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ABSTRACT

Context. Increasing evidence shows that most stars in the Milky Way, including the Sun, are born in star-forming regions that also
contain high-mass stars. However, due to both observational and theoretical challenges, our understanding of their chemical evolution

is much less clear than that of their low-mass counterparts.

Aims. In this work, we present the project ‘CHemical Evolution of MassIve star-forming COres’ (CHEMICO). The project aims to
investigate aspects of the chemical evolution of high-mass star-forming cores by observing representatives of the three main evolution-
ary categories: high-mass starless cores, high-mass protostellar objects, and ultra-compact Hi1 (UCHII) regions.

Methods. We carried out an unbiased spectral line survey of the entire bandwidth at 3, 2, and 1.2 mm with the 30m telescope of the
Insitut de Radioastronomie millimétrique towards three targets that represent the three evolutionary stages.

Results. The number of detected lines and species increases with evolution. In this first study, we derive the temperature structure of
the targets through the analysis of the carbon-bearing species C,H, ¢-C5H, ¢-C3H,, C4H, CH3;CCH, HC;N, CH;CN, and HC;sN. The
excitation temperature, Ty, increases with evolution in each species, although not uniformly. Hydrocarbons tend to be associated with
the smallest T, values and enhancements with evolution, while cyanides are associated with the highest Tx values and enhancements.
In each target, the higher the number of atoms in the molecule, the higher T, tends to be.

Conclusions. The temperature structure evolves from a cold (~20 K), uniform envelope traced by simple hydrocarbons in the high-
mass starless core stage, to a more stratified envelope in the protostellar stage made by a hot core (>100 K), an intermediate shell with
Tex ~30-60 K, and a larger cold envelope. Finally, in the UCHII stage, a hot core surrounded only by a cold envelope remains. These
results suggest a steepening of the T radial profile as a function of time.
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1. Introduction

Growing evidence now indicates that our Sun was born in a
crowded stellar cluster including high-mass stars, i.e. stars more
massive than ~8 My (e.g. Adams 2010; Pfalzner et al. 2015;
Jensen et al. 2019; Arzoumanian et al. 2023). The case of the Sun
is not unique, as it is now well established that most stars are born
in rich clusters (e.g. Carpenter 2000; Lada & Lada 2003) which
likely included high-mass stars (e.g. Rivilla et al. 2014). There-
fore, studying the properties of high-mass star-forming regions
can provide important information not only on the formation of
high-mass stars but also on the heritage of both the Solar System
and most stars in the Milky Way.

Our knowledge of how high-mass stars are born is still
limited, owing to both observational and theoretical problems
(e.g. Zinnecker & Yorke 2007; Tan et al. 2014; Krumholz 2015;
Motte et al. 2018). Observations are challenging because (i)
there are fewer high-mass star-forming cores (i.e. molecular
compact structures) that have the potential to form high-mass

* Corresponding author: francesco. fontani@inaf.it

stars and/or clusters with respect to their low-mass counterparts,
(ii) they have smaller angular dimensions (being located at dis-
tances >1 kpc), and (iii) they are typically ‘polluted’ by large
amounts of ambient gas and/or nearby star formation activity.
Theoretical problems arise primarily from the fact that high-
mass star-forming cores evolve over timescales of <10° years,
typically shorter than those of their low-mass counterparts, and,
in particular, accretion persists longer than contraction (Yorke
1986). This implies that high-mass stars switch on while still
accreting and the radiation pressure of the embryo star could be
sufficient to impede any further accretion (Larson & Starrfield
1971; Appenzeller & Tscharnuter 1974). Although models can
address this problem (e.g. McKee & Tan 2003; Bonnell et al.
2004), the steps of the high-mass star formation process remain
debated and are not clearly separated into evolutionary classes,
as is the case for the low-mass star formation process (see,
e.g., Shu et al. 1987; André et al. 2000). Therefore, identi-
fying a chemical evolutionary sequence would be extremely
useful in defining a physical evolutionary sequence that is still
uncertain.
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Fig. 1. Scheme of the coarse evolutionary classification for high-
mass star-forming cores in HMSCs, HMPOs, and UCHIIs (Colzi 2020,
adapted from Motte et al. 2018).

Several attempts have been made to empirically classify
pc-scale high-mass star-forming cores in different evolution-
ary stages (e.g. Tan et al. 2014; Motte et al. 2018). Following
the sequence established for low-mass star-forming cores, these
schemes typically divide the evolution into three main phases
(see Fig. 1). The earliest stage is that of high-mass starless
cores (HMSCs). These objects, mostly found in infrared-dark,
dense molecular clouds, are in a physical stage immediately
before (or at the very beginning of) the gravitational collapse.
They are characterised by low kinetic temperatures (Tx~10-
20 K) and exhibit high densities (n > 10°~10° cm~3, depending
on size). They can also show evidence of outflows or signs
of star formation at very early stage, or such indications may
be entirely absent. During these early cold phases, atoms and
simple molecules are thought to freeze out onto dust grain sur-
faces. As aresult, surface chemistry is very active, and gas-phase
chemistry processes, particularly neutral-neutral and endother-
mic reactions, are inhibited. As evolution proceeds, these cores
transition into high-mass protostellar objects (HMPOs). These
are collapsing cores with evidence of deeply embedded proto-
star(s), typically characterised by higher densities and tempera-
tures than in the previous stage (n ~ 10° cm™, T >20 K). In
these warm(er) environments, molecules in the mantles subli-
mate back into the gas phase, and reactions inefficient at low
temperatures proceed and form new complex molecules. Col-
limated jets and molecular outflows from the protostar(s) can
also trigger local high-energy, non-equilibrium chemistry typi-
cal of shocked gas. The final phase corresponds to the formation
of ultra-compact HII regions (UCHIIs). These cores contain at
least one embedded zero-age main-sequence star associated with
an expanding HII region. The surrounding molecular cocoon
(n > 10° cm™3, Tx~20-100 K) can be influenced by its progres-
sive expansion and by heating and irradiation from the central
star.

Chemical and physical evolution are expected to pro-
ceed in parallel, but only an unbiased survey of the whole
(sub-)millimetre band towards sources with well-established
evolutionary stages can fully characterise the chemical evolution
from one stage to another. In particular, identifying evolution-
ary diagnostic tools for use in future studies of larger samples is
crucial. Such studies can also provide constraints on chemical-
dynamical models (e.g. Sipild & Caselli 2018) of high-mass
star-forming regions, elucidating important chemical processes
occurring at the three different evolutionary stages, which, in
turn, will help to link these stages in a unified scenario. Pre-
vious studies have highlighted potential evolutionary indicators
that are particularly useful for tracing specific phases. For exam-
ple, certain deuterated molecules are excellent tracers of the
earliest stages (e.g. Fontani et al. 2011, 2015a; Sabatini et al.
2024), whereas some complex organic molecules (COMs) or
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sulphur-bearing species appear to trace later phases (e.g. Coletta
et al. 2020; Fontani et al. 2023).

We present the project ‘CHemical Evolution in Massive star-
forming COres’ (CHEMICO), in which we perform the first
full spectral survey in the millimetre bands with the Institut de
RadioAstronomie Millimétrique (IRAM) 30m telescope towards
three dense cores that best represent the three evolutionary stages
of high-mass star formation. The observed lines allow us to
derive the column densities of all the molecules detected from
all observable transitions. From the molecular column densities,
the abundances are also derived using the H, column densi-
ties, N(H,), previously calculated for all objects (Fontani et al.
2018). Because chemical evolution has been studied extensively
for low-mass star-forming cores (see, e.g. the reviews by Caselli
& Ceccarelli 2012; Jgrgensen et al. 2020), this project also
aims to compare chemical evolution in the low- and high-mass
regimes.

In this paper, we present the data, sample, and method used
to identify and analyse the molecules. We also present the anal-
ysis of some carbon-chain and hydrocarbon species. Carbon
chains are ubiquitous in the interstellar medium and have been
linked to the evolutionary stage in low-mass star-forming regions
(see, e.g. Taniguchi et al. 2024 and references therein). The fact
that they can be formed from atomic carbon (e.g. Suzuki et al.
1992; Taniguchi et al. 2019) suggests that their production is
favoured before CO formation, that is, in the early stages of star
formation. This interpretation agrees with the detection of long
hydrocarbons and cyanopolyynes in cold, dark cores (Loren et al.
1984; Cernicharo et al. 2021; Loomis et al. 2021). Howeyver, this
simple scenario is challenged by the fact that carbon-chain and
carbon-rich species (which we define in this study as molecules
with at least three carbon atoms and no oxygen) are also abun-
dant in warm (7" > 30 K) low-mass and high-mass protostellar
cores (e.g. Sakai & Yamamoto 2013; Taniguchi et al. 2023).
For example, reactions originating from gaseous methane (CHy)
evaporated from ice mantles, have been invoked to explain their
abundances in the evolved protostellar stages (e.g. Sakai &
Yamamoto 2013). Carbon chains also increase their abundances
in the presence of locally accelerated cosmic rays (e.g. Fontani
et al. 2017), as well as in the cavity walls of outflows (e.g. Zhang
et al. 2018; Tychoniec et al. 2021). Furthermore, carbon-chain
and other carbon-rich species, such as CH;CCH and HC3N,
are commonly used as temperature tracers (e.g. Fontani et al.
2002; Taniguchi et al. 2019) in star-forming cores, owing to their
molecular structure and the large number of rotational transi-
tions observable in the (sub-)millimetre regime. Understanding
the temperature variations in the targets is critical for properly
modelling the chemistry. Therefore, in this first paper we anal-
yse carbon-chain and carbon-rich species not only to inspect
how their abundances vary with evolution but also to investigate
variations in the thermal structure of the cores. In this context,
we also include in our study the analysis of CH3CN, a carbon-
bearing COM that is neither a carbon-chain nor a carbon-rich
species, but serves as a good gas thermometer and a species
sensitive to evolution (e.g. Mininni et al. 2021).

The paper is organised as follows. Sect. 2 presents the
source sample. In Sect. 3 we describe the observations and the
procedures adopted for data reduction, line identification, and
analysis. Section 4 presents the line and the physical parame-
ters derived from the detected carbon-bearing species. In Sect. 5,
we discuss our results, with emphasis on the evolution of
both the temperature structure(s) and the molecular abundances.
Conclusions and future steps of this project are summarised
in Sect. 6.
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Table 1. Source coordinates and basic physical parameters.

Source RA“ Dec? Visr? dl Lb N(H,)*¢
(h:m:s) (o:r:rm) (kms™') (kpc) (Lo) (cm™)

HMSC

GO34G2(MM2) [G034]  18:56:50.0  01:23:08  +43.6 29 106  4.1x102

HMPO

AFGL5142-MM [AFGL] 05:30:48.0  33:47:54 -39 1.8 10%  1.0x10%

UCHII

G5.89-0.39 [G589] 18:00:30.5 —24:04:01 +9.0 1.3 10! 55%x108

Notes. @ J2000. ® Derived from either observations of *CO (G034) or NH; inversion transitions (AFGL, G589). Reference works in Fontani
etal. (2011). © From Fontani et al. (2018), computed from the dust thermal continuum emission images at 850 um obtained with the Submillimeter
Common-User Bolometer Array (SCUBA) at the James Clerk Maxwell Telescope (JCMT) by Di Francesco et al. (2008).

2. Sample

The sources are part of a sample that has been extensively studied
over the past decade, consisting of 27 carefully selected tar-
gets (Fontani et al. 2011) and divided into the three evolutionary
classes described in Sect. 1: 11 HMSCs, nine HMPOs, and seven
UCHIIs. To date, we have investigated specific aspects of chem-
ical evolution, such as D and N fractionation (e.g. Fontani et al.
2015a,b; Colzi et al. 2018a,b; Rivilla et al. 2020a), P-bearing
molecules (Fontani et al. 2016, 2019; Mininni et al. 2018), the
rare ions HOCO* and HCNH" (Fontani et al. 2018, 2021, and
selected COMs (dimethyl ether, methyl formate, and formamide,
Coletta et al. 2020).

We selected G034G2(MM?2), hereafter G034, as represen-
tative of HMSCs, AFGL5142-MM (hereafter AFGL) as the
HMPO, and G5.89-0.39 (hereafter G589) as the UCHII, based
on the following selection criteria. (1) Cores were required to
have available interferometric images of the continuum (and
some lines) to ensure the selection of only isolated objects
and to avoid contamination from nearby sources. This condi-
tion excluded HMSCs classified as ‘warm’ in Fontani et al.
(2011). The interferometric continuum images are published by
Tan et al. (2013) for G034, Rivilla et al. (2020b) for AFGL,
and Hernandez-Herndndez et al. (2014) for G589. From these
images, we were able to exclude the presence of other signifi-
cant millimetre continuum sources within an angular distance of
<20” from the target, which is larger than the maximum tele-
scope beam radius in our observations (~16"). This allowed
us to rule out any significant emission from nearby continuum
sources in our spectra. G034 contains two millimetre cores sep-
arated by less than ~15”, resolved in Atacama Large Millimeter
Array (ALMA) images (Tan et al. 2013), but both are starless
and thus the source reliably represents the first stage of the evo-
lutionary sequence shown in Fig. 1. (2) Cores that, in previous
observations, showed the strongest emission in 13CH;0H (an
optically thin tracer of surface chemistry; Fontani et al. 2015a)
and in DCO* J = 3-2 (an optically thin tracer of gas-phase
chemistry; Fontani et al., in prep.). Applying these criteria, we
selected one target for each evolutionary group. However, among
HMSCs, the selected target would have been G028-C1, but this
source was excluded because it was found to be associated with
a young bipolar outflow (Tan et al. 2016), and thus with ongo-
ing star formation. Source coordinates and local standard of rest
(LSR) velocities used to centre the receiver bands are listed in
Table 1.

3. Observations and data reduction
3.1. Observations

Observations were conducted during two observing runs. The
data for AFGL were obtained from 30 March to 2 April 2021
(project 124-20), and those for the other two sources were
acquired from 9 to 19 April 2022 (project 129-21). We covered
almost the entirety of the three bands at 3, 2, and 1.3 mm of the
Eight MIxer Receiver (EMIR) receiver (hereafter EO, E1 and E2)
for the three targets, using the permitted combinations EO/E2 and
EO/E1. After the observations of AFGL, the subsequent observa-
tions of G034 and G589 in bands EO, E1 and E2 were optimised
to include lines not covered in AFGL (for example, the J = 8-7
transition of HC3;N). This resulted in a marginal difference in fre-
quency coverage for the three targets, amounting to only ~0.5—
2 GHz depending on the band (Table 2). Band E3 was observed
only towards AFGL using the E1/E3 combination in the first
observing run. It was not observed towards G034 and G589 in
subsequent runs, because the band E2 revealed almost no line
towards G034, and the spectral region was becoming too densely
populated with blended lines at high frequencies toward G589.
Each band was covered with individual bands of ~7.78 GHz
(dual polarisation), provided by the fast Fourier transform spec-
trometer with 200 kHz spectral resolution (FTS200).

Table 2 presents the observed spectral ranges, together with
technical details for each range: the beam full width at half maxi-
mum (HPBW), velocity resolution (Vi), and the telescope beam
and forward efficiencies (Beg and Fegq, respectively) which were
used to convert the spectra from antenna temperature to main
beam temperature units. The observations were carried out in
wobbler-switching mode, with a wobbler throw of 220”. Point-
ing was checked approximately every hour on nearby quasars or
bright HII regions. Focus was checked on planets at the begin-
ning of observations and after sunset and sunrise. Data were cal-
ibrated using the chopper wheel technique (see Kutner & Ulich
1981), with a calibration uncertainty of approximately 10%. The
goal sensitivity was 10-20 mK in 7, units in all spectra. Due to
variable observational (mainly weather) conditions, the final root
mean square (rms) noises are inhomogeneous. A representative
range of achieved 1o rms values is provided in Table 2.

3.2. Data reduction, line identification, and fitting

The first steps of data reduction (e.g. averaging scans, base-
line removal, flagging bad scans and channels) were performed
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Table 2. Observational parameters.

Source Observed EMIR band HPBW Vies Beit Fet lo rms?
(GHz) (", po)© (kms™") (mK)
G034 (HMSC) 72.685-117.320 (E0) 33.7-21, 0.47-0.30 ~0.82-0.51 0.82-0.79 0.95-0.94 5-10
AFGL (HMPO) 73-117 (EO) 33.7-21, 0.29-0.19 6-11
G589 (UCHII) 72.685-115.255 (E0) 33.7-21, 0.21-0.13 6-12
G034 (HMSC) 124.685-182.205 (E1) 19.7-13.4, 0.28-0.18 ~0.48-0.33 0.76-0.68 0.94-0.93 7-14
AFGL (HMPO) 125-184 (E1) 19.7-13.4, 0.17-0.11 11-15
G589 (UCHII) 124.685-180.205 (E1) 19.7-13.4, 0.13-0.08 11-18
G034 (HMSC) 201.685-274.335 (E2) 12.2-9.0, 0.17-0.13  ~0.30-0.22 0.64-0.51 0.94-0.88 18-32
AFGL (HMPO)  202.010-274.010 (E2)  12.2-9.0, 0.11-0.08 18-32
G589 (UCHII) 201.685-274.335 (E2)  12.2-9.0, 0.08-0.06 18-34
AFGL (HMPO) 284-347 (E3)“ 8.7-7.1, 0.08-0.06 ~0.21-0.17 0.48-0.34 0.86-0.80 45-85

Notes. © Observed only towards AFGL.?) In Ty units.) Half-power beam width of the telescope in angular and linear units.

using the Continuum and Line Analysis Single-dish Software
(CLASS) package of the Grenoble Image and Line Data Anal-
ysis Software (GILDAS') following standard procedures. The
baseline-subtracted spectra in main beam temperature (7p)
units were then imported into the MAdrid Data CUBe Analy-
sis (MADCUBAZ, Martin et al. 2019) software, using the tool
IMPORT SPECTRA CLASS FILE.

To perform line identification and fitting we used the Spec-
tral Line Identification and Modelling (SLIM) tool of MADCUBA,
which includes, among others, the Cologne Database for Molec-
ular Spectroscopy (CDMS?; Endres et al. 2016) and the Jet
Propulsion Laboratory molecular database (JPL, Pickett et al.
1998) catalogue. We used SLIM to generate synthetic spectra of
the targeted molecules under the assumption of local thermo-
dynamic equilibrium (LTE) and compared with the observed
spectra. Once a molecule was identified, we fitted the spec-
tra using the SLIM-AUTOFIT tool, which provides the best
non-linear least-squares LTE fit to the data using the Levenberg—
Marquardt algorithm. The parameters used in the LTE model
were the molecular column density (N), excitation tempera-
ture (Te), peak velocity (V}), and full width at half maximum
(FWHM) of the Gaussian line profiles. Because the source size
for each tracer is not known — a requirement for accurately cal-
culating the beam dilution factor, which could also vary for each
transition — we assumed that the emission fills the telescope
beam in each transition (i.e., no beam dilution). This assumption
is partially justified by the angular extension of the millimetre
continuum emission (~10-20") as observed in high-angular-
resolution images (see reference works in Sect. 2). However,
since the transitions with high Ey; (e.g. 2100 K) are expected to
arise from compact regions that could be smaller than the tele-
scope beam, the excitation temperatures derived for molecules
including these transitions should be considered as lower lim-
its. The outcome of SLIM-AUTOFIT provides the value of the
parameters, along with their associated uncertainties. For some
species, Tex had to be fixed, either because we did not detect a
sufficient number of lines with different excitation conditions or
because the fit could not converge, even with a sufficient number

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

2 MADCUBA is a software developed at the Madrid Center of Astro-
biology (CAB, CSIC-INTA) for visualisation and analysis of single
spectra and data cubes: https://cab.inta-csic.es/madcuba/

3 https://cdms.astro.uni-koeln.de/cdms/portal/
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of such lines. As described in Sect. 4, in this study the species for
which we fixed T to derive the molecular column densities are
C,H and C4H towards G034. The rationale for the chosen T is
also explained in Sect. 4.

3.3. Line richness

Figure 2 shows two spectral windows in the EMIR band EO
and band E1 observed towards the three CHEMICO targets.
Although this paper does not aim to provide a complete pic-
ture of the chemical inventory in the three sources, the plot
highlights the differences in chemical richness between them.
The number of lines in the spectra increases with evolution, as
well as their intensities and width. The figure shows that the
two COMs, CH3;OHand CH;CN, exhibit the highest intensity
enhancement with evolution, while this effect is less apparent for
simple species, such as HNC and N,H". In the spectra extracted
from band E1, the J = 2—1 line of two deuterated species, DCO*
and DCN, is also displayed. We note that while the intensity
of the DCN line increases with evolution (like that of almost
all other lines), the intensity of DCO" first increases and then
decreases. This is in agreement with a different dependence of
the two molecules on the increasing gas kinetic temperature.
Specifically, the formation of DCO* is favoured in cold gas and
inhibited with increasing temperature, whereas the formation of
DCN is efficient at higher temperatures (e.g. Roueff et al. 2007,
2013). We also note the detection of molecules containing *C
and 34S. A thorough analysis of the chemical inventory in the
three CHEMICO sources will be presented in future papers.

4. Results

In this work, we focus our analysis on C,H, ¢-C3H, ¢-C3;Hp,
C4H, CH3CCH, HC3N, CH3CN, and HC;sN, as these molecules
provide insights into the evolution of carbon-chain and carbon-
rich species and provide estimates of the gas temperature. The
species detected in all targets are C,H, ¢-C3sH,, CH3CCH, and
HC;3N. Both HCsN and CH3CN are clearly detected towards
AFGL and G589, but not towards the HMSC G034. For HCsN,
the non-detection can be explained by the fact that the ener-
gies of the upper levels of the transitions (E,) observable in the
EMIR bands start from ~51 K, and hence they are not easily
excited in the earliest cold phase. Regarding the non-detection of
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Fig. 2. Sample spectra of the three CHEMICO sources. The two spec-
tral windows are extracted from band EO and band E1. The HMSC G034
is illustrated as blue histograms, the HMPO AFGL and the UCHII G589
as orange and red histograms, respectively. Relevant molecular lines are
indicated.

CH;CN, although lines with E, down to ~9 K could be observed,
this molecule is a well-known hot core tracer whose abundance
decreases by an order of magnitude from the HMPO phase to
the HMSC stage (Mininni et al. 2021). We also searched for
larger cyanopolyynes (e.g. HC7N), but they were undetected in
all sources.

Table 3 lists the excitation temperatures (7x) of the afore-
mentioned species. In general, Tk increases with evolution in
each species, although the degree of increase varies. For exam-
ple, simple hydrocarbons increase by a factor of approximately
3—4 from the HMSC phase to the HMPO-UCHII phase, while
cyanopolyynes are associated with T.x enhancements up to a
factor of approximately 10. A detailed comparison among the
various excitation temperatures is presented in Sect. 5.1. The
lines detected with the highest signal-to-noise ratio are those
of HC3;N. Table 4 lists the rotational transitions of HC3;N that
are observable in the EMIR bands. We used this species as
a reference for the most accurate temperature estimate due to
the huge number of transitions detected, which cover a range
of E, of ~20-300 K. Although some of these lines could be
optically thick, the spectral fit performed with MADCUBA takes
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Fig. 3. Spectra of the HC;N lines detected towards the HMSC G034.
The red curve corresponds to the best fit obtained with MADCUBA using
two velocity components. Rotational quantum numbers and E, of each
transition are indicated in the top left and right corners, respectively, in
each frame.

into account the opacity of the transitions. Towards G034, we
detected up to the J = 12-11 transition; towards AFGL, up to
J = 36-35; and towards G589, up to J = 30-29 (as noted pre-
viously, we did not observe the band E3 lines towards G589).
Table 6 presents the total molecular column densities, derived
from the best (Gaussian) fits to the lines as described in Sect. 3.2.
The best-fit peak velocities (V,,) and full widths at half maximum
(FWHM) are listed in Tables A.1 and A.2, respectively.

4.1. Line parameters and Ty in the HMSC G034

In G034, as shown by the spectra in Fig. 3, the HC5N lines
are well fit by two velocity features with similar FWHM (~1-
1.5 kms™!) but different Visg. The presence of two velocity
components in G034 has previously been reported in the HCN
isotopologues (Colzi et al. 2018a) and in the NHj3 (1,1) and (2,2)
inversion transitions (Fontani et al. 2015a). This is due to the two
starless cores identified in the ALMA images (Tan et al. 2013)
which are not resolved by the IRAM 30m beam (as discussed
in Sect. 2). Because both the FWHM and the velocity separa-
tion of the two components are similar in all HC3N lines—and
the same structure is apparent in C,H, ¢-C3H,, and C4H- it is
natural to interpret these features as two cores embedded within
the IRAM 30m beam.

The T.x measured from HC3;N and ¢-C3H, are 6.8 + 0.2 K
and 4.5 + 0.4 K, respectively, for the velocity component cen-
tred at ~41.3 kms™!, and 6.3 + 0.5 and 5.7 + 0.6 K, respectively,
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Table 3. Excitation temperatures derived with MADCUBA.

Tex(K) T«(K)

Hydrocarbons Cyanides
Source CH ¢-CsH ¢-C3H, CH;CCH HC3N CH;CN  HCsN NH;
G034-1¢ 4b - 4504 142012 6.8(0.2) - - 15.2(0.4)
G034-2 4° - 5.7(0.6) - 6.3(0.5) - -
AFGL-1¢ 18.0(0.2) 14(3) 17.5(0.4) 53.9(0.3) 37(0.7) - 48(2)  21.5(0.5)
AFGL-2 - - - - 125(8)  117.1(1.4) -
G589-1¢  18.6(1.1) - 14.4(1.3)  67.2(0.8) 58.3(0.3) 76.8(0.7) 120(14) 29.0(0.3)
G589-2 - - - - 95.6(1.6) - 154(26)

Notes. The errors are listed in brackets. As a reference, the last column gives 7 derived from the NH; (1,1) and (2,2) inversion transitions analysed
by Fontani et al. (2015a). Note that this value refers to a specific layer of the sources. ” Two velocity features centred at ~41.6 kms™' (G034-1)
and ~43.3 kms™! (G034-2), respectively. @ T, value fixed in MADCUBA for both velocity features, for which the residuals between synthetic and
observed spectra are minimum. © Two components with the same peak velocity but FWHM of ~2.6 kms™' (AFGL-1) and ~6.6 kms~! (AFGL-2),
respectively.  Two components with the same peak velocity but FWHM of ~4 kms™! (G589-1) and ~11 kms™' (G589-2), respectively.

Table 4. Rotational lines of HC;N observable in the four EMIR bands.

Rest freq.* Jy, — Ji Syil“ E,* Ay® HMSCHMPO UCHII
(GHz) DOy K) (™

72.7823 87 111 157 29e-05 Y b Y
81.8815 9-8 125 19.6 4205 Y Y Y
90.9790 10-9 139 24.0 5.8e-05 Y Y Y
100.0764 11-10 153 28.8 7.7e-05 Y Y Y
109.1736  12-11 166 34.1 0.00010 Y Y Y
127.3677 14-13 194 45.8 0.00016 N Y Y
136.4644 15-14 208 52.4 0.00020 N Y Y
1455610 16-15 222 59.4 0.00024 N Y Y
154.6573 17-16 236 66.8 0.00029 N Y Y
163.7534 18-17 250 74.7 0.00034 N Y Y
172.8493 19-18 264 83.0 0.00041 N Y Y
181.9449 20-19 277 91.7 0.00047 N Y -
209.2302 23-22 319 120.50.00072 N Y Y
218.3248 24-23 333 131.0 0.00082 N Y Y
2274189 25-24 347 1419 0.00093 N Y Y
236.5128 26-25 361 153.20.00105 N Y Y
245.6063 27-26 374 165.0 0.00117 N Y Y
254.6995 28-27 388 1773 0.00131 N Y Y
263.7923 29-28 402 189.9 0.00146 N Y Y
272.8847 30-29 416 203.0 0.00161 N Y Y
291.0684 32-31 444 230.50.00196 - Y -
300.1597 33-32 458 244.90.00215 - Y -
309.2504 34-33 472 259.80.00235 - Y -
318.3408 35-34 485 275.00.00257 — Y -
3274307 36-35 499 290.8 0.00279 - Y -
336.5201 37-36 513 306.90.00304 — Y -
345.6090 38-37 527 323.50.00329 - Y -

Notes. In the last three columns, Y and N indicate transitions detected
or undetected, respectively, in each core.” From the CDMS catalogue.
® Not observed.

for the velocity component centred at ~43.3 kms~!. These val-
ues indicate that the emission from these molecules originates
from cold and quiescent gas. For CH3CCH, the two velocity
components are not resolved, implying that the FWHM of each
component is larger than (or comparable to) their velocity sepa-
ration (2 km s™!). Therefore, the CH;CCH emission is associated
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with gas that is warmer and more turbulent than that responsible
for the HC5N and ¢-C5H, emission. Indeed, the 7. measured in
CH3;CCH is 14.2 + 1.2 K. This value also agrees with Ty esti-
mated from NH; (Table 3), indicating that CH3;CCH can be in
LTE conditions. In contrast, the low 7., values derived from
HC;3N and ¢-C3H; could indicate that these species arise pre-
dominantly from a diffuse, low-density envelope, where their
lines are likely sub-thermally excited. Because both molecules
have large dipole moments (e.g. Shirley 2015), their critical den-
sities are relatively high (~10°-10° cm™3). We also estimated T,
for C,H. However, in this case, the fit to the two velocity features
does not converge if both Tx and the total column density are left
as free parameters. Therefore, to derive N, we created synthetic
spectra by fixing T to an integer value between 3 and 15 K, that
is, between the cosmic microwave background temperature and
the kinetic temperature derived from ammonia (see Table 3), and
found that 4 K yields the lowest residuals between the synthetic
spectrum and the data.

4.2. Line parameters and Ty in the HMPO AFGL

Figure 4 shows the HC3N lines detected towards AFGL. Each
line is well fitted by two Gaussian features centred at similar
velocity: a narrow component with a FWHM of about 3 kms™!,
which dominates the profile in the lines with E, up to ~120 K,
and a broad component with FWHM ~7 km s~!, which becomes
increasingly prominent in transitions at higher energies. To fit the
lines, we used the CDMS spectral parameters, which account for
the hyperfine structure. However, the velocity separation among
the relevant hyperfine components (i.e. those with an Einstein
coefficient of spontaneous emission, Ay, >107° s71) is at most
~1 kms~!, which is significantly smaller than the FWHMs of
the lines. Figure 4 shows the spectra with the best fit to the two
features, as well as their sum. The narrow component is detected
up to the J = 32-31 line and has a FWHM comparable to that of
all hydrocarbons and HCsN (Table A.2), while the broad com-
ponent is clearly detected in all transitions of HC3N (Table A.2).
The absence of such a broad component in the other molecular
species may be due either to an insufficient sensitivity to such
fainter emission or because the other species are not appropriate
to trace this gas. As shown in Fig. 5, the data for the two veloc-
ity components are in excellent agreement with a linear relation,
as expected in LTE, but with different Tex. The narrow HC3N



Fontani, F,, et al.: A&A, 700, A245 (2025)

i
. ! rH
0.1 V]j |
0.05 /A
0 J
1 1

T
1
-10 0 10
T T
341K ]

T
2 | 12-11

-10 0 10 -10 0 10 -10 0 10

T T
26-25 153.2 K

A
7\

\
| | |
T A T
)\
L\
-10 0 10
T

T T
[ 29-28 ,189.9 K]

04F E
02 F E
o /N0
:

g E 9\ 1 o

-85 IRl H FH frt 4 0.4
X 1\ 04 F A 3 0.3
02 E 7\ 3 £ /a 3 0.2
P AN 02t J// :\\‘ E 0.1

L L L 0k Il 414 0

-0.2

0\

e s
-10 0 10 -10 0 10
T I
[ 382-31 2305 K]

J.!‘!Hl.i..‘t,.
"I\ Iy ” ‘H”

Fig. 4. Spectra of the HC;N lines detected towards the HMPO AFGL.
In each panel, the best Gaussian fits to the narrow and broad velocity
components are shown by the blue and orange curves, respectively; the
black curve shows their sum. The panels at the bottom of each spectrum
present a zoom on the Y-axis to highlight the high-velocity wings. The
rotational quantum numbers and E, of each transition are indicated in
the top-left and top-right corner, respectively.

; —————————t
H N=(8.3+0.6)x10'% em™®, T,,=121+5 K
1 N=(1.940.1)x10" cm™, T, =35+1 K
3 10 .
Qp L
>
= [
S~
o 9 .
= [
h)
e
— .
sk -
7 4
L L L L Il L L L L Il L L L L Il
0 100 200 300
Ep,(K)

Fig. 5. Rotational diagram obtained with MADCUBA towards AFGL
(HMPO) from the detected HC3N lines. Blue and red lines indicate the
narrow (cold) and broad (hot) velocity features, respectively. The error
bars on the y-axis reflect the uncertainties from the fit procedure and the
calibration error of 10% on the line integrated intensity.

component arises from colder gas (Tex~37 K, Table 3) than that
associated with the broad component (7ex~125 K). In particular,
the T« of the broad HC3;N component agrees, within the errors,
with that derived from CH3CN (~117 K, Table 3).

The CH3CN and broad HC3;N emissions have very similar
FWHM values (~6-7 kms™!, Fig. A.1), and both likely arise
from the central region of AFGL, which harbours several mil-
limetre cores, some of which are characterised by hot core-like
temperatures (e.g. Zhang et al. 2007; Rivilla et al. 2020b). Rivilla
et al. (2020b) also detected an extended outflow, which may con-
tribute to the emission in this broad component. Considering
the other T¢x estimates, the three simple hydrocarbons c-C3H,
¢c-C3H, and C,H have T between ~14-18 K, while the nar-
row component of HC3N, HCsN, and CH3CCH have T, values
between ~37-54 K. In general, the lines observed in the IRAM
bands are associated with an energy range that is specific to each
species: smaller molecules are detected in transitions with lower
energy ranges than those observable for the larger molecules.
For example, the E,, range of the observable transitions are:
C,H is ~4-25 K; C4H is ~17-185 K (~17-304 K in AFGL);
HC3N: ~16-203 K (~20-323 K in AFGL); CH3CCH: ~12—-
696 K (~12-2762 K in AFGL); CH3CN: ~9-670 K (~9-2204 K
in AFGL); and HCsN: ~52-684 K (~52-1088 K in AFGL). The
ranges of observable and detected transitions for each target are
listed in Table 5. However, the lines detected in the CHEMICO
dataset span a broad range of overlapping energies (Table 5).
Therefore, the differences in T.x derived for hydrocarbons and
cyanides depend only partially on the different energy range
probed by the observed transitions.

The different T values found in AFGL suggest a tempera-
ture structure that can be approximated with layers at different
temperatures: a cold envelope traced by simple carbon chains
with 7x<20 K; a hot core region with 73>100 K; and an
intermediate warm region between the cold envelope and the hot
core, with Tx~40-50 K. The temperature stratification inferred
from our results is illustrated in Fig. 6, where we highlight the
difference from the earlier HMSC phase, which is characterised
by a uniform temperature. Higher angular resolution observa-
tions of the carbon-bearing species studied here are needed to
reveal the details of this structure and to quantify the radial

extension of each layer.
A245, page 7 of 16
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Table 5. Ranges of observed and detected E, for each species in each source.

Eu,min(K) - Eu,max(K)a

Species G034(HMSC) AFGL(HMPO) G589(UCHII)
Observed Detected Observed  Detected Observed Detected
CH 42252 4.2-12.6 42-252 42-252 42252 42252
c-C3H 4.4-345 - 4.4-345 4.4-29 4.4-345 -
c-CsH,?  6.4-298 6.4-19.3 6.4-298 6.4-47 6.4-298 6.4-77.2
CsH 16.5-185 16.5-25.1 16.5-304 16.5-30 16.5-185 —
CH;CCH 12.3-696 12.3-36.9 12.3-2762  12.3-237 12.3-696  12.3-372
CH;CN 8.8-670 - 8.8-2204  8.8-329 8.8-670 8.8-549
HCsN 52-684 - 52-1088 52-150 52-684 52-242

Notes. Note that HC;Nis not included, as its observed and detected transitions are already listed in Table 4. @ Minimum (E, 5;;) and maximum
(Eumax) energies of the upper level of the transitions, respectively. ® Only transitions with £, < 300 K are listed, as the detected transitions have

much lower energies in all sources.

Table 6. Total column densities derived with MADCUBA.

Source Nigi(cm™)
Hydrocarbons Cyanides

CzH C-C3H C-C3H2 C4H CH3CCH HC3N CH3CN HC5N

%1012 x10!2 x10!2 x1012 %1012 x101? x10!? x10!?
G034-1¢ 43(4) <0.8 4.8(0.5) 9.8(0.9)¢ 8.7(0.6) 4.0(0.3) <0.7 <0.4
G034-2 25(3) - 2.9(0.3) 5.6(0.5)¢ - 1.4(0.3) - -
AFGL-1? 501(3) 1.4(0.3) 6.0(0.2) <0.6 468(3) 24.0(0.5) - 1.8(0.1)
AFGL-2 - - - - - 8.9(0.5) 26.9(0.2) -
G589-1°¢ 1860(100) <4 30(3) <2.5 5100(60) 229(2) 147(1) 10.5(1.2)
G589-2 - - - - - 126(2) - 6.0(1.1)

Notes. The errors from the MADCUBA-AUTOFIT fitting are given in brackets. > Two velocity features centred at ~41.6 kms™! (G034-1) and
~43.3 kms™' (G034-2), respectively. ®> Two components with the same peak velocity but FWHM of ~2.6 kms™' (AFGL-1) and ~6.6 kms™'
(AFGL-2), respectively. ) Two components with the same peak velocity but FWHM of ~4 kms™' (G589-1) and ~11 km s~ (G589-2), respectively.

@ Computed assuming T, from c-C;H,.

4.3. Line parameters and Ty in the UCHII G589

The lines of HC3N detected towards G589 are shown in Fig. 7.
This target exhibits the most intense transitions. As in AFGL, the
HC;N lines are best fit by two velocity components: a narrow
component (~4 km s71) and a broad component (~11 km s7h.
Figure 8 presents the rotational diagram obtained by fitting
these two velocity components separately. The narrower com-
ponent has an FWHM comparable to that of all hydrocarbons
(Table A.2), as in AFGL, and also matches that of CH3CN.
This difference indicates that the gas turbulence is progressively
increasing. The broad HC3;N component is likely associated with
the powerful outflow driven by the source(s) embedded in the
centre of the UCHII region (Zapata et al. 2020).

4.4. Molecular column densities and fractional abundances

As described in Sect. 3.2, we analysed the spectra using an LTE
approach that provided both the T and total molecular col-
umn densities, N,o. These values are listed in Table 6. For each
detected species, Ny increases with evolution. The species asso-
ciated with the highest N, enhancement (by two or more orders
of magnitude) from the HMSC to the later stages are CH3;CN and
CH;CCH. From the N(H;) column densities listed in Table 1, we
also derived the molecular fractional abundances, X, by dividing
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Nt by N(Hy). All X are listed in Table 7. Because N(H,) is an
average value over an angular region of 28", and Ny is com-
puted assuming the emission fills the beam of the CHEMICO
observations, X is likewise an average value over 28”. In cases
where two velocity components are present, we summed the col-
umn densities and obtained X by dividing the sum by N(H;). The
most abundant species are C;Hand CH3CCH, both with X of the
order 10~°. The remaining species all have X in the range 10~10—
107", A detailed comparison of the fractional abundances and
their relation to the evolutionary stage of the sources is presented
in Sect. 5.2.

5. Discussion
5.1. Evolution of the excitation temperatures

Figure 9 presents all T, derived for the three targets, highlight-
ing trends with evolutionary stage. For each source, hydrocar-
bons and cyanides are shown separately, with the molecules
ordered by increasing number of atoms. The figure also shows
Tk in the three targets, as measured from the ammonia (1,1)
and (2,2) inversion transitions (Fontani et al. 2015a), which,
having critical densities of ~10° cm™ (e.g. Shirley 2015), are
excellent tracers of the kinetic temperature in the moderately
dense gas. Several trends are apparent. First, for each tracer, Tex
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Fig. 6. Sketch of the temperature structure in G034, AFGL, and G589. Molecules studied in this work that preferentially trace each layer are

indicated.

Table 7. Molecular fractional abundances relative to H,.

Source Molecular abundances
Hydrocarbons Cyanides
C2H C-C3H C-C3H2 C4H CH%CCH HC3N CH3CN HC5N
x10™  x107'' %1070 x10710 x107° x10710 %1079 x10~!
G034 (HMSC)“ 1.6(0.5) <2 1.9(0.5) 3.8(0.9)” 0.21(0.09) 1.3(0.4) <0.1 <1
AFGL (HMPO)“ 5(2) 1.4(0.8) 0.6(0.2) <0.06 4.7(1.6) 3.3(0.9) 2.7(0.9) 1.8(0.6)
G589 (UCHID)“ 3.4(1.4) <0.7 0.5(0.2) <0.05 9(3) 6.5(1.9) 2.7(1.0) 3.0(0.9)

Notes. The errors are given in brackets and include a 10% calibration error on the molecular column densities. Y Computed summing the column
densities of the two velocity features, when present. ” Computed assuming Tex from c-C3H,.

increases from HMSC to the later stages, and in some cases (such
as CH3CCH and HCsN) also from the HMPO to the UCHII
stage. Second, in each stage, hydrocarbons tend to be associated
with lower excitation temperatures than molecules containing a
cyanide group, with the exception of CH3CCH. As mentioned
in Sect. 4.2, this is in part because hydrocarbons are generally
observed in transitions with lower E, compared to cyanides.
However, as highlighted in Table 5, the CHEMICO dataset in
principle contains transitions spanning E, values from ~10 K
up to >100 K for all molecules, except C,H; nevertheless, only
those with lower excitation are detected towards small hydrocar-
bons. Therefore, these species intrinsically trace colder gas more
effectively than cyanides. Third, the higher the number of atoms
in the molecule, the higher T« tends to be. In Appendix A, we
present a figure similar to Fig. 9 that plots the FWHM of the
lines. The FWHM also increases from the earliest to the latest
stage, indicating a corresponding increase in the gas turbulence,
whereas there is no obvious trend with the number of atoms in
the molecule.

Inspecting the T.x changes in more detail, we find that
the HMSC G034 consistently exhibits T, values below 20 K,
and these are also smaller than (or comparable to, in the case
of CH3;CCH) the kinetic temperature derived from ammonia
(~15 K). In the HMPO AFGL, a much broader range of T is

observed: from ~14-18 K in the hydrocarbons c-C3H, ¢-C3;Hp,
and CoH, up to ~117-125 K in CH3CN and the broad compo-
nent of HC;N (see Sect. 4.2). A similar range of Ty is derived in
the UCHII G589, but with two significant differences. First, the
highest temperatures are measured in HCsN, while both CH;CN
and the broad component of HC;N both have T values < 100 K.
Second, in G589, an intermediate T.xof ~20-60 K is absent.
These trends indicate an evolution of the temperature structure.
We propose that an envelope with a T below or of the order
of ~20 K is present in all evolutionary stages. This envelope,
well traced by the NHj inversion transitions at low excitation,
experiences a marginal temperature increase with evolution and
is preferentially traced by simple hydrocarbons (C,H, ¢-C3;Hp,
c-C3H). As the embedded protostar(s) heats up the surrounding
gas, an inner protostellar envelope becomes warmer than 20 K,
and the core is now associated with a Ty gradient. This envelope
is traced by larger molecules and cyanide species, and consists
of a warm component (7T~30-60 K) and a hot component
(Tex>100 K), traced respectively by CH3;CCH, HCsN and the
narrow component of HC3;N and CH3CN and the broad compo-
nent of HC3N. In the UCHII phase, the T of the cyanide species
and of the complex hydrocarbon CH3CCH increase further. In
this late phase, only gas with T, above 60 K and below 20 K is
present. This increased temperature stratification may result from
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Fig. 8. Rotational diagram obtained with madcuba towards G589
(UCHII) from the detected HC;N lines. The blue and red lines indi-
cate the narrow and broad velocity features, respectively. The error bars
on the y-axis are calculated as detailed in the caption of Fig. 5.

the envelope having had more time to warm up at larger distances
from the core centre. Two species, CH3CN and the broad com-
ponent of HC3N, display a countertrend, showing a decrease in
Txbetween the HMPO and the UCHII stage. We speculate that
this is due to the fact that in the UCHII phase, the innermost
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Fig. 9. Molecular excitation temperatures. Different colours indicate
different species; carbon chains and hydrocarbons are shown in blue,
cyan and green and are plotted to the left on the x-axis for each source.
Molecules containing the cyanide group are shown in red, orange and
pink and are plotted to the right. Black stars indicate the kinetic tem-
peratures as derived from ammonia. For each group, the molecules on
the x-axis are ordered from left to right according to increasing number
of atoms.

part of the hot core-which is the hottest portion of the molec-
ular environment of the nascent protostar(s)—is destroyed by the
ionised expanding region. The hot molecular cocoon heated dur-
ing the HMPO stage becomes reduced to a thinner region in the
UCHII stage. Because this thinner hot core is further away from
the central nascent star(s), the average Tx is lower than in the
intact core in the HMPO stage. The innermost ionised region of
G589 is traced in the CHEMICO spectra by hydrogen recombi-
nation lines. We detected from the H44a line at ~74.644 GHz
to the H29¢ line at ~256.302 GHz. The FWHM (~60 kms™!) of
these lines is consistent with a very hot gas, as confirmed by a
preliminary analysis of the excitation temperature of these lines,
which exceeds 2000 K. A detailed analysis of these recombina-
tion lines will be presented in a forthcoming paper (Fontani et al.,
in prep.).

A schematic of the temperature structure of G589 based
on the CHEMICO data, and the comparison with the earlier
evolutionary stages, is shown in Fig. 6.

5.2. Evolution of the fractional abundances

Figure 10 shows the fractional abundances in the three targets,
including upper limits for the non-detections. For species with
two detected velocity components, abundances were computed
by summing the column densities of both components. As in
Fig. 9, hydrocarbons and cyanides are displayed separately for
each source, with molecules ordered by their number of atoms.
For reference, we also plot the fractional abundance of '*CN
for cyanide species. In general, the X of the simple species do
not vary significantly across the three sources. The only simple
molecule associated with a significant increase from the HMSC
phase to the later stages is C;H. However, the increase is less
than a factor of four and the T used to derive Ny in G034 had
to be fixed, as discussed in Sect. 4.1. The only species with clear
abundance enhancements with evolution are the two COMs,
CH;3CCH and CH3CN, whose X values increase by more than
an order of magnitude from the HMSC to the HMPO stage. This
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Fig. 10. Molecular fractional abundances. As in Fig. 9, hydrocarbons
are characterised by blue, cyan, and green colours and are grouped to
the left on the x-axis for each source. Molecules with a cyanide group
are indicated in red, orange, and pink and are grouped to the right.
The molecules on the x-axis are ordered from left to right according
to increasing number of atoms (or carbon atoms in the case of equal
total atom counts). Upper limits are indicated by downward-pointing
triangles.

increase is likely associated with the evaporation of ice mantles
from dust grains that releases COMs and their precursors in the
gas phase.

Column density ratios for species that are thought to be
chemically related (e.g. parent-daughter species, or species
formed via similar pathways) are presented in Fig. 11. To sim-
plify the plot, we computed only the ratios associated with the
strongest velocity feature in G034 and the narrow velocity fea-
tures in the AFGL and G589 sources. The only ratio that shows a
clear decrease with evolution is C,H/CH3CCH, with C,H being
more abundant than CH3CCH in the HMSC and becoming less
abundant in the UCHII. Since C,H is a gas-phase precursor of
CH3CCH, a decrease could indicate a progressive destruction
of C,H into CH3;CCH. A tentative decrease is also observed in
I3CN/CH;CN, and as CN is also a progenitor of CH3;CN, the
tentative decrease could be due to the same reason. Ratios that
show a significant increase include the CH3;CCH/CH;3CN ratio
between the two COMs, which is enhanced by a factor of ~2.5
from the HMPO to the UCHII stage. The HC3N/HCsN ratio
also increases by a factor of 1.7, but this variation is within the
error bars. Finally, some ratios show an increase from the HMSC
phase to the HMPO phase and then a decrease to the UHCII
phase. These include C,H/c-C3H,, '*CN/HC3N, CN/HC;N,
and CN/CH;CN. In particular, the C,H/c-C3Hj ratio increases
by an order of magnitude from the HMSC to the HMPO phase.
This increase is driven solely by the increasing abundance of
C,H, since the abundance of c-C3H, remains constant (Fig. 10).

5.3. Comparison with other evolution studies

As discussed in Taniguchi et al. (2024), carbon-chain molecules
are proposed to be evolutionary indicators in low-mass star-
forming cores, although it remains unclear whether this is also
the case for high-mass star-forming regions. Based on chem-
ical simulations, Taniguchi et al. (2021) proposed that the
C,H/HCsN ratio decreases as temperature increases. In our
data, such a decrease is seen between the HMPO and UCHII
stages, but not between the HMSC and HMPO stages (Fig. 11).
Moreover, the derived ratios, which range from 100 to 300, are

HC3N/HCsN
CN/CH5CN |

100
T
@1

¢
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Fig. 11. Molecular abundance ratios of chemically related species. As
in Fig. 9, hydrocarbons are shown in blue, cyan, and green, and are
grouped to the left on the x-axis for each source. containing a cyanide
group are indicated in red, orange, and pink. The ratio between the two
COMs CH;3;CCH and CH;CN are indicated in black. Lower limits are
indicated by downward-pointing triangles.

between those measured towards the low-mass star-forming core
L1527 (~600) and the high-mass cores observed by Taniguchi
et al. (2021) (~15). This indicates a large variation in this ratio
from one source to another, making it difficult to claim it as an
evolutionary indicator.

The ratio between the two cyanopolyynes, HC3N/HCsN,
can also potentially be an indicator of evolution. In particu-
lar, Fontani et al. (2017) showed that this ratio is sensitive to
variations of the cosmic-ray ionisation rate, {: a higher ¢ value
corresponds to a lower HC3N/HC;sN ratio. Because protostars
are sources of local cosmic rays (e.g. Padovani et al. 2016), ¢
close to protostellar objects is expected to be enhanced with
respect to that associated with quiescent phases, and therefore
the HC3N/HCsN ratio should decrease from the HMSC phase
to the later phases. Although we did not detect HCsN in G034,
the ratio does not decrease with evolution in our data, per-
haps indicating that local cosmic rays do not significantly affect
cyanopolyyne abundances on the large angular scales of our
observations.

Mininni et al. (2021) found that the abundance of CH3CN
is an evolutionary indicator for high-mass star-forming cores,
since its abundance increases by more than an order of mag-
nitude between the HMSC and HMPO stages. We confirm this
finding and we also confirm the upper limit for the abundance of
CH;CNin high-mass starless cores, which is <4 x 107!!, higher
than the value measured toward G034.

6. Conclusions and outlook

We have presented an overview of the project ‘CHemical Evo-
lution of Masslve star-forming COres’ in which, thanks to an
unbiased, full spectral survey of the 3, 2, and 1.2 mm receiver
bands of the IRAM 30m telescope, we investigate various
aspects of the chemical evolution of three dense cores at different
evolutionary stages. The chemical richness is found to increase
with evolution in terms of both the species and lines detected. In
this first paper, we analyse the carbon-bearing species C,H, c-
C3H, C-C3H2, C4H, CH3CCH, HC3N, CH3CN, and HC5N, and
derive from them the variation in temperature structure using an
LTE approach. Hydrocarbons are associated with T.x lower than
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those of cyanides. Moreover, the higher the number of atoms
in the molecule, the higher Tx. The fractional abundances with
respect to H, show significant enhancement with evolution only
for the two COMs, CH3;CCH and CH;CN.

We propose that the temperature structure evolves with
time as follows. The HMSC stage is characterised by a cold
(~20 K) uniform temperature envelope, preferentially traced by
simple hydrocarbons (C,H, ¢-C3H,, ¢-C3H). Protostellar heat-
ing in the HMPO stage creates a temperature structure which
can be described as an innermost hot core (Tex>100 K) traced
by CH3CN and the broad components of cyanopolyynes. This
hot core is surrounded by a shell at intermediate tempera-
ture (30-60 K), traced by CH3CCH, HCsN, and the narrower
HC;N component, with a cold extended envelope unaffected
by protostellar heating, as in the HMSC stage. Finally, in the
UCHII phase, Tex of the cyanide species and of the complex
hydrocarbon CH3CCH increase further, and the inner layer with
intermediate temperature disappears.

This first study demonstrates the potential of CHEMICO in
determining the change in not only the chemical complexity but
also the physical structure of the sources with evolution. Follow-
up studies at higher angular resolution will be essential to better
investigate the core-scale chemical and physical structure of the
three CHEMICO targets, providing key constraints for a direct
comparison with chemical models.
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Appendix A: Fit results for vV, and FWHM

Best fit peak velocity and full width at half maximum obtained with MADCUBA for the lines analysed in this paper. In Fig. A.1 we
also plot the FWHM of the lines derived for all molecules in each source. The molecules are plotted as in Fig. 9.

Table A.1. Best-fit V,,.

Source V, (kms™)
C,H c-C3H ¢-C3H, C4H CH;CCH HC3;N  HCsN  CH;CN
G034-1 4137 = 413(0.1) 413°  423(0.1)° 41.7001) — -
G034-2 43.34 - 43.3(0.1) 43.3¢ - 43.4(0.1) - -
AFGL-1 -2.6(0.1) -2.9(0.2) -2.7(0.1) -3.1(0.3) -2.7(0.1) -2.7(0.1) -2.6(0.1) -2.7(0.1)
AFGL-2 — - - - - 227(0.1) — -
G589-1 9.0(0.1) - 8.84 - 8.9(0.1) 8.8(0.1) 7.8(0.2) 9.3(0.1)
G589-2 - - - - - 11.5(0.1) 11(0.3) -
Notes. @ Fixed; ® The two velocity features are spectrally unresolved.
Table A.2. Best-fit FWHM.
Source FWHM (kms™T)
CzH C-C3H C-C3H2 C4H CH%CCH HC3N HC5N CHgCN
G034-1 2.0(0.2) — 1.5(0.1) 1.5¢ 2.8(0.2)> 2.0(0.1) — -
G034-2 1.9(0.3) — 15(0.1) 1.5¢ — 0.8(0.1) — -
AFGL-1 3.4(0.1) 2.6(0.5) 3.6(0.1) 4.0 3.4(0.1) 2.6(0.1) 3.0(0.1) 5.4(0.1)
AFGL-2 — - - - - 6.6(0.3) - -
G589-1 4.4(02) — 40° -~ 4300.1) 400.1) 269  500.0)
G589-2 - - - - - 10.8(0.1) 2.6 -
Notes. @ Fixed; ® The two velocity features are spectrally unresolved.
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Fig. A.1. Line FWHM of all molecules detected in each tracer. Different colours indicate different species as in Fig. 9: carbon chains and hydrocar-
bons are characterised by blue-cyan-green colours and for each source they are plotted to the left on the x-axis; molecules with the cyanide group
are indicated by red-orange-pink colours and are plotted to the right. The black stars are the FWHM derived from ammonia (2,2) (Fontani et al.
2015a). For each group, the molecules on the x-axis are ordered from left to right according to increasing number of atoms.
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Appendix B: Spectra of representative lines

Sample spectra of lines representatives of the species analysed in this paper (except HC3N, whose lines are shown in Figs. 3, 4,
and 7) for each source.
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Fig. B.1. Spectra of a sample of C,H lines. The red curves are the best LTE fits obtained with MADCUBA. Towards G034, the total fit obtained
towards the two velocity components is shown. Quantum numbers and energy of the upper level of the transition are shown in the top left and top
right corners, respectively, of the HMSC line plots.
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Fig. B.2. Same as Fig. B.1 but for ¢-C;H,.
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Fig. B.3. Same as Fig. B.1 but for C,H.
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Fig. B.4. Same as Fig. B.1 but for CH;CCH.
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Fig. B.5. Same as Fig. B.1 but for CH;CN.
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Fig. B.6. Same as Fig. B.1 but for HC;5N.
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