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ABSTRACT

We decomposed the molecular gas in the spiral galaxy NGC 628 (M74) into multiscale hub-filament structures using the CO
(2—1) line by the dendrogram algorithm. All leaf structures as potential hubs were classified into three categories, i.e. leaf-HFs-A,
leaf-HFs-B and leaf-HFs-C. Leaf-HFs-A exhibit the best hub-filament morphology, which also have the highest density contrast,
the largest mass and the lowest virial ratio. We employed the filfinder algorithm to identify and characterize filaments within 185
leaf-HFs-A structures, and fitted the velocity gradients around the intensity peaks. Measurements of velocity gradients provide
evidence for gas inflow within these structures, which can serve as a kinematic evidence that these structures are hub-filament
structures. The numbers of the associated 21 wm and H « structures and the peak intensities of 7.7 um, 21 wm, and H & emissions
decrease from leaf-HFs-A to leaf-HFs-C. The spatial separations between the intensity peaks of CO and 21 wm structures of leaf-
HFs-A are larger than those of leaf-HFs-C. These evidence indicate that leaf~-HFs- A are more evolved than leaf-HFs-C. There may
be an evolutionary sequence from leaf-HFs-C to leaf-HFs-A. Currently, leaf-HFs-C lack a distinct gravitational collapse process
that would result in a significant density contrast. The density contrast can effectively measure the extent of the gravitational
collapse and the depth of the gravitational potential of the structure which, in turn, shapes the hub-filament morphology.
Combined with the kinematic analysis presented in previous studies, a picture emerges that molecular gas in spiral galaxies is
organized into network structures through the gravitational coupling of multiscale hub-filament structures. Molecular clouds,
acting as knots within these networks, serve as hubs, which are local gravitational centres and the main sites of star formation.
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formation — galaxies: structure.

1 INTRODUCTION

Analysing the dynamical interaction between density enhancements
in giant molecular clouds and gas motion in their surrounding
environment provides insight into the formation of hierarchical
structures in high-mass star and star cluster-forming regions (McKee
& Ostriker 2007; Dib et al. 2012; Motte, Bontemps & Louvet
2018; Henshaw et al. 2020). Detailed observations of high-mass
star-forming regions with high resolution unveil the organized
distribution of density enhancements within filamentary networks of
gas, particularly evident in hub-filament systems. In these systems,
converging flows channel material towards the central hub along
the interconnected filaments (Peretto et al. 2013; Henshaw et al.
2014; Zhang et al. 2015; Liu et al. 2016, 2022; Lu et al. 2018;
Yuan et al. 2018; Issac et al. 2019; Dewangan et al. 2020; Zhou
et al. 2022, 2023; Dib 2023). In particular, Zhou et al. (2022)
studied the physical properties and evolution of hub-filament systems
across ~140 protoclusters using spectral line data obtained from
the ATOMS (ALMA Three-millimeter Observations of Massive
Star-forming regions) survey (Liu et al. 2020). They proposed that
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hub-filament structures exhibiting self-similarity and filamentary
accretion appear to persist across a range of scales within high-mass
star-forming regions, spanning from several thousand astronomical
units to several parsecs. This paradigm of hierarchical, multiscale
hub-filament structures was generalized from clump—core scale to
cloud—clump scale in Zhou et al. (2023) and from cloud—clump
scale to galaxy—cloud scale in Zhou & Davis (2024). Hierarchical
collapse and hub-filament structures feeding the central regions are
also depicted in previous works, see Motte et al. (2018), Vazquez-
Semadeni et al. (2019), Kumar et al. (2020) and references therein.
Kinematic analyses presented in Zhou et al. (2023) and Zhou &
Davis (2024) demonstrate the presence of multiscale hub-filament
structures within molecular clouds and spiral galaxies. The results
notably show that intensity peaks, acting as hubs, are correlated
with converging velocities, suggesting that surrounding gas flows
are directed towards these dense regions. Filaments across various
scales exhibit distinct velocity gradients, with a marked increase
in these gradients at smaller scales. Interestingly, the variations in
velocity gradients measured at larger scales align with expectations
from gravitational free-fall with higher central masses. This cor-
relation implies that inflows on large scales are driven by large-
scale structures, potentially due to the gravitational coupling of
smaller scale structures. Fig. 5 of Zhou & Davis (2024) shows a
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vivid example of gravitational coupling, where multiple peaks are
coupled together to form a gravitational potential well on larger
scale, and each peak itself is also a local gravitational centre. This
aligns with the global hierarchical collapse (GHC) scenario proposed
by Vazquez-Semadeni et al. (2019), which suggests that clouds
are composed of multiple nested collapses occurring across a wide
range of scales. These observations agree with the hierarchical nature
found in molecular clouds and spiral galaxies, and gas inflow from
large to small scales. Large-scale velocity gradients are consistently
associated with numerous intensity peaks, reinforcing the idea that
the clustering of smaller scale structures can act as gravitational
centres on larger scales.

Based on the kinematic evidence, the main goal of this work is
to directly recover the multiscale hub-filament structures in a spiral
galaxy NGC 628 (M74 or the Phantom Galaxy).

2 DATA

We selected a face-on spiral galaxy NGC 628 (M74) from the
PHANGS-ALMA survey. We used the combined 12m+7m+TP
PHANGS-ALMA CO (2—1) data cubes to investigate gas kine-
matics and dynamics and identify hub-filament structures in the
galaxy, which have a spectral resolution of 2.5 km s~! and an
angular resolution ~ 1.1 arcsec, corresponding to a linear resolution
~50 pc at the distance 9.8 Mpc (Anand et al. 2021; Leroy et al.
2021b). We also use the JWST 7.7 and 21 um maps with an
angular resolution ~ 0.67 arcsec or a linear resolution ~30 pc
from the PHANGS—/WST survey and the Ho emission map with
an angular resolution ~ 0.92 arcsec or a linear resolution ~45 pc
from the PHANGS-MUSE survey. Overviews of the PHANGS—
ALMA, PHANGS-MUSE, and PHANGS—/WST surveys’ science
goals, sample selection, observation strategy, and data products are
described in Leroy et al. (2021a,b), Emsellem et al. (2022), and
Lee et al. (2023). All the data are available on the PHANGS team
website.! The field-of-views (FOVs) of these observations are shown
in Fig. 1. NGC 628 was selected for the following reasons:

(1) It is a face-on galaxy. The inclination angle of NGC 628 is
only 8.9° et al. 2020). Therefore, this facilitates the identification of
the hub-filament structures embedded within the galaxy.

(2) High-resolution CO data and the galaxy’s relatively near
distance can clearly reveal the hub-filament structures.

(3) It is covered by multiwavelength observations. As discussed
below, high-resolution 21 pm and Ha emission are crucial to
determine the evolutionary states of CO structures.

3 RESULTS

3.1 Dendrogram

We conducted a direct identification of hierarchical (sub-)structures
based on the two-dimensional intensity maps. As described in
Rosolowsky et al. (2008), the dendrogram algorithm decomposes
density or intensity data into hierarchical structures called leaves,
branches, and trunks. Using the ASTRODENDRO package,” there
are three major input parameters for the dendrogram algorithm:
min_value for the minimum value to be considered in the data set,
min_delta for a leaf that can be considered as an independent entity,
and min_npix for the minimum area of a structure. For the CO (2—1)

Uhttps://sites.google.com/view/phangs/home
Zhttps://dendrograms.readthedocs.io/en/stable/index.html
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Figure 1. Background is the integrated intensity map of CO (2—1) emis-
sion. Black ellipses represent leaf structures identified by the dendrogram
algorithm. Red and orange boxes mark the field-of-views in 21 pm and H o
observations, respectively. The long and short axes of the ellipse are 2a and
2b, as discussed in Section 3.1.

data cube, there are two types of Moment 0 maps (strictly masked
and broadly masked) in the data product of the PHANGS-ALMA
survey.® The strictly masked maps only include emissions that are
identified as signals with high confidence in the data cube, which
might filter out the relatively faint structures. The broadly masked
maps offer superior completeness and cover larger areas compared
to the strictly masked maps. However, due to the inclusion of more
regions with faint emissions or areas close to bright emissions, they
tend to be noisier and may contain false positives. In order to ensure
the reliability of the identified structures and because we are only
interested in local dense structures, we select the strictly masked
Moment 0 map to identify structures. Since all the retained structures
on the strictly masked Moment O map are reliable, we only require
the smallest area of the identified structure be larger than 1 beam area.
We do not set additional parameters in the algorithm to minimize the
dependence of the identification on parameter settings. Finally, we
obtained 773 leaf structures.

For the 21 um and H « emission, apart from min_npix = 1 beam
area, we also take the values of min_value = 30y, min_delta =
3%0rms, Where oy 1s the background intensity. The total numbers
of 21 um and Ha leaf structures are 1491 and 1965, respectively.
We first retained as much structures as possible using these lower
standards, then eliminated the diffuse structures, as described in
Section 3.5.2. In Figs 1, 2, and 3, the CO, 21 um and Ho
structures identified by the dendrogram algorithm exhibit a strong
correspondence with the background intensity maps.

The algorithm characterizes the morphology of each structure by
approximating it as an ellipse. Within the dendrogram, the root mean
square (rms) sizes (second moments) of the intensity distribution

3Details of the masking strategy and completeness statistics are presented in
the PHANGS pipeline paper (Leroy et al. 2021a).
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Figure 2. Background is the intensity map of JWST 21 pm emission. Black
ellipses represent the remained (bright) 21 pum structures. The selection was
done in Section 3.5.2. The long and short axes of the ellipse are 2a and 2b.
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Figure 3. Background is the intensity map of H« emission. Black ellipses
represent the remained (bright) Ha structures. The selection was done in
Section 3.5.2. The long and short axes of the ellipse are 2a and 2b.

along the two spatial dimensions define the long and short axes of
the ellipse, denoted as a and b. As described in Zhou et al. (2024a),
the initial ellipse with a and b is smaller, so a multiplication factor of
two is applied to appropriately enlarge the ellipse. Then the effective
physical radius of an ellipse is Retf =+/2a x 2b % D, where D is the
distance of the galaxy. For a structure with an area A and a total
integrated intensity Ico, the mass of the structure can be calculated
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by
M = als' x Ico x A, 6]

where aéal ~ 6.7 Mgpc2(K km s~!)~! (Leroy et al. 2022).

3.2 Velocity components

For the identified molecular structures, we extracted the average
spectrum of each structure to investigate its velocity components
and gas kinematics. Large-scale velocity gradients from the galaxy’s
rotation contribute to the non-thermal velocity dispersion. To address
this, and before extracting the average spectra, we removed the bulk
motion due to the rotation of galaxy by creating gas dynamical
models using the Kinematic Molecular Simulation (KINMS) package
(Davis et al. 2013), as shown in Fig. 4. Then, following the procedure
described in Zhou et al. (2024a), we fitted the averaged spectra of
773 leaf structures individually using the fully automated Gaussian
decomposer GAUSSPY+ (Lindner et al. 2015; Riener et al. 2019)
algorithm. Almost all structures exhibit a single-peak profile. Only
a few structures have a clear double-peak profile. Fig. 5 displays the
average spectra of the central regions of the structures presented in
Figs 6, 7, and 8, marked by cyan ellipses.

3.3 Classification

From the line profile, we can fix the velocity range of each structure.
Then, the Moment 0 map of each structure was reproduced in the
corresponding velocity range to eliminate the overlap of potential
incoherent velocity components. All identified intensity peaks (leaf
structures) of CO (2—1) emission are thought to be potential hubs.
Around these intensity peaks, we extended the spatial ranges to
investigate the filamentary structures connected with them. After
trying different enlargement factors, extending to 2.5 times the hub
size (the effective radius of the leaf structure), we can recover
the entire hub-filament structure and at the same time, avoid
including many neighbouring structures, as shown in Figs 6, 7,
and 8.

All leaf structures were classified by eye into three categories only
based on their morphology, i.e. leaf-HFs-A, leaf-HFs-B, and leaf-
HFs-C. The numbers of structures in the three categories are 234, 181,
and 358. Some examples in the three categories are shown in Figs 6,
7, and 8. From these maps, we can observe that leaf-HFs-C do not ex-
hibit clear central hubs, meaning that the density contrast between the
hub and the surrounding diffuse gas is not pronounced. In contrast,
leaf-HFs-A and leaf-HFs-B feature distinct central hubs or high-
density central regions, characteristic of hub-filament structures.
Compared to leaf-HFs-B, leaf-HFs-A demonstrate more defined hub-
filament morphology, with filamentary diffuse gas surrounding their
central hubs. The hubs of leaf-HFs-A are more outstanding. While the
boundary between leaf-HFs-A and leaf-HFs-B might be less distinct,
the difference between leaf-HFs-A and leaf-HFs-C is significant.
Therefore, in the subsequent discussion, we focus on the comparison
between leaf-HFs-A and leaf-HFs-C.

The initial classification was only based on the morphology,
because other differences between the structures were unknown.
In the subsequent analysis, we can see that the physical properties
of the structures in three categories are also significantly different.
Therefore, the morphological differences are the result of certain
physical processes shaping them and are not coincidental.

MNRAS 534, 683-694 (2024)
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package; (c) velocity fluctuations after subtracting the model.
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Figure 5. Average spectra and their Gaussian fitting of the CO structures marked by cyan ellipses in Fig. 6 (the first row), Fig. 7 (the second row), and Fig. 8

(the third row).

3.4 Filamentary structures

3.4.1 Identification

As done in Zhou & Davis (2024), we also use the filfinder algorithm
to characterize the filamentary structures around the hub. In Zhou &
Davis (2024), we only focussed on large-scale filaments along the
spiral arms. Clear fluctuations in velocity and density were observed
along these filaments. Each individual intensity peak reveals a local
hub. In this work, we first identified the local intensity peaks (leaf
structures), and then searched for hub-filament structures centred
around these intensity peaks as potential hubs. Now, we need
to continue identifying small-scale filamentary structures within
these local hub-filament structures. Due to the limited observational
resolution, even for the largest leaf-HFs-A structures, they still lack
enough pixels to recognize the filaments. Therefore, we have to
regrid the images and increase the number of pixels in the images

MNRAS 534, 683-694 (2024)

from N, * Ny to 2N, % 2N, # To avoid introducing false structures,
we only doubled the number of pixels. As shown in Fig. 6, the
morphology of the structures remains unchanged. The identified
filamentary structures also align well with the background. However,
due to the resolution limitations, the filamentary structures do not
appear very extended.

3.4.2 Velocity gradient

A kinematic feature of hub-filament structures is that the gas flow
along the filament converges towards the central hub, resulting in
a measurable velocity gradient along the filament. Since we are

4We do this by using the zoom function from the scipy.ndimage module to
regrid the image by setting an interpolation order of 3.
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Figure 6. Some examples of leaf-HFs-A. CO emission (the first and second rows), 21 pum emission (the second row) and H, emission (the third row). The
long and short axes of the ellipse are 2a and 2b, as discussed in Section 3.1. In the first row, the filaments identified by the FILFINDER algorithm are overlaid on

the Moment 0 maps.

now studying each local hub-filament structure, we follow the same
analysis presentend in Zhou et al. (2022) to fit the velocity gradients
around the intensity peaks. In Fig. 9(a), the velocity gradients fitted
in NGC 628 are quite comparable to those in NGC 4321 and NGC
5236 presented in Zhou & Davis (2024). The measured velocity
gradients pre-dominantly fit within the mass range of approximately
10° to 10” Mg. This range aligns with the mass distribution of leaf
structures shown in Fig. 9(b). This consistency suggests that local
dense structures act as gravitational centres, accreting surrounding
diffuse gas and thereby generating the observed velocity gradients.
Measurements of velocity gradients provide evidence for gas in-
flow within these structures, which can also serve as kinematic
evidence that these structures can be regarded as hub-filament
systems.

We note that only leaf-HFs-A structures were considered in the
identification of filaments and the analysis of the velocity gradients.
Furthermore, we successfully identified the filaments for only 185
leaf-HFs-A structures, and the filaments are long enough to show
clear velocity gradients.

3.5 Physical properties

3.5.1 Density contrast

As shown in Fig. 6, a clear central hub implies a noticeable density
contrast between the hub and the surrounding diffuse gas. We define
the density contrast C as the ratio of the average column density
in the hub region, Ny, to the average column density within an
elliptical ring around the hub with the width equal to the hub size
(the effective radius of the leaf structure), N,,

C = Npw/N,. 2

As expected, leaf-HFs-A with the best hub-filament morphology
have the highest density contrast in Fig. 10(a). Moreover, leaf-
HFs-A also possess the largest masses and the lowest virial
ratios.

MNRAS 534, 683-694 (2024)
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3.5.2 Association with 21 wum and H o emission

Diffuse 21 pum and Ho emission should be unrelated to recent
star formation activities. Therefore, for 21 um and Ha structures
identified in Section 3.1, we need to filter the faint structures. 21
pm and Ho emission that originate from the clusters born in the
clouds should present intensity peaks. Similar to the CO structures,
we calculated the intensity contrast for all identified 21 pm and
Ha structures. Before the calculation, we first shift the centre of
each structure to the pixel with the strongest emission. Structures
with peak intensities greater than the median peak intensity of all
structures are retained. Given that a large number of faint structures
were identified using loose criteria in Section 3.1, this standard is
not stringent. For structures that do not meet this criterion, if their
intensity contrast is greater than 1.5, they will also be retained. The
final numbers of 21 wm and H « leaf structures are 841 and 1142,
respectively. As can be seen from Figs 2 and 3, the retained (bright)
structures encompass all the significant emissions.

As shown in Fig. 1, JWST 21 pm emission has the smallest FOV
in the observations. Thus, we discarded the CO (2—1) and Ha
structures which are beyond the FOV of the 21 pum observation.
Generally, the structure seen in CO is irregular and extended, so
the densest part may not be at the effective centre of the structure
output by the dendrogram algorithm. However, the position with the
highest column density truly represents the site of star formation.
Therefore, we calculate the spatial separations between the position
of maximum CO column density and the positions of maximum 21
pm or Ho intensity. If the separations are less than the effective
radius of a CO structure, we consider the corresponding 21 pwm or
H « structures are associated with the CO structure. We note that CO
could be optically thick, which may lead to an underestimation of
the column density and, consequently, affect the estimation of the
density centre.

Molecular clouds as hubs in spiral galaxies 689

Finally, there are 313 21 pum structures (37 per cent, 313/841)
and 324 H« structures (28 per cent, 324/1142) associated with CO
structures, where 185 CO structures have both strong 21 pm and
H « emissions. Limited to the FOV of 21 um observations, the total
numbers of leaf-HFs-A, leaf-HFs-B, and leaf-HFs-C are 163, 119,
and 251, respectively. The proportions of leaf-HFs-A, leaf-HFs-B,
and leaf-HFs-C associated with both 21 um and H « structures are
58 per cent (95/163), 37 per cent (44/119), and 18 per cent (46/251),
indicating that leaf-HFs-A are more evolved than leaf-HFs-C. We
also calculated the peak intensities of 7.7 pm, 21 pum, and Ha
emissions for each CO structure. As shown in Fig. 10 (f)-(h), all
emissions gradually increase from leaf-HFs-C to leaf-HFs-A.

3.5.3 Scale and density

In Fig. 10(a) and (e), leaf-HFs-C have significantly smaller density
contrasts and scales. However, leaf-HFs-C and leaf-HFs-B show
comparable column density distributions in Fig. 10(d), although
leaf-HFs-B have larger density contrasts. Therefore, leaf-HFs-C are
not necessarily low-density structures. It is just that the density
distribution in leaf-HFs-C structures is relatively uniform. From these
results, one would argue that only when the structural scale is large
enough, the density contrast can clearly manifest. In other words, the
hub size of leaf-HFs-C could be too small to be resolved. Moreover,
beam smearing effect may create an illusion of uniform density
distribution. In order to check these possibilities, in Fig. 11, we fitted
the correlation between density contrast and scale. Individually, for
leaf-HFs-A and leaf-HFs-C, there is almost no correlation between
density contrast and scale. When the two categories were combined, a
correlation between density contrast and scale does appear. However,
since leaf-HFs-A and leaf-HFs-C have significant scale overlap, if
leaf-HFs-A can discern the hubs, leaf-HFs-C should be able to as
well. Therefore, relative to leaf-HFs-A, the absence of the hubs in
leaf-HFs-C is real and not merely a resolution issue.

Two vertical dashed lines in Fig. 11 mark the approximate range
where leaf-HFs-A and leaf-HFs-C have significant scale overlap. We
confined the comparison of leaf-HFs-A, leaf-HFs-B, and leaf-HFs-
C to this scale range and obtained results consistent with previous
findings, as shown in Fig. Al. Therefore, the difference in scale is
not a significant factor affecting the physical properties of different
types of structures.

3.6 Star formation

In this section, we examined the physical properties of embedded
star clusters within molecular clouds. Following the prescriptions
described in Leroy et al. (2021b), the WISE 22 um data can be used
to calculate the local star formation rate (SFR) surface density via

Ioym

=3.8x 1073 [ —=2_ ) cosi, 3)
MJy sr~!

where i is the inclination angle of the galaxy (i = 0° is face-on). In
this work, we used JWST 21 um data to estimate the SFR surface
density.

Kruijssen & Longmore (2014) and Kruijssen et al. (2018) have
developed a statistically robust method to convert the observed spatial
separations between cold gas and SFR tracers into their underlying
time-scales. This approach was employed by Kim et al. (2023) to
study NGC 628 using emission maps of CO, JWST 21 um, and Ha
emission maps which respectively trace molecular clouds, embedded
star formation, and exposed star formation. This analysis yielded
systematic constraints on the duration of the embedded phase of star

ZsFR
Mg yr—! kpe—2
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formation in NGC 628. They defined the duration of the embedded
phase of star formation as the time during which CO and 21 pum
emissions are found to be overlapping, fm 21,m. In contrast, the
‘heavily obscured phase’ refers to the period when both CO and
21 um emissions are present without associated H o emission, Zopsc-
Finally, they obtained #g 21,im 2 5.172] Myr and fop,. A~ 2.37%7 Myr.
In this work, we directly take the typical values fm 21m = 5.1 Myr
and fypsc = 2.3 Myr. Therefore, the estimate is quite rough, given
the significant uncertainty regarding the duration time. For 185
CO structures associated with both 21 um and H« emissions, the
duration time should be ~ 2.3—5.1 Myr. The spatial separations d
between the intensity peaks of CO and 21 pm structures calculated
in Section 3.5.2 can be used to distribute the age of the embedded
star clusters in each molecular cloud. The typical value of d is ~
0.64 arcsec, which is significantly larger than the typical positional
uncertainty of each data set. Assuming f, = 2.3 Myr, the age of the
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embedded star cluster is

tfb,21//.m - tobsc

! o+ dmax - dmin % d, (4)
where dy,x and dy,;, are the maximum and minimum spatial sepa-
rations. By combining the local SFR of each molecular cloud, we
estimated the total mass of the corresponding embedded star clusters.
Fig. 12(a) shows the mass distribution of embedded star clusters.
The cluster mass of leaf-HFs-A is much larger than those of leaf-
HFs-B and leaf-HFs-C. The results here are quite consistent with the
findings in Hassani et al. (2023). For the JWST 21 um compact source
population identified in Hassani et al. (2023), using spectral energy
distribution (SED) fitting, they found that the 21 pm sources have
SEDs consistent with stellar population masses of 10> < M, /Mg
< 10*3. They also found a range of mass—weighted ages spanning
2-25 Myr, though most objects are < 8 Myr.

In Fig. 12(b), the spatial separations between the intensity peaks of
CO and 21 pm structures of leaf-HFs-A are also larger than leaf-HFs-
C. Since the spatial separation can measure the evolutionary time-
scales of molecular clouds, this is further evidence supporting that
leaf-HFs-A is more evolved than leaf-HFs-C. However, the sample
size here is very limited. The numbers of leaf-HFs-A, leaf-HFs-B,
and leaf-HFs-C are 95, 44, and 46, respectively. More samples are
necessary to quantitatively assess the correspondence between the
separations and the evolutionary stages of molecular clouds.

4 DISCUSSION

4.1 Formation of hub-filament structures

The hub-filament morphology could be shaped by either gravitational
collapse (Vazquez-Semadeni et al. 2019) or strong shocks due
to turbulence (Padoan et al. 2020). In the second case, there is
no anticipated consistency between the velocity gradients and the
masses of the hubs, while in the first case, a relationship between the
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Figure 12. (a) The mass distribution of embedded star clusters; (b) the
spatial separations between the intensity peaks of CO and associated 21 pm
structures.

velocity gradients and the hub masses is naturally expected. Thus,
the results presented in Section 3.4 clearly support the scenario
in which the hub-filament structures form through gravitational
contraction of gas structures on galaxy—cloud scales, which is also
revealed in Zhou & Davis (2024). Similar findings on cloud—clump
scales and clump—core scales are presented in Zhou et al. (2023),
(2022), also see Motte et al. (2018), Vazquez-Semadeni et al.
(2019), Kumar et al. (2020) and references therein. The kinematic
characteristics of gas structures on galaxy—cloud scale are very
similar to those on cloud—clump and clump—core scales. Therefore,
a picture emerges where dense cores act like hubs within clumps,
clumps act like hubs within molecular clouds, and clouds act like
hubs in spiral galaxies. The interstellar medium from galaxy to dense
core scales presents multiscale/hierarchical hub-filament structures.
Gas structures at different scales in the galaxy may be organized into
hierarchical systems through gravitational coupling. The hierarchical
hub-filament structures are also present in the galaxy cluster (hub)-
cosmic web (filament) picture, reflecting the self-similarity of the
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structural organization in the Universe. The fundamental reason may
be that structures at different scales in the Universe primarily evolve
under the influence of gravity.

Hubs are essentially structures with higher density compared to
the surrounding more diffuse gas. As local gravitational centres,
these hubs seem to accrete the surrounding diffuse gas, forming hub-
filament structures. The filamentary structures seem to be associated
with gas flows converging towards the hubs. A hub-filament structure
essentially consists of a gravitational centre and the gas flow
converging towards it. This could be considered as a fundamental
structural type in the interstellar medium (ISM). In short, as long
as there are local dense structures within the relatively diffuse ISM,
hub-filament structures will inevitably form.

Finally, we note that although the measured velocity gradients
support the gravitational collapse of gas structures on galaxy—cloud
scales, the collapse is much slower than a pure free-fall gravitational
collapse. In the free-fall, the velocity gradient Vv and the scale R
satisfy Vv o« R™1. However, Fig. 9(a) only gives Vv o« R~%°. For
NGC 4321 and NGC 5236, Zhou & Davis (2024) obtained a similar
slope, i.e. Vv o« R7%8, As discussed in Zhou & Davis (2024), the
deviation from the free-fall may come from the measurement biases,
the coupling with the galactic potential, the tidal forces from the
galaxy or the neighbouring structures, or the turbulence and magnetic
field supports (Chevance et al. 2023).

4.2 Evolutionary sequence of molecular clouds

The results of this work seem to suggest an evolutionary sequence
among molecular structures. First, we focus solely on leaf-HFs-A.
We compared two types of leaf-HFs-A, i.e. without and with 21 pm
and H o emissions. As shown in Fig. 13, the structures with 21 um
and H « emissions present larger density contrasts, lower virial ratios,
higher column densities, and larger scales (larger masses). In Figs 10
and Al, from leaf-HFs-C to leaf-HFs-A, we can see the same trend
for each physical quantity. Leaf-HFs-A without and with 21 pm and
H o emissions represent structures from two different evolutionary
stages. Leaf-HFs-C and leaf-HFs-A may have the same relation.

A typical characteristic of hub-filament structures is that the hub
region has significantly higher density compared to the surrounding
filamentary structures, i.e. the density contrast. The hub-filament
morphology is shaped by gravitational collapse. Hub-filament struc-
tures only become apparent when gravitational collapse has pro-
gressed to a certain extent. In this work, the identified dense CO
structures are potential hubs, which act as local gravitational centres.
Leaf-HFs-A have significantly greater mass than C, so they serve
as stronger gravitational centres. Leaf-HFs-A also present much
better hub-filament morphology than leaf-HFs-C, which reflects the
extent of gravitational collapse. Leaf-HFs-C have not yet exhibited
a pronounced gravitational collapse process that would lead to
a substantial density contrast. From leaf-HFs-C to leaf-HFs-A,
gravitational collapse will increase the density and density contrast
of the structure. Thus, the density contrast C effectively gauges the
degree of gravitational collapse and the depth of the gravitational
potential well within a structure, which decisively shape the hub-
filament morphology.

Fig. 14 shows a clear correlation between the density contrast
and the virial ratio. As expected, the density contrast decreases as
the virial ratio increases. However, the classical virial analysis only
considered the gravitational potential energy and internal kinetic
energy may not completely reflect the true physical state of the
identified structures. A more comprehensive virial analysis should
include additional physical mechanisms, such as external pressure
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Figure 14. Correlation between the density contrast and the virial ratio for
all leaf structures. ‘r’ is the Pearson correlation coefficient.

(Spitzer 1978; Elmegreen 1989; Kirk et al. 2017; Li et al. 2020;
Sun et al. 2020; Zhou et al. 2024a), tidal forces (Ballesteros-Paredes
et al. 2009a,b; Ramirez-Galeano et al. 2022; Li 2024; Zhou et al.
2024b) and magnetic fields (Dib et al. 2007; Crutcher et al. 2010;
Li & Henning 2011; Crutcher 2012; Seifried et al. 2020; Ibafiez-
Mejia, Mac Low & Klessen 2022; Ganguly et al. 2023). Local
dense structures are embedded within larger gas environments. Their
interactions with the surrounding environment may significantly
impact their physical state. After calculating a more accurate virial
ratio, the correlation in Fig. 14 should be stronger.

As the masses and scales of the structures also increase from
leaf-HFs-C to leaf-HFs-A, the results of this work suggest that the
structures inevitably accrete matter from their surrounding environ-
ment during the evolution. It is consistent with the analysis in Section
3.4 and the results presented in Zhou & Davis (2024) for NGC 5236
(M83) and NGC 4321 (M100). In these spiral galaxies, there are
clear velocity gradients around intensity peaks, and the variations
in velocity gradient across different scales suggest a gradual and
consistent increase in velocity gradient from large to small scales,
indicative of gravitational collapse and gas inflow at different scales.
Local dense structures act as local gravitational centres, naturally
accreting matter from the surrounding diffuse gas environment and
thereby accumulating mass.

5 SUMMARY

We decomposed the spiral galaxy NGC 628 into multiscale hub-
filament structures using the CO (2—1) line map. The main conclu-
sions are as follows:

(1) The intensity peaks as potential hubs were identified based on
the integrated intensity (Moment 0) map of CO (2—1) emission by
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the dendrogram algorithm. Around all intensity peaks, we extracted
the average spectra for all structures to decompose their velocity
components and fix their velocity ranges. The final identification
of hub-filament structures is based on the cleaned Moment 0 map
of each structure made by restricting to the fixed velocity range to
exclude the potential overlap of uncorrelated velocity components. In
practice, some steps might not be necessary, as almost all structures
show only one velocity component.

(2) All leaf structures as potential hubs were classified into three
categories, i.e. leaf-HFs-A, leaf-HFs-B, and leaf-HFs-C. For leaf-
HFs-C, the density contrast between the hub and the surrounding
diffuse gas is not pronounced. Both leaf-HFs-A and leaf-HFs-B have
clear central hubs. But leaf-HFs-A exhibit the best hub-filament
morphology, which also have the highest density contrast, the largest
mass and the lowest virial ratio.

(3) We employed the filfinder algorithm to identify and charac-
terize filaments within 185 leaf-HFs-A structures using integrated
intensity maps. We also fitted the velocity gradients around intensity
peaks, a process performed after removing the global large-scale
velocity gradients attributed to the galaxy’s rotation. Measurements
of velocity gradients provide evidence for gas inflow within these
structures, which can also serve as kinematic evidence that these
structures can be regarded as hub-filament structures.

(4) Leaf-HFs-C are not necessarily low-density structures. Itis just
that their density distribution is relatively uniform. There may be an
evolutionary sequence from leaf-HFs-C to leaf-HFs-A. Currently,
leaf-HFs-C lack a distinct gravitational collapse process that would
result in significant density contrast. The numbers of the associated
21 um and H « structures and the peak intensities of 7.7 pm, 21 pm,
and Ho emissions decrease from leaf-HFs-A to leaf-HFs-C. The
spatial separations between the intensity peaks of CO and 21 um
structures of leaf-HFs-A are larger than leaf-HFs-C. These evidence
indicate that leaf-HFs-A are more evolved than leaf-HFs-C.

(5) There is a clear correlation between the density contrast and
the virial ratio, and the density contrast decreases as the virial ratio
increases. The density contrast C effectively measures the extent of
gravitational collapse and the depth of the gravitational potential well
of the structure that shape the hub-filament morphology. In terms of
reflecting the development and evolutionary stage of the structure,
density contrast is more crucial than density itself.

(6) Combining the local SFR derived from the JWST 21 pum
emission with the time-scale revealed by the spatial separation
between CO and 21 pm emissions yields mass estimates of embedded
star clusters in molecular clouds comparable to those obtained from
SED fitting. As expected, the cluster mass of leaf-HFs-A is much
larger than those of leaf-HFs-B and leaf-HFs-C.
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(7) Combined with the kinematic evidence presented in Zhou
& Davis (2024), a picture emerges where molecular gas in spiral
galaxies is organized into a network of structures through gravita-
tional coupling of multiscale hub-filament structures, consistent with
the global hierarchical collapse scenario (Vazquez-Semadeni et al.
2019). Molecular clouds with sizes of hundreds of pc in NGC 628
are knots in networks of hub-filament systems, and are the local
gravitational centres and the main star-forming sites.
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APPENDIX A: SUPPLEMENTARY MAPS
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Figure A1l. Same as Fig. 10, but limited to the scale range marked by the vertical dashed lines in Fig. 11.
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