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Abstract

The Querying Underlying mechanisms of massive star formation with ALMA-Resolved gas Kinematics and
Structures (QUARKS) survey observed 139 infrared-bright (IR-bright) massive protoclusters at 1.3 mm
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wavelength with the Atacama Large Millimeter /submillimeter Array (ALMA). This study investigates clump-to-
core fragmentation and searches for candidate high-mass starless cores within IR-bright clumps using combined
ALMA 12 m (C-2) and Atacama Compact Array 7 m data, providing ~1” (~0.02 pc at 3.7 kpc) resolution and
~0.6 mJy beam™' continuum sensitivity (~0.3 M at 30K). We identified 1562 compact cores from 1.3 mm
continuum emission using gezsf. Observed linear core separations (Aops) are significantly less than the thermal
Jeans length (J5), with the Ayps/ Ay ratios peaking at ~0.2. This indicates that thermal Jeans fragmentation has
taken place within the IR-bright protocluster clumps studied here. The observed low ratio of A\ps/A; < 1 could be
the result of evolving core separation or hierarchical fragmentation. Based on associated signatures of star
formation (e.g., outflows and ionized gas), we classified cores into three categories: 127 starless, 971 warm, and
464 evolved cores. Two starless cores have masses exceeding 16 M, and represent high-mass candidates. The
scarcity of such candidates suggests that competitive accretion-type models could be more applicable than
turbulent core accretion-type models in high-mass star formation within these IR-bright protocluster clumps.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Dust continuum emission (412);
Submillimeter astronomy (1647); Molecular clouds (1072); Star forming regions (1565); Protoclusters (1297);

Massive stars (732); Protostars (1302)

Materials only available in the online version of record: machine-readable tables

1. Introduction

High-mass stars (> 8 M) play a key role in the Universe as
primary sources of ionizing radiation, heavy element production,
interstellar medium mixing and turbulence, and as important
ingredients of galactic structure and evolution (e.g., S. Dib et al.
2006; H. Zinnecker & H. W. Yorke 2007; C. L. Dobbs et al.
2014). The formation mechanism of high-mass stars has long
been a central topic in astrophysics (F. Motte et al. 2018).

The transition from a clump to cores represents a critical
stage in high-mass star formation (e.g., H. Beuther et al. 2025).
Two mainstream theoretical models—the “turbulent core
accretion” model (C. F. McKee & J. C. Tan 2003) and the
“competitive accretion” model (I. A. Bonnell et al. 2001)—
describe this transition invoking different physical processes.
In the turbulent core accretion model, a (few) prestellar core(s)
are preassembled within a massive clump and supported by
strong turbulence and/or magnetic fields. The fast gas
accretion from the gas reservoir within the clump during the
monolithic-like collapse process determines the final mass of a
(few) high-mass star(s). While in the competitive accretion
model, low-mass cores first form from thermal Jeans
fragmentation of massive clumps and contiune accreting from
beyond their immediate environment, for example through
large-scale filamentary accretion flows (E. Vazquez-Semadeni
et al. 2019; P. Padoan et al. 2020). Such a multiscale
dynamical mass accretion scenario facilitates the formation of
high-mass stars (e.g., N. Peretto et al. 2013; H.-L. Liu et al.
2022a; L. K. Dewangan et al. 2023; D. Yang et al. 2023;
A.-X. Luo et al. 2024a, 2024b; S. Pan et al. 2024).

The validation of both models requires high-resolution and
sensitive (sub)millimeter observations to spatially resolve
individual dense cores. Recent (sub)arcsecond observations
appear to overwhelmingly support the competitive accretion
scenario. For instance, fragmentation of massive clumps into
clusters of low-mass cores has been commonly observed (e.g.,
P. Sanhueza et al. 2019; B. E. Svoboda et al. 2019; A. Coletta
et al. 2025). In contrast, high-mass prestellar cores—defined as
those having >16M, within 0.01-0.1 pc and considered as key
evidence for the turbulent core accretion model—are rarely
detected and are mostly limited to case studies if any (K. Wang
et al. 2014; A. Palau et al. 2015; T. Liu et al. 2017;
A. T. Barnes et al. 2023; T. Nony et al. 2023; X. Mai et al.
2024; M. Valeille-Manet et al. 2025). This low detection rate

implies a very short lifetime for high-mass prestellar cores
(F. Motte et al. 2018).

Previous searches for high-mass prestellar cores have been
dedicated to focusing primarily on infrared dark (IR-dark)
clouds (IRDCs; e.g., G11.11-P6-SMAI reported in K. Wang
et al. 2014; “dragon cloud”-C2cla in A. T. Barnes et al. 2023;
G34-MM1-E1 in X. Mai et al. 2024), which are considered to
be at the earliest stages of high-mass star formation. However,
star formation within a massive clump is not necessarily
synchronous; in fact, there may be an age sequence, allowing
high-mass prestellar cores to exist even in more evolved
clumps where other stars have already begun forming. Recent
ALMA statistical studies have shown that dense core masses
grow significantly from IRDCs to more evolved IR-bright
protostellar clumps (H.-L. Liu et al. 2023; F. Xu et al. 2024a).
This suggests that evolved clumps could harbor more massive
starless cores. This finding motivates searches for high-mass
starless cores not only in IRDCs but also in more evolved IR-
bright environments. In a sample of 11 IR-bright massive
clumps, F. Xu et al. (2024a) found that the maximum starless
core mass could be up to 18.4 M, twice that revealed in
IRDCs by P. Sanhueza et al. (2019). M. Valeille-Manet et al.
(2025) analyzed the ALMA-IMF data ~2000 au resolution
toward 15 high-mass star-forming regions, reporting 12
candidate high-mass prestellar cores (>16 M). Such efforts
could therefore provide critical observational constraints on
the turbulent core accretion model, testing whether the low
detection rate of high-mass starless cores is due to previous
observational biases or to their intrinsic rarity.

The physical drivers of clump fragmentation remain debated,
with turbulence and thermal pressure being the primary
contenders. Some studies argued for the dominance of turbulence,
which was thought to increase the Jeans mass and Jeans length, as
observed in several IRDCs (Q. Zhang et al. 2009; T. Pillai et al.
2011; P. Sanhueza et al. 2013; K. Wang et al. 2014; S. Li et al.
2019; W. Jiao et al. 2023; A. Avison et al. 2023). Conversely,
high-angular-resolution observations toward other massive
clumps with varying evolutionary stages, including IR-dark and
IR-bright environments, align with a thermal fragmentation
scenario (A. Palau et al. 2015; H. Beuther et al. 2018;
B. E. Svoboda et al. 2019; P. Sanhueza et al. 2019; X. Lu
et al. 2020; A. Saha et al. 2022; M. Tang et al. 2022; K. Ishihara
et al. 2024; K. Morii et al. 2024). Additionally, F. Xu et al.
(2024a) reported that most observed core separations within
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evolved IR-bright clumps are significantly less than the predicted
thermal Jeans length. This was attributed to a decrease of core
separation over time due to persistent global gravitational
collapse during evolution (I. A. Bonnell et al. 2001; H. Beuther
et al. 2018; A. Traficante et al. 2023). Other factors, such as
magnetic fields and initial density profiles within massive clumps,
have also been explored in the literature, where strong magnetic
fields and a concentrated density profile were assumed to
effectively reduce fragmentation and thus lead to the formation of
more massive cores for high-mass star formation (P. Girichidis
et al. 2011; B. Commercon et al. 2011; T. Peters et al. 2011;
A. Palau et al. 2014; F. Fontani et al. 2016; A. Palau et al. 2021;
P. Hennebelle et al. 2022; P. Sanhueza et al. 2025).

Thanks to ALMA’s high angular resolution and sensitivity, the
ALMA Three-millimeter Observations of Massive Star-forming
regions (ATOMS; T. Liu et al. 2020) survey has observed a
sample of 146 massive IR-bright protocluster clumps in band 3
(~3mm). The sample was selected based on their bright CS
(/=2 — 1) emission (T, > 2 K) from a homogeneous Galactic
plane survey of candidate ultracompact HII (UCHII) regions
(L. Bronfman et al. 1996). The ATOMS survey was aimed to
address several key objectives, including but not limited to
(1) establishing a high-angular-resolution catalog of high-mass
star formation dense cores (T. Liu et al. 2020; H.-L. Liu et al.
2021); (2)investigating the chemistry of hot molecular cores
(HMCs; S.-L. Qin et al. 2022; Y. Peng et al. 2022; L. Chen et al.
2025; Z. Kou et al. 2025; Z.-Y. Li et al. 2025); (3) studying
UCHII regions (e.g., physical properties and associated feedback
mechanisms (T. Liu et al. 2020; H.-L. Liu et al. 2021; J.-W. Zhou
et al. 2021; C. Zhang et al. 2022, 2023a; S. Zhang et al. 2023b);
and (4) characterizing prevailing filamentary structures, and their
kinematics and dynamics (J.-W. Zhou et al. 2021; H.-L. Liu et al.
2022a; R. Liu et al. 2022b; J.-W. Zhou et al. 2022; A. Saha et al.
2022; F.-W. Xu et al. 2023; D. Yang et al. 2023; S. R. Das
et al. 2024).

As a follow-up to the ATOMS program, and for advancing the
scientific objectives already established therein, the Querying
Underlying mechanisms of massive star formation with ALMA-
Resolved gas Kinematics and Structures (QUARKS; see
Section 2 for details on observations) survey was designed with
high-angular-resolution capabilities in ALMA band 6 (~1.3 mm).
This study focuses on clump-to-core fragmentation and searches
for candidate high-mass starless cores within IR-bright clumps
using combined ALMA 12 m compact array C-2 (TM2) and
Atacama Compact Array (ACA) 7 m data of the QUARKS
survey. This paper is organized as follows: Section 2 describes
the ALMA observations and data reduction for the QUARKS
survey. Section 3 presents the analysis of the TM2+ACA
combined data, including the core extraction procedure
(Section 3.1), dense core classification (Section 3.2), physical
parameter estimation (Section 3.3), analysis of core separation
(Section 3.4) and thermal Jeans length analysis within proto-
cluster clumps (Section 3.5). Section 4 discusses fragmentation of
IR-bright massive protocluster clumps and search results of
candidate high-mass starless cores. Section 5 summarizes the
major results.

2. ALMA Observations and Data Reduction
2.1. QUARKS Sample and ALMA Observations

The QUARKS survey (PIs: Lei Zhu, Guido Garay, and
Tie Liu; Project ID: 2021.1.00095.S; X. Liu et al. 2024) is a

Yang et al.

follow-up program to the ATOMS survey, offering a higher
angular resolution (QUARKS ~0.3 for the best angular
resolution versus ATOMS ~27 in ALMA band 6. After ruling
out seven protocluster clumps not having enough detectable
3mm continuum emission in the ATOMS survey, in the
QUARKS survey we observed 139 IR-bright massive proto-
cluster clumps (X. Liu et al. 2024; F. Xu et al. 2024b).

Due to the difference in frequency setup between the two
surveys, the field of view (FoV) of the QUARKS only covers a
portion of that by the ATOMS (i.e., for the ALMA 12 m array,
FoV ~ 20" in band 6 for QUARKS versus FoV ~ 40" in
band 3 for ATOMS). Thus, the QUARKS observations were
optimized to cover the densest part of the 139 IR-bright
protocluster clumps. To observe extended filamentary struc-
tures in 17 of 139 protocluster clumps (e.g., 108448-4343;
D. Yang et al. 2024), two pointing observations were allocated
for each of them. Therefore, the QUARKS survey consists of a
total of 156 single pointings (e.g., fields) to observe 139
protocluster clumps. In addition, for each field, the QUARKS
observations were obtained with three different ALMA
configurations. That is, relatively low (~5"), moderate
(~1"), and high (~0'3) angular resolution observations were
conducted by the ACA 7 m array, ALMA 12 m compact array
C-2 (TM2) and extended C-5 (TM1) configurations, respec-
tively (see Table 1 in X. Liu et al. 2024). ACA observations
were first completed in late 2022 May (F. Xu et al. 2024b),
followed by TM2 and TM1 that proceeded until 2024 June.

Based on similar sky coordinates, the QUARKS 156 fields
were grouped into 15 scheduling blocks, which are referred to
as “Group.” For TM2 observations, the Group ID, number of
fields, and source name within each Group are listed in
columns (1)-(3) of Table 1. Note that the Groups are sorted in
ascending order by source name. The date of TM2 observa-
tions is listed in column (4) of Table 1, starting on 2022 April
9, and completed on 2024 March 22. Note that two execution
blocks were performed on different observing dates for
Group 5 and Group 15. In the QUARKS TM2 observations,
except for Group 1, all Groups have similar minimum and
maximum baselines (BL; ~15.1-313.7 m), angular resolution
(AR; ~1"), and maximum recoverable scale (MRS; ~11"),
which are listed in columns (5)—(7) of Table 1. The phase and
bandpass calibrators are listed in columns (8) and (9) of
Table 1, respectively.

The ALMA band 6 receivers were used in a dual-
polarization mode for the QUARKS observations. Four
spectral windows (SPWs1-4) were configured with a
bandwidth of ~2GHz and a velocity resolution of
~1.3kms ' for each SPW. The frequencies of the four SPWs
were centered at approximately 217.92, 220.32, 231.37, and
233.52 GHz, respectively. The wide range of four SPWs cover
numerous major molecular line transitions at ~1.3 mm,
including but not limited to (1)a cold-gas tracer (e.g.,
N,D* 3-2); (2) outflow gas tracers (e.g., CO (2-1), SiO (5-4),
H,CO (3-2)); (3) HMC tracers (e.g., CH3CN (12-11)), and
(4) an ionized gas tracer, H30a.. More information about the
major molecular lines at 1.3 mm typical of different gas
environments has been summarized in Table 2 of X. Liu et al.
(2024).

2.2. Data Reduction

In this study, the ACA and TM2 observations of the
QUARKS survey were combined and imaged using Common
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Table 1
QUARKS TM2 Observations
Group ID* Nierd” Source Obs. Date Min./Max. BL AR MRS Calibrators
(m/m) (arcsec) (arcsec) Phase Bandpass/Flux

@ (@) 3 (C)) &) © (M ®) ()
1 7 08303-09094 2022-12-29 15.1/500.6 0.7 7.3 J0922-3959 J1037-2934
2 4 10365-11332 2024-03-19 15.1/313.7 1.1 11.1 J1047-6217 J1107-4449
3 15 12320-13295 2024-03-22 15.1/313.7 1.1 10.9 J1254-6111 J1427-4206
4 8 13471-14212 2024-03-18 15.1/313.7 1.1 10.9 J1408-5712 J1427-4206
5 5 14382-15290 2024-03-21 15.1/313.7 1.1 11.1 J1524-5903 J1427-4206

2024-04-12 15.1/313.7 1.0 10.4 J1524-5903 J1427-4206
6 28 15384-16177 2024-03-22 15.1/313.7 1.0 10.9 J1603-4904 J1427-4206
7 19 16272-16489 2024-03-19 15.1/313.7 1.1 11.1 J1650-5044 J1617-5848
8 7 16524-17016 2024-03-19 15.1/313.7 1.1 11.1 J1711-3744 J1617-5848
9 15 17136-17278 2024-03-22 15.1/313.7 1.1 10.9 J1720-3552 J1617-5848
10 4 17439-17455 2022-04-09 15.1/313.7 1.1 9.5 J1744-3116 J1924-2914
11 6 17545-18075 2024-03-19 15.1/313.7 1.1 11.1 J1755-2232 J1924-2914
12 13 18079-18264 2024-03-19 15.1/313.7 1.1 11.1 J1832-2039 J1924-2914
13 11 18290-18341 2024-03-19 15.1/313.7 1.1 11.1 J1832-2039 J1924-2914
14 11 18411-18530 2022-10-26 14.8/312.7 1.1 9.8 J1851+0035 J1924-2914
15 3 19078-19097 2024-03-06 15.1/313.7 1.1 10.4 J1919-2914 J1924-2914

2024-03-19 15.1/313.7 1.1 11.1 J1919-2914 J1924-2914
Notes.

% The QUARKS TM2 observations were arranged into 15 scheduling blocks, which are called “Groups” for short.

® The number of single-pointing fields conducted in each group.

Astronomy Software Applications (CASA, version 6.6.0,
CASA Team et al. 2022) for both continuum and spectral
line emission. Figure 1 presents an overview of the data
reduction procedure. The Auto-Flag step was initially
conducted to identify line-free channels and subsequently flag
data. The fclean algorithm was then used to generate the first
version of the combined TM2+4ACA line data cubes for each
field. To optimize the identification of the line-free channels,
the Manual-Flag step was involved iteratively to produce the
final continuum (with minimum contamination from line
emission) and line data products. Details on data reduction are
given below.

2.2.1. Data Flag and Basic Setup of Data Reduction

As shown in Figure 1, the raw visibility data for the
QUARKS ACA and TM2 observations were first concatenated
using the CASA task concat. In order to execute the CASA
task flag, line-free channels need to be determined for each
field. For this, we followed the method developed by X. Liu
et al. (2024) for the QUARKS survey. Here, (1) molecular
transitions of strong emission lines in the four SPWs were
identified as a model spectrum by matching the ALMA
pipeline-reduced data cube with the laboratory database of
spectral lines (CDMS; H. S. P. Miiller et al. 2001); (2) based
on the centroid velocity (Vi) of each field, we shifted the
model spectrum and expanded it to a width of 50kms ',
ensuring clean channels that are free of multiple velocity
components and broad spectral line wing emission. The above
approach yields line-free channels automatically. Line-emis-
sion channels were then flagged for continuum and line-free
channels for four SPWs that were subtracted in the Fourier
space employing the CASA task uvcontsub with a linear fitting
(fitorder = 1). We refer to this process as the Auto-Flag step.

The combined imaging processes of both continuum and lines
were performed using the CASA task fclean, with a briggs
robust weighting of 0.5. This constitutes the first version of the
TM2+ACA data for both continuum and spectral lines (see
Figure 1).

However, the TM2+ACA first version data reveal a skewed
baseline for some fields instead of a constant level. This could
be attributed to complex molecular spectral lines or more
extended line wings, which resulted in contaminated line-free
channels generated in the Auro-Flag step. Therefore, we
manually reidentified the line-free channels for each field
based on the TM2+ACA first version data using Line-
marker.** Line-free channels were then flagged before the
next continuum and line imaging. This is refered to as the
Manual-Flag step (see Figure 1).

In the image-cleaning process, the image size for each field
in Group 1 was set to be [300, 300] pixels, with a pixel size of
0.15; for the fields in Groups 215 each image was set to have
[250, 250] pixels, with a pixel size of 0'2. The different
settings mentioned above are due to the various angular
resolutions between Group 1 and other groups (see Table 1).
The image-cleaning procedure was conducted within a pblimit
of 0.2 in each field.

In addition, as mentioned in Section 2.1, 17 protocluster
clumps with extended density structures inside were covered
by two single pointings. For 15 of them, we made the mosaic
before imaging. However, the 112572-6316 and 117269-3312
protocluster clumps were excluded for the mosaic imaging
because of the insufficient overlap between the two associated
single pointings.

2 hips: //gitee.com/liuxunchuan /linemarker; a tool for manually identifying
the line-free or line-emission channels in an astronomical spectrum.
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Figure 1. Flow chart for ALMA-QUARKS ACA and TM2 combined data
reduction. The elliptical boxes denote the raw data and the final reduced data.
The rectangle indicates a specific processing step, while the parallelogram
indicates an intermediate product during the data reduction.

2.2.2. Continuum Imaging with Self-calibration

All four SPWs’ visibility data were used to ensure a rather
high sensitivity for the QUARKS TM2+ACA continuum
image. In addition, the self-calibration approach was applied to
improve the dynamic range of the reduced image by correcting
the visibility phase/amplitude via the comparison of the
visibility data with the model of the source itself
(A. M. S. Richards et al. 2022). For continuum imaging, we
performed three rounds of phase self-calibration (see
Figure 1), each based on the fclean results of the previous
round. Here, we selected the hogbom deconvolving algorithm,
which uses a point-source model of the sky brightness
distribution for operation, and is a better choice in the iterative
phase self-calibration process. Subsequently, multiterm multi-
frequency synthesis (mtmfs) with an nterm of 2 was employed
for the last tclean procedure, which both restores the extended
structure and improves the image quality (U. Rau &

Yang et al.

T. J. Cornwell 2011). Self-calibration was carried out
manually and iteratively to optimize the cleaning thresholds,
ensuring a rather good sensitivity while preventing divergence.
As a result, the average noise level of the reduced TM2+ACA
continuum data is ~0.6 mJy beam ™', with an average beam
size of ~1"3 x 1.1, corresponding to a mass sensitivity of
~0.3 M, for a 30 K dust temperature at a median distance of
3.7kpc for the QUARKS survey.

2.2.3. Line Imaging

For molecular lines, we applied to four SPWs to all the
calibration tables from three rounds of continuum self-
calibration (see Section 2.2.2), and subtracted emission of
line-free channels in the Fourier space by employing the
CASA task uvcontsub with a linear fitting (fitorder = 1) (see
Figure 1). The subtracted TM2 and ACA visibility data were
concatenated and subsequently cleaned to generate the spectral
cube using the CASA task tclean, with the mutilscale
deconvolution approach and a uniform cleaning threshold of
25 mJy beam ! (~0.4K). This threshold was chosen to
optimize the cleaning performance of spectral cubes for most
fields. As a result, the average rms level of the reduced line
data is ~10 mJy beam ' (~0.2 K) per channel at an average
synthesized beam of ~174 x 1"1and a velocity resolution of
~13kms .

3. Results and Analysis
3.1. Core Extraction

Figure 2 presents a comparison of continuum images
between the 3mm ATOMS data (left panels) and the
1.3mm QUARKS TM2+ACA data (right panels) for two
example targets. The figure demonstrates the overall spatial
consistency between 1.3 and 3 mm emission. The QUARKS
images, owing to their higher angular resolution, reveal finer
structures such as dense filaments and cores. In contrast,
ATOMS 3 mm emission appears more extended, which results
from the larger maximum recoverable scale of the ATOMS
survey (~20” and/or contribution from free—free emission at
3mm. Free—free emission from ionized gas could radiate
significantly at 3 mm, particularly within rather evolved
clumps associated with UCHII regions, while at 1.3 mm,
thermal dust emission could be the major component (e.g.,
A. Ginsburg et al. 2020; F. Motte et al. 2022). As shown in the
right panels of Figure 2, the red contours correspond to
emission of the H40« recombination line representative of
ionized gas from the ATOMS survey, which does show a
somehow extended emission morphology.

We employed the getsf algorithm (A. Men’shchikov 2021)
to identify compact structures within the TM2+ACA con-
tinuum data at 1.3 mm. This algorithm has been widely used
for extracting compact sources in complex protocluster
environments (Y. Pouteau et al. 2022; T. Nony et al. 2023;
L. K. Dewangan et al. 2024; F. Louvet et al. 2024; D. Yang
et al. 2024; F. Xu et al. 2024a; 2025). In our case, the getsf was
applied to images without primary beam correction, as they
exhibit a relatively uniform noise level across the entire field
of view. For the algorithm’s configuration, we set the
minimum and maximum sizes of the extracted compact
sources to half and 3 times the synthesized beam size,
respectively. Note that the choice of minimum size (whether
half- or one-beam size) does not significantly influence the
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Figure 2. Comparison of ATOMS 3 mm and QUARKS 1.3 mm continuum images for two protocluster clumps. The black dashed circle in each panel defines the
field of view of the QUARKS survey. Left panels ((a), (c)): ATOMS 3 mm continuum emission. The dashed contour levels are [3, 6, 12, 24, 48, 96] rms, with
rms ~1.4 and ~0.4 mJy beam ™" for 117271-3439 and 117244-3536, respectively. Red contours correspond to integrated emission of the H40a recombination line
representative of ionized gas from the ATOMS survey, with rms ~0.2 and ~0.1 Jy beam™' km s~ for 117271-3439 and 117244-3536, respectively. Right panels
((b), (d)): QUARKS TM2+ACA 1.3 mm continuum emission. The contour levels are the same as in the left panels, but with rms ~2.1 and ~0.4 mJy beam ™! for
117271-3439 and 117244-3536, respectively. The cross symbols correspond to the cores extracted from 1.3 mm continuum emission using the getsf algorithm, where
black markers denote those detected by the algorithm at a configuration with a minimum source size employing the beam size, while red markers correspond to
relatively faint cores detected at the other configuration employing half-beam. The beam sizes of ATOMS and QUARKS TM2+ACA continuum emission are shown

on the lower left, and the 0.1 pc scale bar is on the upper right of each panel.

parameters (e.g., size, flux) of the extracted sources with
strong emission, but the former parameter configuration can
extract relatively weaker structures, which enables a sample of
fragments as complete as possible for clump-to-core fragmen-
tation analysis. As shown in the right panels of Figure 2, the
red cross symbols represent the additional faint structures
identified by the getsf using half of the beam size as the
minimum size.

To enhance the reliability of our core sample, we applied a
postselection process based on the quality-check parameters
provided by the getsf algorithm. Specifically, we retained only
the cores with a significance level (SIGNM; detection
significance from monochromatic single scales) greater than
5 and a goodness (GOODM; monochromatic goodness
combining significance and signal-to-noise ratio) greater than
unity (M. Benedettini et al. 2018), while excluding the cores
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Table 2

Core Parameters Measured by getsf
Source Name  Core  Dist. R.A. (IRCS)  Decl. (IRCS) Maj. Min. PA Fin L2 Fpgk @ SIGNM  GOODM
(kpc) (h:m:s) (d:m:s) (arcsec) (arcsec) (deg) (mJy) (mJy beam™})

(eY) @) 3 “ Q) ©) M ® © (10) an 12)
108303-4303 1 2.35 8"32m08:64 —43913™45365 1.195 0.9643 27.43 134.16(1.48) 14.59(0.51) 171 705
108303-4303 2 2.35 8"32™09305 —43913™43:33 0.9634 0.8254 93.93 33.38(1.08) 5.96(0.56) 74 116
108303-4303 3 2.35 8"32m08:46 —4391349:13 1.453 1.039 38.52 52.66(1.4) 5.88(0.6) 59 82
108303-4303 4 2.35 8"32m08:46 —43913™47:22 1.081 1.029 0.6709 28.22(1.06) 4.17(0.62) 31 40
108303-4303 5 2.35 8"32m08:90 —43913m52812 1.148 0.8792 11.07 6.17(0.38) 1.03(0.19) 12 8
108303-4303 6 2.35 8"32m08:88 —43913™42:05 2.086 1.466 99.41 7.55(0.91) 0.48(0.37) 13 3
Note.
 The values in parentheses represent the measurement errors.
(This table is available in its entirety in machine-readable form in the online article.)

Table 3

Criteria of Core Classification

Type of Cores Criteria Assumed Temperature
Candidate starless core Mine < 6 without outflows and H30« emission [20K, T dump]“
Candidate warm core

6 < Njine < 15 without H30« emission 30 K

Or Njjpe < 6 with outflows but no H30« emission

Evolved cores:

Candidate hot molecular core
Candidate UCHII-A core
Candidate UCHII-/ core

Mine > 15 without H30«w emission
With H30« emission and high line richness (Njj,e > 15)
With H30a: emission and low line richness (Ve < 15)

100 K

Notes.
a Teiump is the average dust temperature of the natal clump.

located at the edges of each field. Cores with a value of
GOODM below unity were considered highly unreliable
(A. Men’shchikov 2021). The SIGNM and GOODM values
for each core are listed in columns (11) and (12) of Table 2.

Following the above criteria, a total of 1562 compact
structures (i.e., cores) were identified across 156 fields. The
core parameters derived from getsf, with the integrated flux
and peak intensity corrected for the primary beam response,
are presented in Table 2. It is worth noting that although the
majority of compact cores in each field can be identified by
getsf using our criteria, a few potential sources could be still
missing. As shown in Figure 2(d) for example, two or three
relatively weak continuum peaks lack corresponding compact
core identifications. This arises due to their low intensity
contrast relative to background emission, and therefore those
weak density structures could not be recognized by getsf
(A. Men’shchikov 2021). Except for [13134-6242 and 118056-
1952 (each with three dense cores), our clump sample contains
4 to 33 cores, which provides rather sufficient core numbers
for our following fragmentation analysis.

3.2. Classification of Cores

We used molecular line emission from four SPWs in the
QUARKS survey to classify the cores into distinct evolu-
tionary stages of star formation. The four SPWs cover a wide
frequency range of approximately 8 GHz, encompassing
numerous molecular transitions that probe star-forming
environments across various evolutionary stages, from starless

cores to UCHII regions. The classification criteria are
summarized in Table 3, with further details on each category
of cores provided below. The number of detectable molecular
lines (V) serves as a quantitative and efficient metric to
assess the chemical complexity of the cores, enabling
an approximate determination of their evolutionary stage
(H.-L. Liu et al. 2021).

To determine Ny, for each core, we identified the number
of line-emission peaks from the core-averaged spectra
exceeding a 30 noise level across the four SPWs. The lo
noise level was calculated as the standard deviation of the
amplitudes in the line-free emission channels for each core
(~20 mJy beam ' on average). The resulting Ny, values for
each core are listed in column (6) of Tables 4 and 5. Note that
Niine could be underestimated for cores having a large number
of complex molecular transitions (e.g., Njjne > 50), though this
does not affect our major classification results.

Using Ny, in conjunction with other star formation
indicators (e.g., outflows and ionized gas), we categorized
the 1562 identified cores into three primary groups: (1)
candidate starless cores, (2) candidate warm cores (WCs), and
(3) candidate evolved cores. The evolved core category was
further subdivided into three subcategories based on H30«
ionized gas emission: candidate HMCs, candidate UCHI
region cores with a relatively high line richness (N, > 15;
UCHII-%), and candidate UCHII region cores with a relatively
low line richness (Nj,e < 15; UCHII-/). Assuming that
stronger ionized gas feedback occurring in later evolutionary
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stages reduces the richness of molecular line emission (e.g.,
M. A. Requena-Torres et al. 2006; H. Beuther et al. 2008;
S.-L. Qin et al. 2015), UCHII-/ cores could be considered more
evolved than UCHII-4 ones.

3.2.1. Candidate Starless and Warm Cores

Candidate starless cores are defined here based on the two
following criteria. First, they exhibit gas emission from some
molecular transitions covered in the QUARKS survey with
upper energy levels (E,) below 22 K (P. Sanhueza et al. 2019).
In accordance with this, six line transitions are considered
relevant, namely CO/'>CO/C'0 (2-1) with E, ~ 16K,
H,CO (3p5—202) with E, = 2096K, DCN (3-2) with
E, = 20.85K, and N,D" (3-2) with E, = 22.2K. Thus,
candidate starless cores are required to only have such cold-
gas emission of lines with Ny, < 6. Second, such candidates
should lack any star formation signatures, such as outflows
traced by CO emission or ionized gas by H30« emission (e.g.,
A. Y. Yang et al. 2018; P. Sanhueza et al. 2019; A. Y. Yang
et al. 2022; J. S. Urquhart et al. 2022). Following the above
standard, 127 (8.1%) out of 1562 cores were finally classified
as candidate starless cores (see Figure 3). In addition,
H,CO (3p3—2¢2) and DCN (3-2) line emission could trace
low-velocity outflows (C. Codella et al. 2012). However, by
examining the core-averaged spectra of these two lines for the
127 starless candidates, no broad-line wings were observed in
the spectral line profiles (not shown here). This further
suggests the starless possibility of these cores. Figure 4(a)
presents typical molecular line spectra for a candidate starless
core, which shows a few lines not signifying any star-forming
signatures as mentioned earlier.

WCs are defined here to represent a transitional phase between
starless and HMCs. In this study, molecular transitions with
upper energy levels below ~100 K typical of hot-gas tracers but
above ~22 K typical of cold-gas tracers, such as CH;0H (4-3)
with E, = 4546K, H,CO (3:2251/321220) with
E, = 68.09K, SiO (54) with E, = 31.26 K, SO (6-5) with
E, = 3498K, and *CS (54) with E, = 33.29K, are
approximately designated as warm-gas tracers (e.g., P. Sanhueza
et al. 2019). This rough definition allows us to estimate the
number of emission lines for candidate WCs to be 6 < Ny < 15.
Note that when Ny, > 15, the molecular lines already contain
hot-gas tracers (e.g., CH;CN). Additionally, those with emission
of lines of Ny, < 6 associated with CO outflows but no H30a:
emission are also considered candidate WCs. As a result, 971
cores (62.2%) were identified as candidate WCs (see Figure 3).
Figure 4(b) shows representative molecular line spectra for a
candidate WC.

3.2.2. Candidate Hot Molecular and UCHII Cores

In addition to the candidate starless cores and WCs
described above, the remaining cores are assumed to be in a
more advanced evolutionary stage, due to their association
with detection of rich molecular line transitions (N, > 15)
and/or the H30« line representative of ionized gas emission.
A broad-spectrum profile of the H30« line (e.g., line width >
15kms™!, e.g., H.-L. Liu et al. 2021) and a compact emission
pattern in the line-intensity map are both required to diagnose
the signature of UCHII regions, as illustrated in Figure 5.
Consequently, the remaining 464 cores (~30%) were classi-
fied as evolved cores (see Figure 3). As previously mentioned,

Yang et al.

Evolutionary Stage Distribution

WC: 971

62.2%
SC: 127

8.1%

5.6%
UCHII-I: 87
4.0%

UCHII-h: 63
20.1%

HMC: 314

Figure 3. Pie chart for statistics of core classifications.

these evolved cores were further subdivided into three
subcategories based on their associated Ny, and detection of
H30« (see Table 3): 314 candidate HMCs without associated
H30« emission, 63 UCHII-/ candidates with associated H30«
emission and Ny, > 15, and 87 UCHII-/ candidates with
associated H30« emission and Ny, < 15 (see Figure 3). In the
ATOMS survey, H.-L. Liu et al. (2021) used H40« emission to
identify UCHII cores, detecting 89 sources. They also have
associated H30« emission, except for two sources within
116158-5055 and 116506-4512 protocluster clumps (see
Table 1 of H.-L. Liu et al. 2021) that were not covered by
the QUARKS observations. The typical molecular transitions
of the evolved cores are illustrated in Figures 4(c)—(e).

3.3. Physical Parameters of Dense Cores

The dust temperature (T4,5) of a core is a fundamental
parameter that subsequently determines other key properties of
the core such as the mass and the density. However, accurately
determining T4y for individual cores within a clump remains
challenging, particularly for candidate starless cores and WCs
lacking detection of temperature-sensitive line transitions (e.g.,
CH;CN K-ladder transitions). Besides, assigning a uniform
T4ust to all cores within a clump is unrealistic due to their
probable diverse evolutionary stages (see Section 3.2). Instead,
we assigned Ty, for cores based on their evolutionary stage,
as shown in column (3) of Table 3.

For starless cores without internal protostellar heating, dust
temperatures as low as 10-15 K have been observed in IRDC
environments (P. Sanhueza et al. 2013; A. T. Barnes et al.
2023; K. Morii et al. 2023; X. Mai et al. 2024). However,
given the IR-bright nature of the QUARKS sample (H.-L. Liu
et al. 2021; F. Xu et al. 2024b), these temperatures could be
higher (e.g., ~20 K; T. Nony et al. 2018, 2023) due to external
heating by nearby young stars (P. Dell’Ova et al. 2024).
Therefore, we adopted here a lower limit of temperature of
20K for all candidate starless cores, consistent not only with
the assumption made in the study by the ALMA-IMF survey
team (M. Valeille-Manet et al. 2025) but also with the
averaged temperature measured in starless cores within
clustered star-forming regions (Table 5 of A. Sanchez-Monge
et al. 2013). For the upper limit of temperature, we assigned
the average Ty, of the natal clump, derived from the spectral
energy distribution (S. Fatindez et al. 2004; see Table Al in
T. Liu et al. 2020).
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Figure 4. Demonstration of core-averaged spectra covered in the four spectral windows of the QUARKS survey for dense cores representative of different stages of
evolution, including candidates of (a) starless cores, (b) warm cores, (c) hot cores, (d) UCHII-4 cores, and (¢) UCHII-/ cores. The upper-left corner of each panel
displays the count of molecular spectral lines tentatively detected in each core. The horizontal dashed line represents the noise level of the spectra. Several common

molecular line transitions are labeled.

For candidate WCs, a dust temperature of 30 K was adopted
(A. Traficante et al. 2023), consistent with the average Ty,

(~28.6 K) of their natal clumps. Finally, for candidate evolved et al. 2023).

cores, we assumed a dust temperature of 100 K (E. Herbst &
E. F. van Dishoeck 2009; S.-L. Qin et al. 2022; K. Taniguchi
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Figure 5. Emission of the H30« line toward 112320-6122 Core 1. (a) The black histogram represents the observed core-averaged spectrum while the red line is the

Gaussian fitting. (b) QUARKS TM2+ACA continuum image of 112320-6122 Core 1. The contour levels are the same as in Figure 2, but with rms = 1 mJy beam™ .

1

The red contours show velocity-integrated emission of H30a over [-90, 10] km s, with rms = 0.5 Jy beam ' km s'. The black circle delineates 112320-6122
Core 1. The beam size of the TM2+ACA observations is shown on the lower left, and the 0.05 pc scale bar is on the upper-right corner.

Assuming dust continuum emission at 1.3mm to be
optically thin, the masses of the cores can be estimated as
follows:

S D?Ryg

Megre = —5,
O KB (Taus)

ey

where the integrated flux (S,fm) is measured from 1.3 mm dust
emission and D is the distance for each source, adopted from
X. Liu et al. (2024). Ryq is the gas-to-dust ratio, assumed to be
100 (e.g., P. Sanhueza et al. 2019; F. Motte et al. 2022;
A. Traficante et al. 2023; A. Coletta et al. 2025).43 The dust
opacity (k,) is taken as 0.9 cm? g~ (V. Ossenkopf & T. Hen-
ning 1994) and B,(T4.s) is the Planck function for a given

Tdust~
Assuming a spherical geometry, the number density of
the cores was calculated as ny, = L where p = 2.8 is
A7R? pumy

the mean molecular weight and my is the hydrogen
atom mass (J. Kauffmann et al. 2008). The surface

density is given by X = %. The deconvolved effective
TR,
radius (R.) for each core was determined using

R. = \/(maj X min) — (bmaj x bmin) /2 x D (Y. Pouteau
et al. 2022), where maj and min are the sizes of the major
and minor axes measured by the getsf algorithm (see
columns (6)—(7) in Table 2), and bmaj and bmin correspond
to the synthesized beam dimensions of the QUARKS TM2
+ACA observations. To mitigate deconvolution artifacts, a
minimum radius of half the beam size (~0.5) was enforced,
following Y. Pouteau et al. (2022).

Considering the uncertainties in distance (~10%) and dust
temperature (<30%) along with that from &, and Req (~50%;
P. Sanhueza et al. 2017; X. Shen et al. 2024), we estimated the
uncertainty of mass, number density, and surface density of

43 Other values for R4 can be found in the literature, ranging from 110-150
(e.g., H. Beuther et al. 2018; B. E. Svoboda et al. 2019; A. T. Barnes et al.
2021, 2023). This implies an Rgq uncertainty of ~50%.
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~50%, using the Monte Carlo approach as adopted in X. Shen
et al. (2024) .

As shown in Table 4, candidate starless cores have masses
(at 20K) ranging from [0.2-21.0] M, with a median of
1.5 M., which are listed in column (8) of Table 4. Their
estimated masses, calculated using the average dust temper-
ature of their natal clumps, are listed in column (9) of Table 4.
The median radius, number density, and surface density of
candidate starless cores are 2800 au, 2.0 x 10° cmfs, and
05¢g cm 2, respectively (based on a temperature of 20 K).

The physical parameters for candidate warm and evolved
cores are summarized in Table 5. For candidate WCs, the
median radius, number density, and surface density are
2.1M,, 2800au, 2.6 x 10°cm >, and 0.7 gcm 2, respec-
tively. For evolved cores, the median radius, number density
and surface density are 3.7 M., 2700 au, 5.5 x 10°cm >, and
1.4 gcm 2 Figure 10 illustrates the distribution of physical
parameters across different categories of cores studied here.
Although there is a clear increase in the total flux of cores as
they evolve (see Figure 10(a)), no significant differences are
observed in other parameters (i.e., mass, radius, number
density, and surface density, see Figures 10(b)—(e)) among
cores in different evolutionary stages.

3.4. Core Separation

Dense cores form through the fragmentation of their natal
molecular clump. The Jeans length and mass are commonly
employed to characterize this fragmentation process. However, as
noted in H. Beuther et al. (2018), mass estimates are subject to
significant uncertainties—not only from missing flux but also from
assumptions about dust properties and temperatures (introducing
uncertainties with factors of about 2, see Section 3.3).
Consequently, core separation could serve as a more suitable
proxy for analyzing fragmentation properties in clumps.

The minimum-spanning tree (MST; J. D. Barrow et al. 1985;
S. Dib & T. Henning 2019) method was used to determine the
shortest separation between the cores within each clump (see
Figure 6 for two illustrative examples). This approach has been
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Figure 6. Example of the MST results (green segments). QUARKS TM2+ACA 1.3mm continuum emission is shown in a color scale with dense cores (i.e., cross
symbols) overlaid. The contour levels are the same as in Figures 2(b) and (d). The beam size of the QUARKS data is shown on the lower left, and the 0.1 pc scale bar

is on the upper right.

widely applied in studies of star-forming filaments, fibers, and
clumps for core separation analysis (K. Wang et al. 2016;
P. Sanhueza et al. 2019; S. Zhang et al. 2021; H.-L. Liu et al.
2022a; K. Morii et al. 2023; K. Ishihara et al. 2024; K. Morii
et al. 2024; F. Xu et al. 2024a; D. Yang et al. 2024).

Figure 7(a) presents the angular separation distribution for
all cores in this study, spanning [0.9, 17.9]” (corresponding to
[0.005, 0.72] pc). The distribution peaks at 2.5 (black dashed
line in Figure 7(a)), about twice the QUARKS TM2+ACA
resolution (~1%), regardless of the source distance. This result
suggests that all individual cores within each clump can be
resolved well by current angular resolution.

In Figure 7(b), the linear separation distribution exhibits a
strong dependence on the source distance, with the median
separation shifting toward higher values for farther distances
(see the specific values in the legend of the figure, and also
Figure 11). This reflects an observational effect rather than a
physical phenomenon, arising from the QUARKS survey’s
varying absolute mass sensitivity and linear resolution. For
instance, the minimum detectable core mass increases with
distance (Figure 12(a)), while the number of core detections
(surface density of the core count) decreases systematically
with distance (Figure 12(b)). These effects naturally lead to
greater linear separations for more distant sources.

It should be noted that the measured core separations could
represent lower limits due to projection effects, with actual
values being potentially 1-2 times greater.

3.5. Analysis of Thermal Jeans Length

To investigate the clump-to-core fragmentation using the
QUARKS TM2+ACA continuum data, we conducted the
comparison between the observed linear separation of the
cores and the predicted thermal Jeans length within their natal
clumps. Using physical parameters from Table Al in T. Liu
et al. (2020), we find that the clump number densities range
from ~10°~10° cm ™~ and the dust temperatures vary between
19.5 and 45.5 K. These conditions yield Jeans lengths
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Figure 7. Distributions of core separation within all QUARKS protocluster
clumps. To visualize the distance effect on the distribution, the clumps were
devided into four quartile groups based on their measured distances: <2.85,
(2.85-3.76), (3.76-5.67), and >5.67 kpc, with each quartile coded by a
distinct color. The count of the corresponding groups is 36, 35, 35, and 35
protocluster clumps, respectively. (a) Distribution of the angular separation.
The number of core separation measurements for each group of protocluster
clumps is 375, 363, 366, and 317, respectively, as shown in upper-right
legend. The black and red dashed lines indicate the peak of the distribution
(~2'5), and the typical beam size (~1%) of our observations, respectively. (b)
Distribution of the linear core separation. The median value of the distribution
for each group of protocluster clumps is 0.03, 0.05, 0.07, and 0.12 pc,
respectively, as shown in upper-right legend. The black dashed line indicates
the peak of this distribution.
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Figure 8. Distribution of the ratio between the observed core separation to the
predicted thermal Jeans length. The black dashed line shows the peak of the
distribution. The red contour represents the distribution with the spatial
projection correction applied (see text).

(N = ¢y(m/Gp)'/?) of ~[0.07, 1.1]pc for all clumps of the
QUARKS survey.

The ratio of the observed core separation to the thermal
Jeans length (Agps/Ny) is shown in Figure 8, revealing a
distribution apparently independent of the source distance.
Both A,,s and )\; exhibit positive correlations with source
distance, as demonstrated by Spearman’s rank correlation
tests:44ps ~ 0.9 (p < 0.01) for the Ay in Figure 11, and
ps ~ 0.6 (p < 0.01) for the \; in Figure 13(a). However, the
Aobs/ Ay Tatio can effectively mitigate (or reduce) the effects
related to the source distance, as illustrated in Figure 13(b)
(ps ~ 04 and p < 0.01). Almost all ratios (~99%, 1407/
1421) are below 1, peaking at ~0.1 (black dashed line in
Figure 8). After applying the correction for projection effects
(consider the factor of 4/, e.g., K. Ishihara et al. 2024), the
red histogram in Figure 8 shows that ~98% (1391/1421) of
the ratios remain below unity, with a peak at ~0.2. This result
indicates that the massive protocluster clumps studied here
fragment with core separations significantly smaller than the
predicted thermal Jeans lengths. This agrees with recent
studies showing observed core separations comparable to or
less than the thermal Jeans length both in IRDCs (P. Sanhueza
et al. 2019; K. Morii et al. 2024), and in more evolved IR-
bright star-forming clumps (A. Palau et al. 2015, 2018;
H. Beuther et al. 2018; S. Zhang et al. 2021; K. Ishihara
et al. 2024).

Interestingly, a secondary peak in Figure 8 appears at
Aobs/A1 ~ 0.3. A similar bimodal distribution of core
separations has also been observed (P. S. Teixeira et al.
2016; A. Palau et al. 2018; B. E. Svoboda et al. 2019; S. Zhang
et al. 2021), which could be attributed to hierarchical
fragmentation occurring at two distinct scales within a clump.
Note that the secondary peak is much weaker than the primary
one, and thus should be treated with caution.

4. Discussion
4.1. Fragmentation of Protocluster Clumps

Recent high-angular-resolution ALMA observations suggest
that fragmentation of both IR-dark and IR-bright clumps could

4 The Spearman’s rank correlation test is suitable for small sample sizes and
does not require the variables to follow a Gaussian (normal) distribution. A p;
closer to +1 or —1 indicates a stronger positive or negative monotonic
relationship, respectively, and the value of O suggests no correlation. If
p-value < 0.01, the result is considered statistically significant.
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follow the thermal Jeans fragmentation mechanism. For
instance, in the ALMA-ASHES survey targeting tens of IRDC
clumps, core separations align with the predicted thermal Jeans
length, while core masses fall below the thermal Jeans mass
(P. Sanhueza et al. 2019; K. Morii et al. 2024). Similar results
were observed in evolved protocluster clumps (A. Palau et al.
2015; H. Beuther et al. 2018; S. R. Das et al. 2024) and those
associated H1I region environments (S. Zhang et al. 2021).
Our QUARKS sample, which includes IR-bright massive
protocluster clumps more evolved than the ASHES sample
(F. Xu et al. 2024b), with most hosting embedded UCHII
sources (H.-L. Liu et al. 2021; S. Zhang et al. 2023b; C. Zhang
et al. 2024), shows core separations significantly smaller than
the corresponding thermal Jeans length (Aops/A; ~ 0.2,
accounting for projection effects). This suggests that the IR-
bright protocluster clumps in our study fragment primarily
through thermal Jeans fragmentation.

Moreover, the peak of the core separation distribution at
~0.05 pc (Figure 7(b)) agrees with that observed in other IR-
bright massive clumps (~0.04 pc; see Figure 6 of F. Xu et al.
2024a) but is significantly less than those measured in IR-dark
massive clumps (~0.1 pc; P. Sanhueza et al. 2019; K. Morii
et al. 2023). This difference in typical core separations
between IR-dark and IR-bright clumps could naturally lead
to the observed low ratio of Agps/ Ay ~ 0.2. This result could
be linked to the evolutionary stage of the natal clumps,
as suggested by recent studies (H. Beuther et al. 2018;
A. Traficante et al. 2023). Specifically, dense cores could
initially form via thermal Jeans fragmentation during the
IR-dark stage with slightly larger separations, and then evolve
toward fewer separations due to the persistent global
gravitational collapse and contraction over time (P. S. Teixeira
et al. 2016; F. Xu et al. 2024a; S. R. Das et al. 2024). However,
when using the luminosity-to-mass ratio (L/M) as an evolu-
tionary indicator (e.g., H.-L. Liu et al. 2021) for the QUARKS
protocluster clumps, we do not find a clear correlation between
the L/M and core separation, which is not shown here. This
lack of correlation could stem from a limited dynamical range of
evolutionary phases in the QUARKS sample, which includes
IR-bright stages only. Additionally, as protocluster clumps
evolve, they could generate new fragments, leading to a
reduction in core separations over time, as reported in recent
studies using ALMAGAL survey data at ~1000 au resolution
(A. Coletta et al. 2025).

An alternative explanation for the observed Agps/ Ay ~ 0.2
significantly below unity could be due to the existence of a
hierarchical fragmentation mode within the clumps. Through
this mode, massive protocluster clumps initially fragment into
subclumps, which subsequently break down hierarchically into
smaller-scale dense cores (K. Morii et al. 2024). As a first
approximation, considering that the number densities of
subclumps in the QUARKS survey to be those derived from
the ACA compact sources (i.e., ~10°-10°cm ™3, F. Xu et al.
2024b), the Jeans lengths within subclumps would decrease by
a factor of ~3-10 with respect to those within their larger-
scale natal clumps as analyzed in Section 3.5. This would shift
the peak of the A\ps/A; distribution in Figure 8 to ~0.3-1,
which still agrees with the thermal Jeans fragmentation
mechanism well. Future detailed investigations into hierarch-
ical fragmentation involving (sub)clump scales based on the
QUARKS survey are required (W. Y. Jiao et al. 2025, in
preparation). Overall, regardless of the potential evolution of
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the core separation with the clump evolutionary stage and
likely existence of a hierarchical fragmentation mode, the
observed low ratio of Ayps/A; < 1 indicates that the massive
protocluster clumps investigated here are undergoing thermal
Jeans fragmentation.

Unlike our findings, some studies found that in IR-dark
clumps there are dense core masses exceeding the thermal
Jeans mass by at least an order of magnitude, consistent with
expectations for turbulent Jeans fragmentation of their natal
clumps (Q. Zhang et al. 2009; Q. Zhang & K. Wang 2011;
P. Sanhueza et al. 2013; K. Wang et al. 2014). As noted in
other studies, this discrepancy may arise either from observa-
tional limitations—such as insufficient mass sensitivity
(>2M.) and spatial resolution (>5000au) (A. Palau et al.
2015)—or from the fact that low-mass cores (or fragments) do
not form yet at such early evolutionary stages (K. Wang et al.
2014; Q. Zhang et al. 2015). Alternative explanations for this
discrepancy include steep initial density profiles (e.g.,
p X r 1 or p X r~), which favor the formation of central
massive cores (P. Girichidis et al. 2011; A. Palau et al. 2014).
Additionally, stronger magnetic fields have been proposed to
suppress fragmentation and promote massive core formation
(S. Dib et al. 2007; B. Commercon et al. 2011; T. Pillai et al.
2011; F. Fontani et al. 2016; P. Hennebelle et al. 2022).
However, recent studies have argued that strong magnetic
fields do not reverse the thermal Jeans fragmentation process
but instead act as a modulating factor (e.g., A. Palau et al.
2021; K. S. Klos et al. 2025) that facilitates the formation of a
few high-mass stars (e.g., P. Saha et al. 2024; P. Sanhueza
et al. 2025). In the future, systematic investigations using the
QUARKS sample will be essential to clarify the influence of
these factors on clump fragmentation.

4.2. Comparison with ATOMS’ “Unknown” Source Catalog

In the ATOMS survey, H.-L. Liu et al. (2021) identified 280
compact fragments lacking signatures of HMCs or UCHII
regions, designating them as ATOMS’ “unknown” sources.
These sources exhibit median properties of 2.4 x 102 pc
radius in an interquartile range (IQR) of [1.4, 4.6] x 1072 pe,
63 M, mass in an IQR of [20, 320] M., 9 x 10° cm™* number
density in an IQR of [4, 17] x 10°cm > and 7.2 g cm™* mass
surface density in an IQR of [4.3, 14.2] g cm 2. Due to these
characteristics of high mass and density, H.-L. Liu et al. (2021)
suggested that the “unknown” sources might represent
precursors to high-mass star formation. We crossmatched the
ATOMS “unknown” sources sample with the 1562 QUARKS
TM2+ACA cores from this study (Figure 9). Of the 280
“unknown” sources, 69 lie outside the QUARKS survey field,
while the remaining 211 correspond to 464 QUARKS cores.
This suggests that each “unknown” source could fragment into
at least two QUARKS cores at ~1” resolution. The majority of
the “unknown” sources sample (75%, 157/211) harbor
candidate starless cores and/or WCs, while 25% (54/211)
contain evolved cores. This indicates that the catalog of
ATOMS’ “unknown” sources is a suitable sample to
investigate initial conditions of high-mass star formation. In
particular, 16 of these ATOMS ‘“unknown” sources are
uniquely linked to candidate starless cores within the
QUARKS TM2+ACA catalog (see Figure 9), suggesting
their potential as prime candidates in the initial phases of high-
mass star formation core evolution and thus highlighting the
strong need for detailed follow-up studies.
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Figure 9. Venn diagram of crossmatched ATOMS “unknown” sources with
QUARKS TM2+ACA cores at different evolutionary stages. The number in
each circle represents the crossmatched result.

4.3. Searching for Candidate High-mass Starless Cores and
Implications for High-mass Star Formation

Competitive accretion-type models predict that a massive
clump fragments into numerous low-mass cores that subse-
quently promote high-mass star formation through competitive
gas accretion (I. A. Bonnell et al. 2001) within the clump and
even beyond (E. Vazquez-Semadeni et al. 2019; P. Padoan
et al. 2020). In contrast, the existence of individual high-mass
starless cores is crucial for validating turbulent core accretion-
type models (C. F. McKee & J. C. Tan 2003). To date, only a
handful of candidate high-mass starless cores have been
identified (K. Wang et al. 2014; T. Liu et al. 2017;
A. T. Barnes et al. 2023; T. Nony et al. 2023; X. Mai et al.
2024; M. Valeille-Manet et al. 2025).

In this study, we classified 127 candidate starless cores.
Assuming a star formation efficiency of 50% as adopted in
T. Nony et al. (2018) and M. Valeille-Manet et al. (2025), only
two candidates (with M., > 16 M, at T4 = 20K) could
potentially form high-mass stars independently. We highlight
these two cores in boldface in Table 4, which have radii of
5000-7000 au and masses of 17-21 M. The virial parameter
(awir = SszfRC/G M., F. Bertoldi & C. F. McKee 1992) is
widely used to evaluate the dynamical state of a core (e.g.,
H.-L. Liu et al. 2021; A. T. Barnes et al. 2021; F. Xu et al.
2024a; M. Valeille-Manet et al. 2025). Considering typical
total velocity dispersions of high-mass prestellar cores in the
literature (~0.4-0.8 km s7h e.g., A. T. Barnes et al. 2023;
X. Mai et al. 2024), we find «.; < 2 for the two candidates
studied here. This indicates that they are gravitationally bound
and could be therefore candidate prestellar cores, precursors of
high-mass star formation. Line spectra of the two candidate
cores and detection maps of CO outflows within their natal
clumps are shown in Figures 14 and 15, respectively.

It is worth noting that the number of high-mass starless
candidates identified here likely represents a lower limit. First,
if a lower dust temperature was considered (10-15K, e.g.,
F. Motte et al. 2018; A. T. Barnes et al. 2023; K. Morii et al.
2023; X. Mai et al. 2024), this would shift the masses of six
cores (i.e., 8-16 M, at 20K) to values greater than 16 M,
potentially adding additional high-mass starless candidates.
Second, QUARKS’ high-angular-resolution observations at
1.3mm primarily trace dense kernels of cores, likely
significantly filtering out their envelope mass. In contrast,
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the ATOMS survey observations at 3 mm at a lower angular
resolution retain relatively more extended envelope emission
(X. Mai et al. 2024). As illustrated in Figure 16, the ATOMS
“unknown” sources exhibit significantly larger median size
and mass than the QUARKS candidate starless cores studied
here, with the difference on the median size and mass by
factors of ~3 and ~50, respectively. Note that only 26
ATOMS “unknown” sources that are crossmatched with the
QUARKS candidate starless cores (see Figure 9) are depicted
in Figure 16. Future studies combining QUARKS and
ATOMS data are therefore needed to better evaluate the mass
threshold for potential high-mass starless candidates. Further-
more, there could be potential high-mass starless cores in our
WC catalog, arising from those ~5% (~50/971) cores with
M.ye = 8 M, at Ty = 30K (see Appendix A) that are not
associated with any star-forming signatures (e.g., outflows).

Regardless of the precise candidate count, we find that 90%
of candidate starless cores (Mo < 8 M) lack sufficient mass
for monolithic high-mass star formation. However, surround-
ing filaments and streamers may channel gas mass onto these
cores (A. Saha et al. 2022; J.-W. Zhou et al. 2022; D. Yang
et al. 2023; F.-W. Xu et al. 2023), enabling future high-mass
star formation (F. Motte et al. 2018) as depicted in the
competitive accretion model. Our results therefore require
competitive accretion-like models where clumps first fragment
into low-mass cores and high-mass stars primarily grow
through multiscale dynamical mass accretion from beyond
their immediate gas reservoir, with rare cases forming via
monolithic collapse with associated mass accretion onto
protostars from the envelope of their natal massive starless
cores.

5. Summary

The QUARKS survey observed 139 IR-bright massive star-
forming protocluster clumps across 156 pointings using
ALMA band6 (~ 1.3 mm). These observations employed
three configurations of the ALMA 12 m array: C-5 (TMI,
~0'3), C-2 (TM2, ~1"), and ACA 7 m array (~5"). This study
details the imaging procedures to generate the continuum and
line data sets from the combined TM2+ACA observations.
Employing self-calibration in both continuum and line
imaging, the final reduced TM24-ACA combined data
achieved an average noise level of ~0.6 mJy beam ' with a
synthesized beam of ~1.3 x 171 for continuum, and an
average noise level of ~10mJybeam ' per channel at a
velocity resolution of ~1.3kms ™' and a synthesized beam of
~1"4 x 1'1 for spectral lines.

Furthermore, 1562 compact cores were extracted from the
TM2+ACA combined continuum data using the getsf algo-
rithm. Using these cores, we conducted a systematic invest-
igation into clump-to-core fragmentation and a preliminary
search for candidate high-mass starless cores. The major
findings are summarized below.

Based on associated star-forming signatures, namely the
richness of molecular transitions (Ny,), outflows, and/or
ionized gas tracers, we categorized the identified cores into
three groups: 127 candidate starless cores, 971 candidate WCs,
and 464 candidate evolved cores. The evolved candidates
consist of three subcategories: 314 candidate HMCs, 63
candidate UCHII-k cores (UCHII-#) with high MNj,., and 87
candidate UCHII-/ cores (UCHII-/) with low Nj;p.. The median
size, mass, and surface density were estimated as follows:
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2900 au, 1.6 M, and 0.6 gcm_2 for candidate starless cores;
2600 au, 2.0 M, and 0.7 g cm ™2 for candidate WCs; 2700 au,
3.7M., and 1.4 gcm ™2 for evolved cores.

Employing the MST method, we quantified the core
separations within each protocluster clump. The angular
separations of all cores range from 0.9 to 17.9, peaking at
2’5, approximately twice the TM2+ACA resolution (~1"),
indicating that the studied cores are spatially resolved well. In
contrast, the distribution of the linear core separation, spanning
[0.005, 0.72]pc and peaking at ~0.05pc, shows a strong
positive correlation with the source distance, with the core
separation increasing toward a far distance.

Moreover, the observed linear core separations (Aqps) Within
each clump are much less than the related theoretical thermal
Jeans length (Jy), yielding a ratio of Agps/A; ~ 0.2 when
accounting for projection effects. This finding indicates that
the massive protocluster clumps in this study are undergoing
thermal Jeans fragmentation. We further suggest that the
observed low ratio of Ayps/A; < 1 could stem from either the
potential evolution of core separation with the clump’s
evolutionary stage or the likely presence of hierarchical
fragmentation within clumps.

The IR-bright environment of massive protocluster clumps,
characterized by typically higher gas temperatures compared
to IR-dark regions, may foster the formation of high-mass
starless cores. Within 127 candidate starless cores revealed in
QUARKS TM2+ACA continuum emission, we identified two
cores exceeding 16 M as high-mass candidates, possessing
radii of 3000-8000 au and masses of 17-21 M. The number
of such candidates identified here represents a lower limit due
to the inherent mass estimate uncertainty of the cores, which
warrants further investigation for starless cores by integrating
the ATOMS and QUARKS data sets. Irrespective of the exact
candidate count, we find that 90% of candidate starless cores
(Mcore < 8 M,,) do not possess sufficient mass for monolithic
high-mass star formation. The scarcity of such high-mass
starless candidates therefore suggests that competitive accre-
tion-like models are more applicable than turbulent core
accretion-like models in high-mass star formation within the
IR-bright protocluster clumps studied here.
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Appendix A
Physical Parameters of the QUARKS TM2+ACA Dense
Cores

Derived parameters for candidate starless cores are listed in
Table 4, and those for candidate warm and evolved cores are
presented in Table 5. Figure 10 presents the distribution of
physical parameters for dense cores across different evolu-
tionary stages. While the total flux of cores generally increases
with evolutionary stage, mass, radius, and number density do
not show clear trends. Note that 27 cores exceeding
100 M, (Figure 10(b)) are evolved cores (11 in HMCs and
15 in UCHII cores), which require careful consideration due to
their association with ionized gas emission. From the cross-
match between these cores and MeerKAT 1.3 GHz radio
continuum arising from free—free emission, we find that except
for the UCHI cores, almost all HMCs in question lie in
extended ionized gas emission. The 1.3 mm flux of these 27
cores could be significantly affected by free—free emission,
potentially leading to mass overestimation.

Table 4
Derived Parameters for Candidate Starless Cores
Source Core RA (IRCS) Decl. (IRCS) R Niine Temp.” MasSupper- MasSjower. (20 K)d DI K)d
(h:m:s) (d:m:s) (au) X) (M) M) (x 10°m™  (gem?)

(€8] 2) 3) (C)] )] (6) 7 ® ) (10) (1)
108448-4343 9 8"46™31599 —43954™40507 535 5 25 0.3 0.23 59.3 3.0
108448-4343 20 8"46™33589 —43%54m27539 744 2 25 0.21 0.16 154 1.1
109002-4732 8 980154591 —47944™01587 628 6 39 1.21 0.54 147.9 8.7
109094-4803 6 9"11™M08%68 —48916™04%62 8752 3 23 7.01 5.86 0.3 0.3
109094-4803 7 9"11™M0887 —48916™04512 6003 3 23 2.9 2.43 0.4 0.2
109094-4803 9 9"11m0861 —48%15M51544 4234 4 23 2.26 1.89 0.9 0.4
112572-6316_2 3 13"00™28574 —634932m29579 7832 2 21 10.93 10.26 0.7 0.5
112572-6316_2 4 13"00™m28511 —63932m38%47 10540 4 21 12.76 11.98 0.3 0.3
113079-6218 5 13"11m08%42 —62934™44589 2070 3 28 4.71 3.09 16.1 3.1
113079-6218 6 13"11™09:29 —62934™41535 2009 5 28 3.33 2.18 124 2.3
113111-6228 11 13"14™28%01 —624944™27577 1570 4 30 0.49 0.3 3.8 0.6
113134-6242 3 1311642527 —62958™26%40 1853 4 29 1.33 0.84 6.3 1.1
113140-6226 12 13"17™16514 —624942™34520 3419 5 22 1.57 1.39 1.2 0.4
113291-6229 10 13"32M30846 —62945™07:80 3787 2 28 1.32 0.86 0.7 0.3
113291-6229 12 13"32m30853 —624945™10%99 3624 2 28 0.71 0.47 0.5 0.2
113291-6229 13 13"32m35%50 —62945M3333 2479 2 28 0.69 0.45 1.4 0.3
113295-6152 7 13"32m53%25 —62907™56%08 3310 2 19 1.24 1.16 1.0 0.3
113295-6152 10 13"32m53539 —62907™52%41 1443 4 19 0.19 0.17 1.7 0.2
114050-6056 7 14"08™41568 —61410™46560 2558 4 32 1.21 0.68 2.2 0.5
114050-6056 9 14"08™42579 —61910™42540 1844 3 32 0.68 0.38 3.3 0.6
114206-6151 2 14h24™23%03 —62905m21532 1579 3 27 0.87 0.6 6.7 1.0
114206-6151 5 1424,23372 —62905™12831 2781 3 27 0.96 0.66 1.4 0.4
114206-6151 6 14:24™24511 —62905™25%30 3263 4 27 0.52 0.35 0.5 0.1
114212-6131 5 14"25M03:85 —61944™44595 2431 5 21 2.64 2.48 5.6 1.3
114212-6131 11 14"24™5954(0) —61945™04512 3031 4 21 1.28 1.21 1.4 0.4
115384-5348 6 15"42M1681 —53458m28569 2969 3 33 1.28 0.69 1.5 0.4
115384-5348 8 15"42™17514 —53458m35586 2851 4 33 1.73 0.93 2.3 0.6
115384-5348 9 15"42™17544 —53458m35%69 2484 3 33 1.45 0.78 2.9 0.7
115384-5348 10 15M42M17531 —53458M37569 1937 3 33 0.97 0.52 4.0 0.7
115384-5348 15 15%42m17522 —53458m3358() 2037 4 33 0.96 0.52 3.4 0.7
115411-5352 15 15"44™59511 —54d02™13%48 3646 3 30 1.51 0.91 0.9 0.3
115437-5343 2 15M47™34501 —53452m34870 2665 3 29 2.59 1.63 4.1 1.0
115437-5343 5 1574732502 —534950m34512 3839 4 29 2.86 1.8 1.5 0.5
115502-5302° 3 15"54™05528 -53911™40°04 4894 3 35 20.97 10.55 54 2.5
115522-5411 8 15"56™09531 —54%19M32517 1369 6 23 0.31 0.26 3.7 0.5
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Table 4
(Continued)

Source Core RA (IRCS) Decl. (IRCS) R Niine"  Temp.”  Massypper’  MasSjower R0 k)" Too k)

(h:m:s) (d:m:s) (au) (K) M) M) (x10%ecm™3)  (gem™?)
M) 2 3) (C)) ) (6) @) ®) ©) (10 an
115570-5227 8 16"00™55544 —52936™m27511 4715 2 28 3.64 2.39 1.1 0.5
115570-5227 11 16"00™55317 —52436™21:93 3535 3 28 1.04 0.68 0.7 0.2
116026-5035 4 16"06™25577 —50943m22544 2730 1 31 3.63 2.11 5.4 1.4
116026-5035 6 1606™22:75 —50%43™35350 3571 4 31 3.02 1.75 2.0 0.7
116026-5035 14 16"06™25%95 —50943™11590 3169 4 31 1.5 0.87 1.4 0.4
116037-5223 9 16"07™38:60 —52931™06:77 6544 4 31 6.47 3.76 0.7 0.4
116132-5039 5 16"17™01526 —50946™47501 2544 5 32 1.66 0.93 3.1 0.7
116132-5039 9 16"17™00:73 —50%6™47:22 2154 5 32 0.81 0.45 2.5 0.5
116132-5039 10 16"17™02:83 —50946™44345 2224 4 32 0.66 0.37 1.8 0.4
116132-5039 12 16"17™00356 —50%6™46:57 2813 6 32 1.25 0.7 1.7 0.4
116132-5039 20 16"17™01:82 —50%46™54:25 1683 5 32 0.18 0.1 1.1 0.2
116272-4837 9 16"30™57:90 —48%43™40347 2767 5 23 3.29 2.75 47 1.2
116297-4757 3 16"33™m29:24 —48903™m26560 3472 3 27 1.24 0.85 0.9 0.3
116297-4757 6 16"33™29:82 —48903™18:20 2698 4 27 1.74 1.19 2.7 0.7
116297-4757 8 16"33™29:26 —48,03™39:46 5888 2 27 271 1.86 0.4 0.2
116297-4757 9 16"33™28:97 —48403™39:60 5013 2 27 2.08 1.43 0.5 0.2
116297-4757 10 16"33™29:20 —48%03™37:30 5801 1 27 2.2 1.51 0.3 0.2
116304-4710 8 16"34™0505 s —47°16™2687 7818 4 27 5.35 3.66 0.3 0.2
116304-4710 10 16"34™04:81 —47°16™24370 10316 3 27 4.53 3.11 0.1 0.1
116313-4729 4 16"34™55559 —47935™44352 3268 6 31 4.02 2.34 35 1.1
116313-4729 7 16"34™55316 —4735™41347 4587 3 31 3.97 2.3 1.2 0.5
116313-4729 8 16"34™55:82 —47%35™46:88 2763 6 31 1.95 1.13 2.8 0.7
116313-4729 9 16"34™55%94 —47935™54532 3241 4 31 4.12 2.39 3.7 1.1
116344-4658° 4 16"38™09:90 —47%04™51368 7257 3 25 17.3 13.04 1.4 0.9
116362-4639 4 16"39™56:62 —46%45™01:89 1516 5 24 0.64 0.5 5.6 0.8
116362-4639 5 16"39™58:55 —46%45™01363 1764 4 24 0.52 0.41 2.9 0.5
116362-4639 7 16"39™56:55 —46%45™03307 1381 5 24 0.51 0.4 5.9 0.8
116362-4639 8 16"39™58:67 —46%45™00326 1597 4 24 0.44 0.35 33 0.5
116362-4639 10 16"39™58:03 —46%45™15510 1586 5 24 0.37 0.3 2.8 0.4
116372-4545 9 16"40™53363 —45950™54352 3591 3 26 1.79 1.29 1.2 0.4
116385-4619 5 16"42™14:73 —46%25™20368 6354 3 31 11.88 6.89 1.4 0.8
116424-4531 13 16"46m05:56 —45936™40354 1420 6 24 0.52 0.41 55 0.7
116445-4459 6 16"48™05358 —45%05™14350 6988 4 24 13.49 10.69 1.2 0.8
116458-4512 12 16"49™30:68 —45418™02:23 2387 5 21 4.67 4.39 10.4 23
116489-4431 5 1675234371 —4436™26:79 1883 3 21 0.66 0.62 3.0 0.5
117006-4215 8 17°04™13:10 —42919™54564 1637 3 27 0.44 0.3 3.0 0.5
117204-3636 5 1723™50376 —3638™54357 2187 6 25 1.97 1.48 5.7 1.2
117204-3636 6 17"23™50:97 —3638™55%04 1879 5 25 1.32 1.0 6.0 1.1
117204-3636 10 172350371 —3639™04:83 2063 4 25 0.58 0.44 2.0 0.4
117244-3536 3 17"27™48:68 —35939m21338 1437 4 29 1.22 0.77 12.4 1.7
117244-3536 10 172749381 —3539™09:70 1456 3 29 0.67 0.42 6.6 0.9
117244-3536 12 17"27™48:74 —35939™M05%14 2072 5 29 0.78 0.49 2.7 0.5
117244-3536 13 17"27™48:20 —35939™17:07 2247 5 29 0.82 0.52 22 0.5
117244-3536 14 17"27™49:35 —35939™11302 1322 4 29 0.49 0.31 6.4 0.8
117258-3637 11 17"29™17:20 —36%40™15 343 894 5 45 0.71 0.27 30.1 2.5
117269-3312_1 3 17"30™15%75 —33914™5081 3837 3 22 422 3.74 23 0.8
117269-3312_1 4 1730™15576 —33415™03:13 3463 3 22 228 2.01 1.7 0.5
117269-3312_1 5 17"30™15534 —33914™46:75 3340 1 22 2.82 2.49 23 0.7
117269-3312_1 9 17"30™15357 —33914™46:20 2432 2 22 1.0 0.88 2.1 0.5
117269-3312_2 5 17"30™14831 —33914™14528 2746 2 22 0.95 0.84 1.4 0.4
117278-3541 5 1731™13522 —35%4™11360 657 4 25 0.2 0.15 21.4 1.3
117278-3541 12 17"31™13346 —35%4™01358 1137 3 25 0.35 0.27 7.2 0.8
117439-2845 9 17°47™08:24 —28%6™11345 3980 3 30 12.2 7.37 5.9 2.2
117545-2357 5 17"57™34347 —23957™58520 2219 3 23 1.05 0.88 2.9 0.6
118075-2040 2 18"10™34:89 —2039™11325 1971 3 23 0.3 0.25 1.2 0.2
118075-2040 4 18"10™34347 —20%39™09:24 2459 3 23 0.16 0.13 0.3 0.1
118110-1854 9 18"14™00:97 —18953™18356 2311 2 28 1.22 0.8 3.0 0.6
118116-1646 7 18"14™35%75 —16945™40:22 2882 6 33 226 1.22 2.9 0.8
118116-1646 10 18"14™35336 —16%45™m34:85 5050 6 33 1.66 0.89 0.4 0.2
118139-1842 9 18"16™50:89 —18941™m28:39 1987 5 40 1.06 0.46 4.1 0.8
118223-1243 9 18"25™10376 —12%2™20:10 3059 6 23 1.25 1.05 1.3 0.4
118290-0924 3 18"31™42:68 —9922m27348 2666 5 22 6.0 5.31 9.6 2.4
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Table 4
(Continued)
Source Core RA (IRCS) Decl. (IRCS) R Niine"  Temp.”  Massypper’  MasSjower R0 k)" Too k)
(h:m:s) (d:m:s) (au) (K) M) M) (x10%ecm™3)  (gem™?)

)] () (3) “ (5) (6) @) ®) ©) (10) 1
118290-0924 5 18"31™43307 —9%922m23506 3090 5 22 1.91 1.69 2.0 0.6
118290-0924 6 183143572 —9922™12520 3387 4 22 1.59 1.41 12 0.4
118290-0924 7 18"31™43355 —9%22m3(592 2656 3 22 0.97 0.86 1.6 0.4
118290-0924 9 1873143526 —9922m33582 3503 4 22 0.92 0.82 0.6 0.2
118290-0924 11 18731™M43811 —9%22m13%70 4469 1 22 1.01 0.9 0.3 0.1
118290-0924 12 18"31Mm43550 —9922m29%54 2683 4 22 0.68 0.6 1.1 0.3
118308-0503 2 18"33™30:45 —5%00™55816 2546 5 31 2.24 1.3 4.1 1.0
118308-0503 4 18"33m29522 —5901™00%13 3230 1 31 1.23 0.72 1.1 0.3
118308-0503 7 18"33™m29:38 —500™5950 2685 4 31 0.81 0.47 1.3 0.3
118308-0503 8 18"33Mm29359 —5400m57560 1953 3 31 0.37 0.21 15 0.3
118314-0720 16 18"34™08:48 —7417™50841 3488 3 30 1.77 1.07 13 0.4
118317-0513 8 183426536 —5410m56°10 2783 2 31 1.91 1.11 2.7 0.7
118317-0513 14 18"34™25549 —5%11™0010 1518 3 31 0.38 0.22 33 0.5
118317-0757 5 18"34™m25%29 —7954™44568 2386 2 30 2.69 1.62 6.0 13
118317-0757 12 18"34™m25836 —7%54™41340 5002 1 30 5.7 3.44 1.4 0.6
118411-0338 8 18"43Mm46523 —3935m24921 5616 5 27 438 3.0 0.7 0.4
118440-0148 2 18"46™36514 —1945™16%98 9251 3 33 4.8 2.59 0.2 0.2
118440-0148 4 18"46™36:91 —1%45™28532 5407 4 33 1.94 1.05 0.4 0.2
118440-0148 6 18"46™36:33 —1945™19813 9054 4 33 3.19 1.72 0.1 0.1
118440-0148 7 18"46™m37517 —1945™17523 7086 3 33 247 1.33 0.2 0.1
118445-0222 3 18"47™09:50 —2918™48817 6251 3 27 9.35 6.41 12 0.7
118445-0222 6 18"47™09362 —2918™m42:45 4642 5 27 3.21 22 1.0 0.4
118445-0222 7 1874709 $73 —2918™m42522 4590 6 27 3.06 2.1 1.0 0.4
118445-0222 9 18"47™10572 —2918™46560 3262 3 27 1.39 0.95 12 0.4
118461-0113 5 18"48™43503 —1910m0378 3170 1 27 5.23 3.59 5.0 15
118507+0121 2 18"53™18:28 1925™13%68 2651 3 22 7.0 6.19 11.4 2.8
11850740121 7 18"53™18575 1925m26%47 2455 3 22 3.13 277 6.4 15
1185300215 7 18"55™32:97 2919™02574 4296 5 26 7.45 5.35 2.8 1.1
11909740847 8 1971209362 895206524 6281 4 23 5.74 4.8 0.7 0.4
11909740847 11 19"12™09:60 8952™13300 3307 5 23 3.03 2.53 25 0.8
Notes.

? The number of molecular lines detected for each core.

® The dust temperature of the parental clump.

¢ The upper and lower masses were calculated corresponding to the assumed 20 K typical for candidate starless cores in the IR-bright environment and the average
temperature of the parental clump, respectively. Note that since there are two cores (i.e., in 113295-6152 clumps) whose parental clump has an average temperature
slightly lower than 20 K, the upper and lower mass estimates were switched manually.

4 The number and the surface density of each core are estimated for the 20 K temperature.

¢ Candidate high-mass starless core.

(This table is available in machine-readable form in the online article.)
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Table 5
Derived Parameters for Candidate Warm and Evolved Cores
Source Core R.A. (IRCS) Decl. (IRCS) R MNiine Temp.” Mass nw, b Evol.¢
(h:m:s) (d:m:s) (au) (K) M) (x 10° em™) (g cm?)

9] 2 3 C)] (5) ©) @) 3) ) (10) (11)
108303-4303 1 8"32m08364 —43%13M45%65 1180 48 100.0 2.54 468.92 5.17 HMC
108303-4303 2 8132m09505 —43%13m43533 949 11 30.0 241 854.36 7.57 wC
108303-4303 3 813208546 —43%13m4913 1374 18 100.0 1.0 116.99 1.5 HMC
108303-4303 4 8132m08546 —43%13M47522 1157 16 100.0 0.54 105.47 1.14 HMC
108303-4303 5 813208590 —43%13m52012 1094 10 30.0 0.45 103.52 1.06 wC
108303-4303 6 8132m0888 —43%13m42505 2006 11 30.0 0.55 20.63 0.39 wC
108448-4343 1 8146™m32:31 —43%54m36585 478 14 30.0 1.18 3278.14 14.64 wC
108448-4343 2 8h46™33$39 —43%54m37528 583 15 30.0 0.93 1427.41 7.77 wC
108448-4343 3 8146™M34384 —43%54m30310 401 8 100.0 0.08 377.86 1.42 UCHII-/
108448-4343 4 8146™M34532 —43954™m3035] 462 7 30.0 0.19 586.74 2.53 wC
108448-4343 5 8h46™31517 —43%54m36547 451 5 30.0 0.2 663.82 2.8 wC
108448-4343 6 8146™34594 —43%54m23565 534 10 30.0 0.25 488.04 243 wC
108448-4343 7 8146™34563 —43%54m32550 711 9 30.0 0.33 275.41 1.83 wC
108448-4343 8 8146™M31579 —43954m36502 470 9 30.0 0.16 454.3 1.99 wC
108448-4343 10 8146™33$33 —43%54m38356 504 10 30.0 0.19 458.13 2.16 wC
108448-4343 11 8"46™33530 —43%54M34567 439 10 30.0 0.17 604.03 2.48 wC
108448-4343 12 8146™33565 —43%54m34366 461 11 30.0 0.15 473.6 2.04 wC
108448-4343 13 8h46™m35512 —43%54m24525 630 13 30.0 0.27 331.56 1.95 wC
108448-4343 14 8146™34590 —43%54m26572 428 11 30.0 0.11 438.45 1.75 wC
108448-4343 15 814633574 —43954™34522 481 10 30.0 0.13 360.88 1.62 wC
108448-4343 16 8146™M32522 —43%54m40399 488 6 30.0 0.1 263.18 1.2 wC
108448-4343 17 8146™32596 —43%54M34582 437 9 30.0 0.1 370.67 1.51 wC
108448-4343 18 8h46™33857 —43%54m34590 376 9 30.0 0.09 484.54 1.7 wC
108448-4343 19 8146™M32513 —43954m41571 382 6 30.0 0.05 297.98 1.06 wC
108448-4343 21 8146™32550 —43%54m37509 517 11 30.0 0.09 194.24 0.94 wC
108448-4343 22 8h46™34574 —43%54m20561 1013 7 30.0 0.15 4431 0.42 wC
108448-4343 23 8146™M32566 —43%54m35587 1583 8 30.0 0.69 52.48 0.78 wC
108448-4343 24 8146™M33837 —43954™m28529 1201 9 30.0 0.09 15.09 0.17 wC
108448-4343 25 8146™34583 —43954m32567 670 9 30.0 0.07 69.81 0.44 wC
108448-4343 26 8146™M33%76 —43%54m37519 945 7 30.0 0.07 25.4 0.22 wC

Notes.

# The number of molecular lines detected for each core.

" The dust temperature for the warm and evolved core candidates was assumed to be 30 K and 100 K, respectively.

¢ The evolutionary stage of each core: “WC,” “HMC,” “UCHII-h,” and UCHII-/, corresponding to warm core, hot molecular core, UCHII core with a high line

richness (Njne = 15), and UCHII core with a low line richness (6 < Ny, < 15) candidates, respectively.

(This table is available in its entirety in machine-readable form in the online article.)
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Figure 10. Distribution of physical parameters of the QUARKS TM2+ACA dense cores against evolutionary stage. Panels (a)—(e) present the parameter of total

flux, mass, radius, number density, and surface density, respectively.

Appendix B
Impact of Various Clump Distances

Figure 11 shows the distribution of median linear core
separation within each clump as a function of source distance,
revealing a strong positive correlation that corresponds to a
Spearman’s coefficient of p; ~ 0.9 and a p-value of <0.01.
Figure 12 displays the relationships between source distance
and core mass (panel (a)) and the surface density of core count

19

within each clump (panel (b)). Core mass shows a strong
positive correlation with distance (p, ~ 0.8 and p < 0.01),
while core count surface density shows a strong negative
correlation (p; ~ —0.9 and p < 0.01). Figure 13(a) plots the
thermal Jeans length of the clump against source distance,
showing a positive correlation (p; ~ 0.6 and p < 0.01).
Figure 13(b) presents the ratio Ayps/Ay as a function of the
source distance, indicating a weak or no correlation (p; ~ 0.4
and p < 0.01) between these two quantities.
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Figure 11. Distribution of the median linear core separation within each clump against the source distance. The Spearman’s rank correlation coefficient (p; = 0.9)
and the probability value (p < 0.01) of the distribution are shown on the top. The upper x-axis also displays the spatial resolution at the corresponding distance.
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Figure 12. (a) Distribution of the core mass against the source distance. The red circle symbols display the minimum core mass detected within each clump. The
black dashed curve fits the lower envelope of the minimum core masses as a function of the distance. (b) Distribution of the surface density of the core count within
each clump against the source distance. The top of both panels shows the Spearman’s rank correlation coefficient (p;) and the probability value (p) of the distribution.
The upper x-axis of both panels also displays the spatial resolution at the corresponding distance.
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Figure 13. (a) Thermal Jeans length vs. protocluster clumps distance. (b) Ratio of core separation to thermal Jeans length vs. protocluster clumps distance.
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Appendix C
Additional Information for Candidate Starless Cores

We provide additional information here for two candidate
high-mass starless cores. The molecular line emission of each
high-mass starless core candidate is shown in Figure 14, and
the CO molecular outflow maps overlaid on the QUARKS
1.3mm continuum image are presented in Figure 15. In
Figure 16, we present a comparison between ATOMS
“unknown” sources (H.-L. Liu et al. 2021) and QUARKS

1.0

Yang et al.

TM2+ACA starless cores for the mass and size parameters.
Note that only 26 ATOMS “unknown” sources that are related
to candidate starless cores from the QUARKS survey are
depicted in this figure. We find that the ATOMS “unknown”
sources generally exhibit about 1 dex larger sizes and masses.
This suggests that the lower angular resolution at 3 mm is
capable of detecting more extended envelope emissions, while
the higher angular resolution at 1.3 mm is better suited to trace
the kernel of the cores.
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Figure 14. Core-averaged spectra of two high-mass starless core candidates from four QUARKS SPWs. Note that the zoom-in of the CO line spectrum in the bottom
panel presents many artificial absorption dips caused by missing flux of extended gas structures, which, however, do not affect our classification of candidate starless
cores. These artifacts can be addressed in the future by combing our QUARKS and single-dish observations.
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velocity offset is set around Visg £ 10-30 km s~!. The red and blue contours start at 3 rms (~0.2 mly beam™! km s™}) and follow as [6, 12, 24, 48] rms. High-
mass starless core candidates in this study are shown as green circles. ALMA-QUARKS TM2+ACA 1.3 mm dust continuum contour levels are [3, 6, 12, 24,

48] rms, with an rms of ~0.6 mJy beam ™.
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Figure 16. Mass-radius relation between ATOMS “unknown” sources and
candidate starless cores of the QUARKS TM2+4ACA catalog.
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