
MNRAS 545, 1–17 (2026) https://doi.org/10.1093/mnras/staf2025 
Advance Access publication 2025 November 19 

The spatial evolution of star clusters in NGC 628 with JWST 

Anne S. M. Buckner ,1 ‹ Ana Duarte-Cabral ,1 Angela Adamo,2 Sean T. Linden,3 

Michele Cignoni ,4 , 5 , 6 Varun Bajaj,7 Arjan Bik,2 Giacomo Bortolini ,2 Daniela Calzetti,8 

Matteo Correnti,5 , 9 Bruce G. Elmegreen,10 Debra M. Elmegreen,11 Helena Faustino Vieira,2 

John S. Gallagher, III,12 Kathryn Grasha ,13 , 14 Benjamin Gregg,15 Rob A. Gutermuth,8 Kelsey Johnson,16 

Mark Krumholz ,13 Drew Lapeer,8 Matteo Messa ,5 Göran Östlin,2 Alex Pedrini,2 Jenna E. Ryon,7 
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A B S T R A C T 

We examine the spatial distribution of star clusters in NGC628 using the statistical tool INDICATE to quantify clustering 

tendencies. Our sample, based on Hubble Space Telescope and James Webb Space Telescope observations, is the most complete 
to date, spanning ages from 1 to > 100 Myr. We find cluster spatial behaviour varies with galactic position, age, and mass. 
Most emerging young clusters are tightly spatially associated with each other, while fully emerged clusters are in ∼1.5 times 
looser spatial associations, irrespective of age. Young Massive Clusters (YMCs ≥ 104 M�) tend to associate with lower-mass 
clusters but not strongly with other YMCs, implying that intense star formation regions produce a few YMCs alongside many 

lower-mass clusters rather than multiple YMCs together. Young concentrated clusters show a wide radial distribution in the 
galactic disc, which narrows with age; with concentrated clusters > 100 Myr mostly residing between 2 and 6 kpc. This pattern 

may reflect either faster dispersal of isolated tight cluster spatial ‘structure’ in a lower gas density outer disc or gradual inside-out 
growth, with the formation of this structure shifting outwards over time. We also detect distinct spatial behaviours for clusters 
within 2 kpc, linked to the inner Lindblad resonance ( ≤1 kpc), nuclear ring ( ∼0.5–1 kpc), and the start of spiral arms ( ∼1.25–
2 kpc), suggesting these regions exhibit strong radial motions that could hinder clusters from forming and remaining in tight 
concentrations. Our results highlight how spatially resolved studies of clusters can reveal the influence of galactic dynamics on 

star formation and cluster evolution. 

Key words: galaxies: individual: NGC 628 – galaxies: spiral – galaxies: star clusters: general – galaxies: statistics – galaxies: 
stellar content – galaxies: structure. 
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 I N T RO D U C T I O N  

tar clusters are the fundamental building blocks of spiral galaxies 
s most stars form in clustered environments. Unfortunately, the 
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echanisms of cluster formation, effect of local and galactic en- 
ironmental conditions have on this, as well as their longer-term 

volution, remain unclear despite considerable efforts by both the 
heoretical and observational communities. To better constrain the 
ole of galactic environment requires a multipronged analysis of 
luster populations, comparing variation in their properties (age, 
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ass, stellar composition) as a function of galactic environment
nd conditions. Young Massive Clusters (YMCs) – characterized as
aving ages < 100 Myr and masses ≥ 104 M� – are of particular
nterest as they provide important clues about the physics underpin-
ing massive cluster and star formation. Thus, when examined as
art of larger cluster population studies, the influence of the galactic
nvironment on both the early and longer-term evolution of massive
lusters can be explored. The advent of high-resolution infrared data
rom the James Webb Space Telescope ( JWST ; J. P. Gardner et al.
006 ) provides the opportunity to greatly advance our understanding
f these processes, as many of the youngest clusters – still associated
ith their natal clouds – are observable for the first time. 
Here, we characterize the spatial properties of the star cluster

opulation of spiral galaxy NGC 628. Also known as Messier 74, it
s a multiple arm galaxy of type SA(s)c with two main spiral arms
nd is the principal galaxy of the M74 galaxy group. NGC 628 has an
stimated total stellar mass of 2 . 2 × 1010 M � (A. K. Leroy et al. 2021 )
s nearby (9.84 Mpc; R. B. Tully et al. 2009 ), bright ( V = 9 . 46 mag;
. O. Cook et al. 2014 ), face-on ( i = 8 . 9◦ ± 12 . 2◦; A. K. Leroy et al.
021 ), and is actively forming stars with an estimated star formation
ate (SFR) of 1 . 74 M�yr−1 (A. K. Leroy et al. 2021 ). NGC 628 has
everal multiwavelength data sets available, including recent JWST
J. P. Gardner et al. 2023 ) observations, making it, unsurprisingly, one
f the best studied nearby spiral galaxies. It has had studies devoted to
ts star formation history and efficiency as a function of environment
K. Kreckel et al. 2016 ; K. Kreckel et al. 2018 ; M. Lomaeva et al.
022 ; J. Kim et al. 2023 ; F. Demachi et al. 2024 ); the distribution
nd properties of giant molecular clouds (C. N. Herrera et al. 2020 ;
. Demachi et al. 2023 ; H. Faustino Vieira et al. 2025 ); regularly-
paced 8 μm cores along the spiral arms, H II regions, Polycyclic
romatic Hydrocarbons and dust (L. Rousseau-Nepton et al. 2018 ;
. G. Elmegreen & D. M. Elmegreen 2019 ; D. A. Dale et al. 2023 ;
. V. Egorov et al. 2023 ; D. A. Thilker et al. 2023 ; D. Calzetti et al.
024 ; B. Gregg et al. 2024 ; K. Matsumoto et al. 2024 ; A. Pedrini
t al. 2024 ); feedback-driven bubbles (A. T. Barnes et al. 2023 ; E. J.
atkins et al. 2023 ); magnetic structure (D. D. Mulcahy, R. Beck &
. H. Heald 2017 ; M. Weżgowiec et al. 2022 ; M. Zhao et al. 2024 );

nd the broader structure/evolution of the galaxy (S. Aniyan et al.
018 ; A. A. Marchuk 2018 ; S. Inoue et al. 2021 ; K. Ujjwal et al.
022 ). 
Numerous studies have focused on the demographics of

GC 628’s star cluster population, extracting key characteristics
sing a wide-variety of statistically-based approaches. For example,
oth box-counting and surface brightness threshold methodologies
ave shown that the cumulative size distribution function of young
tellar regions is a power law with a slope of approximately -1.5
B. G. Elmegreen et al. 2006 ; A. S. Gusev 2014 ), while Bayesian
odelling has revealed the absence of mass-dependent disruption in

he galaxy (J. Tang, K. Grasha & M. R. Krumholz 2024 ). The use of
umulative distribution functions found that there is no age gradient
cross the spiral arms (F. Shabani et al. 2018 ) but clusters do display
ge-dependent spatial behaviour, such that the youngest strongly
lustered together but the older population is non-clustered, as iden-
ified using the two-point correlation function (K. Grasha et al. 2015 ;
. Grasha et al. 2017 ; F. Shabani et al. 2018 ). Although these statistics

re distinct, they are also similar in that they look at the ‘big picture’
rends across the population i.e. a single parameter is derived for
 group of clusters, rather than individual clusters. Advantageously
his allows typical galaxy-scale behavioural trends to be described
as a function of average age, mass, etc.). However, by design they
o not describe the behaviours of individual clusters within each
roup, so cannot identify local-scale variances in behaviour, nor
NRAS 545, 1–17 (2026)
uantify how various physical factors have impacted these. In this
aper we will use the novel statistical clustering tool ‘INDICATE’
INdex to Define Inherent Clustering And TEndencies; A. S. M.
uckner et al. 2019 ) to describe the spatial behaviour of each cluster

n NGC 628’s population individually. We will quantify, for the first
ime, how small differences in cluster age, mass, and galactic position
nfluence spatial behaviour of stellar clusters in NGC 628. Our study
ncludes a significant number of recently discovered clusters still
mbedded within their natal clouds, which were found with high-
esolution Near InfraRed (NIR) JWST images of NGC 628 obtained
y the Feedback in Emerging extragAlactic Star ClusTers (FEAST,
O-1783, PI A. Adamo) collaboration. 
This paper is structured as follows. In Section 2 , we describe

ur cluster catalogue, and in Section 3 , we detail the methodology
sed to study their spatial properties. The results of our analysis for
lusters’ spatial behaviour, including trends with galactic position,
ge, and mass, are presented in Section 4 , and our conclusions given
n Section 5 . 

 DATA  

n this work, we analyse the clusters of NGC 628, using a combined
ample consisting of candidates identified using both Hubble Space
elescope ( HST ) and JWST observations. Below we describe how
ur sample was constructed and detail our selection criteria. 

.1 Initial Sample Selection 

o ensure a complete (as possible) stellar cluster population for our
nalysis, we created our sample by combining the star cluster cata-
ogues produced within the FEAST collaboration. The first catalogue
onsists of young clusters in the emergence phase (emerging young
tellar clusters, eYSCs) which have been extracted in JWST /NIRCam
maging. The second catalogue contains stellar clusters extracted in
ptical HST imaging using a well-established approach that has led
o the production of many star clusters catalogues in local Universe
alaxies over the years (see e.g. M. R. Krumholz, C. F. McKee &
. Bland-Hawthorn 2019a for a review). Hereafter, we will refer
o the sample of clusters extracted in this way as optical YSCs
or simplicity, although we note that these optical clusters are not
ecessarily young. The two samples combined cover the entire cluster
opulation from the earliest phases to clusters > 100 Myr old. 

.1.1 eYSC catalogue 

he eYSC catalogue presented in Adamo et al. (in preparation) con-
ists of 1576 emerging cluster candidates which are still associated
ith their H II regions and photodissociation regions. They were

xtracted from JWST Cycle 1 observations under the FEAST program
GO-1783), with additional archival data from program GO-2107 (PI
. Lee) included. We opted to utilize this catalogue for our analysis
s it represents the most complete dedicated emergence stage cluster
atalogue for NGC 628 to date. Full descriptions of observations,
luster identification, classification, and fitting procedures will be
ade available in Adamo et al. (in preparation), Linden et al. (in

reparation), and A. Pedrini et al. ( 2025 ). In brief, the GO-1783
bservations were carried out in the F115W, F150W, F187N, F200W,
277W, F335M, F405N, F444W, and GO-2107 observations in
300M and F360M filters. Data was processed using the calibration
les 1.11.4, and the final mosaics have been aligned to Gaia and have
 final pixel scale of 0.04 arcsec pixel−1 . eYSCs were identified as
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andidates which have compact morphologies in Pa α, and if present, 
n Br α. Further differentiation was made between eYSCs of two 
volutionary classes, Type 1 (eYSCI) and Type 2 (eYSCII), based 
n whether they have compact morphologies in 3.3 μm Polycyclic 
romatic Hydrocarbons (PAH) or not, respectively (A. Pedrini et al. 
024 ; B. Gregg et al. 2024 ). This classification resulted in 835 and
41 entries respectively. Physical properties were obtained for the 
YSCs using SED fitting with CIGALE (M. Boquien et al. 2019 ).
IGALE operates by generating a grid of models based on the 
ser’s input parameters, comparing a cluster’s photometry with each 
odel of the grid, and calculating the χ2 value to determine the 

oodness-of-fit. The χ2 value is then converted into a likelihood via 
xp ( −χ2 / 2), which is then used as a Bayesian prior estimate for the
hysical properties of each source, where 1 σ uncertainties are then 
etermined by the likelihood-weighted standard deviation of all the 
odels. Once CIGALE fits a cluster’s spectral energy distribution 

SED) based on the age and reddening, the mass is appropriately 
caled based on the cluster’s luminosity assuming a fully-sampled 
MF. A Milky Way-like extinction curve from J. A. Cardelli, G. C.
layton & J. S. Mathis ( 1989 ) was assumed, with an extinction factor
f RV = 3 . 1, solar metallicity, internal reddening in the range from
( B−V ) = 0 to 5 mag in 0.01 mag step, ages from 1 to 10 Myr
ith �T = 1 Myr, and total covering fractions which range from
.01–1. The adopted upper age limit of 10 Myr follows from the 
EAST selection, which identifies embedded candidates via strong 
ydrogen recombination emission (Pa α/Br α); the equivalent widths 
f the near–IR hydrogen lines (e.g. Pa β, Br γ ) decline to negligible
evels by ∼ 10 Myr in Starburst99 models (e.g. C. Leitherer et al. 
999 , 2014 ), so older clusters would not be selected by this tracer. 
For our sample, we removed sources detected in less than 4 

ands, and/or poor SED fit ( χ2 ≥ 20 , ≤ 200 M�). This selection
eaves 1216 clusters remaining, of which 653/563 are eYSCI/II, 
espectively. 

.1.2 Optical YSC catalogue 

he FEAST optical YSC catalogue (Adamo et al. in preparation) 
onsists of 16 645 cluster candidates which were extracted from 

rchival HST data including the Legacy ExtraGalactic UV Survey 
LEGUS; D. Calzetti et al. 2015 ) Hubble treasury program, GO- 
796, and GO-13773. We used this catalogue for our analysis, as
t is the largest extraction of the HST F555W FoV clusters to date,
urpassing the previously published reference catalogue of LEGUS 

A. Adamo et al. 2017 ). A comparison of this and the LEGUS
atalogue is extensively discussed in Adamo et al. (in preparation). 
he FEAST catalogue shows clear improvements over the LEGUS 

atalogue due to a different adopted aperture correction method and 
he inclusion of narrow-band filters, capturing H α and Pa α, and NIR
roadband capturing the stellar continuum. 
We refer the reader to the original catalogue paper for full details

f the extraction, classification, and fitting procedures. In brief, after 
he initial extraction was performed, final mosaics in WFC3 F275W, 
336W, F657N, and ACS/WFC F435W, F555W, F606W, F658N, 
nd F814W were drizzled to a common pixel scale of 0.04 arcsec
ixel−1 and registered to the Gaia reference frame. Properties for 
he candidates were derived by fitting their SED from 0.3 to 2 μm
 HST F275W, F336W, F657N, F435W, F555W, F606W, F658N, 
nd F814W and NIRCam F115W, F187N, F200W) with Yggdrasil 
pectral evolutionary models (E. Zackrisson et al. 2011 ), with a 
etallicity of Z = 0 . 02 and a P. Kroupa ( 2001 ) initial mass function.
ebular emission was included assuming a covering factor of 50 
er cent and ne = 100 cm−3 . 

For our analysis, we removed sources detected in less than 4 bands,
agged as ‘star or spurious object’, and/or poor SED fit ( χ2 ≥ 65 , ≤
00M�), resulting in a total of 5806 optical YSCs remaining. 

.2 Final sample 

e combine the selections of optical YSCs and eYSCs to create
ur final sample, made necessary as (i) high extinctions associated 
ith eYSCs mean a significant portion are expected to be below the
etection threshold of HST and thus absent from the optical YSC
atalogue; (ii) despite there being significant overlap between the IR 

nd optical coverage, due to the JWST mosaic orientation eYSCs are
etected in some regions where there is no HST coverage (Fig. 1 ). To
emove duplicate entries from the two catalogues, a cross-match is 
erformed with the criteria that any eYSCs within a 4 pixel tolerance
0 . 16 arcsec ) of an optical YSC (i.e. the aperture radius used to
xtract photometry) is considered a match. In the cases where more
han 1 match is found for a single source, only the closest pairing is
onsidered. A total of 136 matches were found, with four instances
f an eYSC being paired with two YSCs, leaving the final combined
ample of 6890 clusters. For the cross-matched YSCs we use the
roperties (age, mass) from the eYSC catalogue. The age and mass
anges for the sample are shown in Fig. 2 and the top panels of
ig. A2 . Finally, each cluster is assigned (i) an environmental flag
enoting their spatial position in NGC 628’s centre, spiral arms or
nterarm regions, using the environmental mask of NGC 628 from 

. Querejeta et al. ( 2021 ), as shown in Fig. 3 and (ii) an origin flag
enoting which catalogue(s) the cluster originates from, namely: 

(i) YSC – optical YSC catalogue 
(ii) eYSC [NIR] – eYSC catalogue 
(iii) eYSC [optical] – optical YSC and eYSC catalogue. 

A comparison between the physical properties obtained for clus- 
ers using CIGALE and Yggdrasil SED fitting has been undertaken 
y Linden et al. (in preparation), who show that they are in very good
greement within the error bars. Therefore, any differences we find in
he spatial properties of eYSCs and optical YSCs during our analysis
re not attributable to how the physical properties were derived. 

 M E T H O D  

.1 INDICATE 

o describe the spatial distribution of the stellar cluster population we
se the 2 + D INdex to Define Inherent Clustering And Tendencies
INDICATE) tool introduced by A. S. M. Buckner et al. ( 2019 ). IN-
ICATE belongs to a class of statistical descriptors known as Local

ndicators of Spatial Association (LISA; L. Anselin 1995 ), which 
re defined as characterizing discrete distributions by calculating a 
arameter value for every unique point, rather than a single parameter
or the collective whole. Hereafter, we use ‘association’ strictly in 
he statistical sense of spatial association , and not to denote OB-type
tellar groupings such as the Scorpius–Centaurus association. 

INDICATE quantifies the degree of association of each and every 
luster in our catalogue. No a priori knowledge is required, nor
ssumptions made about, any sub-structure present in the data set. 
xtensive statistical testing by A. S. M. Buckner et al. ( 2019 )
howed it to be robust against outliers and edge effects, as well
s independent of a data set’s size, shape and density. A. S. M.
uckner et al. ( 2022b ) demonstrated INDICATE is robust against
MNRAS 545, 1–17 (2026)
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Figure 1. Final cluster sample as described in Section 2.2 , overlaid on the Spitzer Infrared Nearby Galaxies Survey 8μm image of NGC 628. Coloured markers 
denote which catalogue the cluster originates from, as specified by the legend. The grey and red-dashed panels denote the position of the HST and JWST images, 
respectively. 

Figure 2. Plot of age against mass for our cluster catalogue. Green stars 
represent optical YSCs, orange crosses eYSCs that are optically visible, and 
blue triangles eYSCs that are not optically visible. See Section 2.1 for 
details. 
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ncompleteness up to 83.3 per cent, whereas A. S. M. Buckner
t al. ( 2024 ) showed that conclusions about the spatial properties
f a data set are unchanged even when there are few true members
 < 2 per cent ) or significant ( > 20 per cent ) contamination by non-
embers that have been mistaken as true members of the data set.

NDICATE can be applied to any discrete astronomical data set,
bserved or simulated, on any scale, and the results obtained for
ata sets of different densities, size, shape, and parameter space
an be directly compared. Previous applications include describing
patial behaviours of: observed Young Stellar Objects as a function
f evolutionary stage in NGC 2264 (A. S. M. Buckner et al. 2020 );
tars formed from a cloud–cloud collision simulation over a period of
 Myr (A. S. M. Buckner et al. 2022a ); the observed stellar population
f Orion and their potential evolution over the next 1 Myr (simulated;
. Sills et al. 2023 ); mass segregation across various individual star

lusters and forming complexes (; A. S. M. Buckner et al. 2019 ; G.
. Blaylock-Squibbs et al. 2022 ); differences in the degree of spatial

lustering of the stellar component of the bar, inner spiral arm, outer
rm, and inter-arm region of a simulated Milky-Way type galaxy (A.
. Ali et al. 2023 ). 
Here we use INDICATE to examine how the spatial behaviour of

GC 628’s clusters varies with age, mass and galactic position. The
ool works by examining the local neighbourhood of a stellar cluster,
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Figure 3. Plots of index values, I5 , calculated by INDICATE for NGC 628, with the environmental mask by M. Querejeta et al. ( 2021 ) overlaid showing 
the positions of Spiral Arms A-G (marked by various shades of grey), and Galactic Centre (dark grey circle, ‘GC’). Clusters with an index value above the 
significance threshold ( I5 > 2 . 4) are represented by circle markers, colour-coded by their I5 index, where higher values denote greater degrees of spatial 
concentration. Purple triangles are clusters with an index value below the significance threshold. 
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omparing the number of clusters found there to that expected if
t was in a random distribution, and assigning an index to denote
hether the cluster is spatially concentrated – and if so, quantifies 

he degree of concentration. 
The full details on INDICATE can be found in A. S. M. Buckner

t al. ( 2019 ), but we provide here a summary of how the technique
orks in practice. The first step is to convert the catalogue’s J2000 sky

oordinates to a local X–Y coordinate frame to ensure all dimensions 
ave the same scaling. The number density of the catalogue is then
alculated by dividing the total number of stellar clusters, Ntot , by the
otal 2D surface area of the parameter space. Next, an evenly spaced
niform (i.e. definitively non-clustered) control distribution with the 
ame number density across the parameter space is generated. For 
ach stellar cluster j the Euclidean distance, rj , to its 5th nearest 
eighbour in the control distribution is measured: 

j =
√ 

( xj − xcon 
5 )2 + ( yj − ycon 

5 )2 , (1) 

here ( xj , yj ) and ( xcon 
5 , ycon 

5 ) are the respective coordinates of the
tellar cluster and 5th nearest neighbour in the control distribution. 
he average for the catalogue, r̄ , is calculated as 

¯ =

Ntot ∑ 

j= 1 
rj 

N
. (2) 
tot 
inally, the actual number of stellar clusters within a radius r̄ to 
tellar cluster j , Nr̄ , is then counted and the index, Ij, 5 , calculated 

j, 5 = Nr̄ 

5 
, (3) 

here Ij, 5 is unit-less and has a value in the range of 0 ≤ Ij, 5 ≤
Ntot −1 

5 . Significant values are identified by calibrating the index with 
00 random distributions of size Ntot in the parameter space of the
atalogue to determine the ‘significance threshold’, Isig , defined as 

sig = Ī random 

5 + 3 σ, (4) 

here Ī random 

5 is the mean index derived for the points of the random
istribution and σ the standard deviation. Using this definition, 
9.7 per cent of the index values derived for randomly distributed
oints will have I random 

5 < Isig . Values greater than the significance 
hreshold denote spatial clustering, and for these, higher values 
enote greater degrees of spatial association. It is important to 
ote that the index is not a descriptor of density, such that values
erived for data sets of disparate densities can be directly compared,
nd will be unchanged if the spatial distributions are identical (see
ection 2.1.4. of A. S. M. Buckner et al. 2019 for a discussion).
he minimum sample size for INDICATE is 50 data points (A. S.
. Buckner et al. 2019 ). The use of a uniform control field (rather

han one where we follow an underlying non-uniform distribution) 
s adequate for our purpose, as we are exploring how the spatial
ssociation of the stellar component vary across the galactic disc. 
n other words, we aim to assess clusters’ non-random spatial 
elationships, then directly compare, quantify, and identify small- 
MNRAS 545, 1–17 (2026)
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Table 1. Table detailing for each region: total number of clusters present, 
the percentage of clusters found to be spatially concentrated (i.e. I5 > Isig ) 
and their median index value ( ˜ IC 

5 ). 

Region Total clusters % Concentrated ˜ IC 
5 

All 6890 51.8 3.8 
GC 206 74.3 3.8 
Inter Arms 3224 30.6 3.2 
Spiral Arms 3460 70.3 4.0 
SA-A 409 74.8 3.8 
SA-B 932 81.9 4.4 
SA-C 868 63.8 3.8 
SA-D 599 83.3 4.8 
SA-E 223 60.5 3.6 
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cale local variations in these. By changing the control field to a non-
andom distribution (for example, one that follows the underlying
tellar distribution of NGC 628) removes our ability to identify
andom spatial relationships and thus quantify and compare clusters’
patial associations across the galaxy. 

.2 Accounting for the observational age–mass bias 

s shown in Fig. 2 , there is an age–mass bias in our catalogue which is
ell known in the literature and is due to the limited depth of the data

ombined with the fading of star cluster light due to stellar evolution
e.g. A. Adamo et al. 2017 , among many others). This means that
or clusters older than 10 Myr, the minimum mass that we are able
o detect increases steadily with age, producing a lower limit with a
ising slope as a function of age. We note that no artificial spreading
as applied to the figure at < 10Myr: the vertical banding for the
ptical YSCs arises directly from the Yggdrasil spectral evolutionary
odels, whereas the eYSC ages were derived using CIGALE (see
ections 2.1.1 and 2.1.2 for details), and the logarithmic age axis can
dditionally enhance the visual prominence of such discrete loci. 

At all ages, we also see that the number of massive clusters is
teadily decreasing due to the shape of the cluster mass function: a
ower law with slope −2, implies that it is 10 times more likely to
ample a cluster of 103 M� than one at 104 M� and so on. 

This, combined with the age binning of the sample, produces a
isual increasing upper mass limit with age: since the x -axis on Fig. 2
s in logarithmic scale, the linear-age interval increases to the right in
he diagram. Therefore even if NGC 628’s star/cluster formation rate
emains constant with time, the total number of clusters that form in
ach equal interval of log(Age) increases. Thus, the likelihood of a
ery high mass cluster being within a given log(Age)-bin increases
see e.g. D. A. Hunter et al. 2003 ). 

We note that eYSCs densely populate the age bins < 10 Myr. This
opulation of recently formed (and still partially embedded) star
lusters has largely been missed by HST surveys due to the lack
f IR coverage, which is less affected by dust attenuation. Because
f the clustering nature of star formation, eYSCs naturally include
ssociations that are not gravitationally bound and dissolve on time-
cales of 10 Myr. For example, we know from observational studies of
ur own Galaxy between 93 − 96 per cent of eYSCs will not survive
he emergence phase to become bound star clusters (C. J. Lada & E.
. Lada 2003 ; Q. E. Goddard, N. Bastian & R. C. Kennicutt 2010 ),

nd with a value of ∼ 85–90 per cent found for the nearby spiral
alaxy NGC 6946 (Q. E. Goddard et al. 2010 ), it is not unreasonable
o anticipate a value similar to these for NGC 628. By comparing
he number of eYSCs and those that are classified as likely bound
n the optical YSCs catalogues (e.g. class 1 and 2), Adamo et al. (in
reparation) find that only ∼20 per cent of eYSCs are expected to
urvive within 10 Myr in NGC 628. That is, it is expected that the
YSC population would be more densely populated than the recently
merged YSC population. Moreover, only higher mass YSCs are
xpected to survive to ages of 100 Myr + , due to mass-loss from
nternal and external disruption events, so we would not expect to see
 large low-mass population in older age bins (S. G. Boutloukos &
. J. G. L. M. Lamers 2003 ; M. Gieles 2010 ; M. R. Krumholz et al.
019a ). 
Despite these issues, INDICATE is, by design, robust against both

niform and patchy incompleteness in data sets. Extensive testing
as shown that when it is applied to the full and incomplete versions
f a data set, only small variations between the index values occurs
for an incompleteness of up to 83.3 per cent) and there is no change
n the conclusions regarding the spatial behaviours of a data set (A.
NRAS 545, 1–17 (2026)
. M. Buckner et al. 2022b , 2024 ). As a check, we compared the
ndex derived for the full sample and with various mass and age
uts, which are presented in Appendix A1 concluding that results do
ot change significantly when cuts are applied. Therefore, for the
urpose of this study, we do not need to apply age or mass cuts
o the cluster sample to compensate for the age-mass completeness
ias. One exception is that, for the study of the spatial behaviours
or different mass clusters (Section 4.3 ), we apply a mass-age cut in
rder to minimize the potential propagation of an evolutionary trend
n to the mass trend. 

 SPATIAL  B E H AV I O U R  O F  CLUSTERS  IN  

G C  6 2 8  

.1 Galactic regions 

NDICATE was applied to the combined sample of stellar clusters,
nd index values were derived for each of the 6890 clusters, as shown
n Fig. 3 . Table 1 gives statistics on the index values derived for each
egion of NGC 628. The significance threshold was determined using
quation ( 4) to be Isig = 2 . 4. 

Only 51 . 8 per cent of the clusters in the galaxy are spatially
oncentrated, with a median value of ˜ IC 

5 = 3 . 8. The proportion of the
opulation in each region which is spatially dispersed varies, with
he lowest proportion in the spiral arms (29 . 7 per cent ) and galactic
entre (25 . 7 per cent ), and the largest proportion in the interarm
egions (69 . 4 per cent ). Interestingly, the degree of association of
he concentrated population also varies by region, with the spiral
rms showing the greatest (median index ˜ IC 

5 = 4 . 0), followed by
he galactic centre ( ˜ IC 

5 = 3 . 8), and the interarm regions typically
emonstrating the lowest ( ˜ IC 

5 = 3 . 2). 
Fig. 3 shows that all spiral arms host strongly spatially concen-

rated cluster populations, with typical INDICATE index values
bove the galaxy-wide average. However, the clusters’ spatial be-
aviour varies both between the spiral arms and along the length
f each arm. Arm D hosts both the greatest proportion of spatially
oncentrated clusters (83.3 per cent) and typical degree of association
˜ IC 
5 = 4 . 8). Two areas were found to have particularly high degrees
f association, with index values here being the greatest found in
he galaxy with a maximum value of I5 = 12 . 8 (i.e. in the local
eighbourhood of the clusters there are 5.3 times the number of
lusters above random expectation, and 3.4 times more than typical
or the non-dispersed cluster population in NGC 628). Arm B hosts
he second greatest proportion of spatially concentrated clusters
81.9 per cent) and typical degree of association ( ˜ IC 

5 = 4 . 4). Like
n D, there are a few areas of high spatial concentration (albeit
lightly lower intensity, max. I5 = 10 . 4), with a high-intensity area
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ound in between the designated bounds of B and F. The remaining
piral arm segments (for which we have coverage) contain a few 

reas of higher degrees of association of similar intensity, but the 
ypical association here is comparable to that found for the general 
oncentrated population in NGC 628 and the proportion of spatially 
oncentrated clusters is significantly lower than that found in D and 
 (60 . 5–74 . 8 per cent ). 
To assess whether these differences are statistically significant, 

e applied two-sample Kolmogorov–Smirnov (K-S) tests, which 
valuate whether two samples are drawn from the same parent distri-
ution and therefore test for differences in their overall distributions 
significance threshold p < 0 . 05). We found that clusters in the spiral
rms and galactic centre have a similar underlying spatial distribution 
 p > 0 . 05), but clusters in the interarm region have significantly
ifferent spatial behaviour ( p < 0 . 05). Clusters in spiral arms B and
 have distinct clustering tendencies ( p < 0 . 05), but A, C and E
ave similar clustering tendencies ( p > 0 . 05). This result confirms
hat the spatial behaviour of clusters varies with galactic position. 

e explore the possibility of variations with evolutionary stage and 
ass in the next sections. 

.2 Evolutionary Stage 

.2.1 Emerging YSCs versus optical YSCs ( ≤ 10 Myr) 

ere we explore the differences in the spatial distributions of the 
merging young clusters still (partially) embedded in their natal 
louds (eYSCs) and the non-embedded optical YSCs ( ≤ 10 Myr) 
hich we will refer to in this section as recently emerged clusters

RECs). We define RECs as clusters that are ≤ 10 Myr and not in
he eYSC catalogue. For consistency in cross-sample comparisons, 
e cap the RECs at a maximum age of 10 Myr when comparing to

YSCs, matching the eYSC catalogue’s upper age limit. Given that 
oth subsamples span the same ages, differences on their relative 
patial distribution could be indicative of the spatial evolution of 
he clusters as they emerge from their natal clouds. Unfortunately, 
s the eYSCs were identified from the JWST image, and the RECs
rom the HST images, there is only a relatively small overlap area
ontaining both samples as shown on Fig. 4 . Therefore, we restrict
ur comparison to clusters inside this area (as, for example, it is
nknown whether RECs have similarly high degrees of association 
s found for the eYSCs towards the northern end of Arm D). This
verlap region contains 750 eYSCs and 785 optical RECs. Their 
espective age and mass distributions are shown in Fig. A3 . 

We find that the proportion of eYSCs that are concentrated 
42.9 per cent) is marginally higher than that of the REC population
38.6 per cent), and that eYSCs also are typically a factor of ∼ 1 . 3
imes more tightly associated with each other than their emerged 
ounterparts. From the left panels of Fig. 4 the galactic distribution of
he two concentrated populations share some commonality, as well 
s some differences in the specific areas of high and low degrees
f association which vary across the disc. Plotting a histogram of
he indices (right panels, Fig. 4 ), both distributions have a similar
ange on index values, especially within the overlap region, but the 
hape of the distributions is different (with one smoothly decreasing, 
hile the other presents strong troughs and peaks). To determine 

he significance of these disparities, we compare the cumulative 
istribution functions of the index values of (i) all and (ii) only
bove the significance threshold, for all clusters in each group inside 
he overlap area using a 2 sample K-S test, using a significance
oundary of p < 0 . 05. Finding p << 0 . 05 in both tests, we conclude
YSCs and RECs ( ≤ 10 Myr) do not have the same underlying spatial
istribution. This suggests that there is a distinct change in the spatial
ehaviour of clusters as they emerge from the natal clouds, with them
ypically becoming significantly less tightly associated than when 
hey are still (partially) embedded. This could potentially be due to
lusters moving away from their birth place as they clear their natal
loud (and therefore moving away from other nearby young clusters), 
r even due to the fact that some clusters may not survive once the
atal cloud has been cleared (as they lose the potential well from
he gas), thus dispersing their stellar population and ‘disappearing’ 
rom the population of recently emerged clusters. Such rapid early 
issolution ( ‘infant mortality’ ) and its environmental dependence 
ave been both theoretically predicted and observationally observed 
n other system (e.g. B. G. Elmegreen & D. A. Hunter 2010 ; N.
astian et al. 2012 ; M. R. Krumholz et al. 2019b ; S. T. Linden et al.
022 ). 

.2.2 Age 

n order to investigate the spatial behaviour of stellar clusters as
 function of age (and including before and after the emerging
hase), we consider our eYSC sample as per Section 4.2.1 , and
e divide the optical (emerged) clusters of our sample into three
roups: Young ( < 21 Myr), Intermediate (21–100 Myr), and Old
 > 100 Myr). The upper age limit of the Young sample was chosen
o include all potentially unbound clusters with pre-main sequence 
tars that have not yet dissolved (T. Santos-Silva & J. Gregorio-
etem 2012 ). INDICATE was run on each of these subsamples to

scertain the tendencies of clusters at a similar evolutionary stage 
o spatially associate with each other, and the strength of these
ssociations. 

Fig. 5 shows the distribution of the index values derived for each
ample across the galactic disc, and Table 2 contains a summary of
he statistics. At all evolutionary stages the concentrated population 
s primarily found across the spiral arms, but there are marked
ifferences in their locations. As expected from the analysis of the
istribution of RECs in Section 4.2.1 , the Young optical clusters
which here include up to 20 Myr-old clusters) display areas of high
egrees of association in Arms D, B, and B/F as indicated in the
op panel of Fig. 5 , which are somewhat similar to the distribution
f eYSCs (albeit with different levels of concentration). However, 
his Young population also has higher degrees of association in A
nd C that were not seen in the eYSC population. Intermediate
lusters have areas of higher degrees of association in Arm E,
nd D (but more southernly than the Young/eYSC populations). 
ld clusters have just one area of intense association in Arm
 which was not observed in either the young or intermediate
opulations. 
Regarding the proportion of spatially concentrated clusters within 

ach age group, eYSCs have the greatest at 55.1 per cent across the
ntire sample. A steady decrease with increasing cluster age is then
bserved, culminating in only 35.6 per cent of Old clusters across
he entire disc found to be spatially concentrated. The intensity of
hese concentrations is also greatest for the eYSCs at ˜ IC 

5 = 4 . 8.
oung, Intermediate, and Old clusters are found to have similar 

ntensities, at a factor of ∼ 1 . 5 times less that of the eYSCs. We
heck the significance of these findings by running 2 sample K-S
ests on the index values for all clusters in each age group against
hose of the other age groups, with a significance boundary of
 < 0 . 05. Subsequently, we reject the null hypotheses and verify

hat the exhibited spatial association behaviour of clusters at each 
volutionary stage is distinct. 
MNRAS 545, 1–17 (2026)
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Figure 4. Index values, I5 , plotted as a function of galactic position (left) and as a histogram (right), for the (top) eYSCs and (bottom) recently emerged 
clusters (RECs), defined as the optical YSCs < 10 Myr, discussed in Section 4.2.1 . The index values represent the degree of association clusters have with 
their counterparts of similar age. On the left panels, clusters with an index value above their sample’s significance threshold are represented by circle markers, 
colour-coded by their I5 value, as per the respective colour bars. Clusters with index values below the sample’s significance threshold are marked by purple 
triangles on the left panels, and shaded areas on the histograms. On the left panels, the environmental mask by M. Querejeta et al. ( 2021 ) is overlaid to show the 
location of Spiral Arms A-G (marked by various shades of grey), and Galactic Centre (dark grey circle, labelled ‘GC’). The grey, red-dashed, and black-dotted 
boxes denote the position of the HST mosaics, the JWST coverage, and their overlap region, respectively. Line colour and style in the histograms on the right 
correspond to that of clusters within the respective coverage and overlap areas, as denoted in the position plots. 
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.2.3 Galactocentric distribution 

ue to the aforementioned variations across the disc, we examined
ow the spatial behaviour of the emerged clusters varies with
alactocentric distance, RGC . We omit eYSCs from this part of
he analysis as the difference in the shapes of the JWST / HST
overage area means we cannot be certain that any differences
dentified are attributable to real physical effects (i.e. evolutionary)
r variations in the properties of regions that are not in both
overage areas (i.e. RGC does not necessarily correspond to the same
egions). 

Fig. 6 shows the frequency distribution of clusters in each group as
 function of galactocentric distance for (i) all and (ii) concentrated
lusters. For the former, there is no discernible difference in the radial
istribution of clusters across the age groups. For the concentrated
lusters, the median radial distance remains constant but the spread
ecreases with increasing cluster age narrowing to predominantly
he RGC ∼ 2 − 6 kpc range. Fig. 7 shows the variation in the
roportion of clusters spatially concentrated and their index values,
or each age group as a function of galactocentric distance. Between
GC ∼ 2 − 6 kpc a similar proportion and concentration strength is
bserved irrespective of cluster age. However, outside this narrow
NRAS 545, 1–17 (2026)

t

ange, variation is found with Young clusters exhibiting the greatest
oncentration behaviours. 

The mechanism causing the lack of concentrated Intermediate/Old
lusters at RGC > 6 kpc is unclear. One possibility is that conditions
n the outer disc favour the dissolution or decorrelation of spatial
structure’, perhaps in a similar process that leads to the disintegration
f strong two-arm spiral structure often seen outside co-rotation (B.
. Elmegreen, D. M. Elmegreen & L. Montenegro 1992 ; D. M.
lmegreen & B. G. Elmegreen 1995 ). However, this would contrast
ith J. Tang et al. ( 2024 ), who found clusters inside the co-rotation

adius ( RGC = 6 . 3 kpc; F. Sakhibov et al. 2021 ) to be more easily
isrupted. It may instead be that young clusters in the outer galaxy
rise from isolated, localized star-formation events, such that their
nitial groupings disperse rapidly as they move away from their
atal regions. Alternatively, this pattern could reflect gradual inside–
ut growth: over the past ∼ 10−100 Myr the outer disc may have
nly recently achieved the gas surface densities necessary to form
he observed structure. In this scenario, older tight concentrations
ere simply never formed here, whereas the inner disc ( < 6 . 3 kpc)
as sustained star formation over many tens to hundreds of Myr,
roducing the Intermediate and Old cluster concentrations now

runcated near the co-rotation radius. A similar inside–out trend 



Spatial evolution of stellar clusters in NGC 628 9

Figure 5. Index values, I5 , for the Young (top), Intermediate (middle), and Old clusters (bottom), as discussed in Section 4.2.2 . The index values represent the 
degree of association clusters have with their counterparts of similar age. Left panels show I5 as a function of galactic position, and right panels as a histogram. 
The grey boxes on the left panel denote the position of the HST coverage, with the environmental mask by M. Querejeta et al. ( 2021 ) overlaid. The teal cross 
and ellipses mark the galactic centre, a radius of 1.25 kpc, 2 kpc and the galactic co-rotation radius (6.3 kpc; F. Sakhibov, A. S. Gusev & C. Hemmerich 2021 ), 
respectively. Clusters with an index value above their sample’s significance threshold are represented by circle markers, colour-coded by their index value. 
Clusters with index values below the sample’s significance threshold are marked by purple triangles and shaded on the position and histogram plots. 
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as reported by S. M. Gogarten et al. ( 2010 ) for NGC 300: using
esolved-star formation histories from colour–magnitude diagrams 
nd N -body simulations, they found an increasing fraction of young 
tars with radius and negligible impact from radial migration, thereby 
avouring a growth-driven rather than scattering-driven scenario. The 
imilarity in both the proportion of clusters that are concentrated and 
he strength of those concentrations across the age groups between 
 and 6 kpc provides further evidence supporting a growth-driven 
rigin for NGC 628. 
For RGC < 2 kpc, we find a more complex set of behaviours. For

nstance, from Fig. 7 , we can see that while the fraction of con-
entrated Young clusters remains relatively high (at ∼ 50 per cent ), 
here is a steady decrease of the fraction of concentrated Intermediate
lusters towards smaller RGC . The Old clusters show yet a different
MNRAS 545, 1–17 (2026)
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Table 2. Table detailing the spatial behaviour of clusters by evolutionary 
stage. Shows the total number of clusters, percentage found to be spatially 
concentrated with those of a similar age, and their respective median index 
values. Stages are as defined in Section 4.2.2 . Bracketed values represent 
those within the HST / JWST overlap area shown in Fig. 4 . 

Stage Age Total clusters % Concentrated Ī C 
5 

eYSCs ≤10 Myr 1216 55.1 4.8 
(750) (42.9) (4.4) 

RECs ≤10 Myr 1813 41.5 3.4 
(785) (38.6) (3.4) 

Young < 21 Myr 2805 49.4 3.4 
Intermediate 21–100 Myr 1201 41.2 3.2 
Old > 100 Myr 1668 35.6 3.4 
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ehaviour, with a reasonably high fraction of concentrated clusters
or RGC < 1 kpc, but a clear dip between ∼ 1 − 2 kpc. We verified
hat the double-peaked radial profile of the old cluster population
ersists when restricting the sample to clusters aged between 100 Myr
nd 1 Gyr. This check was performed to test whether the inner
eak could be driven by contamination from globular clusters
ages � 1 Gyr). Although removing these objects markedly lowers
he amplitude of the inner peak, the bimodal structure remains,
onfirming that the trend is intrinsic to the population of clusters
ounger than 1 Gyr. 
The intensity of the spatial concentrations also decreases substan-

ially for the older age groups, contrary to that found generally across
he disc (Section 4.2.2 ). More specifically, the Old and Intermediate
opulation, when concentrated, are only very mildly so, with I5 

ndices very close to the threshold, thus reducing the significance
f the large fraction of Old concentrated clusters at RGC ∼ 1 kpc.
or the Young clusters, however, there are significant peaks in the
oncentration indices for RGC ∼ 0 . 5 − 1 kpc and RGC ∼ 2 kpc. 

Our interpretation for these observed trends, lies in a comparison
o some of the known dynamical features of this inner region. In
articular, as shown in Fig. 5 , a radius of ∼ 1 . 25 kpc corresponds
o the transition between the galactic centre and the beginning of
he spiral arms. Just below this radii there is an inner Lindblad
esonance, thought to be linked to the origin of the nuclear ring at
NRAS 545, 1–17 (2026)

igure 6. Violin plots depicting the one-dimensional radial distributions of opt
ntermediate and Old groups, as discussed in Section 4.2.2 . The vertical extent of
idth represents the relative number density (probability density) of clusters at a 
alue above their sample’s significance threshold i.e. a degree of association abov
epresent the minimum, median, and maximum of the distribution. The blue and bl
0.5–1 kpc. The location of the first peak of concentrated Young
lusters at ∼0.5–1 kpc, would thus suggest this population of Young
oncentrated clusters being formed in the nuclear ring, but that the
ighly dynamical galactic centre quickly disperses these clusters as
hey evolve. Just outside of the inner Lindblad resonance ( RGC �
 . 25 kpc) is an area which has been previously observed to have no
 II regions, with a velocity drop around the galaxy’s nuclear ring and

nflowing (colder) gas (K. Fathi et al. 2007 ). Thus, it is reasonable
o expect very little cluster structure to be formed here, and this is
onsistent with the dip in the concentration indices of the Young
opulation at these radii. Moving outwards, spiral arms (which are
egions of reduced shear) start to provide again the conditions to
orm tightly concentrated clusters, and we see this effect with a
igher concentration index for Young clusters formed in the tips
f the spiral arms. However, perhaps due to the harsh environment
utside the spiral arm tips in this region (e.g. from strong shear and
trong inward motions from the Lindblad resonance), any cluster
tructure would be prone to a very rapid dissolution as it emerges
rom the arms, so the overall proportion (and concentration index)
f the Intermediate and Old cluster population at < 2 kpc radius
emains lower than across the galactic disc. 

.3 Mass 

o quantify how the clusters’ spatial behaviour might change as
 function of their mass, we compare the distribution of clusters
ith high ( ≥ 104 M�) and lower ( < 104 M�). Two quite different

ealizations of mass segregation are explored here. The classic ‘Type
’ definition examines if massive clusters are spatially concentrated
ith other massive clusters, significantly more so than seen for

heir lower mass counterparts. Another definition, ‘Type 2’, looks
t whether massive clusters are in concentrated regions, but are
ot necessarily concentrated with other massive clusters. Due to
he age-mass bias (Section 3.2 ) it is incorrect to simply divide the
atalogue into ‘high’ and ‘lower’ mass, as lower mass clusters will
nherently represent a younger population and high mass clusters an
lder population. Instead, we apply an age-mass cut to the catalogue
o remove this bias. The new sample consists of clusters with an age
f ≤ 100 Myr and a mass larger than the minimum mass of clusters
ical clusters for (left) all and (right) spatially concentrated of the Young, 
 each violin corresponds to galactocentric radius, RGC , while the horizontal 
given radius. Spatially concentrated clusters are defined as having an index 
e random expectation with their counterparts of a similar age. Black lines 

ack horizontal lines represent the 25th , 50th , and 75th percentiles. 

 by guest on 13 January 2026
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Figure 7. Spatial clustering behaviour of Young, Intermediate, and Old clusters as a function of galactocentric distance. The left panel shows the fraction of 
clusters found to be spatially concentrated with their counterparts of a similar age as discussed in Section 4.2.2 ; and the right panel shows the running 25th, 
50th, and 100th percentile of the I5 index values of the spatially concentrated clusters. 

Figure 8. Plots of index values, I5 , calculated by INDICATE for (left) lower mass and (right): YMCs, to investigate if Type 2 mass segregation is present as 
described in Section 4.3 . As in previous figures, the grey and red-dashed panels denote the position of the HST and JWST images, respectively. Clusters with an 
index value above the significance threshold ( I5 > 2 . 4) are colour-coded by their I5 index, where higher values denote greater degrees of spatial concentration. 
Purple markers are clusters with an index value below the significance threshold. 
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 100 Myr ( ∼ 790 M �), visualized in the right panel of Fig. A1 . A
otal of 3087 clusters meet this criteria, of which 137 are high mass
thus corresponding to YMCs). 

To determine if Type 1 mass segregation is present, we divide 
he sample into two subsamples (‘high’ and ‘lower’ mass), and run 
NDICATE on both separately. If mass segregation is present, we 
ould expect the high-mass sample (YMCs) to exhibit significantly 
reater tendencies to spatially associate than the lower mass sample. 
o signatures were found: YMCs do not have a tendency to 

oncentrate together in NGC 628. In fact, the I5 values suggest the 
pposite – massive clusters tend to be more spatially dispersed w.r.t. 
ach other than lower mass clusters. A 2 sample K-S test confirms that
hile Type 1 mass segregation is not present, YMCs and lower mass

lusters do have different spatial behaviour ( p < 0 . 05). Moreover,
e then examined the behaviour of the Old high mass clusters

 > 100 Myr) finding that while there is no significant change in the
ightness of the concentrations, the proportion of the population that 
re concentrated decreases by 17.5 per cent. 

To determine if Type 2 mass segregation is present, INDICATE 

s run on the full sample (within our age-mass cut). Again, if
resent, YMCs should exhibit significantly greater tendencies to 
patially associate than the lower mass clusters. We find that a
reater proportion of massive clusters (67.2 per cent) are found 
n concentrated regions compared to lower mass clusters (57.7 
er cent). As shown in Fig. 8 , the degree of association is typically
igher for YMCs compared to their lower mass counterparts (2-3 
lusters more in their local neighbourhood) because they tend to be
ocated in regions where the lower mass population exhibits greatest 
patial association. Moreover, massive clusters that have signatures 
f Type 2 mass segregation are almost exclusively located within 
he spiral arms and galactic centre – whereas those in the interarm
egions typically do not. This result is suggests most of the massive
lusters are forming in the high-density, shock-compressed spiral 
rms, in regions of intense star formation activity. Occasionally, an 
xceptionally massive GMC in the inter-arm region will collapse 
nd form a massive cluster but, as overall star formation intensity is
ow there, the cluster has very few neighbours nearby and relatively
solated (no Type 2 signal). A 2 sample K-S test comparing the index
alues of the two populations confirms the found signatures of Type
 mass segregation are real ( p < 0 . 05). 
MNRAS 545, 1–17 (2026)
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 C O N C L U S I O N S  

e have characterized the spatial distributions of star clusters in the
earby face-on spiral galaxy NGC 628. The aim of our study was to
uantify the impact galactic environment has on the formation, early
nd longer-term evolution of stellar clusters, and YMCs in particular.
his was achieved through the analysis of a complete sample, from
EAST collaboration, of the cluster population consisting of 6890
andidates from the (partially) embedded phase to > 100 Myr . 

The powerful novel statistical clustering tool INDICATE by A.
. M. Buckner et al. ( 2019 ) was used to characterize the spatial
ehaviour of the clusters. INDICATE is a local indicator of spatial
ssociation, meaning that it quantifies the clustering tendencies of
ach cluster individually. As such, it is possible to not only study
eneral variations with cluster properties (age, mass) in the galaxy,
ut also to compare the impact disc position has between clusters
ith similar ages and masses. 
We found that the spatial behaviour of clusters in NGC 628 varies

ith galactic position, evolutionary stage and mass. The majority of
oung clusters ≤ 10Myr, which are still embedded within their natal
louds, are spatially concentrated. Typically, they tend to be in the
ightest spatial associations, located in multiple ‘hot spots’ across the
piral arms, with the most intense concentrations occurring in arm
. These locations correlate well with regions that have the highest
olecular star formation efficiency 1 as found by M. Lomaeva, A.
aintonge & I. De Looze ( 2024 ), suggesting multiple clusters are
orming in these tight ‘structures’ and that the spatial behaviour we
dentify is a star formation signature rather than indicative of early
ynamical evolution. Once emerged, clusters of a similar age do still
end to concentrate together within the spiral arms, but in looser
patial associations than observed for the embedded population. We
peculate that this could be due to clusters moving away from their
irth place as their natal cloud is cleared, and/or due to the fact that
ome clusters may become dispersed once they lose the gravitational
otential from the gas of their natal cloud. While the median degree of
ssociation remains approximately constant with increasing cluster
ge after the clusters are fully emerged, the proportion of clusters
hich are spatially concentrated decreases, reaching a minimum at

ges > 100 Myr. This result is in good agreement with K. Grasha
t al. ( 2015 ) who, by applying the 2-point correlation function to
n earlier (and less complete) version of our cluster sample, found
hat the strength of the clustering decreases as age increases and that
lusters > 40 Myr tend to be randomly distributed. 

The radial distribution of all emerged clusters across the disc
s similar irrespective of cluster age, but that of the concentrated
opulation progressively narrows to within a radius of 2 − 6 kpc of
he galactic centre with increasing age. Within this radius a similar
roportion of clusters that are concentrated, and the strength of this
oncentration, is found across all age groups. This suggests either
ight cluster spatial ‘structure’ in the outer disc (1) is more easily
isrupted than the inner disc (not supported by previous studies); (2)
s formed in isolated, localized star-formation events, such that their
nitial groupings disperse rapidly; and (3) is a result of a gradual
nside–out growth scenario for NGC 628, such that the disc outside
he galactic co-rotation radius ( > 6 . 3 kpc) has built up over the past

10 − 100Myr to gas surface densities capable of forming these
tructures, leading to the observed truncation beyond the co-rotation
adius. We also found noticeable changes in the spatial behaviour of
NRAS 545, 1–17 (2026)

 defined as the ratio of the SFR from H α emission to molecular gas mass 
urface density, i.e.

∑ 

SFR(H α) /
∑ 

mol 

(  

A  

(  

s  

R  
lusters of different ages in the galactic centre, for radii < 2 kpc,
hich we interpret as being related to the location of an inner
indblad resonance (at � 1 kpc), the nuclear ring (at ∼0.5–1 kpc),
nd the start of the spiral arms (at ∼1.25–2 kpc), and suggest that
his area’s shear and particularly strong radial motions, make it hard
ot only for clusters to form in tight concentrations but even more so
n remaining tightly concentrated as they evolve. 

Finally, we looked for signatures of mass segregation in NGC 628.
assive clusters ( > 104 M �) were found to typically be spatially

ispersed w.r.t. each other, in agreement with K. Grasha et al.
 2015 ), and this was most pronounced at ages > 100 Myr. By using
NDICATE, we were able to extend this analysis to examine the
patial relationship between massive cluster and their lower mass
ounterparts. We found that YMCs in the spiral arm and galactic
entre regions tended to be associated with the most intense spatial
oncentrations of lower mass cluster population, whereas those in
he interarm regions tended to be relatively isolated. 

Our results suggest a ‘big picture’ scenario in NGC 628 where the
rocess of hierarchical fragmentation and collapse of GMCs tend to
roduce a higher mass cluster and multiple lower mass clusters in
elatively close proximity in regions that have a high star formation
ctivity, especially in the inner galaxy ( < 6 . 3 kpc). In regions of lower
tar formation activity, massive clusters will form in relative isolation,
otentially due to the collapse of a somewhat rare high-density cloud.
nce clusters have fully emerged, this structure is mostly retained
ut diluted, as clusters are dynamical dispersed from their birth place
nd/or disrupted due to insufficient stellar mass or stellar depletion.
his may reflect either faster dispersal of isolated tight cluster spatial

structure’ in a lower gas density outer disc or gradual inside-out
rowth, with the formation of this structure shifting outward over
ime. A comprehensive comparison between the spatial distribution
f young embedded clusters and that of the molecular gas is required
o better understand these observations, and will be presented in a
orthcoming companion paper. 
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Moraux E., 2022b, A&A , 659, A72 
uckner A. S. M. , Naylor T., Dobbs C. L., Rieder S., Bending T. J. R., 2024,

MNRAS , 527, 5448 
alzetti D. et al., 2015, AJ , 149, 51 
alzetti D. et al., 2024, ApJ , 971, 118 
ardelli J. A. , Clayton G. C., Mathis J. S., 1989, ApJ , 345, 245 
ook D. O. et al., 2014, MNRAS , 445, 881 
ale D. A. et al., 2023, ApJ , 944, L23 
. Demachi , et al., Fukui Y. Yamada R. I., Tachihara K., Hayakawa T., Tokuda

K., Fujita S., Kobayashi M. I. N. et al., 2023, in ALMA at 10 years: Past,
Present, and Future , Puerto Varas, Chile 

emachi F. , et al., Fukui Y., Yamada R. I., Tachihara K., Hayakawa T., Tokuda
K., Fujita S., Kobayashi M. I. N., et al., 2024, PASJ , 76, 1059 

gorov O. V. et al., 2023, ApJ , 944, L16 
lmegreen B. G. , Elmegreen D. M., 2019, ApJS , 245, 14 
lmegreen B. G. , Hunter D. A., 2010, ApJ , 712, 604 
lmegreen B. G. , Elmegreen D. M., Montenegro L., 1992, ApJS , 79, 37 
lmegreen B. G. , Elmegreen D. M., Chandar R., Whitmore B., Regan M.,

2006, ApJ , 644, 879 
lmegreen D. M. , Elmegreen B. G., 1995, ApJ , 445, 591 
athi K. , Beckman J. E., Zurita A., Rela˜ no M., Knapen J. H., Daigle O.,

Hernandez O., Carignan C., 2007, A&A , 466, 905 
austino Vieira H. , Duarte-Cabral A., Smith M. W. L., Colombo D., Davis T.

A., Bazzi Z., 2025, MNRAS 538 2744 
ardner J. P. et al., 2006, Space Sci. Rev. , 123, 485 
ardner J. P. et al., 2023, PASP , 135, 068001 
. Gieles, , 2010, IAU Symp.,266 69, 
oddard Q. E. , Bastian N., Kennicutt R. C., 2010, MNRAS , 405, 857 
ogarten S. M. et al., 2010, ApJ , 712, 858 
rasha K. et al., 2015, ApJ , 815, 93 
rasha K. et al., 2017, ApJ , 840, 113 
regg B. et al., 2024, ApJ , 971, 115 
usev A. S. , 2014, MNRAS , 442, 3711 
errera C. N. et al., 2020, A&A , 634, A121 
unter D. A. , Elmegreen B. G., Dupuy T. J., Mortonson M., 2003, AJ , 126,
1836 

noue S. , Takagi T., Miyazaki A., Cooper E. M., Egusa F., Yajima H., 2021,
MNRAS , 506, 84 

im J. et al., 2023, ApJ , 944, L20 
reckel K. , Blanc G. A., Schinnerer E., Groves B., Adamo A., Hughes A.,

Meidt S., 2016, ApJ , 827, 103 
reckel K. et al., 2018, ApJ , 863, L21 
roupa P. , 2001, MNRAS , 322, 231 
rumholz M. R. , McKee C. F., Bland-Hawthorn J., 2019a, ARA&A , 57, 227
rumholz M. R. , McKee C. F., Bland-Hawthorn J., 2019b, ARA&A, 57, 227
ada C. J. , Lada E. A., 2003, ARA&A , 41, 57 
eitherer C. et al., 1999, ApJS , 123, 3 
eitherer C. , Ekström S., Meynet G., Schaerer D., Agienko K. B., Levesque

E. M., 2014, ApJS , 212, 14 
eroy A. K. et al., 2021, ApJS , 257, 43 
inden S. T. et al., 2022, ApJ , 935, 166 
omaeva M. , De Looze I., Saintonge A., Decleir M., 2022, MNRAS , 517,

3763 
omaeva M. , Saintonge A., De Looze I., 2024, MNRAS , 531, 815 
archuk A. A. , 2018, MNRAS , 476, 3591 
atsumoto K. ,Hirashita H., Nagamine K., van der Giessen S., Romano L. 

E. C., Rela˜ no M., De Looze I., Baes M., A&A 689, A79 et al., 2024, 
ulcahy D. D. , Beck R., Heald G. H., 2017, A&A , 600, A6 

edrini A. et al., 2024, ApJ , 971, 32 
edrini A. et al., 2025, ApJ , 992, 96 
uerejeta M. et al., 2021, A&A , 656, A133 
ousseau-Nepton L. , Robert C., Martin R. P., Drissen L., Martin T., 2018,

MNRAS , 477, 4152 
akhibov F. , Gusev A. S., Hemmerich C., 2021, MNRAS , 508, 912 
antos-Silva T. , Gregorio-Hetem J., 2012, A&A , 547, A107 
habani F. et al., 2018, MNRAS , 478, 3590 
ills A. , Rieder S., Buckner A. S. M., Hacar A., Portegies Zwart S., Teixeira

P. S., 2023, MNRAS , 519, 4142 
ang J. , Grasha K., Krumholz M. R., 2024, MNRAS , 532, 4583 
hilker D. A. et al., 2023, ApJ , 944, L13 
ully R. B. , Rizzi L., Shaya E. J., Courtois H. M., Makarov D. I., Jacobs B.

A., 2009, AJ , 138, 323 
jjwal K. , Kartha S. S., Subramanian S., George K., Thomas R., Mathew B.,

2022, MNRAS , 516, 2171 
atkins E. J. et al., 2023, ApJ , 944, L24 
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PPENDI X  A :  AG E– MA SS  DI STRI BU TI ON  

1 Impact of age–mass bias on derived statistics 

e tested the need to apply cuts to the cluster sample, owing to the
ge–mass bias present. INDICATE was run on three versions of the
luster sample: 

(i) Full: No cuts were made. 
(ii) Mass restricted: Clusters with a mass less than the minimum 

ass of clusters that are > 100 Myr ( < 790 . 1 M �) were removed. 
(iii) Age restricted: An age limit of 100 Myr was applied to the
ass restricted sample. 

Figs A1 and A2 visualize the full and two restricted sample
ersions of the catalogue. Additionally, we created mass-restricted 
ersions of our Young and Intermediate age samples (described in 
ection 4.2.2 ). Table A1 gives statistics on the index values derived
or each sample. 
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Table A1. Table detailing the differences in the percentage of clusters found to be spatially concentrated and their 
median index value ( ˜ IC 

5 ) for the full, mass-restricted and age-restricted samples. 

Sample Restriction No. clusters % Concentrated ˜ IC 
5 

Full None 6890 51.8 3.8 
Mass-restricted 4755 51.8 3.8 
Age-restricted 3087 58.1 4.2 

Young None 2805 49.4 3.4 
Mass-restricted 1255 55.7 3.8 

Intermediate None 1201 41.2 3.2 
Mass-restricted 1143 44.3 3.2 

Figure A1. Plot of age and mass distributions for our (left) mass-restricted and (right) age-restricted versions of our cluster catalogue as shown in Figs 2 and 
A2 . Grey markers in the top panels represent clusters which were excluded under the restriction criteria. 
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In all samples, either no or small variations occurred in the
edian index values and/or % of spatially concentrated clusters.
he conclusions drawn about the general spatial behaviour of the
lusters are unchanged between the full and restricted versions of the
ample. 

In cases where a variation did occur, the strength of the spatial
ehaviour signatures increased rather than decreased. The greatest
ariations occurred in the age-restricted and Young samples. This
as expected, as the most tightly spatially concentrated clusters tend

o be young and thus the restrictions inherently impact the youngest
lusters the most (increasing larger proportions of population were
emoved with decreasing cluster age). For the age-restricted sample
versus the respective full sample) this meant that the dispersed older
opulation was removed, so stats represent the spatial behaviour of
 younger population which tend to have greater spatial associa-
ions than their older counterparts (Section 4.2.2 ). For the Young
amples, index values from the mass-restricted samples represent
he spatial behaviour of a higher-mass population, which tend to
NRAS 545, 1–17 (2026)
ave greater spatial associations than their lower-mass counterparts
Section 4.3 ). 

2 Subsample statistics 

e present diagnostic histograms of the age and mass distributions
or the subsamples analysed in the main text. For each case, we show
verlaid, probability–density histograms (unit area) of log 10 (age / yr )
nd log 10 ( M/M�) using identical binning to enable direct visual
omparison. Specifically: (i) the eYSCs versus RECs comparison
iscussed in Section 4.2.1 (Fig. A3 ); (ii) the evolutionary subsamples
Young, Intermediate, Old) discussed in Section 4.2.2 (Fig. A4 );
nd (iii) the mass–selected subsamples (‘high’ and ‘lower’ mass)
iscussed in Section 4.3 (Fig. A5 ). Legends identify the subsam-
les, and the y-axis shows probability density in all panels. For
ompleteness, Table A2 summarizes the median log 10 (age / yr ) and
og 10 ( M/M�) (with 16th–84th percentile ranges) and sample sizes
or all subsamples used in this paper. 
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Figure A2. Histograms for the full, mass-restricted and age-restricted cluster samples showing (left:) age and (right) mass distributions. The histograms have 
been normalized as probability densities (such that the total area under the bars of each histogram equals one) to enable direct comparison of the age and mass 
distributions of the eYSC-NIR, eYSC-Optical, and YSC samples. 
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Figure A3. Probability–density histograms comparing the eYSCs and RECs: (left) log 10 (age yr−1 ) and (right) log 10 ( M/ M�). Both panels are normalized to 
unit area and use identical binning to enable direct comparison; the y-axis shows probability density. See Section 4.2.1 . 

Figure A4. Probability–density histograms for the evolutionary subsamples (Young, Intermediate, Old): (left) log 10 (age / yr ) and (right) log 10 ( M/M�). Both 
panels are normalized to unit area with identical binning; the y-axis shows probability density. See Section 4.2.2 . 

Figure A5. Probability–density histograms for the mass–selected subsamples (‘high’ and ‘lower’ mass): (left) log 10 (age / yr ) and (right) log 10 ( M/M�). Both 
panels are normalized to unit area and use identical binning; the y-axis shows probability density. See Section 4.3 . 
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Table A2. Median log 10 (age / yr ) and log 10 ( M/M�) for each subsample, with 16th–84th percentile ranges. The final 
column lists the number of clusters used per subsample (identical for the age and mass estimates). 

Sample Age log 10 (yr ) Mass log 10 ( M/M�) No. clusters 

eYSC-NIR 6 . 69+ 0 . 11 
−0 . 52 2 . 96+ 0 . 42 

−0 . 35 1084 

eYSC-Optical 6 . 60+ 0 . 18 
−0 . 55 2 . 96+ 0 . 38 

−0 . 36 132 

YSC 7 . 48+ 0 . 82 
−0 . 70 3 . 29+ 0 . 65 

−0 . 65 5674 

eYSCs 6 . 69+ 0 . 15 
−0 . 60 2 . 95+ 0 . 38 

−0 . 36 750 

RECs 6 . 78+ 0 . 07 
−0 . 18 2 . 71+ 0 . 49 

−0 . 28 785 

Young 6 . 85+ 0 . 33 
−0 . 24 2 . 83+ 0 . 51 

−0 . 36 2805 

Intermediate 7 . 70+ 0 . 20 
−0 . 22 3 . 34+ 0 . 45 

−0 . 30 1201 

Old 8 . 48+ 0 . 22 
−0 . 18 3 . 90+ 0 . 47 

−0 . 34 1668 

High mass ( ≥ 104 M�) 7 . 60+ 0 . 30 
−0 . 77 4 . 24+ 0 . 31 

−0 . 19 137 

Lower mass ( < 104 M�) 7 . 18+ 0 . 52 
−0 . 57 3 . 25+ 0 . 34 

−0 . 24 2950 
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