HCOOH
S HNC HCNO H,COH*
Sio HCO* HNCO HC3;N
NO CCH HOCN c-C3Hp
SO* H,S c-C3H C4H
SO S0, 1-C3H
NS NoH* CCcs
NS* 0CS HOCO*
PN ccs H,CS

HCS* HSCN
6 7 8 9
CH;OH  CH;CHO _CH;0GHQ C,HsOH
CH;CN  CH;CCH \CHp(OH)CHO CH;0CH;
NH,CHO
CH;SH
HCCCHO

intensity was‘equalsto’or higher than the 30~ rms noise level. Obser-
vational/properties were obtained from single or multiple Gaussian
fits to.the line profiles. In total, 1474 rotational transitions were iden-
tified, which were ascribed to 97 different molecular species. From
our analysis, we found that 49 of these molecules correspond to main
isotopologues, and the remaining 48 feature one or more of the fol-
lowing rare isotopologues: deuterium (D), B¢, 18g, 170, BN, 35,

348, and 29Si. Notably, HCCNC, previously mentioned in Lefloch
et al. 2018, has*not been incorporated into the current catalogue.
This omission stems from the fact that its line intensities fall short
of meeting the minimum threshold of a signal-to-noise ratio of 3o-.
Fuarthermore, all observed NH3 lines in IRAS 4A (De Simone et al.
2022a),are located outside the spectral bands encompassed by our
study; rendering them beyond our detection capabilities. However, it
is-important to highlight that NH, D, an isotopologue of NH3, was
unequivocally identified in our survey, providing supporting evidence
for the presence of NH3 in IRAS 4A. A similar rationale applies to
H,O, which is also indirectly detected through the emission of HDO.
Finally, we also report seven unidentified (U) lines (see section 4.1.3
for more details).

4.1.2 Elemental groups

Table 2 presents the list of molecular species identified in the survey.
As expected, they are associated with the most abundant elements
in the gas phase: O, C, N, and S. Two species bearing less abundant
elements were also detected: PN and SiO. To facilitate the discussion,
we have classified the detected species into four elemental groups:
Oxygen-containing species (O-bearing group), sulphur-containing
species (S-bearing group), nitrogen-containing species (N-bearing
group), and carbon-based chains and cyclic species (C-chains group).
It is worth noting that some species have mixed characteristics and
therefore fall into more than one group. An example is CCS, which
belongs to both the S-bearing and C-chains groups.

Figure 2 shows the spectral line density of the identified lines
classified into four elemental groups in all the three millimetre bands.
The average spectral line density is around 19 spectral lines per 2
GHz bin in 3 mm and 2 mm bands; whilst it is around 16 in the 1.3
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Table 2. Census of molecular species detected towards IRAS 4A with signal-
to-noise ratio larger than 3o . Note that species may appear several times.

O-bearing group

CcO 13CO Cl7o CISO l3cl7o
Bl NO Sio 298i0 SO
so* s'80 $s0 3s0 HDO
HCO HCO* DCO* H3co* HC7o*
HCBO* ocCs ol3cs oc3s SO,
330, H,CO HDCO D,CO H,!3Co
H,C130 HCNO HNCO HOCN DNCO
HOCO* H,COH* H,CCO HCOOH CH3;0H
CH,DOH 13CH;0H NH,CHO CH3;CHO  HCCCHO
CH30CHO CH,(OH)CHO C,HsOH  CH3;0CH;

S-bearing group

CS 3¢cs c33s c*#s NS
NS* SO SOt S180 330
330 H,S HDS D,S H$3S
H3'S HCS* ccs 0cs obcs
0oc3s SO, 330, H,CS HDCS
D,CS H,C3s HSCN cces CH;SH
N-bearing group

CN 13eN NO NS NS*
PN HCN DCN HI3CN HCIN
HNC DNC HN'3C HISNC N,H*
N,D* ISNNH* NISNH* HCNH* HCNO
HNCO DNCO HOCN HSCN NH,D
HC3;N DC3N CH;CN NH,CHO

C-chains group

CCH CCD CCS 1-C3H ¢-C3H
CCCS c-C3H, ¢-C3HD C4H HC3N
DC3N H,CCO HCCCHO CH;CCH

mm band. This is comparable to the typical spectral line densities
observed in other low-mass protostellar surveys, such as IRAS 16293-
2422 (0= 10 to 20 lines per 2 GHz-bin, see Caux et al. 2011).

In Figure 3, we present the relative weights of the four elémental
groups (including species featuring rare isotopologues) ift terms of
the number of identified lines, the number of identified species, ‘and
total integrated intensities detected in our survey (excluding”CO in
this last case). The O-bearing species clearly dominate=in all these
indicators, accounting for 55% in both the number of lines and the
total flux. Moreover, they are also the most-abundant group in terms
of the number of identified species, making up40% of the total, with
S-bearing and N-bearing species following closely behind at 25%
and 24% each. C-chains are the least represented group in terms of
the number of species, comprising only 11%.

When it comes to the number of lines, S-bearing, N-bearing, and
C-chains contribute 20%j=14%;, and 11%, respectively. Importantly,
the relative importance of, these groups remains consistent across
all indicators: whether we consider the number of lines, number of
species, or emitted lineflux.

Table 2 provides.further insight into the abundance of these ele-
mental groups, revealing that the O-bearing group contains the high-
est number of identified species, with 49 belonging to this category.
In/comparison, the S-bearing and N-bearing groups contribute 30
and 29 species, respectively, while the C-chain group remains sig-
nificantly less diverse, with only 14 species. These trends in the
distribution of species across elemental groups align with observa-
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tions in related protostellar envelopes as reported in previous studies
(Bianchi et al. 2019; Agtndez et al. 2019, 2021).

Regarding the distribution of rare isotopologues, the deuterated
species are the most abundant with a total number of 17 detected
species, followed by the carbon 3¢ isotopologues with 11 identified
species. Amongst the oxygen isotopologues, 5 species contain 180
atoms and 3 contain 7O atoms; the rare sulphur isotopologues 3*S
and 33S occur 6 and 3 times respectively in our census; and 4 species
containing a I5N atom and 1 species featuring 298j have been de-
tected. It is worth mentioning that two species, '3C170 and 13C 180,
each contain two rare isotopologues. Consequently, the total count
here is 50, rather than 48, which is the sum of species featuring rare
isotopologues.

Within each chemical group, we can also order the species and
define the "observationally dominant" species by comparing the to-
tal integrated flux emitted by the main isotopologues, as shown in
Table 3. This comparison is merely indicative, since i)«the fluxes
are proportional to the molecular abundances, but also,depend ‘on
the excitation conditions, and ii) for some species, ‘especially the
simplest ones, which have a small number of lines, some of them
may fall within the frequency holes of our survey, so that the total
flux of the species may be significantly underestimated. For exam-
ple, the HCO* transition J=2-1 is not¥isible in.our survey, despite
having high probabilities and beingdniasmedium that provides ideal
excitation conditions for these transitions:

The total luminosity budget is largely dominated by CO (see Ta-
ble 3) and the main contributor.immediately after CO is CH30H.
We found that only two species (H2CO and SO) have a contribution
equal to or higher than,50% ef the flux radiated by CH3OH. This
simple qualitative criterion indicates that the bulk of the radiated flux
in the millimetre domainris actually dominated by only a few species.

O-bearing'group. The line survey shows a remarkable dominance
of O-bearing species, with 990 molecular lines identified. A large
number of these lines are attributed to COMs, in particular, CH3OH,
CH3CHO, ,CH30CHO, CH3OCH3, CpHs50H, and NH;CHO.
Chemically related species, such as HoCO, HCOOH, and H,CCO,
aswell as the CyH40, isomers methyl formate (CH30OCHO,
or HCOOCH3) and glycolaldehyde (CH,(OH)CHO) were also
detected. Furthermore, we have identified seven spectral lines
tentatively associated with acetic acid (CH3COOH), another
CyH40; isomer. The presence of CH3COOH in NGC 1333 IRAS
4 has been previously reported by Remijan et al. (2003) in earlier
studies of the source. However, the abundance estimated by us using
both the rotational diagram (RD) analysis and the LTE-RADEX fit
yielded inconsistent results when compared to those of its congeners.
Consequently, we opted not to include this molecule in our catalogue.
The high content of O-bearing COMs is a characteristic feature of
hot corino sources and is consistent with the presence of a hot corino
in IRAS 4A (Bottinelli et al. 2007; Lopez-Sepulcre et al. 2017).

S-bearing group. Molecules featuring a sulphur atom constitute
the second most abundant family in terms of molecular lines and
radiated flux, just after the O-bearing group. The list of detected S-
bearing species, which is given in Table 2, corresponds to a total of
368 molecular lines. Similar to the O-bearing group, S-bearing lines
are continuously distributed over the entire spectral bands. Most of
the detected S-bearing species are 2- or 3-atom molecules. Two S-
bearing carbon chains, CCS and CCCS, have also been detected. The
radiated flux is dominated by SO and CS, but H,CS and SO; also
contribute significantly (about 20% of the maximum flux). Finally,
we also detected the first as yet only S-bearing COM: CH3SH.

N-bearing group. In the IRAS 4A spectral line survey, we identi-
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Figure 2. Spectral line density distribution (averaged over 2 GHz bins) in each of the three spectral bands of the survey as a function of the elemental group.

The horizontal dashed lines showthe average values of the line density of each group in the three spectral bands. The following counts are observed at or above
the maximum values of their corresponding y-scales: Total (1.3 mm, 250-252 GHz) with 51 lines, O-bearing (1.3 mm, 250-252 GHz) with 47 lines, S-bearing

(2 mm, 168-170 GHz) with'13 lines, S-bearing (1.3 mm, 206-208 GHz) with 12 lines, and N-bearing (1.3 mm, 226-228 GHz) with 13 lines.

: CH3CN and

-bearing COMs

our survey, we could only detect two N:

NH,CHO.

fied a total of 2501ines of N-bearing species. These molecules rank

third_in tefrms“of identified lines, whilst the number of species de-

-chains group. Most of the hydrocarbons detected in IRAS 4A

C
are highly unsaturated linear chains and, therefore, exhibit a high C/H

ratio. The total number of molecular lines identified in this group is
207. The most dominant species in terms of flux is HC3N, but five

tected is\very similar to that of S-bearing species. In terms of flux,

the emission is dominated by HCN, followed by HNC, but NoH™,

CN, HC3N and CH3CN contribute to the flux to a similar extent. In
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Table 3. Main isotopologues of the four elemental groups, ordered by decreasing total flux (K km s~1). The flux is expressed in terms of T,,z,. The CO flux
given here is estimated from the observed '3CO flux (12 K km s~ ') multiplied by the elemental '2C/!3C abundance ratio of 68 (Milam et al. 2009). Only species
with a total flux value above 0.50 K km s~ are shown. For a complete version of this table with all species, including those featuring rare isotopologues, see

Table S6 in the SI.

O-bearing group S-bearing group

N-bearing group C-chains group

Species No.Lines Flux Species No.Lines Flux Species No.Lines Flux  Species No. Lines  Flux
CO 2 797 SO 28 90 HCN 7 52 HC3N 27 10
CH30H 223 178 CS 6 58 HNC 4 15 c-C3Hp 29 7.6
H,CO 26 102 H»CS 37 18 CN 21 12 CH3CCH 36 49
SO 28 90 SO, 49 17 NoH* 3 11 H,CCO 36 4.4
SO, 49 17 OoCs 21 9.2 HC3N 27 10 CCH 10 3.7
CH3CHO 122 13 HoS 4 8.6 CH3CN 60 8.8 CCS 22 34
HCO* 2 11 NS 21 4.1 NS 21 4.1 HCCCHO 3 24
oCs 21 9.2 CCS 22 3.4 HNCO 10 29
c'%o 2 8.1 HCS* 7 1.2 NO 17 2.7
CH30CHO 108 5.3 So* 7 0.79
H,CCO 36 4.4
HNCO 10 29
SiO 3 29
NO 17 2.7
HCCCHO 3 24
CH30CH3 23 1.6
so* 7 0.79
HCOOH 15 0.73

[- O-bearing S-bearing WM N-bearing C-chains Table 4. Frequency and observational parameters (linewidth expressed in

25%

(A) Lines (B) Species

(C) Flux

Figure 3. Relative contributions (%) of the differentyelemental groups in
IRAS 4A for (A) number of lines, (B) number of species, and (C) collected
flux of all molecules except CO.

other species show contributions, greater than 30% of the HC3N
flux. The linear moleculessCCH, 1-C3H and C4H are identified in
the source. However;‘higher-order polyynes, containing five or more
carbon atoms, were notydetected in our survey. We also observe
the presence ofthe cyclic C-bearing molecules c-C3H and c-C3Ha,
the former being asstructural isomer of 1-C3H. The c-C3Hj species
is evencthe second flux contributor in this group. As previously
mentioned, small chains containing 2 or 3 C atoms with S or N atoms
incorporated were also detected. Lastly, the unsaturated hydrocarbon
propyne (or methyl acetylene, CH3CCH), is also identified. This is
the only C-chain-bearing COM (following the definition of Herbst &
van Dishoeck 2009) identified in the survey.

FWHM, flux and peak flux expressed in T} ) of the unidentified lines of
the spectral survey. Frequencies\were estimated by adopting a rest velocity
of v = 7 km s~!. Only\detetions with a signal-to-noise ratio larger than
So are reported. The observational parameters were obtained from a sim-
ple Gaussian fit to the'line profile. The uncertainties are given in brackets.
Velocity-integratedfluxes and line intensities are expressed in units of antenna
temperature corrected for atmospheric attenuation.

Rest frequency  FWHM Flux T,
(MHz) (kms™")  (mKkms™!) (mK)
73367.7 2.4(0.5) 41.0 (7.5) 22.9 (3.3)
85294.8 1.2(0.3) 20.0 (4.0) 16.0 (2.9)
90669.8 1.6 (0.3) 18.0 (3.0) 11.0 (1.8)
112563.3 1.8 (0.4) 40.0 (8.0) 21.1 (5.7)
165002.1 14(0.1) 2161 (12.3) 659 (5.8)
165273.7 1.7 (0.3) 9.1(7.1) 19.7 (2.5)
249591.7 2.5(0.2) 92.2 (5.4) 30.6 (2.2)

4.1.3 Unidentified lines

Out of the 1474 lines identified in our survey, seven lines detected
at a signal-to-noise ratio better than 5o could not be assigned a
spectroscopic identification. These unidentified molecular lines are
listed in Table 4; the frequencies are given assuming a source velocity
of 7kms~!. The analysis of our spectral line survey reveals some
scatter in the line emission peak velocities (see Figure 5), as discussed
in section 4.3 so that the frequency accuracy is of the order of 200 kHz
(0.6 km s~ 1) in the 3 mm band. A comparison with the other spectral
line surveys may help to better characterise the frequency of these
"U" lines and hopefully determine their spectroscopic properties.

In the course of the IRAS 4A survey analysis, we were able to iden-
tify and characterise lines previously labelled as U lines in Lefloch
et al. (2018). This advancement follows the discovery of new molec-
ular signatures within the millimetre range. Notably, the lines at
100198.47 MHz and 150295.61 MHz (see Table S7 in the SI) have
been attributed to the J = 2—-1 and J = 3-2 rotational transitions of
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Figure 4. Gaussian fits of selected spectral lines, expressed as T, per velocity of local standard of rest, V1 sg, representative of the the four elemental groups. In
the plots, narrow components are depicted in red, wide components in green, and when both are present, the total fit is displayed in\blue.For the SiO line, two
Gaussian components are required to accurately reproduce the wide emission. The inset boxes display the frequency lines and their corresponding line quantum
numbers as sourced from the CDMS and JPL catalogues. For the full IRAS 4A catalogue as obtained herein, see Table S7 in‘the S

the NS™ cation (Cernicharo et al. 2018). Furthermore, we have now
identified the U line at 91359.0 MHz in Lefloch et al. (2018), as
corresponding to D, S (91359.12 MHz, Camy-Peyret et al. 1985; see
Table S7 in the SI). These identifications only became possible by
comparing unbiased spectral surveys of the molecular line emission
in the different millimetre windows with laboratory experiments.

One of these unattributed lines merits in-depth scrutiny, namely
the one characterised by a rest frequency of 165002.1 MHz. This
specific line distinguishes itself as the most intense amongst its
unidentified peers, exhibiting a radiative flux of 216.1 mK kms~1. A
search into the JPL database (Pickett et al. 1998) has provided sup-
port for the hypothesis that this particular line could be assoeiated
with 1,3-propanediol (C3HgO,). Regrettably, our current sutyey has
produced an insufficient quantity of spectral lines tentatively asso-
ciated with this molecule, preventing us from reaching a<definitive
conclusion regarding its presence in IRAS 4A. To date, only two
diol-containing molecules have been identified within the ISM: ethy-
lene glycol, (CH,OH),, and (Z)-1,2-ethenediol, (CHOH),. Ethylene
glycol was initially detected in emission toward the Galactic Cen-
tre source Sagittarius B2(N-LMH) through the'resolution of several
millimeter-wave rotational torsional transitions pertaining to its low-
est energy conformer (Hollis et al, 2002):In turn, (Z)-1,2-ethenediol,
the enol form of glycolaldehyde, was observed in the G+0.693-0.027
molecular cloud situated in the Galactic Centre and is considered a
key molecular precursor.of the'"RNA world (Rivilla et al. 2022).

Experimental investigations have shed light on the possibility of
1,3-propanediol formation within methanol ices when exposed to
ionising radiationvat-10 K, simulating radiation doses equivalent to
those experienced by interstellar ices over the extended lifespan of
enduring'molecular clouds, of a few 107 years. (Zhu et al. 2020)
Furthermore, it is noteworthy that molecular ions featuring diol moi-
eties manifest as the lowest energy C2H40§r isomers, including as the
global minimum structure. (Fantuzzi et al. 2011, 2012) This obser-
vation holds particular importance, as neutral CoH40, isomers are

ubiquitously encountered‘Withinsthe ISM (Burke et al. 2015; Ahmad
et al. 2020).

Based on our present findings, we have opted to retain the 165002.1
MHz line as an unidentified spectral feature. However, we strongly
endorse the need for further explorations, especially considering the
multitude of pertinent facets associated with the 1,3-propanediol
molecule;"which may serve as a plausible source of this spectral
signature.

4.2 Line kinematics

The identified lines were fitted by Gaussian profiles. All line profiles
identified in this survey exhibit a narrow component with a linewidth
(FWHM) of 1-3 km s~!. In each of the other elemental groups, with
the exception of the C-chains group, where this feature is absent,
a second, broad velocity component with a typical FWHM value
ranging between 4 and 12 km s~! was detected in a small number of
species. The list of detected species and their physical properties are
given in Table S5 in the SI.

Figure 4 shows a compilation of selected line profiles that are
representative of the four elemental groups and their Gaussian fits.
The wide component could usually be fitted by one single Gaussian
profile, except for SiO. In this case, the wide emission was modelled
by two distinct Gaussian components on each side of the narrow
central emission. To further address and discuss the interpretation
of the narrow and wide components, we selected species from each
chemical group that have both narrow and broad components or only
narrow components and present lines over a wide range of line upper
level energy (E,p) values to investigate the possible variations of
the kinematic parameters with the E,, values of the lines. Figure 5
shows the observational properties (linewidth, peak velocity) of the
CH30H, HC3N, H,CS and CH3CCH lines respectively for the O-
bearing, N-bearing, S-bearing, and C-chains groups.
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Figure 5. Central velocities (V) and widths (FWHM) of the (A) narrowsand(B) wide Gaussian components, as a function of E,, ;,, of representative species of

the four elemental groups.

4.2.1 The narrow component

All four chemical groups share the same properties (see Tables S1-
S4 in the SI): the line velocities are very close to 7 km s7! (see
Figure 5, with very small dispersion (somewhat larger for CH3;OH
as discussed below), and no evidence of a peak velocity gradient
as a function of E;p, which could trace infall motions inside the
envelope. The linewidths also show little dispersion and are close to
2kms~!. There is an©bvious decrease in linewidths with increasing
Eyp, which is particularly visible for HC3N, a linear molecule for
which the E,,;, and frequency scales are perfectly proportional. This
behaviour simply.reflects the more limited velocity resolution for the
low-frequéncy spectra.

As explained in more detail in section 5.1, the quiescent gas associ-
ated with the narrow component traces the cold protostellar envelope
of the system.

4.2.2 The wide component

The Gaussian fits for the wide components are more uncertain than
those for the narrow ones, partly because the wide emission is weaker
than the narrow, especially at low E,,;, values, and probably also be-
cause the Gaussian shape is a less representative line-shape model for
the wide component. Thus, for all three species showing wide emis-
sion in Figure 5, the kinematic properties of the wide components
show a larger dispersion than those of the narrow components, es-
pecially at low E,, ;,. However, common tendencies can be observed:
The central velocities of the lines show a slight gradient from about
5kms~! at Eyup = 20K to about 7 km s~lat Eyup =70 K and above.
The linewidths exhibit a very similar behaviour, with a decrease from
about 10kms™! at B, 20 K to about 6km s ™! at E,,, ~ 70 K and
above.

Figure 5 also shows that the line profiles and the linewidths of the
wide component differ depending on the molecular species. It can be
seen that the CH3OH lines, which are very numerous, show much
larger dispersion in central velocities and linewidths than the other
species. At least two features of the CH3OH spectrum contribute
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Figure 6. Typical rotational diagrams illustrating the various cases encountered in the radiative transfer modelling of the molecular line emission in IRAS 4A:
CH3OH (three narrow components: cold, warm, hot; two wide components: cold, warm), HC3N (one narrow component; one wide component), H,CS (two

narrow components: cold, warm), and CH3CCH (one narrow component).

to this dispersion: 1) the CH3OH spectrum is very dense and many
lines partially overlap, so that the uncertainties of the Gaussian fits
are larger compared to isolated lines, and ii) the lines correspond-
ing to a given E, ), interval may belong to large frequency ranges,
so that they may have very different spectral resolutions expressed
in velocity units. Using single-dish telescopes, several groups have
mapped the distribution of this spatially extended wide component
in the millimetre transitions of molecular tracers such as e.g., SiO
or CS, and they showed that it traces actually the signature of the
outflows powered by the protostellar system (for further details, see
section 2).

4.3 Line excitation
4.3.1 Methodology

The excitation conditions of each molecular species”(gas column
density, excitation temperature) were determined from.a population
diagram analysis of the spectral line emission in‘thevapproximation
of local thermodynamic equilibrium (LTE) using the CASSIS code
(Vastel et al. 2014). Examples of typical-totational diagrams illus-
trating the various cases encountered are displayed in Figure 6. We
did not apply any main-beam filling factor correction to the line
fluxes, which were expressed in main:bedm temperature units. In
other words, the emission is assumedito be extended and to fill in the
IRAM 30m beam. Thereforey, the ‘obtained gas column densities are
all main-beam averaged:

The narrow and wide components were analysed separately. The
best fitting valuesand uncertainties for column density and rotational
temperature arereported in Table S5 in the SI for the wide component
and Tables S1=S4'in.the SI, for the narrow component. The E- and A-
types ofSpecies such as CH;OH and CH3CN were not separated. We
used.the same procedure for ortho- and para-forms of a molecular
species, such'as H,CS or H, S, although it clearly leads to a bias if only
one transition of an ortho- or para-form is detected. This is illustrated
by H;S, whose population diagram analysis based on two transitions
(one ortho- and one para-) yields a T, x of ~47 K; in contrast, a much

lower value of ~11 K is found. forithe deuterated isotopologue HDS.
In the case of species with only one detected transition and/or species
with a hyperfine structuré (€.g5;N2H", assuming T = 15 K), a simple
LTE fit was performed.

4.3.2 The wide.component

The wideicomponent observed within each elemental group exhibits
fairly, homogeneous excitation properties, with moderate excitation
témperatures between 20 K and 40 K. However, we can note that
CH3OH also exhibits the presence of a second, wide-warm compo-
nenty’with excitation temperatures around 80 K, as shown in Figure 6
and Table S5 in the SI.

4.3.3 The narrow component

As illustrated in Tables S1-S4 in the SI, roughly 80% of the molec-
ular species can be fitted by a single component of "low" excitation
temperature, typically below 40 K. However, certain species, such as
H)CS, HC3N, H2CO and OCS, display a second, higher excitation
component. Notably, a subset of species such as CH30H, CH3CN
and CH30OCHO exhibit three distinct excitation components: cold,
warm and hot, respectively. These three components are detected
in approximately similar ranges of E,;, for the different molecular
species: below 40 K for the cold component, between 40-150 K for
the warm component, and above 150 K for the hot one. However, it is
important to acknowledge that the range of energy levels (E, ) cov-
ered by our observations varies across different molecular species, as
evident from the distinct x-axis ranges in Figure 5. Consequently, the
presence of warm and hot components cannot be equally explored
for all species, given the variability in available data.

It is rather tempting to associate the warm and the hot components
with the inner region of the envelope, heated up by the protostars,
where the gas kinetic temperature gradually increases to cause the
sublimation of the ice grains and the release of their material into the
gas phase, as evidenced by the detection of HDO (Table S1 in the
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SI; also Coutens et al. 2013) and COMs on a small scale in the pro-
tostellar system (Taquet et al. 2015; Lopez-Sepulcre et al. 2017). We
exclude a significant contribution of outflow shocks (see Santangelo
et al. 2014; De Simone et al. 2020) as the spectral signatures display
narrow linewidths.

5 DISCUSSION

In this section, we discuss the identification of the physical nature
of the cold, warm and hot components of IRAS 4A based on the
kinematics of the detected spectral lines and the excitation conditions.
Our survey reveals a rich chemical content in both components,
which allows not only a detailed comparison between them but also
a comparison with predictions from chemical models. In this article,
we focus on the former comparison, whilst the latter is outside our
current goals.

5.1 The cold component

We have labelled the low-excited gas component "cold" because the
Tex of the molecular species are as low as 7 K and usually less than
40 K. The majority of molecular species have been detected in this
domain, in contrast to the less frequent detections associated with
the "warm" (moderately excited) and "hot" (highly excited) compo-
nents, which are herein discussed together as "warm-+hot" whenever
appropriate. Many observational arguments unambiguously point to
a low gas kinetic temperature. We list some of them below:

(1) The HCN/HNC abundance ratio is well-known to be sensi-
tive to the gas kinetic temperature (Hacar et al. 2020). Here, the
H3CN/HN!3C ratio is close to 1, indicating that the kinetic temper-
ature of the emitting gas is low, similar to that of prestellar and cold
dark cores, whereas it increases by one to two orders of magnitude
in warm protostellar environments (Hirota et al. 1998). It is worth
mentioning, however, that our results suggest that the opacity of HCN
and possibly H'3CN transitions is not negligible (vide infra).

(i1) A large number of singly deuterated species are detected in
the four elemental families. We also note the detection of dou-
bly deuterated formaldehyde (D, CO) and thioformaldehyde (D,CS):
Early studies by Parise et al. (2002) reported the detection of‘doubly
deuterated methanol.

(iii) The molecular ion NoH* is easily destroyed by CQ ini-the'gas
phase through NoH* + CO — Nj + HCO*. Hence, the detection of
N,H? is an indication that CO is actually depletedfromsthe gas onto
the dust grains. The CO depletion onto dust grains is well documented
by observations and requires a gas kineti¢ temperature below 20 K
(Caselli et al. 1999; Bacmann et al. 2002; Aikawa2008; Cazaux et al.
2017).

These arguments clearly demonstrate'that the component featuring
low-excitation gas indeed consists ofigas with a low kinetic temper-
ature. Together with the quiescent kinematics of this component,
we conclude that the moleeular, emission originates from the cold
protostellar envelope; detected at large by millimetre continuum ob-
servations (see eg., Lefloch et al. 1998a). Based on the continuum
map of the region published by these authors, and the LTE-RADEX
model of HCOY, 'we-have estimated a typical Hy column density of
about Nfj, ~ 1.0x 1022 cm~2.

As. previously anticipated, we have also detected a phosphorus-
containing species in IRAS 4A, namely PN, with line characteristics
consistent with the cold envelope, i.e., narrow linewidths and low
excitation temperature. This discovery is puzzling as phosphorus
is thought to be strongly depleted onto dust, and so far, P-bearing
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Table 5. Comparison of molecular abundances (relative to Hy) in the low-
excitation gas component of IRAS 4A with the Class 0 protostars L.483 and
L1527, taken from Agtndez et al. (2019) and Yoshida et al. (2019).

L483 L1527 IRAS 4A
Ny, em™)  40x102  82x102  1.0x10%
HCO 70x10°11 90x10711 2.0x10710
HCO* 17x10710 38%x10™°  1.0x107?
H,CO 14%x107°  19x107% 22x107°
CH;0H 76%x107°  28x10719  12x1078
CH3CHO 95x10°1"  2.0x1071"  95x10710
SO 50x107%  13x10710 88 x10710
H,CS 35x10710 35%x1071" 9.4 x10710
CS 58%x10710  42x10710  25%x107°
CCS 12x10710  70%x107'"  2.8x10710
NH,D 1.8x107% 18 x107'!  50x107?
CN 17x107%  32x10°  3.9x1072
HCN* 6.0x10710  80x10710  25%x107°
HNC 20x10710  14x107° 281057
HNCO 43x10710 32x107'"1 3.8 %1010
CoH 1.3 %1078 1.9x1078 £ 44 x107°
C4H 30x107°  28x107" 4.6 x10710
c-C3H 20%x10710 17x10710  1.3%10710
c-C3H, 53x107%  53%10510 A3.1x10710
CH;CCH 23x107%  85x1050  25x107?

*Abundance of IRAS 4A estimated\from the
LTE-RADEX fit using(CASSIS software.

species have been detectedvonly towards shocks in low- (Lefloch
et al. 2016) and high-magss.(Mininni et al. 2018; Fontani et al. 2019;
Rivilla et al. 2020) stat-forming regions. Clearly, the origin of this
emission and the teaction pathway of PN formation requires further
investigation by modellers and observers.

5.2 Comparison of the cold component in different objects

Hete,we compare the IRAS 4A molecular abundances (relative to
H>) of selected species with those obtained from other Class O pro-
tostars (see Table 5), namely 1483 and L1527.

L483 is a dense core located in the Serpens-Aquila Rift star-
forming region at about ~200 pc (@ (2000)= 18717M29% 947 and
8(2000)= -04°39739"".55, Dame & Thaddeus 1985; Okoda et al.
2021). This dense core is a significant astrochemical site, housing
important molecular species such as HCCO, HCS, HSC, and CNCN,
which were firstly identified by Agtndez et al. (2015, 2018, 2019).
Using ALMA observations, Oya et al. (2017) and Jacobsen et al.
(2019) detected compact emissions of COMs within a less than 100
au, characteristic of hot corinos, indicating that .483 exhibits a dual
nature with traits of both warm carbon-chain chemistry (WCCC)
and hot corino chemistry. Probably, this dual chemistry is a result of
LA483 undergoing gravitational collapse, in transition from Class O to
Class I, as indicated by the line profiles of molecules such as HoCO
and CS, with a characteristic signature of infall motions, including
pronounced self-absorption at higher redshifted velocities (Tafalla
et al. 2000).

L1527 is a dark cloud in the Taurus molecular complex at
~140 pc ((2(2000)= 04h39m53S9 and 6(2000)= +26003/09”.6, To-
bin et al. 2008). L1527 houses the Class 0 low-mass protostar IRAS
04368+2557, known as a prototypical WCCC source (Sakai et al.
2008, 2010; Sakai & Yamamoto 2013). Previous works reported on
the infalling motion of the envelope gas while conserving angular mo-
mentum, based on interferometer observations (Ohashi et al. 1997;
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Yen et al. 2013). The chemical composition of the protostar changes
according to the kinematic characteristic inside the rotating envelope
in the disc formation. Observational and modelling evidence sug-
gests that gas accretion in this source undergoes significant chemical
processing, including gas-grain interactions in the transition zone
(Sakai et al. 2014a,b; Oya et al. 2015).

Considering only the species identified in the low-excitation region
of each object, we start our discussion with the O-bearing group,
which contains the majority of COMs. Within this group, it is worth
noting a similarity in the abundance of simple molecules. Amongst
the COMs, all species are more abundant in IRAS 4A. In the case
of CH30H (1.2 x 1078 in IRAS 4A), the difference exceeds the
abundance in L483 in about twice times (7.6 X 10~°) and in L1527
(2.8 x 10719 around two orders of magnitude higher. Although the
origin and efficiencies of these species in cold, dense clouds are not
entirely clear, it is known that these species can form naturally in
dust grains from CO adsorption followed by multiple hydrogenation
steps (Watanabe & Kouchi 2002; Minissale et al. 2016). On the other
hand, for CH3CCH (IRAS 4A: 2.5 x 10_9), the difference decreases,
with very similar abundances in L483 (2.3 x 107%) and three times
higher in L1527 (8.5 X 10~19). This species, as a component of
the carbon chains, emphasises that even within the context of the
molecular species within that group, IRAS 4A exhibits a comparable
molecular abundance.

This introduces us to the next group, the C-chains. As mentioned
above, almost all species have similar abundances in all sources.
However, the abundance of CoH (4.4 x 10_9) and C4H (4.6 x 10‘10)
are at least three times and least six times lower in IRAS 4A, com-
pared to the abundances in L483 (1.3 x 1078; 3.0 x 107) and L1527
(1.9%1078;2.8 x 107), respectively. Given that a higher abundance
of carbon chains typically indicates an earlier evolutionary stage, we
analysed the CoH/C4H ratio, revealing that the smallest value corre-
sponds to that of L483 (CoH/C4H ~4), followed by L1527 (CoH/C4H
~7), and IRAS 4A (CoH/C4H ~10). These values suggest that the
CrH/C4H ratio could be used as a tracer of molecular evolution,
with higher values indicating more evolved sources. Furthermore,
an attempt to correlate between C-chains and COMs shows that a
high CoH/CH3OH ratio is characteristic of WCCC sources, while
lower values correspond to hot corino (Taniguchi et al. 2023), The
CoH/CH3OH ratios for L483 (~2),IRAS 4A (~0.4), and L1527 (~68)
are consistent with those documented in the literature. These ratios
provide an important indicator of the dual nature of L483; illustrating
its characteristics as both a WCCC source and a hot corino:

In the N-bearing group, we observe that the/HCN=abundance in
IRAS 4A (2.5 x 1079) is almost four times higher than that of L483
(6.0 x 10719y and three times higher than thatof L1527 (8.0 x 10710).
We also observe that HCN has a similar abundance to that of its iso-
tope HNC (2.8 x 107%) in IRAS 4A, with HCN/HNC ~0.9. This
value is greater than that of L1527 (~0:6)¢but is lower than that of
L4383 (~3). Considering that the HCN/HNC ratio is temperature sen-
sitive (Schilke et al. 1992; Hacar et al. 2020), this value is expected to
be ~1 (Sarrasin et al. 2040)for.cold molecular clouds and to increase
directly proportional‘to the object temperature, a property that stan-
dard astrochemical models cannot reproduce (Graninger et al. 2014;
Koumpia et al. 2016)7 Additionally, we note that the HCN abundance
in IRAS 4A (2,5 %:107?) is similar to that of CN (3.9 x 10™2), while
the abundance of €N in IRAS 4A (for comparison, L483: 1.7 x 10’9;
L1527; 312 X" 10~%) is 6.5 times that of HCN in L483 (6.0 x 10710);
and around/five times that of L1527 (8.0 x 10~!0). These results
suggest that the opacity of the transitions of HCN, CN and their
isotopologues are probably not negligible, as previously anticipated.
Taking these results into account, we can rank the sources according

Table 6. Comparison of the abundances (relative to Hy) of selected molecules
(including COMs) in the high-excitation component of IRAS 4A with IRAM
30m and those obtained by interferometric observations. Abundances taken
from Taquet et al. (2015) with PdBI and Lépez-Sepulcre et al. (2017) with
ALMA. See text for details.

IRAM 30m PdBI ALMA
Source size (arcsec) 0.3 0.5 0.3

Ny, (cm™) LOX10%  37x10%  (2.9-16) x 10%*
H,CO 10x 1078

CH3;0H 1.8x10°%  1.7x1078

H,CCO 29%x107%  4.2x10710

CH3CHO 9.5x 10710 (11-74) x 10710
C,HsOH 40x107° 1.2x107° (4-19) x 107°

CH30OCH3 56x1077  8.5x10710  (9-11)x107°

HCOOH 8.7x 10710 (6-29) x 10710
CH30CHO 6.4%x 1077

CH;CN 3.8x10710  18x10710 (4211072

to their corresponding temperatures, with the coldest object being
L1527, followed by IRAS 4A, and the warmest,being-1.483. This
result is consistent with the differences in the bolometric luminosity
of the sources, where L483 presents the. highest value of L® = 13,
followed by IRAS 4A Lo =9 and finally 21527 Lo = 1.7 (Oya et al.
2017; Lefloch et al. 2018).

Concerning the deuterated speeies NH, D, its relative abundance
in IRAS 4A (5.0 x 1079) is two orders of magnitude higher than
in L1527 (1.8 x 10~ 1) “and"around three times higher than that of
L483 (1.8 x 1072). Deuterated molecules, especially those featuring
nitrogen atoms, are selective tracers of the cooler, denser gas in
molecular clouds and star-forming cores, due to the depletion of C-
bearing molecules, (van Dishoeck & Blake 1998; Roberts & Millar
2007, Friesen et al. 2018).

Finally, 'we compare the abundance of S-bearing species in the
mentioned objects. Comparing the SO/CS ratio, an indicator that
canybe uséd as a chemical clock or tracer of the source’s transition
state from a prestellar nucleus to a protostar (Bergin & Langer 1997,
Kontinen et al. 2000; Esplugues et al. 2023), we observe that L.483
presents the highest value with SO/CS ~9, while L1527 and IRAS
4A have an SO/CS ~0.3. These results suggest that L.483 is the most
evolved source in our sample. Indeed, substantial variations in the
relative abundance of the molecules depicted in Table 5, particularly
those belonging to the S-bearing and C-chains groups, are observed.
This suggests that these molecules are potential evolutionary tracers
of protostellar objects.

5.3 The high-excitation gas

Next, we have attempted to confirm that the warm-hot gas is in fact
tracing the hot corino environment. To achieve this, we employed the
abundances derived from IRAM 30m radio telescope observations
and applied the RD analysis, accounting for beam dilution effects. We
compared selected molecular species to those derived from two other
sets of observations: the PdBI observations of IRAS 4A with a 2"
angular resolution by Taquet et al. 2015 and the ALMA observations
with a 0.5”” angular resolution by Lépez-Sepulcre et al. 2017.

We have assumed a total gas column density of Ny, = 1.0 X 10%
cm™2, while using a source size of 0.3””. The reference to this hot
corino size is grounded in a comparison of abundances derived from
observations conducted with the IRAM 30m telescope and those
obtained from interferometer observations. Additionally, the choice
of Ny, = 1.0 X 102 cm~2 for IRAS 4A represents an averaged
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Figure 7. Distribution of elemental group contributions by the number of
species (%) in both cold and warm+hot regions of IRAS 4A (see Tables
S1-S4 in the SI).

value, drawing from data reported by Taquet et al. (2015) (3.7 x 1023
cm~2) and Lépez-Sepulere et al. (2017) ((2.9-16) x 1024 cm™2). This
ensures an appropriate representative value for comparison. Both the
PdBI and ALMA data were analysed using the RD method, which
involves averaging column densities over the source size. We made
the assumption that the H, column density remains constant within
the beam. Furthermore, beam dilution effects were taken into account
during our RD analysis.

When comparing the column densities of selected species, in-
cluding COMs (as shown in Table 6), derived from the warm-hot
component of the IRAM 30m data to those from the interferometric
data, we observed a striking level of consistency. Notably, our ob-
servations revealed that the relative abundances obtained in various
observations, whether from ALMA, PdBI, or IRAM 30m, consis-
tently displayed similar column densities, typically falling within a
factor of 2. This consistency holds regardless of whether we assume
the source to be extended (100””) or with a size of 0.3”” in the case of
the IRAM 30m observations. These results provide compelling evi-
dence that the warm-hot excitation component, as identified through
the IRAM 30m radio telescope, indeed traces the hot corino region.

5.4 Chemical distribution

In Figure 7, we compare the distribution of the different elémental
groups (by number of species) in the cold and warm-+hot regions
of IRAS 4A based on the kinematics of the spectral lines and, exci-
tation conditions. Our study reveals a rich chemical content’in the
two components, both of which are clearly dominated-by:O-bearing
group species. In this group, 14 of the 47 O=bearing species are
found in the warm+hot region, and most of these belong to the main
isotopologues. Surprisingly, only CH3OH, OCSy and their isotopo-
logues '3CH30H, CH>DOH, 0!3CS, and OC34S, are found simul-
taneously in both cold and warm+hot regions of IRAS 4A. Similarly,
we also observe a significant changevin.the distribution of S-bearing
species in the two components. In'this case, its contribution becomes
severely dominant oversthe.N-bearing and C-chains groups in the
warm-+hot component, where ten S-bearing molecular species are
identified. In stark contrast,‘only two N-bearing species (NH,D and
CH3CN) and one belonging to the C-chains group (H2CCO) are
identified in the highef excitation component. It is worth mentioning
that HoCCO alsojbelongs to the O-bearing group, so that no polyynic
chain,.open chain or cyclic species featuring only hydrogen and car-
bon atoms are identified in the warm+hot component of IRAS 4A.
Taken together, these results provide solid evidence that the distinct
physical components of IRAS 4A have a distinguished and diverse
chemical composition and distribution.
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5.5 The wide component

The wide component emission shows kinematic characteristics in
good agreement with those observed for the outflow emission
(Lefloch et al. 1998a; Lefloch et al. 1998b; Santangelo et al. 2014,
2015). The bipolar nature of this outflow is particularly evident in the
SiO profile shown in Figure 4. The gradients observed for the lines
central velocities and linewidths (see section 4.2) are also indicative
of the outflow nature of this component. Finally, the chemical com-
position of this component, in which SiO emission is particularly
strong and in which the S-bearing species are very abundant, also
suggests the existence of shocks.

Recent observations with higher angular resolution (and sensitiv-
ity) with the NOEMA interferometer by De Simone et al. 2020 in
the framework of the Large Program SOLIS (Ceccarelli et al. 2017)
have revealed the presence of several shocks from the IRAS 4A
outflows in the central region of ~20"" radius around the pfotostars
IRAS 4A1-4A2, which is therefore approximately covered by the
IRAM 30m beam in the 3 mm spectral window. Although'the SOLIS
line survey clearly established the chemical activity, of the IRAS 4A
outflow (Taquet et al. 2020), the only COM detected. in the outflow
was CH3OH, along with ketene (HyCCO) as a COM-related organic
species. In comparison, De Simone et al. 2020 was able to map the
emission of rotational transitions from several”"COMs, such as ac-
etaldehyde (CH3CHO), dimethyl ether (CH3OCH3) and formamide
(NH,CHO) thanks to the much,higher sensitivity of the NOEMA
interferometer.

6 CONCLUSIONS

In this work;we,have analysed the full ASAI spectral line survey of
NGC 1333 IRAS 4A, carried out between 72 and 276 GHz with the
IRAM 30mitelescope, using the CASSIS software. We have detected
97-molecular species, including rare isotopologues, and identified a
grand total of 1474 rotational transitions, including narrow and wide
components. We confirm the molecular richness previously reported
by the ASAI team (Lefloch et al. 2018). The spectrum is dominated by
the emission of O-bearing molecular species, a characteristic feature
of a hot corino. In addition, S- and N-bearing species are also found
to be very abundant.

The analysis of the ASAI survey of IRAS 4A has allowed us
to obtain a chemical and physical description of the protostellar
envelope. Using the kinematic properties of the spectral lines and the
rotational diagram analysis, we have highlighted three components
in the molecular emission:

(i) A component rich in simple molecular species with narrow
lines (linewidths of the order of 2 kms™! or below), particularly
abundant in carbon-based chains and cyclic species, and excitation
temperatures below ~40 K. We assign this component to the cold
outer envelope.

(ii) A warm-+hot excitation component, also with narrow lines, but
with temperatures ranging from ~40 to more than 150 K. This com-
ponent displays a rich content in COMs, which is consistent with hot
corinos surrounding the embedded protostellar sources as observed at
subarcsec resolution with the NOEMA and ALMA interferometers.

(iii) A broad line component (linewidths of the order of 6 km s7!
or above) with moderate excitation (~between 20 and 40 K), showing
strong SiO emission and numerous S-bearing species. We conclude
that this component corresponds to the outflow powered by the pro-
tostellar system.

The richness of our study in terms of molecular content certainly
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deserves further analysis, in particular a possible separation of the
chemical contents of the warm+hot component. A detailed analysis
of the S-bearing species and C-chains offers potential evidences in
terms of chemical evolution during the protostar formation process
and in relation to outflow conditions. We therefore hope that further
studies can be presented in the forthcoming period.
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