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A B S T R A C T 

We develop a method to identify and determine the physical properties of stellar associations using Hubble Space Telescope 
( HST ) NUV −U −B −V −I imaging of nearby galaxies from the Physics at High Angular Resolution in Nearby GalaxieS with 

the Hubble Space Telescope (PHANGS–HST) surv e y. We apply a watershed algorithm to density maps constructed from point 
source catalogues Gaussian smoothed to multiple physical scales from 8 to 64 pc. We develop our method on two galaxies that 
span the distance range in the PHANGS–HST sample: NGC 3351 (10 Mpc) and NGC 1566 (18 Mpc). We test our algorithm 

with different parameters such as the choice of detection band for the point source catalogue ( NUV or V ), source density 

image filtering methods, and absolute magnitude limits. We characterize the properties of the resulting multiscale associations, 
including sizes, number of tracer stars, number of associations, and photometry, as well as ages, masses, and reddening from 

spectral energy distribution fitting. Our method successfully identifies structures that occupy loci in the UBVI colour–colour 
diagram consistent with previously published catalogues of clusters and associations. The median ages of the associations 
increase from log(age/yr) = 6.6 to log(age/yr) = 6.9 as the spatial scale increases from 8 to 64 pc for both galaxies. We find that 
the youngest stellar associations, with ages < 3 Myr, indeed closely trace H II regions in H α imaging, and that older associations 
are increasingly anticorrelated with the H α emission. Owing to our new method, the PHANGS–HST multiscale associations 
provide a far more complete census of recent star formation activity than found with previous cluster and compact association 

catalogues. 
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 I N T RO D U C T I O N  

tar formation occurs o v er a large range in physical scales, from
arsec-sized molecular clumps to large star-forming regions of a few 

undred parsecs in the discs and nuclear regions of galaxies. Resolv-
ng star-forming regions and linking emission from young stars to 
he physical conditions and gas supply are critical to understanding 
he ubiquity of the Kennicutt–Schmidt relation (Schmidt 1959 ; 
ennicutt 1998 ) and the variation of star formation efficiency across
alaxies and galaxy types. To fully understand the star formation 
rocess, we need to connect the spatial distribution and time-scales 
f stars from their formation in molecular clouds to the destruction 
f their birth clouds and the removal of gas from feedback. The
ltraviolet (UV)–optical imaging obtained for nearby galaxies by 
he Physics at High Angular Resolution in Nearby GalaxieS with the 
ubble Space Telescope (PHANGS–HST) programme (Lee et al. 
022 ) will allow us to track the time-scales for star formation
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tructure evolution from stars at parsec scales, to stellar populations 
n 100 pc scales, up to galactic scales. 
The majority of star formation generally occurs in stellar asso- 

iations (Lada & Lada 2003 ; Gouliermis 2018 ; Ward & Kruijssen
018 ; Ward, Kruijssen & Rix 2020 ; Wright 2020 , and references
herein) with the compact star clusters forming at the densest 
eaks of this stellar hierarchy (Elmegreen 2008 ; Kruijssen 2012 ).
tar clusters account for ∼1–50 per cent of the star formation in
alaxies (Kruijssen 2012 ; Adamo et al. 2015 , 2020 ; Johnson et al.
016 ; Chandar et al. 2017 ; Krumholz, McKee & Bland-Hawthorn
019 ; Krause et al. 2020 ). In order to get a more complete census
f star formation in galaxies, we must therefore trace the more
oosely bound stellar associations and larger hierarchical structures 
f star formation. The identification of stellar associations requires a 
ifferent set of methods distinct from those used to produce single-
eaked compact star cluster catalogues in order to segment the light
istribution o v er a large range of physical scales. The refinement of
uch techniques is necessary to obtain a complete inventory of the
oungest stellar populations and facilitate joint analysis of molecular 
louds and H II regions. 
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Previous studies of associations and star-forming regions have
sed a variety of methods to identify stellar associations and the
arger hierarchical structures in nearby galaxies, including nearest
eighbours (Gouliermis et al. 2010 ), the minimum spanning tree
e.g. Cartwright & Whitworth 2004 ; Bastian et al. 2007 ), two-point
orrelation functions (Elmegreen 2018 ), kernel density estimation
KDE) isopleths (Gouliermis et al. 2015 , 2017 ), and most recently
endrograms (e.g. Rodr ́ıguez, Baume & Feinstein 2019 ; Larson et al.
020 ). The nearest neighbours and two-point correlation functions
rovide good characterization of smaller stellar associations, while
he minimum spanning tree is useful to quantify hierarchy and the
egree to which structures are fractal in nature. 
We desire to trace the structures at multiple physical scales in

he hierarchy in a way that easily allows for comparisons between
ultiple galaxies and joint analysis of molecular clouds and H II

e gions. To achiev e this goal, we combine techniques from both
he kernel density estimation (Gouliermis et al. 2015 , 2017 ) and
endrogram methods (e.g. Rosolowsky et al. 2008 ; Rodr ́ıguez et al.
019 ; Larson et al. 2020 ). Both the kernel density method and
endrograms employ isodensity contours to quantify their hierarchy.
endrograms identify the full branching tree of the hierarchy of

ny statistically significant branch in a more free-form fashion. This
as its advantages of characterizing the multiscale structures and
ll corresponding peaks, or ‘leaves’, in the distribution by creating
 new branch in the hierarchy every time a statistically significant
tructure is identified. Ho we ver, the organic branching results in
dentified ‘leaves’ with a wide range of surface brightness cut-offs
see Rosolowsky et al. 2008 , for more details) and makes it difficult
o compare structures at common surface brightness levels. We have
herefore chosen to develop a method that allows us to identify
tellar associations and compute their hierarchical structure at distinct
urface brightness cut-offs determined by physical size scales. 

The kernel density method applied by Gouliermis et al. ( 2017 )
nvestig ates the hierarch y of structures by grouping structures abo v e
urface brightness levels, while our new method groups structures by
heir physical size. By relying on a fixed ladder of physical scales,
ur method facilitates comparison between galaxies. This allows
or investigations based on physical size scales since disc scale
eights and fragmentation lengths can differ both between and within
alaxies. The different levels of the stellar hierarchy can also be easily
ompared to ancillary data with a variety of resolutions while still
reserving the connection to both smaller and larger structures in the
ierarchy. 

Our method uses a seeded watershed algorithm on local-
ackground-filtered Gaussian kernel density maps of tracer stellar
opulations to systematically delineate stellar associations and hier-
rchical structures o v er a wide range of physical scales. Watershed
lgorithms have been widely applied for image segmentation in the
roader field of computer vision. Pixel values in the image are treated
s in a topographic map, and regions are defined by ‘flooding’
he images starting at user-defined marker positions until separate
egions meet or until the boundaries reach a surface brightness equal
o a specified value. The resulting regions identified by the watershed
lgorithm define our stellar associations at each level in the hierarchy.

Our methods have been developed to produce complete catalogues
f stellar associations using the UV–optical imaging obtained by
he PHANGS–HST surv e y (Lee et al. 2022 ). PHANGS–HST 

1 

s a component of the greater PHANGS 

2 programme, which is
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uilding a comprehensive data base to enable multiphase, multiscale
tudies of the star formation process across the nearby spiral galaxy
opulation. This effort consists of PHANGS–ALMA, an Atacama
arge Millimeter/submillimeter Array (ALMA) CO(2–1) mapping
rogramme co v ering a representativ e sample of 74 main-sequence
alaxies (Leroy et al. 2021 ); PHANGS–MUSE, a Very Large
elescope (VLT) imaging programme of 19 of these galaxies with the
USE optical Integral Field Unit (IFU) instrument (Emsellem et al.

022 ); and PHANGS–HST, which has obtained NUV −U −B −V −I
maging for the 38 galaxies from the PHANGS sample best suited
or studies of resolved stellar populations (including all galaxies
bserved with MUSE). 3 Imaging with JWST in eight filters at 2–21
m for the 19 galaxies with the full complement of ALMA, MUSE,
nd HST observations has been appro v ed through the PHANGS–
WST Cycle 1 Treasury surv e y (Lee et al. 2022 , PID: 2107). The
nsemble of PHANGS observations yields an unprecedented data
ase of the observed and physical properties of ∼100 000 star
lusters, associations, H II regions, and molecular clouds. With these
asic units of star formation, PHANGS systematically charts the
volutionary cycling between gas and stars across a diversity of
alactic environments found in nearby galaxies. 

We focus the analysis on two galaxies, NGC 3351 and NGC 1566,
o develop our methods. We choose these galaxies because they
pan the distance range of most of the galaxies in the PHANGS–
ST sample (NGC 3351 is at 10 Mpc, while NGC 1566 is at 18
pc; Anand et al. 2021 ) and have been previously studied by the

EGUS programme (Calzetti et al. 2015 ) to allow for catalogue
omparisons. The two galaxies exhibit different morphologies and
lobal properties, and provide a test of our method o v er a large range
f galactic environments and dynamical structures, including bars,
piral arms, and star-forming rings. LEGUS star cluster catalogues
ave also been publicly released for both galaxies (Adamo et al.
017 ), which enables comparison of the stellar associations found
ere to compact associations and star clusters that have been
dentified and studied using independent methods. LEGUS has
lso analysed the distribution of star formation in NGC 1566 in a
ierarchical manner using KDE isopleths (Gouliermis et al. 2017 ). 
This paper is part of a series that presents the major components of

he o v erall PHANGS–HST data products: o v erview of surv e y design,
ipeline, and data products (Lee et al. 2022 ); source detection and
election of compact star cluster candidates (Thilker et al. 2022 );
perture correction and quantitative morphologies of star clusters
Deger et al. 2022 ); star cluster candidate classification (Whitmore
t al. 2021 ); deep learning for neural network classification of
tar clusters (Wei et al. 2020 ); stellar association identification and
nalysis (this paper); spectral energy distribution (SED) fitting with
IGALE : Code Investigating GALaxy Emission 4 (Boquien et al. 2019 ;
urner et al. 2021 ); and constraints on galaxy distances through
nalysis of the Tip of the Red Giant Branch (TRGB) as observed in
he PHANGS–HST parallel pointings (Anand et al. 2021 ). 

This paper is organized as follows. We begin in Section 2 by
escribing the HST data used in this analysis. In Section 3 , we
escribe our method for identifying stellar associations. We describe
ur process for selecting tracer stars that are used to observation-
lly delineate stellar associations, the creation of filtered Gaussian
ernel density maps, the watershed algorithm used to define the
 Galaxies are selected to be relatively face-on, a v oid the Galactic plane, and 
a ve rob ust molecular cloud populations to facilitate joint analysis of stellar 
opulations and molecular clouds (Lee et al. 2022 ). 
 https://cigale.lam.fr
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Table 1. Galaxy properties. 

Name RA Dec. Distance Stellar mass SFR Morph 
(deg) (deg) (Mpc) (M �) (M � yr −1 ) 

NGC 3351 160.99065 11.70367 10 1.88e10 (0.10 dex) 1.2 (0.2) Sb 
NGC 1566 65.00159 −54.93801 18 4.56e10 (0.10 dex) 4.4 (0.2) SABb 

Note. Properties of NGC 3351 and NGC 1566. 
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Figure 1. Footprints of the HST (blue), ALMA (red), and MUSE (cyan) 
co v erage for NGC 3351 and NGC 1566. The PHANGS–HST imaging for 
NGC 3351 also included ACS V - and I -band parallel observations (footprint 
shown as dotted blue box) to enable distance measurements (Anand et al. 
2021 ). 

p  

a
(  

p
D  

d
s
b
c
e
p  

t  

T  

o
D

3
I

3

T  

c  

a
s

 

d
l
i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/4/6061/7191271 by guest on 04 M
arch 2025
egions bounding the associations, and the parameters involved in 
he definition process. In Section 4 , we describe our strategy for

easuring photometry within the multiscale associations, and for 
nferring ages, masses, and reddenings of the stellar associations via 
ED fitting using the CIGALE package. 
We present the results of this methodology in Section 5 by 

haracterizing the observed and physical properties of the ensemble 
opulation of stellar associations. We compare our sample with the 
tar clusters and compact associations identified by the LEGUS 

rogramme, and discuss their relationship with both H α observations 
nd molecular clouds identified by the PHANGS–ALMA surv e y. 
inally, we conclude by summarizing the key findings of our analysis 

n Section 8 , and discuss future work. The method presented here
ill be applied to the full sample of 38 PHANGS–HST galaxies 

o produce multiscale association catalogues to be publicly released 
ogether with the scripts used. 

 SAMPLE  A N D  DATA  

GC 3351 is an Sb spiral galaxy with a mass of 1.88 × 10 10 M � and
 star formation rate (SFR) of 1.165 M � yr −1 (Leroy et al. 2021 ). It
as both an inner and outer star-forming ring connected by a weak
ar structure. NGC 1566 is an SABb spiral galaxy with a weak
ar, two prominent star-forming spiral arms, and is ∼4 times more 
assive than NGC 3351. These basic properties and references are 

ummarized in Table 1 . 
As described in the PHANGS–HST surv e y paper (Lee et al. 2022 ),

ll galaxies in the PHANGS–HST programme have HST F 275 W 

NUV), F 336 W ( U ), F 438 W ( B ), F 555 W ( V ), and F 814 W ( I ) imaging
ith Wide Field Camera 3 (WFC3) or Advanced Camera for Surv e ys

ACS), as well as CO(2–1) observations with ALMA. For NGC 3351, 
wo HST fields with imaging in these five bands are available, one
btained by LEGUS (Calzetti et al. 2015 , PID 13364) in 2014, and
nother for the PHANGS–HST programme in 2019 (Lee et al. 2022 ,
ID 15654). As discussed in Lee et al. ( 2022 ) and Turner et al.
 2021 ), while the LEGUS observation strategy was to maximize 
adial co v erage outward from the nucleus, PHANGS–HST aims to 
aximize the HST co v erage with the available PHANGS–ALMA 

O mapping, which resulted in o v erlapping but complementary 
bservations for NGC 3351. NGC 1566 was observed by LEGUS 

n 2013. No additional HST observations were taken by PHANGS–
ST since the available observations provided sufficient co v erage of

he ALMA CO map. Fig. 1 shows the footprints of the HST imaging
ogether with those for the MUSE and ALMA CO maps, o v erlaid on
igitized Sky Survey images. 5 Exposure times are given in Table 2 .
Our analysis makes use of DOLPHOT source catalogues, which are 

roduced as the first step in the o v erall PHANGS–HST catalogue
 The Digitized Sky Surveys were produced at the Space Telescope Science 
nstitute under US Go v ernment grant NAG W-2166. The images are based on 
hotographic data obtained using the Oschin Schmidt Telescope on Palomar 
ountain and the UK Schmidt Telescope. The plates were processed into the 

resent compressed digital form with the permission of these institutions. 

f
P
e

 

f

ipeline (Lee et al. 2022 ). These DOLPHOT catalogues are used
s the base for both the PHANGS–HST cluster detection pipeline 
Thilker et al. 2022 ) and the hierarchical stellar structure pipeline
resented in this paper. The DOLPHOT photometry package (v2.0; 
olphin 2002 ) uses point spread function (PSF)-fitting to detect and
eblend sources in the high-resolution HST images. The DOLPHOT 

ource catalogue provides PSF-fitted photometry in all available 
ands as well as characteristics of the source (sharpness, roundness, 
hi-square, signal-to-noise ratio, crowding, and quality flag) for 
very detection. The DOLPHOT source characteristics are used to 
erform quality cuts on the sample as described in Section 3.1
o select the point sources used to trace the stellar associations.
hilker et al. ( 2022 ) provide a detailed description of the production
f DOLPHOT catalogues for PHANGS–HST and list the adopted 
OLPHOT parameters. 

 MULTI SCALE  STELLAR  ASSOCI ATI ON  

DENTI FI CATI ON  M E T H O D  

.1 Selection of tracer stars 

he first step is to select point sources from the DOLPHOT source
atalogues to serve as ‘tracer’ stars, the positions of which, with
ppropriate selection, reveal the hierarchical structure of multiscale 
tellar associations. 

We perform our analysis using both NUV - and V -band light as the
etection band for the DOLPHOT stellar catalogues. The NUV -band 
ight preferentially traces the youngest stellar populations, which 
s critical for comparison with molecular clouds. The V -band light
acilitates comparisons to compact star cluster catalogues from both 
HANGS–HST and LEGUS, which are V -band selected (Adamo 
t al. 2017 ; Lee et al. 2022 ; Thilker et al. 2022 ). 

For the selection of tracer stars in the NUV -band,we use the
ollowing criteria: 

(i) NUV -band signal-to-noise > 7, 
MNRAS 523, 6061–6081 (2023) 
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Table 2. HST exposure times. 

Name F 275 W F 336 W F 438 W F 555 W F 814 W PID 

(s) (s) (s) (s) (s) 

NGC 3351-N 2190 1110 1050 670 830 15 654 
NGC 3351-S 2361 1062 908 1062 908 13 364 
NGC 1566 2382 1119 965 1143 989 13 364 

Note . HST WFC3/UVIS imaging e xposure times for NGC 3351 and NGC 1566. Data for NGC 1566 are from the LEGUS 
programme while new data for NGC 3351 were obtained by PHANGS–HST. 
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Figure 2. UBVI colour–colour diagram of the V -band tracer stars for NGC 

3351. Grey points show the position of the P ado va stellar models and the red 
line traces the path of a solar metallicity, single-aged stellar population from 

BC03. LEGUS objects are shown as red (Class 1 clusters), green (Class 2 
clusters), and blue (Class 3 compact associations) points and tracer stars with 
M V < −10 mag are shown as purple stars. 
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(ii) NUV -band sharpness 2 < 0.15, 
(iii) NUV -band quality flag < 4, 
(iv) U -band signal-to-noise > 3. 

The sharpness criterion preferentially selects unresolved point
ources. A perfectly fitted star has a sharpness of zero and a well-
tted star in an uncrowded field has a sharpness value between −0.3
nd 0.3 (Dolphin 2002 ). We chose a more relaxed cut-off sharpness 2 

 0.15 to allow for effects from crowding. The DOLPHOT quality
ag criterion ensures that we only consider unsaturated sources with
ell-determined photometry. A corresponding minimum detection

n the U -band helps remo v e artefacts. 
Similarly, the criteria for the tracer star selection in the V -band

re: 

(i) V -band signal-to-noise > 7, 
(ii) V -band sharpness 2 < 0.15, 
(iii) V -band quality flag < 4, 
(iv) B -band signal-to-noise > 3, 
(v) ( V -band flux/ V -band sky level) ≥2.0. 

Since the V -band data have more diffuse background emission,
he V -band selection has an additional criterion to remo v e objects
ith high local sky background. This ensures that DOLPHOT sources

ncluded as tracer stars have significant detections above their local
 alactic environment. Additionally, foreground g alactic stars are
asked out and excluded from the tracer stars for both NUV- and
 -band selection. 
Our selection criteria result in magnitude limits of NUV < 25.4

nd V < 27.2 mag for NGC 3351, which correspond to absolute
agnitudes of M NUV < −4.7 and M V < −2.8 for a distance of 10
pc. Likewise, for the more distant NGC 1566 at 18 Mpc, these

imits are NUV < 24.9 and V < 27.0 mag, and M NUV < −6.3 and
 V < −4.2. The effects that the different absolute magnitude cuts

ave on the final results are explored in Section 5.5 . We find that
he different absolute magnitude limits do not affect the size or
ge distributions of the resulting associations but do result in fewer
ssociations and a slight increase of the average log(M/M �) by ∼0.2
ex. Since the overall change in the determined parameters is small,
e chose to keep with a simple signal-to-noise selection and not

pply an absolute magnitude cut on tracer stars to allow for a more
omplete comparison to the cluster catalogues (Adamo et al. 2017 ;
hilker et al. 2022 ) and data from other telescopes. 
While our criteria for the tracer stars are designed to select point-

ike sources, they do not guarantee that all sources are in fact
ndividual stars. Fig. 2 shows a UBVI diagram of the V -band selected
racer stars as a purple density grid compared to both the P ado va
tellar model tracks 6 (grey points, Girardi et al. 2002 ; Marigo et al.
008 ) and the solar metallicity single-aged stellar population (SSP)
odels from Bruzual & Charlot ( 2003 ) (BC03, red line). Most of
NRAS 523, 6061–6081 (2023) 
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w  

(  

s  
he tracer stars lie redward of the P ado va stellar tracks. Some tracers,
hown as purple stars, lie beyond the Humphrys–Davidson limit of
 V < −10 mag and are therefore too bright to be individual stars.

ince the goal is to find stellar associations, it is acceptable for our
urposes if some of the tracer objects are in fact double stars or
v en unresolv ed clusters. The position of LEGUS identified Class
, 2, and 3 objects are also shown as red, green, and blue points for
omparison. LEGUS Class 1 and Class 2 objects are identified as
ompact star clusters while Class 3 objects are multipeaked compact
ssociations. The LEGUS objects should be well-characterized by
n SSP model and lie along and to the right of the BC03 SSP track. 

.2 Tracer star density maps 

nce the tracer stars are identified, they are used to create a simplified
ap on which we can use the watershed algorithm to identify stellar

ssociations. The steps to develop the tracer star density maps that
ill undergo segmentation are as follows. 
A position map of the tracer stars’ positions is created with the

ame shape and scale as the HST image. The position map has a
alue of one at the pixel position of the tracer stars and a value of
ero at all other pixels. The location of NUV tracer stars is shown for
egions in NGC 3351 and NGC 1566 in Figs 3 (C) and 4 (C). Gaussian
ernel density maps are then created by smoothing the position map
ith a Gaussian profile with different full width at half-maximum

FWHM): 8, 16, 32, 64, 128, and 256 pc, where each successive
moothing level is two times as large as the preceding level, and

http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 3. An illustration of our watershed procedure for identifying stellar associations o v er multiple scales. (Panel A) An HST three-colour image of NGC 

3351 (Red: WFC3/UVIS F 814 W , Green: WFC3/UVIS F 555 W , Blue: WFC3/UVIS F 438 W + F 336 W + F 275 W ). (Panel B) The NUV image of the centre of 
NGC 3351. (Panel C) The NUV image of the centre of NGC 3351 with the position of all NUV tracer stars shown as green points. (Panel D) The 16-pc filtered 
NUV tracer star density map for the centre of NGC 3351. The image is in units of tracer stars per pixel. The cut-off threshold is set to 1 FWHM and the 16-pc 
watershed regions are shown in blue. (Panel E) NUV image of the centre of NGC 3351 with 8, 16, 32, and 64-pc lev els o v erplotted as corresponding green, blue, 
purple, and orange regions. At 0.0396 arcsec pixel −1 , one WFC3 pixel maps to 1.9 pc pixel −1 at a distance of 10 Mpc for NGC 3351. 
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here the two largest smoothing levels are used to construct a high-
ass filter as described below. Each resulting Gaussian profile in 
he smoothed map, regardless of the size, will have a total value
f 1 resulting in a smoothed number surface density map. The 
ifferent smoothing levels allow us to trace the hierarchical structure 
t different physical scales. A lower limit in the smoothing level is
et for each galaxy dependent on the galaxy’s distance: 8 pc for NGC
351 and 16 pc for NGC 1566. The smallest smoothing scales of 8
nd 16 pc are chosen to approximately match the aperture size of 4
ixels (in radius) that is used for stellar cluster identification at the
alaxies’ distances given the resolution of WFC3 of 0.0396 arcsec 
ixel −1 (Adamo et al. 2017 ; Lee et al. 2022 ; Thilker et al. 2022 ). The
mallest smoothing levels will therefore enable identification and 
omparison of stellar associations that o v erlap in size with objects
n compact cluster catalogues. These smoothed tracer star density 
aps are then processed using a high-pass filter to emphasize the 

etailed structure at the chosen smoothing scale. The high-pass filter 
s applied by subtracting a tracer star density map that is smoothed
ith a larger Gaussian kernel. For example, the filtered 16-pc tracer 
tar density map, as shown in Figs 3 (D) and 4 (D), is created by
ubtracting a map which is smoothed to 64 pc (a scale 4 times
arger). The high-pass filter acts as a local background subtraction, 
ltering out the underlying distribution of stars in the image and
mphasizing the structure at each smoothing scale. These smoothed, 
igh-pass filtered tracer star density maps are then segmented using 
he watershed algorithm, as shown in Figs 3 (E) and 4 (E) and
escribed in Section 3.3 , to define stellar associations at different
cales. In Appendix A , we compare the use of two different high-
ass filters and select the 4 times high-pass filter for our sample as
his filter step produces a tighter distribution of region sizes at all
moothing scales. 

.3 Watershed parameters 

e use the seeded watershed routine from the pub- 
icly available PYTHON package SCIKIT-IMAGE ( SKIM- 
GE.SEGMENTA TION.WA TERSHED ) to define our stellar associations. 
e choose this particular watershed routine since it allows the user
MNRAS 523, 6061–6081 (2023) 
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Figure 4. Same as Fig. 3 , except for NGC 1566. At 0.0396 arcsec pixel −1 , one WFC3 pixel maps to 3.5 pc pixel −1 at a distance of 18 Mpc for NGC 1566. (Panel 
A) The HST three-colour image for NGC 1566 (Red: WFC3/UVIS F 814 W , Green: WFC3/UVIS F 555 W , Blue: WFC3/UVIS F 438 W + F 336 W + F 275 W ). 
(Panel B) For illustration, we show a zoom-in of the NUV image on a portion of the spiral arm with a bright star-forming region in NGC 1566. (Panel C) The 
NUV image of the star-forming region in NGC 1566 with the position of all NUV tracer stars shown as green points. (Panel D) The 16-pc filtered NUV tracer 
star density map for the zoom in region of NGC 1566. The image is in units of tracer stars per pixel. The cut-off threshold is set to 1 FWHM and the 16-pc 
watershed regions are shown in blue. (Panel E) NUV image of NGC 1566 with 16, 32, and 64-pc lev els o v erplotted as corresponding blue, purple, and orange 
regions. Star clusters are intentionally not included as tracer stars and therefore may not be included in the stellar association regions. 
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o control both the identification of the marker positions, which
erve as the starting points from which regions are ‘flooded’ or
rown, as well as to provide an image mask for pixels to consider
hen creating the segmented regions. 
We develop a procedure to determine the marker positions and to

roduce the image mask using two free parameters: 

(i) Peak threshold: the lev el abo v e which marker positions are
dentified. 

(ii) Edge threshold: the level above which image mask pixels are
alid (have value of 1). 
NRAS 523, 6061–6081 (2023) 
We tie the values of both parameters to the characteristics of a
ingle object on the smoothed, filtered tracer star density maps. We
efine the peak threshold to be 1.5 times the maximum value for
 single object to ensure that there will be at least two point-like
ources per region. We use an edge threshold equal to the surface
brightness’ at the FWHM of a single object. Both of these values
ary as a function of: (i) the distance of the galaxy, since the FWHM
f the Gaussian kernels used to smooth the images are defined in
arsecs, and (ii) the smoothing level itself. 
We define our marker positions as the local maxima of the

moothed, filtered tracer star density map using the routine SKIM-
GE.FEATURE.PEAK LOCAL MAX . The local maxima function re-
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Figure 5. Comparison of regional and PSF photometry of stellar association for NGC 3351 for all scales (8–64 pc). Top row shows the comparison of NUV -band 
photometry and bottom row shows the comparison for V -band photometry. The title of each sub-figure states the average difference between the regional and 
PSF photometry. 
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uires both a minimum distance and threshold value to define 
he local maxima. We set the minimum allowed distance between 

axima equal to the FWHM of a single object. 

 PH OTOM ETRY  A N D  SED  FITTING  M E T H O D S  

.1 Stellar association photometry 

n this section, we describe how we perform the photometry in the
tellar associations which we use for the determination of physical 
roperties. All light from within the bounds of an association is used
n the photometry for that structure. The measured photometry stated 
s al w ays the total flux of the region. Therefore, photometry for larger
cale associations include light from any contained smaller scale 
ssociations. Since the stellar associations are often irregular in shape 
nd by definition contain multiple stellar PSFs, we cannot assume 
hat the standard aperture correction calculated for the compact 
luster catalogues is appropriate for these re gions (De ger et al.
022 ). We therefore perform both regional pixel photometry and 
SF photometry to test which procedure best reco v ers the total flux
f the associations at all scale levels. 
We first measure the flux of the stellar associations using standard 

e gional pix el photometry. Re gional photometry is performed 
y measuring the flux inside the stellar association regions and 
alculating the local background from an annulus around the 
egion. Flux from all pixels within the regions are included in 
he photometry, therefore flux from compact clusters and diffuse 
mission within the aperture will also add to the regional photometry. 
e then measure PSF photometry of the stellar associations using 

OLPHOT identified sources. 
The PSF photometry of the stellar associations is found by 

umming DOLPHOT PSF photometry from all the DOLPHOT sources 
ontained within the region. The photometric error for the associ- 
tions is calculated by propagating the DOLPHOT photometry errors 
or the individual sources. While the definition of the associations 
nly uses DOLPHOT sources that pass the tracer star selection (see
ection 3.1 ), the PSF photometry uses all DOLPHOT sources. Bright
oreground stars are masked out from the tracer stars and are excluded 
rom the association regions. Therefore, the total number of DOLPHOT 

ources contained within an association and used for photometry can 
e greater than the number of selected tracer stars used to define
he associations. We discuss this later in Section 5.2 . No additional
election criteria are applied to the DOLPHOT sources. DOLPHOT 

nly fits sources abo v e the background with PSF-fitted photometry,
herefore no additional background subtraction is required for the 
SF photometry. 

DOLPHOT is iteratively fitted 5 times. The highest signal-to- 
oise sources are fitted in the first pass, while the subsequent
asses allow for fainter sources to be fitted in the residuals. Not
ll DOLPHOT sources are point sources, but the inclusion of all
OLPHOT sources in the photometry allows for the total flux of the
egion to be recovered. Since the same initial DOLPHOT catalogue is
sed for both the stellar association pipeline and the single-peaked 
ompact cluster pipeline, it is possible for compact clusters to be
ncluded as part of a larger stellar association. As we will show in
ections 5.3 and 5.4 , the observed and physical properties appear

o be reasonable (e.g. the colours of the associations track that of a
ingle-aged stellar population) and sufficient for this proof of concept 
emonstration. 
We compare the regional sky subtracted pixel photometry to the 

SF photometry of the stellar associations. Fig. 5 sho ws ho w both
he NUV - and V -band regional and PSF photometry compare for
GC 3351. On av erage, the re gional photometry is less than the PSF
hotometry. The difference is largest at the 8-pc scale level with the
egional photometry being on average 45-per cent smaller than the 
SF photometry. The difference decreases as the regions get larger 
MNRAS 523, 6061–6081 (2023) 
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Table 3. NGC 3351 region properties. 

NGC 3351 NUV -band tracer stars 

Scale level nRegions Radius nTracer n DOLPHOT M V (mag) 
(pc) (pix) (arcsec) med (.25Q,.75Q) (pc) med (.25Q,.75Q) med (.25Q,.75Q) med (.25Q,.75Q) 
8 4.16 0.165 334 6.23 (5.53,7.66) 3 (3,6) 4 (3,6) −6.8 ( −7.88, −6.01) 
16 8.33 0.33 807 12.4 (10.3,15.3) 4 (3,7) 7 (4,11) −6.86 ( −7.8, −6.1) 
32 16.7 0.66 838 26.1 (21.6,32.4) 5 (3,8) 16 (10,26) −7.06 ( −7.97, −6.35) 
64 33.3 1.32 641 55.2 (45.2,67.4) 7 (4,13) 49 (29,74) −7.71 ( −8.47, −7.03) 

NGC 3351 V -band tracer stars 
8 4.16 0.165 557 6.03 (5.31,7.11) 3 (2,5) 4 (3,5) −6.16 ( −7.22, −5.33) 
16 8.33 0.33 1324 11.9 (10.2,14.7) 3 (2,6) 6 (4,10) −6.27 ( −7.28, −5.52) 
32 16.7 0.66 1379 25.7 (21.1,31.3) 5 (3,8) 14 (9,24) −6.63 ( −7.51, −5.95) 
64 33.3 1.32 962 53.9 (43.8,67.1) 8 (4,13) 42.0 (27.0,70.8) −7.36 ( −8.24, −6.65) 

Note . Re gion properties for NGC 3351 associations using both NUV - and V -band tracer stars. [columns 1–3] FWHM of the scale level. [column 4] number of 
identified associations. [column 5] median, first, and third quartiles for the association radii. [column 6] median number of included tracer stars. [column 7] 
median number of included DOLPHOT sources. [column 8] median absolute V -band magnitude of the associations determined from DOLPHOT photometry 
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t larger scale levels. By the 64-pc level, the regional photometry is
11-per cent different from the PSF photometry. 
Since the DOLPHOT photometry is PSF fitted and represents the

otal flux for that object, it does not require an aperture correction
r local background subtraction which can be difficult in crowded
nvironments. There is no aperture correction for the irregular shapes
f the stellar associations used in the regional photometry. The
egional photometry of the smaller regions at 8 and 16 pc are
herefore most impacted by loss of flux due to small apertures. We
ill therefore use the PSF photometry in our analysis for the rest of

he paper. 

.2 SED fitting 

o estimate ages, masses, and reddenings of the stellar associations,
he CIGALE SED fitting package (Boquien et al. 2019 ) is used with
ve-band NUV, U, V, B, I photometry of the regions as described

n the previous section. Augmentations to CIGALE have been made
o enable fitting of single-aged stellar populations as described in
urner et al. ( 2021 ). Here, all of the results presented are based on the
est-fitting SED corresponding to the minimum reduced chi-squared
alue, and we do not introduce additional weighting with priors on
he age or mass distributions. The fitting is based on the single-aged
opulation synthesis models of Bruzual & Charlot ( 2003 ), assuming
olar metallicity and a Chabrier ( 2003 ) initial mass function (IMF;
ith standard mass limits of 0.1–100 M �), and no addition of nebular

mission. The Cardelli, Clayton & Mathis ( 1989 ) extinction curve
ith R V = 3.1 is used and a maximum E ( B − V ) = 1.5 is imposed.
 more detailed description of the assumptions in the modelling can
e found in Turner et al. ( 2021 ). 

 RESULTS:  STELLAR  ASSOCIATION  

ROPERTIES  

ow that we have developed a process for characterizing stellar
ssociations, let us examine the resulting ensemble properties of these
tructures in NGC 3351 and NGC 1566. We begin by describing the
roperties of the associations based upon the NUV tracer stars, at
ll four scale levels studied (8, 16, 32, and 64 pc). We discuss both
bserved and physical properties of these structures. We then discuss
ifferences in the samples of selected structures when the V -band
racer stars are used instead. The statistics for the sizes, number of
egions, and number of point sources contained in the regions at
ach scale level are tabulated in Tables 3 and 4 . Similar tables for
NRAS 523, 6061–6081 (2023) 
he estimated ages, masses, and extinctions for stellar associations at
ach scale level are given in Tables 5 and 6 . 

.1 Number of regions identified and their sizes 

he different scale levels used in our watershed procedure trace
he hierarchical structure of star formation from the more compact
ssociations at 8 and 16 pc, to the larger scale stellar associations
t 32 and 64 pc. We find that our process identifies of the order
f a few hundred up to o v er 3000 associations depending on the
alaxy and scale level (Tables 3 and 4 ). For NGC 1566 we find
round two times more regions than NGC 3351 at each scale level.
his potentially follows from the higher SFR values quoted by
eroy et al. ( 2021 ) (see Table 1 ) for NGC 1566. For each galaxy,
s the smallest scale level traces the densest peaks of the stellar
ierarchy, it also has the fewest regions, while the number of regions
s highest at the 32-pc level. As can be seen in Figs 3 and 4 , while
maller 8- and 16-pc regions generally lie within the larger 32-pc
tructures, not every 32-pc region will have substructure at smaller
cales. This is due to the requirement that at least two tracer stars
e within a region so some of the 32-pc regions are too diffuse to
ave substructure at the smaller scales. The V -band selected tracer
tars also result in more detected associations at each scale level
ith ∼1.5–2 times the number of associations detected with V -
and tracer stars than are detected with NUV -band tracer stars. We
ill return to examine the possible causes of these differences in
ection 5.6 . 
Each scale level is optimized to identify associations of different

izes. Here, we use the region’s ef fecti ve radius as a measure of the
ize, where the ef fecti ve radius is the radius of a circle with an area
qual to that of the association. The histograms of the ef fecti ve radii
or each scale are shown in Fig. 6 . The sizes peak near the defining
aussian FWHM used to create the tracer star density maps for each

cale level (8, 16, 32, and 64 pc) and are approximately lognormal
s shown by the fitted lognormal distributions in black. The high-
ass filtering described in Section 3.2 results in distributions that are
airly distinct with o v erlap only in the wings of the distribution.
 or e xample, the NUV -band 16-pc scale lev el sample of stellar
ssociations for NGC 3351 has a median size of 12.4 pc with quartiles
f 10 and 15 pc. The distribution also exhibits a tail that extends up
o 35 pc. The next scale level at 32 pc has a median size of 26 pc
ith quartiles of 22–32 pc. While this o v erlaps the small tail from

he previous scale level, the peaks of the distributions are distinct and
hows that our method is performing as intended. 
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Table 4. NGC 1566 region properties. 

NGC 1566 NUV -band tracer stars 

Scale level nRegions Radius nTracer n DOLPHOT M V (mag) 
(pc) (pix) (arcsec) med (.25Q,.75Q) (pc) med (.25Q,.75Q) med (.25Q,.75Q) med (.25Q,.75Q) 
16.0 4.63 0.183 983 12.9 (10.9,15.5) 5.0 (3.0,7.0) 5.0 (3.5,8.0) −8.08 ( −8.85, −7.33) 
32.0 9.26 0.367 1655 29.3 (24.4,35.7) 6.0 (4.0,11.0) 14.0 (9.0,22.0) −8.45 ( −9.32, −7.7) 
64.0 18.5 0.733 1175 57.4 (46.5,72.0) 8.0 (4.0,16.0) 34.0 (20.0,60.0) −8.92 ( −9.84, −8.13) 

NGC 1566 V -band tracer stars 
16.0 4.63 0.183 2155 12.2 (10.1,15.0) 4.0 (3.0,7.0) 5.0 (3.0,8.0) −7.59 ( −8.36, −6.86) 
32.0 9.26 0.367 3150 27.3 (23.0,33.7) 6.0 (3.0,10.0) 11.0 (7.0,19.0) −8.01 ( −8.81, −7.24) 
64.0 18.5 0.733 1995 55.4 (45.2,69.3) 8.0 (4.0,17.0) 29.0 (16.0,51.0) −8.57 ( −9.48, −7.66) 

Note . Re gion properties for NGC 1566 associations using both NUV - and V -band tracer stars. [columns 1–3] FWHM of the scale level. [column 4] number of 
identified associations. [column 5] median, first, and third quartiles for the association radii. [column 6] median number of included tracer stars. [column 7] 
median number of included DOLPHOT sources. [column 8] median absolute V -band magnitude of the associations determined from DOLPHOT photometry 

Table 5. NGC 3351 CIGALE derived properties. 

NUV -band CIGALE properties 

Scale level Age Mass E ( B − V ) 
(parsec) log 10 (yr) log 10 (M �) 

med (.25Q,.75Q) med (.25Q,.75Q) med (.25Q,.75Q) 
8 pc 6.6 (6.48,6.7) 3.07 (2.62,3.72) 0.155 (0.08,0.25) 
16 pc 6.6 (6.48,6.78) 3.15 (2.72,3.64) 0.18 (0.08,0.28) 
32 pc 6.7 (6.48,6.9) 3.33 (2.9,3.74) 0.18 (0.06,0.3) 
64 pc 6.9 (6.6,7.0) 3.57 (3.24,3.97) 0.14 (0.06,0.26) 

V -band CIGALE properties 
8 pc 6.7 (6.6,7.69) 3.13 (2.7,3.6) 0.18 (0.07,0.31) 
16 pc 6.7 (6.6,7.26) 3.17 (2.73,3.59) 0.2 (0.08,0.32) 
32 pc 6.85 (6.6,7.28) 3.33 (2.92,3.71) 0.21 (0.09,0.33) 
64 pc 6.9 (6.85,7.28) 3.54 (3.22,3.91) 0.17 (0.08,0.28) 

Note . CIGALE deriv ed properties for both the NUV - and V -band selected 
associations in NGC 3351: [col2] median ages. [col3] median masses. [col4] 
median attenuation. 

Table 6. NGC 1566 CIGALE derived properties. 

NUV -band CIGALE properties 

Scale level Age Mass E ( B − V ) 
(parsec) log 10 (yr) log 10 (M �) 

med (.25Q,.75Q) med (.25Q,.75Q) med (.25Q,.75Q) 
16 pc 6.6 (6.48,6.78) 3.62 (3.2,4.02) 0.15 (0.06,0.25) 
32 pc 6.7 (6.48,6.85) 3.78 (3.39,4.21) 0.15 (0.06,0.26) 
64 pc 6.85 (6.6,6.9) 4.04 (3.62,4.48) 0.14 (0.04,0.25) 

V -band CIGALE properties 
16 pc 6.78 (6.6,7.85) 3.75 (3.34,4.11) 0.16 (0.04,0.28) 
32 pc 6.85 (6.7,7.76) 3.91 (3.48,4.27) 0.16 (0.05,0.29) 
64 pc 6.9 (6.78,7.72) 4.13 (3.72,4.53) 0.13 (0.05,0.26) 

Note . CIGALE deriv ed properties for both the NUV- and V -band selected 
associations in NGC 1566: [col2] median ages. [col3] median masses. [col4] 
median attenuation. 
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.2 Number of point sources 

e can count the number of point sources enclosed in each associ-
tion. We define the number of stars (point sources) in two ways:
he number of stars that meet the selection criteria and are used to
efine the association (tracer stars), and the total number of DOLPHOT 

ources enclosed in each association. It is a requirement that each 
egion contains at least two tracer stars in the filtered image, see
ection 3.1 for details. For both galaxies, the median number of

racer stars per region ranges from 3 to 8 as the scale level increases
rom 8 to 64 pc. 
For NGC 3351, the median number of DOLPHOT sources contained 
n the stellar associations vary from 4 sources at the smallest scale
evel of 8 pc, up to 49 sources at the 64-pc scale lev el. F or NGC 1566,
he median number of contained DOLPHOT sources ranges from 5 to
4. 

.3 Colours 

ere, we examine the photometric colours of our sample of stellar
ssociations using the UBVI colour–colour diagram. In past works, 
he UBVI colour–colour diagram has been used e xtensiv ely for
omparison of star cluster populations to single-age stellar population 
SSP) model tracks (e.g. Chandar et al. 2010 ; Adamo et al. 2017 ;
ook et al. 2019 ; Deger et al. 2022 ). Determining whether the
hotometric properties of the structures are consistent with single- 
ge populations in this way provides a sanity-check on the validity
f our watershed method for selecting stellar associations, and on 
hether to proceed with SED fitting with SSP models. We also

ompare to composite stellar populations (CSPs) that are formed 
rom exponentially declining SFR, SFR( t ) ∼ exp( − t / τ ), with both
of 2 and 4 Myr. 
In Figs 7 and 8 , we show the UBVI colour–colour diagrams for

ssociations in NGC 3351 and NGC 1566. For NGC 3351, we plot
he stellar associations selected at each of the four scale levels, while
or NGC 1566, stellar associations selected at the 8-pc scale level are
mitted due to the greater distance of the galaxy. The figures include
wo columns for each galaxy, one for the NUV-selected associations 
nd a second for the V -band associations. In each panel, we o v erplot
n SSP model track with solar metallicty and an escape fraction of
ero ( f cov = 0) from BC03 in red. The CSP tracks with τ of 2 and
 Myr in yellow and blue are o v erplotted on the larger scale levels
rom 16 to 64 pc. 

Overall, the colours do tend to fall along the SSP model track.
t the smaller scale levels (8 and 16 pc), there is scatter to the

eft of the SSP model track into the region of the colour–colour
iagram occupied by individual stars. This scatter is due to the low
uminosities of the regions and indicates that they would be better
odelled by a stellar track than a full stellar population. Scatter to

he right of the SSP model track has been shown to be the result
f stochastic sampling of the initial mass function for low mass
tellar populations (e.g. Fouesneau et al. 2012 ; Hannon et al. 2019 ;

hitmore et al. 2020 ). A single bright red star in a stellar association
an pull the colour of that region redward away from the SSP track. 

The locus of stellar associations near the beginning of the stellar
racks lies slightly to the right of the SSP track for both galaxies at all
cale levels and is consistent with what has been seen previously in
MNRAS 523, 6061–6081 (2023) 
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Table 7. NGC 3351 comparison of young ( < 10 Myr) associations. 

Scale level nRegions nOverlap Re gion o v erlap Re gion o v erlap 
(parsec) per cent-Band per cent-Total 

8 pc NUV 294 221 75 per cent 46 per cent 
8 pc V band 403 221 55 per cent 46 per cent 
16 pc NUV 704 586 83 per cent 53 per cent 
16 pc V band 986 587 60 per cent 53 per cent 
32 pc NUV 716 590 82 per cent 53 per cent 
32 pc V band 987 592 60 per cent 53 per cent 
64 pc NUV 500 427 85 per cent 59 per cent 
64 pc V band 642 425 66 per cent 59 per cent 

Note. The comparison of overlap between NUV- and V -band selected young ( < 10 Myr) associations: [col2] number of 
regions, [col3] number of regions that have overlap with the other selection band, [col4] per cent of the regions in that 
selection band that o v erlap with the other selection, [col5] per cent of all NUV - and V -band regions that o v erlap in that 
selection band. 

Figure 6. Distribution of ef fecti ve radii for NUV identified stellar associa- 
tions in NGC 3351 and NGC 1566. A lognormal fitted to each distribution 
is o v erplotted in black and the median radius is marked with a vertical line. 
The median values are also reported in Tables 3 and 4 . 

c  

i  

c  

c  

t  

Figure 7. Left: NGC 3351 UBVI colour–colour diagrams for stellar asso- 
ciations selected in the NUV -band (left) and V -band (right) for four scale 
levels (8, 16, 32, and 64 pc). The associations are coloured according to their 
absolute V -band magnitude ( M V ). The P ado va stellar models are shown as 
grey points and the solar metallicity, f cov = 0 evolutionary tracks of synthetic 
stellar populations from BC03 are o v erplotted on the associations. The red 
line traces the path of a single-aged stellar population, while the yellow 

and blue lines trace composite stellar populations with τ = 2 and τ = 4, 
respectively. 
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luster studies (Chandar et al. 2010 ). This mismatch from the models
s thought to be due to the inability of the models to reproduce the
orrect colour at the youngest ( < 3 Myr) ages. Contributions from
omposite stellar population to the associations could partly explain
he shift of the associations at young ages. Ho we ver, it is dif ficult
NRAS 523, 6061–6081 (2023) 



PHANGS–HST multiscale stellar associations 6071 

Figure 8. Same as Fig. 7 , but for NGC 1566. 
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Figure 9. Estimated ages for NGC 3351 (top) and NGC 1566 (bottom) using 
both the NUV - and V -band traced watershed associations (8 pc in green, 16 pc 
in blue, 32 pc in purple, and 64 pc in orange). 
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o disentangle potential dust effects that could also account for the 
eddening colours Deger et al. ( 2022 ). 

We find that for both galaxies, the stellar associations selected at 
arger scale levels (32–64 pc) have less scatter, as can be expected
ince larger regions tend to contain more mass o v erall and stochastic
ampling has less of an impact on the resulting observed properties. 
he loci are tightest at the 64-pc scale and shift redward compared

o the smaller scale levels. 
It is possible that an SSP is not the best estimate for the larger

cale level associations. It would be difficult to randomly coordinate 
 single burst of star formation o v er a 32 or 64-pc region and we
ould expect the larger scale levels to deviate from a pure SSP track.
o we ver, the SSP and CSP tracks only deviate slightly in the first
0 Myr of star formation and a simple variation of an exponential star
ormation history is not enough to explain the observed difference 
rom the 16 to 64-pc scale levels. The redward shift at the 64-pc scale
evel could be the result of older stellar populations being captured 
t a higher relative rate as the aperture size increases. A quantitative
nalysis of the increase in median age of associations with increasing 
cale level is provided in the next section based upon ages computed
rom SSP SED fitting. Since the change in the stellar tracks from SSP
o CSP is small and fails to explain the shifts in the colour distribution
rom the 16 to 64-pc scale levels, for the rest of the paper we focus
ur analysis on the BC03 SSP track. Further study of more complex
tar formation histories will need to be done in the future. 

We also compare the resulting associations at each scale level 
elected by the different tracer bands. The NUV -band selected stellar
ssociations consistently have a tighter, bluer distributions of colours. 
he V -band selected associations have a similar locus at blue colours
ut also extend to redder colours. This extension to redder colours 
enerally follows along the BC03 SSP track and is apparent at all
cale levels for both galaxies. 
.4 Ages and masses 

e compute the ages and masses of our stellar associations using the
ED fitting code CIGALE with five-band NUV, U, B, V, I photometry
s input (Section 4 ). For both galaxies, we find that the distributions
f the ages shifts to older values at larger scale levels as can be
een in Fig. 9 . This is also reflected in the shift in the loci to redder
alues at larger scale levels in the colour–colour diagrams, see Figs 7
nd 8 as discussed abo v e. As the stellar associations increase in size
ith larger scale levels, the median ages increase from ∼6.6 to 6.9

og(age/yr) from the 16-pc to the 64-pc scale level for both NGC
351 and NGC 1566. 
Since we are al w ays considering the total flux within a region,

ncluding any smaller compact associations, the larger associations 
ould be dominated by light from smaller embedded ones. As the
verage age of the stellar associations increases at larger scale levels,
his shows that the light outside the compact associations does 
ontribute to the o v erall properties of the larger associations. In
uture work, it would be interesting to investigate the properties of
he larger structures minus the included compact associations to see 
f we are tracing different star formation populations. 

The distribution of ages in Fig. 9 appears to be somewhat bimodal,
specially for NGC 1566, with peaks around log(age/yr) = 6.7 and
.0. Part of this effect is due to a well known (e.g. Chandar et al. 2010 )
rtefact that produces a gap between log(age/yr) = 7.0 and 7.5. This
ffect is caused by the shape of the BC03 synthetic stellar population
racks, which have sharp bends and loops in this age range (see Fig.
 ), ef fecti vely shado wing certain ages and shuf fling the estimates
ges to younger or older ages. Another effect that may artificially
 v erpopulate the diagram with older objects is the inclusion of some
raction of class 1 clusters, since the dolphot program occasionally 
reaks single, slightly extended objects into two or more separate 
ources, which are subsequently included as potential associations. 
his primarily affects the 16-pc scale associations, since the 64- 
c associations generally have much larger numbers of tracer stars, 
ence diluting the inclusion of just a few objects from older clusters.
his probably explains the trend toward younger ages (i.e. log(age/yr) 
7.5–8.0 instead to 8.0–9.0) for the scale 64-pc objects. 
The V -band selection results in samples of stellar associations that

av e ∼0.15 de x older median age for 8–32 pc scale levels. While
he median of the age distribution for the V -band selection is similar
MNRAS 523, 6061–6081 (2023) 
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Figure 10. Estimated masses for NGC 3351 (top) and NGC 1566 (bottom) 
using NUV -band traced watershed associations (8 pc in green, 16 pc in blue, 
32 pc in purple, and 64 pc in orange). 
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Figure 11. The NGC 3351 regions are colour-coded by their mass. The 
masses of the watershed regions are estimated using chi-squared fitting to the 
SED. The left-hand column shows the results of watershed regions created 
using the NUV -band ( F 275 W ) for the tracer stars. The right-hand column 
contains results of watershed regions created using the V -band ( F 555 W ) for 
the tracer stars. 
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o the NUV -band selection, the V -band selection finds a larger tail
f older/aged associations for both galaxies with log(age/yr) ranging
rom 7.25 to 9.0 (see Fig. 9 ). The 64-pc scale level averages over the
xtremes of the smaller scales and has a tighter distribution of ages
hat is similar for both NUV- and V -band selections. 

For larger associations, a larger number of DOLPHOT sources
re included in each region as previously discussed. Naturally, as
he scale level increases, the median mass of the associations also
ncreases (see Fig. 10 ). The masses of our structures range from
og (M �) = 3–7, and the median mass for associations increases by
.6 times from the 16-pc to the 64-pc scale level for both galaxies. 
At each scale level, the masses of the NUV -band selected stellar

ssociations in NGC 1566 are on average 2.9 times higher and the
 -band selected are on average 3.8 times higher than those in NGC
351. The median masses for NGC 3351 are relatively unchanged
egardless of whether the associations are NUV or V -band selected.
he NGC 1566 V -band selected associations are about 1.3 times
ore massive than those selected with NUV . Ho we ver, NGC 1566 is

bout twice as distant as NGC 3351. The tracer star determination is
istance dependent since there is a signal-to-noise cut-off resulting
n different absolute magnitude limits resulting in the absolute
agnitude of the tracer stars in NGC 1566 being ∼1.5 times larger

han those of NGC 3351. We therefore investigate how a different
bsolute magnitude limits affect the results in Section 5.5 . 
NRAS 523, 6061–6081 (2023) 
Figs 11 and 12 show colour–colour diagrams for both NGC 3351
nd NGC 1566 which are similar to the ones shown previously
ut now coloured by the regions’ masses. Here, we see that the
egions that deviate the most from the SSP track are below log ( M � )

4.5. This is consistent with the regions which have the lowest mass
lso having the least number of DOLPHOT sources and therefore are
ore susceptible to stochastic sampling. The most massive regions

og ( M � ) > 4.5 tend to follow the SSP track. 

.5 Dependence on absolute magnitude limit of tracer stars 

he multiple physical scale levels of the hierarchy already facilitate
he comparison between galaxies at different distances. However, one
ias introduced by the difference in distance is that the signal-to-noise
uts placed on the tracer stars resulted in different absolute magnitude
imits for NGC 1566 and NGC 3351. We compare the results of
election when a brighter absolute magnitude limit is imposed on
he tracer stars for NGC 3351, to enable a fairer comparison to the
amples of associations identified in NGC 1566, as the galaxy is
ore distant and the photometric limit is correspondingly brighter.



PHANGS–HST multiscale stellar associations 6073 

Figure 12. The NGC 1566 regions are colour-coded by their mass. The 
masses of the watershed regions are estimated using chi-squared fitting to the 
SED. The left-hand column shows the results of watershed regions created 
using the NUV -band ( F 275 W ) for the tracer stars. The right-hand column 
contains results of watershed regions created using the V -band ( F 555 W ) for 
the tracer stars. 
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e perform the watershed analysis for NGC 3351 with brighter 
imits of M V < −4.2 and M NUV < −6.3. We find that the number
f detected associations ∼2.4 times less with brighter magnitude 
imits. While the average size and age of the associations remains 
pproximately the same with the magnitude limits applied, the 
verage mass increases slightly at all scale levels. The average 
og ( M /M �) increases slightly by ∼0.25 dex at 16 pc, ∼0.20 dex
t 32 pc, and ∼0.15 dex at 64 pc for both the NUV - and V -band
elections. This means that the magnitude limit is systematically 
utting small or faint associations that therefore have lower mass even 
hough the size and age distribution remain relatively unchanged. 
ven with this increase in mass taken into account, NGC 1566 stellar
ssociations still have significantly higher median masses. 

.6 Comparison for selection of young stellar associations 

e have tested our method using both NUV and V band to select
racer stars. The V -band selection allows for a fair comparison to the
ompact cluster catalogues which use the V band for cluster detection, 
hile the NUV -band selection is done to ensure the inclusion of
oung associations. The V -band tracer stars can be both young 
nd old which allows us to trace stellar associations with a wider
ange of ages, as shown in Section 5.4 . However, it also allows for
he possibility of associations defined by chance superpositions of 
racer stars from different generations of star formation. The NUV -
and provides a cleaner selection of young tracer stars and a coe v al
election for associations since the emission of bright O and B stars
eaks in the UV and have ages of only a few Myr. We now directly
ompare the o v erlap between young ( < 10 Myr) associations found
y both bands, see Table 7 for details. 
The differences between the young NUV- and V -band selection 

re apparent across all smoothing scales. For NGC 3351, there are
94 NUV -band associations with estimated ages less than 10 Myr
nd 403 V -band associations at the smallest smoothing scale of 8 pc.
5 per cent of the young NUV -band 8-pc associations have overlap
ith the young V -band associations. For the V -band selection,
5 per cent of the young associations o v erlap with the NUV -band
ssociations. The amount of associations with o v erlap between the
UV- and V -band detection only increases slightly with the larger

cale levels. At the largest scale level of 64 pc, the percentage of
UV -band regions that are also detected in V -band increases to
5 per cent while the percentage of V -band regions that o v erlap
ith NUV -band detections increases to 66 per cent. While there are

ssociations with estimated ages < 10 Myr in both NUV band and V
and that are unique, the V band detects more associations o v erall
nd more young associations with 85–90 per cent of all regions are
etected in the V band. 

Of the young NUV -band associations, 2–8 per cent are contained
ithin larger and older V -band associations, with the o v erlap in-

reasing at larger scale lev els. F or young V -band associations, 0.02–
 per cent are contained within an older NUV -band association. This
eans that the determined ages of o v erlapping associations tend to

e in agreement regardless of the selection used. 
One possibility for the detection of unique associations in the V

and is extinction. If the association lies in a dusty region of the
alaxy, it may still be visible in the V band while it is obscured to
elow the detection threshold in the NUV band. The unique V -band
e gions hav e on av erage a slightly higher attenuation with E ( B −
 ) = 0.28 mag versus the average of E ( B − V ) = 0.195 mag for the
ssociations that o v erlap with NUV and E ( B − V ) = 0.145 mag for
he unique NUV -band associations. 

Another possibility for the larger number of detected young 
ssociations with V band is that these could be the result of chance
uperpositions and not a young association of coe v al stars. To test
his, we looked at the distribution of both the unique and common
ssociations on a colour–colour diagram. As has be seen in the
revious section and in Fig. 11 , the V -band selection has more
ssociations that lie off to the right of the SSP track. Associations
hat contain a mix of stellar population ages will scatter off to the
ight of the SSP track. While most of the V -band association still lie
ear the SSP track, the majority of the associations with large scatter
n the V band are unique to the V band. 

Therefore, the NUV band can provide a cleaner selection of 
oung coe v al stellar associations; ho we ver, the detection of these
ssociations is limited by attenuation. The V -band selection will 
llow for detection of associations with a wider ranges of ages and is
ess affected by dust. Therefore, both selections are useful depending 
n the science goal. We will use and compare the results from both
elections in future papers. 

 RESULTS:  C O M PA R I S O N  TO  OT H ER  DATA  

ETS  

.1 Comparison to LEGUS star clusters and associations 

e compare the previously found LEGUS Class 1, 2, and 3 objects
n our two test galaxies to our watershed-defined stellar associations. 
EGUS Class 1 and 2 are compact single-peaked clusters while LE-
US Class 3 are multipeaked objects with asymmetric profiles. The 
MNRAS 523, 6061–6081 (2023) 
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Table 8. NGC 3351. 

NGC 3351: NUV -band regions compared to LEGUS objects 

Scale level Class 1 Class 2 Class 3 
(parsec) (pix) (arcsec) number (per cent) number (per cent) number (per cent) 
8.0 4.16 0.165 8, 6.78 per cent 22, 27.5 per cent 33, 35.1 per cent 
16.0 8.33 0.33 23, 19.5 per cent 56, 70 per cent 78, 83 per cent 
32.0 16.7 0.66 35, 29.7 per cent 64, 80 per cent 87, 92.6 per cent 
64.0 33.3 1.32 45, 38.1 per cent 68, 85 per cent 90, 95.7 per cent 

V -band regions compared to LEGUS objects 
8.0 4.16 0.165 17, 14.4 per cent 29, 36.2 per cent 41, 43.6 per cent 
16.0 8.33 0.33 45, 38.1 per cent 63, 78.8 per cent 87, 92.6 per cent 
32.0 16.7 0.66 61, 51.7 per cent 72, 90 per cent 91, 96.8 per cent 
64.0 33.3 1.32 65, 55.1 per cent 75, 93.8 per cent 93, 98.9 per cent 

Note. The number and percentage of LEGUS Class 1 (column 4), Class 2 (column 5), and Class 3 (column 6) objects 
contained in NUV or V -band selected associations for NGC 3351. 
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EGUS Class 3 are most likely compact associations of stars with
rojected sizes of a few tens of parsecs and are bright concentrations
f star formation in larger stellar associations (Adamo et al. 2017 ).
ur regions from the 16-pc scale level are therefore closest in size

o the LEGUS definition of Class 3 while our larger scale levels
f 32 and 64 pc trace the larger structure of the surrounding stellar
ssociations. Since LEGUS uses the V band for cluster identification,
ur V -band selected associations provide the closest comparison to
heir cluster studies. 

For NGC 3351 at the 16-pc smoothing level, we find 1401 V -band
ssociations while LEGUS found a total of 118 Class 1, 80 Class 2,
nd 94 Class 3 objects. For NGC 1566 at the 16-pc scale level, we find
230 V -band associations while LEGUS found a total of 307 Class
, 271 Class 2, and 469 Class 3 objects. The LEGUS cluster classifi-
ation is well defined and optimized to find the compact Class 1 and
 clusters using concentration indices. The LEGUS Class 3 objects
re identified by visual inspection of the cluster candidates as regions
hat are multipeaked and not compact. The watershed technique
dopted in this paper is designed to find regions of multipeaked star
ormation at distinct scale levels. If all V -band associations at the 16-
c scale level are considered compact associations, we find 15 times
he number of LEGUS Class 3 for NGC 3351 and 4.8 times the
umber of LEGUS Class 3 for NGC 1566 when using the watershed
echnique. 

We find that the majority of LEGUS-defined Class 3 objects are
ontained within our associations starting at the 16-pc scale level.
he statistics for the number and percentage of Class 1, 2, and 3
EGUS objects that are contained within both the NUV- and V -band

raced associations are outlined in Table 8 for NGC 3351 and Table 9
or NGC 1566. While the watershed technique is not optimized to
dentify compact clusters, Class 1 and 2 compact clusters may still
ie within larger associations. If the compact clusters get broken into

ultiple tracer stars by DOLPHOT , they may be identified at the 8 or
6-pc scale le vel. Ho we ver, if the compact clusters are identified by
nly a single DOLPHOT source, they would not be included unless
hey are part of a larger association. 

The watershed technique is designed to find stellar associa-
ions. For NGC 3351, the 16-pc V -band associations contain only
6 per cent of the Class 1 compact clusters but include 93 per cent
f the LEGUS Class 3 compact associations. The 32 and 64-pc
moothing levels contain, respectively, 97 per cent and 99 per cent of
he Class 3 compact associations. For NGC 1566, the 16-pc V -band
ssociations contain 28 per cent of the Class 1 clusters and 68 per cent
f the LEGUS Class 3 compact associations. The percentage of
EGUS Class 3 compact associations increases to 95 per cent and
NRAS 523, 6061–6081 (2023) 
4 per cent at the 32 and 64-pc smoothing levels. The watershed-
efined associations are finding the majority of the LEGUS Class
 compact associations. Fig. 13 shows the UBVI colour–colour
iagrams for the V -band stellar associations (in blue) as well as
he LEGUS Class 3 compact associations at the 16-pc scale level.
he LEGUS Class 3 compact associations that are found within

he watershed stellar associations are shown in orange while the
EGUS Class 3 objects not contained within the associations are
lack squares. 

Fig. 14 compares the chi-squared estimated ages, masses, and
xtinctions of 16-pc V -band associations for NGC 3351 (top) and
GC 1566 (bottom) to the LEGUS Class 1, 2, and 3 objects. For
GC 1566, the median masses for the LEGUS objects are less than

hat of the 16-pc regions. The lower masses for the LEGUS clusters
ould be due to their compact sizes. For NGC 3351, the median ages
f both the Class 2 and 3 objects are similar to the median ages of
he watershed associations while the Class 1 compact clusters have
n older median log(age/yr) of ∼1.5 de x. F or NGC 1566, the median
ges of all LEGUS objects are higher than the V -band watershed
ssociations. The LEGUS Class 3 compact associations are also
electing an older population than the watershed associations which
ould be why there is, on average, less o v erlap for the LEGUS
bjects and watershed associations for NGC 1566 than there is for
GC 3351. 

.2 Comparison to H II region population 

e compare the spacial distribution of stellar associations to H α

mages from the PHANGS–H α surv e y (Razza et al., in preparation)
s an independent check on our association definition and age
stimates. Our watershed process was designed to find young stellar
ssociations. By checking against the distribution of H α emission,
e can determine if our algorithm is indeed reco v ering young stars

hat are physically associated and thus properly age-dated. 
The V -band tracer stars select associations with a wider range of

ges than the NUV band (see Section 5 ). We therefore compare the
 α emission to age-binned stellar association regions created using

he V -band tracer stars to see the distribution of both young and old
ssociations. 

Figs 15 and 16 show that the youngest stellar associations with ages
f 1 to 3 Myr (shown as blue regions) trace the H α emission in both
GC 3351 and NGC 1566. Stellar associations with slightly older

ges of 3–5 Myr (shown in green) are already less tightly associated
ith the H α emission. The oldest stellar associations traced by the V -
and light with ages greater than 60 Myr (shown as the red contours)
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Table 9. NGC 1566. 

NGC 1566: NUV -band regions compared to LEGUS clusers 

Scale level Class 1 Class 2 Class 3 
(parsec) (pix) (arcsec) number (per cent) number (per cent) number (per cent) 
16.0 4.63 0.183 21, 6.84 per cent 86, 31.7 per cent 234, 49.9 per cent 
32.0 9.26 0.367 59, 19.2 per cent 167, 61.6 per cent 381, 81.2 per cent 
64.0 18.5 0.733 78, 25.4 per cent 181, 66.8 per cent 390, 83.2 per cent 

V -band regions compared to LEGUS objects 
16.0 4.63 0.183 86, 28 per cent 150, 55.4 per cent 320, 68.2 per cent 
32.0 9.26 0.367 160, 52.1 per cent 234, 86.3 per cent 442, 94.2 per cent 
64.0 18.5 0.733 179, 58.3 per cent 229, 84.5 per cent 442, 94.2 per cent 

Note. The number and percentage of LEGUS Class 1 (column 4), Class 2 (column 5), and Class 3 (column 6) objects 
contained in NUV or V -band selected associations for NGC 1566. 

Figure 13. UBVI colour–colour diagrams for the V -band stellar associations 
(in blue) as well as the LEGUS Class 3 compact associations at the 16-pc 
scale level. The majority of the LEGUS Class 3 compact associations lie 
within our defined V -band regions (shown in orange circles) for NGC 3351 
(top) and NGC 1566 (bottom) . The LEGUS Class 3 compact associations that 
lie outside of the defined regions (black squares) tend to be older or scattered 
redward of the BC03 SSP track. 
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re completely uncorrelated with the brightest H α light. Since only 
he youngest (1–3 Myr) associations trace the H α light, which is
nly produced by young stars, this is a good independent check 
hat our stellar associations are indeed tracing the young starlight. 
uture papers by the PHANGS team, including Scheuermann et al. 
 2023 ), perform a detailed analysis of the correlation between stellar
ssociations and a catalogue of H α-identified H II regions recently
eveloped (Kreckel et al. 2019 ; Santoro et al. 2022 ). 

.3 Comparison to molecular cloud population 

sing the stellar association catalogues described abo v e, we take
n initial look at their correlation with molecular clouds detected 
n the PHANGS–ALMA CO(2–1) data. While such analysis will 
e e xtensiv ely dev eloped in forthcoming papers, as it is central to
ain science goals of PHANGS to map the evolution of multiscale

tructure to deduce star formation time-scales and efficiencies and 
nvestigate molecular cloud life cycle (Grasha et al. 2018 ; Kruijssen
t al. 2018 , 2019 ; Schinnerer et al. 2019 ; Che v ance et al. 2020 ; Kim
t al. 2021 , 2022 ; Pan et al. 2022 ), we provide and initial analysis
ere. We examine the extent of pixel overlap between PHANGS–
LMA CO(2–1) molecular cloud catalogues (Rosolowsky et al. 
021 ; Hughes et al., in preparation) and stellar association regions.
e use the molecular cloud catalogues developed by the PHANGS 

roject using PYCPROPS , an updated version of the CPROPS algorithm
Rosolowsky & Leroy 2006 ), described in detail in Rosolowsky et al.
 2021 ). 

PYCPROPS segments the CO emission into molecular clouds using 
 seeded watershed algorithm. The algorithm first identifies local 
axima from the CO data. Maxima must have a brightness that is

s least twice as bright as the local ‘merge level’, the emission level
hat contains at least one neighbour. The minimum number of pixels
equired to be uniquely associated with the maxima is determined 
y the beam size of the data and equal to number of pixels included
n 25 per cent of the solid angle of the beam ( N > 0.25 �bm 

/ �pix ).
he identified local maxima are then used to seed the watershed
lgorithm which segments the CO emission into individual clouds. 

Since the HST data have no velocity information, we use a velocity-
ollapsed CPROPS map. When multiple CO clouds are detected along 
he same line of sight, we compare with the most massive cloud
etected along the line of sight. Full details on the construction of
he CPROPS molecular cloud catalogues and associated maps are given 
n Rosolowsky et al. ( 2021 ). 

Figs 17 and 18 show the velocity-collapsed CPROPS map, in grey-
cale, with the 64-pc NUV -selected scale level stellar associations 
 v erplotted in orange. For our initial comparison, we use the NUV -
elected associations since (i) we are not interested in the older
ssociations found with the V -band and (ii) to ensure a more coe v al
election of stellar associations. For NGC 3351, the ALMA field is
ully co v ered by PHANGS–HST. F or NGC 1566, the PHANGS–
ST data co v er the majority of the ALMA map, but does not fully
MNRAS 523, 6061–6081 (2023) 



6076 K. L. Larson et al. 

MNRAS 523, 6061–6081 (2023) 

Figure 14. Comparison for NGC 3351 (top) and NGC 1566 (bottom) of the 
16-pc V -band watershed associations (black diamonds) chi-squared estimated 
ages, masses, and E ( B − V ) to LEGUS objects Class 1 (blue stars), Class 2 
(purple triangles), and Class 3 (orange circles). The top histogram in each 
figure shows the distributions of ages for the 16-pc watershed associations 
and LEGUS objects while the side histograms show the distribution of the 
masses and E ( B − V ). 
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xtend to the edges. For consistency, we will only consider regions
ith both ALMA and HST co v erage. 
We calculate the per cent o v erlap between the stellar associ-

tion regions and the velocity-collapsed CPROPS map. We find
he per cent area of o v erlapping CPROPS and NUV-selected stellar
ssociation regions by doing a pix el-by-pix el comparison of the
aps. We also calculate the percentage of stellar association regions

hat o v erlap with CPROPS clouds at every stellar association scale
evel. 

The ALMA beam size for NGC 3351 is 71 pc while the beam
or the more distant NGC 1566 is 110 pc. This means that our 64-
c scale level is closest to the beam size of the ALMA data. In the
entral ring of NGC 3351, the NUV-selected stellar associations trace
 star-forming ring that o v erlaps the CPROPS regions. The broader
UV light mostly a v oids the bright ALMA CPROPS regions in the
occulent spiral arms of NGC 3351. When comparing the per cent
ix el o v erlap between the 64-pc scale lev el and the CPROPS re gions,
nly 15 per cent of the CPROPS area o v erlaps the NUV-selected stellar
ssociations while 18 per cent of the area co v ered by the 64-pc scale
evel associations overlaps with the CPROPS regions as shown in
able 10 . 
For NGC 1566, the two brightest spiral arms show overlap between

UV-selected star formation and CPROPS regions. Therefore, the
ercentage of pixel overlap of the stellar associations is higher than
een for NGC 3351 at every scale level with 55 per cent of the 64-pc
cale level area overlapping with the CPROPS regions, see Table 10 .
ven though significantly more of the stellar associations in NGC
566 o v erlap with CPROPS clouds than in NGC 3351, the percentage
f the CPROPS area that contains 64-pc stellar associations is similarly
mall at only 12 per cent. This could be due in part to the larger ALMA
eam size of 110 pc for NGC 1566. 

As the physical scale of the stellar associations increases, the
ercentage of the total association area coincident with molecular
as decreases, likely because the larger regions include more area
hat has not participated in recent star formation. Concurrently, the
ercentage of the total molecular gas o v erlap increases, but not in a
anner that also results in an increase of the total association area

hat o v erlaps. 
The majority of the CO clouds by number do not have any overlap

ith the stellar associations with 67–73 per cent of the molecular
louds having no corresponding associations at the smallest common
cale level of 16 pc. This decreases to 42 per cent for both galaxies
t the largest stellar scale level of 64 pc. This fraction is similar in
oth galaxies, which is interesting because in NGC 1566 a much
arger percentage of the stellar association re gions hav e o v erlap with
PROPS regions than in NGC 3351. The percentage of 64-pc stellar
ssociations that o v erlap with the CPROPS regions 67 per cent for NGC
566 and only 30 per cent for NGC 3351. Therefore, more of the
tellar associations are correlated with the molecular clouds in NGC
566 than in NGC 3351. These fractions can provide a constraint
n the time-scales o v er which clouds appear inactive (Schruba et al.
010 ; Kruijssen & Longmore 2014 ; Kruijssen et al. 2018 ; Pan et al.
022 ). 
In future studies, we will also investigate using the ALMA CO

ata to help constrain the extinction values to remove degeneracies
n the age estimates. Ho we ver, in the densest molecular clouds
t may be impossible to detect ongoing embedded star formation
ith our UV and optical data. Upcoming infrared data from JWST

urv e ys will be imperative to complete our view of the star formation
ife cycle from molecular clouds to fully emerged star clusters and
ssociations. 
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Figure 15. H α image for NGC 3351. Overplotted are the 32-pc regions created using the V -band tracer stars in age bins (1–3 Myr in blue, 3–5 Myr in green, 
and > 60 Myr in red). 

Figure 16. H α image for NGC 1566. Overplotted are the 32-pc regions created using the V -band tracer stars in age bins (1–3 Myr in blue, 3–5 Myr in green, 
and > 60 Myr in red). 
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 DISCUSSION  

uture work is still needed to enable consistent comparison across 
he entire galaxy sample. PHANGS–ALMA has provided data with 
atched smoothing scales across the entire sample to allow for 

onsistent comparison of the molecular cloud properties. For the 
ST sample, the galaxies at farther distances, like NGC 1566, will 
ave a higher absolute magnitude limit than nearer galaxies, like 
GC 3351. We can make an initial approximation to one of the ways
istance affects the consistent detection of associations across the 
cale levels by testing how the absolute magnitude limit of the tracer
tars affects the results. We will look more closely into the potential
ffects of distance as we seek to do future cross-galaxy correlations. 
a  
One advantage to the scale level and watershed hierarchy method 
e have developed is that it gives consistent physical levels that

an be compared directly across a galaxy sample. This allows us to
robe the smallest resolvable structures at all distances while still 
onnecting the smaller scale structures to the larger scales probed 
y more distant galaxies. The multiscale levels also facilitate direct 
omparison to ancillary data with a variety of resolutions. Since 
e are already smoothing the tracer star density maps to different
hysical scale levels for detection, this could potentially eliminate 
he need to resmooth the initial data to a common resolution and
emeasure everything to compare galaxies at different distances like 
as been necessary for consistency in other studies of both stellar
nd CO data (Hughes et al. 2013 ; Larson et al. 2020 ; Rosolowsky
MNRAS 523, 6061–6081 (2023) 
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M

Figure 17. (Left) ALMA CPROPS regions for NGC 3351 in white. Overplotted are the 64-pc regions (orange) created using the NUV-tracer stars and a pink box 
denoting the region of the zoom in panel. The HST FOV is larger than the FOV for the ALMA data and is shown as an orange box. (Right) Three colour image 
of the zoom-in panel with ALMA in red, F 275 W HST in blue, and F 555 W HST in green. The corresponding 64-pc (orange), 32-pc (purple), and 16-pc (blue) 
NUV -selected associations are o v erplotted as regions. 

Figure 18. (Left) ALMA CPROPS regions for NGC 1566. Overplotted are 
the 64-pc regions (orange) created using the NUV-tracer stars. The outline 
of the HST footprint is shown as an orange box and the pink box denotes 
the region of the zoom in panel. (Right) Three colour image of the zoom-in 
panel with Alma in red, F 275 W HST in blue, and F 555 W HST in green. The 
corresponding 64-pc (orange), 32-pc (purple), and 16-pc (blue) NUV -selected 
associations are o v erplotted as regions. 
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t al. 2021 ). Future work can be done to check this directly with the
arger galaxy sample. 

 SUMMARY  A N D  C O N C L U S I O N S  

e present our method of using a watershed algorithm with DOLPHOT

racer stars to trace stellar associations on a range of scales from 8
o 64 pc. We test different parameters for the watershed algorithm
ncluding image filtering and using both NUV- and V -band selected
racer stars. The properties of the resulting associations are charac-
NRAS 523, 6061–6081 (2023) 
erized, including their sizes, number of tracer stars, and SED-fitted
ges, masses, and extinction. We analyse the extent to which these
egions resemble single-age stellar populations by comparing their
olours to that of BC03 SSP model track. Finally, we perform an
nitial comparison of the our watershed-defined stellar associations
o previously identified LEGUS star clusters, ground-based H α

maging, and PHANGS–ALMA CO cloud catalogues. 

(i) We find that our application of the algorithm successfully
dentifies populations that are well characterized by single-age stellar
opulations, and occupy loci in the UBVI colour–colour diagram
onsistent with previously published catalogues of compact clusters
nd associations. 

(ii) The median log(age/yr) is the same for both NGC 3351
nd NGC 1566 and increases at larger smoothing scales from
og(age/yr) = 6.6 to log(age/yr) = 6.9. The V -band tracer stars
dentify not only young associations but also older associations
esulting in a median log(age/yr) that is ∼0.15 dex older than the
UV -band selection at all scale levels. 
(iii) The stellar associations range in mass from log( M /M �) = 3

o log( M /M �) = 7. As the associations increase in size at larger
cale levels, the median mass also increases by ∼1.6 times from the
6- to 64-pc scale level for both galaxies. The masses of the stellar
ssociations identified in NGC 1566 are on average 1.9 times more
assive than the associations in NGC 3351 at each corresponding

cale level. 
(iv) We compare the agreement in young ( < 10 Myr) associations

dentified with NUV- and V -band tracer stars in NGC 3351. We
nd that there is 46–59 per cent o v erlap in the corresponding young
ssociations from 8 to 64 pc. Since the V -band selection identifies
ore associations at all scale levels, the majority of the unique

ssociations are from the V -band selection where 75–85 per cent
f the young NUV -band selected associations o v erlap with the
arger sample of V -band selected associations. Two factors seem
o be contributing to the unique detections in V band: attenuation
nd chance superpositions of stars from uncorrelated populations.
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Table 10. HST NUV stellar association o v erlap with ALMA CPROPS catalogues. 

NGC 3351: 

Scale level NUV association CPROPS NUV association CPROPS 

(pc) per cent pixel overlap per cent pixel 
o v erlap 

per cent region overlap per cent region 
o v erlap 

16 37 2 34 33 
32 25 6 29 46 
64 18 15 29 58 
NGC 1566: 
Scale level NUV association CPROPS NUV association CPROPS 

(pc) per cent pixel overlap per cent pixel 
o v erlap 

per cent region overlap per cent region 
o v erlap 

16 76 1 75 27 
32 64 5 69 48 
64 55 12 67 58 
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herefore, the NUV -band selection can provide a cleaner selection 
f young coe v al stellar associations; ho we ver, the V -band selec-
ion is necessary if associations with a wider range of ages are
esired. 
(v) We compare our o v erlap of our re gions to previously identified

EGUS objects. Most of the LEGUS Class 3 compact associations 
re contained within the watershed-defined associations by the 16-pc 
moothing level with 93 per cent for NGC 3351 and 68 per cent for
GC 1566 of the LEGUS Class 3 objects being contained within the
 -band watershed associations. The percentage of included LEGUS 

bjects increases at larger smoothing scales. The 16-pc V -band 
atershed associations for NGC 3351 have the same median age 

s LEGUS Class 2 and Class 3 objects, while the 16-pc V -band
atershed associations for NGC 1566 are on average younger than 

ll classes of LEGUS objects. 
(vi) We compare the spatial distribution of stellar associations to 
 α emission as an independent check on our association definition 

nd age fitting. We find that the youngest stellar associations with 
ges between 1 and 3 Myr trace the H α distribution of light. By 3–5
yr, the stellar associations already start to become less associated 
ith the H α. Older stellar associations with ages greater than 60 Myr

re completely unassociated with the H α light. 
(vii) We compare the o v erlap between NUV -selected associa- 

ions and velocity-collapsed CPROPS molecular cloud catalogues. 
e find that the percentage of CPROPS regions that have overlap 
ith 64-pc stellar associations is ∼58 per cent for both galaxies. 
o we ver, the percentage of 64-pc stellar associations that overlap 
ith the CPROPS regions is only 29 per cent for NGC 3351 and
7 per cent for NGC 1566. Therefore, more of the stellar associations
re correlated with the molecular clouds in NGC 1566 than in 
GC 3351. 
(viii) The correlation between the CPROPS molecular clouds and 

UV stellar associations varies with environment in the galaxy. 
n the dense spiral arms of NGC 1566, there are large o v erlaps
etween CPROPS regions and stellar associations. In more diffuse CO 

egions like the inter-arm region of NGC 1566 and disc of NGC
351, there is less o v erlap between the CPROPS regions and stellar
ssociations. 

The method presented here will be applied to all 38 galaxies 
n the PHANGS–HST sample. This paper provides a first look at 
he comparisons that can be performed using our multiscale stellar 
ssociation catalogues. The stellar associations are vital to studying 
he stellar life cycle from molecular clouds to emerging stellar 
omple x es. 
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Table A1. NGC 3351 filter step comparison. 

Scale level nRegions radius 
(parsec) med (.25Q,.75Q) 

NGC 3351, 4 times filter step, NUV tracer stars 
8.0 334 6.23 (5.53,7.66) 
16.0 807 12.4 (10.3,15.3) 
32.0 838 26.1 (21.6,32.4) 
64.0 641 55.2 (45.2,67.4) 

NGC 3351, 8 times filter step, NUV tracer stars 
8.0 544 6.59 (5.53,8.32) 
16.0 909 13.7 (10.9,17.0) 
32.0 883 28.4 (23.1,36.5) 
64.0 634 59.6 (47.3,75.4) 

Note. Properties of NUV associations with two different high-pass filters: 
4 times filter step and 8 times filter step. [col1] scale level. [col2] number of 
regions [col3] the median, first and third quartile radius of regions. 
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PPENDI X  A :  HI GH-PA SS  FI LTERI NG  

e compare the use of two different high-pass filters. We subtract
 map that is smoothed to a scale 4 times larger than the original
ap, and another smoothed to scale that is 8 times larger. To

etermine which filtering step may be more appropriate for selection
f associations, we analyse the distribution of sizes from the resulting
egions compared to those in the original unfiltered image. We find
hat both high-pass filtered images (4 and 8 times larger) have size
istributions with median ef fecti ve radii similar to the FWHM of the
aussian smoothing kernel (see Table A1 ). As expected, the filtering
oes result in fewer regions detected at each scale level compared
o when no filtering is applied. Fig. A1 shows that the regions that
re being filtered out are at the tails of the size distribution and
hat we are ef fecti vely sampling the bulk of the distribution.The
igh-pass filtering remo v es more of the larger sized regions at each
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igure A1. Distribution of region sizes at two smoothing levels for each
alaxy. We show how the distribution changes with no filtering applied 
empty histogram), and with two different high-pass filtering steps: filter 
tep of 4 times the smoothing level (32–128 pc) shown as the filled coloured
istograms and a filter step of 8 times the smoothing level (32–256 pc) shown
s the grey filled histograms. Vertical lines make the median size values of
he 4 times filtered distributions. Both filtering steps give similar median 
ize values for the regions.The 4 times filtering produces the tightest size
istribution with the least o v erlap between scale levels. 

mphasize different sized associations. The larger structures that are 
ltered out at the small scale levels will be reco v ered at larger scale

evels. 
The high-pass filters ef fecti v ely remo v e tails in the distribution at

oth the high and the low end that are present at all scale levels in
he original unfiltered image. Both of the high-pass filtered images 
herefore have a tighter distribution of sizes than the unfiltered image; 
o we ver, the larger filter step (8 times larger) produces a wider
pread of region sizes than the smaller filter step (4 times larger) and
roduces size distributions with more o v erlap between the different 
cale levels as shown in Fig. A1 . Since the specific smoothing scales
re defined with the purpose of selecting specific sizes of structures
nd minimizing the o v erlap between the different scale levels, we
dopt the smaller filter step which produces a tighter distribution of
egion sizes. Therefore, we will use the 4 times high-pass filter as
ur fiducial choice. 
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