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Abstract

The Atacama Large Millimeter/submillimeter Array (ALMA) Survey of Star Formation and Evolution in Massive
Protoclusters with Blue Profiles (ASSEMBLE) aims to investigate the process of mass assembly and its connection
to high-mass star formation theorles in protoclusters in a dynamic view. We observed 11 massive (Mciump 2
10° M), luminous (Lyg = 10* L., ©), and blue-profile (infall signature) clumps by ALMA with resolution of
~2200-5500 au (median value of 3500 au) at 350 GHz (870 um). We identified 248 dense cores, including 106
cores showing protostellar signatures and 142 prestellar core candidates. Compared to early stage infrared dark
clouds (IRDCs) by ASHES, the core mass and surface density within the ASSEMBLE clumps exhibited a
significant increment, suggesting concurrent core accretion during the evolution of the clumps. The maximum
mass of prestellar cores was found to be 2 times larger than that in IRDCs, indicating that evolved protoclusters
have the potential to harbor massive prestellar cores. The mass relation between clumps and their most massive
core (MMCs) is observed in ASSEMBLE but not in IRDCs, which is suggested to be regulated by multiscale mass
accretion. The mass correlation between the core clusters and their MMCs has a steeper slope compared to that
observed in stellar clusters, which can be due to fragmentation of the MMC and stellar multiplicity. We observe a

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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decrease in core separation and an increase in central concentration as protoclusters evolve. We confirm primordial
mass segregation in the ASSEMBLE protoclusters, possibly resulting from gravitational concentration and/or gas

accretion.

Unified Astronomy Thesaurus concepts: Protoclusters (1297); Star formation (1569); Massive stars (732);
Interstellar medium (847); Protostars (1302); Star forming regions (1565)

Supporting material: machine-readable tables

1. Introduction

Observations suggest that massive stars form either in bound
clusters (Lada & Lada 2003; Longmore et al. 2011, 2014;
Motte et al. 2018) or in large-scale hierarchically structured
associations (Ward & Kruijssen 2018). However, the process of
stellar mass assembly, which includes fragmentation and
accretion, remains poorly understood. This is a critical step in
determining important parameters such as the number of
massive stars and their final stellar mass. Also, it is important to
note that the fragmentation of molecular gas and core accretion
are both time dependent, as the instantaneous physical
conditions in the cloud vary during ongoing star formation
and feedback (e.g., radiation and outflow).

Over the past decades, researchers have focused on massive
clumps associated with infrared dark clouds (IRDCs), which
are believed to harbor the earliest stage of massive star and
cluster formation (e.g., Rathborne et al. 2006, 2007; Chambers
et al. 2009; Zhang et al. 2009; Wang et al. 2011; Zhang &
Wang 2011; Sanhueza et al. 2012; Wang et al. 2014; Zhang
et al. 2015; Yuan et al. 2017; Pillai et al. 2019; Huang et al.
2023). Despite their large reservoir of molecular gas at high
densities >10* cm ™, IRDC clumps show few signs of star
formation. For example, only 12% in a sample of 140 IRDCs
has water masers (Wang et al. 2006). Moreover, IRDCs have
consistently lower gas temperatures and line widths, with
studies in NHj3 finding temperatures of <15 K (Pillai et al.
2006; Ragan et al. 2011; Wang et al. 2012, 2014; Xie et al.
2021) and line widths of <2 kms™ ' averaged over a spatial
scale of 1 pc (Wang et al. 2008; Ragan et al. 2011, 2012). Both
two parameters are lower than those observed in high-mass
protostellar objects (HMPOs) with a temperature of ~20 K and
line widths of ~2kms ™! (Molinari et al. 1996; Sridharan et al.
2002; Wu et al. 2006; Longmore et al. 2007; Urquhart et al.
2011), and those observed in ultracompact HII (UCH II)
regions with >25 K and >3 kms~' (Churchwell et al. 1990;
Harju et al. 1993; Molinari et al. 1996; Sridharan et al. 2002).
Therefore, there is a clear evolutionary sequence from IRDCs
to HMPOs and then to UCH Il regions, which sets the basis for
a time-dependent study of massive star formation.

Taking advantage of the low contamination from stellar
feedback in IRDCs, great efforts have been made to investigate
the initial conditions of massive star formation therein. For
example, Zhang et al. (2009) first conducted arcsecond
resolution studies of the IRDC G28.34+0.06 with the
Submillimeter Array (SMA) and found that dense cores giving
rise to massive stars are much more massive than the thermal
Jeans mass of the clump. This discovery challenges the notion
in the “competitive accretion” model that massive stars should
arise from cores of thermal Jeans mass (Bonnell et al. 2001).
The larger core mass in the fragments demands either
additional support from turbulence and magnetic fields
(Wang et al. 2012) or a continuous accretion onto the core
(Vazquez-Semadeni et al. 2023). On the other hand,

observations also find that the mass of these cores does not
contain sufficient material to form a massive star (Sanhueza
et al. 2017, 2019; Morii et al. 2023), and the cores typically
continue to fragment when observed at higher angular
resolution (Wang et al. 2011, 2014; Zhang et al. 2015; Olguin
et al. 2021, 2022), or at slightly later evolutionary stages (e.g.,
Palau et al. 2015; Beuther et al. 2018). Therefore, the idea of
monolithic collapse (McKee & Tan 2003) for massive star
formation does not match the observations. On the simulation
side, recent work by Pelkonen et al. (2021) has shed light on
the inadequacies of both core-collapse and competitive
accretion scenarios. Their findings reveal a lack of a direct
correlation between the progenitor core mass and the final
stellar mass for individual stars, as well as a lack of an increase
in accretion rate with core mass.

However, Padoan et al. (2020) suggested a scenario where
massive stars are assembled by large-scale, converging, inertial
flows that naturally occur in supersonic turbulence. Very
recently, He & Ricotti (2023) performed a high resolution up to
~7 au and found that gas should be continuously supplied from
larger scales beyond the mass reservoir of the core. Such a
continuous mass accretion is observed directly (Dewangan
et al. 2022; Redaelli et al. 2022; Xu et al. 2023a) or indirectly
(Contreras et al. 2018). More recent observations of IRDCs
with the Atacama Large Millimeter/submillimeter Array
(ALMA) routinely reach a mass sensitivity far below the
thermal Jeans mass and detect a large population of low-mass
cores in the clumps that are compatible with the thermal Jeans
mass (Sanhueza et al. 2019; Svoboda et al. 2019; Morii et al.
2023). These cores may form low-mass stars in a cluster. To
summarize, these observations point to a picture of massive star
formation in which dense cores continue to gain material from
the parental molecular clump, while the embedded protostar
undergoes accretion (see a review in Section 1.1 in Xu et al.
2023a).

Mass assembly is a dynamic process that occurs over time
after all, and it is essential to compare the predictions of
theoretical models and numerical simulations with observations
of massive clumps at a broad range of evolutionary stages to
understand high-mass star and cluster formation. While the
state-of-the-art understanding of massive star formation
suggests gas transfers along filamentary structures to feed the
massive dense cores where protostars grow in mass (Gémez &
Viézquez-Semadeni 2014; Motte et al. 2018; Naranjo-Romero
et al. 2022; Xu et al. 2023a), observational evidence is required
to provide more straightforward constraints on the physical
processes during protocluster evolution, which will yield a
time-tracked understanding of high-mass star and -cluster
formation.

Therefore, we conduct the ALMA Survey of Star Formation
and Evolution in Massive Protoclusters with Blue Profiles
(ASSEMBLE), designed to study mass assembly system-
atically, including fragmentation and accretion, and its
connection to high-mass star formation theories. The survey
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aims at providing a “dynamic” view from two main
perspectives: (1) answering a series of kinematics questions
such as when infall starts and stops, how gas transfers inwards,
and where infalling gas goes; (2) and unveiling the evolution of
key physical parameters in the protoclusters since the sample in
the survey provides more evolved protoclusters compared to
early stage IRDCs. The first idea is reflected in our sample
selection that all the 11 massive clumps are chosen from pilot
single-dish surveys with evident blue profiles indicating global
infall motions and rapid mass assembly. The sample also
benefits from synergy with ALMA Three-millimeter Observa-
tions of Massive Star-forming regions (ATOMS; Liu et al.
2020), supporting gas kinematics analyses (Xu et al. 2023a).
The second idea is to compare the ASSEMBLE results with
those in early stage IRDCs reported by Sanhueza et al. (2019),
Morii et al. (2023) as well as Svoboda et al. (2019). Sanhueza
et al. (2019), Morii et al. (2023) are both included in series
work “The ALMA Survey of 70 ym Dark High-mass Clumps
in Early Stages” (ASHES hereafter), which focus on a pilot
sample of 12 (ASHES Pilots; Sanhueza et al. 2019) and a total
sample of 39 (ASHES Totals; Morii et al. 2023) of carefully
chosen IRDCs, respectively. The mean temperature of these
IRDCs is ~15 K, with a range of 9-23 K, and the luminosity-
to-mass ratio ranges from 0.1 to 1 L. /M, supporting the idea
that these clumps host the early stages of massive star
formation (Morii et al. 2023).

In this paper, we present comprehensive analyses of dust
continuum emission from a carefully selected sample compris-
ing 11 massive protocluster clumps that exhibit evidence of gas
infall. Our study focuses on investigating the physical proper-
ties and evolution of cores within these clumps, including their
mass, spatial distribution, and comparison with earlier stages.
The paper is structured as follows. Section 2 describes the
criteria used for the selection of our sample. Section 3 provides
a summary of the observation setups and details the data
reduction process. In Section 4, we present the fundamental
results derived from the ASSEMBLE data. Section 5 offers in-
depth discussions on the implications and significance of the
observed results. To gain further insights into protocluster
evolution, Section 6 presents comparative analyses with the
ASHES data and contributes to the development of a
comprehensive understanding of the protocluster evolution.
Finally, in Section 7, we summarize the key findings and
provide future prospects.

2. Sample Selection
2.1. Massive Clumps with Infall Motion

The ASSEMBLE sample, consisting of 11 carefully selected
sources, owes its creation to advanced observational tools such
as the IRAS, Spitzer, and Herschel satellites, as well as various
ground-based surveys focusing on dust continuum and
molecular lines. Bronfman et al. (1996) conducted a compre-
hensive and homogeneous CS(2-1) line survey of 1427 bright
IRAS point sources in the Galactic plane candidates that were
suspected to harbor UCH IIregions. Subsequently, Fatndez
et al. (2004) conducted a follow-up survey of 146 sources
suspected of hosting high-mass star formation regions (bright
CS(2-1) emission of T, > 2 K, indicative of reasonably dense
gas), using 1.2mm continuum emission. The same set of
146 high-mass star-forming clumps was then surveyed by Liu
et al. (2016a), using HCN(4-3) and CS(7-6) lines with the
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10 m Atacama Submillimeter Telescope Experiment telescope.
With the most reliable tracer of infall motions HCN(4-3) lines
(Chira et al. 2014, Xu et al. 2023b), they identified 30 infall
candidates based on the “blue profiles.”

Out of the 30 infall candidates, 18 are further confirmed by
HCN(@3-2) and CO(4-3) lines observed with the Atacama
Pathfinder Experiment (APEX) 12 m telescope (Yue et al.
2021). Furthermore, the 18 sources were found to have virial
parameters below 2, indicating that they are likely undergoing
global collapse. All the 18 sources are covered by both the
APEX Telescope Large Area Survey of the Galaxy (ATLAS-
GAL; Urquhart et al. 2018) and the Herschel Infrared Galactic
Plane Survey (Molinari et al. 2010; Elia et al. 2017, 2021),
allowing well-constrained estimates of clump mass and
luminosity from the infrared spectral energy distribution
(SED) fitting (Urquhart et al. 2018). Given ASSEMBLE’s
goal of investigating massive and luminous star-forming
clumps, the study adopts additional selection criteria that the
clump should be massive and luminous.

To summarize, the sample of 11 ASSEMBLE targets meets the
following key criteria: (1) the CS(2—1) emission has a brightness
temperature of 7, >2 K; (2) the HCN (3-2), HCN(4-3), and
CO(4-3) lines exhibit blue profiles; (3) the clump masses
range from 8 x 10% to 2 x 10* M., with a median value of
~4 % 10° M.,; and (4) the bolometric luminosities ransge from
1 x 10* to 6 x 10° L., with a median value of ~1 x 10° L.

2.2. Physical Properties of Selected Sample

Table 1 presents the basic properties of the ASSEMBLE
sample, including the clump kinematic properties, distances, and
physical characteristics. The velocit?/ in the local standard of rest
(Vis) was determined from the C'’O(3-2) lines in the APEX
observations (Yue et al. 2021), which is listed in column (5). The
line asymmetric parameter (OV = (Veo — Varg)/AVarp) in
column (6) defines the line as having a blue profile. The kinematic
distance as well as its upper and lower uncertainties is estimated
using the latest rotation curve model of the Milky Way (Reid et al.
2019) and is listed in column (7). The clump radius is derived from
2D Gaussian fitting and is listed in column (8). The radius is
derived from the 2D Gaussian fitting, the same method as adopted
in Sanhueza et al. (2019) to better compare with. The dust
temperature (74,s), clump mass (M,,), bolometric luminosity (Lyy),
and luminosity-to-mass ratio (L/M) are obtained from the far-IR
(70-870 yum by Herschel and ATLASGAL survey) SED
fitting (Table5 in Urquhart et al. 2018) and are listed in
columns (9)—<(12), respectively. The clump surface density,
Y = My/ 7TRC21, is listed in column (13). It is noteworthy that
all of the ASSEMBLE clumps have a surface density of ¥4 2>
1 gem 2, significantly surpassing the threshold (0.05 g cm ™) for
high-mass star formation proposed by Urquhart et al. (2014), He
et al. (2015), which further justifies our sample selection.

The background Spitzer three-color composite map (blue,
3.6 um; green, 4.5 pm; red, 8 um) in Figure 1 displays the
infrared environment. All the 11 targets exhibit bright infrared
sources indicating active massive star formation, although the
Lio/M,; derived from Table 1 columns (10)-(11) varies from
12 to 80. The differences in the Ly./M. suggest potential
variations in the evolutionary stages among the samples. For
instance, 116272-4837 (also known as SDC335; Peretto &
Fuller 2009) with the value of 12 is in an early stage of high-
mass star formation embedded in a typical IRDC (Xu et al.
2023a). Another example is [15520-5234, where extended



Table 1
Physical Properties of the ASSEMBLE Clumps
ASSEMBLE Clump Position Vi, 5V Dist. R.E Taust log(Ma) 1og(Luor) L/M Y Color ID

IRAS? AGAL® a(J2000) 5(J2000) (kms™") (kpc) (pc ["D (K) M) (Ly) Lo/M., (gem?)

1 (2) 3) (€] (5) (6) @) 3) © (10) (11) (12) (13) (14)
114382-6017 G316.139-00.506 14:42:02.76 —60:30:35.1 —60.17 —0.60 3.6275048 0.49(28) 28.0 3.65 5.20 35 1.21 ()
114498-5856 G318.049+00.086 14:53:42.81 —59:08:56.5 —49.82 —0.66 2907933 0.23(16) 26.7 3.01 443 26 1.29 @)
115520-5234 (G328.809-+00.632 15:55:48.84 —52:43:06.2 —41.67 —0.46 2.501538 0.16(13) 322 3.23 5.13 79 4.17 )
115596-5301 G329.406-00.459 16:03:32.29 —53:09:28.1 —74.20 —0.61 421508 0.36(17) 28.5 3.93 5.47 34 4.40 O
116060-5146 G330.954-00.182 16:09:52.85 —51:54:54.7 —90.44 —0.56 508403 0.30(12) 322 3.95 5.78 67 6.50 @
116071-5142 G331.133-00.244 16:11:00.01 —51:50:21.6 —86.80 —0.47 4841033 0.41(17) 23.9 3.68 478 12 1.87 Q
116076-5134 G331.279-00.189 16:11:27.12 —51:41:56.9 —88.37 —0.75 4991543 0.52(21) 30.1 3.57 5.27 49 0.92 @)
116272-4837 G335.586-00.291 16:30:59.08 —48:43:53.3 —46.57 —0.40 296704 0.22(15) 23.1 3.24 4.29 11 234 Q@
116351-4722 G337.406-00.402 16:38:50.98 —47:27:57.8 —40.21 —0.76 2,800 0.21(15) 30.4 3.22 4.88 46 2.57 @)
117204-3636 G351.041-00.336 17:23:50.32 —36:38:58.1 —17.74 —0.83 2,760 0.26(19) 25.8 2.88 4.17 19 0.77 )
117220-3609 G351.581-00.352 17:25:24.99 —36:12:45.1 —94.94 —0.77 7.54103 0.79(21) 25.4 4.35 5.66 20 2.38 O

Notes. The IRAS and ATLASGAL names of the ASSEMBLE clumps are listed in columns (1)—(2). Field centers of the ALMA mosaic observations are listed in columns (3)—(4), which are not always consistent with the

continuum peak but cover most of the emission of the clump. Kinematic properties in columns (5)—(6) are derived from the CO(4-3) and C'"70(3-2) lines in APEX observations (Yue et al. 2021). The distance and its
uncertainties are estimated using the latest rotation curve model of the Milky Way (Reid et al. 2019) and listed in column (7). Clump radius (R) is derived from 2D Gaussian fitting, shown in column (8). Clump
properties including dust temperature (7Tg,s), mass (M), bolometric luminosity (L), and luminosity-to-mass ratio (L/M) are retrieved from Urquhart et al. (2018), which are listed in columns (9)-(12). The clump
surface density, in column (13), is calculated by X = M,/ TI'RCZI. Identical color, in column (14), is used to distinguish in statistical plots hereafter.

? The “IRAS” is replaced by “I” for short.

® The ATLASGAL name from Urquhart et al. (2018).
¢ Effective clump radius by Source Extractor (Urquhart et al. 2014).
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Figure 1. Showcase of the ASSEMBLE sample. Background shows the Spitzer infrared three-color map (blue, 3.6 pum; green, 4.5 pm; red, 8 pm). White contours are
ATLASGAL 870 um continuum emission, with levels starting from 50 increasing in steps of f(n) =3 x n” + 2, where n=1, 2, 3, ...N. The beam of the
ATLASGAL continuum map is 1972 as shown on the bottom left. The ALMA mosaicked pointings are shown with yellow circles, and the primary beam responses of
0.5 and 0.2 are outlined by orange solid and dashed lines respectively. The scale bar of 0.5 pc is labeled in the bottom right corner.
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radio (r=8.64 GHz) continuum emission indicates
evolved UCHIregions (see Figure4 of Ellingsen et al.
2005). Accordingly, 115520-5234 has the highest value of
Lio1/ M1 = 80.

In Appendix A, we present additional information on the
radio emission derived from the MeerKAT Galactic Plane
Survey 1.28 GHz data (Padmanabh et al. 2023; S. Goedhart
et al. 2023, in preparation). All of the protoclusters included in
our study exhibit embedded radio emission, which can
originate from UCH Il regions, or extended radio emission,
which may arise from radio jets or extended H Il regions. For
instance, in the case of 114382-6017, we observe cometary
radio emission that exhibits a spatial correlation with the 8 ym
emission, outlining the extended shell of the HIIregion.
However, at an early stage, 116272-4837 displays two radio
point sources associated with two UCH I regions (Avison et al.
2015). Additionally, 117720-3609 exhibits northward extended
radio emission that is linked to a blueshifted outflow (Baug
et al. 2020, 2021).

3. Observations and Data Reduction
3.1. ALMA Band 7 Observing Strategy

The 17-pointing mosaicked observations were carried out
with ALMA using the 12 m array in Band 7 during Cycle 5
(Project ID: 2017.1.00545.S; PI: Tie Liu) from 2018 May 18 to
May 23. The observations have been divided into six
executions; 48 antennas were used to obtain a total of 1128
baselines with lengths ranging from 15 to 313.7 m across all
the executions.

The mosaicked observing fields of ALMA are designed to
cover the densest part of the massive clumps traced by the
ATLASGAL 870 pum continuum emission. The fields are
outlined by the yellow dashed loops in Figure 1. The field
center of each mosaicking field is shown in columns (2)—(3) of
Table 1. Each mosaicked field has a uniform size of ~46” and a
sky coverage of ~0.58arcmin®. The on-source time per
pointing is 2.7-3.7 minutes, which is listed in column (2) of
Table 2.

The four spectral windows (SPWs) numbered 31, 29, 25, and
27 are centered at frequencies of 343.2, 345.1, 354.4, and
356.7 GHz, respectively. SPWs 25 and 27 possess a bandwidth
of 468.75 MHz and spectral resolution of 0.24 kms ™', which
are specifically designed to observe the HCN(4-3) and
HCO"(4-3) strong lines, respectively. These lines serve as
reliable tracers for infall and outflow (e.g., Chira et al. 2014).
On the other hand, SPWs 29 and 31 have a bandwidth of
1875 MHz and a spectral resolution of 0.98 kms ™', which are
intended to cover a wide range of spectral lines. The CO(3-2)
line serves as outflow tracer according to Sanhueza et al.
(2010), Wang et al. (2011), and Baug et al. (2020, 2021). High-
density tracers, such as H13CN(4—3) and CS(7-6), can
determine the core velocity. Additionally, some sulfur-bearing
molecules, such as H,CSand SO,, can serve as tracers of
rotational envelopes, while shock tracers include SO 3% (85-74)
and CH30H(13, 1,—13¢,13). The hot-core molecular lines, such
as H,CS, CH30CHO, and CH3;COCHj;, have a sufficient
number of transitions to facilitate rotation-temperature and
chemical abundance studies. A summary of the target spectral
lines can be found in Table A1 of Xu et al. (2023a).

Xu et al.

3.2. ALMA Data Calibration and Imaging

The pipeline provided by the ALMA observatory was
utilized to perform data calibration in CASA (McMullin et al.
2007) version 5.1.15. The phase, flux, and bandpass calibrators
are listed in columns (7)—(8) of Table 2. The imaging was
conducted through the TCLEAN task in CASA 5.3. To
aggregate the continuum emission, the line-free channels were
meticulously selected by visual inspection, with the bandwidth
and its percentage of total bandwidth listed in column (3). A
total of three rounds of phase self-calibration and one round of
amplitude self-calibration were run to enhance the dynamic
range of the image. For self-calibration, antenna DA47 was
designated as the reference antenna. During imaging, the
deconvolution was set as “hogbom” while the weighting
parameter was set as “briggs” with a robust value of 0.5 to
balance sensitivity and angular resolution. The primary beam
correction is conducted with pblimit=0.2. Following self-
calibration, the sensitivity and dynamic range of the final
continuum image were significantly improved, as indicated in
column (4), ranging from 0.5 to 1.7 mJy beam ' with a mean
value of ~1mlJybeam '. The beam size (i.e., angular
resolution) with 078-1”2 and maximum recoverable scale
(MRS) with 772-9”2 are presented in columns (5)—(6).

4. Results
4.1. Dust Continuum Emission

Figure 2 presents the ALMA 870 pym dust continuum images
without primary beam correction for a uniform rms noise. As a
comparison, the dust continuum emission at the same
wavelength from the single-dish survey ATLASGAL (Schuller
et al. 2009) with a beam size of 1972 is overlaid as black
contours. In all of the 11 targets, the small-scale structures
resolved by ALMA show a good spatial correlation with the
large-scale structures seen by ATLASGAL. In other words, the
dense structures surviving in the interferometric filtering-out
effect are mostly distributed in the densest part of the clump.
However, the small-scale structures present various morphol-
ogies: some present elongated filaments (e.g., 114382-6017 and
116071-5142); some have centrally concentrated cores (e.g.,
116272-4837); some have spiral-like dust arms (e.g., 115596-
5301 and 116060-5146).

4.2. Core Extraction and Catalog

Here, we present the extraction of core-like structures (or
cores) and the measurement of fundamental physical para-
meters including integrated flux, peak intensity, size, and
position. The choice of core extraction algorithm should be
carefully made based on actual physical scenarios and scientific
expectations. In this work, we use the getsf extraction
algorithm that spatially decomposes the observed images to
separate relatively round sources from elongated filaments as
well as their background emission (Men’shchikov 2021). As
suggested by Xu et al. (2023a), the getsf algorithm is a better
choice than astrodendro in the case study of SDC335 (one
of the ASSEMBLE sample), because it can (1) deal with
uneven background and rms noise; (2) can separate the blended
sources and/or filaments; (3) extract extended emission
features.

We perform the getsf algorithm on the continuum
emission maps without primary beam correction (unpbcor).



Table 2

ALMA Observational Parameters

ASSEMBLE Clump On-source Time Line-free Bandwidth® rms Noise Beam Sizes MRS Phase Calibrators Flux and Bandpass Calibrators
(min/pointing) (MHz [%]) (mJy beam ™) " x" @)
@ (@) 3 “ (&) (O] O] ®
114382-6017 32 3569 (76.1) 1.0 1.175 x 0.793 8.433 J1524-5903 J1427-4206
114498-5856 32 1407 (30.0) 1.0 1.065 x 0.785 8.179 J1524-5903 J1427-4206
115520-5234 3.7 1249 (26.6) 1.5 0.852 x 0.699 9.197 J1650-5044 J1924-2914, J1427-4206, J1517-2422
115596-5301 3.7 1347 (28.7) 0.5 0.824 x 0.691 9.071 J1650-5044 J1924-2914, J1427-4206, J1517-2422
116060-5146 3.7 58 (1.2) 2.5 0.820 x 0.681 8.953 J1650-5044 J1924-2914, J1427-4206, J1517-2422
116071-5142 3.7 70 (1.5) 1.3 0.810 x 0.666 8.974 J1650-5044 J1924-2914, J1427-4206, J1517-2422
116076-5134 3.7 354 (1.5) 0.6 0.734 x 0.628 8.755 J1650-5044 J1924-2914, J1427-4206, J1517-2422
116272-4837 3.7 72 (1.5) 14 0.799 x 0.662 8.450 J1650-5044 J1924-2914, J1427-4206, J1517-2422
116351-4722 3.7 131 (2.6) 1.2 0.771 x 0.651 8.221 J1650-5044 J1924-2914, J1427-4206, J1517-2422
117204-3636 2.7 2432 (51.9) 0.5 0.790 x 0.660 7.246 J1733-3722 J1924-2914
117220-3609 2.7 320 (6.8) 1.7 0.813 x 0.653 7.237 J1733-3722 J1924-2914

Notes. The ASSEMBLE target names are listed in column (1).
4 The bandwidth used for continuum subtraction as well as the percentage to total bandwidth.

Maximum recoverable scale.
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Figure 2. The ALMA 870 pum dust continuum emission without primary beam correction as well as extracted cores for two ASSEMBLE clumps (114382-6017 and
114498-5856). The ALMA mosaicked primary beam responses of 0.5 and 0.2 are outlined by yellow solid and dashed lines respectively. Only the primary beam
response of 0.2 is shown on the right panel. The beam size of each continuum image is shown in the bottom left corner. Left: the background color map shows the
ALMA 870 pm emission with two colorbars, the first one (gray scale) showing —9 to +9 times the rms noise on a linear scale, then a second one (color-scheme)
showing the range +9 times the rms noise to the peak value of the image in an arcsinh stretch. The rms noise and peak intensity are given on the top right. The black
contours are from the ATLASGAL 870 pym continuum emission, with power-law levels that start at 50 and end at .., increasing in steps following the power law
fn)=3xn?+2wheren=1,2,3,...N, and p is determmed fromD=3xN’+2 (D= peak/ o, the dynamic range; N = 8, the number of contour levels). The
values of each contour level are labeled with a unit of Jy beam'. Right: the background gray-scale map shows the arcsinh-stretch part in the left panel, outlined by the
5o contour. The ALMA continuum emission map is smoothed to a circular beam with a size equal to the major axis of the original beam. The cores extracted by
getsf algorithm are presented by red and/or blue ellipses, as well as black IDs, with numbers in order from north to south. The red and blue ones represent
protostellar and prestellar cores defined in Section 4.3.

The unpbcor map is first smoothed into one with a circular (integrated flux and peak intensity) are corrected by the
beam whose size is equal to the major axis of the original beam. primary beam response, depending on the core location in the
The getsfis set to extract sources whose sizes should be continuum emission maps with primary beam correction
larger than the beam size but smaller than the MRS. As (pbcor). Fundamental measurements of the core parameters
suggested by Men’shchikov (2021), significantly detected are listed in Table 3.

sources are defined as follows: (1) signal-to-noise ratio larger To evaluate how much flux is recovered by the ALMA

than unity; (2) peak intensity at least 5 times larger than the observations, we integrate the ATLASGAL 870 pm flux over the
local intensity noise; (3) total flux density at least 5 times larger field of view of the ASSEMBLE clumps. If all the sources and

than the local flux noise; (4) ellipticity not larger than 2 to filaments extracted by getsf are included, then the recovered
ensure a core-like structure; (5) footprint-to-major-axis ratio flux by ALMA ranges from 10% to 25%. Although the flux
larger than 1.15 to rule out cores with abrupt boundary recovery can be further improved by including short-baseline
emission. After core extraction as well as fundamental observations (e.g., the Atacama Compact Array), some SMA/
measurement by getsf, two flux-related parameters ALMA observations show a typical flux recovery between 10%
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Figure 3. (a) Number of cores detected against the 1o mass sensitivity. The mass of clump is coded as the size of circle. (b) Number of cores detected against the

physical resolution. The distance of clump is coded as the size of circle.

Table 3
Fundamental Measurements of Core Parameters from getsf

Position

ASSEMBLE Clump  Core Name Peak Intensity  Integrated Flux g X Opin PA Ogecony ~ Core Classification®
«(J2000) 6(J2000) (mJy beam ™) (mJy) "x ™ (deg) (@)

@ (@) 3 “ (6] © ) ® © (10)
114382 1 14:42:01.91  —60:30:09.7 25.1(2.2) 29.8(1.7) 1.33 x 1.13  100.7 1.23 0

114382 2 14:42:02.50  —60:30:10.3 38.9(5.6) 72.3(5.7) 224 x 1.40 937 1.3 0

114382 3 14:42:03.63  —60:30:10.4 51.2(7.2) 51.2(5.6) 1.35 x 1.11 58.7 1.23 0

114382 4 14:42:02.95 —60:30:13.9 12.2(3.8) 13.2(2.9) 147 x 1.18  142.7 1.23 0

114382 5 14:42:02.15  —60:30:17.8 10.3(1.6) 10.8(1.2) 1.58 x 1.01 72.7 1.23 0

Notes. The ASSEMBLE clump and extracted core ID are listed in columns (1) and (2). The core IDs are in order from the north to the south. The equatorial coordinate

centers of the cores are listed in columns (3)—(4). The peak intensity and integrated

flux are listed in columns (5)—(6). The fitted FWHM of the major and minor axes

convolved with the beam and the position angle (counterclockwise from the north) are listed in columns (7)—(8). The deconvolved FWHM of the core size is shown in

column (9). The core classification in column (10) is based on Section 4.3.

# Core classification: 0 = prestellar candidate, 1 = only molecular outflow is detected, 2 = only warm-core line is detected, 3 = both outflow and warm-core line are
detected, 4 = both outflow and hot-core line are detected, and 5 = only hot-core line is detected.

(This table is available in its entirety in machine-readable form.)

to 30% (e.g., Wang et al. 2014; Sanhueza et al. 2017; Liu et al.
2018; Sanhueza et al. 2019). In our case, the maximum
recoverable scale is ~9”. Therefore, most of the mass in the
massive clump is not confined in dense structures (cores).

As shown in Figure 3(a), we found no overall correlation
between the number of detected cores and the mass sensitivities
with a Pearson correlation coefficient of 0.08. Likewise, panel
(b) reveals no overall correlation between the number of
detected cores and the physical resolution with a Pearson
correlation coefficient of —0.04. Therefore, the number of
detected cores is basically independent of the mass sensitivity
and spatial resolution provided by the observations.

4.3. Core Classification and Evolutionary Stages

All the ASSEMBLE clumps have infrared bright signatures.
As an example of a relatively early stage, 116272-4837 has
extended 4.5 ym emission, which is a common feature of
outflows (Cyganowski et al. 2008). A more evolved example of
114382-6017 is totally immersed in a cometary HIIregion
traced by the polycyclic aromatic hydrocarbon emission in the

8 um emission. Therefore, at least some cores in each clump
are in an active star formation stage.

The classification of the evolutionary stages of the 248 cores
is based on the identification of star formation indicators,
including molecular outflows, H,CS multiple transition lines,
and CH3;0OCHO multiple transition lines.

For molecular outflows, Baug et al. (2020) used CO(3-2),
HCN(4-3), and SiO(2-1) emission lines to confirm the presence
of 32 bipolar and 41 unipolar outflows in the 11 ASSEMBLE
clumps, and then, a total of 42 continuum cores are associated
with outflows. In this study, we updated the outflow catalogs by
a channel-by-channel analysis of the outflow lobes to determine
their association with the extracted cores, and subsequently
assigned the outflows accordingly. A total of 39 (~16%) cores
are assigned bipolar or unipolar outflows. If a core is assigned
outflows, then it is classified as protostellar (Nony et al. 2023).
Some cores even show multipolar outflows (e.g., 116272-4837
ALMABS; Olguin et al. 2021), indicating either the precession of
accreting and outflowing protostars or the presence of multiple
outflows from multiple systems. However, we should acknowl-
edge that the method will miss those weak outflows associated
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Figure 4. Examples of hot-core and warm-core spectra. The gray lines are the real spectral data extracted from 116060-ALMA7 and 116060-ALMA1S5 dense cores.
The best-fit line models of CH;0OCHO and H,CS are shown in red and blue, respectively. The core temperatures are assumed to be 112 and 89 K for the hot and warm

cores, respectively.

with the lowest-mass objects, especially for the more distant
regions, naturally yielding a lower limit in the number of
protostellar objects.

Owing to its comparatively abundant nature, the emission of
H,CS is observed extensively in the core population. However,
the relatively low abundance of CH3;OCHO species restricts its
detection to hot molecular cores with line-rich features. In this
paper, we first classify those cores with robust (>30) detections
of both CH3;0CHO and H,CS multiple transition lines as hot
cores, especially those that have robust rotation temperature
estimation by both CH;0CHO and H,CS molecules. Since the
“hot cores” are believed to be the result of warm-up processes
by central protostar(s) to 100-300 K (Gieser et al. 2019), there
should be a stage of dense cores with temperature of <100 K
and without line-rich features, which are called “warm cores”
(Sanhueza et al. 2019). Then, we define cores with only robust
detection of H,CS but without detection of CH;0OCHO lines as
warm cores. We present examples of both kot cores and warm
cores in Figure 4, where 116060-ALMA7 is a typical hot core
with line-rich feature, and evident detection of multiple
transitions of CH3;OCHO, as well as H,CS. However,
116060-ALMA15 has a paucity of hot molecular lines,
including CH;0CHO, but with only H,CS.

Among the 248 ASSEMBLE cores, H,CS line emissions
have been identified in 92 cores, of which 35 display line-rich
features and are further categorized as hot cores, while the other
57 cores are classified as warm cores based on the detection of
enough H,CSlines. Among these warm cores, 22 have
insufficient H,CS transitions available for the calculation of
temperature. 142 cores without the star-forming indicators
mentioned above (outflows, H,CS, or CH3;OCHO lines) are
then classified as a prestellar core candidate, implying a stage
preceding the protostellar phase. Based on the classification
above, we mark the core in the column (10) of Table 3:
0 = prestellar candidate, 1 = only molecular outflow is
detected, 2 = only H,CS line is detected, 3 = both outflow and
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H,CS line are detected, and 4 = both CH3OCHO line and
outflow are detected, and 5 = only CH30CHO line is detected.

The caveats of the core classification results are as follows:
(1) external heating by hot cores in the vicinity can also excite
H,CS lines in some prestellar cores, so some warm cores can
have no stars form inside; (2) prestellar core candidates may
include both prestellar and protostellar cores that are gravita-
tional bound, and cores that are not bound and unable to form a
star. To keep consistent, we do not distinguish the two and refer
to them as prestellar core candidates in the following part of the
paper. We note that spectral analyses of these cores can further
constrain their dynamic states.

It is noteworthy that outflows have been observed in all of
the ASSEMBLE clumps, providing evidence of star-forming
activities with a 100% occurrence rate in our clump sample.
However, two massive star-forming clumps, namely 114382-
6017 and 117204-3636, do not exhibit any detection of hot
cores. This absence of hot cores has been confirmed by
crossmatching with the ALMA Band 3 data set, ensuring their
nonexistence (Qin et al. 2022). In the case of the protocluster
114382-6017, the extended spherical morphology of H40« line
emission is spatially consistent with the MeerKAT Galactic
Plane Survey 1.28 GHz data (Padmanabh et al. 2023; S.
Goedhart et al. 2023, in preparation). As identified by Zhang
et al. (2023), it represents an UCH Il region with an electron
density of 0.15-0.16 x 10* cm ™. The protocluster 114382-
6017 is situated on the outskirts of the UCHIIregion,
suggesting the possibility of a second generation of cores
(refer to Figure 14). As a result, the absence of hot cores in this
particular region can be attributed to the relatively young age of
the newly formed protocluster. The absence of hot cores in
117204-3636 can be a different issue, as the H40a and the
1.28 GHz emission are spatially correlated with dense cores
(see Figure 14). But we note that 117204-3636 has the lowest
mass of 760 M, with the maximum core mass of 2.9 M, (refer
to Section 4.4). Furthermore, the temperature of the only warm
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Table 4
Calculated Properties for the Core Sample

ASSEMBLE Clump Core Name Taust Mo Reore n(H,) 2 Npea (Ha)

(K) Method® (M) (au) (x 10% em™) (gem™) (x 10% cm™?)
@D ) 3) 4) (%) (6) @) ®) €))
114382 1 28(5) G 1.3(0.9) 2200 3.71(2.43) 0.44(0.16) 0.94(0.34)
114382 2 28(5) G 3.2(2.1) 4700 0.93(0.62) 0.69(0.28) 1.46(0.60)
114382 3 28(5) G 2.3(1.6) 2200 6.38(4.37) 0.90(0.37) 1.92(0.78)
114382 4 28(5) G 0.6(0.4) 2200 1.64(1.24) 0.21(0.12) 0.46(0.25)
114382 5 28(5) G 0.5(0.3) 2200 1.35(0.92) 0.18(0.08) 0.39(0.16)

Notes. The ASSEMBLE clump and extracted core ID are listed in columns (1) and (2). Dust temperature and its estimation methods are listed in columns (3) and (4).
The mass, radius, volume density, surface density, and peak column density are listed in columns (5)—(9).
# Temperature estimation method: G = global clump-averaged temperature in column (9) of Table 1; H = H,CS rotation temperature; C = CH;OCHO rotation

temperature.

(This table is available in its entirety in machine-readable form.)

core 117204-ALMA16 is 88(£7) K (Section 4.4), which is not
so high as 2100 K to be a hot core. Therefore, in the case of
117204-3636, the cores may not be massive and hot enough to
excite hot molecular lines or initiate hot-core chemistry.

4.4. Core Physical Properties

The temperature estimation utilizes three hybrid methods
(clump-averaged temperature, H,CS line, and CH;OCHO line)
based on the core properties. H,CS lines are chosen due to their
strong spatial correlation with dust as demonstrated in Xu et al.
(2023a), and their widespread distribution. The ASSEMBLE
spectral window encompasses multiple hyperfine components of
the J =10 — 9 transitions, with upper energy levels from 90 to
420K (see Table C 1 in Xu et al. 2023). However, H,CS lines
could be optically thick toward massive hot cores, therefore only
tracing the core envelope. To trace the dust temperature of hot
cores, CH;0CHO molecule with upper energy up to ~589 K
is employed instead. The temperatures obtained from
CH30CHO (mean value of 110 K) are consistently higher than
those derived from H,CS (mean value of 95 K), indicating that
CH;OCHO is a suitable tracer of the inner and denser gas. In the
cases where neither H,CS nor CH;0OCHO lines are detected, it is
assumed that the core either lacks sufficient column density or is
too cold to excite the lines. This suggests that the core has not
developed its own temperature gradient and thus is assumed to
share the same temperature as the clump from the SED fitting.
The temperature as well as the method to obtain it are listed in
columns (3)—(4) of Table 4.

Assuming that all the emission comes from dust in a single
Tause and that the dust emission is optically thin, the core
masses are then calculated using

F;I'IIDZ

Meoe = R—2——,
o By (Thust)

R ey
where F,™ is the measured integrated dust emission flux of the
core, R is the gas-to-dust mass ratio (assumed to be 100), D is the
distance, , is the dust opacity per gram of dust, and B,(Ty,y) is the
Planck function at a given dust temperature 7y, In our case, x,, is
assumed to be 1.89cm’g ™! at v~ 350 GHz (Xu et al. 2023a),
which is interpolated from the given table in Ossenkopf & Henning
(1994), assuming grains with thin ice mantles and the Mathis—
Rumpl—Nordsieck (Mathis et al. 1977) size distribution and a gas
density of 10°cm 2. Substituting the temperature in Equation (1),
the core masses are then calculated and listed in the column (5).
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Cores are characterized by 2D Gaussian-like ellipses with
the FWHM of the major and minor axes (Om,j and Opin), and
position angle (PA) listed in columns (7)—(8) of Table 3.
Following Rosolowsky et al. (2010), Contreras et al. (2013),
the angular radius can be calculated as the geometric mean of
the deconvolved major and minor axes:

Ocore = N[O maj — Tom) (Omin — T/, )

where 0, and opi, are calculated from O, / v8In2 and
Omin/~ 8 In2 respectively. The oy, is the averaged dispersion
size of the beam (i.e., \/ ObmajOomin/(8 In2) where 0y, and Oymin
are the FWHM of the major and minor axis of the beam).  is a
factor that relates the dispersion size of the emission
distribution to the angular radius of the object determined.
We have elected to use a value of n =2.4, which is the median
value derived for a range of models consisting of a spherical,
emissivity distribution (Rosolowsky et al. 2010). Therefore, the
core physical radius can be directly calculated by
Reore = B.ore X D, as shown in the column (6) of Table 4.

The number density, n, is then calculated by assuming a
spherical core,

_ Mcore
n= 3T
(4/3)7TMH2mHRéore

where fuy, is the molecular weight per hydrogen molecule, and
my is the mass of a hydrogen atom. Throughout the paper, we
adopt the molecular weight per hydrogen molecule iy, = 2.81
(Evans et al. 2022), and derive the number density of hydrogen
molecule n(H,).

The core-averaged surface density can be calculated by
Y = Meore/(TRZ2,.). The peak column density is estimated
from

3)

peak
FI/

Npeax(H2) = R ’
P QﬂHzmHﬁpBu(’Eiusl)

“

where FP** is the measured peak flux of core within the beam
solid angle 0.3 The calculated volume, surface, and peak
column densities are shown in columns (7)—(9) of Table 4.
The major sources of uncertainty in the mass calculation
come from the gas-to-dust ratio and the dust opacity. We adopt

7\'9maj9min

33 -
Beam solid angle: Q2 = PINCRE
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Table 5
Statistics of the ALMA Cores in Each Clump

ASSEMBLE 1o Mass Number of X Number of Prestellar/
Clump Sensitivity Cores Core Mass Mean Value of Protostellar Cores
Min. Max. Mass  Radius n(H,) P Npeax (Ha)
(x 10° (x 10%

M.) M) Mo)  (Mo)  (aw) em™)  (gem™)  am?)
@ (@) (€©) (C)) (&) ©) (O] ® (©)) (10) an)
114382 0.044 21 0.39 4.65 1.73 2760 4.1 0.5 1.1 15/6
114498 0.030 16 0.37 9.70 2.25 3210 3.9 0.9 1.9 12/4
115520 0.026 37 0.12 3.75 0.99 2250 8.4 0.8 1.7 11/26
115596 0.029 31 0.46 8.14 2.14 3210 7.1 0.7 1.5 24/7
116060 0.182 20 1.67 5261 1434 4800 222 3.2 6.9 7/13
116071 0.128 15 1.57 49.03  8.82 3420 17.8 2.5 5.4 5/10
116076 0.046 19 056  12.07 241 3910 3.6 0.7 1.4 12/7
116272 0.054 13 0.17 19.28 4.58 2730 40.6 2.7 5.7 7/6
116351 0.029 25 0.18 2.76 1.28 2880 6.9 0.9 2.0 13/12
117204 0.014 23 0.22 2.89 1.05 2900 7.4 0.7 1.5 22/1
117220 0.372 28 537 5227 19.57 6190 7.9 2.3 4.8 14/14

Note. The ASSEMBLE clump is listed in column (1). The 1o mass sensitivity and the number of extracted cores are listed in columns (2) and (3). The minimum,
maximum, and mean values of the mass are listed in columns (4)—(6). The mean values of the core radius, volume density, surface density, and peak column density
are listed in columns (7)—(10). The numbers of prestellar and protostellar cores are listed in column (11).

the uncertainties derived by Sanhueza et al. (2017) of 28% for
the gas-to-dust ratio and of 23% for the dust opacity,
contributing to the ~36% uncertainty of the specific dust
opacity. The uncertainties of the core flux (~14%), temperature
(~20%), and distance (assumed to be 10%) are included.
Monte Carlo methods are adopted for an uncertainty estima-
tion, and lo confidence intervals are given for core mass,
volume density, surface density, and peak column density in
columns (5) and (7)—(9) of Table 4.

We also summarize the statistics of the core physical
parameters in Table 5. The number of cores in each clump is
listed in column (3). The minimum, maximum, and mean core
mass are listed in columns (4)—(6). The mean values of the core
radius, volume density, surface density, and column density are
listed in columns (7)—(10). The numbers of prestellar and
protostellar cores are listed in column (11).

5. Discussion
5.1. Coevolution of Clump and Most Massive Core

The ability of a clump to form massive stars is directly linked
to the amount of material within the natal clump (Beuther et al.
2013). Furthermore, Traficante et al. (2023) show that physical
properties such as mass and surface density of the fragments
and their parent clumps are tightly correlated. Therefore, it is
essential and straightforward to study the relation between
clump and its most massive core (MMC), which is most likely
to form massive stars inside the clump. The left panel of
Figure 5 shows the core masses (M) versus the mass of the
clump (Mjump) of the ASSEMBLE clumps, with the maximum
value, that is, the mass of MMC (M. labeled. As
demonstrated in the right panel, a positive sublinear correlation
is observed between MassEMBLE,max and MASSEMBLE, clump> With
a power-law index of 0.75(0.08). The Pearson and Spearman
correlation coefficients are calculated to be 0.67 and 0.73,
respectively. Significantly, both correlation coefficients exhibit
p-values below 0.05, indicating a high level of statistical
significance for the observed -correlation. This positive
correlation indicates a coevolution between the clump and

15

MMC, i.e., a more massive clump contains a more massive
core, which is consistent with what has been found in Anderson
et al. (2021).

Furthermore, the coevolution of the massive clump and its
MMC can be connected to gas kinematics in a dynamic picture.
In massive star-forming regions, filamentary gas accretion
flows frequently connect clump and core scales in both
observations (Peretto et al. 2013, 2014; Liu et al. 2016b; Lu
et al. 2018; Yuan et al. 2018; Dewangan et al. 2020; Sanhueza
et al. 2021; Li et al. 2022; Xu et al. 2023a; Yang et al. 2023)
and simulations (Schneider et al. 2010; Naranjo-Romero et al.
2022), which can play a crucial role in regulating mass
reservoirs at different scales. Notably, Xu et al. (2023a) found
four spiral-like gas streams conveying gas from the natal clump
directly to the MMC, with a continuous and steady gas
accretion rate across 3 mag. Therefore, we suggest that such a
“conveyor belt” (Longmore et al. 2014) should be the main
reason for coevolution. If all the massive clumps are under-
going a quick mass assembly, the sublinearity of the mass
scaling relation also suggests that the clump-to-cores efficiency
should vary among different clumps (Xu et al. 2023b). To more
directly understand the dynamic picture of the coevolution of
clump and core, detailed gas kinematics analyses should be
systematically performed in a sample with a wide range of
evolutionary stages.

5.2. High-mass Prestellar Cores in Protoclusters?

High-mass prestellar cores, defined as cores with masses
greater than 30 M, (following the definition of Sanhueza et al.
2019), are crucial in discriminating between different models of
high-mass star formation. Specifically, they provide a key
discriminator for the turbulent core accretion model McKee &
Tan 2003; Tan et al. 2013, 2014) versus the competitive
accretion model (Bonnell et al. 2001, 2004) or the global
hierarchical collapse model (Heitsch et al. 2008; Vazquez-
Semadeni et al. 2009; Ballesteros-Paredes et al. 2011;
Vazquez-Semadeni et al. 2017; Ballesteros-Paredes et al.
2018). Despite numerous observational searches for high-mass
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Figure 5. Left: Core masses Mcore vs. the clump masses Mcjymp. The masses of the most massive cores Mpax in each clump are labeled with the corresponding colors.
Right: The scaling relation between Miax and M jump, With the result of linear regression shown on the top left. The shaded area shows the 20 uncertainty of the fitting

result of the ASSEMBLE sample.

prestellar cores (e.g., Zhang et al. 2009; Zhang & Wang 2011;
Wang et al. 2012; Cyganowski et al. 2014; Wang et al. 2014;
Kong et al. 2017; Sanhueza et al. 2017; Louvet 2018; Li et al.
2019; Molet et al. 2019; Sanhueza et al. 2019; Svoboda et al.
2019; Morii et al. 2021), only a few promising candidates have
been identified to date: including G11P6-SMA1(Wang et al.
2014) and G28-C2cla (Barnes et al. 2023). The rarity of high-
mass prestellar cores suggests either that the initial fragmenta-
tion of massive clumps does not produce such massive starless
cores or that these objects have short lifetimes.

It is worth noting that most of the efforts in the search for
massive starless cores have been focused on IRDCs. However,
several numerical simulations suggest that thermal feedback from
OB protostars and strong magnetic field protostellar clusters can
play a crucial role in reducing the level of further fragmentation
and producing more massive dense cores (Krumholz et al. 2007;
Offner et al. 2009; Krumholz et al. 2011; Myers et al. 2013), and
hints for such a reduction of fragmentation for strong magnetic
fields have actually been suggested observationally (Palau et al.
2021). Observations also suggest that a 5 M zero-age main
sequence star can produce radiation feedback to support high-mass
fragments (Longmore et al. 2011). In particular, massive starless
core candidates such as G9.624+0.19MM9 (Liu et al. 2017) and
W43-MM1#6 (Nony et al. 2018) have been found in evolved
protostellar clusters. Moreover, Contreras et al. (2018) reported a
relatively massive but highly subvirial collapsing prestellar core
with mass 17.6 M., that is heavily accreting from its natal cloud at
arate of 1.96 x 107> M, yr~". If the accretion rate persists during
the lifetime of the massive starless clump (<1-3 x 10* yr), then
the mass of the prestellar core can be doubled at the beginning of
the protostellar stage. Therefore, it would be even more promising
to search for high-mass prestellar cores in protostellar clusters than
in prestellar clusters.

Within the ASSEMBLE protoclusters, the most massive
prestellar core 117220-ALMAS9 has a mass of 18.3 M, within
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0.065 pc, which is about 2 times larger than the ones found in
the ASHES IRDCs. The second massive prestellar core
116060-ALMA17 has a mass of 16.5 M. within 0.045 pc.
However, we should note that (1) the ASSEMBLE data only
have the ALMA 12 m array configuration, so the core flux can
be underestimated with extended flux filtered out; (2) we adopt
the clump-averaged temperature as the temperature of the
prestellar core, which can be overestimated, resulting in an
underestimated core mass. Complementary short-baseline
configuration and a better estimation of temperature should
give a better estimate of the prestellar core mass. At any rate,
the available evidence strongly suggests that (1) prestellar cores
are becoming more massive, which can be due to the continued
mass accumulation along with the natal clump (see
Section 6.1); (2) high-mass prestellar cores can survive in
protostellar clusters. However, to demonstrate the causality
between the survival of high-mass prestellar cores and the
protocluster environment, both a systematic search for high-
mass prestellar cores in massive protoclusters and determina-
tion of environmental effects are needed.

5.3. Core Separation

To study the spatial distribution of cores, we first build the
minimum spanning tree (MST) for each ASSEMBLE core
cluster; and the details can be found in Appendix B.

Following the convention of Wang et al. (2016), Sanhueza
et al. (2019), we take the “edge” of MST as the separation
between the cores. A total of N — 1 separation lengths are
defined in each clump where N is the core number. The upper
panel of Figure 6 shows the distributions of core separation of
the ASSEMBLE sample in blue, the ASHES total sample
(ASHES Totals; Morii et al. 2023) in green color, and the
ASHES pilot sample (ASHES Pilots Sanhueza et al. 2019) in
gray color, respectively. When normalized into a probability
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Figure 6. Upper: the number distribution (indicated by the stacked histogram)
and probability density distribution (indicated by line-connected points) of core
separation are presented in a logarithmic scale, where the ASSEMBLE, the
ASHES Total (Morii et al. 2023), and the ASHES Pilot (Sanhueza et al. 2019)
samples are presented in blue, green, and gray colors, respectively. The mean
spatial resolution of both the ASSEMBLE and the ASHES surveys are
~0.02 pc, shown with orange shadow. Lower: the 1000 Monte Carlo runs of
the probability density distribution of core separation for the ASSEMBLE (blue
lines) and the ASHES (gray lines), respectively, considering the Gaussian-like
uncertainty of clump distance. The Mann—Whitney U test is performed on each
of the sets of core separation distributions, and the distribution of the p-value is
shown in the top right. The p-values are much lower than 0.01, showing
that two samples share a significantly different distribution of core
separation.

density as shown with line-connected scatter plot, the
Kolmogorov—Smirnov test between the distributions of the
ASHES Totals and Pilots gives a p-value of 0.57 >0.1,
indicating that the ASHES Pilots share the same distribution
with that of the ASHES Totals. Therefore, the ASHES Pilots
are good enough to represent the ASHES Totals in the case of
studying core separation. Since the sample size of the ASHES
Pilots is comparable to that of the ASSEMBLE, we only
compare core separations from the ASSEMBLE with those
from the ASHES Pilots in the following analyses.

The bias of the mass sensitivity and spatial distribution
should be excluded. For example, if the ASSEMBLE mass
sensitivity is higher than the ASHES one, we are about to
detect more low-mass cores, reducing the separation. Thanks to
comparable sensitivities of the two samples, we have detected
the core population with the same truncation limited by the
mass sensitivity. In addition, the ASSEMBLE and ASHES
surveys share similar spatial resolutions, as indicated by the
orange shadows; and therefore, we can directly compare their
core separations.
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The Mann—Whitney U test®® between two groups of core
separations gives a p-value < 0.01, significantly excluding the
null hypothesis that two distributions are the same. To further
test the effects of the uncertainty of the clump distance, 1000
Monte Carlo runs are adopted to simulate the 1o distribution
dispersion, as shown in the blue and gray extent in the lower
panel of Figure 6. The distribution of the p-value derived from
the Mann—Whitney U test is shown with the subpanel on the
upper right corner in the lower panel. Even perturbed by lo
uncertainty from distance (~10%-20%), the majority of
p-values are significantly lower than 0.01, suggesting that
two distributions are truly different. In other words, the core
separations in the ASSEMBLE protoclusters are systematically
smaller than those in the ASHES protoclusters, suggesting that
the cluster becomes tighter with closer separations during the
clump evolution indicated by L/M. The evolution of core
separations is consistent with what has been found in Traficante
et al. (2023).

It should be noted that the ASSEMBLE core separation
exhibits a significant peak at ~0.035 pc. The value is twice the
spatial resolution (mean value of ~0.018 pc), suggesting it is
not a result of resolution effects. Furthermore, both Tang et al.
(2022), Palau et al. (2018) have also observed two peaks in the
separation histogram in W51 North and OMC-1S. One of these
peaks falls within the range of 0.032-0.035 pc, which aligns
with the results we have obtained in our study. Such a
consistency between three independent observations (with
different spatial resolutions) might suggest a typical level of
hierarchical fragmentation at this scale.

5.4. The Q@ Parameter

To quantify the spatial distribution of cores, we follow the
approach of Cartwright & Whitworth (2004) and define the Q
parameter as

, &)

by
(6)

where N, is the number of cores, L; is the length of each edge,
and A is the area of protocluster as A = TR er» With Rejusier
calculated as the distance from the mean position of cores to the
farthest core. § is the normalized correlation length,

§ = i, 7

Rcluster

where L,, is the the mean separation length between all cores,
and R juqer 18 the cluster radius.

The Q value serves as a measure of the degree of
subclustering and the large-scale radial density gradient in a
given region. As indicated by Figure 5 in Cartwright &
Whitworth (2004), a value of Q > 0.8 indicates a centrally
condensed spatial distribution characterized by a radial density

3 The Mann—Whitney U test is a null hypothesis test, used to detect
differences between two independent data sets. The test is specifically for
nonparametric distributions, which do not assume a specific distribution for a
set of data (Mann & Whitney 1947). Because of this, the Mann—Whitney U test
can be applied to any distribution, whether it is Gaussian or not.
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Figure 7. The Q values vs. luminosity-to-mass ratio L/M in the ASSEMBLE
protoclusters. The linear regression results including the fitting model, Pearson
correlation coefficient p,, Spearman rank correlation coefficient ps, and scatter
o are shown on the upper left.

profile of the form n(r)oxr~®. On the other hand, when
Q < 0.8, the Q parameter decreases from approximately 0.80
to 0.45 with an increasing degree of subclustering, ranging
from a fractal dimension of D = 3.0 (representing a uniform
number-density distribution without subclustering), to D = 1.5
(indicating strong subclustering).

From the MST results, the derived Q parameters for the
ASSEMBLE clumps range from 0.53 to 0.89, with a median
value®” of 0.71(0.13). We note that there are four protoclusters
115520, 116060, 116351, and 117204 that have Q greater than
0.8, indicative of a centrally condensed spatial distribution. As
shown in Figure 7, the Q parameter shows a weak correlation
with luminosity-to-mass ratio, with Pearson correlation coeffi-
cient R,=0.56. The positive correlation suggests that a
protocluster is becoming more centrally condensed as it
evolves. In Section 6.5, a correlation among a sample of both
ASSEMBLE and ASHES could be more instructive, since a
wider dynamic range of L/M is available.

5.5. Mass Segregation

As defined in Allison et al. (2009), Parker & Goodwin
(2015), mass segregation refers to a more concentrated
distribution of more massive objects with respect to lower-
mass objects than that expected by random chance. For
dynamically old bound systems (i.e., relaxed and virialized
clusters), the process of two-body relaxation has redistributed
energy between stars, and they approach energy equipartition
whereby all stars have the same mean kinetic energy.
Therefore, more massive stars will have a lower velocity
dispersion, and they will sink into the deeper gravitational
potential, i.e., the center of the cluster (Spitzer 1969).

Despite the observed mass segregation in old stellar clusters,
it does not have to be from a canonical two-body relaxation
dynamical process. If we observe mass segregation in a region
that is so young that two-body encounters cannot have mass

35 The uncertainty of median value 0,4 is estimated from the median absolute
deviation (MAD) as, Opeq = 1.4826 x MAD, based on the assumption of
normality.

18

Xu et al.

segregated the stars, then the mass segregation must be set by
some aspect of the star formation process, and is often called
“primordial mass segregation” (Parker & Goodwin 2015),
which has been found in some simulations of star formation
(e.g., Moeckel & Bonnell 2009; Myers et al. 2014).
Observationally, Sanhueza et al. (2019) have only found weak
mass segregation in 4 out of 12 IRDCs and no mass
segregation in the others. The overall conclusion is that there
is no significant evidence of primordial mass segregation in
IRDCs (Sanhueza et al. 2019; Morii et al. 2023). In contrast, at
a similar physical resolution of 2400 au and the same band
(1.3mm) by ALMA, Dib & Henning (2019) have found
massive star-forming region W43 exhibits evident mass
segregation with maximum mass segregation ratio Ay =
3.49 (see definition in Equation (8)).

5.5.1. A Plots: Characterization of Mass Segregation

To quantify the mass segregation in the protoclusters, we
adopt the mass segregation ratio (MSR), Aysg, which is
defined by Allison et al. (2009) and shown to perform best
compared to three other methods by Parker & Goodwin (2015).
The value of Aygr at Nygr is given by

Amsr(Nuvist) = {Lrandom) 4 Zhrandom

lmassive

®)

massive

where [ngom 18 the mean MST edge length of an ensemble of
Nust cores randomly chosen from the protocluster, and [ assive 1S
the mean MST length of the top-Nyst MMC:s. In our analyses, we
performed 1000 Monte Carlo runs of choosing Nyst random cores
to obtain a set of [ngom, calculating the mean value (/ngom) and

its standard deviation 0y ;angom = \/ {(Lzandom — (Lrandom))?) . For
each Nyist, Amsr 1S meant to measure how much the MST length
of the top-Nyist MMCs deviate from the MST length of the entire
protocluster. If the MST length of the top-Nyst ensemble is
shorter than the MST length of the entire protocluster, it is
suggested that massive cores have a more concentrated
distribution.

By definition, A ~ 1 means that the massive cores were
distributed in the same way as the other cores (i.e., no mass
segregation); A >1 means that the massive cores were
concentrated (i.e., mass segregation), and A <1 means that
the more massive cores were spread out relative to the other
cores (i.e., inverse-mass segregation).

Figure 8 presents mass segregation ratio Aygr versus the
fraction of the selected core number to the total core number
Sust = Nmst/Nmst,max» Which is called Aysr plot hereafter.
We arrange the protoclusters in descending order of the
maximum value of the mass segregation ratio Apsr max. FOr
example, the protocluster 116071 in the first panel has the
highest Apisr max Of 8.72(% 3.69), which implies strong mass
segregation. In contrast, the protocluster 114382 has no mass
segregation or even a weak inverse-mass segregation, as shown
in the last panel.

There are three notable features that deserve additional
explanations in the A plots:

1. Amsr peak at small fyst. Protoclusters have a wide range
of dense core mass while there are a small number of
massive dense cores. When fyist or Nyst are small,
massive dense cores should account for a large proportion
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Figure 8. The mass segregation ratio Aysg plots: Apsr is presented as a function of the fraction of core number fy;gr = Nmst/Numst,max for the 11 protoclusters. The
shaded regions in each panel represent the local uncertainties. The upper left corner of each panel shows the maximum value of Apmsgr max and its corresponding Nyt
The Apsr VS. fust panels are arranged in descending order of Apisg max for the corresponding protoclusters. The total core number is listed at the lower right corner.

in the ensemble, SO /;,assive Should be significantly smaller
than (l.anqom) if mass segregation exists.

2. Amsr decrease with fyist. When Nyst increase, lpassive
will involve more low-mass cores so that the mass
segregation trend, if it exists, will be washed out;
furthermore, when fyst is larger, the ensembles of cores
used to compute both [asive and (landom) are more
similar to the entire core sample so that both quantities
theoretically approach the same value, the MST length of
the entire core sample.

3. Diverse Aysr profiles or diverse fractions of cores
involved in mass segregation. Aysg drops with fyst with
different rates. The clump with the strongest mass
segregation, 116071, has its Aysr dropping toward 1
around fyst ~ 0.6, while the clump with the second
largest mass segregation, 116060, has its Aygr rapidly
dropping toward 1 around fyst =2 0.2. Such diversity is
also true among the clumps with lower degrees of mass
segregation (e.g., [15596 versus 114498). Therefore, it is
of great interest to understand why the different
protoclusters can show such different profiles of Apsg
plots in the future.
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5.5.2. INSR: Mass Segregation Integral

Awmsr plots are difficult to compare with each other, because
Ansr by definition depends on Nyst or fiyst. In other words,
to fully characterize the degree of mass segregation of a
protocluster, two main factors need to be taken into account:
(1) Amsr.max, directly determines what the largest deviation
from the random process is, according to the definition of
Equation (8); (2) NmsT.crit OF fmsT.crit» Which determines at what
point the mass segregation ratio of cluster disappears for
parameter NyisT O fvst-

Here, we propose mass segregation integral (MSI) ZXR to
describe how a cluster is segregated,

NMST, max

MSR __ 25:2 AMSR,i
IA =

; ©))

NMST,max -1

where Aygr; is the mass segregation ratio at given fyst Or
Npst- The MSI is meant to record every deviation from
Amsr.i=1 (when there is no mass segregation) at each Nysr-

In Section 6.6, we will examine the significant mass
segregation observed in the ASSEMBLE protoclusters and
explore its possible origins using the MSI. However, it is



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 270:9 (31pp), 2024 January Xu et al.
4
[ ASHES (IRDC) core properties
[0 ASSEMBLE (IRBC) core properties
3.8
177 —
3 ——
11.8
8.3 1.3
1.4 | 0.8
2 I
§ 2 52.6 18.3
42%
2.7
61 29%| 30.4 3.6 2.0| | 10.9 1.2 0.7 4.8 0.6 0.4
1 — —
0 A} A} A} A} A}
pe) P P P
¢ Ve e e e e e ahe ¢ Y < Y ¢ "
«\?}3 <ot «\ea“ «\2‘5 @t \_er‘\ 6\?‘6 O O O
e W e e e W o oo
S Pl L

Figure 9. Comparison of parameters including median volume density of the core number 72¢ore,med, Number fraction of protostellar cores fyror0, the maximum, mean,
and median value of mass of protostellar cores Mproio,max /Mproto,mean/Mproto,med, Mass of prestellar cores Mpre, max/Mpre,mean/Mpre,med, and core surface mass density
3 mass.max/ Smass.mean/ Smass.med- The IRDCs and IRBCs are in blue and red, respectively. The y value is normalized by the ratio to the value of IRDCs.

important to acknowledge limitations of using the MSI. First,
the MSI collapses the Aygr profile into a scalar value, thus
disregarding the potentially various spatial distributions that
can produce the same MSI value. Second, the physical and
mathematical interpretations of the MSI are not yet fully
understood, as it only records the deviations from the random
distribution of cores within a protocluster. To enhance our
understanding, future studies could establish a correlation
between the MSI and the evolutionary timescale of a
protocluster.

6. Evolution of Massive Protoclusters

The ASSEMBLE clumps have evolved to a late stage in the
formation of massive protoclusters, with an L/M ratio ranging
from 10 to 100 L., /M. On the contrary, the ASHES clumps
are in an early stage, with an L/M ratio between 0.1 and
1 L, /M., Therefore, the ASSEMBLE and ASHES clumps can
serve as mutual informative comparison groups, as the basis of
our dynamic view of protocluster evolution. As introduced in
Section 4.4, the statistics of the core parameters are
summarized in Table 5, which can be directly compared to
Table 5 in Sanhueza et al. (2019). To highlight the quiescent
and active nature of ASHES and ASSEMBLE clumps,
respectively, the samples also have the second names IRDCs
and infrared bright clouds (IRBCs), respectively.

6.1. Core Growth and Mass Concentration

As shown in Figure 9, the IRBCs exhibit a median volume
density of the core number n¢ore mea Of 177 per ¢?, which is
approximately 3 times greater than the 61 per pc” observed in
the IRDCs. We consider the potential effects from the different
mass sensitivities between the two projects. The slightly worse
sensitivity (& = 0.089 M) of the ASSEMBLE compared to
the ASHES (G = 0.078 M) shows that correcting for
sensitivity would only increase the core density in IRBCs. To
exclude the effects of different source extraction algorithms, we
also perform the source extraction using getsfin the 12 m
alone data of ASHES as it was done for the ASSEMBLE in

Appendix B, only obtaining a much lower core number of 66,
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mostly due to two factors: (1) getsf tends to extract spherical
cores but miss those irregular ones; (2) the 12 m alone data
filter out large-scale structures that are previously identified by
astrodendro algorithm. Therefore, correcting the effects
from the array configuration and source extraction algorithm
will only result in an even larger difference between the two
sets of parameters mentioned above. In any circumstances, the
core number densities in the ASSEMBLE clumps are
considerably higher than those of IRDCs.

As demonstrated in simulations by Camacho et al. (2020),
massive clumps accrete mass and increase density as they
evolve, resulting in a decrease in the freefall timescale.
Consequently, the dense cores formed by Jeans fragmentation
collapse to form protostars more quickly, leading to a higher
fraction of protostellar cores, foroo- As shown in the second
column of Figure 9, fi,roro increases significantly from 29% in
the early stage IRDCs to 42% in the late-stage IRBCs on
average. The increasing trend of f,o With respect to
evolutionary stage has also been previously reported by
Sanhueza et al. (2019) and is consistent with the fragmentation
reported by Palau et al. (2014, 2015, 2021) in more evolved
IRBCs; because in these works, most of the cores are
protostellar (given their higher masses and compactness
compared to the ASSEMBLE sample).

Furthermore, we provide several pieces of evidence for
the growth of the core mass from IRDC to IRBC in columns
(3)-(11) in Figure 9. Parameters, including the maximum,
mean, and median mass of protostellar cores Mproro,maxs
Mprot0,means and Mproiomed, TeSPectively; those of prestellar
cores Mpre max> Mpre,mean> and Mpre med, TESpectively; and those
of surface mass density of total core population X ,,ssmeans
Ymass,maxs and 3p.cs meds Tespectively, all exhibit systematic
increments from IRDCs to IRBCs. These mass or surface
density increments have also been observed in another
comparative work between IRDCs and IRBCs with hub-
filament structures (Liu et al. 2023), where gas inflow is
thought to be responsible for the hierarchical and multiscale
mass accretion (Galvan-Madrid et al. 2010; Liu et al.
2022a, 2022b, 2023; Xu et al. 2023a; Yang et al. 2023). Very
recent statistical studies of dense cores in the Dragon IRDC
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(Kong et al. 2021), the Orion Molecular Cloud (OMC;
Takemura et al. 2023), the ASHES IRDC sample (Li et al.
2023), and the ALMA-initial mass function protoclusters
(Nony et al. 2023; Pouteau et al. 2023) also suggest that the
protostellar cores are considerably more massive than
the starless cores, suggesting that cores grow with time. If
the missing flux in the ASSEMBLE sample were recovered, the
effect would be to increase the core mass and surface density,
strengthening the arguments above.

6.2. Nurture but Not Nature: A Dynamic View of the M,,,..
versus My, Relation

As discussed in Section 5.1, a positive correlation between
M pax and My is observed within the ASSEMBLE proto-
clusters, suggesting a close relationship between the natal
clump and the MMC through multiscale gas accretion (Xu et al.
2023a). On the contrary, the ASHES pilots, represented by the
gray data points in the right panel of Figure 5, exhibit no
significant My, versus Mcyymp correlation. The Spearman rank
correlation coefficient is calculated to be 0.04, with a
corresponding p-value of 0.90. This lack of correlation aligns
with the concept of thermal Jeans fragmentation (e.g., Palau
et al. 2015, 2018; Sanhueza et al. 2019), where the clump’s
thermal Jeans mass is primarily determined by its dust
temperature within a narrow range of 10-20 K (Morii et al.
2023), rather than the turbulence whose energy is governed by
the clump’s gravity assuming energy equipartition (Palau et al.
2015). This finding supports the notion that early stage cores
are characterized by dominant initial fragmentation rather than
gravitational accretion. In that case, no correlation is naturally
expected between the mass of the natal clump and the mass of
the core resulting from fragmentation. Therefore, we propose a
dynamic picture of the clump—core connection.

1. At the beginning, initial Jeans fragmentation produces a
set of dense cores whose mass is not associated with
clump-scale gravitational potential (mass) and turbulence.

2. As a massive clump evolves, multiscale continuous gas
accretion helps build up the connection between clump
and core scales, for example the mass correlation that we
have observed.

6.3. Implications of the M, versus M ;. Relation

The relation M, ,.x versus M, user» Which describes the
relationship between the mass of the most massive star (M, max)
and the total mass of the star cluster (M, uswer)> has been
previously established both analytically (Weidner &
Kroupa 2004) and observationally (e.g., Testi et al. 1999;
Weidner & Kroupa 2006). This relation highlights the
systematic variation of the typical upper mass limit with the
overall mass of the star cluster. It suggests that the formation of
stars within cloud cores is primarily influenced by growth
processes occurring in an environment with limited resources.
This finding underscores the significance of resource avail-
ability in shaping the stellar population within star clusters.

Protoclusters provide a retrospective glimpse toward the
early version of star clusters. Throughout this paper, we refer
M 1usier @s the sum of all the core masses in a protocluster. Note
that Mg 18 different than the total mass of a stellar cluster
(M, 1uster)- As shown in the left panel of Figure 5, M yger are
plotted with the masses of the MMCs M,,x in Figure 10.
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Figure 10. The M. VS. Mpuser relation. The ASSEMBLE and the ASHES
Pilots are plotted with errorbars. The blue solid line shows the second-order
polynomial fitting of all the data points. My, ox M3 in the blue box
indicates the power-law index in the first-order approximation. The gray
dashed line shows the linear regression of all the data points. The green solid
line shows the polynomial fitting of the data from 139 star clusters (Weidner
et al. 2013), with first-order approximation of M, . < M358, in the upper
green box. The dashed green line as well as the lower green box shows the
relation from smoothed particle hydrodynamics simulation (Bonnell
et al. 2003, 2004).

Contrary to what has been found in the Mpax versus Mcjump
plane (shown in the right panel of Figure 5), both the ASHES
and the ASSEMBLE protoclusters have positive correlation
between My,x and M juger- A second-order polynomial model
y=—027x"+196x — 1.51 fits the Mpy versus Meuser
relation best, with a correlation coefficient of 0.68, which is
shown in the blue solid line. Besides, we also present the
relation in stellar clusters given by observations (Weidner et al.
2013) in the green solid line and smoothed particle hydro-
dynamics simulations (Bonnell et al. 2003, 2004) in the green
dashed line.

In order to facilitate a direct comparison between the stellar
cluster and protostellar cluster, we have also performed a first-
order approximation of the polynomial models represented by
the blue and green solid lines. By utilizing the mean value
theorem, the first-order power-law index can be estimated by
considering the average derivatives within the given value
range. The estimation of the power-law index is indicated in the
blue and green boxes, which are overlaid on the respective
solid lines. As shown in the gray dashed line, we directly
perform the linear regression to derive a power-law index of
0.9, validating our first-order approximation of 0.88.

Despite uncertainties, the slope of the log My.x versus
log M. useer Telation is notably steeper compared to that of the
log M, max  versus log M, puger relation. To reconcile this
disparity within the context of protocluster evolution, we take
into account the influence of multiple star systems on massive
star formation. As depicted in Figure 1 by Offner et al. (2023),
the probability of events involving multiplicity is nearly 100%.
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In other words, it is highly likely that massive cores give rise to
the formation of more than one massive star. Hence, it is
natural to expect that the slope of the log My, versus
log M. juster relation can evolve into a shallower version, akin
to what is observed in the log M, n.x versus log M, juster
relation.

Another noteworthy finding is the similarity in the total
cluster mass distribution between the ASHES and ASSEMBLE
protoclusters, particularly within the range of 10-100 M.,
when excluding four outliers with M uger > 100 M. Since
these outliers also exhibit higher clump masses (refer to
Figure 5), a more fundamental question arises: Why do these
protoclusters with different evolutionary stages consistently
maintain a mass proportion of cluster to clump (Mcyser/
M jump) between 1% and 10%? This proportion can be regarded
as the dense gas fraction (DGF), which is often closely
associated with star formation efficiency (Ge et al. 2023).
Consequently, it is of great significance to investigate the
evolution of DGF in relation to massive star-forming clumps
(Xu et al. 2023a).

6.4. Gravitational Contraction: Protoclusters Evolve to
Greater Compactness

As shown in Figure 6, the core separation distribution of the
ASSEMBLE protoclusters have two prominent features. One is
a peak at 0.035 pc as discussed in Section 5.3, systematically
smaller than what has been found in the ASHES, meaning that
the spatial distribution becomes tighter and more compact as
the protocluster evolves. The other one is an extended tail at
0.06-0.3 pc, numerically consistent with what has been found
in the ASHES protoclusters of 0.06-0.24 pc (refer to green or
gray histograms of Figure 6), which are assumed to be the
residuals of the initial fragmentation at the early stage. In this
section, we discuss how gravity leads to the tightening process
of protoclusters and complete the dynamic picture of
fragmentation and gravitational contraction.

We can make a simple semiquantitative calculation. Given
that the thermal Jeans fragmentation is observed to dominate at
the early stage of massive star formation (Palau et al.
2014, 2015; Sanhueza et al. 2019; Palau et al. 2021; Li et al.
2022; Morii et al. 2023), we assume the initial condition that
the cores could have initially fragmented on Jeans length
scales of ~0.14pc (mean Jeans lengths in the ASHES;
Sanhueza et al. 2019). If dense cores are moving toward the
center of the clump by gravity, then the velocity of the cores
should be freefall velocity as vy = %. Adopting the typically

observed massive clump size and dgnsity of Ry=1 pc, and
ny, = 10* cm >, the core separation will be tighter by

Rl
Alye = Virtite = S X e

"Hy tife

- Ry 05
= 0.088(] pc)(104 cm’S) (5 x 104 yr)Pc,

where fj;5. ~ 0.2—-1 X 10° yr (Motte et al. 2018) are the freefall
timescale and the statistical lifetime of massive starless clumps,
respectively. Therefore, the core separation should tighten by
Aly.>0.04-0.18 pc in the protoclusters by gravitational
contraction, numerically consistent with the shift from
extended tail (0.06-0.3 pc) to the observed separation (peaked
at 0.035 pc).

(10)
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The simple gravitational contraction model fits the observa-
tions well, indicating ongoing bulk motions from the global
gravitational collapse of massive clumps (Beuther et al. 2018;
Véazquez-Semadeni et al. 2019). But note that we are still
unable to rule out another possibility that the closer separation
is due to hierarchical fragmentation to produce a series of
condensations inside a massive core.

6.5. Evolution of the Q Parameter

As clumps evolve over time, the primordial distribution of
cores dissolves due to dynamical relaxation, leading to a more
radially concentrated structure as predicted by simulations
(Guszejnov et al. 2022). Consequently, the more-evolved
clumps are predicted to have higher Q values. In the 12 ASHES
Pilots, Sanhueza et al. (2019) used the fraction of protostellar
Cores fproto t0 gauge the evolutionary stage. Due to the narrow
parameter space of similar evolutionary properties such as dust
temperature Tyug (10-15 K) and luminosity-to-mass ratio L/M
(0.1-1 L, /M), only a weak correlation between Q and firot0
was found (Sanhueza et al. 2019). However, Dib & Henning
(2019) found that the most active star-forming region W43 has
a higher Q value compared to more quiescent regions (L1495
in the Taurus, Aquila, and Corona Australis). These studies
inspire a larger sample with wide evolutionary stages to shed
more light on the interplay between star formation in clouds
and the spatial distribution of dense cores.

The combination of the ASSEMBLE and ASHES clumps
provides a systematic sample with a wide dynamic range of
evolutionary stage (L/M of 0.1-100L,/M. and Ty of
10-35 K). To make the comparison between two samples more
directly, we have simulated the mock 0.87 mm continuum data
with only the 12 m array configuration (see details in
Appendix C). Following the same procedure of core extraction,
we have an updated ASHES core catalog used for the MST
algorithm (see more details in Appendix B). The Q parameters
for the ASHES sample range from 0.40 to 0.75, with a median
value of 0.61(0.13). The Mann—Whitney U test between the Q
parameters of the ASSEMBLE and ASHES samples has a
p-value of 0.03 (<0.05), showing the two samples have
significantly different Q parameters.

The linear regressions between the Q parameters and the
evolutionary indicators (L/M and Tg,) are performed in the
log versus log space and shown in Figure 11. The positive
correlations, between both L/M and Ty, indicate that the Q
parameters evolve with time. The correlations are confirmed to
be statistically significant by the high Pearson correlation
coefficients p, of 0.61 and 0.60 with p-values of 0.0024 and
0.0034 for L/M and Ty, respectively. Moreover, the Spear-
man correlation coefficients pg are 0.57 and 0.53 with p-values
of 0.0056 and 0.0088. Statistically, it is tentatively evident that
the Q parameter of the protostellar clusters should increase in
later evolutionary stages, indicating more subclustering dis-
tribution at an early stage but more centrally condensed
structure when the cluster evolves, which agrees with the
results and predictions in Sanhueza et al. (2019).

6.6. Origin of Mass Segregation

Compared to the early stage clusters previously reported by
Sanhueza et al. (2019), Morii et al. (2023), we have identified
three main differences in mass segregation according to the A-
plots in Figure 8. First, evident mass segregation (with
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Figure 11. The Q values vs. luminosity-to-mass ratio L/M (left) and
temperature Tgug (right). The linear regression results including the fitting
model, Pearson correlation coefficient pp, Spearman rank correlation coefficient
ps» and scatter o are shown on the upper left. ASHES clumps are shown in the
Q vs. Tyus panel with gray points.

Amsr = 3) was found in 73% (8 out of 11) ASSEMBLE
protoclusters, which is >5 times more than it was identified in
the ASHES sample (13%, 5 out of 39; Morii et al. 2023).
Second, the mass segregation ratios we observed were
significantly higher, with some clusters exhibiting values as
large as ~9. Finally, we observed Aygg > 1 even for larger
core numbers (>10) in certain protoclusters such as 116351,
115520, and 115596.

Using the MSI introduced in Section 5.5.2, we present a
direct comparison between the ASSEMBLE and the ASHES
Totals, as illustrated in Figure 12. The Mann—Whitney U test
reveals significant differences between the ASSEMBLE and
the ASHES protoclusters, as indicated by the green histogram
of p-values. To establish a reference sample for statistical
analysis, we simulate 100 clusters with mean MSI of ;1 =0 (no
mass segregation), and with the random perturbation of o = 0.1
(assumed to be the same as typical uncertainties when
calculating the MSI) in MSI. The Mann—Whitney U test
rejects the null hypothesis that the MSI of the ASSEMBLE
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Figure 12. The mass segregation integrals Z)°R of the ASSEMBLE and the

ASHES are shown as blue and gray histograms with errorbars. The p-values of
the Mann—Whitney U test between ASSEMBLE, ASHES, and Gaussian
distributions (¢ = 1, 0 = 0.1) are shown in three colors, which are attached in
the upper right corner.

protoclusters follows the random perturbation (p-value <
0.01), highlighting the presence of evident mass segregation. In
contrast, the null hypothesis cannot be confidently rejected for
the ASHES protoclusters, with mean and median p-values of
0.18 and 0.12, respectively. Thus, the ASSEMBLE proto-
clusters exhibit robust evidences of mass segregation, whereas
the mass segregation in the ASHES protoclusters is weak to
moderate.

In the context of protocluster evolution, the degree of mass
segregation increases unambiguously from the ASHES clusters
to the ASSEMBLE clusters (this work). Therefore, the natural
question is the origin of mass segregation. Here, we test
whether mass segregation can result from the canonical
dynamical relaxation by a two-body relaxation.

To analyze the dynamics of the cluster, we adopt the
formulation of Reinoso et al. (2020), who extended the
framework of Spitzer (1987) to include the effect of a gas
potential. The crossing time of the cluster is then given as

R
Icross = ﬁ’ (11)
with velocity under the virial equilibrium Vi,
Meor
Vi = 2R 1 4 g, (12)

and g = Mgy /Mcore. Here, My, and Mg are ambient low-
density gas mass and total dense core cluster mass, respec-
tively. R is radius of cluster. The relaxation time is then given
as

N1 + g)*

trelax = 0.138
In(yN)

13)

tCl'OSS?

where N is the number of core in a cluster, and -y is a constant
of proportionality in the term of virial velocity. The y value is
between 0.42 and 0.38 for the polytropes of index of the cluster
system between 3 and 5, and the v = 0.4 provides a reasonably
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good approximation for most systems (Spitzer 1969). So we
use 7= 0.4 here.

We take the ASHES sample as the initial condition for our
protocluster analyses, assuming a typical value of R=0.5 pc,
N =125, and My,ger = 100 M, (i.e., the mass of the protoclusters).
For the gas mass, we used two different methods. The first method
is calculating the total gas mass based on an average volume
density of 5 x 10* cm ™ and a radius of R = 0.5 pc (from Table 1
in Morii et al. 2023), resulting in a gas mass of approximately
~200M.. The second method considers that the ALMA
recovered flux only comes from the dense cores that we identified,
and the missing flux should come from diffuse gas, both of which
are covered by the ATLASGAL emission. As shown in
Section 4.2, the flux ratio of ALMA to ATLASGAL has a mean
value of ~20%. Therefore, the total gas mass should be 4 times
larger than the total mass of the core cluster, giving a value of
400 M, Two independent methods yield Mg, within the range of
200400 M..,. By considering both methods, we derived the g
value of 2—4. Taking all factors into account, we found that
the typical relaxation time of a protocluster was as long as
70-500 Myr, which is much longer than the typical lifetime of
massive star formation (several Myr). Considering the short
formation timescale of massive stars, the mass segregation is
unlikely to be caused by dynamical relaxation (Zhang et al. 2022),
as is the case for more evolved stellar clusters. In the context of a
stellar cluster, such mass segregation should be considered
primordial, although it has already evolved from its initial stage.

If the observed mass segregation is not induced by
traditional dynamical processes by cores and/or stars them-
selves, what could be its origin? We propose that this could be
naturally due to the gravitational concentration of the entire
clump or gas accretion toward the center. The ALMA
observations of IRDCs have already revealed a large number
of sub-Jeans-mass cores during the initial fragmentation
(Sanhueza et al. 2019; Morii et al. 2023). In the late stage,
the MMCs are always located at the centers of the clumps or of
their gravitational potentials. Our work supports the predictions
of numerical simulations where members near the center of the
gravitational potential will become the MMCs during the
evolution due to their privileged location in the forming cluster
(Bonnell & Davies 1998; Bonnell & Bate 2006).

7. Conclusion

ASSEMBLE is aimed at a comprehensive examination of the
mass assembly process of massive star formation in a dynamic
view, including fragmentation and accretion, and their
relevance to theories. To this end, the survey employed ALMA
12 m mosaicked observations to capture both continuum and
spectral line emissions in 11 massive (Mgump 2 10° M) and
luminous (Lo = 10* L) clumps protoclusters with blue
profiles. This paper releases the continuum data, characterizes
the core physical properties, and presents the analyses of the
evolution of the protostellar clusters, while outlining the
conclusions drawn from the analysis as follows:

1. With a high angular resolution of ~0”8-172, the 870 yum
dust continuum emission reveals fragmentation with
diverse morphologies. Applying the getsf algorithm
to the continuum data, we identified a total of 248 cores
across the 11 massive protoclusters, with the number of
cores per clump ranging from 15 to 37.
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2. We classified the cores on the basis of molecular outflows

and line identification. Of the 248 cores, 142 were
classified as prestellar core candidates, while 106 were
identified as protostellar cores. To estimate the temper-
ature, we used the rotational temperature derived from the
multitransition lines of H,CS and CH;OCHO. If neither
of the two lines are detected, we used the clump-averaged
temperature for the prestellar core candidates. The
properties of H,CS lines in the ASSEMBLE sample will
be discussed in a forthcoming article.

. Compared to early stage ASHES protoclusters, the more

evolved ASSEMBLE protoclusters show systematic
increases in the average and maximum mass as well as
in the surface density of both protostellar and prestellar
cores. These increases indicate ongoing mass accretion
onto these dense cores, which aligns with the gas
accretion process observed in these massive clumps with
blue profiles.

. The mass of the MMC M,,,, correlates with the mass of

the clump M jymp a8 Mipax Mﬁflflp, with a Spearman
correlation coefficient of 0.73. The sublinear correlation
indicates a coevolution between the clump and MMC
potentially by multiscale gas accretion. In contrast, the
correlation is not observed in the early stage ASHES
protoclusters, consistent with the idea that early stage
cores are characterized by dominant initial fragmentation
rather than clump-scale gravitational accretion.

. The correlation between the mass of MMC M,,.x and the

mass of protoclusters M ger 18 almost linear with a
power index of ~0.9 in the first-order approximation.
Despite uncertainties, the slope of the log M,,x versus
log M. jyser relation is steeper compared to that of the
log M, max  versus log M, juger relation found in star
clusters, which can be reconciled by an increasing trend
of stellar multiplicity with mass.

. The most massive prestellar cores found in our study

have an average mass of 18.6 M., which is approxi-
mately 2 times larger than that found in the ASHES
Pilots. Furthermore, the median and mean masses of the
prestellar cores in the protoclusters are ~2-3 times higher
than those in the IRDCs. This suggests that prestellar
cores are becoming more massive as a result of the
continued mass accumulation within the natal clump and
that high-mass prestellar cores can potentially survive in
protostellar clusters. Thus, we recommend a systematic
search for high-mass prestellar cores in massive
protoclusters.

. Using the MST algorithm, the cores within each cluster

are connected by edges. The core separations in the
ASSEMBLE sample are systematically smaller than
those in the ASHES sample, indicating that the cluster
becomes tighter with closer separations during its
evolution. The Q parameters are observed to be positively
correlated with both luminosity to mass ratio L/M and
dust temperature Ty, indicating a more subclustered
distribution at an early stage, but a more centrally
condensed structure as the cluster evolves.

. According to the mass segregation ratio (A) plots and the

MSI that we defined in this paper, mass segregation is
commonly found (8 out of 11) and clearly evident in the
ASSEMBLE protoclusters. The MSI of the ASHES
sample shows an insignificant difference from the random



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 270:9 (31pp), 2024 January

Initial cores from Jeans fragmentation
No mass segregation and wide separation

Gravitational collapse/contraction
Core masses grow and stars form

Xu et al.

Protocluster becomes tighter
Mass segregation builds up

Infrared Dark Clump (L/M < 1 Ly/M)

Infrared Weak Clump (1 Ly/Mg, < LIM < 10Ly/M)

Infrared Bright Clump (L/M > 10 L,/M)

Figure 13. The cartoon of protocluster evolution from infrared dark, to infrared weak, and to infrared bright. The black filamentary structures connect the dense cores
at the early stage (Morii et al. 2023) and transfer gas inwards (Xu et al. 2023a), and then fade away as the protocluster evolves (Zhou et al. 2022). The black arrows
indicate inflow gas streams. @ = prestellar cores; @ = protostellar cores; Y% = OB stars.

spatial distribution without mass segregation, indicating
weak or no mass segregation in the initial stage. It was
further proposed that the mass segregation should arise
from gas accretion processes and gravitational concentra-
tion, as opposed to arising from dynamical interactions
between point masses when the gas has already gone
from the systems.

Leveraging the results and discussions presented above, we
are proposing a comprehensive dynamic perspective on
protocluster evolution as shown in Figure 13. At the initial
stage, the protocluster originates from thermal Jeans fragmen-
tation in infrared dark (L/M < 1L./M_) clumps, with wide
separation and no mass segregation. Subsequently, filamentary
structures, especially the hub-filament system (Morii et al.
2023), act as “conveying belts” and facilitate a mass transfer
toward the cores, by which the connection between the clump
and the cores is gradually established (Xu et al. 2023a).
Concurrently, protostars form from dense cores, leading to the
heating of gas and dust within the clump, transitioning it into
an infrared weak state (1Lo/M, < L/M < 10L./M_). Due to
the effects of persistent global gravitational collapse and
contraction, the protocluster becomes even tighter with
narrower core separations, and the mass segregation builds
up in the late stage (L/M > 10L./M).

The ASSEMBLE project not only provides valuable insights
into the mass segregation and clustering properties of massive
protoclusters but also can be used to investigate outflows (Baug
et al. 2021), chemistry, and core-scale infall motion. When
combined with Band 3/6 data from the ATOMS project (PL:
Tie Liu; see the survey description in Liu et al. 2020), the
ASSEMBLE project’s data can facilitate more kinematic
analyses, further illuminating how gas is transferred inward
and how efficient accretion is at the clump scale and in a
dynamic view. In this paper, our analyses and their statistical
significance are mainly limited by sample size. As the
ASSEMBLE project aims to expand its sample to include a
wider range of parameters such as evolutionary stage (L/M)
and clump mass (Mcump), €ven more statistically significant
results are expected.
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Appendix A
Radio Counterpart and Environment

The radio counterpart and the environment atlas of the
ASSEMBLE protoclusters are shown in Figure 14. The
1.28 GHz MeerKAT images (Padmanabh et al. 2023; S.
Goedhart et al. 2023, in preparation) of the ASSEMBLE
protoclusters are shown with yellow contours, with logarith-
mically spaced levels starting from 5o to the peak flux. The
background gray color maps show the ATLASGAL 870 um
continuum emission. The overlaid black contours show the
ALMA 870 ym continuum emission as the right panels in
Figure 2.
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Figure 14. The 1.28 GHz radio emissions of the ASSEMBLE protoclusters are shown with yellow contours, with logarithmically spaced levels starting from 5o to the
peak flux. The background gray color maps show the ATLASGAL 870 pm continuum emission. The overlaid black contours show the ALMA 870 ym continuum
emission as the right panels in Figure 2.
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Appendix B
Minimum Spanning Tree Methods

MST, first developed for astrophysical applications by
Barrow et al. (1985), has been applied to simulations (e.g., Wu
et al. 2017) and to observations (Wang et al. 2016; Toth et al.
2017; Wang & Ge 2021; Ge & Wang 2022). In this paper, we
use Prim’s algorithm to find out the edges to form the tree
including every node with the minimum sum of weights to
form the MST. The Prim’s algorithm starts with the single
source node and later explores all the nodes adjacent to the
source node with all the connecting edges. During the
exploration, we choose the edges with the minimum weight
and those that cannot cause a cycle. The edge weight is set to
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be the length between two vertices (Prim 1957). Therefore,
MST determines a set of straight lines connecting a set of nodes
(cores) that minimizes the sum of the lengths. Figures 15
displays the MST results of the 11 ASSEMBLE protoclusters.

We also adopt the MST algorithm for the 12 core clusters in the
ASHES pilot survey. To keep consistency when comparing with
the ASSEMBLE results, the core catalog is updated using the same
source extraction algorithm on the mock 0.87 mm continuum data
with the same array configuration and mosaicked coverage (see
Appendix C). Compared to the original work by Sanhueza et al.
(2019) who used the astrodendro for the 12 m+ACA+TP
combined data, our new core catalog is focused on the dense and
concentrated structures.
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Figure 15. MST results of ASSEMBLE protoclusters. Prestellar and protostellar cores are assigned with blue and red colors, with the size normalized by the square
root of core mass /Mo and stretched within the mass range. Yellow segments connect the cores to minimize the sum of the lengths of segments. The beam size is
shown on the lower left, and the scale bar is on the right.
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Appendix C
Mock Band 7 Continuum Images for ASHES Clumps

To compare the ASSEMBLE and ASHES results more
directly, we simulate the Band 7 (0.87 mm) observations
following the ASSEMBLE project with the ASHES Band 6
(1.3mm) continuum data as input, to derive the mock
continuum data. As the ASHES clumps are in their early
stages, the free—free contamination especially at high-frequency
bands (0.87 and 1.3 mm) is negligible. In other words, the
continuum emission mainly comes from dust graybody
emission. Therefore, the fluxes of 1.3 and 0.87 mm should
follow the scaling relation as

I'(Tqus) = Fi3mm = K13mm B3 mm(Taust)

(ChH

0.87 mm K0.87 mm BO.87 mm(ﬂiust)

where &, is the opacity at certain frequency, £ 3 pm=0.9 cm* g’
(Sanhueza et al. 2019), and Kgg7 mm = 1.89 cm®*g~"' (Xu et al.
2023a). B (T4us) is the Planck function at corresponding frequency
v and dust temperature 7.

As the ASHES clumps are in their early stages and lack
prominent central heating sources that induce temperature
gradients, we assume that dust the temperature of the entire
clump is uniform, i.e., the clump-averaged Ty, as listed in
column (7) of Sanhueza et al. (2019). Therefore, we simply
adopt the same Ty, and then the same I'(Ty,) in one field to
convert the flux density from the 1.3 to 0.87 mm conti-
nuum data.

Afterwards, the flux-converted images are then cropped into
fields with the same shape and size as ASSEMBLE data, to
assure the same field of view where sources are extracted. The
mock field is placed with both the major and minor axes
aligned with those of the ASHES field with its center toward
the densest part of the cluster. The 12 mock images are used as
the basic input for source extraction algorithm getsf and the
MST algorithm (Appendix B).
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