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Abstract
To probe the role of hierarchical gas structures in massive star formation, we performed a statistical analysis of 13 Galactic star-forming regions
using the FUGIN CO survey data. Applying a non-binary dendrogram algorithm to the position-position-velocity data, we extracted hierarchical
structures and classified them into macroscopic trunks, internal leaves (the densest substructures nested within trunks), and isolated structures,
comparing their properties with an analysis of variance controlling for regional differences. In representative regions, the trunks correspond
to recognizable morphologies such as filaments and hub-filament systems, or to the kinematic signatures of structure-forming events such as
cloud-cloud collisions that may produce them. Across the sample, the trunks are extended, massive, and strongly bound reservoirs, while the
internal leaves are significantly more massive, denser, and more tightly bound than isolated structures of similar spatial scale. Comparing the
structures with YSOs and Hi-GAL clumps, we find no statistically significant hierarchical dependence in the observed YSO population, whereas
the leaves harbor significantly more clumps and a much larger total clump mass than isolated structures. Because the clump formation efficiency
is comparable between the two, this enhancement follows from the larger gas reservoirs of the leaves rather than a higher local conversion rate.
We interpret these contrasts, together with the inward gas motions in the position-velocity diagrams, in terms of a scenario in which the deep
potential of the trunks sustains continuous accretion onto the leaves and promotes mutual interactions among them. These processes may raise
the characteristic fragmentation mass, consistent with numerical predictions, channeling the gas into exceptionally massive clumps rather than
a proportionally larger low-mass population. Our single-epoch data constrain only these structural contrasts, but indicate that the gas available
for massive star formation is organized on scales larger than a single core.

Keywords: stars: formation — stars: massive — ISM: clouds — ISM: kinematics and dynamics — ISM: structure

1 Introduction1

Massive stars (> 8 M⊙) play a crucial role in the evolution of2

the interstellar medium and host galaxies through intense stel-3

lar feedback, such as ultraviolet radiation and supernova explo-4

sions, as well as chemical enrichment. Despite their profound5

impact, the exact physical mechanisms and necessary conditions6

for massive star formation remain a fundamental unresolved issue7

in astrophysics. To address the theoretical difficulty of sustain-8

ing the required high mass accretion rates, various observational9

studies have investigated the dense structures within giant molec-10

ular clouds, which are the primary sites of massive star formation.11

Observationally, this dense gas is organized into filamentary struc-12

tures that are ubiquitous in molecular clouds and serve as funda-13

mental sites for star formation (e.g., Schneider & Elmegreen 1979;14

Goldsmith et al. 2008; André et al. 2010, see also André et al. 201415

for a review). Where multiple filaments converge, they form hub-16

filament systems (HFSs), whose central hubs have been widely17

recognized as exceptionally active environments for massive star18

and cluster formation (e.g., Myers 2009; Kumar et al. 2020). Such19

concentrations may in turn arise from dynamical processes that20

gather and compress the gas, and a variety of mechanisms have21

been proposed and observed to drive this convergence, including22

filament collisions (e.g., Nakamura et al. 2014; Kashiwagi et al.23

2023, 2024), shock-driven compressions (e.g., Nozaki & Inutsuka 24

2026), and supersonic cloud-cloud collisions (CCCs) (e.g., Habe 25

& Ohta 1992; Inoue & Fukui 2013; Inoue et al. 2018). In partic- 26

ular, CCCs have been frequently reported as a plausible trigger of 27

massive star formation through rapid gas compression and mas- 28

sive clump formation, supported by extensive observational stud- 29

ies (e.g., Hasegawa et al. 1994; Furukawa et al. 2009; Fukui et al. 30

2014, 2016, see also Fukui et al. 2021 for a review). Therefore, 31

characterizing both these dense structures and the dynamical pro- 32

cesses that assemble them is essential for understanding the highly 33

efficient mass accumulation processes required for massive star 34

formation. 35

Molecular clouds, and the star-forming regions within them, 36

exhibit a pronounced hierarchical structure over a wide range 37

of spatial scales, in which smaller, denser structures are embed- 38

ded within larger, more diffuse ones, extending from clouds and 39

clumps down to the cores that form individual stars or small stel- 40

lar groups (e.g., Houlahan & Scalo 1992). This hierarchical or- 41

ganization is naturally captured by multi-scale decompositions of 42

the gas, such as dendrogram analyses, which have become a stan- 43

dard framework for characterizing molecular cloud structure (e.g., 44

Rosolowsky et al. 2008; Goodman et al. 2009). How this nested 45

structure relates to the assembly of stars, and of massive stars in 46

particular, is nevertheless interpreted differently by competing the- 47
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oretical frameworks, which make distinct predictions for the dy-48

namical state and kinematics of the gas as a function of scale. In49

the turbulent core model, a massive star forms from a single, cen-50

trally condensed core that is supported against collapse by inter-51

nal turbulence and remains in approximate virial equilibrium, so52

that the relevant structure is essentially set at the core scale (e.g.,53

McKee & Tan 2002, 2003). In the competitive accretion picture,54

by contrast, stars form within a clump-scale gravitational poten-55

tial and grow by accreting gas funneled toward the potential mini-56

mum, so that the clump, rather than an isolated core, sets the mass57

reservoir (e.g., Bonnell et al. 2001, 2004). In the global hierar-58

chical collapse (GHC) scenario, molecular clouds undergo multi-59

scale gravitational contraction in which small-scale collapse pro-60

ceeds within larger-scale collapse, channeling mass from cloud to61

clump to core across the nested hierarchy and implying that grav-62

ity becomes increasingly dominant over turbulent support toward63

smaller scales (e.g., Vázquez-Semadeni et al. 2009, 2019). A re-64

lated conveyor-belt view further emphasizes that the gas feeding65

massive star formation may be continuously supplied by larger-66

scale inertial flows, rather than drawn from a fixed, locally bound67

reservoir (e.g., Padoan et al. 2020). Because these frameworks are68

not mutually exclusive but differ mainly in whether the gas is grav-69

itationally bound at each scale and in whether continuous flows70

link successive scales, measuring how the virial state and internal71

kinematics of the structures change from large to small scales—72

across a large sample—provides a useful observational means of73

constraining their relative roles, rather than of singling out any sin-74

gle scenario (e.g., Ballesteros-Paredes et al. 2011).75

Motivated by these scale-dependent predictions, recent obser-76

vational studies have increasingly applied dendrogram decom-77

positions to characterize the hierarchical properties of molecu-78

lar clouds across multiple scales and to assess the role of self-79

gravity within them. For instance, Shen et al. (2024) and He80

et al. (2026) analyzed the quiescent Maddalena’s Cloud and the81

active Rosette Molecular Cloud, respectively. These works, how-82

ever, have characterized the hierarchy largely in a mathematical83

sense. The Rosette Molecular Cloud, for example, is known to84

host a hub-filament system and kinematic signatures attributed to85

a cloud-cloud collision (e.g., Schneider et al. 2012; Li et al. 2018),86

yet its dendrogram analysis did not examine how the extracted87

hierarchy relates to these recognizable morphological structures88

and dynamical signatures, leaving the physical meaning of these89

mathematically defined structures unclear. At the same time, be-90

cause these analyses remain confined to individual clouds and fo-91

cus on their general scaling relations, the systematic behavior of92

the hierarchical structure across the diverse population of Galactic93

molecular clouds is still largely unexplored. Addressing the former94

calls for examining, in selected regions amenable to a qualitative95

physical characterization, how the extracted hierarchy is realized96

in the actual structure of a cloud, thereby grounding the math-97

ematically defined decomposition in recognizable physical phe-98

nomena. Addressing the latter requires moving beyond individual99

case studies toward a uniform analysis of a large and varied sam-100

ple of Galactic molecular clouds, from which the systematic and101

intrinsic properties of the hierarchical structure can be established102

and compared with the theoretical frameworks introduced above.103

To address these requirements, this study bridges the mathemat-104

ically extracted hierarchical structures and their physical mean-105

ing by combining a qualitative characterization of selected re-106

gions with a statistical treatment across a large sample. Using107

the FUGIN CO survey data (Umemoto et al. 2017), we target 13108

Galactic star-forming regions in which a variety of active dynami-109

cal gas motions have been observationally suggested. Applying a 110

dendrogram algorithm to the three-dimensional CO line data, we 111

extract the hierarchical structures across this sample in a uniform 112

manner. For selected regions amenable to a qualitative characteri- 113

zation, we map the extracted hierarchies onto the physical gas dis- 114

tribution to examine how they correspond to recognizable morpho- 115

logical structures and kinematic signatures. Across the full sample, 116

we then statistically characterize how the intrinsic physical prop- 117

erties of the hierarchies behave as a function of scale, and compare 118

these systematic trends with the theoretical frameworks introduced 119

above in order to place observational constraints on them. Finally, 120

by cross-matching these hierarchical structures with point-source 121

catalogs of young stellar objects and dense clumps, we assess how 122

the macroscopic hierarchical structure relates to the sites of star 123

formation, with particular attention to the early stages of massive 124

star formation. 125

The remainder of this paper is organized as follows. Section 126

2 describes the observational data utilized in this study, includ- 127

ing the FUGIN CO survey, the SPICY YSO catalog, and the Hi- 128

GAL clump catalog. In Section 3, we detail the methodology for 129

extracting the hierarchical structures using the dendrogram algo- 130

rithm, evaluating their physical properties, and assessing their spa- 131

tial associations with point sources. Section 4 presents the results 132

of our statistical analyses, including the morphological and kine- 133

matic characteristics, comparisons of physical properties among 134

structural categories, and star formation activities. In Section 5, 135

based on these findings, we discuss the physical mechanisms of 136

hierarchical mass accumulation and how massive star formation 137

varies across the diverse dynamical environments in our sample. 138

Finally, Section 6 summarizes the main conclusions of this study. 139

2 Data 140

2.1 FUGIN 141

In this study, we used the 12CO (J = 1− 0), 13CO (J = 1− 0), 142

and C18O (J = 1 − 0) emission line data obtained from the 143

FUGIN (FOREST Unbiased Galactic plane Imaging survey with 144

the Nobeyama 45-m telescope) project (Umemoto et al. 2017). 145

The observations were conducted using the Nobeyama Radio 146

Observatory (NRO) 45 m telescope, equipped with the four- 147

beam, dual-polarization, sideband-separating receiver FOREST 148

(Minamidani et al. 2016). The SAM45 digital spectrometer (Kuno 149

et al. 2011; Kamazaki et al. 2012) was employed as the back- 150

end, providing a frequency resolution of 244.14 kHz, which cor- 151

responds to a velocity resolution of 0.65 km s−1 at 115 GHz. The 152

effective velocity resolution of the data is 1.3 km s−1. The half- 153

power beam width (HPBW) of the NRO 45 m telescope is 14′′
154

at 115 GHz for 12CO (J = 1− 0) and 15′′ at 110 GHz for 13CO 155

(J = 1− 0) and C18O (J = 1− 0). After convolving the data with 156

a Bessel-Gaussian function during the gridding process, the effec- 157

tive angular resolution of the final data cubes is approximately 20′′. 158

The typical system noise temperatures (Tsys) during the observa- 159

tions were ∼250 K for 12CO (J = 1− 0) and ∼150 K for 13CO 160

(J = 1− 0) and C18O (J = 1− 0). The antenna temperature scale 161

was calibrated using the standard chopper-wheel method, and then 162

converted to the main-beam temperature (Tmb) scale using main 163

beam efficiencies (ηmb) of 0.43 for 12CO (J =1−0), and 0.45 for 164
13CO (J = 1− 0) and C18O (J = 1− 0). 165

We extracted 13 sub-regions from the full survey data, targeting 166

active star-forming regions. To ensure a consistent spatial scale for 167

the structural analysis across regions located at different distances, 168
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Table 1. Summary of the targeted regions and typical noise levels.

Region l range b range VLSR Distance Resolution Trms [K]
Name [degree] [degree] [km s−1] [kpc] [arcsec] 12CO 13CO C18O
G18 [17.80,18.80] [−0.80,0.00] [25,75] 6.07± 0.13(1) 37 2.27 0.51 0.34

G45 [45.00,45.60] [−0.20,0.30] [50,70] 8(2) 28 1.55 0.44 0.30

M16 [16.60,17.40] [0.10,0.99] [14,30] 1.8(3) 123 2.35 0.30 0.10

M17 [14.70,15.50] [−0.80,−0.30] [0,30] 2.04+0.16
−0.17

(4) 109 1.38 0.22 0.10

N4 [11.74,12.00] [0.65,0.99] [20,30] 2.80± 0.30(5) 79 4.74 1.01 0.23

N14 [13.70,14.90] [−0.60,0.10] [30,50] 3.1(6) 72 2.83 0.61 0.23

N35 [24.10,24.70] [−0.10,0.50] [100,130] 8.8± 0.3(7) 25 3.46 1.08 0.73

Sh2-48 [16.30,16.90] [−0.60,−0.10] [30,60] 3.8± 0.2(8) 58 2.09 0.72 0.17

W33 [12.50,13.50] [−0.50,0.50] [30,45] 2.40+0.17
−0.15

(9) 93 3.87 0.66 0.13

W39 [18.70,19.00] [−0.60,−0.30] [40,75] 4.5± 0.2(10) 49 2.59 0.56 0.30

W43 [30.20,31.20] [−0.50,0.50] [70,120] 5.49+0.39
−0.34

(11) 40 3.81 0.67 0.33

W49 N [42.80,43.40] [−0.40,0.20] [−5,20] 11.11+0.79
−0.69

(12) 20 1.49 0.53 0.48

W51 A [48.70,49.70] [−0.70,0.30] [40,75] 5.41+0.31
−0.28

(13) 41 1.34 0.33 0.23

Notes. Columns are as follows: (1) Region name. (2)-(3) Galactic longitude and latitude ranges of the extracted data cubes. (4)
Velocity range of the integrated data cube. (5) Distance to the region. (6) Effective angular resolution after the smoothing process.
(7)-(9) Typical root-mean-square noise levels for 12CO (J = 1− 0), 13CO (J = 1− 0), and C18O (J = 1− 0) data cubes,
respectively, evaluated at a velocity resolution of 0.65 km s−1.
References. (1) Sofue (2023); (2) Urquhart et al. (2018); Bhadari et al. (2022); (3) Bonatto et al. (2006); Dufton et al. (2006);
Guarcello et al. (2007); (4) Chibueze et al. (2016); (5) Fujita et al. (2019); (6) Urquhart et al. (2018) (7) Anderson & Bania (2009); Torii
et al. (2018); (8) Ortega et al. (2013); Torii et al. (2021); (9) Immer et al. (2013); (10) Kerton et al. (2013); (11) Zhang et al. (2014); (12)
Zhang et al. (2013); (13) Sato et al. (2010).

we applied a two-dimensional Gaussian smoothing to the data169

cubes. This smoothing process was performed using the imsmooth170

task in the Common Astronomy Software Applications (CASA)171

package (CASA Team et al. 2022). Specifically, we matched the172

physical resolution of all regions to that of the most distant tar-173

get, W49 N (11.11 kpc), which corresponds to a uniform physical174

resolution of ∼ 1.08 pc. Thus, the target angular resolution for a175

region at a distance of d kpc was set to 20′′×(11.11/d), where 20′′176

is the original effective angular resolution of the FUGIN data. The177

boundaries of the extracted areas, adopted distances, and the effec-178

tive angular resolutions after smoothing for each region are sum-179

marized in Table 1. Because the spatial smoothing alters the noise180

characteristics, we independently estimated the Trms for each tar-181

geted region after the smoothing process. These evaluated Trms182

values are also listed in Table 1.183

2.2 SPICY YSO catalog184

To evaluate the star formation activity within our targeted molecu-185

lar clouds, we utilized the Spitzer/IRAC Candidate YSO (SPICY)186

catalog (Kuhn et al. 2021). This catalog provides a comprehensive187

list of young stellar object (YSO) candidates across the Galactic188

midplane, identified based on mid-infrared photometry from the189

Spitzer Space Telescope. From the full catalog, we extracted the190

sources located within the specific Galactic longitude and latitude191

ranges defined for each of our 13 targeted regions.192

To ensure the reliability of the sample and focus on the active193

early stages of star formation, we applied a strict classification fil-194

ter, retaining only the sources categorized as Class I and Class II195

YSOs. It should be noted that while such clear evolutionary clas-196

sifications are well-established for low-mass young stellar objects,197

applying a similarly straightforward scheme to high-mass stars is198

highly challenging due to their rapid evolution while deeply em-199

bedded in their natal clouds (Motte et al. 2018). Consequently, the200

use of this filtered catalog explicitly restricts our analysis to trac-201

ing the early stages of low-mass star formation within our targeted202

molecular clouds.203

2.3 Hi-GAL clump catalog 204

To evaluate the early stages of high-mass star formation within our 205

targeted molecular clouds, we utilized the physical property cata- 206

log of dense clumps identified by the Herschel Infrared Galactic 207

Plane Survey (Hi-GAL) (e.g., Elia et al. 2017, 2021). As high- 208

lighted by Molinari et al. (2016) and Motte et al. (2018), Hi-GAL 209

serves as a reference survey for tracing the earliest phases of high- 210

mass star-forming sites across the Galactic plane. The five far- 211

infrared and submillimeter bands of Herschel provide the capabil- 212

ity to trace both the column density and temperature of dusty cloud 213

fragments that act as precursors to massive stars and stellar clus- 214

ters. While the SPICY catalog traces individual low-mass young 215

stellar objects, the spatial resolution of Hi-GAL is primarily suited 216

to resolving clumps with typical sizes of ∼0.5 pc, which corre- 217

spond to the scale of protoclusters rather than individual stellar 218

cores (Beltrán et al. 2013; Motte et al. 2018). 219

Similar to the procedure applied to the SPICY catalog, we first 220

extracted the clumps located within the specific Galactic longitude 221

and latitude ranges defined for each of our 13 targeted regions. To 222

minimize contamination from foreground and background sources 223

along the line of sight, we implemented an additional distance- 224

based filtering process. For clumps with kinematically derived 225

distances in the catalog, we retained only those consistent with 226

the adopted distance of each targeted region, allowing for a typical 227

uncertainty margin (e.g., 20% or a minimum of 0.5 kpc). Clumps 228

without available distance estimates in the catalog were conserva- 229

tively retained under the assumption that they are physically asso- 230

ciated with the prominent targeted molecular clouds. By utilizing 231

this curated clump catalog, we aim to trace the initial conditions 232

and large-scale precursors of high-mass star formation, providing 233

a clear contrast to the low-mass star formation activity traced by 234

the YSO sample. 235

Page 3 of 23

https://mc.manuscriptcentral.com/pasj

Publications of the Astronomical Society of Japan



4 Publications of the Astronomical Society of Japan (2026), Vol. 00, No. 0

Table 2. Dendrogram parameters.

Region min_value min_npix

[σ] [voxels]
G18 9.4 98
G45 5.6 50
M16 17.2 1058
M17 13.1 800
N4 4.3 392
N14 7.2 338
N35 6.8 50
Sh2-48 6.4 242
W33 7.6 578
W39 10.3 162
W43 7.2 128
W49 N 3.9 32
W51 A 8.5 128

Notes. Columns are as follows: (1) Region
name. (2) The lowest intensity threshold,
determined by the 99.9th percentile of the
boundary pixels, expressed as a multiple of
the local root-mean-square noise (σ). (3)
The minimum number of voxels required
for an independent structure, calculated as
(1.5θ/8.5′′)2 × 2.

3 Method236

3.1 Dendrogram237

To practically implement the dendrogram analysis and extract the238

hierarchical structures from our data, we utilized the Python pack-239

age astrodendro (Rosolowsky et al. 2008), which is part of240

the Astropy ecosystem (Astropy Collaboration et al. 2013, 2018,241

2022). This tool systematically decomposes the 3D position-242

position-velocity (PPV) data cubes into interconnected hierarchies243

based on three user-defined parameters: min_value, min_delta,244

and min_npix.245

The algorithm begins by locating local emission maxima within246

the dataset. It then progressively lowers the intensity threshold,247

defining 3D isosurfaces that enclose these maxima. When two ad-248

jacent isosurfaces merge at a specific intensity level, the algorithm249

checks whether the enclosed structures satisfy the independence250

criteria. A structure is considered independent if the difference be-251

tween its local maximum intensity and the merging level is greater252

than min_delta, and if the number of voxels contained within the253

structure exceeds min_npix.254

Based on this hierarchical tree, the identified independent struc-255

tures are initially classified into four categories: leaves, branches,256

trunks, and isolated structures. Structures that reside at the top of257

the hierarchy and contain no further internal substructures are de-258

fined as "leaves", representing the densest local gas concentrations.259

When leaves or other intermediate structures merge at lower inten-260

sity levels, they form larger parent structures called "branches".261

The largest continuous structures located at the very base of the262

hierarchy, originating directly from the min_value threshold, are263

defined as "trunks". Trunks typically encompass multiple inter-264

nal branches and leaves, tracing the extended, large-scale parental265

gas. Furthermore, structures that satisfy the independence criteria266

but exhibit no internal hierarchical sub-divisions (i.e., they act as267

both the base and the top of their own hierarchy) are classified as268

"isolated" structures.269

To mitigate artificial fragmentation caused by noise fluctua-270

tions, we applied a custom pruning process to the initial dendro-271

gram tree. While the concept of a non-binary dendrogram algo-272

rithm was originally introduced by Storm et al. (2014) with a dif-273

ferent technical implementation, our custom approach is inspired274

by recent works (Shen et al. 2024; He et al. 2026). Specifically, 275

as schematically illustrated in Figure 1, we dissolved intermedi- 276

ate structures (branches and trunks) whose intensity span (∆I , the 277

difference between their upper formation level and lower merging 278

level) was below a user-defined threshold, prune_delta. The in- 279

dependent children of these dissolved structures were then directly 280

re-assigned to their nearest valid ancestral parent. This restructur- 281

ing process bypasses insignificant intermediate boundaries, effec- 282

tively allowing non-binary mergers. Although branches are natu- 283

rally identified and reorganized during this tree construction, our 284

subsequent analysis primarily focuses on leaves, trunks, and iso- 285

lated structures to characterize the distinct physical states at the 286

extremes of the hierarchy. 287

Because our targeted regions were extracted from the larger 288

Galactic plane survey, physical gas emissions naturally extend be- 289

yond the boundaries of the 3D data cubes. To handle these trun- 290

cated structures and ensure the high reliability of the derived phys- 291

ical properties, we implemented an adaptive thresholding and fil- 292

tering approach. First, to proactively prevent structures from being 293

artificially truncated at the edges, we adaptively set the lowest in- 294

tensity threshold, min_value, for each region. Specifically, we 295

extracted all pixels along the six boundary faces (both spatial and 296

spectral) and adopted their 99.9th percentile intensity value as the 297

min_value. Instead of using the absolute maximum, adopting the 298

99.9th percentile effectively ignores anomalous noise spikes that 299

would otherwise excessively raise the threshold and obscure mean- 300

ingful internal gas signals. By establishing this robust upper limit 301

for the boundary emission, most hierarchical structures naturally 302

close within the data cube before colliding with the edges. Second, 303

as a strict filtering measure, any structures that still touched the 304

boundaries by even a single voxel, along with all their internal 305

descendants, were entirely excluded from our final catalog. For 306

the remaining structures, the structural independence was evalu- 307

ated based on the local noise level (1σ). We set the minimum 308

peak-to-merging intensity difference, min_delta, and the pruning 309

threshold, prune_delta, both to 1σ. 310

Finally, the minimum number of voxels, min_npix, was defined 311

to ensure that the identified structures are sufficiently resolved both 312

spatially and spectrally. Following the criterion proposed by Shen 313

et al. (2024), we required the robust structures to have a spatial 314

extent of at least 1.5 times the effective angular resolution (θ) and 315

a spectral extent spanning at least 2 velocity channels. Given the 316

spatial pixel size of 8.5′′ in the FUGIN data, this threshold is cal- 317

culated as min_npix=(1.5θ/8.5′′)2×2. Since θ varies among the 318

targeted regions due to the spatial smoothing process (see Table 1), 319

the adopted min_npix values were calculated and adjusted region 320

by region. The specific values of min_value and min_npix for 321

each region are summarized in Table 2. 322

3.2 Physical properties of the identified structures 323

To characterize the identified hierarchical structures, we derived 324

their fundamental physical properties: effective radius, mass, vol- 325

ume density, and virial parameter. 326

First, the effective radius, R, of each structure was estimated 327

from its spatial footprint. We projected the three-dimensional 328

mask of each identified structure onto the two-dimensional 329

position-position plane. The effective radius was then calculated 330

as 331

R=

√
A

π
[pc], (1) 332

where A is the exact physical area of the projected two- 333
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Fig. 1. Schematic diagram illustrating the custom pruning process applied to the dendrogram tree. The grey solid curve represents a hypothetical one-
dimensional intensity profile of the gas emission. The blue lines indicate the corresponding hierarchical tree structures identified by the dendrogram
algorithm. (a) The initial tree structure. If an intermediate structure (branch) has an intensity span (∆I, defined as the difference between its upper
formation level and lower merging level) smaller than the user-defined threshold, prune_delta, it is flagged for removal. (b) The resulting tree after the
pruning process. The flagged intermediate structure (branch) is dissolved, and its independent children (leaf) are directly re-assigned to the nearest valid
ancestral parent (trunk), effectively resulting in a non-binary merger. Alt text: Two-panel schematic labeled a and b, each plotting intensity against a
one-dimensional coordinate with a two-peaked curve and an overlaid tree of nested structures. Between panels a and b, one short intermediate branch is
removed and its substructure connects directly to the base.

dimensional mask.334

Second, we calculated the local thermodynamic equilibrium335

(LTE) mass, M , for each structure using the 12CO (J =1−0) and336
13CO (J =1−0) emission lines. Assuming the 12CO (J =1−0)337

emission is optically thick, we derived the excitation temperature338

from the peak main-beam temperature of the 12CO (J = 1− 0)339

line. Under the assumption of LTE, we calculated the optical340

depth of the 13CO (J = 1− 0) line and subsequently determined341

the 13CO (J = 1− 0) column density. The H2 column density,342

N(H2), was estimated by adopting a typical abundance ratio of343

[H2]/[
13CO] = 5× 105 (Dickman 1978). The total mass of the344

structure is given by345

M = µmHApix

∑
N(H2) [M⊙], (2)346

where µ = 2.8 is the mean molecular weight per hydrogen347

molecule, mH is the mass of a hydrogen atom, and Apix is the348

physical area of a single pixel. The summation is performed over349

all valid pixels within the projected mask.350

Third, assuming a simple spherical geometry, the volume den-351

sity, ρ, of each structure was calculated as352

ρ=
M

4
3
πR3

[g cm−3]. (3)353

Finally, to evaluate the dynamical state and gravitational stabil-354

ity of the structures, we derived the virial parameter, αvir (Bertoldi355

& McKee 1992). The virial parameter is defined as356

αvir =
5σ2

vR

GM
, (4)357

where G is the gravitational constant. The one-dimensional veloc-358

ity dispersion, σv , was determined by extracting the average spec-359

trum of the structure using its three-dimensional mask and fitting360

a single Gaussian profile to the spectrum.361

3.3 Association with point sources 362

To investigate the star formation activity within the identified hi- 363

erarchical structures, we evaluated their spatial association with 364

the YSOs and dense clumps extracted from the catalogs described 365

in Section 2. Since these catalogs provide two-dimensional spa- 366

tial coordinates (Galactic longitude and latitude), we projected the 367

three-dimensional mask of each identified dendrogram structure 368

onto the two-dimensional position-position plane. A point source 369

was considered to be physically associated with a structure if its 370

coordinates fell within the projected two-dimensional boundary of 371

the structure. 372

For the YSO sample, which traces low-mass star formation, we 373

applied a statistical background subtraction method to account for 374

field contamination. First, we defined the "ON" region as the total 375

projected area covered by all the identified trunks within a given 376

targeted cloud. Consequently, the remaining area within the field 377

of view was defined as the "OFF" region, representing the ambi- 378

ent background. We calculated the local background YSO surface 379

density by dividing the number of YSOs located in the OFF region 380

by its physical area. For each individual structure, the expected 381

number of background YSOs was estimated by multiplying this 382

background density by the projected physical area of the structure. 383

Finally, the true number of associated YSOs for each structure was 384

derived by subtracting the expected background number from the 385

raw count of YSOs found within its boundary. 386

In contrast, for the Hi-GAL clump catalog, which traces the 387

precursors of high-mass star formation, we adopted a direct spa- 388

tial matching approach. Since the Hi-GAL clumps specifically 389

identify dense gas condensations deeply embedded within molecu- 390

lar clouds, the contamination from ambient background sources is 391

considered negligible compared to the relatively widespread YSO 392

distribution. Therefore, the number of associated clumps was di- 393

rectly determined by counting the sources located within the pro- 394
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jected mask of each structure without applying the background395

subtraction process. Although Hi-GAL clumps inherently possess396

finite physical sizes, we treated them as point sources located at397

their cataloged central coordinates for the spatial matching pro-398

cess. Therefore, both the number and total mass of clumps asso-399

ciated with a structure are derived strictly from the clumps whose400

centers fall within the projected boundary, without accounting for401

partial spatial overlaps at the edges.402

To quantitatively evaluate the efficiency of mass conversion403

into stellar and pre-stellar objects, we define the Star Formation404

Efficiency (SFE) and Clump Formation Efficiency (CFE) for each405

identified structure. For low-mass star formation, because the mass406

of the identified YSOs is no longer in the molecular gas phase, this407

mass is entirely absent from the total gas mass (Mgas) traced by408

our CO observations. Therefore, following standard approaches409

(Evans et al. 2009), we calculate the SFE by comparing the total410

stellar mass to the initial total mass (stellar plus gas). Assuming a411

typical average mass of 0.5M⊙ for each YSO (Evans et al. 2009),412

the SFE is defined as:413

SFE =
MYSO

MYSO +Mgas
=

0.5 M⊙ ×NYSO

0.5 M⊙ ×NYSO +Mgas
, (5)414

where NYSO is the background-subtracted number of associated415

YSOs, and Mgas is the LTE gas mass of the structure derived in416

Section 3.2.417

In contrast, the dense clumps identified by Hi-GAL are primar-418

ily composed of gas and dust that are still deeply embedded within419

the parental cloud. Because the mass of these clumps is inherently420

included within the total gas mass (Mgas) traced by our CO ob-421

servations, we define the CFE simply as the mass fraction of the422

dense clumps relative to the total structure mass:423

CFE =
Mclump

Mgas
, (6)424

where Mclump is the total mass of the associated Hi-GAL clumps.425

These clump masses are taken from the Hi-GAL physical cata-426

log, where they were derived through spectral energy distribution427

(SED) fitting of the dust continuum emission (Elia et al. 2017,428

2021).429

4 Result430

4.1 Morphology and kinematics of representative431

regions432

In this subsection, we examine, for several selected regions in433

which the hierarchical structures can be interpreted qualitatively,434

how the dendrogram-identified structures are realized in the ac-435

tual gas distribution and kinematics. To this end, we present436

position–position (PP) and position–velocity (PV) diagrams, de-437

fined as velocity-integrated and spatially integrated intensity maps,438

respectively, and overlay on them the contours of the identified439

structures. This allows us to illustrate how the mathematically de-440

fined hierarchical decomposition corresponds both to recognizable441

morphological structures together with the internal inflow kine-442

matics they organize—such as filaments and hub-filament systems443

within which gas contraction and infall proceed—and to the kine-444

matic signatures of structure-forming events that do not presup-445

pose any particular morphology, such as cloud–cloud collisions,446

thereby grounding it in physical terms before the statistical analy-447

sis of the full sample.448

4.1.1 Correspondence with morphologies and internal inflow449

In the following two regions, the identified hierarchy corresponds450

to a recognizable morphological structure together with the inter-451

nal inflow it hosts: the trunk traces the overall morphology, the 452

leaves pick out the dense gas concentrations within it, and the ve- 453

locity field reveals gas streaming inward through that morphology. 454

Figures 2(a) and (b) present the PP and PV diagrams of the N14 455

region, respectively, overlaid with the contours of our identified 456

structures. This region displays an extended, filamentary morphol- 457

ogy, which the encompassing trunk structure traces as the broad 458

parental gas. Dewangan et al. (2020) revealed characteristic oscil- 459

latory velocity structures in the PV diagram of this region, inter- 460

preting this kinematical feature as evidence of ongoing hierarchi- 461

cal gas contraction within the filamentary structure. As shown in 462

Figure 2(b), the hierarchies identified by our dendrogram analy- 463

sis successfully trace these oscillatory velocity patterns. Figure 3 464

further illustrates this correspondence by overlaying the expected 465

oscillatory patterns (cyan dashed curves) onto our identified struc- 466

tures. Specifically, the leaf structures correspond well to the indi- 467

vidual dense gas clumps at the peaks of the velocity oscillations, 468

while the encompassing trunk traces the broader gas exhibiting the 469

global oscillating motion. In this region, the dendrogram hierarchy 470

thus maps onto the filamentary morphology and the multi-scale 471

contraction within it that Dewangan et al. (2020) interpreted as hi- 472

erarchical gas contraction. 473

Figures 4(a) and (b) present the PP and PV diagrams of the W33 474

region, respectively, overlaid with the contours of our identified 475

structures. Liu et al. (2021) identified an HFS in this region, char- 476

acterizing its morphology as a central hub with radial filaments. As 477

shown in the PP diagram (Figure 4(a)), our dendrogram-identified 478

hierarchies agree well with this reported structure. Specifically, 479

the leaf structures trace the dense gas concentrations both within 480

the central hub and along the filaments, appearing as clumpy sub- 481

structures that are visually consistent with filament fragmentation. 482

The encompassing trunk structure outlines the overall system, trac- 483

ing the radial filaments extending from the central hub. The PV 484

diagram (Figure 4(b)) further shows velocity gradients along these 485

filaments, consistent with gas inflow toward the central hub. Our 486

identified structures capture this kinematic pattern, tracing a spa- 487

tially and kinematically continuous structure from the outer fila- 488

ments to the central hub. 489

In both regions, therefore, the dendrogram hierarchy maps onto 490

a recognizable morphology—a contracting filament in N14 and 491

a hub-filament system in W33—together with the internal inflow 492

that morphology organizes, thereby grounding the decomposition 493

in physical terms. 494

4.1.2 Correspondence with cloud–cloud collisions 495

In the following two regions, by contrast, the identified hierar- 496

chy corresponds not to a fixed morphology but to the kinematic 497

signature of a cloud–cloud collision—a structure-forming event 498

that does not presuppose any particular morphology: the trunks 499

enclose the interacting velocity components as continuous hierar- 500

chies, while the leaves pick out the dense gas concentrations asso- 501

ciated with the collision. 502

Figures 5(a) and (b) present the PP and PV diagrams of the W51 503

A region, respectively, overlaid with the contours of our identified 504

structures. The PV diagram (Figure 5(b)) reveals multiple veloc- 505

ity components connected by a broad velocity bridge. Fujita et al. 506

(2021) suggested a CCC in this region, as such bridge features 507

are considered typical kinematic signatures of these interactions. 508

In this kinematically complex region, the leaf structures identified 509

by our dendrogram analysis are distributed across these distinct 510

velocity components. The encompassing trunk structure spans 511

these multiple components and the connecting bridge, enclosing 512
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Fig. 2. (a) Position-position (PP) diagram and (b) position-velocity (PV) diagram of the N14 region. The background color map represents the integrated
intensity of the gas emission. The contours indicate the projected hierarchical structures identified by the dendrogram analysis: leaf (red), trunk (yellow),
and isolated (white) structures. Alt text: Two-panel view of the N14 region, with panel a a position-position map and panel b a position-velocity map, each
showing background emission intensity overlaid with contours of leaf, trunk, and isolated structures. The leaf contours enclose the brightest compact
peaks nested inside a larger trunk contour that follows the extended elongated emission, while the isolated contours lie separately over fainter clumps.

Fig. 3. Position-velocity (PV) diagram of the N14 region. The background color map is identical to Figure 2(b), and the overlaid contours show only the leaf
and trunk structures, while the isolated structures are omitted for clarity. The cyan dashed curves are arbitrarily drawn to indicate the expected oscillatory
gas motions. Alt text: Single-panel position-velocity map of the N14 region, plotting velocity against Galactic longitude, with background emission intensity
and overlaid contours of leaf and trunk structures. Wavy dashed curves run across the map, arbitrarily tracing a repeating up-and-down oscillation that
follows the velocity pattern outlined by the contours.

the scattered leaves within a single continuous hierarchy.513

Figures 6(a) and (b) present the PP and PV diagrams of the N35514

region, respectively, overlaid with the contours of our identified515

structures. Torii et al. (2018) reported an interaction between high-516

velocity and low-velocity gas components in this region, charac-517

terized by a steep velocity gradient in the PV diagram. As seen in518

Figure 6(b), the hierarchies identified by our dendrogram analysis519

are distributed along this steep velocity gradient. Specifically, two520

distinct trunk structures emerge along the gradient—one at higher 521

Galactic longitudes and velocities, the other at lower values— 522

whose internal leaf structures highlight the densest gas concen- 523

trations associated with this interaction. 524

In both regions, therefore, the dendrogram hierarchy encloses 525

within continuous hierarchies the gas attributed to cloud–cloud 526

collisions—the bridged velocity components in W51 A and the 527

steep velocity gradient in N35—thereby grounding the decompo- 528
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Fig. 4. Same as Figure 2, but for the W33 region. Alt text: Two-panel view of the W33 region, with panel a a position-position map and panel b a position-
velocity map, each showing background emission intensity overlaid with contours of leaf, trunk, and isolated structures. The leaf contours mark dense
knots in a central concentration and along filaments radiating from it, all enclosed within a single trunk contour outlining the whole filamentary system,
while the isolated contours lie separately outside.
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Fig. 5. Same as Figure 2, but for the W51 A region. Alt text: Two-panel view of the W51 A region, with panel a a position-position map and panel b a
position-velocity map, each showing background emission intensity overlaid with contours of leaf, trunk, and isolated structures. The leaf contours are
scattered over several distinct clumps that, in the position-velocity panel, separate into multiple velocity components joined by a broad connecting bridge;
a single trunk contour spans all of these, while the isolated contours lie separately outside.

sition in physical terms.529

4.2 Physical properties of the identified structures530

Figure 7 displays the probability histograms of the physical prop-531

erties (effective radius, mass, volume density, and virial parame-532

ter) for the three identified structural categories: trunks, leaves, and533

isolated structures. As seen in the histograms, trunks generally ex-534

hibit larger effective radii and masses compared to the other struc-535

tures. Regarding volume density, a subtle increasing trend from536

trunks to isolated structures, and ultimately to leaves, is weakly 537

apparent. However, because the fundamental physical conditions 538

vary significantly across the target regions, the overall distribu- 539

tions of these properties exhibit substantial overlap. This region- 540

to-region variance obscures the intrinsic differences between the 541

structural categories, making visual distinction challenging. 542

To accurately compare the intrinsic physical properties across 543

the structural categories, we must account for the significant envi- 544

ronmental variance originating from the different host regions. We 545

model the base-10 logarithmic value of a given physical property, 546
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Fig. 6. Same as Figure 2, but for the N35 region. Alt text: Two-panel view of the N35 region, with panel a a position-position map and panel b a position-
velocity map, each showing background emission intensity overlaid with contours of leaf, trunk, and isolated structures. In the position-velocity panel the
emission follows a steep velocity gradient, along which two separate trunk contours are arranged, one at higher longitude and velocity and the other at
lower values; each encloses its own leaf contours, while the isolated contours lie separately outside.

y, as a linear combination of the global mean (µ), the environmen-547

tal baseline of the host region (αregion), the intrinsic effect of the548

structural category (βstructure), and a residual error (ϵ):549

y = µ+αregion +βstructure + ϵ. (7)550

The parameters of this linear model were estimated using the or-551

dinary least squares (OLS) method. To isolate and compare the552

pure structural differences, we calculated an adjusted logarithmic553

value, yadj, for each structure by subtracting the estimated regional554

baseline effect from the raw value:555

yadj = y−αregion = µ+βstructure + ϵ. (8)556

Using these adjusted values effectively removes the inherent base-557

line offsets of the different regions, enabling a direct and robust558

comparison of the structural categories. Finally, to quantitatively559

assess the statistical significance of the observed structural effect560

(βstructure), we performed a Type II analysis of variance (ANOVA)561

on this linear model, which strictly evaluates the structural vari-562

ance while controlling for regional dependence. A detailed de-563

scription of this statistical modeling, including the parameter esti-564

mation via OLS and the formal derivation of the adjusted values,565

is provided in the Appendix.566

4.2.1 Trunks vs. isolated structures567

To investigate the macroscopic characteristics of clouds harbor-568

ing internal hierarchies, we compare trunks and isolated struc-569

tures based on their adjusted physical properties (yadj). Figure570

8 presents these adjusted distributions and the corresponding571

ANOVA results, highlighting the statistical differences between572

the two structural categories.573

As shown in Figures 8(a) and (b), trunks exhibit significantly574

larger adjusted effective radii and masses compared to isolated575

structures. Furthermore, the ANOVA reveals that trunks have576

significantly lower adjusted virial parameters than isolated struc-577

tures (Figure 8(d)). These quantitative results demonstrate that578

trunks represent more extended, massive, and tightly gravitation- 579

ally bound macroscopic systems. This strongly suggests that such 580

large-scale, massive environments are physically required to har- 581

bor internal hierarchical structures. 582

In contrast, the adjusted volume density of trunks is signifi- 583

cantly lower than that of isolated structures (Figure 8(c)). This 584

difference inherently arises from their structural definitions: while 585

isolated structures predominantly trace independent high-density 586

regions without extended envelopes, trunks encompass both inter- 587

nal high-density structures and their surrounding low-density ex- 588

tended gas. 589

4.2.2 Leaves vs. isolated structures 590

Here, we focus on the comparison between isolated structures 591

and leaves—which correspond to the internal dense regions within 592

trunks—based on their adjusted physical properties. Figure 9 dis- 593

plays the ANOVA results and the adjusted distributions for these 594

two structural categories. 595

As shown in Figure 9(a), leaves and isolated structures ex- 596

hibit comparable adjusted effective radii, indicating that they form 597

on similar spatial scales. However, the ANOVA reveals that 598

leaves have significantly larger adjusted masses compared to iso- 599

lated structures (Figure 9(b)). Reflecting this significant differ- 600

ence in mass within similar spatial scales, leaves consequently ex- 601

hibit significantly higher adjusted volume densities (Figure 9(c)). 602

Furthermore, leaves have significantly lower adjusted virial pa- 603

rameters than isolated structures (Figure 9(d)). These quantita- 604

tive results robustly demonstrate that, despite forming on simi- 605

lar spatial scales, the interior of hierarchically structured clouds 606

(leaves) achieves a significantly denser and more tightly gravita- 607

tionally bound environment than isolated structures. 608

Page 9 of 23

https://mc.manuscriptcentral.com/pasj

Publications of the Astronomical Society of Japan



10 Publications of the Astronomical Society of Japan (2026), Vol. 00, No. 0

100 101

Radius [pc]
0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

Pr
ob

ab
ilit

y
(a) leaf

trunk
isolated

102 103 104 105 106

Mass [M⊙ ]
0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

Pr
ob

ab
ilit

y

(b)

10−21 10−20 10−19

Volume density [g cm−3]
0.00

0.05

0.10

0.15

0.20

0.25

Pr
ob

ab
ilit

y

(c)

100 101

αvir

0.00

0.05

0.10

0.15

0.20

0.25

Pr
ob

ab
ilit

y

(d)

Fig. 7. Probability histograms of the physical properties for the identified structures. The panels show the relative frequencies with respect to (a) effective
radius, (b) mass, (c) volume density, and (d) virial parameter (αvir). The red, yellow, and grey step-histograms represent leaves, trunks, and isolated
structures, respectively. The vertical axis indicates the probability, normalized such that the sum of the bin heights for each structural category equals
unity. The horizontal axes are shown in logarithmic scale. Alt text: Four-panel figure of overlaid step histograms comparing the leaf, trunk, and isolated
distributions for effective radius, mass, volume density, and virial parameter. In the radius and mass panels the trunk histogram is clearly shifted toward
larger values, while the leaf and isolated histograms overlap each other at smaller values; in the volume density and virial parameter panels all three
distributions largely overlap.

4.3 Association with YSOs and dense clumps609

In this subsection, we investigate the statistical differences in the610

number of associated YSOs and Hi-GAL clumps between leaves611

and isolated structures, based on the ANOVA results.612

4.3.1 Compare with YSO613

Regarding low-mass star formation activity, the background-614

subtracted number of associated YSOs (NYSO) shows no statisti-615

cally significant difference between leaves and isolated structures,616

as illustrated in Figure 10(a). To investigate how this low-mass star617

formation activity varies with specific physical conditions, Figures618

11 and 12 present the probability of YSO association and the mean619

number of contained YSOs, respectively, as a function of the local620

physical parameters (effective radius, mass, volume density, and621

virial parameter). As shown in these figures, both values fall well622

within mutual error bars for both structural categories across all ex-623

amined physical parameters. These uniform distributions demon- 624

strate that the fundamental rate of low-mass star formation is pri- 625

marily a local process governed by the properties of the dense gas, 626

exhibiting no significant dependence on the macroscopic hierar- 627

chical nature of the host structure. 628

On the other hand, as shown in Figure 10(b), the adjusted SFE 629

is significantly lower in leaves than in isolated structures. Because 630

the absolute number of YSOs (NYSO) is the same in both environ- 631

ments, this lower SFE simply reflects the leaves’ much larger gas 632

reservoirs (Mgas) rather than any reduction in star-forming activ- 633

ity: the leaves are gas-rich relative to their unchanged low-mass 634

stellar content. The physically essential result for low-mass star 635

formation is therefore the invariance of the YSO count itself, on 636

which we focus in the following. 637
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Fig. 8. Comparison of the adjusted physical properties between isolated structures and trunks based on the analysis of variance (ANOVA). The panels
show the adjusted values for (a) effective radius, (b) mass, (c) volume density, and (d) virial parameter (αvir) in logarithmic scale. The grey and yellow
shaded regions show the violin plots for isolated structures and trunks, respectively. The diamond markers indicate the estimated means, and the error
bars represent the 95% bootstrap confidence intervals. The dashed line connects the means of the two categories. The p-value of the statistical test is
displayed at the top of each panel. Alt text: Four-panel violin plot comparing the adjusted distributions of isolated structures and trunks for effective radius,
mass, volume density, and virial parameter. From isolated to trunk, the mean rises in the effective radius and mass panels and falls in the volume density
and virial parameter panels, and all four panels report a statistically significant difference between the two categories.

4.3.2 Compare with Hi-GAL clump638

In contrast to the low-mass YSOs, the early stages of high-mass639

star formation traced by Hi-GAL clumps exhibit a distinctly dif-640

ferent environmental dependence. As shown in the ANOVA results641

of Figure 13(a) and (b), leaves contain a significantly higher num-642

ber of Hi-GAL clumps (Nclump) and a substantially larger total643

clump mass (Mclump) compared to isolated structures. However,644

when evaluating the Clump Formation Efficiency (CFE), Figure645

13(c) reveals that the adjusted CFE shows no statistically signifi-646

cant difference between leaves and isolated structures. Given the647

relationship Mclump = CFE×Mgas, this constant efficiency im-648

plies that the elevated clump formation in leaves is not driven by649

an enhanced local conversion rate, but is instead a direct conse-650

quence of the significantly larger gas reservoirs (Mgas) available651

within hierarchical environments.652

The adjusted CFE values for both isolated structures and leaves 653

are centered around a high mean value of approximately 70%, with 654

a small fraction of structures even exceeding unity. Previous stud- 655

ies on Galactic molecular clouds (e.g., Eden et al. 2012, 2013) 656

generally reported a much lower CFE typically ranging from a 657

few percent to 10%. However, their evaluated cloud masses are 658

on the order of 104–105 M⊙, which corresponds to the macro- 659

scopic scale of the trunks in our analysis. In contrast, the leaf 660

and isolated structures compared here represent localized, highly 661

condensed environments whose gas masses are roughly an order of 662

magnitude smaller than those of the trunks. Therefore, it is reason- 663

able that our calculated CFE values shift to a significantly higher 664

range. Additionally, for the specific structures where the CFE ex- 665

ceeds 100%, the high optical depth of the 13CO (J = 1− 0) emis- 666

sion in extremely dense regions likely leads to an underestimation 667
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Fig. 9. Same as Figure 8, but for the comparison between isolated structures and leaves. The red shaded regions, diamond markers, and error bars
represent leaves. Alt text: Four-panel violin plot comparing the adjusted distributions of isolated structures and leaves for effective radius, mass, volume
density, and virial parameter. The effective radius panel shows nearly equal means with no statistically significant difference, while from isolated to leaf the
mean rises significantly in the mass and volume density panels and falls significantly in the virial parameter panel.

of the local gas mass (Mgas), further contributing to these extreme668

values.669

To investigate how this clump formation activity varies with670

specific physical conditions, Figures 14, 15, and 16 present the671

probability of Hi-GAL clump association, the number of contained672

clumps, and the total mass of these clumps, respectively, as a func-673

tion of the local physical parameters (effective radius, mass, vol-674

ume density, and virial parameter). As shown in Figure 14, the675

probability of Hi-GAL clump association for both structures falls676

well within their mutual error bars across all physical parameters,677

indicating that the fundamental capability to initiate high-mass star678

formation depends primarily on local conditions rather than the679

macroscopic hierarchy. Despite this similar initiation probability,680

a striking contrast emerges in the absolute quantities under ex-681

treme physical conditions. Specifically, at the largest radii, highest682

masses, and lowest virial parameters, leaves contain both a dis-683

tinctly larger number of clumps (Figure 15) and a significantly684

larger total clump mass (Figure 16) than isolated structures, ex- 685

ceeding their mutual error bars. 686

Integrating these observational results clarifies the causal rela- 687

tionship governing massive clump formation in hierarchical en- 688

vironments. As demonstrated by the physical parameter depen- 689

dencies, leaves harbor a significantly larger number and total 690

mass of clumps than isolated structures specifically when they 691

possess extreme macroscopic properties: the largest radii, high- 692

est masses, and lowest virial parameters. Given that the con- 693

version fraction (CFE) remains constant, acquiring such an en- 694

hanced population of clumps mathematically necessitates that the 695

host structure gathers a correspondingly enormous gas reservoir 696

(Mgas). Therefore, the causal link is clear: it is precisely because 697

these leaves can grow into such massive and tightly gravitation- 698

ally bound structures—capable of accumulating and retaining vast 699

amounts of gas—that they can achieve clump formation on a scale 700

that significantly exceeds isolated environments. These extreme 701
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Fig. 10. Comparison of the adjusted (a) number of associated YSOs (log10 NYSO) and (b) Star Formation Efficiency (log10 SFE) between isolated
structures and leaves based on the ANOVA. The grey and red shaded regions show the violin plots for isolated structures and leaves, respectively. The
diamond markers indicate the estimated means, and the error bars represent the 95% bootstrap confidence intervals. The dashed line connects the
means of the two categories. The p-value of the statistical test is displayed at the top of each panel. Alt text: Two-panel violin plot comparing the adjusted
distributions of isolated structures and leaves for the number of associated young stellar objects and the star formation efficiency. The number of young
stellar objects shows nearly equal means with no statistically significant difference, while the star formation efficiency is significantly lower in leaves than
in isolated structures.

physical properties strongly suggest that leaves are dynamically702

growing systems, where continuous mass accumulation prevents703

gas depletion even when multiple high-mass clumps are actively704

forming. A detailed discussion on the evolutionary scenario and705

the specific physical mechanisms enabling this sustained structural706

growth is presented in Section 5.707

5 Discussion708

5.1 Hierarchical mass accumulation and mutual709

interactions710

In Section 4.1, the per-region comparison shows that the trunks711

trace recognizable morphological structures together with their as-712

sociated internal kinematics: the filamentary morphology of N14,713

whose oscillatory velocity pattern is attributed to internal contrac-714

tion, and the hub-filament morphology of W33, whose velocity715

gradients trace infall along the filaments toward the central hub.716

Distinct from these morphology-defined cases, the trunks in W51717

A and N35 instead mark the sites of cloud–cloud collisions—a dy-718

namical assembly process that does not presuppose any particular719

morphology—as revealed by their collision-attributed kinematic720

signatures. In all of these regions, the internal leaves pick out the721

dense gas concentrations within the trunks. This correspondence722

suggests that, in these regions, the dendrogram hierarchy traces723

physically meaningful structures. In Sections 4.2.1 and 4.2.2, the724

sample-wide statistics show that the trunks are systematically more725

massive, larger, and more strongly bound (i.e., exhibit lower virial726

parameters) than isolated structures, and that the leaves, despite727

spatial scales comparable to isolated structures, are significantly728

denser and more tightly bound.729

We interpret the dense, strongly bound state of the leaves as 730

a consequence of their residing within the massive trunks: the 731

deep gravitational potential of such a reservoir confines the internal 732

substructure—enhancing its boundedness—and feeds it through 733

accretion onto the dense regions and, plausibly, interactions among 734

them, allowing the leaves to grow denser than comparable iso- 735

lated structures. This interpretation can be grounded physically in 736

the regions of Section 4.1 amenable to a qualitative characteriza- 737

tion. Where the internal kinematics of a trunk are resolved, the gas 738

is seen streaming inward toward the dense regions—the oscilla- 739

tory contraction within the N14 filament and the velocity gradients 740

along the W33 filaments toward the central hub—consistent with 741

the accretion invoked above. These massive reservoirs, with their 742

filamentary and hub-filament morphologies, may in turn arise from 743

large-scale dynamical processes that gather and compress the gas; 744

in W51 A and N35 we capture one such process directly, where 745

the trunks coincide with cloud–cloud collisions. The W51 A con- 746

figuration also speaks to the second channel: there the leaves are 747

not confined to a single coherent flow but are scattered across the 748

distinct, mutually converging velocity components of the collision 749

(Section 4.1.2), so that as these components are driven together the 750

leaves embedded in them are correspondingly brought into con- 751

tact, plausibly driving the interactions invoked above—though on a 752

more indirect basis than the inflow signatures behind the accretion 753

channel, since we resolve the leaves on separate converging com- 754

ponents but not the interactions themselves. It should be noted that 755

these kinematic correspondences are available only in this small 756

subset of regions and, resting on a static snapshot, cannot by them- 757

selves constrain the temporal history of the gas, leaving the same 758

contrasts consistent with a quasi-steady state. We therefore read 759
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this picture as a structural interpretation rather than a measured760

evolutionary sequence; within that scope, the deep potentials of761

the massive trunks provide a coherent, physically grounded expla-762

nation for the sample-wide finding that their internal leaves are763

significantly denser and more tightly bound than comparable iso-764

lated structures.765

To place our proposed scenario in a broader context, the phys-766

ical origin of the large-scale dynamical events that assemble the767

trunks warrants consideration at galactic scales. Observational768

studies of nearby galaxies have demonstrated that spiral arms play769

a fundamental role in gathering gas and assembling massive gi-770

ant molecular clouds (e.g., Koda et al. 2009; Hirota et al. 2011).771

More specifically, recent high-resolution observations of the Local772

Group galaxy M33 have revealed that the physical environments773

within these spiral arms actively induce dynamic events, such as774

filament formation and cloud-cloud collisions (e.g., Tokuda et al.775

2020; Kondo et al. 2021). These arm-driven phenomena are remi-776

niscent of the dynamical events invoked in our scenario for assem-777

bling the massive trunks. Although a direct connection to our own778

regions remains to be established, this suggests that environments779

like spiral arms could provide a natural setting for the large-scale780

gas assembly we infer.781

5.2 Environmental dependence of YSO and clump782

formation783

As presented in Section 4.3.1, the associated NYSO shows no sta-784

tistically significant difference between leaves and isolated struc-785

tures. This invariance, independent of the surrounding hierarchical786

environment, is consistent with the established view that low-mass787

star formation is a fundamentally local process governed by the788

properties of the dense gas rather than by macroscopic cloud prop-789

erties (e.g., Lada 1992; Gao & Solomon 2004; Wu et al. 2005;790

Lada et al. 2010; Wu et al. 2010). Lada et al. (2010) showed that791

local star formation is regulated by the total mass of gas exceeding792

a volume density threshold of n > 104 cm−3. In our sample, the793

adjusted mean number density of the leaf structures is ∼103 cm−3,794

about an order of magnitude below this threshold. The invariance795

of NYSO therefore implies that the mass of dense, star-forming796

gas above this threshold is comparable between leaves and iso-797

lated structures, even though the total gas reservoir (Mgas) of the798

leaves is substantially larger; the additional gas in the leaves re-799

sides largely at intermediate densities and does not contribute to800

the present low-mass star formation. For this surplus reservoir to801

produce a low-mass stellar population proportional to its mass, the802

leaf gas would have to fragment further into substructures exceed-803

ing the critical density. Why such fragmentation does not proceed804

— and what becomes of the accumulated gas instead — is exam-805

ined in the remainder of this section.806

In contrast to the YSOs, the physical properties of the gas807

clumps show a clear environmental dependence (Section 4.3.2):808

the clumps associated with leaves are significantly more numerous809

and more massive than those in isolated structures. Crucially, this810

enhancement is observed even though the clump formation effi-811

ciency (CFE) is statistically indistinguishable between the two en-812

vironments. Given the relation Mclump =CFE×Mgas, a constant813

CFE implies that the enhanced clump content of the leaves follows814

directly from their larger gas reservoirs (Mgas), rather than from a815

higher local efficiency of converting gas into clumps. In isolated816

structures the total gas mass is intrinsically limited, which caps the817

clump mass and number attainable at a fixed efficiency; the larger818

reservoirs of the leaves remove this ceiling. These larger reser-819

voirs are themselves a structural property of the leaves: they reside 820

within the deep gravitational potentials of the macroscopic trunks, 821

which—as the morphological and kinematic correspondences in 822

Section 5.1 suggest—can act as the source of this gas. We stress, 823

however, that our static data constrain only this structural contrast: 824

whether the reservoirs are actively sustained by continuous large- 825

scale inflow and mutual interactions among the leaves, or instead 826

represent a quasi-steady configuration, cannot be determined from 827

a single snapshot. 828

This contrast between the invariant low-mass population and 829

the enhanced massive-clump content suggests that the characteris- 830

tic scale of fragmentation may be larger within the leaves: rather 831

than fragmenting into a proportionally larger number of low-mass 832

cores, the accumulated gas appears to be channeled preferentially 833

into massive clumps. Such a shift is the expected signature of 834

accretion-modified fragmentation, in which the continuous mass 835

transport inherent to dynamic environments raises the characteris- 836

tic fragmentation mass and suppresses small-scale fragmentation 837

(Li 2024). Observationally, super-Jeans fragmentation—dense 838

cores more massive and more widely separated than the thermal 839

Jeans prediction—has been reported in a number of massive star- 840

forming regions (Zhang et al. 2009; Wang et al. 2014; Xu et al. 841

2023), and a recent triangulation analysis recovers precisely this 842

signature as anticipated by Li (2024) (Li et al. 2025). Such super- 843

Jeans behavior is not universal—other regions are well described 844

by thermal Jeans fragmentation (e.g., Sanhueza et al. 2019; Lu 845

et al. 2020)—but this very dichotomy has been attributed to dif- 846

ferences in the local mass-accumulation rate (Li 2024), consistent 847

with the mechanism operating preferentially in the most dynamic, 848

accreting environments such as the leaves embedded within the 849

trunks. Translating this mechanism into a quantitative prediction 850

for our own structures is, however, beyond the reach of our data: 851

the accretion rate that sets the magnitude of the effect cannot be 852

measured from a single-epoch snapshot, and a Jeans-mass esti- 853

mate built on our observables would in any case be incomplete, 854

capturing only thermal and turbulent support. We therefore keep 855

this argument qualitative. Importantly, the ingredients absent from 856

such a static estimate all act in the same direction: accretion-driven 857

transport (Li 2024), magnetic pressure—amplified by shock com- 858

pression in dynamic environments such as CCCs (e.g., Inoue & 859

Fukui 2013)—and radiative heating in the densest gas each raise 860

the effective fragmentation mass and further suppress small-scale 861

fragmentation. It is the robustness of this shared directionality, 862

rather than any single quantitative threshold, that makes accretion- 863

modified fragmentation a compelling qualitative explanation for 864

the observed contrast: a low-mass YSO population comparable 865

to that of isolated structures, coexisting with markedly enhanced 866

massive-clump formation. 867

We caution that the apparent invariance of the YSO counts be- 868

tween the leaves and isolated structures may be partly affected by 869

an observational selection effect. Because the leaf structures trace 870

systematically higher column densities, the completeness of the 871

mid-infrared YSO census within them may be reduced by the in- 872

creased extinction and the brighter, more structured background 873

that hampers point-source detection in dense regions. This effect 874

acts in a single direction, preferentially suppressing the observed 875

YSO counts in the leaves; the values we report should therefore 876

be treated as lower limits, and we cannot exclude that some en- 877

hancement of low-mass star formation in the leaves is masked by 878

incompleteness. Crucially, however, this limitation does not prop- 879

agate to our central result. The clump enhancement is traced by 880

the Hi-GAL far-infrared and submillimeter dust emission, which 881

Page 14 of 23

https://mc.manuscriptcentral.com/pasj

Publications of the Astronomical Society of Japan



Publications of the Astronomical Society of Japan (2026), Vol. 00, No. 0 15

probes deeply embedded material and is essentially insensitive to882

the extinction and background that limit the mid-infrared YSO883

census; the pronounced contrast in clump number and mass be-884

tween the leaves and isolated structures is thus robust against this885

bias. Accordingly, our conclusions rest primarily on this high-886

mass clump enhancement, while the low-mass YSO census is best887

interpreted as providing no positive evidence for a comparable en-888

hancement rather than as firmly excluding one. A completeness-889

robust characterization of the low-mass population in these dense890

environments will require future extinction-insensitive observa-891

tions.892

5.3 Physical scenario for massive clump formation in893

hierarchical clouds894

Synthesizing the discussions of hierarchical mass accumulation895

(Section 5.1) and the environmental dependence of star forma-896

tion (Section 5.2), the physical processes underlying massive897

clump formation within hierarchically structured clouds can be898

summarized as the self-consistent physical scenario illustrated in899

Figure 17. As established in Section 5.1, the trunks are systemati-900

cally more extended, more massive, and more deeply gravitation-901

ally bound than isolated structures, marking them as the large-scale902

gas reservoirs of the hierarchy. In the subset of regions amenable903

to a qualitative characterization, these reservoirs further appear to904

be assembled by large-scale dynamical processes that gather and905

compress the gas. In some of these regions, such a process is906

traced through the resulting morphology, as in filaments and hub–907

filament systems. In others, it is instead traced through the assem-908

bling event itself, of a kind that may give rise to such morpholo-909

gies, as in cloud–cloud collisions. Within these reservoirs, the910

embedded leaves are significantly denser and more tightly bound911

than isolated structures of comparable scale, consistent with their912

growing by acquiring mass through sustained accretion and mu-913

tual interactions (Section 5.1). This continuous mass supply may914

increase the characteristic fragmentation mass within the leaves, as915

suggested by numerical studies (e.g., Li 2024; Section 5.2), help-916

ing to channel the accumulated gas into massive clumps rather than917

a proportionally larger population of low-mass stars.918

The evidence behind this scenario is structural and comparative.919

Across the sample, the structures embedded in the hierarchy dif-920

fer systematically from isolated ones (Section 4.2): the leaves are921

more massive and more strongly gravitationally bound than iso-922

lated structures of the same scale, as are the trunks that host them923

relative to isolated structures overall. Although the virial param-924

eters we derive remain near or above the nominal threshold for925

boundedness (αvir = 1), so that this is a comparative rather than926

an absolute statement, the shared direction of these contrasts in-927

dicates that, within the hierarchy, self-gravity is relatively more928

important and the substructure more massive than outside it.929

The contrasts we have established bear on the competing frame-930

works for massive star formation (Section 1), and in particular on931

the scale at which its gas reservoir is set. In the turbulent-core932

model (McKee & Tan 2002, 2003), that reservoir is essentially lo-933

cal, confined to a single, self-contained core in approximate virial934

equilibrium, whereas competitive accretion (Bonnell et al. 2001,935

2004), global hierarchical collapse (Vázquez-Semadeni et al.936

2009, 2019), and the conveyor-belt view (Padoan et al. 2020)937

place it on larger scales. Our strongest result bears directly on938

this distinction: the leaves’ enhanced massive-clump content fol-939

lows from how much gas they contain, not from a higher con-940

version efficiency (Section 4.2). Because the leaves differ from941

isolated structures precisely in residing within the macroscopic 942

trunks, this larger reservoir is a property of the hierarchical en- 943

vironment rather than of the local structure alone. The mass avail- 944

able for massive-clump formation therefore reflects a structure’s 945

place within the larger hierarchy rather than a fixed, local scale, fa- 946

voring the larger-scale-reservoir family over the local, core-scale 947

picture of the turbulent-core model. That said, our ∼ 1 pc reso- 948

lution lies above the individual cores on which the turbulent-core 949

model is defined, so this bears on where the gas resides rather than 950

on the internal state of the final cores. Our static measurements, 951

moreover, do not on their own discriminate among the larger-scale- 952

reservoir scenarios, which diverge mainly in whether continuous 953

flows feed the reservoirs and in the order in which the hierar- 954

chy assembles—properties of the gas dynamics and history that 955

a single-epoch snapshot cannot recover. We therefore read our re- 956

sults as evidence that the gas available for massive star formation 957

is organized on larger scales rather than confined to a local, core- 958

scale reservoir, broadly in keeping with this family of frameworks, 959

while stopping short of identifying any single one—including the 960

global hierarchical collapse picture with which our proposed se- 961

quence is most naturally associated. 962

Discriminating among these scenarios will require the kine- 963

matic and temporal information that our single-epoch analysis can- 964

not provide. Velocity diagnostics across multiple molecular tran- 965

sitions and density-selective tracers would allow the inflow and 966

accretion rates to be measured directly, as has been demonstrated 967

for individual hub–filament systems (Peretto et al. 2013), testing 968

whether continuous flows link the successive scales of the hierar- 969

chy. Higher-resolution observations reaching the core scale would 970

let the turbulent-core prediction be tested on its own terms, follow- 971

ing the high-resolution fragmentation studies of massive clumps 972

(Sanhueza et al. 2019; Lu et al. 2020). Numerical simulations fol- 973

lowing the time evolution of trunk-scale collapse (e.g., Vázquez- 974

Semadeni et al. 2019) are needed to establish the temporal ordering 975

our scenario implies and to test whether sustained accretion indeed 976

raises the characteristic fragmentation mass (Li 2024). We leave 977

these directions to future work. 978

6 Summary 979

In this study, we conducted a comprehensive statistical analysis of 980

the hierarchical gas structures within 13 Galactic star-forming re- 981

gions using the FUGIN CO survey data. By applying a non-binary 982

dendrogram algorithm to the three-dimensional position-position- 983

velocity data cubes, we extracted the hierarchical structures and 984

classified them into macroscopic trunks, internal leaves, and iso- 985

lated structures. For several representative regions amenable to a 986

qualitative characterization, we overlaid the identified structures 987

on the position-position and position-velocity diagrams. There, in 988

some regions the trunks correspond to recognizable morphologies 989

such as filaments and hub-filament systems. In others, they instead 990

trace the kinematic signatures of structure-forming events such as 991

cloud-cloud collisions which may give rise to such morphologies. 992

In all of these regions, the internal leaves pick out the dense gas 993

concentrations within the trunks. Across the full sample, our anal- 994

ysis of the adjusted physical properties revealed that trunks are sys- 995

tematically more extended, more massive, and more tightly gravi- 996

tationally bound than isolated structures, while the leaves embed- 997

ded within them achieve significantly higher masses, volume den- 998

sities, and gravitational binding than isolated structures of compa- 999

rable spatial scales. Regarding star formation activity, low-mass 1000

star formation traced by YSOs showed no significant dependence 1001
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on the hierarchical environment, whereas the early stages of high-1002

mass star formation traced by Hi-GAL clumps exhibited a dis-1003

tinctly different trend: leaves contain a significantly higher num-1004

ber of clumps and a much larger total clump mass than isolated1005

structures. Because the clump formation efficiency remains com-1006

parable between the two categories, this enhancement follows di-1007

rectly from the substantially larger gas reservoirs available within1008

the leaves rather than from a higher local conversion rate. We in-1009

terpret these contrasts, together with the inward gas motions seen1010

in the position-velocity diagrams, in terms of a scenario in which1011

the deep gravitational potential of the trunks sustains continuous1012

gas accretion onto the internal leaves and promotes mutual inter-1013

actions among them, plausibly raising the characteristic fragmen-1014

tation mass so that the accumulated gas is preferentially channeled1015

into exceptionally massive clumps rather than into a proportion-1016

ally larger population of low-mass stars. We emphasize, however,1017

that our single-epoch data constrain only these structural contrasts;1018

whether the reservoirs are actively sustained by continuous inflow1019

and mutual interactions, or instead reflect a quasi-steady configura-1020

tion, cannot be determined from a static snapshot. Taken together,1021

these results indicate that the gas available for massive star forma-1022

tion is organized on scales larger than a single core, reflecting a1023

structure’s place within the larger hierarchy rather than a fixed, lo-1024

cal reservoir. This is broadly in keeping with the family of frame-1025

works that place the mass reservoir on scales beyond the individual1026

core, although our comparative, single-epoch measurements can-1027

not single out any one of them.1028
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Appendix. Details of the statistical modeling1046

and Type II ANOVA1047

In this Appendix, we provide the mathematical details of the statis-1048

tical modeling and analysis of variance (ANOVA) used in Section1049

4.2. The primary objective of this analysis is to statistically iso-1050

late and evaluate the pure differences in physical properties aris-1051

ing from the different hierarchical gas structures (e.g., leaf and1052

isolated), while strictly controlling for the inherent environmental1053

variance across the 13 distinct observed regions. Below, we first1054

formulate the linear model and extend it to a matrix representation,1055

followed by the procedure for parameter estimation using ordinary1056

1 http://www.astropy.org

least squares (OLS). Furthermore, we explicitly demonstrate the 1057

computational logic of Type II ANOVA, which accommodates un- 1058

balanced sample sizes, using the matrix formulation of a reduced 1059

model. Finally, we explain the theoretical background of the ad- 1060

justed values used for visualization. 1061

The base-10 logarithmic value of a given physical property yi 1062

for each observed data point i (i = 1, . . . , n) can be modeled as 1063

a linear combination of the global baseline intercept µ, the envi- 1064

ronmental bias due to the region αregion(i), the main effect of the 1065

hierarchical structure βstructure(i), and the residual error represent- 1066

ing individual variance ϵi, expressed as follows: 1067

yi = µ+αregion(i) +βstructure(i) + ϵi. (9) 1068

To solve this computationally, the categorical variables for the re- 1069

gion (13 categories) and structure (2 categories) are converted into 1070

dummy variables that take values of 0 or 1. To prevent multi- 1071

collinearity, specific region and structure categories (e.g., isolated) 1072

are set as the reference categories, and their corresponding dummy 1073

variables are omitted, leaving 12 dummy variables for the regions 1074

(x(1)
α . . . x

(12)
α ) and 1 dummy variable for the structure (xβ) to be 1075

considered. Consequently, the system of equations for the en- 1076

tire dataset can be explicitly written down in the following matrix 1077

form: 1078


y1
y2
...
yn

=


1 x

(1)
α,1 . . . x

(12)
α,1 xβ,1

1 x
(1)
α,2 . . . x

(12)
α,2 xβ,2

...
...

. . .
...

...
1 x

(1)
α,n . . . x

(12)
α,n xβ,n




µ

α(1)

...
α(12)

β

+


ϵ1
ϵ2
...
ϵn

 .

(10) 1079

We define this simplified expression as the equation of the full 1080

model, 1081

Y =Xθ+ ϵ. (11) 1082

Here, Y is the observation vector, X is the design matrix of the 1083

full model, θ is the parameter vector to be estimated, and ϵ is the 1084

residual vector. The optimal value θ̂ of the parameter vector θ 1085

is estimated using ordinary least squares (OLS). OLS is an opti- 1086

mization problem that minimizes the sum of squared errors (SSE) 1087

unexplained by the model, which is formulated as follows: 1088

SSEfull =

n∑
i=1

ϵ2i = (Y−Xθ̂)T (Y−Xθ̂). (12) 1089

By taking the partial derivative of this objective function with re- 1090

spect to θ and setting it to zero, the normal equations are obtained, 1091

and their analytical solution is uniquely derived as follows: 1092

θ̂ = (XTX)−1XTY. (13) 1093

Through this computation, the intrinsic bias of each region α̂ and 1094

the main effect of the structural difference β̂ that best fit the entire 1095

dataset are estimated simultaneously. 1096

To verify the statistical significance of the structural differences 1097

(β), we employed Type II ANOVA in this study. Because obser- 1098

vational data inherently constitute an unbalanced design where the 1099

sample size of each structure varies significantly across regions, 1100

Type I ANOVA, in which the partitioning of the sum of squares 1101

depends on the order of variable entry, is inappropriate. Type II 1102

ANOVA evaluates how much the structural factor independently 1103

reduces the residual error, after fully accounting for the effects of 1104
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other factors (i.e., regions). For this purpose, a reduced model is1105

constructed by completely excluding the structural dummy vari-1106

able (the last column) from the design matrix X of the full model,1107

formulated as follows:1108


y1
y2
...
yn

=


1 x

(1)
α,1 . . . x

(12)
α,1

1 x
(1)
α,2 . . . x

(12)
α,2

...
...

. . .
...

1 x
(1)
α,n . . . x

(12)
α,n




µ′

α′(1)

...
α′(12)

+


ϵ′1
ϵ′2
...
ϵ′n

 . (14)1109

By redefining the matrices and vectors, the reduced model can be1110

formulated simply as follows:1111

Y =X′θ′ + ϵ′. (15)1112

By applying OLS again to this reduced model, we calculate the1113

sum of squared errors when ignoring the structure, denoted as1114

SSEreduced, which is given by:1115

SSEreduced =

n∑
i=1

(ϵ′i)
2. (16)1116

The variance (sum of squares) purely explained by the structural1117

differences, SSβ , is strictly defined as the difference in the errors1118

between these two models, which is given by the following equa-1119

tion:1120

SSβ = SSEreduced −SSEfull. (17)1121

Next, these sums of squares are divided by their respective degrees1122

of freedom (df) to normalize them into mean squares (MS), which1123

represent the variance per degree of freedom independent of the1124

number of categories or sample sizes. The degree of freedom allo-1125

cated to the structural differences, dfβ , is the number of structural1126

categories minus one (i.e., dfβ = 1 for the two categories in this1127

analysis), and the residual degrees of freedom, dfϵ, is the total1128

number of data points n minus the total number of parameters es-1129

timated in the full model. Consequently, the mean square for the1130

structure, MSβ , and the mean square for the residuals, MSϵ, are1131

calculated as follows:1132

MSβ =
SSβ

dfβ
, MSϵ =

SSEfull

dfϵ
. (18)1133

Then, the test statistic F , which indicates how dominant the pure1134

effect (signal) of the structural differences is over the natural vari-1135

ance (noise) unexplained by the model, is derived as the ratio of1136

these two mean squares, formulated as:1137

F =
MSβ

MSϵ
. (19)1138

Assuming the null hypothesis (H0: there is no difference in physi-1139

cal properties due to structure, i.e., β = 0) is true, this test statistic1140

F follows an F -distribution with degrees of freedom (dfβ ,dfϵ).1141

Finally, by comparing the calculated F -value with the probability1142

density function of this F -distribution, we calculate the p-value,1143

which represents the probability that the observed data (or a more1144

extreme difference) would occur by chance. In this study, by con-1145

firming that this p-value falls below the pre-determined signifi-1146

cance level (α = 0.05), we mathematically demonstrate the sig-1147

nificant main effect of the structure (βstructure) under conditions1148

where the influence of the environmental bias (αregion) is com-1149

pletely controlled.1150

Finally, to visually demonstrate the statistical evaluations of the1151

ANOVA described above, we use adjusted values rather than raw 1152

observational data in the visualizations, such as the violin plots 1153

presented in Section 4.2. These adjusted values are calculated us- 1154

ing the parameter vector θ̂ strictly estimated by the OLS of the full 1155

model. Specifically, the estimated environmental bias of the corre- 1156

sponding region, α̂region(i), is subtracted from each raw data point 1157

yi, which is formulated as follows: 1158

yadj,i = yi − α̂region(i) = µ̂+ β̂structure(i) + ϵ̂i. (20) 1159

Through this subtraction, the environmental baseline differences 1160

across the 13 regions are completely eliminated. It should be noted 1161

that, to maintain an intuitive physical scale on the y-axis, the global 1162

mean of the raw data is added back to these adjusted values dur- 1163

ing the final plotting process. Consequently, the differences in the 1164

distributions appearing on the graphs purely reflect the structural 1165

differences (β̂) and the natural variance (ϵ̂), ensuring that the vi- 1166

sual representations are perfectly consistent with the mathematical 1167

conclusions drawn from the Type II ANOVA. 1168
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Fig. 11. Association probabilities of YSOs as a function of the local phys-
ical properties. The panels show the probabilities against (a) effective ra-
dius, (b) mass, (c) volume density, and (d) virial parameter (αvir). The
red diamonds and grey circles represent leaves and isolated structures,
respectively. The shaded regions indicate the 95% Clopper-Pearson exact
confidence intervals for the probabilities. To ensure statistical reliability,
data points for bins containing fewer than 5 sources are excluded from the
plots. The horizontal axes are shown in logarithmic scale. Alt text: Four-
panel figure plotting the association probability of young stellar objects for
leaf and isolated structures against effective radius, mass, volume density,
and virial parameter, each series shown with a confidence band. In every
panel the leaf and isolated series track each other with overlapping con-
fidence bands, showing no separation between the two categories at any
value of the physical parameters.
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Fig. 12. Mean number of associated YSOs as a function of the local phys-
ical properties. The panels show the mean numbers against (a) effective
radius, (b) mass, (c) volume density, and (d) virial parameter (αvir). The
red diamonds and grey circles represent leaves and isolated structures,
respectively. The shaded regions indicate the 95% bootstrap confidence
intervals. To ensure statistical reliability, data points for bins containing
fewer than 5 sources are excluded from the plots. The horizontal axes are
shown in logarithmic scale. Alt text: Four-panel figure plotting the mean
number of associated young stellar objects for leaf and isolated structures
against effective radius, mass, volume density, and virial parameter, each
series shown with a confidence band. In every panel the leaf and isolated
series track each other with overlapping confidence bands, showing no
separation between the two categories.
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Fig. 13. Same as Figure 10, but for the adjusted (a) number of associated Hi-GAL clumps (log10 Nclump), (b) total mass of associated Hi-GAL clumps
(log10Mclump) and (c) Clump Formation Efficiency (log10CFE). Alt text: Three-panel violin plot comparing the adjusted distributions of isolated structures
and leaves for the number of associated Hi-GAL clumps, their total mass, and the clump formation efficiency. The number and total mass of clumps are
both significantly higher in leaves than in isolated structures, while the clump formation efficiency shows nearly equal means with no statistically significant
difference.
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Fig. 14. Same as Figure 11, but for the association probabilities of Hi-GAL
clumps. Alt text: Four-panel figure plotting the association probability of Hi-
GAL clumps for leaf and isolated structures against effective radius, mass,
volume density, and virial parameter, each series shown with a confidence
band. In every panel the leaf and isolated series track each other with
overlapping confidence bands, showing no separation between the two
categories.
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Fig. 15. Same as Figure 12, but for the mean number of associated Hi-
GAL clumps. Alt text: Four-panel figure plotting the mean number of as-
sociated Hi-GAL clumps for leaf and isolated structures against effective
radius, mass, volume density, and virial parameter, each series shown with
a confidence band. The two series largely overlap, but at the largest radii,
highest masses, and lowest virial parameters the leaf series exceeds the
isolated series beyond their error bars.
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Fig. 16. Same as Figure 12, but for the mean total mass of Hi-GAL
clumps. Alt text: Four-panel figure plotting the mean total mass of as-
sociated Hi-GAL clumps for leaf and isolated structures against effective
radius, mass, volume density, and virial parameter, each series shown with
a confidence band. The two series largely overlap, but at the largest radii,
highest masses, and lowest virial parameters the leaf series exceeds the
isolated series beyond their error bars.
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As a gas reservoir, the trunk hosts internal high-density leaves, which grow through 
mass accretion and mutual interaction, raising the characteristic fragmentation mass. 

Fragmentation is suppressed, and leaves generate more Hi-GAL clumps.

Fig. 17. Schematic of the proposed scenario for massive clump formation within structured molecular clouds. The orange ellipse represents a trunk and
the red circles the leaves embedded within it; orange arrows denote gas inflow (accretion) onto the leaves, red arrows mutual interactions and mergers
among them, and blue stars the Hi-GAL clumps. Left: acting as a massive, gravitationally bound gas reservoir, the trunk hosts internal high-density leaves
that grow through sustained accretion and mutual interaction, raising the characteristic fragmentation mass. Right: this elevated mass scale suppresses
fragmentation into low-mass cores, so the accumulated gas is channeled into the formation of numerous massive clumps. Alt text: Two-stage schematic
read left to right. Left: an ellipse (trunk) encloses two smaller circles (leaves), with inward arrows feeding the leaves and arrows linking the leaves to each
other. Right: the same trunk with the leaves now marked by star symbols representing the Hi-GAL clumps.
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