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ABSTRACT

We have identified 453 compact dense cores in 3 mm continuum emission maps in the ALMA Three-millimetre Observations of
Massive Star-forming regions survey, and compiled three catalogues of high-mass star-forming cores. One catalogue, referred to
as hyper/ultra compact (H/UC)-H 11 catalogue, includes 89 cores that enshroud H/UC H 11 regions as characterized by associated
compact H40« emission. A second catalogue, referred to as pure s-cHMC, includes 32 candidate hot molecular cores (HMCs)
showing rich spectra (N > 20 lines) of complex organic molecules (COMs) and not associated with H/UC-H1I regions. The
third catalogue, referred to as pure w-cHMC, includes 58 candidate HMCs with relatively low levels of COM richness and not
associated with H/UC-H 11 regions. These three catalogues of dense cores provide an important foundation for future studies of
the early stages of high-mass star formation across the Milky Way. We also find that nearly half of H/UC-H 11 cores are candidate
HMCs. From the number counts of COM-containing and H/UC-H 11 cores, we suggest that the duration of high-mass protostellar
cores showing chemically rich features is at least comparable to the lifetime of H/UC-H 11 regions. For cores in the H/UC-H 11
catalogue, the width of the H40« line increases as the core size decreases, suggesting that the non-thermal dynamical and/or
pressure line-broadening mechanisms dominate on the smaller scales of the H/UC-H1I cores.

Key words: stars: formation — stars: kinematics and dynamics —ISM: clouds — H I regions.

1 INTRODUCTION

High-mass stars (M, > 8 M) play a crucial role in many astrophysi-
cal processes, for example, from the formation of solid material in the
early Universe (Dunne et al. 2003) to the influence on the evolution
of their host galaxies and future generations of star formation in
their natal molecular clouds (e.g. Kennicutt 2005; Urquhart et al.
2014). Despite its importance on different (time and spatial) scales,
high-mass star formation remains much less understood than low-
mass star formation due to the observational challenges presented by
increased distances, rarity, opaque surroundings, and short formation
time-scales (e.g. Zinnecker & Yorke 2007; Tan et al. 2014; Motte,
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Bontemps & Louvet 2018). In addition, high-mass protostars are em-
bedded in a rich cluster environment (e.g. de Wit et al. 2005), which
makes it very difficult to disentangle the physical formation processes
of high-mass stars and numerous low-mass cluster members.
Despite the observational difficulties mentioned above, it has been
known for the past 15 yrs that high-mass stars spend a considerable
fraction of their lifetime (>10 per cent) embedded in their natal
molecular clouds (e.g. van der Tak 2004). From an observational
perspective, this embedded phase can be generally subdivided into
four different groups of objects that represent different evolutionary
stages: (1) Massive dense cores (MDCs; M = 30 M, within ~0.1 pc).
They are generally the nurseries of high-mass star formation (e.g.
Zhang et al. 2009, 2015; Wang et al. 2011; Motte et al. 2018; Li
et al. 2019; Sanhueza et al. 2019; Svoboda et al. 2019), and perhaps
analogous to the prestellar cores in low-mass star formation regions

€20z Iudy ¢ uo sesn NSNI SUND-LSINI A9 Z1729/29/1.082/2/S0G/2101HE/SEIUW /WO dNO"dlWSpede//:Sd)y WOl PapeojuMOQ


http://orcid.org/0000-0003-3343-9645
http://orcid.org/0000-0003-1275-5251
http://orcid.org/0000-0003-3010-7661
http://orcid.org/0000-0003-4659-1742
http://orcid.org/0000-0002-8149-8546
http://orcid.org/0000-0002-5310-4212
http://orcid.org/0000-0003-3520-6191
http://orcid.org/0000-0001-6725-0483
http://orcid.org/0000-0001-9160-2944
http://orcid.org/0000-0002-6386-2906
mailto:hongliliu2012@gmail.com
mailto:liutie@shao.ac.cn

2802  H.-L. Liu et al.

if they are completely starless. (2) High-mass protostellar objects
(HMPOs). They are very luminous, with bolometric luminosities
above 10° Ly, and deeply embedded within massive envelopes
having centrally peaked temperature and density distributions. At
this stage, a (pseudo) disc is formed to transfer on to the HMPOs the
infalling material from the envelope (e.g. Beuther et al. 2002; McKee
& Tan 2003; Cesaroni et al. 2007). (3) Hot molecular cores (HMCs).
They correspond to the compact (<0.1 pc), dense (>103-10% cm™),
massive (~100Mg), and hot (>100K) molecular material that is
radiatively heated intensively (e.g. Kurtz et al. 2000; Hosokawa &
Omukai 2009; Rathborne et al. 2011). Consequently, the intense
radiative heating enriches the gas phase with many complex or-
ganic molecules (COMs) such as CH;0OCH; and CH3;OCHO. (4)
Hyper/ultra compact (H/UC)-H 1 regions. The UC-H I regions refer
to those with sizes <0.1 pc, densities >10* cm™3, and emission
measures >107 pc cm™® (e.g. Wood & Churchwell 1989; Hoare
et al. 2007). The HC-H 11 regions, which are a newly identified class
of compact H1I regions after the discovery of UC-HII, correspond
to those with sizes <0.05 pc, densities >10® cm™>, and emission
measures >107 pc cm™® (Kurtz & Hofner 2005; Hoare et al. 2007;
Yang et al. 2019, 2021).

During the past decades, studies of the embedded phase of high-
mass star formation have made much progress. After a large number
of infrared dark clouds (IRDCs) were revealed by Infrared Space
Observatory (ISO; Perault et al. 1996), Midcourse Space Experiment
(MSX, Egan etal. 1998), and Spitzer (Peretto & Fuller 2009), several
surveys in (sub)millimetre continuum and spectral lines followed
(e.g. Ragan et al. 2006; Rathborne, Jackson & Simon 2006; Simon
et al. 2006; Rathborne et al. 2010; Dirienzo et al. 2015; Sanhueza
et al. 2019), and have established that massive IRDCs harbour the
early, embedded stages of high-mass star and cluster formation. In
particular, the recent ALMA 1 mm survey ASHES led by Sanhueza
et al. (2019), which was designed to mosaic 12 massive (>500 Mg,),
cold (<15K), 3.6-70 um dark cloud clump at the resolution of
~4000 au and mass sensitivity better than 0.2 M, revealed a large
population of low-mass (<1 M) cores but no high-mass (>30Mgy)
prestellar cores on the 0.01-0.1 pc scales. With detailed analysis,
the authors also put several strong observational constraints on cloud
fragmentation, the clustering mode of dense cores, and the dynamical
collapse scenario at the early stages of high-mass star formation.

As for the HMPO and HMC stages, both have many observational
similarities except for the abundance of COMs; for example, they
both are accompanied by massive molecular outflows, infall, and
even rotation (e.g. Zhang et al. 2001, 2005; Beuther et al. 2002; van
der Tak 2004; Liu et al. 2017). Some important physical processes
including mass accretion and disc rotation related to the HMPOs can
therefore be understood from the investigation into the HMCs since
the latter is generally accompanied by rich molecular line emission
that bears both physical and chemical imprints of high-mass star
formation (e.g. Keto & Zhang 2010; Qiu et al. 2012). Focusing
on the HMCs, we find that most of the efforts so far have been
towards individual sources or small samples through single-dish
and/or interferometric observations in the (sub)millimetre regime
(e.g. van der Tak 2004; Beuther 2007; Qin et al. 2008, 2015; Purcell
et al. 2009; Cesaroni et al. 2010; Furuya, Cesaroni & Shinnaga 2011;
Rathborne et al. 2011; Xu & Wang 2013; Herndndez-Herndndez
et al. 2014; Silva et al. 2017; Csengeri et al. 2019; Belloche et al.
2020; Coletta et al. 2020; Sato et al. 2020). Although these studies
have demonstrated the HMC as an ideal laboratory in which to
search for infall, outflow, and rotation motions related to high-mass
star formation, these important physical processes are still far from
being well understood mainly due to the lack of deep, interferometric
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(sub)millimetre observations towards a sufficiently large sample of
HMC:s. For the H/UC-H1I stage, the situation improves; there are
several surveys that serve to characterize the H/UC-H1I regions,
such as IRAS warm dust continuum at far-infrared wavelengths
(Wood & Churchwell 1989; Kurtz, Churchwell & Wood 1994),
CORNISH 5 GHz radio continuum (Hoare et al. 2012; Purcell et al.
2013), and ATLASGAL 870 pwm cold dust continuum (Schuller et al.
2009; Urquhart et al. 2013) surveys. These surveys help define
observationally the H/UC-H1I regions reasonably well in terms of
their sizes, densities, and emission measures (see above).

In addition, some H/UC-H 11 regions are likely still accreting mass,
despite the high pressure of ionized gas (e.g. Sollins et al. 2005; Keto
2007; Keto, Zhang & Kurtz 2008). However, the role that H/UC-H 11
regions play in the early stages of high-mass star formation remains
to be understood. Hopefully, the H/UC-H 11 regions can light up their
immediate surroundings and allow the investigation of the properties
(e.g. density distribution and velocity field) of the surrounding region
in which high-mass stars are formed (e.g. Hoare et al. 2007). The
immediate vicinities of H/UC-H II regions have been the subject of
the (sub)millimetre observation studies, however, the lack of high
angular resolution observations has impeded anything like complete
understanding of H/UC-H I region physics.

In this paper, the third in a series from ATOMS' (e.g. Liu et al.
2020a,b, hereafter, Paper I and Paper 11, respectively), we take advan-
tage of deep, high-resolution ALMA 3 mm observations (see below)
of the ATOMS survey. In Paper I, we introduced the main scientific
goals of the survey through a case study for the G9.62+4-0.19 complex,
including to systematically investigate the spatial distribution of
various dense gas tracers in a large sample of Galactic massive
star-forming clumps, to study the roles of stellar feedback in star
formation, and to characterize filamentary structures inside massive
clumps. In Paper II, we studied the star formation scaling relations
inferred from different dense gas tracers, and suggested that both the
main and isotopologue lines (i.e. HCO*/H'3*CO*, HCN/H'*CN) are
good tracers of the total mass of dense gas in Galactic molecular
clumps, and that the large optical depths of the main lines do not
affect the interpretation of the slopes in star formation relations.

With the ATOMS survey data, in this paper we aim to establish
catalogues of a large sample of both candidate HMCs and H/UC-H 1t
regions as a crucial foundation for future studies for the early stages
of high-mass star formation. The ATOMS survey targeted a large
sample of 146 IRAS clumps (Bronfman, Nyman & May 1996; Liu
et al. 2016), which have masses 5.6 to 2.5 x 10° Mg with a median
value of 1.4 x 10° My, radii of 0.06-4.26 pc with a median value
of 0.86 pc, and bolometric luminosities of 16 — 8.1 x 10° Ly with
a median value of 5.7 x 10* Ly (see table Al of Paper I). All the
targets except for [08076—3556 and I11590—6452 have bolometric
luminosities greater than 10% Ly, and actually more than 90 per cent
of them are high-mass star-forming regions (see Paper I and Paper
II). In addition, the ATOMS targets are located in the first and
fourth Galactic Quadrants of the inner Galactic plane (—80° < [/
< 40°, |b| < 2°) at distances of 0.4-13.0kpc (the corresponding
Galactocentric distances of 0.5-12.7 kpc, see Appendix A for the
distance calculations). 27 distant (d > 7 kpc) sources are either close
to the Galactic Centre or mini-starbursts (like W49N/119078+4-0901),
representing extreme environments for star formation. Overall, the
ATOMS survey contains a diversity of objects suitable for studying
the early stages of high-mass star formation, especially HMC and

' ATOMS: ALMA Three-millimeter Observations of Massive Star-forming
regions survey.
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H/UC-Hu stages, with different physical conditions — including
densities and luminosities — and in different environments, across
a large range of Galactocentric distances.

This paper is organized as follows: Section 2 gives a brief
description about the ALMA observations of the ATOMS survey,
Section 3 presents the results of the extraction and search of the
candidate HMC and H/UC-H 11 cores, Section 4 presents a discussion,
and Section 5 includes the summary of our results and conclusion.

2 ALMA OBSERVATIONS

We make use of the ATOMS survey data (Project ID: 2019.1.00685.S;
PI: Tie Liu, see Paper I and Paper II). The observations were
conducted towards the 146 IRAS clumps in the single-pointing mode
with both the Atacama Compact 7 m Array (ACA; Morita Array)
and the 12 m array (C43-2 or C43-3 configurations) in band 3. Eight
spectral windows (SPWs) were tuned to cover 11 commonly used
lines including the dense gas tracers (e.g. HCO™, HCN, and their
isotopes), HMC tracers (e.g. CH;OH and HC;N), shock tracers (e.g.
SiO and SO), and ionized gas tracers (Hyo«). The basic parameters
(e.g. rest frequency, transition, critical density, and upper energy
temperature) of these lines can be found in Table 2 of Paper 1.
The SPWs 1-62 at the lower side band, with spectral resolutions
of ~0.2-0.4 km s~! were chosen to resolve the line profiles in order
to investigate the kinematics within high-mass star forming clumps,
while the SPWs 7 and 8 at the upper side band, each with a broad
bandwidth of 1875 MHz at a spectral resolution of ~1.6 kms™', were
chosen for continuum emission and line scan observations. Note that
the original spectral resolution of the SPWs 7 and 8 is ~1.6 km s~!
instead of ~3 km s~! as given in Paper 1.

The ACA and 12m array data were calibrated and imaged
separately with the CASA software package version 5.6 (McMullin
et al. 2007), where the continuum image centred at ~93.8 GHz
was cleaned in an aggregated ~4 GHz frequency bandwidth free
of the line emission. More details on the data reduction can be
found in Paper I and Paper II. As we focus in this work on the
very dense, compact HMCs and H/UC-H II regions, in what follows
we will only consider the 12m array data and the analysis is
focused on the primary-beam corrected data. The reduced 12 m
array continuum image and line cubes for the 146 target clumps have
angular resolutions of ~172-1"9 (for reference, 2 arcsec corresponds
to 0.1 pc at a distance of 10 kpc), and maximum recoverable angular
scales ~1475-20"/3. The sensitivity of the 12 m array data is better
than 10 mJy beam™" per 0.122 MHz channel (see Table 1 of Paper I)
for lines, and ~0.4 mJy beam™' for continuum.

3 ANALYSIS AND RESULTS

3.1 Core extraction

To extract compact cores from the 3 mm continuum maps, we make
use of both the Dendrogram algorithm® and CASA imfit function.
Dendrogram can be easily used to extract the dense leaf-like

structures (hereafter referred to as cores), which are the smallest

>The frequency ranges of the eight SPWs are [86.311, 86.369] GHz for
SPW 1, [86.725, 86.784] GHz for SPW 2, [86.818, 86.876] GHz for SPW 3,
[87.288, 87.346] GHz for SPW 4, [88.603, 88.661] GHz for SPW 5, [89.159,
89.218] GHz for SPW 6, [97.530, 99.404] GHz for SPW 7, and [99.468,
101.341] GHz for SPW 8.

3https://dendrograms.readthedocs.io/en/stable/
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structures without substructures in the terminology of the algorithm,
and thus customarily taken to be the candidates for cores. This
technique does not always provide good measurements of the core
parameters such as size and position angle, while CASA imfit performs
better in this regard through a two-dimensional Gaussian fit to the
emission. A visual inspection of the continuum images of the 146
target sources shows that their outer parts, i.e. the area beyond a
radius of 0.01° from the image centre, are much noisier than the
inner parts, where the 0.01° radius corresponds to the pblimit =
0.4. Therefore, we masked out the outer part of the images before
identifying the core structures. To identify cores we followed two
steps. First, using Dendrogram we find cores and determine their
parameters (i.e. centre position, peak flux density, minor and major
axis sizes, and position angle), towards each target clump. Then we
made a more accurate measurement of the core parameters using the
CASA task imfit adopting as initial guesses the parameters determined
in the previous step. This approach has been employed in Li et al.
(2020), and demonstrated to work very well.

In the first step, as inputs of the three key parameters to the
Dendrogram algorithm we used: (i) min_value = 20 3y, where o 3ymm
is the noise level. In practice, we first run the Dendrogram algorithm
to identify the compact cores in the 3 mm continuum image, then
subtract them to obtain a nearly flat residual 3 mm image, and finally
estimate the rms level of the residual image as the noise (0 3,) of the
original 3 mm continuum image as the starting level to construct the
dendrogram. In addition, we used (ii) min_delta = o 3, the default
value in the algorithm to recognize an independent leaf (i.e. the core
structure); and (iii) min_npix = N pixels, where N was chosen to
be equivalent to the area of one beam (depending on the pixel and
beam sizes of the image of each target clump). This was imposed to
ensure a core to be resolvable. Given the above three parameters, the
Dendrogram algorithm automatically locates the cores, and measures
their parameters (see above). To avoid spurious cores, we performed
a post-selection to ensure the selected cores must have peak flux
greater than 50 3mm.

In the second step, we used the parameters of the post-selected
cores determined in the first step as inputs to run the CASA imfit task to
accurately identify the cores, and measure their parameters, including
peak position, major and minor sizes (FWHMy,j, FWHMyy,),
position angle (PA), peak flux (Ffmm), and integrated flux (F;‘,‘,}m .
The measurement uncertainties on the flux are given by CASA imfit.
The uncertainties related to the missing flux effect are not taken
into account in this work since it is found not significant for compact
cores by comparing the 12M data with the combined 12M + 7M data
(Paper I). Through careful visual inspection of the 3 mm continuum
map overlaid with the identified cores, we removed a few fake cores
with poorly fitted shapes. Such cores tend to have a large aspect ratio
(>3) between the major and minor axis sizes, appearing either as a
filamentary structure or as a diffuse emission feature. As a result, we
finally obtained 453 cores from the 146 ATOMS target clumps.

The entire extraction procedure is illustrated in Fig. 1, where we
take the target clump 118032—2032 as an example of identifying
the cores that are contained. The procedure starts from the compact
core extraction on the 3 mm continuum map with Dendrogram in the
left-hand panel, and then moves to the finer core fitting with CASA
imfit in the right-hand panel. Due to the marginal angular resolution
(~2 arcsec) and small intensity contrast in the 3 mm continuum
emission maps, some cores may be missed in the core extraction.
For example, comparing with the higher intensity-contrast range
HC;N (11-10) emission map, one can see that one molecular core
between G009.6197+00.1940 and G009.6207+00.1950 revealed by
HC;3N (11-10) is missing in the core extraction procedure. This is
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Figure 1. Illustration of the core extraction. (a) The preliminary extraction of seven core structures (in black contour) in the target clump 118032—2302 from
3 mm continuum emission by Dendrogram. (b) The final extraction of five finer cores (in yellow ellipses) by CASA imfit. In both panels, 3 mm continuum (in
grey-scale) is overlaid with the velocity-integrated intensity of HC3N (in red contours) over [—35, 45] km s~L. The cores labelled with Galactic names are the
cores remaining after post-selection (see text). One core, between G009.6197+00.1940 and G009.6207+00.1950, is missing in the second extraction procedure
due to either insufficient angular resolution or low contrast against its background. Note that the contour levels start at 3 rms with the steps set by a dynamically
determined power law of the form D = 3 x NP + 2, where D is the dynamic range of the intensity map (i.e. the ratio between the peak and the rms noise), N is
the number of the contours used (eight in this case), and p the contour power-law index. The beam of the 3 mm continuum map and a scale bar of 0.04 pc are

indicated at the bottom left and bottom right of each panel, respectively.

because that core cannot be separated from its adjacent cores or
background emission in the 3 mm continuum emission map but
emerges in higher intensity-contrast HC;N (11-10) emission map.
This issue very rarely occurs in the full sample and predominantly
affects low flux (so presumably low-mass) core (specifically, those
in the ‘unknown core’ category that contains the cores with unknown
nature of star formation so far, see Section 3.3). Hence, the analysis
in what follows is largely unaffected by this issue.

In addition, with both Dendrogram and CASA imfit used in the core
extraction, several major parameters measured from both methods
can be compared. Actually, we find that the flux and position
measurements are consistent in both methods. However, the size
measured by CASA imfit is larger than that in Dendrogram mainly
for the low-flux cores (i.e. in the ‘unknown cores’ category, see
Section 3.3). The position angle measurement in CASA imfit generally
matches the 3mm continuum dense structure orientation better
than that in Dendrogram. These differences mainly come from the
different methods of parameter determination used in Dendrogram
and CASA imfit. In the former, the size and position angle parameters
are derived from the intensity-weighted second moments along the
two spatial dimensions (Rosolowsky et al. 2008) while in the latter
the two parameters are directly derived from Gaussian fitting to the
unweighted intensity spatial distribution. Therefore, to better reflect
the core geometry as seen in 3 mm continuum, we prefer to use the
core parameters measured by CASA imfit.

3.2 Search for candidate HMCs and H/UC-H 11 cores

One important step towards understanding high-mass star formation
is to search for the massive cores that harbour the early stages
of high-mass star and cluster formation. Clues to high-mass star
formation can be inferred from the properties of massive starless
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and/or prestellar cores (e.g. Yuan et al. 2017), the spectral energy
distribution (SED) of HMPOs (e.g. Rathborne et al. 2005), HMCs
(e.g. Kurtzetal. 2000; Rathborne et al. 2011), H/UC-H 11 regions (e.g.
Churchwell 2002; Hoare et al. 2007), and some masers (e.g. Class II
CH3OH masers), which exclusively trace high-mass star formation
(e.g. Wang et al. 2014). Here, we focus on the search of massive
cores associated with HMCs and H/UC-H 11 regions. The advantage
of the ATOMS survey strategy is that the two wide SPWs 7 and 8
cover many transitions of the COMs (i.e. HMC tracers; see Fig. 12 of
Paper I) and the H40w transition (i.e. the ionized gas tracer). In what
follows, we discuss the search for H/UC-H 1I cores in Section 3.2.1
and COM-containing cores in Section 3.2.2 that could correspond to
candidate HMCs.

3.2.1 Search for H/UC-H i1 cores

The entire procedure of the H/UC-H I core search is illustrated in
Fig. 2, where the core G009.6190+00.1933 from the clump 118032-
2032 is taken as an example. In Fig. 2(a), the velocity-integrated
intensity of H40a emission over a velocity range of 150 km s~!
centred at the systemic velocity of the core (in both the grey-scale and
red contours) is overlaid with the 3 mm continuum (cyan contours).
The core in question is indicated by the white ellipse. Fig. 2(b)
presents the beam-averaged spectrum of H40« at the core centre.
If the H40o emission appears compact and is spatially associated
with the compact continuum core, the core will be classified as an
H/UC-H1 core. Following this rule, we finally obtain 89 H/UC-
H1r cores. Their parameters determined by CASA imfit are given
in Table 1, including the clump and core names (i.e. columns 1
and 2), the measured sizes of the major and minor axes and the
position angle (i.e. columns 4 and 5), the deconvolved sizes of both
axes (i.e. column 6), the core-integrated 3 mm flux (i.e. column 7),
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Figure 2. Illustration of the H/UC-H I core search. (a) Velocity-integrated intensity map of H40a (in both grey-scale and red contours) over [—70, 80] km s~
for the core G009.61904-00.1933 (in white ellipse) in the target clump 118032—2032. The map is centred at the core peak with a size of 10 arcsec. For
comparison, the 3 mm continuum is also superimposed in cyan contours. The synthesized beam and a scale bar of 0.04 pc are drawn at the bottom of the panel.
(b) Beam (2 arcsec)-averaged spectrum of H40« at the core centre. G009.61904-00.1933 is an H/UC-H 1I core as characterized by strong and compact H40«

emission.

the core-peak flux (i.e. column 8). The radii (i.e. column 9) of the
cores were calculated assuming the same distance as that of their
natal clumps (see Paper I). In addition, we measured the line peak
intensity (F{,’ma), the velocity centroid (Vi naox ), and the line width
(A Vyaoe ) of the H40w line for each H/UC-H 11 core by fitting a single-
Gaussian component to the beam-averaged spectrum of H40«. For
comparison (see Section 4.5), the deconvoluted size of the H/UC-
H1 cores from H40« emission was also measured with CASA-imfit
and the corresponding radius (AR™40¢) was computed as above.
These parameters can also be found in last five columns of Table
1. The ARSﬁg"‘ and AVysg, together suggest that the cores with

associated compact H40« emission are indeed H/UC-H11 sources
(see Section 4.5).

3.2.2 Search for COM-containing cores

To quantitatively describe the chemical richness of a core, we use
the number of lines (NVj,.) detected in the two line-scan windows
SPWs 7 and 8. These spectral windows cover tens of transitions
from COMs (e.g. CH3;0OCHO, CH3;CHO, CH3OH, C,HsCN) that are
usually detectable in an HMC, and only two or three transitions of
non-HMC-tracer molecules (i.e. CS (2-1), SO (3-2) or H,CO, see
fig. 12 of Paper I). Counting the emission lines is therefore useful in
a search for the COM-containing cores.

The number of emission lines was determined by searching for
emission peaks above the 3o level across the entire spectrum of
the two SPWs, which was also adopted in Sdnchez-Monge et al.
(2017). In practice, the 1o level was calculated individually for each
source from the standard deviation of the amplitudes in the line-
free emission channels usually located on either or both ends of the
wide SPWs. This method works very well for the sources without a
forest of detectable lines. However, it is generally conservative for
the sources (e.g. the one in Fig. 3a) with a forest of detectable lines
since it is difficult to find completely line-free channels, leading to an
overestimate of the sigma level. To avoid counting spurious peaks,
for example, from the broad-line wings of the spectrum of the outflow
sources, the separation between the nearest neighbours was required
to be at least five velocity channels (i.e. ~8 km s~'). In addition,

a valid peak detection was required to have at least three channels
above the 30 level.

Fig. 3 displays an example of the search for the emission lines from
the beam-averaged spectrum of the two SPWs at the peak position
of two cores, demonstrating that our method works well in counting
emission lines. Note that the two sources given in the example were
in different ALMA observing clusters with the centre frequencies
slightly different, so that the frequency ranges of the sources are
different accordingly. The final COM-containing cores are defined by
the following two criteria, N, > 5 and a compact feature of HC3N
emission. The former ensures at least one transition of the COMs
for each candidate (see above, and Fig. 3), while the latter requires
each candidate to be a compact source in molecular line emission.
Fig. 4 presents an example of the compact COM-containing core in
HC;N emission. Fig. 4(a) shows the velocity-integrated intensity of
HGC;N (in both grey-scale and red contours) over a velocity extent
of 80 km s™! centred at the systemic velocity of the core (in white
ellipse) and 3 mm continuum (in cyan contours), while Fig. 4(b)
displays the beam-averaged spectrum of HC;N at the core centre.

Following the above two criteria, 138 COM-containing cores were
selected. We find that 48 out of these 138 COM-containing cores are
spatially associated with H/UC-H 11 cores (positions matching within
aradius of 2 arcsec, comparable to the beam size), and thus are H/UC-
H 1-associated candidate HMCs (cHMCs, hereafter). Note that the
HMC is a definition from the molecular chemistry study, and has
been observationally found to overlap the H/UC-H 11 regions. Given
their masses and densities (see Section 4.2), most of the remaining
90 COM-containing cores are cHMCs and they all are thus treated
as HMC candidates for simplicity.

To make a robust sample of cHMCs, the 138 COM-containing
cores are divided into two groups of cHMCs using the values of
Niine- As shown in Fig. 5, one group, regarded as strong-cHMCs
(s-cHMC:s), contains 56 high-level COM-containing cores with Nj;pe
> 20, and the other group, regarded as weak-cHMCs (w-cHMCs),
contains 82 low-level COM-containing cores with 5 < Njj,e < 20. In
each group, there are 24 cHMCs associated with H/UC-H 11 cores.
The threshold Ny, = 20 is somewhat arbitrary, based on our visual
inspection of the spectra of all cHMCs, but does not matter too
much in the following statistical analysis. Moreover, to distinguish
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—35.8+£1.6 28.0£1.6

—382+1.6 28.6+1.6
—57.0£1.6 341+£1.6

179 £0.8
70.0 £ 1.8

+0.1
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+1.5
5873
12.1 +0.8
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482+1.0
2014.0£46.0 76.6+ 1.7
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12.5 x 8.6
7.3 x5.6
1.0 x 1.0
4.8 x4.3
5.0x 4.5

7.3
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2.8 x23

—0.3

11.5 +0.3
23 +0.6

112572—6316  G303.9302—00.6879¢
113080—6229  G305.1961+400.0331¢

113291-6249

12.6 x 8.9
7.6 x59
24 x19
5.0 x 4.8
5.4 x 4.8

—0.6
+0.5
—0.5

—0.4
1.6 +0.1

510+ 1.5
3478 £ 1.8

—0.7
1.6 +0.1

53.1£0.8

562.4+9.3

4.2
1.9

7.8

G307.5605—00.5870

6.6 106

—0.1
3.0 +0.6

1.1 x 1.0
4.1 x 3.0
3.5 % 2.6

—0.1
+0.8
39705
35 +0.6

848.0 +£21.0 648.0 = 10.0
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35 +0.7
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114013—6105
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+0.5
—0.5

G311.6273+00.2902
G312.1084+00.3093

—0.4

—46.5+1.6 41.0£ 1.6

—0.6

487.0 £ 16.0

3.1

114050—6056

Note. *This core is associated with a COM-containing core or COM-containing cores. FWHM is the measured core size while FWHMg. is the corresponding deconvolved size. Reore follows the form of Re/3600

mainly result from the distance uncertainties and those on the fluxes arise

H40,
core

x /180 x D, where Ry is the effective radius equal to /FWHMgec/2, and D is the distance of the core. The errors on Reore and R

from the 2D Gaussian fitting in the core extraction. Only a small portion of the data are provided here and the full table will be available as supplementary material.

the cHMCs between with H/UC-H 11 and without H/UC-H 11 cores,
32 pure s-cHMCs and 58 pure w-cHMCs are separated from the
entire sample of the 138 cHMCs (see Fig. 5), and compiled into
the two catalogues, one called pure s-cHMCs and the other one
pure w-cHMCs. That is, pure cores refer to those without H/UC-
H1 signatures. The parameters of the two catalogues are tabulated
in Table 2 for pure s-cHMCs, and in Table 3 for pure w-cHMCs,
including the clump and core names (columns 1 and 2), the measured
sizes of the major and minor axes and the position angle (columns
4 and 5), the deconvolved sizes of both axes (column 6), the core-
integrated 3 mm flux (column 7), the core-peak flux (column 8), the
radius (column 9), the number of lines (column 10), the mass (column
11), the number density (column 12), and the mass surface density
(column 13). The last three parameters were calculated following the
equations in Appendix B for a fixed temperature of 100 K typical of
a hot core. The median radius is 1.6 x 1072 pc in an interquartile
range (IQR)* of [1.0, 2.3]x 1072 pc for the catalogue of 32 pure
s-cHMCs, and 2.6 x 1072 pc in an IQR of [1.7, 5.2]x 1072 pc for
the catalogue of 58 pure w-cHMCs. These results suggest that most
of the 90 COM-containing cores are indeed compact.

Note that contamination from free—free radiation to continuum
may not be trivial for the cores associated with H/UC-HIL. In
practice, we calculated at a temperature of 100K the masses for
two types of cores: pure cHMCs and cHMCs associated with H/UC-
H11 sources (i.e. compact H40« emission). In comparison, we found
that the mass of the latter cores (~10*My) is on average about
two magnitude higher than that of the former cores (~10>Mg).
This result suggests that contamination by free—free radiation is
non-negligible in calculating the flux-related parameters. Since this
contamination cannot be accurately determined, we do not give the
estimate of the continuum flux-related parameters for the H/UC-H 11
cores such as the mass.

3.3 Compact dense core list not associated with either cHMC
or H/UC-H1t

As described above, we extract 453 cores in 3 mm continuum. Of
these, 89 are classified as H/UC-HII, 32 as s-cHMC, and 58 as w-
cHMC. The remaining 274 cores lack observationally quantifiable
metrics for association into any of the three categories above.
Hence, we refer to these as ‘unknown cores’ (see Table 4). These
‘unknown cores’ could be simple continuum flux condensations
in an earlier evolutionary stage. Indeed, chemically poor HMPOs
and candidate massive prestellar cores have been detected in some
massive protoclusters (e.g. Liu et al. 2017). However, it is also
possible that some (to date) unknown but potentially significant
fraction of these ‘unknown cores’ may actually be cHMC or H/UC-
H 11 cores that fall below our sensitivity limit due to spatial resolution,
distance, and/or flux limitations. These will be investigated in more
detail in future work.

For reference, the mass, number density, and mass surface density
of the ‘unknown’ cores (see Table 4) were calculated (see Appendix
B) assuming a dust temperature of 25K. This temperature is
comparable to the median value of the clumps that do not have
cHMC or H/UC-H1 signatures. As a result, these cores have a
median radius of 2.4 x 1072 pc in an IQR of [1.3, 4.6] x 1072 pc, a
median mass of 19 Mg in an IQR of [5, 99] Mg, a median number
density of 0.6 x 10° cm™ in an IQR of [0.3, 1.3] x 10° cm™3,

4The IQR is a measure of statistical dispersion, being equal to the difference
between 75th and 25th percentiles, or between upper and lower quartiles.
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Figure 3. Beam (2 arcsec)-averaged spectrum of SPWs 7 and 8 at the emission peak of the two COM-containing cores (see definition in text) from two ATOMS
clumps. The core and clump names are labelled on top of each panel. The red squares indicate the emission lines above 3 rms and their total number is given to
the parameter Njipe. The horizontal dashed line indicates the 3 rms noise level across the two spectral windows. For reference, the five lines of panel (b) in an
order of decreasing intensity are CS (2-1), SO (3-2), HC3N (11-10), CH3OH, and H,CO, respectively.
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Figure 4. (a) Velocity-integrated intensity map of HC3N over [—35, 45] km s~! (in both grey-scale and red contours) for the G009.61974-00.1940 core (in
white ellipse) and its surroundings. The map is centred at the core peak with a size of 10 arcsec. For comparison, the 3 mm continuum is superimposed in cyan
contours. The synthesized beam and a scale bar of 0.04 pc are drawn at the bottom left of the panel. (b) Beam (2 arcsec)-averaged spectrum of HC3N at the core
centre (i.e. the white ellipse in panel a).
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Figure 5. Venn diagram showing the relation between 138 COM-containing
and 89 H/UC-H 11 cores. The 138 COM-containing cores consist of 58 pure
and 24 H/UC-H1-associated w-cHMCs and 32 pure and 24 H/UC-H1-
associated s-cHMCs.

and a median mass surface density of 2.2 g cm™2 in an IQR of [1.1,
4.3]g cm™2. The properties of the ‘unknown’ cores will be more
thoroughly investigated in a forthcoming paper.

4 DISCUSSION

4.1 Limitations in dense core extraction and classification

Our ATOMS survey consists of a uniform sensitivity and angular
resolution survey towards regions located over a large range of
distances. Consequently, the dense core extraction, as discussed
above, is affected by variations of factors of order of ~10 in distance
across the sample. Here, we focus on the most robust (brightest)
portion of our sample (i.e. w-cHMC, s-cHMC, and H/UC-H 11 cores,
see Section 3.2).

Fig. 6 shows how the radii (R) and masses (M) depend on distances
(D) for the three groups (w-cHMC, s-cHMC, and H/UC-H 11) of dense
cores. There are clear increasing trends in R versus D and M versus
D relations, further suggesting that distant sources were not well
resolved. With future higher resolution observations, we expect that
these distant cores with sizes of ~0.1 pc would break down to smaller
sub-cores or condensations with sizes of ~0.01 pc. Moreover, the
masses of the w-cHMC and s-cHMC cores can be found in Fig. 6(b)
far above the detection limit, which is in agreement with the nature
of bright emission in continuum for those two types of cores.

Moreover, beam dilution impairs detection of hot and H/UC-H 11
cores at large distances. Therefore, we assume a smaller detection
rate of such cores at larger distances. We tested this assumption by re-
examining the detectablity of the COM and H40w lines after pushing
the observations of the relatively nearby sources to a large distance. In
practice, we smoothed the cubes of SPWs 7 and 8 for 10 cHMCs and
5 H/UC-H 11 cores at distances <2 kpc to the larger beam size that was
transferred from the ATOMS typical angular resolution (~1.6 arcsec)
at a fixed far distance of 5Skpc. In consequence, only 30 percent
of the selected cHMC sources were re-identified using the same
HMC identification method as in Section 3.2.2, while 80 per cent of
the selected H/UC-H 11 sources have been re-identified. This result
suggests that beam dilution affects the detectabiliy for cHMCs more
than it does for H/UC-H 1I cores at the ATOMS sensitivity.

Furthermore, Fig. 7 shows the distance distributions of three
groups of clumps, which contain w-cHMC, s-cHMC, and H/UC-
H11. For comparison, we also plot the distance distribution of the full
sample. Indeed, we find that the candidate hot cores (w-cHMC and
s-cHMC) tend to be located at nearer distances (Figs 7b and c), with

MNRAS 505, 2801-2818 (2021)

their cumulative distribution curves (in red and blue colours in Fig.
7a) above the curve (in grey colour) for the full sample.

We test whether the distance distributions of clumps containing
different kinds of dense cores follow the same distribution as the full
sample with Kolmogorov—Sminov test. The unknown hypothesis is
that two distributions follow the same distribution. The tests are
consistent with the unknown hypothesis for the w-cHMCs group (P-
value = 0.37) and H/UC-H1I group (P-value = 0.67) due to their
P-values being greater than 0.05, suggesting that the detection rates
of w-cHMCs and H/UC-H 11 are not greatly affected by the distance
issue. In contrast, the P-value for s-cHMCs is 0.06, indicating
that the detection of s-cHMCs is significantly limited by distances.
It may imply that the detection rate of s-cHMCs is significantly
underestimated for distant sources. This is in line with the cumulative
distribution function of distances (Fig. 7a). In the figure, clumps with
s-cHMC appear to show smaller distances (~2.6kpc on average)
than those (~3.2 kpc on average) with w-cHMC, indicating that the
detection of hot cores at large distances is incomplete.

4.2 Nature of the COM-containing and not
H/UC-H 11-associated cores

Since emission in the COM transitions covered by the ATOMS
observations can be detected towards several distinct objects, in-
cluding low/high-mass prestellar cores, HMPO cores, HMCs, and
even hot corinos associated with low-mass protostars (e.g. Vastel
et al. 2014; Jiménez-Serra et al. 2016; Soma et al. 2018; Csengeri
et al. 2019; Molet et al. 2019; Hsu et al. 2020; Jorgensen, Belloche
& Garrod 2020), it is necessary to constrain the nature of the 90
COM-containing cores that are not associated with H/UC-H1I (see
Section 3.2.2). To this end, we investigate the distribution of both the
mass (Mq) and the mass surface density (Xcor) of the 90 COM-
containing cores, as shown in Fig. 8. They have a median value of
mass equal to ~57 M, inan IQR of 19-138 M, and surface densities
with a median value of ~6.5g cm~2 in an IQR of 3.3-15.6 gcm™2.

Theoretically, cores (on scale <0.1pc) with X5 > 1g cm™
will most likely form high-mass stars (Krumholz & McKee 2008).
Searching from existing maser catalogue® (Ladeyschikov, Bayandina
& Sobolev 2019), we find that ~34 per cent of the 90 COM-
containing cores are associated with Class II CH;OH masers located
within the core size (red dots in Fig. 8). Class II CH3;0OH masers
have been found to be exclusively associated with high-mass star-
forming regions (e.g. Cyganowski et al. 2009). The spread of ¥ o
for the cores associated with the CH3;OH masers is consistent with
the theoretical prediction (i.e. the red dots versus the vertical dashed
line in the figure). Following the threshold X > 1g cm 2, we
find that ~96 per cent of the 90 COM-containing cores above it will
most likely form high-mass stars. We note that there are six COM-
containing cores, three of which are associated with Class II masers,
above the threshold but with Mo < 10 Mg. We suggest that these
cores could have been in the process of forming high-mass stars for
a significant fraction of their lifetime, so that a large fraction of their
mass has been accreted on to the central HMPOs. We also note that if
the actual temperature of the 90 COM-containing cores is lower than
100 K, the possibility that they form high-mass stars will be higher.
For reference, if the temperature is assumed to be 50 K, the mass and
surface density will be about two times higher.

Overall, the probability that the identified COM-containing cores
are associated with low-mass star forming objects (i.e. low-mass

2
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Table 2. Parameters of the COM-containing but not H/UC-H 11-associated cores with Njipe > 20 (or pure s-cHMC).
Name Gal. name D FWHM PA FWHM e Fsi"m‘h F;:“m Reore Nine  log(Mcore) log(ncore) X core

maj (arcsec) X maj (arcsec) X (1072

clump core (kpc) min (arcsec) (deg) min (arcsec) (mly) (mJy beam™") pc) Mp) (cm™3) (g cm™2)
108303—4303  G261.6444—02.0890 2.4 703 23 x 2.1 58.0 19x 15 182£0.8 70+£02 1073 28 11507 6.6 39 8.2
108470—4243  G263.2500+00.5137 2.4 196 2.6 x 2.1 147.6 21x 15 38.0£0.9 135+£02 1013 6l 1470 6.8 142 15.6
113134—6242  G305.7992—00.2447 2.0 704 34 %27 171.5 24 x 2.1 103.8 + 2.4 472+£08 L1703 48 1793 7.0 H43 26.6
1134846100  G310.1436+00.7598 6.9 103 3.5 %32 77.0 2.8 x 2.7 41.1£17 13.0+£04 4613 36 24113 59130 7.0
1144985856  G318.0482+00.0863 2.9 *04 5.2 % 2.6 48.3 4.0 x 2.0 9.1+0.0 42402 2013 33 0.9 104 5.8 131 1.5
114498—5856  G318.0497+00.0868 2.9 704 3.9 x 3.0 63.4 35 %24 60.7 + 1.4 159+£03  20%3 39 187112 6.4 137 9.3
115394-5358  G326.4747+00.7030 2.4 03 52 x 4.4 140.9 4.9 x40 226.7+5.4 284+£06 25703 33 22718 6.6 3% 14.9

Note. The parameters FWHM, FWHMe., and R are derived in the same way as in Table 1. The errors on Regre, Mcore, and ngore mainly result from the distance uncertainties, and those on

the fluxes from the 2D Gaussian fitting in the core extraction. Only a small portion of the data are provided here and the full table will be available as supplementary material.

Table 3. Parameters of the COM-containing but not H/UC-H 1I-associated cores with 5 < Njipe < 20 (or pure w-cHMC).

Name Gal. name D FWHM PA FWHMge. F;:m Ffmm Reore Nine  log(Mcore) log(ncore) Xcore
maj (arcsec) x maj (arcsec) x (1072

clump core (kpc) min (arcsec) (deg) min (arcsec) (mly) (mJy beam™ b pe) Mp) (cm™3) (g cm™?)
1084484343 G263.7737-00.4326 1.4 10¢ 3.5%x23 113.0 3.1 x 2.0 56+ 12 13£02  0970% 9 0.1 71 59129 1.2
109018—4816  G269.1523—01.1279 2.8%0¢ 43 x27 178.5 4.1 x22 519421 86+£03 21704 12 17h3 63138 74
110365—5803  G286.2074+00.1698 3.4 70 3.6 x 3.0 81.9 3.1x25 31.7£1.0 92+02  23M% 10 16715 6.1139 53
111298—6155  G293.8274—00.7461 9.4 104 4.0 x 3.0 92.8 3.6 x 23 418+ 1.9 11.84£04 66793 10 2618 57438 6.5
1113326258  G294.5115-01.6213 1.1 707 5.9 x 4.7 81.2 5.6 x 4.2 30.5+£2.0 38+02 13708 6 0.6 707 5.9 38 1.7
1123266245  G301.1363-00.2235 5.6 *03 34 %21 178.0 23 x 1.1 2120+£520 130.0£21.0 227027 7 29121 7175 1081
1130796218 G305.2084+00.2060 3.0 09 3.5 % 3.0 2238 2.8 x22 97.0 £ 2.6 39.1£08 18704 11 2011 6.7 42 203
113079—6218  G305.20224+00.2072 3.0 70% 3.5 %32 105.0 3.0x20 20.5+2.38 78+£08 1875 11 13109 6.0737 4.4

Note. The parameters FWHM, FWHMe., and R are derived in the same way as in Table 1. The errors on Regre, Mcore, and ngore mainly result from the distance uncertainties, and those on

the fluxes from the 2D Gaussian fitting in the core extraction. Only a small portion of the data are provided here and the full table will be available as supplementary material.

Table 4. Parameters of the ‘unknown’ cores (i.e. no signature of H/UC-H 11 nor cHMC).

Name Gal. name D FWHM PA FWHMyec Fint Flo Reore log(Mcore) log(ncore) Zeore
maj (arcsec) X min maj (arcsec) X min

clump core (kpc) (arcsec) (deg) (arcsec) (mly) (mJy beam™") (102 pc) (Mg) (cm™) (gem™2)
1080763556 G253.2971-01.6156 1.0 {3 51x33 86.4 4.9 x 3.0 1L6+£12  13£01 0.9 104 0.1 1] 59132 0.9
1080763556 G253.2930-01.6113 1.0 {3 22x 1.6 99.3 1.6 x 1.1 18805  98+02 0.3 %93 0.3 %03 72430 13.0
108303—4303  G261.6446-02.0899 2.4 02 49 x 2.5 6.9 4.7 % 2.0 237+14 36+02 1.8 04 1148 6.0 33 2.9
108303—4303  G261.6444—-02.0876 2.4 702 4.0 x 3.8 40.0 38x35 152+£16  1.84+02 21793 1.0 9% 57730 13
108448—4343  G263.7776-00.4332 1.4 10 52 % 3.0 116.0 5.0 x 2.8 88+ 1.7 114£02 13409 03703 56734 0.7
108448—4343  G263.7729-00.4364 1.4 10§ 25% 18 72.0 2.1 x 1.1 21408 0.9+02 0507 —03770% 6.0 139 1.1
108448—4343  G263.7724—00.4366 1.4 10§ 22x18 103.0 1.5x 13 1.9+£07 09+02 05707 —047703 6.0 139 1.1
1084484343 G263.7723—00.4350 1.4 10§ 44 x22 80.6 36x 18 73400 58402 0.9 04 0.2 101 6.5 136 1.3
1084484343 G263.7744—-00.4328 1.4 70 25x22 18.0 21 % 1.6 115409  39+02 06703 04707 6.5733 3.9
1084484343 G263.7712—-00.4363 1.4 708 32x 18 157.0 29 x 1.1 24409 0.8+0.2 067037  —03770% 58735 0.9

Note. The parameters FWHM, FWHMge, and R are derived in the same way as in Table 1. The errors on Reore, Mcore, and ngore mainly come from the distance uncertainties, those on the

fluxes from the 2D Gaussian fitting in the core extraction. Only a small portion of the data are provided here, and the full table will be available as supplementary material.

prestellar cores and hot corinos) is rather low. Given that emission in
the COM transitions available in the ATOMS data has been already
observed towards other HMPO and HMC regions (Csengeri et al.
2019; Jorgensen, Belloche & Garrod 2020), we conclude that most
(if not all) of the 90 COM-containing cores should be either HMPO
cores or HMCs. Note that HMPOs are simply assumed here to be
younger than HMCs although this time-scale relation has yet to be
determined.

To distinguish definitely between the two types of high-mass
star-forming cores requires knowledge of their temperatures. The
temperature is usually computed from a rotational diagram analysis

of multiple transitions of one or more COM species (e.g. CH;OCHO
and CH30H). However, the range of upper level energy of the
COM lines covered in the ATOMS survey is too narrow to permit
a reliable temperature determination. This thus requires follow-up
observations of higher frequency transitions that arise from higher
energy levels. For simplicity, hereafter, we treat the 90 COM-
containing cores as cHMCs (see Section 3.2.2) since the detection
rate of COMs towards HMCs is presumably higher than towards
HMPOs.

In short, most of the 90 COM-containing cores are presumably in
the very early stages of high-mass star formation. We include them

MNRAS 505, 2801-2818 (2021)
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in two separate catalogues: one including 32 s-cHMCs and the other
including 58 w-cHMCs, with the former catalogue presumably con-
taining more robust HMC candidates than the latter. These catalogues
constitute a unique data base of objects for future follow-up higher
resolution observations to investigate the dynamical processes related
to high-mass star formation, such as infall, outflow, and rotation.

MNRAS 505, 2801-2818 (2021)

4.3 Constraints on the duration of the HMC phase

Because heating by the forming star precedes ionization, the general
picture is that HMCs precede H/UC-H1I in the evolution of a core
to a massive star (Garay & Lizano 1999; Kurtz et al. 2000; van
der Tak 2004; Cesaroni 2005; Rathborne et al. 2011). Our large
sample, unbiased towards either HMCs or H/UC-H 11 cores, enables
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Figure 8. Distributions of the mass and mass surface density of the 90 COM-
containing cores that are not associated with the H/UC-H1I signature. The
two parameters were calculated assuming a temperature of 100K typical
of HMCs (see Appendix B). The dashed vertical line indicates a stringent
theoretical threshold of 1g cm™2 above which the cores most likely form
high-mass stars. The red dots highlight the cores associated with the Class
II CH30H masers, showing that they are widely distributed, but above the
1gcm2 line.

further study. First, the two phenomena are not exclusive, as there is
a substantial overlap between HMCs and H/UC-H 11 (Fig. 5). Nearly
one third (48/138) of H/UC-H 11in the sample show COMs, indicating
that hot cores may persist during nearly one third of H/UC-H1l
lifetime even when the central high-mass protostars start to ionize
the surroundings.

Second, with certain assumptions, we can use the numbers of
candidate HMCs and cores with H/UC-HTI to estimate the relative
duration of the HMC phase. For a rigorous result, the survey must
be complete, the evolution through the phases must be a continuous
process proceeding at a steady rate for a period longer than the
last phase considered, and other variables, such as the mass of the
star, cannot be important. Further study of this sample is needed to
check these assumptions, so we offer here only some preliminary
considerations.

As discussed in Section 4.1, the ATOMS survey is more complete
in the detection of H/UC-H1I regions than HMCs, so we have a
lower limit on the number counts of HMCs. The total number (138)
of COM-containing dense cores (w-CHMC and s-CHMC) is already
larger than the number (89) of H/UC-H 11 cores. The number of strong
candidate HMCs (56) is smaller than the number (89) of H/UC-H 11
cores but may be greatly underestimated due to the distance effect.
The most important unknown is the mass of the forming star because
the number of ionizing photons is a very strong function of stellar
mass. If all these cores will form stars capable of producing an H/UC-
H11, the current lack of one is due to evolution. Further study of the
luminosity of the individual cores with JWST observations could test
this assumption.

With all these caveats, we suggest that the duration of candidate
hot cores is at least comparable to the lifetime of H/UC-H 11 and is
probably greater.

4.4 The origin of chemical differentiation among high-mass
star-forming cores

Some high-mass star-forming cores are found to be chemically
rich while others are not. Even cHMCs show differing richness in
molecular lines especially in COMs. The median Ny, values are 8

2811

within an IQR of [5, 16] for the 58 w-cHMCs, and 57 within an
IQR of [28, 123] for the 32 s-cHMCs. Would this different chemical
richness (i.e. Nji,e) be related to an evolutionary sequence from w-
cHMCs— s-cHMCs?

The chemical differentiation among high-mass star-forming cores
could be partially attributed to an evolutionary effect. More evolved
cores with higher luminosity can heat a larger volume of their
surroundings, evaporating molecules from ices and thus increasing
the gaseous molecular abundances.

The 146 analysed ATOMS clumps can be classified into four main
groups according to the types of cores they harbour: (i) the w-cHMC
group with 28 clumps hosting w-cHMC cores, (ii) the s-cHMC group
with 17 clumps hosting s-cHMC cores, (iii) the H/UC-H 11 group with
68 clumps containing H/UC-H 11 cores, and (iv) the ‘unknown’ group
with 28 clumps without cHMC or H/UC-H 11 cores. There are five
clumps with both w-cHMC and s-cHMC cores. Note that if a clump
hosts both H/UC-H 11 core and cHMC, it will be placed into the H/UC-
H1 group. In addition, the w-cHMC group could contain s-cHMC
cores that are not detectable yet or appear as w-cHMC cores due
to the limited angular resolution and sensitivity. That is, there could
be an underlying overlap between w-cHMC and s-cHMC groups of
clumps, so the following analysis should be treated with caution. To
explore the evolutionary stage of the clumps in the different groups,
we resort to two parameters available for the ATOMS clumps (see
Paper I): the bolometric luminosity to mass ratio Lyo/Mcjump and
the dust temperature 7. These parameters, which cannot be directly
determined for the cores with the ATOMS data alone, are distance
independent and have been proposed as indicator of the evolutionary
stage of clumps (e.g. Guzmdn et al. 2015).

Fig. 9 plots the distribution of the two parameters for the four
groups of clumps. The ‘unknown’, w-cHMC, s-cHMC, and H/UC-
H1 groups have respective median L/M values of 28.1, 26.9, 29.7,
and 32.7 Ly/M . These values fall into the range of 2 Lo/M < LIM
<40 Lo/Mg, observationally defined for the high-mass star-forming
objects (Elia et al. 2017; Giannetti et al. 2017). This result suggests
that the four groups of clumps harbour embedded phases of high-
mass star formation. As such, many of the clumps in the ‘unknown’
group could not be really devoid of high-mass star-forming cores,
and instead harbour HMPO objects or even more evolved HMC that
could not be detected with the sensitivity of the ATOMS data. If we
only consider the w-cHMC, s-cHMC, and H/UC-H 11 groups, there
is a weak increasing trend in the median values of the Lyoi/Mciymp
ratio. A similar, but stronger, trend also appears in the temperature
distribution among these three groups of clumps.

The differences in Lyo/Mciump and Ty of the natal clumps are not
very significant. If the evolution from HMCs to H/UC-H 11 is correct
for individual cores, the explanation for the poor correlation with
clump-scale properties may be that the evolution of individual cores
to stars within a clump differs, and the clump-scale evolution of Ly,
is driven by the most massive/evolved core. To study evolution at
the core level, higher angular resolution and sensitivity in the mid-
infrared to far-infrared is needed to pinpoint the embedded protostars,
which cannot be well resolved at the current resolution of the infrared
data, through the spectral energy distribution over a large dynamical
frequency range.

In addition, recent studies of low-mass cores indicate that chemical
richness of star-forming cores may not be related to evolutionary
sequence. Belloche et al. (2020) suggested a luminosity threshold of
4 L, above which low-mass cores should exhibit spectral features
from at least one COM and may contain hot corinos. However, in
a recent study of a large sample of 49 low-mass star-forming cores
located in the Orion complex by Hsu et al. (2020), many protostellar
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Figure 9. Box and whisker plot showing four groups of clumps the distribution of the L/M ratio (panel a), dust temperature T4 (panel b). The numbers associated
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outside 1.5 times the interquartile range either above the upper quartile or below the lower quartile.

objects with luminosities much greater than 4 L, do not show any
clear sign of COMs or hot corinos. This indicates that the chemical
differentiation among star-forming cores depends on their chemical
history, as well as their luminosity.

An alternative scenario could be that some star-forming cores in
their ‘cold’ core phase form abundant molecules such as COMs on
ice mantles through grain-surface chemistry while other cores do not.
These different behaviours are probably related to varying physical
and chemical properties as well as initial conditions of different
sources. When molecules evaporate from ice in the ‘hot’ core phase,
their gaseous molecular abundances should also vary greatly. This
scenario could be tested by detailed chemical studies towards a
sample of ‘cold clumps’ like in infrared dark clouds that lack active
star formation and may represent the very initial conditions of high-
mass star formation. Detailed chemical investigations are beyond the
scope of this work. More detailed chemical studies of molecular
abundances of dense cores will be presented in forthcoming
papers.

4.5 Size versus H40« linewidth relationship for H/UC-H 11 cores

The 89 H/UC-H1 cores could be associated with either HC-H 1t
or UC-H1I regions, and we attempt to distinguish them by their
observable properties (see Section 1). To this end, we focus on the
size and line width of the radio recombination line (A Vi) of the
H/UC-H1 cores, as shown in Fig. 10. These cores have two types
of sizes, one measured from 3 mm continuum and the other one
from H40« emission. As shown in Fig. 10(a), the two types of sizes
match each other well until the size is greater than 0.1 pc. This result
suggests that H40a emission mainly contributes to 3 mm continuum
when the H/UC-H1I core size is less than 0.1 pc. From distance
information of the cores as indicated in the colourscale in Fig. 10(a),
it can be seen that the deviation of the two types of core sizes does
not depend on the distance. We suspect that when the H/UC-H 11 core
size is greater than 0.1 pc, more cold dust emission could be included
within it, leading to an overestimation of the size of the real ionized
gas region. In view of this, the size measured from H40« emission
for the 89 H/UC-H 11 cores will be discussed in the following. These
cores have sizes from ~5.3 x 1073 to 3.7 x 10~! pc with a median
value of 5.7 x 1072 pc.

The AVuao, of the 89 H/UC-H1 cores range from ~15 to
55 km s~! with a median value of 28 km s~!'. The measurement
of AVya is not found to be distance-dependent, as shown in Fig.
10(b). Actually, the A Vuao, values are typical of both UC-H1I and
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HC-H 11 regions, namely in a range of ~10—40 km s~! for the former
and 4060 km s~! or even higher for the latter (e.g. Hoare et al. 2007;
Rivera-Soto et al. 2020). Following the typical size and line width
of radio recombination lines of H/UC-H II regions (see above), the
89 H/UC-H1I cores can be divided into 79 UC-H11 and 10 HC-H1t
cores (see Fig. 10c). That is, most (~90 per cent) of the compact-H 1t
cores are UC-H 1 cores while only a small fraction (~10 per cent) of
them are HC-H II cores. Therefore, if the lifetime of UC-H 11 is of the
order of 10° yr, the lifetime of HC-H 11 will be ~10* yr (e.g. Wood &
Churchwell 1989; Davies et al. 2011).

In general, the widths of radio recombination lines are due to
a combination of thermal, dynamical, and/or pressure broadening
mechanisms (e.g. Keto et al. 2008; Nguyen-Luong et al. 2017;
Rivera-Soto et al. 2020). The thermal broadening, AVy, is given
by AVy, = (8In2kg T./my;)""> where kg is the Boltzmann constant and
my is the mass of the atom hydrogen. For electron temperatures of 7,
= 6000, 8000, and 10000 K, the respective thermal widths are 16.6,
19.1, and 21.4 km s~! (see the three vertical colour-gradient lines in
Fig. 10c). Most (~96 per cent) of the H/UC-H 1I cores are found to
have A Vjyo, Widths larger than ~19 km s~!, which corresponds to
the thermal broadening for an electron temperature of 8000 K typical
of an ionized plasma (e.g. Osterbrock & Ferland 2006). This result
indicates that in addition to the thermal broadening, non-thermal (e.g.
dynamical and/or pressure) broadening mechanisms are responsible
for the observed large A Viy4, in most of the 89 H/UC-H 11 cores.

Moreover, we find that the H40« line width decreases as the size
of the core increases. To investigate whether the trend is distance-
dependent or not, we present the distance information of each
H/UC-H11 core in colourscale in Fig. 10. The figure shows that the
decreasing trend persists rather than breaks at different distances, and
thus it is physically meaningful. It indicates that non-thermal (e.g.
dynamical and/or pressure) mechanisms dominate the broadening on
smaller scales of the H/UC-H 11 cores (Garay & Lizano 1999).

5 SUMMARY AND CONCLUSION

Using the 3mm ATOMS survey data, we have searched for the
presence of compact cores towards 146 IRAS clumps located within
the inner Galactic disc in the range —80° < / < 40° and |b| < 2°. The
compact cores were extracted from 3 mm continuum emission maps
through a combination of the Dendrogram algorithm and CASA imfit
task. The main results of this work are summarized as follows:
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Figure 10. Size and H40« line width of the 89 H/UC-H I cores. (a) Comparison between the two types of core sizes, one measured from 3 mm continuum
(in x-axis) and the other from H40« emission (in y-axis). The colour scheme encodes distance information of the cores. The typical error bars for the two
measurements are presented at the bottom right. (b) Distribution of the H40« line width as a function of distance. (c) Relation between the size of the H/UC-H 11
cores measured from H40o emission and the line width of H40a (A V40, ). The colour scheme is the same as in panel (a). The H/UC-H1I cores are roughly
divided into 79 UC-H 11 and 10 HC-H 11 classes. For reference, the thermal-broadening line widths are given in three colour-gradient vertical lines at 16.6, 19.1,
and 21.4 km s~! for the electronic temperatures of 6000, 8000, and 10000 K, respectively. The typical error bars for the two parameters are presented at the

bottom left.

(1) We compiled three catalogues of compact cores with different
characteristics. One catalogue, referred to as the H/UC-H1I cata-
logue, includes 89 cores that enshroud H/UC-H 11 regions as indicated
by the presence of compact H40« emission; a second catalogue,
referred to as the pure s-cHMC catalogue, includes 32 s-cHMCs
associated with a rich spectrum (N > 20 lines) of COMs; and the
third catalogue, referred to as the pure w-cHMC catalogue, includes
58 w-cHMCs with relatively low levels of COM richness (i.e. 5
< MNiine < 20). These three catalogues of compact cores provide a
crucial foundation for future studies of the early stages of high-mass
star formation across the Milky Way. We find that nearly half of
H/UC-H 1 cores are candidate HMCs.

(i1) For completeness, another catalogue that includes the remain-
ing 274 cores without the signature of either cHMC or H/UC-H 11,
referred to as the ‘unknown’ catalogue, is also provided. These cores
deserve future detailed investigation, since some of them could be in
the evolutionary stages of high-mass star formation prior to formation
of an HMC, and thus could be good targets for studying initial
conditions of high-mass star formation.

(iii) The detection rate of candidate distant hot cores is greatly
underestimated due to relatively poorer linear resolution and line
sensitivity than for nearer sources. However, the total number (138)
of the detected COM-containing dense cores is still larger than the
number (89) of H/UC-H 1I cores, indicating that the duration of high-
mass protostellar cores (or cores) showing line-rich features could
be at least comparable to the lifetime of H/UC-H 11 phase.

(iv) We find weak increasing trends in L/M ratio and dust
temperature (73) for the natal clumps that contain different kinds
of dense cores (w-cHMC—s-cHMC—H/UC-H ). However, the
chemical classes indicating core evolution are not well traced by
the Lyol/Mciump, suggesting that the evolution of individual cores is
not captured by that evolutionary indicator used for clumps.

(v) Based on the relationship between size and H40« line width,
we conclude that of the 89 H/UC-H 11 cores, 79 are associated with
UC-H1 and 10 with HC-H 1 regions. We also find that the width
of the H40« line increases as the core size decreases, suggesting
that non-thermal (e.g. dynamical and/or pressure) line-broadening
mechanisms are dominant on the smaller scales of the H/UC-H 1l
cores.

The 3 mm interferometric catalogues of high-mass star-forming
cores provided here can be used to study the kinematics and dynamics

of molecular gas in the vicinity of newly formed (proto)OB stars and
somewhat-evolved H/UC-H I regions. Such studies will definitely
advance our understanding of the dynamical processes in the early
stages of high-mass star formation, such as infall, outflow, and
rotational motions, and our knowledge of the roles of feedback (e.g.
outflows, stellar winds, and H/UC-H 11 regions) in the process of
high-mass star formation.
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a PYTHON package to compute dendrograms of Astronomical data
(http://www.dendrograms.org/). This research made use of ASTROPY,
a community-developed core PYTHON package for Astronomy (As-
tropy Collaboration 2018).
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APPENDIX A: CALCULATION OF DISTANCES

Due to the lack of distance uncertainty information from the literature
(Fatindez et al. 2004; Urquhart et al. 2018) for the 146 target clumps,
their kinematic distances were recalculated using the Monte Carlo
kinematic distance tool developed by Wenger et al. (2018). With
the Galactic coordinates and radial velocity parameters of a source
inputted, the tool can return the distances and the uncertainties for
the source leveraging the rotation curve of Reid et al. (2014) with
the updated solar motion parameters (Reid et al. 2019) and the
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Figure Al. Comparison between the distances calculated in this work and
those from the literature for the 146 ATOMS clumps. The black and blue
lines indicate unity and 2.0 kpc offsets, respectively.

Monte Carlo technique with 10 000 samplings. The radial velocity
measurements by Liu et al. (2016) rather than by Bronfman et al.
(1996) were adopted in this work since the velocity resolution
(0.42 km s~!) in Liu et al. (2016) at which the measurements were
made better than that (0.76 km s~') in Bronfman et al. (1996).

Apart from the two sources located near the Galactic Centre,
kinematic distance solutions have been calculated for 144 ATOMS
clumps. The distance ambiguities (if any) have been resolved
following Fatindez et al. (2004) and Urquhart et al. (2018). Moreover,
the kinematic distance solutions have been improved for the three
sources using maser parallax distances available in the literature
(Reid et al. 2014; Urquhart et al. 2018). Overall, the typical relative
distance uncertainty for the 144 ATOMS clumps is ~7 per cent.
For the remaining two sources located near the Galactic Centre,
their kinematic distances could not be calculated from the rotation
curve and thus the values from the literature along with a typical
relative distance uncertainty of ~7 per cent have been adopted. The
recalculated distances are listed in Table Al.

Comparing the recalculated distances with those from Faindez
et al. (2004) and Urquhart et al. (2018), we find a good agreement
(Pearson correlation coefficient p is 0.97) as shown in Fig. Al. In
addition, the relative distance uncertainties are found to have an IQR
of ~ [5 per cent, 12 per cent] with a median value of ~7 per cent.
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Table Al. Distances of 146 ATOMS clumps.

1D Name ) b Visr D ID Name 1 b Visr D
(deg) (deg) (kms™) (kpe) (deg) (deg) (kms™") (kpc)

1 108076-3556 2532952  —1.6159  59+04 10703 74 116385-4619 3385690  —0.1441 —1178+£04 70703
2 108303—4303  261.6457  —2.0911 152404 24707 75 1164244531 339.6226  —0.1225 —31.1+£04 23703
3 1084484343 2637731 04337  34+04  1470% 76 116445-4459 3402492 —0.0458 —121.4+£04 82703
4 108470—4243 2632493 05114  13.5+04 2470¢ 77 1164584512 3402475  —0.3741 —49.9+£04 35703
5 109002-4732  268.4203  —0.8476  39£04 20707 78  116484—4603 339.8842 —1.2572 -31.6+£04 247103
6  109018—4816  269.1529  —1.1308  108+04 28705 79  116487—4423 3412158 —0.2358 —432+04 33703
7 109094—4803  269.8498  —0.0633 74605 86707 80 116489—4431 341.1258  —0.3475 —404+£04 31703
8 110365-5803 2862076  0.1708  —189+04 3470° 81  116506-4512 3407842 —1.0157 -258+04 21703
9 I11298-6155  293.8275  —0.7457  33.0£04 94707 82  116524—4300 3427076 0.1258 —40.6+£04 32703
10 I11332-6258 2945109  —1.6218 —16.1+£0.5 11707 83 116547-4247 343.1275  —0.0625 -29.7+£04 26703
11 111590-6452  297.7209 ~ —2.7820 -39+04 0477 84 116562-3959 345.4926 14686  —11.9+04 13703
12 112320-6122  300.9692 11456 —42.5+04 31708 85 116571-4029 345.1927 1.0288 —147+£04 16703
13 112326-6245 3011358  —0.2258 —39.1+£04 56703 86 117006-4215 3442208 —0.5941 —242+04 23707
14 112383-6128  301.7308 11040 —37.9+£04 28707 87  117008—4040 345.5043 03475  —159+04 17793
15 112572-6316  303.9308  —0.6874  295+04 11573 88 117016-4124 3450029  —0.2241 —265+04 25703
16 113079-6218 3052091 02058  —40.5+04 30705 89 117136-3617 350.5074 09590 —103+£04 1.6703
17 113080—6229  305.1958 00342  -340+04 2370¢ 90 117143-3700 350.0158 04325 —313+04 123713
18 113111-6228 3055624 00142 38704 2717 91 117158-3901 3485492 —0.9789 —158+£04 20703
19 113134-6242 3057989  —0.2441 -31.6+£04 20%0% 92  117160-3707 350.1025 0.0825 —69.7+£04 99703
20 113140-6226  305.8872 00158  —327+£04 2170% 93 117175-3544 351.4159 06457 -57+04 10103
21 I13291-6229  307.6158  —02592 —37.1+£04 2470% 94  117204-3636 3510411 —0.3357 -178+£04 27703
22 I113291-6249  307.5608 ~ —0.5875 —324+£04 78703 95 117220-3609 3515809  —0.3524 —95.0+04 77103
23 113295-6152  307.7558 03525  —435+05 29707 96  117233-3606 3517742 —0.5374 —42+04 07703
24 113471-6120  309.9208 04775  —573+04 66708 97 117244-3536 3523158 —0.4425 94404 1.8703
25 113484—6100  310.1442 07591  —54.1£04 69703 98 117258-3637 351.6326  —1.2538 —11.7+£04 20712
26 114013-6105  311.6257 02891  —546+04 35707 99 117269-3312 354.5959 04691  —207+05 42712
27 114050-6056  312.1078 03091  —48.1+04 31703 100 117271-3439 3534091  —0.3607 —159+06 3.0703
28 114164—6028  313.5758 03242 —452+04 28707 101 117278-3541 3526308  —1.0674 0704 13702
29 114206—6151  313.5758  —1.1540 —48.8+04 3.0703 102 117439-2845 0.3160 —-0.2008 188 +0.4 81700
30 I14212-6131 3137658  —0.8624 —492+£04 31703 103 117441-2822 0.6659 —-0.0341 515+16 8.170¢
31 114382-6017 3161392 —0.5058 —60.3+04 8.170¢ 104 117455-2800 1.1258 —0.1075 —142+04 100107
32 114453-5912  317.4074 01092  —402+04 23703 105 117545-2357 5.6374 02375  92+04 24703
33 1144985856  318.0495 0.0858  —49.7+04 297037 106 117589-2312 6.7959 —0.2575  21.6+05 37103
34 115122-5801  321.0545  —0.5073 —603+04 927103 107 117599-2148 8.1408 02225  198+04 3.1703
35 115254-5621 3234591  —0.0791 —669+£04 38703 108 118032—2032 9.6209 01942  59+04 527102
36 115290-5546  324.2011 0.1208  —885+04 8170¢ 109 118056—1952 10.4725 00275  667+04 1027%))
37 1153845348 326.4457 09073  —40.6+04 24703 110 118075-2040 100008  —0.7541 31.5+04 38793
38 115394-5358  326.4741 07024  —40.7+04 24703 111 118079-1756 12.4176 05058  184+04 22702
39 115408—5356  326.6573 0.5940  —40.1+04 24703 112 118089-1732 12.8875 04891  335+04 34703
40 I15411-5352 3267240  0.6140  —41.0£04 24707 113 118110-1854 119355 —0.6156 39.0+£04 39703
41 115437-5343  327.1194 05090  —838+£0.5 47707 114 118116—1646 13.8725 02808  502+04 43707
42 115439-5449 3264724 03774 —534+£04 31703 115 118117-1753 129075 —02591 380+04 37703
43 115502-5302  328.3075 04309  -91.6+04 53704 116 118134—1942 114974  —14853 107+04 15797
44 115520—5234  328.8092 06325  —412+04 25703 117 118139-1842 124310 —L1138  40.0+£04 39797
45 115522-5411  327.8092  —0.6358 —46.8+04 28703 118 118159-1648 143308  —0.6440 23.9+04 25707
46 115557-5215  329.4691 05024  —67.6+04 39703 119 118182-1433 16.5858  —0.0508 60.1+04 447103
47 115567-5236 3293374 0.1475 —107.3+04 627104 120 118223-1243 18.6542  —0.0591 460+04 34703
48 T15570—5227  329.4724 02158  —1002+0.4 57753 121 118228-1312 183010 —03891  33.6+04 27753
49 115584-5247  329.4241  —0.1624 762404 43703 122 118236-1205 19.3625 —0.0308 27.8+04 22753
50 I15596—5301  329.4058  —0.4591 —73.9+£04 997037 123 1182641152 19.8825  —0.5341 45404 33703
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Table A1 — continued
ID Name l b Visr D 1D Name ) b Visr D

(deg) (deg) (kms™") (kpe) (deg) (deg) (kms™") (kpe)

51 116026—5035  331.3608 1.0657  —785+04 45703 124 118290-0924 22.3508 0.0675  843+£04 50703
52 116037-5223 3302943  —0.3941 —81.0+04 9.6703 125 118308-0503 26.4212 16902  43.6+£04 28703
53 116060-5146 3309542  —0.1825 —88.8+04 50703 126 118311-0809 23.7107 0.1708  1135+£04 66703
54 116065-5158  330.8792  —0.3675 —61.5+04 3.61703 127 118314-0720 24.4709 04874  102.1+£05 59103
55 116071-5142 3311325  —0.2442 85905 49703 128 118316—0602 25.6492 10507  453+£04 29702
56 116076—5134  331.2792  —0.1891 —86.0+£04 49703 129 118317-0513 26.3808 14071 422£04 27703
57 116119-5048 3322958  —0.0941 —484+£04 30703 130 118317-0757 23.9539 0.1508 80504 47703
58 116132-5039  332.5440  —0.1241 —47.0£04 29703 131 118341-0727 246725 —0.1508 113.5£04 66703
59 116158—5055  332.6474  —0.6090 —49.4+04 30703 132 118411-0338 28.8608 0.0659  103.7+£04 83703
60 116164—5046  332.8256  —0.5490 —562+04 34703 133 118434-0242 299538 —0.0158 98.1+04 57704
61 116172-5028  333.1344  —0.4307 52104 32703 134 118440-0148 30.8175 02742 98304 57703
62 116177-5018 3333077  —03657 —509+£04 3.1703 135 118445-0222 303860  —0.1041 872+£04 50703
63  116272-4837 3355857  —0.2908 —458+04 30707 136 118461-0113 31.5808 0.0775  97.1£04 567103
64  116297-4757 3363593  —0.1374 —79.9+£04 47707 137 118469-0132 313958  —0.2575 86904 52703
65  116304—4710  337.0042 03225  —61.0+£04 112703 138 118479-0005 32.7973 0.1908  15.1£04 128703
66  116313—4729  336.8658 00042  —723+£04 447907 139 118502+0051 342601  —0.4259 53.0+£04 105703
67 116318—4724 3369942  —0.0275 —1205+04 81703 140 118507+0110 342575 0.1542  585+04  1.6703
68  116330—4725  337.1208  —0.1741 —741+04 105703 141 118507+0121 34.4108 02342 582+04 34703
69  116344—4658  337.6125  —0.0592 —489+04 118707 142 118517+0437 37.4308 1.5188  44.1+£04 25703
70 116348—4654 3377042 —0.0541 —472+£04 119702 143 118530+0215 35.4657 0.1408  778+£04 45704
71 116351-4722  337.4058  —0.4025 —403+£04 28707 144 119078+0901 43.1658 00109  72+£04 115703
72 116362—4639  338.0642  —0.0675 —374+£04 27702 145 119095+0930 43.7941 —0.1275  447+04 92753
73 116372—4545  338.8506 04091  —57.5+04 38707 146 119097+0847 43.1791 05191  57.3+04 85703

Note. 117441—2822 and 17455—2800 are close to the Galactic Centre, whose distance values are adopted from Fatndez et al. (2004); 118469—0132,
11850740110, and 11909740847 have the maser parallax distance measurements (Reid et al. 2014).

APPENDIX B: CALCULATION OF MASS AND
MASS SURFACE DENSITY

To understand the nature of the 90 COM-containing cores not
associated with the H/UC-H 11 signature (see Section 3.2.2) and 274
‘unknown’ cores, we calculated their mass Mo, in the following
form:

M, B! Ry D* (B1)

core BU(Tdust) Ky '

where Fj“‘ is the measured integrated 3 mm flux over the core size,
R,q is the gas-to-dust mass ratio (assumed to be 100), D is the distance
to the core, B, is the Planck function for a dust temperature 7y, and
K, is the opacity assumed to be 0.18 cm? g~! of dust at v ~ 94 GHz,
taken directly from the ‘OH5’ dust model, a combination of dust from
Ossenkopf & Henning (1994) and Pollack et al. (1994) and extended
to longer wavelengths by Young & Evans (2005). Moreover, the
mass surface density X o Was derived from X¢ore = Mcore /(T Rfme),
where R.q. is the core radius equal to the geometric mean of the
FWHM?If,;} and FWHM®¢ at the respective core distance. Given the
median radius of the 90 COM-containing cores ~0.02 pc, the Tgys ~
100 K was assumed for a first-order approximation in the calculation,
which is typical of HMCs at a radius of ~0.01 pc (Osorio, Lizano &
D’ Alessio 1999). For the 274 ‘unknown’ cores, the temperature 25 K
is assumed, which is comparable to the mean value over the clumps
that do not have cHMC or H/UC-H 11 signatures.

The peak column densities are estimated from the peak flux density

of the cores using the following equation:
FP Ry

Bu(Tdust) Q Ky Lmy '
where € is the beam solid angle, p is the mean molecular weight of
the gas, assumed to be 2.8, and my is the mass of the hydrogen atom.
In turn, the number densities can be estimated via ny, = Nu,/2R,
assuming a spherical geometry for cores.

The three derived parameters Mcore, Ry, and o are arranged
in last three columns of Table 2 for the 32 s-cHMCs, of Table 3 for
58 w-cHMCs, and of Table 4 for ‘unknown’ cores.

Ny, = (B2)
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