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ABSTRACT

Aims. Current star formation research centers the characterization of the physical and chemical properties of massive stars, which are
in the process of formation, at the spatial resolution of individual high-mass cores.

Methods. We use sub-arcsecond resolution (~(”4) observations with the NOrthern Extended Millimeter Array at 1.37 mm to study the
dust emission and molecular gas of 18 high-mass star-forming regions. With distances in the range of 0.7-5.5 kpc, this corresponds to
spatial scales down to 300—2300 au that are resolved by our observations. We combined the derived physical and chemical properties
of individual cores in these regions to estimate their ages. The temperature structures of these regions are determined by fitting the
H,CO and CH;CN line emission. The density profiles are inferred from the 1.37 mm continuum visibilities. The column densities of
11 different species are determined by fitting the emission lines with XCLASS.

Results. Within the 18 observed regions, we identified 22 individual cores with associated 1.37 mm continuum emission and with a
radially decreasing temperature profile. We find an average temperature power-law index of ¢ = 0.4 £ 0.1 and an average density power-
law index of p=2.0 +0.2 on scales that are on the order of several 1000 au. Comparing these results with values of p derived from the
literature presumes that the density profiles remain unchanged from clump to core scales. The column densities relative to N(C'80)
between pairs of dense gas tracers show tight correlations. We applied the physical-chemical model MUIti Stage Chemical codE to
the derived column densities of each core and find a mean chemical age of ~60 000 yr and an age spread of 20 000—100 000 yr. With
this paper, we release all data products of the CORE project.

Conclusions. The CORE sample reveals well-constrained density and temperature power-law distributions. Furthermore, we charac-
terized a large variety in molecular richness that can be explained by an age spread that is then confirmed by our physical-chemical
modeling. The hot molecular cores show the greatest number of emission lines, but we also find evolved cores at an evolutionary stage

in which most molecules are destroyed and, thus, the spectra appear line-poor once again.
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1. Introduction

The development of large telescopes and highly sensitive instru-
ments has provided the opportunity to investigate star-forming
regions within and even outside of the Milky Way in great detail
(e.g., Larson 1981; Shu et al. 1987; Kennicutt 1998; McKee &
Ostriker 2007). The study of high-mass star formation (HMSF)
is challenging from an observational point of view (e.g., Beuther
et al. 2007a; Bonnell 2007; Zinnecker & Yorke 2007; Smith et al.
2009; Tan et al. 2014; Krumholz 2015; Schilke 2015; Motte et al.
2018; Rosen et al. 2020). High-mass stars are less commonly
observed as they are typically located at large distances of sev-
eral kiloparsecs and therefore difficult to spot at a high spatial

* Tables A.l and E.I-E.3 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/648/A66

** Fellow of the International Max Planck Research School for Astron-
omy and Cosmic Physics at the University of Heidelberg (IMPRS-HD).

resolution. The evolution of HMSF is fast, that is, on the order
of 10° yr, as revealed by observations (see, e.g., Table 2 in Motte
et al. 2018; Mottram et al. 2011a) and theoretical models (McKee
& Tan 2002, 2003; Kuiper & Hosokawa 2018). Therefore, high-
mass protostars are still deeply embedded within their parental
molecular cloud when they reach the main sequence.

In contrast to low-mass star formation, no clear consensus
has yet been reached on the evolutionary stages of high-mass
stars (see, e.g., Fig. 14 in Motte et al. 2018). High-mass star-
forming regions (HMSFRs) can be roughly categorized into
several evolutionary stages based on their observed properties at
infrared and radio wavelengths. Various classifications exist in
the literature, based on, for instance, infrared properties. Cooper
(2013) classifies massive young stellar objects (MYSOs) into
three types: type I showing strong H,, but no ionized lines; type
II being weaker in H,, but showing HI emission in the Brack-
ett series; type III having strong HI and weak H; line emission.
These near-infrared observations show that type III MYSOs are
bluer than type I MYSOs, indicating that they are more evolved.
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In this study, we follow the observationally driven nomen-
clature of four different evolutionary stages during HMSF by
Gerner et al. (2014, 2015). When regions of a molecular cloud
undergo gravitational collapse and fragmentation, protostars
form in cold and dense clumps, often detected as infrared dark
clouds (IRDCs, e.g., Rathborne et al. 2006). These clouds have
typical temperatures of ~10—-20K and are visible at (sub)mm
wavelengths (e.g., Pillai et al. 2006), but show none or only weak
emission in the infrared. As the collapse continues, due to the
conservation of angular momentum, a disk-outflow system forms
around the protostar and the temperature of the surrounding
envelope increases due to central heating by the protostar (e.g.,
Sanchez-Monge et al. 2013a; Beltrdn & de Wit 2016). Through
the accretion of the infalling gas, protostars increase their masses
and luminosities, becoming visible at infrared wavelengths. Pro-
tostars during this stage are referred to as high-mass protostellar
objects (HMPOs, e.g., Sridharan et al. 2002; Williams et al.
2004; Beuther et al. 2010; Duarte-Cabral et al. 2013). Such
HMPOs are characterized by their high bolometric luminosities,
L > 10* Lo, a strong thermal dust continuum, but only weak
cm emission (Sridharan et al. 2002; Beuther et al. 2002). As
the temperature of the surrounding envelope reaches >100K,
molecules that had formed on the surfaces of dust grains and
resided in ice layers evaporate into the gas-phase revealing a rich
molecular reservoir (e.g., Osorio et al. 1999). In this stage, the
objects are referred to as hot molecular cores (HMCs) or “hot
cores” (e.g., Cesaroni et al. 1997). The HMPOs and HMCs have
similar physical properties, however, the chemical composition
of the gas around HMC:s is richer due to higher temperatures
in the envelope. Low-mass analogues are referred to as “hot
corinos” (e.g., IRAS 16293-2422, Bottinelli et al. 2004). As the
mass growth continues, the strong protostellar radiation disso-
ciates and ionizes the surrounding envelope gas and a hyper
or ultra-compact Hit (HC/UCHII) region forms (e.g., Wood
& Churchwell 1989; Hatchell et al. 1998; Churchwell 2002;
Sanchez-Monge et al. 2013b). HII regions can be studied and
classified through their strong free—free emission at cm wave-
lengths (e.g., Peters et al. 2010). These four evolutionary stages
are not sharp transitions and overlap, especially between the
intermediate HMPO/HMC stages, and there are HMCs that have
already formed a HC/UCHII region.

Aside from the physical complexity of HMSFRs, observa-
tions reveal one of the most complex chemical compositions in
the interstellar medium (ISM, for a review, see, e.g., Herbst &
van Dishoeck 2009; Jgrgensen et al. 2020). To date, about 200
molecules have been detected in the ISM (an overview is found
in McGuire 2018) and most of these can be observed toward the
high-mass star-forming molecular cloud Sagittarius B2 in the
Galactic center (e.g., Belloche et al. 2013). Spectroscopic studies
at mm and sub-mm wavelengths have revealed the composi-
tion of the molecular gas in HMSFRs to be extremely diverse:
nitrogen (N)-bearing species (such as HCN, CH3CN); oxygen
(O)-bearing species (such as H,CO); sulfur (S)-bearing species
(such as SO, SO,). In shocked regions, enhanced abundances
of S-bearing molecules such as SO, and silicon (Si)-bearing
molecules such as SiO have been observed (Schilke et al. 1997).
During the HMC stage, a large variety of so-called complex
organic molecules (COMs) evaporate into the gas-phase and pro-
duce line-rich spectra at mm wavelengths. We use the definition
by Herbst & van Dishoeck (2009) stating that a COM contains
six or more atoms. In the densest regions where protostars form,
the chemical composition of the molecular gas has been stud-
ied thoroughly. An important finding is the chemical segregation
of O- and N- bearing species (e.g., Rodgers & Charnley 2001).
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This has been observed and studied toward many bright HMCs,
such as Orion-KL (Caselli et al. 1993; Feng et al. 2015); W3 H20
and W3 OH (Wyrowski et al. 1999; Qin et al. 2015); AFGL 2591
(Jiménez-Serra et al. 2012; Gieser et al. 2019); NGC 7538 IRS9,
W31IRS5 and AFGL 490 (Fayolle et al. 2015); G35.20-0.74N
(Allen et al. 2017); SgrB2(N) (Bonfand et al. 2017; Mills et al.
2018); or AFGL 4176 (Johnston et al. 2020).

In this paper, we want to pin down the physical and chem-
ical properties of HMSFRs from the dust and molecular line
emission and use this information to investigate the chemical
timescales. We analyze the physical structure and molecular con-
tent of 18 HMSFRs in combination with a physical-chemical
model on spatial scales ranging from 10000au down to our
resolution limit of 300 au. We successfully tested the method
presented in this paper on the well-studied hot core AFGL 2591
VLA3 (Gieser et al. 2019). In this case study, we used the molec-
ular line and dust continuum data from the observations of the
CORE project to derive the density and temperature structure
and molecular column densities of this hot core and we applied
a physical-chemical model to estimate the chemical age. Here,
we apply this method to all 18 CORE regions with the goal of
comparing and understanding the chemical diversity we observe
during HMSF.

The paper is organized as followed: in Sect. 2, we summa-
rize the observations, data calibration, and imaging techniques.
In Sect. 3, we derive the temperature and density structure of
the regions. The molecular content is analyzed in Sect. 4. We
apply a physical-chemical model to the observed molecular col-
umn densities in Sect. 5. The results of the physical and chemical
properties of the regions are discussed in Sect. 6. Our summary
and conclusions are given in Sect. 7.

2. Observations

The NOrthern Extended Millimeter Array (NOEMA) large pro-
gram known as “Fragmentation and disk formation during high-
mass star formation — CORE” is a high angular-resolution survey
(~0’4 at 1.37 mm) designed to study the fragmentation, kine-
matic, and chemical properties of a homogeneous sample of 18
HMSFRs. The observations consist of spectral line and contin-
uum data in Band 3 (I mm). An overview of the project and
results of the analysis of the dust continuum and fragmentation
properties are presented in Beuther et al. (2018).

In combination with this paper, we release all data products
of the CORE project with and without self-calibration conducted
with GILDAS. The data can be found on the CORE collaboration
website!. The CLEANed data products as well as the calibrated
uv-tables are available at this link.

2.1. Sample

The sample of the CORE project consists of well-studied HMS-
FRs on the northern hemisphere. They were selected based on
their bolometric luminosity (L > 10*Ly) and distance (d <
6 kpc), allowing us to study the evolution at early stages of
HMSF in the HMPO-HMC stage. An overview of the prop-
erties of the regions is shown in Table 1 in this paper and
additional properties, such as the luminosity L and mass M,
are listed in Table 1 in Beuther et al. (2018). With declinations
higher than +20°, most of the regions are difficult or impossi-
ble to observe with the Atacama Large Millimeter/submillimeter
Array (ALMA) and, therefore, can only be studied with

I https://www.mpia.de/core
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Table 1. Overview of the CORE sample.

Region Coordinates Distance Galactic distance  Velocity Isotopic ratios
a 0 d dgal ULSR zo/Bc R2gp4s 1607180
J(2000) J(2000) (kpc) (kpc) (kms™")

IRAS 23033 23:05:25.00 +60:08:15.5 43 104 -53.1 86 22 649
IRAS 23151 23:17:21.01  +59:28:47.5 3.3 9.8 -54.4 81 22 613
IRAS 23385 23:40:54.40 +61:10:28.0 49 11.1 -50.2 91 22 690
AFGL 2591 20:29:24.86  +40:11:19.4 3.3 8.2 -55 69 22 519
CepAHW2 22:56:17.98  +62:01:49.5 0.7 8.4 -10.0 71 22 531
G084.9505 20:55:32.47 +44:06:10.1 5.5 94 -34.6 78 22 590
G094.6028 21:39:58.25  +50:14:20.9 4.0 9.3 +29.0 77 22 584
G100.38 22:16:10.35  +52:21:34.7 3.5 94 -37.6 78 22 590
G108.75 22:58:4725 +58:45:01.6 43 10.3 -51.5 85 22 643
G138.2957 03:01:31.32  +60:29:13.2 2.9 10.5 -37.5 86 22 654
G139.9091 03:07:24.52  +58:30:48.3 3.2 10.8 -40.5 89 22 672
G075.78 20:21:44.03  +37:26:37.7 3.8 8.1 -8.0 68 22 513
IRAS 21078 21:09:21.64  +52:22:37.5 1.5 8.3 -6.1 70 22 525
NGC 75381IRS9 23:14:01.68 +61:27:19.1 2.7 9.5 -57.0 79 22 596
S106 20:27:26.77  +37:22:47.7 1.3 7.9 -1.0 67 22 502
S871RS1 19:46:20.14  +24:35:29.0 2.2 7.3 +22.0 62 22 466
W3 H20 02:27:04.60 +61:52:24.7 2.0 9.6 -48.5 80 22 602
W3 1RS4 02:25:31.22  +62:06:21.0 2.0 9.6 —-42.8 80 22 602

Notes. The isotopic ratios are taken from Wilson & Rood (1994), further explained in Sects. 3.2, 4.2, and 5.1.

NOEMA at a high angular resolution (<1”) at mm wave-
lengths. The angular resolution for all regions is homogeneous
(~0."4), but the resolved linear spatial scales vary from 300
to 2300 au, as the regions are located at distances between 0.7
and 5.5 kpc.

The regions show a large diversity of fragmentation proper-
ties (Beuther et al. 2018): while some regions contain mainly a
single isolated core (e.g., AFGL 2591), other regions fragment
into up to 20 cores (e.g., IRAS 21078). Individual case-studies
were carried out on some of the regions, for instance, the kine-
matic properties of W3 H20 (Ahmadi et al. 2018), IRAS 23385
(Cesaroni et al. 2019), IRAS 23033 (Bosco et al. 2019), W3 IRS4
(Mottram et al. 2020), and IRAS 21078 (Moscadelli et al. 2021);
the chemical composition of the pilot regions NGC 7538 S and
NGC 7538 IRS1 (Feng et al. 2016), and AFGL 2591 (Gieser et al.
2019). A multi-wavelength modeling study of AFGL 2591 is
presented in Olguin et al. (2020). In Ahmadi et al. (in prep.)
the kinematic analysis of the complete CORE sample will be
covered, while in this study, we focus on the physical struc-
ture (temperature and density) and chemical composition of the
molecular gas. We do not include the pilot regions NGC 7538 S
and NGC 7538 IRS1 presented in Beuther et al. (2018) in our
analysis, as it is only for the remaining 18 regions, we have a
homogeneous multi-configuration NOEMA data set. The pilot
studies have no corresponding D array observations, and thus,
less uv-coverage, so these could not be accurately compared.
However, a detailed individual chemical analysis of the pilot
regions is already presented in Feng et al. (2016).

2.2. NOEMA observations

The sample was observed from 2014 to 2017 in the A (extended),
the old B or new C (intermediate), and D (compact) array con-
figurations. Two regions were observed at a time in track-sharing
pairs to reduce calibration time. Spectral line data were obtained
with the broadband WideX correlator at a rest-frequency range

of 217.2-220.8 GHz, with a spectral resolution of ~2.7 km s7L
In addition, eight narrow-band units were placed within this
frequency range in order to obtain high spectral resolution data
(~0.4km s~!) of kinematically interesting lines such as CH;CN
(a summary of the high spectral resolution units is summarized
in Tables 2 and 3 in Ahmadi et al. 2018). The interferometric data
were calibrated with the CLIC package in GILDAS?. The 1.37 mm
continuum data were extracted from the broadband WideX data
by carefully selecting line-free channels in each region.

2.3. IRAM 30 m observations

Interferometers spatially filter the extended emission. The short-
est baseline of the NOEMA array is ~20 m, thus spatial scales
larger than 16” are not recovered by the interferometric obser-
vations at 1.37 mm. All CORE regions were therefore observed
with the IRAM 30 m telescope using the Eight MIxer Receiver
(EMIR, Carter et al. 2012) in order to recover the missing flux
in the spectral line data due to spatial filtering. EMIR has four
basebands and each have a width of ~4 GHz and a spectral res-
olution of 200kHz corresponding to ~0.3km s~! at 1.37 mm).
The lower inner baseband (LI) of our EMIR spectral setup cov-
ers the same spectral range as the NOEMA observations with
the broadband WideX correlator. The half power beam width
(HPBW) of the IRAM 30 m telescope is 11”8 at 1.37 mm. For a
detailed description of the IRAM 30 m data calibration we refer
to Appendix A in Mottram et al. (2020). The continuum data
have no complementary single-dish observations, so here spatial
filtering can remain an issue as discussed in Beuther et al. (2018).

2.4. Self-calibration

The majority of the continuum data have a high signal-to-noise
ratio (S/N) in the GILDAS standard calibrated data (see Table 2).

2 https://www.iram.fr/IRAMFR/GILDAS/
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Table 2. Overview of the CORE data products.
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Region Synthesized beam GILDAS CASA GILDAS
Continuum data ~ Merged line data  Standard calibration ~ Self-calibration Self-calibration
gmaj X gmin PA gmaj X gmin PA O cont Ipeak O cont Ipeak T cont Ipeak O line,map

(" x") ©) ("' x") ) (mJy beam™") (mJy beam™")  (mJy beam™) (K)

IRAS 23033 045%x037 47 043x043 96 0.50 28.21 0.43 38.76  0.53  38.13 0.40

IRAS 23151 0.45%x037 50 047x0.38 54 0.26 26.41 0.26 32.65 0.25 3378 0.48

IRAS 23385 0.48x0.43 58 049x044 55 0.29 14.61 0.16 18.03  0.16 17.84 0.30

AFGL 2591 047x0.36 65 048x0.37 65 0.53 56.31 0.50 87.33  0.51 85.10 0.65

CepAHW?2 042x041 41 044x039 80 3.72 239.93 239  441.07 243 448.50 0.68

G084.9505 0.43%x038 69 044x0.39 72 0.10 4.37 0.08 6.28 0.08 5.19 0.28

G094.6028 041x039 77 041x038 8 0.15 10.24 0.15 13.65 0.13 12.84 0.36

G100.38 0.49%x033 56 049x0.34 55 0.07 6.35 0.05 8.51 0.06 7.28 0.25

G108.75 0.50x0.44 49 051x044 49 0.17 10.53 0.12 1475 0.13 16.08 0.27

G138.2957 0.50x0.41 60 0.51x041 59 0.16 6.28 0.16 6.15 0.10 6.28 0.33

G139.9091 0.51x040 56 0.52x041 56 0.18 9.23 0.20 13.84  0.15 13.49 0.34

G075.78 048x0.37 60 049x0.37 60 047 46.31 0.38 64.50 038 71.67 0.58

IRAS 21078 0.48x033 41 048x0.33 41 041 26.76 0.44 3464 044  36.69 0.41

NGC 75381IRS9 0.44x0.38 80 0.44x0.38 80 0.32 29.14 0.19 41.28  0.21 46.09 0.42

S106 047x0.34 47 048x034 47 0.88 77.41 096 136.00 1.20 150.47 0.35

S871RS1 0.54x035 37 055x0.36 37 0.2 19.42 0.17 3335 018 3737 0.44

W3 H20 0.43%x032 86 045x0.32 86 4.28 279.11 2.54 44984 2.82 456.29 0.74

W31IRS4 045x032 82 046x0.32 83 0.69 21.73 0.42 3934 033 51.50 0.72

Notes. The noise of the continuum data o is computed in a 375 X 375 rectangle in an emission-free region. I, is the continuum peak intensity.
The average map noise of the merged (combined NOEMA + IRAM 30 m) spectral line data Ojipe,map is computed in a line-free range from a
rest-frequency of 219.00-219.13 GHz with a channel width of 3 km s~! (2.2 MHz) within the full primary beam.

However, the phase noise can be high due to an unstable atmo-
sphere during the observations that causes the flux to be scattered
around the source. This issue can be improved by applying
phase self-calibration to the interferometric data (e.g., Pearson
& Readhead 1984; Radcliffe et al. 2016).

The CORE continuum data presented in Beuther et al.
(2018) were successfully phase self-calibrated using the Com-
mon Astronomy Software Applications package (CASA) through
an iterative masking of the source. However, at that time, it was
not possible to apply the self-calibration solution to the spec-
tral line data. The CASA phase self-calibration of the continuum
data was performed by applying an interactive mask in each
self-calibration loop starting with the strongest structures first
and proceeding with the weaker structures (Beuther et al. 2018).
Depending on the S/N of the region, we used solution intervals
of 220, 100, or 45s.

We used the self-calibration tool in GILDAS to phase self-
calibrate the continuum as well as the spectral line data of the
CORE project to provide homogeneously calibrated data prod-
ucts of the full CORE observations. The crucial point of phase
self-calibration is to start with a good enough spatial model of
the source. The selfcal procedure of the GILDAS/MAPPING
package uses as a source model the first CLEAN components
ncLeaN found during a previous step of deconvolution. The basic
idea is that the first CLEAN components deliver a model of
the source with a high S/N whose spatial structure is not much
affected by flux scattering. The number of CLEAN components
ncLean must be large enough to get a fair representation of the
source structure and small enough to avoid deconvolving scat-
tered flux that would be confused with noise. The visibilities are
usually averaged in time to increase their S/N during the first
self-calibration iteration and this averaging time is progressively
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lowered to the minimum possible integration time in the fol-
lowing iterations. In practice, we started by deconvolving the
continuum source with an absolute flux stopping criterion set to
three times the continuum noise. This gives a number of CLEAN
iterations, nj.r, Which we used to iterate the self-calibration three
times, increasing ncLgan from nie /4, t0 Rier/2, and to njer, and
decreasing the averaging time from 200s, to 100s, and to 45s.
Only visibilities with a S/N > 6 were self-calibrated, but the
remaining visibilities were kept in the proceeding CLEANing of
the data in order to avoid losing visibilities of the longest base-
lines, which would decrease the angular resolution. With this
method, simple structures, as well as regions with a complicated
morphology, can all be successfully phase self-calibrated. As the
continuum data has the highest sensitivity, we used the solution
from the continuum self-calibration and applied the gain solu-
tion to the broadband and narrow-band spectral line data using
the UV_CAL task.

An example of how self-calibration is increasing the quality
of the continuum data quality is shown in Fig. 1 for W3 IRS4,
which has a complex morphology in the continuum data. While
the GILDAS standard calibrated data already reveals the com-
plex structure of the region, the noise is high throughout the
primary beam with many negative features. Applying the CASA
and GILDAS self-calibration significantly lowers the noise and
increases the peak intensity. The continuum noise and peak
intensity are summarized for all regions in Table 2. The mean
continuum noise, o eon, is 0.74 mJy beam™' in the standard cali-
brated data, while for the CASA and GILDAS self-calibrated data,
the mean noise, o con, is lowered by ~25% to 0.53 mJy beam™"
and 0.56 mJy beam™!, respectively. In general, oo, is higher
toward the strong continuum sources S106, CepA HW2, and
W3 H20. The mean S/N of the GILDAS standard calibrated
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Fig. 1. Comparison of the GILDAS standard calibrated (left panel), CASA self-calibrated (middle panel), and GILDAS self-calibrated (right panel)
W31RS4 continuum data. In each panel, the beam size is shown in the bottom left corner and the pink bar in the top left corner indicates a linear

spatial scale of 5000 au.

continuum data is 74, while for the CASA and GILDAS self-
calibrated continuum data, the mean S/N is improved by a factor
of two to 130 and 132, respectively.

Even though both CASA and GILDAS self-calibration meth-
ods improve the data quality, due to the different techniques to
define a source model (interactive masking and defining num-
ber of clean components, respectively), there are differences
in the resulting images. In Fig. 1, a faint structure toward the
NW of the continuum peak is seen in the GILDAS standard
calibrated and self-calibrated image, but it is not recovered in
the CASA self-calibrated image. Comparing the self-calibration
results (Table 2), the peak intensities are higher in the GILDAS
self-calibrated data, while a lower noise is achieved in the CASA
self-calibrated data. For very faint structures and a complex
source morphology, a careful interpretation of the self-calibrated
data is recommended, but overall all the main features are
recovered with both self-calibration methods.

A comparison between the standard and self-calibrated
broadband spectral line data is shown in Fig. 2 for the CH3;CN
123—115 transition around the location of the 1.37 mm contin-
uum peak in the W3 IRS4 region. The emission is less fuzzy and
more compact in the self-calibrated data product. On individ-
ual spectra, self-calibration provides a significant increase of the
line intensity which has a big impact, for example, when deriving
column densities.

2.5. Data products and public release

The data merging of the interferometric and single-dish data and
imaging is done in the GILDAS/MAPPING package. The WideX
and the corresponding EMIR spectral-line data are smoothed to
a common spectral resolution of 3.0kms~'. The narrow-band
and the corresponding EMIR spectral line data are smoothed to
a common spectral resolution of 0.5 km s~!. In order to merge the
NOEMA and IRAM 30 m data, the task UVSHORT converts the
short spacings into a pseudo uv-table and combines them with
the NOEMA data.

The deconvolution of the NOEMA continuum, NOEMA
spectral line and merged (combined NOEMA + IRAM 30 m)
spectral line data is performed in GILDAS/MAPPING using the
Clark CLEAN algorithm (Clark 1980) and adopting three dif-
ferent weightings: robust weighting with a robust parameter of
0.1 (6 ~ 074); a robust parameter of 1.0 (6 ~ 0”6); and natural
weighting (6 ~ 1”70). The stopping criterion for the continuum
and broadband spectral line data is set to fis=0.01, which

3 GILDAS GILDAS
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Fig. 2. Comparison of the GILDAS standard calibration (leff) and
GILDAS self-calibration (right) of the W3 IRS4 broadband spectral line
data zoomed in toward the position of the continuum peak, shown in
the top panels. The integrated intensity of the CH;CN 12;—11; tran-
sition is shown in color. In each panel, the beam size is shown in the
bottom left corner and pink bar in the top left corner indicates a lin-
ear spatial scale of 5000 au. Bottom panel: CH;CN 125—115 spectrum
at the position of the W3 IRS4 continuum peak of the GILDAS standard
calibrated data (black) and of the GILDAS self-calibrated data (green).
The dashed orange line shows the systemic velocity of the region vy sg
and the dash-dotted blue lines show the lower and upper velocity limits
(vsr + 10 km s™!) used for the integrated intensity map shown in the top
panel.

corresponds to a minimum fraction of 1% of the peak intensity
in the dirty image. The stopping criterion for the narrow-band
spectral line data is either nje; = 5000 (maximum number of iter-
ations) or a5 = 0.01, which corresponds to a maximum intensity
of 10 mJy beam™" in the residual image.
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Molecules such as CO isotopologues and SO may have
extended emission in the merged data products (Mottram et al.
2020). As the Clark algorithm assumes emission from point
sources, the CLEANed map may have point-like artifacts. The
SDI algorithm (Steer et al. 1984) may improve the CLEANed
image in such cases. A comparison between the Clark and SDI
algorithms for imaging of the W3IRS4 region is presented
in Mottram et al. (2020). Final data products of the merged
broadband spectral line data of molecular lines with potential
large-scale emission ('*CO 2-1, SO 65-54, H,CO 303-202,
H2CO 32!2—22’1, HQCO 32’]—210) CLEANed using the SDI
algorithm with robust weighting (robust parameter of 3, 6 ~
0”6), with a stopping criterion of nj, =25 000 are provided as
well. Primary beam correction is applied to the continuum and
spectral line data products.

In this study, we use the primary beam corrected NOEMA-
only continuum and merged (NOEMA + IRAM 30 m) broad-
band spectral line data. Both data products are imaged with the
Clark algorithm and a robust parameter of 0.1, resulting in the
highest angular resolution (8 ~ (0”4). Table 2 summarizes the
properties of the standard and self-calibrated data products for all
regions, including the synthesized beam (major axis 6p,j, minor
axis Onin, and position angle PA), noise of the continuum data
O cont» continuum peak intensity /peac, and noise in the merged
(NOEMA + IRAM 30 m) spectral line data ojine map- The mean
map noise of the merged spectral line data is 0.44 K.

3. Physical structure

The linear spatial resolution of the CORE sample ranges from
300—-2300au. At this spatial resolution, it is not possible to
resolve potential disks surrounding the protostars, but these can
be studied and characterized through a kinematic analysis of
the line profiles (Ahmadi et al. 2019). However, we do resolve
the gas and dust envelopes around individual cores which can
be approximated as spherically symmetric objects for which the
radial temperature profile 7'(r) and radial density profile n(r) of
the envelope gas can be described by power-laws (e.g., van der
Tak et al. 2000; Beuther et al. 2002; Palau et al. 2014):

T(r)=Th x(rl)q (1)
n(r) = i (i)p @)

with T, =T (rin) and ny, =n(ri,) at an arbitrary radius ri,. The
temperature power-law index ¢ and density power-law index
p of the core envelopes are important properties of HMS-
FRs. By studying these quantities with observations, theoretical
analytical models on how massive stars form can be constrained.

3.1. Continuum emission

A detailed analysis of the continuum data is presented in
Beuther et al. (2018). The updated GILDAS self-calibrated con-
tinuum data are shown in contours in Fig. 3. While the sample
was selected to be largely homogeneous in luminosity, at an
angular resolution of ~0”4, a variety of structures can be iden-
tified. While some regions appear as isolated single objects
(IRAS 23151, AFGL2591), others show spatially separated
cores (IRAS23033, G108.75, G139.9091, S106, CepA HW2,
W3 H20). There are regions in which fragmentation is observed
within an embedded envelope (IRAS 23385, IRAS 21078).
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Many of the regions have a complex morphology such as
filamentary structures and extended envelopes (G084.9505,
G094.6028, G100.38, G138.2957, G75.78, NGC 75381IRS9,
S871IRS1, W3 IRS4).

In this study, we aim to analyze the physical properties and
chemical variation across the regions, therefore, we selected a
number of positions throughout the different regions. Deriv-
ing the column density of all detected species in every single
spectrum in each region is computationally expensive and we
restrict this method to the analysis of the H,CO and CH3CN
temperature maps (Sect. 3.2). In order to study the cores and
envelopes around forming protostars, we selected positions
which have a clear spherically symmetric core-like morphol-
ogy in the 1.37 mm continuum data which is the case for most
regions toward the continuum peak position, but also multiple
spherically symmetric objects within a region can be identified
(e.g., toward IRAS 23033). In addition, we select positions in the
extended envelopes to study potential differences in the chemical
abundances. The in total, 120 selected positions are summarized
in Table A.1 and marked in Fig. 3. The nomenclature of each
position is denoted by the region name and increasing number
with decreasing 1.37 mm continuum intensity. For each region,
position 1 is toward the 1.37 mm continuum emission peak.

In order to estimate the H, column density (Sect. 4.1), we
require for all positions to be detected in the 1.37 mm continuum
(I137mm = S50 cont). The number of selected positions is higher
toward regions with extended envelopes and complex morpholo-
gies (e.g., IRAS 21078 and G138.2957) compared to compact
regions (e.g., G139.9091 and S106). In this study, we define (in
Sect. 3.2) a “core” as an object that shows a radially decreas-
ing temperature profile over at least the width of two beams. In
Sect. 5, we apply a 1D physical-chemical model to these defined
cores using the observed temperature and density structure ana-
lyzed in Sects. 3.2 and 3.3, respectively, and observed molecular
column densities (Sect. 4). These positions are labeled as “C”
(core) in Table A.1. The remaining positions are locations in the
dust envelope and environment around the cores. There are a few
positions with a clear spherically symmetric core morphology
in the dust emission, but no temperature profile can be derived
(e.g., position 1 in S106). Cores with unresolved radial temper-
ature profiles are also not included in this approach. In total we
select 120 positions including 22 core positions. The broadband
spectra of the 120 positions are shown in Fig. F.1. Table A.l
lists the noise of the broadband spectrum extracted from these
positions and the systemic velocity vy sg determined from the
C'30 2-1 line, which may differ from the average region vy sg
(listed in Table 1) due to velocity gradients within the region
(see Sect. 4.2). In contrast to this core definition, in the analy-
sis by Beuther et al. (2018), “cores” are defined as fragmented
objects with emission >100 oy using the clumpfind algorithm
(Williams et al. 1994) and, thus, more cores are found in their
analysis.

3.2. Temperature structure

To reliably determine the rotation temperature, Ty, it is required
to observe multiple transitions of a molecule. We use formalde-
hyde (H,CO) and methyl cyanide (CH3;CN) as thermometers to
determine the temperature structure of the regions, as both have
multiple strong and optically thin lines in our spectral setup.
The spectral line properties of these molecules are listed in
Table B.1.

We model the spectral line emission of these molecules
using the eXtended CASA Line Analysis Software Suite (XCLASS,
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each region is adjusted to only show the area with significant emission (=50 ), and for regions with wide-spread emission, the primary beam is

indicated by a black circle.

Moller et al. 2017)3. With XCLASS, molecular lines can be mod-
eled and fitted by solving the 1D radiative transfer equation. In
the calculation of the Gaussian line profiles optical depth effects
are included. For each molecule, the properties of all transitions
are taken from an embedded SQlite3 database containing entries
from the Cologne Database for Molecular Spectroscopy (CDMS,
Miiller et al. 2005) and the Jet Propulsion Laboratory (JPL,

3 https://xclass.astro.uni-koeln.de/

Pickett et al. 1998), using the Virtual Atomic and Molecular Data
Centre (VAMDC, Endres et al. 2016).

The broadband spectral setup includes three strong formalde-
hyde lines, two of which have the same upper energy level, and
one weak transition from the H53CO isotopologue. The H,CO
and H?CO are fitted simultaneously in XCLASS using an iso-
topic ratio calculated from Wilson & Rood (1994): 2C/'3C ~
7.5 X dgy + 7.6. The '2C/'3C ratio is listed in Table 1, for each
region. While formaldehyde is a good low-temperature gas tracer
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Fig. 3. continued.

at Tyin < 100K (Mangum & Wootten 1993), at high densities
and temperatures, the 3p3—2¢, transition is optically thick and
a reliable temperature can no longer be derived from the line
ratios with this method (Rodén et al. 2012; Gieser et al. 2019). To
determine temperatures at higher densities, we use nine methyl
cyanide lines (J=12-11 and K =0-8, E,/kg =69-526K). In
addition, seven lines of the CH;3 CN isotopologue are fitted
simultaneously (J=12—-11 and K =0-6, E,/kg =69-326K). A
detailed discussion of the line optical depth is given in Sect. 4.2.

In XCLASS, each molecule can be described by a number of
emission and absorption components. The fit parameter set of
each component consists of the source size Oyource, the rotation
temperature T, the column density N, the linewidth Av, and
the velocity offset from the systemic velocity v,g. It is possible
to choose a variety of algorithms that can also be combined in an
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algorithm chain in order to find the best-fit parameters by min-
imizing the y? value. We adopted an algorithm chain with the
Genetic and the Levenberg-Marquardt (LM) methods optimizing
toward global and local minima, respectively.

For each region, we use the myXCLASSMapFit function to
fit the H,CO and CH3CN lines in each pixel within the pri-
mary beam. All lines with a peak intensity >100ipe,map are fitted
with one emission component. We chose a high threshold of
100 ine,map S0 multiple transitions have a high S/N to accurately
determine the rotation temperature. Only a single value can be
set as the threshold in the myXCLASSMapFit function, therefore,
toward the edges of the primary beam, the temperature estimates
are less reliable due to an increase in the noise.

Under the assumption of local thermal equilibrium (LTE),
the kinetic temperature of the gas can be estimated from the
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Fig. 3. continued.

rotation temperature Tyin, = Trot. As HMSFRs have high den-
sities n > 10° cm™ toward the locations of the protostars, the
LTE can be assumed here (Mangum & Shirley 2015). The
critical densities, 7 = /C‘—:i, for the CH3CN and H,CO lines

are ~4x 10®cm™ and ~3 x 10°cm™, respectively (A, is the
Einstein A coefficient and C\, is the collisional rate coefficient).
Here, we use C, measured at 140K taken from the Leiden
Atomic and Molecular Database (LAMDA, Schoier et al. 2005).
The H,CO and CH;CN temperature maps of each region are
shown in Fig. C.1. The H,CO lines trace the extended low
temperature gas at 10—100 K. The CH3CN maps mostly show
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spatially compact emission tracing the higher temperature gas at
>100K.

For each selected position (Table A.1), we extract the H,CO
and CH3CN radial temperature profile which are binned in steps
of half a beam (Ar). In each bin, the uncertainties are computed
from the standard deviation of the mean. After a first visual
inspection of all radial profiles of the 120 positions, we select
all positions with a radially decreasing temperature profile along
at least two beams in at least one temperature tracer. With this
method, we are able to extract in total 22 positions, which we
define as “cores”. The radial temperature profiles of the cores
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Fig. 3. continued.

are shown in Fig. 4. In cases where both temperature tracers
are detected toward the central core (e.g., IRAS 23033 2), the
observed H,CO temperature profile has significantly higher val-
ues when compared to CH3CN. As discussed previously, this
is due to the high optical depth in these dense regions causing
the fit algorithm to converge toward high temperatures. The line
optical depth is discussed further in Sect. 4.2.

We fit the profiles with a power-law according to Eq. (1)
using the minimum y? method to derive the temperature power-
law index g. We used the CH3CN temperature profile for the
fit if it is detected along at least two beams and the H,CO
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temperature profile otherwise. The inner radius is the temper-
ature at a radius of half the beam size r;, = Ar. The outer radius
Tout 18 chosen as a local minimum, when T (Fou) < Trot(Four + AF)
and Tyo(Four) < Trot(Four + 2Ar). In cases where the outer radii
of nearby cores overlapped or the 2D temperature distribution
would become highly asymmetric, we reduced the outer radius.
The outer radii are also marked in Fig. 4. The fit results for g, riy,
Fout> and Ty (rin) are summarized in Table 3 for each core.

A histogram of the temperature power-law index ¢ is shown
in Fig. 5. Most of the data points are distributed between 0.1 and
0.6, but three outliers are located at ¢ > 0.9. A Gaussian fit to the
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data with ¢=0.1-0.6 yields an average value of g=0.4+0.1,
which is in very good agreement with theoretical predictions
(Emerson 1988; Osorio et al. 1999; van der Tak et al. 2000) and
observations (e.g., Palau et al. 2014, 2020). The issue of optical
depth of the H,CO lines and CH3;CN being only detected toward
the densest parts result in the high uncertainties and spread in g.
We observe a broad range of g with shallow profiles (¢ =0.1) up
to steep profiles (¢ = 1.5). In order to study if ¢ is constant for all
high-mass cores or if the range of ¢ is real, observations of more
cores are required. Osorio et al. (1999) and van der Tak et al.
(2000) suggest steeper values for g on scales <2000 au. In addi-
tion, the temperature maps and radial profiles are 2D projected,
whereas the real 3D profile may be more complicated.

3.3. Density structure

In contrast to the merged (NOEMA + IRAM 30 m) spectral line
data, the 1.37 mm continuum NOEMA data suffer from missing
flux due to the lack of short-spacing information. Therefore, it
is difficult to reliably derive radial intensity profiles in the final
images that are required to determine the density structure. This
issue can be minimized by analyzing instead the complex visi-
bilities of the 1.37 mm continuum data in the uv-plane (Adams
1991; Looney et al. 2003; Beuther et al. 2007b; Zhang et al.
2009). Assuming spherical symmetry, the power-law index of
the complex visibility profile « is related to the density power-
law index of the radial density distribution p by (Looney et al.
2003):

a=p+q-3. (3)

For each core position, the phase center is shifted to this loca-
tion. The remaining cores within a region are fitted as a point
source + circular Gaussian (to account both for the compact and
the extended emission) and subtracted using the UV_FIT task in
GILDAS. With this approach, the blending of nearby cores in the
visibility profiles within a single region can be minimized. The
azimuthally averaged complex visibilities, computed using the
UVAMP task in MIRIAD (Sault et al. 1995), are binned in steps of
20kA. The radial visibility profiles are shown in Fig. 6. The uv
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distances range from ~20—-800 m corresponding to spatial scales
of ~10°-10° au at distances of a few kpc. We apply a power-
law fit to the data in order to derive the power-law index «. The
density power-law index p is calculated according to Eq. (3), tak-
ing into account the temperature power-law index ¢ derived in
Sect. 3.2. The results for a and p for all cores are summarized in
Table 3.

Most of the visibility profiles (Fig. 6) can be described by
a single power-law. The higher scatter at large uv distances is
due to the fact that less data is available at long baselines. For
IRAS 23385, the visibility profiles of core 1 and 2 do not follow
a simple power-law. Toward smaller spatial scales (<10* au), the
profiles are steeper. This could be due to the fact that even though
the contribution of nearby cores is minimized by subtracting a
point source + circular Gaussian, in the case of IRAS 23385, it is
not possible to clearly distinguish the contribution of both cores,
which are embedded within a common dust envelope.

The histogram of the density index p is shown in Fig. 7.
Using the observationally derived values of ¢, the power-law
index ranges from 1.4-2.4. Fixing the temperature power-law
index ¢ to the mean value of 0.4 and calculating p with the results
from the uv-analysis, the distribution of p gets narrower, peaking
at p=2.0-2.1. A Gaussian fit to this distribution yields a mean
of p=2.0+0.2. The results of the derived physical structure of
these 22 cores are discussed in detail in Sect. 6.1.

4. Molecular gas content

In this section, we analyze the chemical content of the molecular
gas toward the 18 CORE HMSFRs by studying the molec-
ular column densities derived toward the 120 positions. The
column density of molecular hydrogen N(H,) is derived from
the 1.37 mm dust continuum emission (Sect. 4.1). In addition,
molecular column densities are derived from the merged spec-
tral line data with XCLASS by fitting the emission lines assuming
LTE conditions (Sect. 4.2). Spectra extracted toward the selected
positions are shown in Fig. F.1. In total, we consider 11 species
among a total of 16 isotopologues that are commonly detected
within the 4 GHz spectral bandwidth of the broadband WideX
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HC;3N, CH;0H, CH;3CN. A spectral resolution of 3km s~ is not

sufficient to study the line widths and kinematic properties in
detail, but sufficient to derive molecular column densities, .
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4.1. Molecular hydrogen and core mass estimate

The beam-convolved molecular hydrogen column density N(H,)
toward all 120 positions and mass calculation of the 22 cores
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Fig. 4. continued.
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that the emission is optically thin (Hildebrand 1983):
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with a gas-to-dust mass ratio p=150 (= A:,I—':”/MML‘:‘, with

AA{I—E: =1.4 and MMLH‘ =0.0091; see Table 1.4 and 23.1 in Draine
2011, respectively), mean molecular weight ¢ = 2.8 (Kauffmann
et al. 2008), hydrogen mass my, beam solid angle Q, dust opac-
ity k,=0.9cm? g~! for dust grains with a thin icy mantle at a
gas density of 10® cm™ at 1.3 mm (Ossenkopf & Henning 1994),
the Planck function B,(T), and distance d. F), is the integrated

intensity of each core within the outer radius, rqy,.
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Table 3. Results of the physical structure (Sect. 3) and estimated chemical ages (Sect. 5) of the cores.

Region + Tin Tout Txin(rin) q @ p More Tchem

number (au) (au) (K) (M) (yr)

IRAS 23033 1 1837 5720 1149+ 8.2 034+0.117 -044+0.03 2.22+0.11 6.06+1.29 3.4(4)-9.8(4)
IRAS 23033 2 1837 4767 1672+ 6.6 0.48+0.20" -0.73+0.05 1.79+0.21 7.81+1.59 1.8(4)

IRAS 23033 3 1837 3813 160.8+ 8.0 0.96+0.07" -0.65+0.05 139+0.09 5.22+1.08 1.9(4)

IRAS 23151 1 1392 2926 1292+ 47 027+011" -048+0.01 2.25+0.11 3.28+0.67 1.9(4)-8.4(4)
IRAS 23385 1 2299 4345 2395+121 0.14+0.05" -0.63+0.05 2.23+0.07 4.43+0.92 4.9(4)

IRAS 233852 2299 4345 226.0+23 021+0.04" -039+0.06 240+0.07 2.30+046 9.5(4)

AFGL 2591 1 1394 2926 1599+ 68 025+0.08" -0.63+0.02 212+0.08 743+152 8.4(4)
CepAHW2 1 289 931 2382+114 031+£0.02* -044+0.02 225+0.03 124+026 8.44)
CepAHW22 289 776 170.5+13.3 0.56+0.100 -0.45+0.05 1.99+0.11 0.28 £0.06 1.9(4)-8.8(4)
G084.9505 1 2273 6097 169.0+ 0.8 1.38+0.057 -0.79+0.03 0.83+0.06 1.67+0.33 1.7(4)
G094.6028 1 1584 4434 183.8+454 148+027"7 -0.75+0.04 0.77+027 2.35+0.76 5.7(4)-8.4(4)
G100.38 1 1452 3880 68.2+ 0.7 0.41+£0227 -0.76+0.05 1.83+0.23 1.85+037 8.4(4)
G108.751 2044 4767 1112+ 8.2 0.56+0.09" -0.30+0.03 2.14+0.09 2.58+0.55 2.0(4)
G108.75 2 2044 5720 829+ 2.6 0.23+0.02" -0.87+0.04 190+0.04 3.73+0.76 1.1(5)
G075.78 1 1642 5055 176.8+ 0.3 0.29+0.05* -0.64+0.04 2.07+0.06 921+1.84 8.44)

IRAS 21078 1 612 1330 1355+ 02 043+0.05° -0.90+0.05 1.67+0.07 1.60+0.32 5.54)-9.2(4)
IRAS 21078 2 612 1330 1219+ 34 0.59+0.01" -1.10+0.05 1.31+0.05 1.70£0.34 494)

NGC 7538IRS91 1114 2394 2005+ 0.9 038+0.04* -037+0.04 225+006 1.60+0.32 8.4(4)
S871IRS1 1 1005 2439  112.0+ 5.2 0.45+0.07" -0.52+0.04 2.03+0.08 2.15+0.44 5.9(4)
W3H20 3 770 1774  176.6 109 0.59+0.06* -0.65+0.09 1.76+0.11 11.61 £2.44 8.4(4)

W3 H20 4 770 1774 1664+ 9.0 045+0.03* -0.89+0.09 1.66+0.09 11.22+2.33 8.6(4)
W3IRS4 1 780 1774  173.0+154 0.54+0.08* -0.52+0.05 194+0.09 114+0.25 2.0(4)-8.6(4)

Notes. The density power-law index p is calculated according to Eq. (3). The core mass M. is calculated according to Eq. (5). The estimate of
the chemical timescale Tqher is explained in detail in Sect. 5.2. a(b) = a x 10P. Fit results for 7, Zou» Tkin(7in), and g derived from either the H,CO
or CH;CN radial temperature profiles (Fig. 4) are indicated by either a 1 or *, respectively.

sFT ~ T "~ T T T T In order to validate that the assumption of optically thin dust
emissio