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ABSTRACT
Using PHANGS–HST NUV-U-B-V-I imaging of 17 nearby spiral galaxies, we study samples
of star clusters and stellar associations, visually selected to be bright and relatively isolated,
for three purposes: to compute aperture corrections for star cluster photometry, to explore the
utility of quantitative morphologies in the analysis of clusters and associations, and to compare
to synthetic stellar population models. We provide a technical summary of our procedures to
determine aperture corrections, a standard step in the production of star cluster candidate
catalogs, and compare to prior work. We also use this specialized sample to launch an analysis
into the measurement of star cluster light profiles. We focus on one measure, 𝑀20 (normalized
second ordermoment of the brightest 20%of pixels), applied previously to study themorpholo-
gies of galaxies. We find that 𝑀20 in combination with UB-VI colors, yields a parameter space
where distinct loci are formed by single-peaked symmetric clusters, single-peaked asymmetric
clusters, and multi-peaked associations. We discuss the potential applications for using 𝑀20 to
gain insight into the formation and evolution of clusters and associations. Finally, we compare
the color distributions of this sample with various synthetic stellar population models. One
finding is that the standard procedure of using a single-metallicity SSP track to fit the entire
population of clusters in a given galaxy should be revisited, as the oldest globular clusters will
be more metal-poor compared to clusters formed recently.
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1 INTRODUCTION

Understanding the star formation histories and properties of galax-
ies has strong ties with understanding the evolution of star clusters.
Stars are formed in clustered environments within giant molecular
clouds following a hierarchy (Lada & Lada 2003), with the dense
parts of the hierarchy converting the accreted molecular gas into
stars. There are many factors that moderate this process, and that
cause the star formation cycle to fade. Different factors also deter-
mine whether clusters of stars remain in a bound state following
this clustered formation. Many clusters will dissolve due to internal
(e.g. stellar feedback, Matzner 2002; Fall et al. 2010) and external
processes (tidal disturbances within the interstellar medium, grav-
itational shocks, orbital decay due to dynamical friction, e.g. Fall
et al. 2009). Yet a subset of these structures remain bound clusters of
stars of a singular origin, and evolve to old ages. The mechanics that
determine long-term boundedness are not as yet fully understood,
and its investigation requires observing the star formation paradigm
in multiple scales and stages.

The Hubble Space Telescope (HST) has enabled the system-
atic study of star clusters throughout the nearby galaxy population
(e.g., Holtzman et al. 1992; Meurer 1995; Whitmore et al. 1995).
HST increased the number of star clusters detected per galaxy from
hundreds to thousands, and unlocked observational access to the
wealth of clusters and associations in nearby galaxies. The high
angular resolution of HST (FWHM ∼ 0.′′08, pixel scale = 0.′′04 for
WFC3/UVIS) is essential for the study of star clusters at the parsec
scale in galaxies at distances larger than 1 Mpc, where the typi-
cal half-light radius of compact clusters is a few parsecs (Portegies
Zwart et al. 2010; Ryon et al. 2017; Krumholz et al. 2019). One pro-
gram that utilized this observational strength of HST is The Legacy
ExtraGalactic UV Survey (LEGUS, Calzetti et al. 2015), which ob-
served 50 galaxies ranging from dwarves to massive spirals, within
12 Mpc.

In this paper, we analyze data obtained by the PHANGS–HST
treasury survey (Lee et al. 2021). The PHANGS–HST Treasury
survey has obtained 5-band (NUBVI, mainly HST WFC3) imaging
of 38 nearby spiral galaxies. Observations started in April 2019, and
the program completed observations in May 2021. The distances of
the galaxies range from 4.5 Mpc to 23 Mpc (Anand et al. 2021; Lee
et al. 2021), with galaxy stellar masses in the range 109.5−1011M� .
The program will ultimately yield catalogs of tens of thousands of
star clusters and associations.

To enable the study of star clusters, they must first be identified
and their observed and physical properties measured. Standard steps
in the development of star cluster catalogs are the morphological
classification of candidates, and the identification of a bright iso-
lated sample of objects to compute aperture corrections. The large
number of star cluster candidates that can be identified thanks to the
angular resolution of HST has heightened the need for uniform au-
tomated classification frameworks. Recognition-based neural net-
works (popular examples include VGG Simonyan & Zisserman
2014, ResNet He et al. 2015) are impressive in tackling star clus-
ter classification tasks, attaining accuracy comparable to humans
at speeds far surpassing the average human identifier (Messa et al.
2018; Grasha et al. 2019; Wei et al. 2020; Pérez et al. 2021; Whit-
more et al. 2021). This is evidence that many-layered feed-forward
convolutional neural networks are able, through repeat exposure to
a training set of manually classified star clusters, to approximate
a functional form for the complex range of star cluster morpholo-
gies. However, this approximate representation is both difficult to
access, and is also likely to be overly complex. Gaining insight espe-

cially into star cluster evolution would benefit highly from tracking
this evolution in widely used observed parameters (e.g. observed
colors), and well-defined and tested characterization of the cluster
morphology.

Morphological analyses of star clusters are also important in
that they guide the inferences wemake on broad cluster populations.
In the current paradigm of star cluster analysis, morphology is a key
factor in determining which structures are included, and which are
excluded from study. As discussed by Krumholz et al. (2019), an
inclusive approach would consider multiply peaked structures, such
as stellar associations, in the determination of ensemble population
properties such as the mass function. Whereas an exclusive ap-
proach would discard those on grounds that these are unlikely to be
relaxed systems, and keep only those sources that are singly-peaked
and compact. The exclusive approach tends to rely on qualitative
descriptions of cluster morphology, such as compactness and vi-
sual roundness, in hopes of selecting the structures with the highest
likelihood of being bound star clusters. The exclusive selection fa-
vors selection of clusters of older ages. This results in a disparity
in cluster age functions derived using exclusive and inclusive star
cluster catalogs (for a detailed overview, see Krumholz et al. 2019).
One goal of this paper is to identify a quantitative morphological
parameter which would be useful for guiding construction of star
cluster catalogs.

Similar morphological investigations have been carried out in
the extragalactic community, and some of the techniques developed
there can be adapted for use with star clusters. A multitude of pa-
rameters have been employed to chart the morphological properties
of galaxies. Some popular parametric measures of galaxy morphol-
ogy that assume an underlying light profile for galaxies (e.g. de
Vaucouleurs 1948 and Sérsic 1963 profiles) are not immediately
applicable to star cluster morphologies. Measures that are nonpara-
metric, however, do not make this assumption and therefore have
potential applications outside of galaxy morphologies. We test one
such parameter here, the 𝑀20 parameter, which has been used in
conjunction with the Gini coefficient (𝐺) in Lotz et al. (2004) for
galaxy merger classification. The 𝑀20 parameter (summarized in
Section 5 and discussed in detail in Lotz et al. 2004), or the normal-
ized second order moment of the brightest 20% pixels, is especially
sensitive to light profiles containing multiple bright peaks. We in-
vestigate the utility of the application of 𝑀20 in the classification
of star cluster light profiles, in hopes of defining a framework for
a quantitative parametrization of star cluster morphologies, and
jointly, gaining insight into their evolution. 𝑀20 also has many fea-
tures (preserving effectiveness at low signal-to-noise ratios, getting
less affected by diffuse background light) that make it a promising
starting point, paving the way to investigating other quantitative
morphology measures.

Another key difference from the study of morphologies of
galaxies that makes the process more difficult for star clusters is
that the underlying galactic backgrounds on which star clusters are
identified and classified can be far more complex. To simplify the
problem for a first study, a sample of bright, fairly isolated clusters
can be used. Such samples are identified as a standard part of the
production of star cluster catalogs for the purposes of computing
aperture corrections (Adamo et al. 2017; Cook et al. 2019). Here, we
describe the construction of such samples for the PHANGS-HST
galaxies, and also document our process of computing aperture
corrections, before turning our attention to using the sample for
testing the utility of 𝑀20.

A standard approach in computing the ages and masses of star
clusters is through the analysis of their spectral energy distributions
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(SED’s). SED’s of individual clusters can be obtained by integrating
the flux encapsulated within an annulus for a set of bands where ob-
servations have been made. Ages and masses are then derived via an
SED fitting procedure. Here we only provide a brief overview of this
process, and direct the interested reader to works such as da Cunha
et al. (2008); Franzetti et al. (2008); Han & Han (2012); Moustakas
et al. (2013); Chevallard & Charlot (2016). A common first step in
SED fitting is the formulation of a grid of synthetic template mod-
els. To avoid overly complicated fitting procedures with potentially
unreliable outcomes, certain parameters forming this grid can be
fixed a priori. An example to this is choosing a preset metallicity
for the synthetic models. The best fitting model from within this
grid can then be determined by using a goodness fit measure, of-
ten by picking the model that returns the minimum 𝜒2 value for
the fit. Frequently, the stellar populations forming these template
SED’s are chosen to be that of the simple (i.e. single-aged) stellar
population (SSP), named as such because the population is formed
as a result of a single and instantaneous burst of star formation.
This choice follows from the hypothesis that clusters we observe
are congregations of stars born at the same time, or are at least most
closely approximated by such models. This assumption has been
put to test by various past work in the literature (e.g. Koleva et al.
2008; Kudryavtseva et al. 2012; Fukui et al. 2014; Kuncarayakti
et al. 2016). Furthermore, especially in studies of star clusters in
nearby main-sequence galaxies with 𝑀∗ > 1010 M� , solar metal-
licity is often chosen to represent the population, driven by studies
into the metallicity content of nearby galaxies (e.g. Gallazzi et al.
2005). The SED fitting procedure for the PHANGS-HST program
has been detailed in Turner et al. (2021).

In this paper we compare the solar metallicity SSP models
with various other synthetic stellar population models, as a test to
the use of SSP models in star cluster analysis. To this effect, we
generate models that have exponentially declining star formation
histories for various metallicity values. In tandem, we also test the
effects of nebular emission from the gas surrounding the stellar
population. Our investigation in this paper focuses on comparing
the color evolution of this set of synthetic stellar population models
with the observed colors of our sample of bright, fairly isolated
clusters. How closely the color evolution of models track the colors
of observed clusters provides insight into the efficacy of the models.
Though more detailed future work is needed for improved clarity,
the test we detail in this paper provides an invaluable first look.

The remainder of this paper is organized as follows. We pro-
vide a summary of the PHANGS–HST survey, and overview of the
5-band HST imaging in Section 2. In Section 3, we discuss the
details of how the bright, isolated cluster and association sample
is constructed. We also describe the ensemble observed and phys-
ical properties of this specialized sample, and compare with the
properties of the full cluster population. We then describe how we
use clusters from this sample to derive the aperture corrections for
the PHANGS–HST data processing pipeline in Section 4. We dis-
cuss the quality assurance process applied to the clusters prior to
their use in the aperture correction computation in the same section.
Next, we provide the details of quantitative morphology analysis in
Section 5.We compare the colors of our specialized sample with
the color evolution of various synthetic stellar population models in
Section 6. Finally, we provide our conclusions and plans for future
work in Section 7.

2 PHANGS–HST IMAGING

The analyses in this paper are based on HST UV-optical imaging
for 17 galaxies for which samples of bright, isolated star clusters
(as described in Section 3) were constructed during the first year
of the survey (Table 1). A complete description of the PHANGS–
HST Treasury program (GO-15654) is given in Lee et al. (2021);
we provide a brief summary of the imaging observations here.
Three exposures with sub-pixel ditheringwere takenwith theWFC3
UVIS camera in each of five filters: F275W (NUV), F336W (U),
F438W (B), F555W (V), F814W (I). The exposures for each HST
pointing were obtained within a three-orbit visit, and yielded to-
tal exposure times of ∼2200s (NUV), ∼1100s (U), ∼1100s (B),
∼670s (V), ∼830s (I). For 8 of these galaxies, suitable WFC3 or
ACS data in one or more of these filters were taken by prior pro-
grams. The available archival data were obtained from MAST and
processed in a consistent manner with our new observations. The
three exposures in each filter were first "drizzled" to improve sam-
pling of the PSF. The five drizzled images were then all aligned,
and placed onto a common grid with pixel scale of 0.′′04 (the na-
tive WFC3 pixel scale). Astrometry was calibrated using stars from
the GAIA DR2 catalog. These aligned images were used to iden-
tify the sample used to compute aperture corrections, and measure
quantitative morphological parameters, as described below. Public
releases of these PHANGS–HST processed images are available at
https://archive.stsci.edu/hlsp/phangs-hst.

3 SAMPLES OF BRIGHT, ISOLATED STARS AND STAR
CLUSTERS

3.1 Sample Construction

The samples of star clusters, associations, and stars studied here
were originally assembled to investigate aperture corrections, but
they can find broader application as they comprise a set of particu-
larly high signal-to-noise (S/N) and relatively isolated objects. Here
we describe the construction of the sample.

This specialized sample is manually identified by human visual
inspection of the HST imaging by coauthor BCW. About 20 single-
peaked clusters, 10 associations, and 10 point sources (stars) are
selected in each galaxy. The relatively small size of these spe-
cialized samples is well-suited for selection via visual inspection to
ensure that only the best examples of each class morphological class
are included. The single identifier approach allows for uniformity
across all our galaxies. Even though the multi-identifier approach in
principle may benefit from statistical averaging, it also introduces
systematic biases in classifications due to subtle differences in the
classification definitions assumed by different workers. We favored
the uniformity inherent in the single identifier approach for the con-
struction of our specialized sample, which was also the strategy
followed by LEGUS to form their “training samples” (Adamo et al.
2017). The strengths and weaknesses of the single versus multi-
identifier approach has been discussed in Wei et al. (2020), and
Whitmore et al. (2021), and the reader is referred to those papers
for further details.

The objects studied here fall into the standard four classes
used to characterize sources in star cluster candidate catalogs (e.g.,
Grasha et al. 2015; Adamo et al. 2017; Cook et al. 2019; Wei et al.
2020):

• Class 1: star cluster – single peak, circularly symmetric, but
with radial profile more extended than point source
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Sample Overview

Galaxy 𝑑 ± 𝛿𝑑 [Mpc] Class 1 Class 2 Class 3 Stars

NGC 4826 4.41±0.19 11 10 11 10
NGC 3351 9.96±0.33 12 11 10 10
NGC 3627 11.32±0.48 10 09 09 08
NGC 2835 12.22±0.94 10 11 09 08
NGC 5248 14.87±1.34 10 09 08 06
NGC 4571 14.9 ±1.1 10 10 10 10
NGC 4689 15.00 ±2.25 10 10 08 10
NGC 4569 15.76±2.36 10 10 10 10
NGC 4535 15.77±0.37 12 10 10 10
NGC 1792 16.20 ±2.43 10 09 09 10
NGC 4548 16.22±0.38 11 09 10 10
NGC 1566 17.69±2.00 16 10 08 10
NGC 1433 18.63±1.86 11 10 07 07
NGC 1559 19.44±0.45 18 08 09 09
NGC 1365 19.57±0.78 16 10 10 08
NGC 4654 21.98±1.16 10 10 10 10
NGC 2775 23.15±3.47 12 07 10 11

Total - 199 163 159 157

Table 1. Overview of the sample analyzed in the paper. The first column
shows the galaxy ID. The second column shows the distance to the galaxy
together with its uncertainty, from Anand et al. (2021). Columns three to
six show the number of class 1, 2, 3 objects and stars visually identified for
the galaxy, respectively. We display the total number in our sample for each
class in the bottom row.

• Class 2: star cluster – same as Class 1, but elongated or asym-
metric

• Class 3: stellar association – asymmetric, multiple peaks
• Class 4: not a star cluster or stellar association. A broad range of

sources are included in this class (e.g., image artifacts, background
galaxies, individual stars), but for the purposes of the sample used
in this analysis, only point sources (stars) are identified.

A total of 199 class 1, 163 class 2, 159 class 3 objects, and 157 stars
are selected across the 17 galaxies studied here (Table 1).

The details of the visual selection process are as follows. A
F555W (V) image is used alongside a color image (F814W, F555W,
F336W) produced using the Hubble Legacy Archive (HLA; Whit-
more et al. 2016) algorithm, as provided in a website interface
developed by coauthor RLW, and also provided for each galaxy at
https://archive.stsci.edu/hlsp/phangs-hst as an inter-
active display . The first step is to identify class 1 star clusters that
have high S/N, and are unsaturated, and isolated (i.e., the source
dominates the flux up to 20 pixels from its center, or within 0.8′′).
We generally look for these objects in the outskirts of galaxies, but
when possible, several class 1 clusters in the inner bulge are also
included to provide a crosscheck on the degree of variation of radial
profile with environment. An effort is also made at this point to
look for bluer class 1 clusters if they exist, using the color image, to
allow for the inspection of cluster light profiles in the bluest filters
(F275W, F336W).

A set of stars (point sources) is also identified simultaneously
with the identification of class 1 clusters, since these generally can
also be found in the outer parts of a galaxy. The 20 pixel isolation
criterion is again required. An important selection criterion for the
stars is a significantly steeper light profile compared to the class 1
clusters described above, with a distinctly smaller FWHM.

An analogous procedure is performed for class 2 clusters (i.e.,
asymmetric or elongated, single central peak), with an important

difference. The 20 pixel isolation criterion is relaxed, since there
are often few if any class 2 clusters that would meet this criterion.
Instead, a 10 pixel isolation criterion is used. As will be discussed
in the next section, this led to a strategy for computing the aperture
correction using the combination of inner profiles of class 1 and 2
clusters with the outer profiles for only class 1 clusters (10−20 pix-
els). Many class 2 clusters are in crowded regions so even this
10 pixel criterion may be relaxed to provide a sufficient sample,
with the requirement that the cluster at least dominates the region
out to 10 pixels. In general, the aperture corrections for class 2 clus-
ters are less well determined compared to those for class 1 due to
the more crowded environments in which they are often found.

Finally, a set of class 3 associations is selected. These are
not used in the derivation of aperture corrections, which would
be problematic given that these objects often represent the densest
portions of much larger associations of stars (i.e., spanning tens
or even hundreds of pixels; Larson et al. 2021; Lee et al. 2021).
Rather, we identify them for inclusion in this sample as archetypes
of stellar associations for other applications, such as the exploration
of quantitative morphologies presented later.

On rare occasions, it is challenging to identify enough class 1
and class 2 bright, isolated clusters. Though not included in this
paper, the PHANGS–HST galaxy NGC 1317 suffers from such
a shortcoming. In these instances, we plan to derive the aperture
correction using median aperture corrections of galaxies close in
distance to it.

It is important to note that this sample is not intended to be
complete, and its properties may not necessarily be representative of
the properties of the overall star cluster population. By construction,
objects in this sample are brighter andmore isolated than the general
population of clusters and associations (see next section), reflecting
the primary goal of using them to determine aperture corrections.
Another important note is that the construction of this sample is
distinct from that of the PHANGS–HST star cluster catalogs as
described in Lee et al. (2021) and Thilker et al. (2021). The con-
struction of the specialized sample we analyze in this paper relies
on independent human visual inspection and targeted examination,
while the full star cluster catalogs are generated by an extensive
automated selection and processing pipeline, with subsequent can-
didate inspection and morphological classification performed by
both BCW and deep neural networks (Wei et al. 2020; Whitmore
et al. 2021).

For one of the PHANGS–HST galaxies, NGC 1566, we illus-
trate the spatial distribution of the selected sources on the V-band
image in the central panel of Figure 1, where the red numbers indi-
cate the morphological classification. The cutouts surrounding the
central panel are examples of each class of object in the sample.
All cutout panels in this paper are produced using aplpy (Robitaille
& Bressert 2012; Robitaille 2019). In the central panel we also
mark the locations of the greater population of star clusters from
the PHANGS–HST pipeline.

3.2 Sample Properties

In this section, we describe the general properties of the sample.
Key characteristics are provided in Table A1. As mentioned earlier,
about 10 objects in each class are selected in each galaxy, and the
total sample contains 199 class 1, 163 class 2, 159 class 3 objects,
and 158 stars across 17 galaxies.

We start by visualizing the sample on two diagrams commonly
used to characterize the properties of star clusters and associations:
the color–color diagram in Figure 2, and the age–stellar mass–
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Figure 1. A cutout from NGC 1566 V-band image. The red markers denote objects residing in the bright, isolated sample for NGC 1566 (description
in Section 3), with their morphology classes noted next to the marker, whereas cyan markers indicate visually classified PHANGS–HST star clusters and
associations from the full catalogs. The postage stamps to the left and right of the figure display a class 1 (top left) cluster, class 2 (bottom left) cluster, class 3
(top right) association, and a star (bottom right) from this galaxy. The postage stamps and the central cutout are all shown with logarithmic stretch.

reddening diagram in Figure 3. Ages and masses are derived via
SED fitting of the 5-band HST photometry with CIGALE (Boquien
et al. 2019) as described in Turner et al. (2021). It is important to note
that such figures are usually shown for complete cluster populations
in a single galaxy to provide insight into cluster formation history
and the physics of cluster evolution. However, here we use these
diagrams as an aid to illustrate the properties of the composite
population of our specialized bright, isolated sample gathered from
17 galaxies, so they should not be interpreted in the customary
manner.

Figure 2 shows our composite sample of class 1, 2, and 3
structures from across 17 galaxies.We find that class 2 and 3 objects
preferentially reside towards the upper left, or the bluest area of the
UB-VI diagram. This area is also populated by the single stellar
population (SSP) model at its youth with ages between 1−30 Myr.
On the other hand, we find that the class 1 clusters dominantly reside
on the red portion of the UB-VI diagram, in the area occupied by
the oldest ages of the SSP evolutionary track. Almost all our class 1
clusters are by the part of the SSP track that has evolved for at
least 100 Myr. The SSP track in the figure was generated using
stellar population synthesis models from (Bruzual & Charlot 2003,
BC03), and the particular SSP we plot is one of solar metallicity
with no nebular emission. Even though the majority of the data is
consistent with this track plus reasonable reddening (median E(B-
V) of the sample is 0.18 mag, reddening for 𝐴𝑉 = 1 mag shown in
panel), there are deviations that motivate further investigation. One
such sub-population is the group of class 1 clusters offset from the
track by roughly 0.3 mags in U-B color between the ages of 500
Myr - 5 Gyr. We investigate this, and other differences between the
observations and the SSP track in Section 6, where we explore other
synthetic stellar populationmodels beyond the solarmetallicity SSP,
which is commonly adopted for SED fitting of star clusters in nearby
galaxies (Adamo et al. 2017; Turner et al. 2021).

We find that these age trends are supported by the ages derived
from the 5-band SED fitting. Figure 3 shows that the class 2 and 3
objects are dominantly young (median ages for either class is 4Myr),

whereas class 1 clusters are old (median age 196Myr). The top panel
shows that the lowest stellar mass range is preferentially occupied
by class 3’s, the density of class 1’s peaking at the high stellar mass
end, with class 2’s residing in between. The bottom panel shows the
reddening due to dust as computed by our SED fitting. The class 1
clusters concentrated at around log(Age/Myr) of 2.2 in this panel are
the old globular clusters, as mentioned above, for which the ages are
underestimated and reddenings overestimated. We find that class 2
and class 3 objects are reddened by dust more than class 1 objects,
especially if the population described in the previous sentence is
overlooked. This follows naturally from the isolation requirements
we employ for each morphology type. Our class 2 and 3 objects
are much younger, and more likely to reside in crowded areas. They
therefore have a much higher likelihood to be in regions with dust.
Our class 1 clusters, on the other hand, are far less likely to come
from areas containing significant amounts of dust.

Having shown the entire sample across 17 galaxies on the UB-
VI space, we now compare the UB-VI distributions of the isolated,
bright sample and the full cluster catalog for one of our fields,
NGC 1566. We have shown the spatial distribution of these two
samples on the same galaxy in Figure 1. In Figure 4, we show
the comparison of the UB-VI color–color distributions in the left
panel, and the V-band total (i.e., having had the aperture corrections
applied, computation of which we discuss below) magnitude com-
parison in the right panel. The left panel reveals that the different
morphology types from the full cluster sample do follow a similar
trend in the UB-VI space as our sample here, shown in Figure 2. The
full sample shows more spread around the SSP track, as is expected.
In the absence of the isolation requirement, the full sample is more
susceptible to reddening from dust. Furthermore, the full sample
includes objects with lower masses, and stochastic sampling of the
stellar inital mass function also contributes to increased scatter (e.g.,
Hannon et al. 2019, and references therein).

Despite the increased scatter of the full sample around the
SSP track, the isolated, bright clusters of each morphological type
in NGC 1566 reside where the density of the same class of objects
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Figure 2. The U-B vs V-I color–color plot of the sample of bright, relatively isolated clusters identified in 17 PHANGS-HST galaxies, color-coded by cluster
morphological type. The gray, purple, and blue color markers represent classes 1, 2, and 3, respectively. Attached to the x- and y-axes are histograms depicting
the distribution of these clusters in the V-I, and U-B colors, respectively. Aperture and foreground extinction corrections have been applied to magnitudes. We
also plot the curve tracking the evolution of a BC03 single stellar population (SSP) model on the UB-VI space, for the solar metallicity case with a covering
fraction of zero (no nebular emission). The red arrow in the panel shows the reddening vector for 𝐴𝑉 = 1 mag assuming a Milky Way extinction law and dust
type. We indicate the positions of a few select ages on the SSP track.

from the full sample peaks. The left panel compares the distributions
of the V-band apparent magnitudes of these two samples. The two
panels of Figure 4 demonstrates that even though the sample used
in this paper is not representative of the full cluster sample, it is
solely because they are drawn from the brightest end of the 𝑚𝑉

distribution. The morphological types in this sample still show the
key characteristics of clusters from a more complete set. The lack
of generalizability to complete cluster samples therefore does not
translate to an inability to make meaningful inferences.

Finally, we present the distribution of Multiple Concentration
Index (MCI) values for the sample, which are used to select star
cluster candidates in the PHANGS–HST cluster catalog pipeline
(Whitmore et al. 1999; Lee et al. 2021; Thilker et al. 2021). We
briefly summarize the parameters forming this space here, and en-
courage the interested reader to refer to Thilker et al. (2021) for
details.

Previous work has widely utilized the concentration index (CI)

as a key metric to distinguish candidate clusters of stars from point
sources (Adamo et al. 2017; Cook et al. 2019). This metric is a
measure of the difference in photometry between circular apertures
of different radii (the measure can also be represented as CI𝑖 𝑗 ,
where 𝑖 and 𝑗 denote the radius in pixels of circular apertures to
be compared), and the choice of 1 pixel and 3 pixel radii circular
apertures has been standard practice. The optimal CI threshold that
results with maximal distinguishing power is then determined using
sets of bright and isolated star clusters and point sources, similar in
construction to the current sample.

The MCI metrics aim to provide a better informed selection
that is easily calibrated to varying distances of the host galaxy, using
multiple CI’s in contrast to the single CI measure.

Two MCI parameters are defined: MCIin (based on aperture
photometry with radii of 1.0, 1.5, 2.0, 2.5 pixels) andMCIout (based
on aperture photometrywith radii of 2.5, 3.0, 4.0, 5.0 pixels).MCIin
therefore carries information about the inner parts of a given source,
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Figure 3. A joint panel showing the distributions of our clusters in terms of their ages, stellar masses, and reddening values, determined via 𝜒2 minimization fit
to their SEDs. The plots are color coded according to cluster morphological type, where gray, purple, and gray markers denote classes 1, 2, and 3, respectively.
The two main panels show the age versus stellar mass, and age versus reddening plots of our sample, from top to bottom. Attached to each of these panels are
histograms showing the distributions of the morphological type in the respective quantities represented by the panel axes.

which is the span of the core of an average star cluster at the distances
of the PHANGS–HST roster of galaxies, whereas MCIout traces
the faint outer extent of the source. The exact definition of these
parameters are given in Lee et al. (2021) and Thilker et al. (2021).

Figure 5 shows the bright, isolated sample in the MCIin versus
MCIout space. The polygon defines the region within which candi-
date clusters are selected for human visual inspection and morpho-
logical classification in the PHANGS–HST pipeline from the initial
list of source detections. The four classes of objects are coded by
color.

Three separate polygons are employed by the PHANGS–HST
star cluster detection pipeline, all three of which share the same top,
left, and right edges. They only differ in their bottom edges, which
vary according to three distance bins, as displayed in the legend
of the figure. The most distant bin (galaxies with distances greater
than 14 Mpc) has the shallowest edge in MCIout, the intermediate

distance bin (distance between 8 and 14 Mpc) is deeper, and the
lowest distance bin (distance below 8Mpc) has the deepest polygon
edge in MCIout.

We find that almost all class 1 and 2 clusters in our visually se-
lected bright, isolated sample reside within these polygons. Class 2
clusters are positioned similar to class 1’s, being a class of cen-
trally concentrated clusters themselves, albeit with a wider spread.
Class 3 associations display the highest amount of spread on this
space among the star clusters in our sample, as expected. A sig-
nificant fraction of Class 3 associations also resides outside of the
polygon, as the polygon is not constructed to select for these struc-
tures. Rather, we rely on a separate pipeline, based on a watershed
algorithm, to identify stellar associations over multiple scales (Lee
et al. 2021; Larson et al. 2021). Finally, the stars are concentrated
at the top right of the polygon, with mild overlap with the area sur-
rounded by the polygon. We note that the PHANGS–HST cluster
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Figure 4. Left panel – The UB-VI color–color diagram comparing the distributions of the bright, isolated sample we analyze in this paper (diamond-shaped
markers) and the PHANGS–HST cluster catalog (circular markers) for NGC 1566. The gray markers denote class 1, purple markers class 2, and blue markers
class 3 objects. The reddening vector corresponding to 𝐴𝑉 = 1mag is shown as the red arrow. Right panel – The V-band total magnitude normalized histograms
for the sample in this paper (full lines), and the full cluster catalog (dashed & dotted lines) of NGC 1566. The gray lines represent class 1 clusters, and purple
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Figure 5. The inner and outer multiple concentration indices (MCI) of
specialized sample of bright, relatively isolated class 1, 2, 3 objects and
stars, which are used to select star cluster candidates in the PHANGS-HST
pipeline. Orange markers denote stars, gray markers class 1, purple markers
class 2, and blue markers class 3 objects collected from 17 galaxies. The
polygons provide the candidate selection regions, used in PHANGS–HST
data products. The different lower edges of the polygons is dependent on
the distance of the parent galaxy. The lower boundary of MCIout is closer to
zero for galaxies that are further away (i.e., the selection area shrinks as the
clusters become less resolved).

detection pipeline utilizes stellar exclusion regions to account for
this overlap, and increase the success rate of cluster detection. Given
that the construction of this specialized bright, isolated sample is
independent of the automated PHANGS–HST pipeline selection of
cluster candidates, the distribution of this specialized sample in the
MCI plane provides a useful check on the robustness of the selection
region.

4 APERTURE CORRECTIONS

In this section, we detail the methodology employed to obtain the
aperture corrections for photometry of the PHANGS–HST star clus-
ters. In summary, an average aperture correction in the V-band is
derived for each galaxy using the bright, isolated sources described
above. Constant offsets from the V-band aperture correction are
applied to compute the corrections for the other four bands (NUV,
U, B, I). Photometry for all PHANGS–HST clusters is performed
using a circular aperture with a radius of 4 pixels. The size of the
aperture is chosen to roughly correspond to the half-light radius, so
the corrections are expected to be ∼0.75 mag.

In Section 4.1, we introduce our three-step aperture correction
methodology. In Section 4.2, we provide the quality assurance cri-
teria clusters need to satisfy to be eligible to partake in the aperture
correction computation for their respective galaxies. Next, in Sec-
tion 4.3, we provide the rationale for choosing to use a constant
offset to derive aperture corrections in bands other than the V-band,
rather than deriving corrections directly in each filter. In Section 4.4
we show the results following the description of our aperture cor-
rection methodology. The three step procedure and application of
constant offsets represent attempted improvements upon previous
practice (e.g., Adamo et al. 2017).We provide comparisons between
the techniques in Section 4.5. Finally, we investigate the trend be-
tween our computed aperture corrections and galaxy distance in
Section 4.6.

The derived aperture corrections and uncertainties are pre-
sented in 2 and Tables 3.

4.1 Computation of the Aperture Corrections

The motivation behind the application of aperture corrections to
star cluster photometry is that the modest size of apertures used
to perform the photometry does not contain the entire flux of the
typical star cluster, and using a larger aperture to encompass a
higher fraction of light leads to contamination by other sources due
to the crowded nature of many of the regions. A circular aperture
containing ∼50% of the cluster flux is normally used. Our aperture
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correction methodology therefore revolves around recovering an
estimate of the light missed by the circular aperture 4 pixels in
radius employed by PHANGS–HST data processing, and the 7 to
8 pixel definition for the sky subtraction. Our steps, as illustrated in
Figure 6, are:

• Step 1:The goal of step 1 is to recover the cluster light between
4 and 10 pixels (Figure 6, left section). Both class 1 and class 2
objects can be used for this step, as our selection scheme for these
objects ensures that they do not have neighboring objects closer
than 10 pixels.
For each class 1 and 2 cluster in the isolated, bright sample, we

first perform aperture photometry in a series of circular apertures
with radii increasing from 4 pixels to 10 pixels in single pixel incre-
ments. In each case, the sky is set to be between 21 and 23 pixels.
We next normalize the flux recovered from each aperture by the
value at 10 pixels, doing so for each object individually. Next, we
find the mean value of the normalized flux for each aperture, aver-
aging over all objects, subject to the viability conditions described
in the next section. Finally, we obtain the correction from the mean
growth curve using,

𝐴𝐶s1 = −2.5 × log(1/ 𝑓4), (1)

where 𝐴𝐶s1 denotes the contribution to the aperture correction from
step 1, and 𝑓4 indicates the mean normalized flux within an aperture
having a radius of 4 pixels.

• Step 2:The goal of step 2 is to recover the cluster light between
10 and 20 pixels (Figure 6, middle section). Generally, only class 1
clusters are eligible for a robust estimation of the contribution from
this step, since class 2 clusters are typically found in more crowded
regions, as discussed above. For this step we therefore limit our
sample to clusters of this class only.
We obtain the contribution to the total correction from this step as

follows. For each class 1 cluster that satisfies the viability criteria, we
perform aperture photometry in a series of circular apertures with
radii between 10 and 20 pixels, with the sky again set to be between
21 and 23 pixels. Then, we normalize the flux at each aperture by the
value at 20 pixels for each object individually. Next, find the mean
value for each aperture, again averaging over all objects. Finally, we
obtain the correction from the mean growth curve using,

𝐴𝐶s2 = −2.5 × log(1/ 𝑓10), (2)

where 𝐴𝐶s2 denotes the contribution to the aperture correction
from step 2, and 𝑓10 indicates the mean normalized flux within an
aperture having a radius of 10 pixels.

• Step 3: The goal of step 3 is to recover the cluster light
subtracted away by the definition of the sky annulus utilized
by the PHANGS–HST photometry (Figure 6, right section). The
PHANGS–HST photometry estimates the median sky using a cir-
cular annulus between 7 to 8 pixels from the center of the cluster
candidate. Step 3 uses both class 1 and 2 clusters to determine an
estimate of cluster light left in this annulus.
For all class 1 and 2 clusters in a galaxy that satisfy the viability

criteria, we perform aperture photometry up to 20 pixels, with sky
set to be between 7 and 8 pixels. Then, we calculate the correction
for step 3 using,

𝐴𝐶s3 = −2.5 × log( 𝑓8/ 𝑓7), (3)

where 𝐴𝐶s3 denotes the contribution to the aperture correction
from step 3, and 𝑓8 and 𝑓7 indicate the mean normalized flux within
apertures having radii of 8 and 7 pixels, respectively.

The total aperture correction is then:

𝐴𝐶tot = 𝐴𝐶s1 + 𝐴𝐶s2 + 𝐴𝐶s3 . (4)

4.2 Quality Cuts

In this subsection, we detail the viability conditions demanded of
clusters to be eligible for participation in the derivation of the aper-
ture correction. These conditions are as follows.

• Any object to be used in the aperture correction calculation
needs to have a V-band Vega magnitude brighter than 24 in an
aperture with a radius of 4 pixels.

• The normalized growth curves of individual clusters are re-
quired to not decrease by more than 2% between consecutive aper-
ture radius values.

Class 1 and 2 clusters in the bright, isolated sample are sub-
jected to these conditions in their V-band imaging, and only those
that satisfy both are used in the derivation of the aperture correction.
We demonstrate the results of this test in Figure 7. The clusters that
fail either viability condition are denoted with an orange cross.

4.3 Aperture Corrections in Bands Other Than the V-band

In principle, we can apply the above procedures to derive aperture
corrections for the clusters in each of the five HST bands used
in the PHANGS–HST survey. However, we instead opt to apply
fixed offsets to the measured V-band aperture correction to compute
the corrections in the NUV, U, B, and I bands. This effectively
assumes the absence of any color gradients. The offsets we apply
to the measured V-band aperture correction for NUV, U, B, and I
bands are−0.19,−0.12,−0.03, and−0.12mags, respectively. These
corrections are determined on the basis of the FWHM of the WFC3
point spread function at their corresponding wavelengths.

The main reason motivating the use of fixed offsets is the
difficulty in maintaining a statistically robust set of clusters in bands
bluer than the V-band. We find that many of our fields have either
too few, or no clusters that satisfied the viability criteria detailed
in Section 4.2, especially in NUV. We demonstrate the difficulty
in deriving a robust aperture correction in all five PHANGS–HST
bands in Figure 8 for NGC 1792. Even though only one cluster
was eliminated from use in the derivation of the aperture correction
in the V-band, all clusters but one fail the viability criteria in the
NUV. Attempting to include clusters to the sample that satisfies the
viability conditions in NUV forces them to be in crowded regions,
resulting in their light profiles being affected by neighboring objects,
thereby providing less reliable corrections. We decided to proceed
with applying the constant offsets to a robust measure of the V-band
correction, instead.

We demonstrate the 5-band average aperture corrections we
would obtain with and without employing the constant offset ap-
proach in Figure 9. The left panel shows the 5-band aperture cor-
rections as obtained via the technique described in Section 4.1, for
all the galaxies in our sample. The right panel shows the corrections
after applying the constant offsets to the V-band correction, as de-
scribed in this section. The figure demonstrates the wide range in
corrections we obtain especially in NUV, as a result of the behavior
we demonstrated in Figure 8.

We further investigate the behavior of class 1 and 2 bright,
isolated clusters in all five bands in Figure 10. The figure shows the
S/N versus magnitude distribution of these two morphology types
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Figure 6. The three-step aperture correction methodology employed by PHANGS–HST, devised to recover the average cluster flux left out by the four-pixel
aperture photometry used in the PHANGS–HST data products. The steps illustrated here correspond to the same steps detailed in Section 4.
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Figure 7. The V-band signal-to-noise (S/N) ratio in log scale versus the
F555WVega magnitude plot of all class 1 and 2 clusters. Both quantities are
calculated for a circular aperture 4 pixels in radius. Markers are color-coded
by the visually-identified morphological class of the objects; gray markers
denote class 1, and purple markers class 2 clusters. Objects that fail to pass
the viability conditions described in Section 4.2 are shown with an orange
cross across the data point, meaning those objects were not used in the
derivation of the aperture correction of their respective fields. The V-band
lower limit of 24 mags we request as a viability criterion is shown via the
red dashed line.

in all five bands. We see that there is a significant shift towards
the faint and low S/N part of the plot in bluer bands, especially
for class 1 clusters, demonstrating the difficulty in obtaining robust
aperture corrections in all five bands.

These results are not surprising given that star formation oc-
curs in a clustered manner, and so young clusters will be found in
crowded regions. They are rarely sufficiently isolated to enable a
robust measure of the extended radial profile of a cluster, and this
represents a basic limitation on the accuracy of aperture corrections.
As discussed above and illustrated in the UB-VI color–color (Fig-
ure 2) and mass-age diagrams, the majority of class 1 objects are not
among the youngest of our clusters, ergo unlikely to have significant
emission in NUV from their red dominant stellar populations.

4.4 Aperture Correction Results

For the 17 galaxies examined here, we find that corrections for V-
band photometry performed in a circular aperture with a radius
of 4 pixels range from −0.45 to −0.83 mags, with a median of
−0.67 mag. By construction the magnitude of the correction will
be about a factor of two since the size of the aperture was chosen to
roughly correspond to the half-light radius.

In Figures 11 and 12, we show the growth profile of every
class 1 and 2 cluster from across 17 galaxies that satisfy the viabil-
ity conditions described in Section 4.2. These figures demonstrate
the success of our sample construction in obtaining clean V-band
growth curves up to 20 pixels for class 1, and up to 10 pixels for
class 2 objects.
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Aperture Corrections of PHANGS-HST Galaxies

Galaxy ID 𝑑 ± 𝛿𝑑 Avg. Ap. Corr. Step 1 Cont. Step 2 Cont. Step 3 Cont. Total Cat. 1 Viable Cat. 1 Total Cat. 2 Viable Cat. 2

NGC 4826 4.41±0.19 -0.72 -0.573 -0.127 -0.023 11 10 10 10
NGC 3351 9.96±0.33 -0.68 -0.532 -0.134 -0.018 12 10 11 10
NGC 3627 11.32±0.48 -0.81 -0.613 -0.191 -0.004 10 10 9 9
NGC 2835 12.22±0.94 -0.81 -0.618 -0.178 -0.019 10 9 11 11
NGC 5248 14.87±1.34 -0.65 -0.488 -0.157 -0.009 10 9 9 9
NGC 4571 14.9 ±1.1 -0.61 -0.416 -0.172 -0.017 10 9 10 8
NGC 4689 15.00 ±2.25 -0.63 -0.497 -0.12 -0.018 10 9 10 10
NGC 4569 15.76±2.36 -0.76 -0.541 -0.212 -0.004 10 10 10 9
NGC 4535 15.77±0.37 -0.71 -0.533 -0.166 -0.013 12 10 10 8
NGC 1792 16.20 ±2.43 -0.8 -0.614 -0.185 -0.005 10 9 10 10
NGC 4548 16.22±0.38 -0.64 -0.456 -0.162 -0.025 11 11 9 8
NGC 1566 17.69±2.00 -0.62 -0.496 -0.114 -0.015 16 16 10 10
NGC 1433 18.63±1.86 -0.62 -0.51 -0.096 -0.019 11 8 10 10
NGC 1559 19.44±0.45 -0.67 -0.52 -0.138 -0.011 18 17 8 7
NGC 1365 19.57±0.78 -0.61 -0.505 -0.099 -0.009 16 14 10 10
NGC 4654 21.98±1.16 -0.83 -0.576 -0.247 -0.007 10 8 10 8
NGC 2775 23.15±3.47 -0.45 -0.371 -0.071 -0.01 12 10 7 5

Table 2. Table showing the final aperture corrections per galaxy, contributions from individual steps detailed in Section 4, and numbers of clusters from the
bright, isolated sample used for the measurement. The first column is the galaxy ID. Second column shows the distance to the galaxy with its uncertainty, as
compiled by Anand et al. (2021). Third column shows the final average aperture correction derived for the galaxy. Columns through four to six display the
contributions from the steps detailed in Section 4. Columns 7 and 8 show the total number of class 1 objects in the sample, and those that satisfy the viability
conditions of Section 4.2, respectively. Columns 9 and 10 display the same quantities but for class 2 clusters.

Aperture Correction Scatter

Galaxy ID Avg. Ap. Corr Mean Ind. Corr. Median Ind. Corr. Ind. Corr. St. Dev. Range (max - min)

NGC 4826 -0.72 -0.64 -0.62 0.26 1.26
NGC 3351 -0.68 -0.57 -0.55 0.26 1.0
NGC 3627 -0.81 -0.67 -0.63 0.21 0.91
NGC 2835 -0.81 -0.67 -0.61 0.28 1.02
NGC 5248 -0.65 -0.56 -0.55 0.19 0.74
NGC 4571 -0.61 -0.52 -0.49 0.19 0.71
NGC 4689 -0.63 -0.53 -0.56 0.14 0.53
NGC 4569 -0.76 -0.66 -0.66 0.22 0.88
NGC 4535 -0.71 -0.58 -0.57 0.15 0.67
NGC 1792 -0.8 -0.65 -0.69 0.18 0.62
NGC 4548 -0.64 -0.53 -0.5 0.28 1.01
NGC 1566 -0.62 -0.55 -0.51 0.2 0.84
NGC 1433 -0.62 -0.54 -0.5 0.23 0.8
NGC 1559 -0.67 -0.57 -0.56 0.18 0.67
NGC 1365 -0.61 -0.52 -0.49 0.24 1.16
NGC 4654 -0.83 -0.64 -0.63 0.18 0.73
NGC 2775 -0.45 -0.45 -0.41 0.21 0.79

Table 3. This table provides further details on the aperture correction results presented in Table 2. The first and second columns are repeated from Table 2 and
show the galaxy ID, and average aperture correction, respectively. The third and fourth columns are the mean and the median of the distribution of individual
cluster contributions to the aperture correction. The fifth column is the standard deviation of the same distribution. Finally, the sixth column is the minimum
value of this distribution, subtracted from the maximum.

4.5 Comparison with Previous Results

We can also compare our aperture corrections to those derived
by the LEGUS program (Calzetti et al. 2015) for the 3 fields in
common; NGC 1433, NGC 1566, and NGC 3351. LEGUS uses a
different technique to compute their aperture corrections, and not
the three-step technique we introduce in this paper. The first step for
their averaged aperture correction approach (i.e., a single correction
is computed for all clusters in a galaxy; we do not compare to the
CI-based corrections here, see Adamo et al. 2017 and Cook et al.
2019 for details) is similar to ours in that it entails the construction
of a bright and isolated cluster sample. They employ a varying

aperture radius, fixed at the smallest integer radius that contains
at least 50% of the cluster flux, as derived using this sample for a
given galaxy. The sky annulus for this computation is located at a
radius of 7 pixels and is 1 pixel wide. Then, the average aperture
correction is computed as the difference between the magnitude of
the source within a 20 pixel circular aperture (sky median computed
between pixels 21 and 22), and the magnitude of the source using
the varying aperture size above. Both programs have employed a
4 pixel circular aperture for the three overlapping fields, allowing
for a one-to-one comparison of the corrections computed utilizing
different techniques.
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Figure 8. Five panel figure showing the growth curves of class 1 clusters from NGC1792. Each panel shows the growth curves up to 20 pixels for a different
filter, as denoted at the top left corner of individual panels. The red curves represent cases that fail to satisfy the viability criteria as detailed in Section 4.2, and
gray curves cases that satisfy them. The horizontal dotted lines depict the half, and sixty percent of the total flux, from bottom to top. The vertical dotted lines
depict 3, 4 and 5 pixel radius, from left to right.

We show the 5-band average aperture correction comparison
in Figure 13. This figure shows that the two programs find V-band
corrections that differ by less than 0.1mag, with the PHANGS cor-
rection being higher. There are no other systematic differences we
can establish. Maximum separation occurs in the I-band corrections
for NGC 1433 with a difference of 0.16mag. The constant offset we
apply to our V-band correction is steeper for this case than the mild
difference between the LEGUS V and I-band corrections. This is
not the case for NGC 3351, where a similar increase in V and I-band
corrections are found by both programs. On the blue end, we find
that the LEGUS NUV corrections for NGC 1433 and NGC 3351
are lower than their U-band corrections, contrary to the expectation

from thePSF.We see a similar behavior in theUandNUV-computed
corrections for many galaxies in Figure 9, a behavior we bypass by
adopting the corrections obtained via the application of constant
offsets to the V-band correction. For NGC 1433, there is also a sig-
nificant increase from the LEGUSB-band correction to the U-band,
much steeper than the constant offset expectation, the consequences
of which we discuss below.

We further investigate the differences in PHANGS–HST and
LEGUS total photometry in Figure 14. This figure demonstrates
the distributions in the UB-VI space for PHANGS and LEGUS
data, for the class 1, 2, and 3 clusters that are a match between the
programs. Colors computed independently for both programs have
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Figure 9. Left panel – The average aperture correction values derived for each galaxy in our sample, using the methodology described in Section 4.1, for all five
PHANGS–HST bands. The distance to each galaxy is shown in the legend, together with the color of the line for the galaxy aperture correction values. Note
the pronounced variance in the correction computed in F275W. Right panel – The fixed offset applied to the V-band average aperture correction of individual
fields (dashed lines and markers), plotted over the results from the left panel (solid lines and markers, transparency applied). Plot colors same as the left panel.
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Figure 10. The S/N ratio versus the Vega magnitude of class 1 (left panel)
and class 2 (right panel) clusters, in all five PHANGS–HST bands. Both
have been derived for a circular aperture with a radius of 4 pixels. Aperture
corrections have not been applied to the magnitude values. The data are
color-coded by the filter where the measurements are made, as shown in the
legend in the right panel. The 𝑦-axis is displayed in log scale.

been aperture corrected by the corrections shown in Figure 13. We
display a vector mapping the difference in the UB-VI values of each
program solely due to differences in aperture corrections in each
panel. Any shifts in the colors of clusters not accounted for by this
vector is a result of the differences in photometry performed by
the programs. Following the comparison in Figure 13, this vector
is negligible for NGC 1566 , but not for NGC 1433. As a result
of the pronounced difference in the U and B-band corrections, the
distributions are offset. We find that the PHANGS–HST data is
consistent with the SSP model in the panel with modest reddening.
Much higher reddening values are required to make LEGUS colors
consistent with the SSP model, especially at the young end. It is
also important to note that due to this offset, many LEGUS clusters
are bluer in their U-B color than the bluest U-B value of the SSP
track. The color distributions of the two programs for NGC 1566
are indistinguishable.

We gauge the effects of the different corrections with the fol-

lowing test. We compare the ages derived using PHANGS–HST
photometry corrected by the aperture corrections in this paper, with
the ages derived using PHANGS–HST photometry corrected by the
LEGUS aperture corrections. The ages obtained through the two
approaches are comparable in NGC 3351 and NGC 1566, but there
is an overall mean scatter of 0.1 dex in NGC 1433. This approaches
0.2 dex for clusters around the ages of 10−50 Myr, where the SSP
track curves back on itself, and the type of differences we describe
in the previous paragraph can make a significant difference.

4.6 Does the aperture correction depend on galaxy distance?

Finally, we show the average aperture correction versus distance
in the left panel of Figure 15. For identical clusters we would ex-
pect the aperture correction to decrease with increasing distance,
since a larger fraction of the light in the cluster falls within the
4 pixel measurement radius, i.e., a constant angular size on the sky
encompasses a larger linear radius for more distant galaxies. As
expected, Figure 15 shows a decreasing relation between average
aperture correction and distance for our sample, demonstrated both
as a weighted fit to the data, and using a Spearman’s rank correlation
test. The Spearman rank correlation coefficient we find for our dis-
tribution is 𝜌 = −0.38, consistent with a monotonically decreasing
relation, albeit not a strong one.

The right panel of Figure 15 shows the reason we do not find
a steeper decline. For the more distant galaxies only the brightest,
and hence largest clusters are above our magnitude cutoff. Hence the
clusters in the nearby galaxies are not identical to those in the more
distant galaxies, modifying the expected steep relation by making
it flatter. As future work, we plan to revisit the computation of
aperture corrections using a more homogeneously selected sample.
We expect this to result in corrections that are typically 0.1 mag
different than the current estimates.

5 QUANTITATIVE MEASURES OF MORPHOLOGY

In this section we describe the methodology used in our exploration
of the application of quantitative measures of morphology for star
clusters. The bright, isolated sample of star clusters we analyze in
this paper provides an ideal set to test suchmeasures of morphology,
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Figure 11. 20 pixel growth curve profiles of representative class 1 clusters from our sample, together with their postage stamps. The figure on the left displays
the growth curves of the entire set of class 1 clusters that satisfy the viability conditions listed in Section 4.2, in light gray. We display the mean growth curve of
this set in orange. Highlighted in dark gray are growth curves belonging to select class 1 clusters whose postage stamps are displayed on the right. We indicate
which object the curve belongs to by marking individual pixel sizes with markers of different shape. Object ID’s for the markers are given in the legend, as
well as on the top part of the postage stamps. The red circles in the postage stamps have radii of 5, 10, and 20 pixels, starting from the innermost circle.

Figure 12. V-band growth curve profiles up to 10 pixels of all viable class 2 clusters from our sample, shown in light purple. Plotted on top of the entire sample
are four select clusters, with their postage stamps displayed next to the plot. Different markers are used to denote the clusters for which we display the object
ID’s both in the legend, and at the top of the postage stamp. The red circles in the postage stamps have radii of 5 and 10 pixels, starting from the innermost
circle.

due to high S/N, and the low contamination of their cluster light
from neighboring objects enforced by the criterion built in to their
selection.

The first measure we analyzed is a non-parametric measure of
morphology from Lotz et al. (2004), the 𝑀20 parameter, which has

been extensively applied to galaxies (Lotz et al. 2008; Peth et al.
2016). 𝑀20, or the normalized second order moment of the 20%
brightest pixels, is a parameter that measures how spatially sepa-
rated the brightest regions of the given object are. When the spatial
separation, or the spatial variance, of the pixels ranking among the
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Figure 13. The 5-band average aperture corrections comparing galaxies
overlapping between LEGUS and PHANGS–HST. The full lines and square
markers represent the PHANGS–HST results, whereas the dashed lines
and triangle markers represent LEGUS results. Same colors represent the
same galaxy. Both programs employ a circular aperture 4 pixel in radius
for the set of galaxies demonstrated here. The PHANGS–HST corrections
for NGC 1566 have been offset by 0.01 mag in all bands, to distinguish its
corrections from the identical values we find for NGC 1433.

20% brightest of pixels are large, the object has a large 𝑀20 mea-
sure. If the spatial separation of the 20% brightest pixels is low, then
so is the 𝑀20 value of the object. Lotz et al. (2004) mainly used
𝑀20, together with the Gini coefficient, 𝐺, in an astronomical set-
ting (how egalitarian the distribution of flux is for the given object),
to identify merging galaxies. In this paper, we will solely focus
on 𝑀20, with the investigation of other parameters, including 𝐺,
planned as future work.

We briefly summarize the derivation of 𝑀20 here, and refer
to Lotz et al. (2004) for further details. One quantity needed to
compute 𝑀20 is the total second-order moment of object flux, 𝑀tot.
𝑀tot is computed as a sum of the pixel fluxmultiplied by the squared
distance of the pixel to the object center, for each pixel present in
the segmentation map:

𝑀tot =
𝑛∑︁
𝑖

𝑀𝑖 =

𝑛∑︁
𝑖

𝑓𝑖 [(𝑥𝑖 − 𝑥𝑐)2 + (𝑦𝑖 − 𝑦𝑐)2] . (5)

Here 𝑖 denotes the current pixel, 𝑛 is the total number of pixels
in the segmentation map, and (𝑥𝑐 , 𝑦𝑐) are the coordinates of the
center of the light source. The center of the source is designated
as the coordinates where 𝑀tot is at its minimum. 𝑀tot provides the
normalization factor used when calculating 𝑀20. The computation
of 𝑀20 involves a sum similar to that in Equation 5, but performed
over only the 20% brightest pixels:

𝑀20 ≡ log10
(∑

𝑖 𝑀𝑖

𝑀tot

)
, while

∑︁
𝑓𝑖 < 0.2 𝑓tot. (6)

In this equation 𝑓𝑖 is the flux value of individual pixels that
reside in the segmentation map, and 𝑓tot is the sum of the flux from
all such pixels. Values of 𝑀20 are negative as it is the logarithm of
a quantity in the range (0,1).

Being a non-parametric measure, 𝑀20 does not assume any
functional form for the light profile of the sources, making it a

parameter well-suited for analyzing the wide morphological range
of star clusters. Furthermore, as only the brightest 20% percent of
the pixels determine its value, themeasure is less likely to be affected
by the varied background within which the clusters reside, making it
an appealing parameter to start with. Here we test the behavior of the
clusters in our specialized sample in this parameter. Our procedure
is as follows. First, we make 11 × 11 pixel cutouts centered on our
clusters using the V-band image. This size is chosen to comply
with BCW visual identification of especially class 3 clusters, where
multiple distinct peaks within a 5 pixel radius is required. Next,
we run statmorph, detailed in Rodriguez-Gomez et al. (2019) on
these cutouts, to measure 𝑀20. Together with the cutouts statmorph
requires their corresponding segmentation maps. Our tests find that
the value of 𝑀20 is robust against the specifics of the segmentation
maps provided, wherewe have provided segmentationmaps ranging
from those derived by requiring at least 5 contiguous pixels between
segments, and those that include every single pixel in the cutout.
We also provide statmorph with the PHANGS–HST weight maps
for use during the derivation of these parameters. The weight maps
provide the standard deviation of the flux at each pixel value.

We show our results in Figure 16, as a normalized cumulative
histogram for each cluster class. The figure shows that the class 1
and 2 clusters show a similar𝑀20 distribution, one dramatically dif-
ferent from the distribution for class 3 clusters. This is confirmed by
the two sample Kolmogorov–Smirnov (KS) test. When we compare
the distribution of the combined set of class 1 and 2 clusters together
with the class 3 clusters, we find the two sample KS-test 𝑝-value to
be 10−16, underscoring the exceedingly small probability that these
two sets are drawn from the same parent population in their 𝑀20
distributions. 𝑀20 is hence able to capture the distinct light profile
of class 3 clusters, when measured in our 11 × 11 pixel cut-outs.
The figure shows that for the majority of the class 3 objects the top
20% brightest pixels are split among peaks far from the center of
the structure, causing an increase in 𝑀20. This is not the case for
the centrally peaked class 1 and class 2 objects as they decidedly
reside at the low end of the distribution, indicating that the brightest
pixels are concentrated close to the center of the object.

An important inquiry is whether the trend here is driven by the
distance to the host galaxy of our clusters. We investigate this with
two different tests, both of which find that distance does not signif-
icantly affect our results. In the first test we split our sample into
two distance bins: the clusters residing in galaxies within 16 Mpc,
and those that reside in galaxies further away. Then we individually
compare the 𝑀20 distributions of class 1, 2, 3 clusters within these
bins via two sample KS tests. We find that the distributions of indi-
vidual classes in the two distance bins do not differ in a statistically
meaningful way. Next, we compare the nearest and farthest end of
our sample, choosing the clusters in galaxies within 12 Mpc, and
farther away than 18 Mpc. The same comparison as the first test
finds that distance does not have an effect even when the 𝑀20 dis-
tributions of individual classes at the extreme ends of our distance
range are compared. This conclusion is best displayed by the two
sample KS tests of our class 3 clusters, as they are the clusters in
our sample having the least isolation hence the most susceptibility
to distance effects. We find the two sample KS test comparing class
3 clusters in the distance bins of the first test to be 𝑝 = 0.7, and in the
bins of the second test to be 𝑝 = 0.9, demonstrating that distance is
highly unlikely to be the driver of the trend in Figure 16. As a final
remark, we note that both tests split the sample into roughly equal
number of galaxies and clusters.
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Figure 14. The UB-VI distributions of LEGUS and PHANGS–HST for two galaxies analyzed independently by each program, NGC 1433 (left panel), and
NGC 1566 (right panel). The colors are computed for the total (aperture corrected) Vega magnitudes using a circular aperture 4 pixels in radius by both
programs. The red markers denote PHANGS–HST data, and gray markers denote LEGUS data. The BC03 track depicting the UB-VI evolution of an SSP is
shown as the pink curve. The reddening vector corresponding to 𝐴𝑉 = 1 mag is shown as the red arrow. Both panels also include a vector depicting the shift
that occurs on this space solely due to the differences in aperture corrections employed by each program (shown in Figure 13). The vector is obtained through
subtracting the LEGUS corrections from those of PHANGS–HST in each band. We find that this vector is negligible in NGC 1566, which is not the case for
NGC 1433. It depicts a significant shift towards the SSP track for especially the young clusters for the PHANGS–HST data (ages less than 10 Myr). The figure
also shows that many LEGUS clusters are above the bluest U-B color value of the SSP track in NGC 1433.
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Figure 15. Left panel – The absolute value of the average aperture correction of galaxies from our samples versus their distances. The error bars for the average
aperture correction values are the standard deviation of the distribution of individual aperture correction clusters. The distances and their uncertainties displayed
here are presented in Anand et al. (2021). The orange line is a weighted linear fit to the data. We also provide the Spearman’s rank correlation coefficient, 𝜌,
for this distribution on the top right of the panel. Right panel – The absolute V-band magnitude of class 1 clusters from our sample.

5.1 The 𝑀20 Measure of Full Cluster Samples

We have presented the 𝑀20 distribution of our specialized bright,
isolated sample. Though this sample serves as an invaluable starting
point, testingwith amore extensive cluster sample is crucial to gauge
the efficacy of this parameter. To this effect, we use the PHANGS–
HST cluster catalogs of the overall populations of two of the galaxies
from our sample, NGC 1566 and NGC 3351. These samples are
formed by visually classifying the likely cluster candidates up to a
magnitude limit. The V-band magnitude limit is 𝑚𝑉 = 24.5 mag
for NGC 1566 and 𝑚𝑉 = 24.0 mag for NGC 3351. We show our
findings in Figure 17. This figure shows that 𝑀20 is sensitive to
the distinct light profiles of clusters and stellar associations even

when applied to the full cluster catalogs. Even though the maximal
separation is smaller than in Figure 16, the multi-peaked class 3’s
from these more extensive samples still have a significantly different
distribution in 𝑀20 than the centrally peaked clusters. We discuss
the implications further in Section 7.

5.2 The UB-VI-𝑀20 Space

We have investigated UB-VI color–color diagrams, and 𝑀20 distri-
butions of our bright and isolated clusters separately. These analyses
have found that different morphology types preferentially occupied
different sections in these parameters. Now we combine the UB-VI
color–color diagram with 𝑀20, and present the results as a 3D fig-
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Figure 16. The normalized cumulative histogram depicting the distribution
of class 1, 2, and 3 clusters in the 𝑀20 parameter. Gray, purple, and blue
curves and markers represent classes 1, 2, and 3, respectively. We find that
class 1 and 2 clusters show similar distributions in their𝑀20 values and that
class 3 clusters show a distribution dramatically different from them.

ure in Figure 18, and as the UB-VI diagram color–coded by 𝑀20 in
Figure 19. This joint space shows that the degeneracy of class 2 and
class 3 objects on the UB-VI diagram is broken quite beautifully by
the inclusion of 𝑀20. This three-dimensional space separates the
three morphology types with modest overlap, at least for the spe-
cialized sample we analyze in this paper. We discuss this finding in
more detail in Section 7.

The UB-VI-𝑀20 space provides insight into the critical role
selection plays in star cluster analysis, especially at ages prior to 50
Myr. Figure 19 shows this range to be dominated by class 2 and 3
structures. These structures have in past studies been split by refer-
ence to whether they are in or are likely to remain in a bound cluster
state, at times based on qualitative judgements of morphology such
as visual roundness (e.g. Krumholz et al. 2019). Class 2 structures,
owing to their centrally concentrated morphology, which is gener-
ally taken to be a sign of relaxation, are considered to have a higher
likelihood of remaining bound. Multi-peaked class 3 associations
on the other hand are considered to be likely unbound, on their way
to dissolve into the field population (see e.g. Bressert et al. 2010;
Gieles & Portegies Zwart 2011). Aggregation of both populations
therefore introduces the risk of making inferences with disparate
sub-populations. For example, Figure 19 demonstrates that inclu-
sion of all structures between the ages of 10-50 Myr results in an
overestimation of the bound cluster fraction, in alignment with the
discussion in Kruĳssen & Bastian (2016). As discussed above, Fig-
ures 18 and 19 demonstrate that 𝑀20 has distinguishing power
between these two classes. A selection based on 𝑀20 within this
age range has the potential to eliminate those clusters unlikely to
remain bound, resulting in a more robust measure of the fraction
of stars formed in bound clusters and thereby a better comparison
with theoretical frameworks (e.g. Kruĳssen 2012). Selection based
on 𝑀20 can also provide a framework for selecting samples for the
systematic analysis of star clusters. This can help address the dis-
crepancy in cluster age functions measured when using inclusive
and exclusive catalogs, as detailed in Krumholz et al. (2019).

We conclude this subsection with a final remark about the
distributions of the three classes in their 𝑀20 measurements. As
demonstrated and discussed above, the distributions of the centrally
peaked class 1 and 2 clusters and the multiply peaked class 3 objects
are distinct in this parameter. However, there is still considerable
overlap, especially at the high 𝑀20 values. We note that this overlap
is to be expected, due to both the vast range of clusters and associa-
tions that form this sample, and the evolutionary dynamics between
the archetypes within the classification system. Some examples of
both of these can be observed in Figure 19. There are young class
1 clusters towards the bluer portion of the UB-VI space, but many
more that have evolved to old ages resulting in a distribution skewed
towards red colors. This is especially prominent here due to the se-
lection philosophy of our sample favoring isolated class 1’s. The
distribution of class 2 clusters peak at the blue edge of the diagram,
yet there are members of this type at old ages. In Section 7 we
discuss whether the range in class 3 objects may also correspond to
a likelihood estimate of evolution as a bound system, though such
investigations will require further analysis in future papers.

6 COLOR EVOLUTION: COMPARISON OF
OBSERVATIONS WITH SYNTHETIC STELLAR
POPULATIONS

Throughout the paper we used the UB-VI color-color track of a
synthetic simple stellar population (SSP) as a reference and frame
of comparison for the colors of our clusters. The underlying as-
sumption is that the set of stars formed in a cluster or association
follows an initial mass function (IMF; in our case, the Chabrier
2003 IMF) and are all born at the same time. Broadly speaking, this
assumption is a plausible one for star clusters (Wofford et al. 2016);
indeed, SSPs have been used for the SED fitting of cluster popula-
tions in nearby galaxies for over a decade (e.g., Chandar et al. 2010;
Adamo et al. 2017), including for our initial set of PHANGS-HST
cluster catalogs (Turner et al. 2021). We chose the particular track
displayed to have solar metallicity, consistent with expected metal-
licities for our galaxies which have stellar masses above 1010 M� ,
as also confirmed by studies of the nebular gas metallicity based on
PHANGS-MUSE integral field spectroscopy (Kreckel et al. 2019,
2020)

In this section we investigate how both the UB-VI and the
NUVB-VI colors of a variety of stellar population models other
than the SSP evolve through their lifetimes, and compare these with
the colors of the clusters and associations in our bright, relatively
isolated sample. We test the effects of metallicity, nebular emission,
and star formation history by generating a set of BC03 models
using CIGALE. These tests are motivated by results that challenge
the validity of using SSP models in the systematic analysis of star
clusters (e.g. Piotto et al. 2015, for multiple populations in globular
clusters), and inconsistencies in the age estimates of some of our
clusters discussed byWhitmore et al. (2020) andTurner et al. (2021).

Our testing grid is formed through the combination of the fol-
lowing parameters. For metallicities, we test populations with solar
metallicity, and those with one fifth or one fiftieth solar abundance.
For nebular emission, CIGALE uses nebular templates from Inoue
(2011), generated using CLOUDY (Ferland et al. 1998, 2013). We
investigate the effect of nebular emission by varying the escape frac-
tion, or the fraction of photons that do not ionize the gas surrounding
the stellar population. We test escape fractions of zero (or covering
fraction, i.e. fcov, of one) where all the Lyman-continuum photons
ionize the gas, and one (fcov of zero), where none do. Finally, we
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Figure 17. The normalized cumulative histograms showing the 𝑀20 distribution of full cluster samples. The left panel shows the distribution of class 1, 2,
and 3 clusters in NGC 1566, and the right panel in NGC 3351.
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Figure 18. The UB-VI-𝑀20 diagram of the bright and isolated cluster sample we analyze in this paper.

compute the model tracks for composite stellar populations (CSP’s)
by evolving populations formed via an exponential star formation
rate, 𝑆𝐹𝑅(𝑡) ∼ exp(−𝑡/𝜏). We set the 𝜏 value to 2 Myr, and 4
Myr. The 2 Myr model especially goes through multiple e-foldings
within 10 Myr, making it a suitable comparison to clustered star
formation, where feedback mechanisms destroy the star formation
sequence within roughly these timescales. Models with 𝜏 values

less than 2 Myr do not show a significant difference, and therefore
are not displayed in figures for visual clarity. The resultant model
tracks are shown in Figure 20, plotted together with the colors of
our class 1/2/3 objects.

First, we note that the models with lower metallicity and low
escape fraction become much bluer than other models at young
ages (Figure 20, panels (a1) and (a2)). This happens because for
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Figure 19. The UB-VI diagram color-coded by 𝑀20. The figure is presented in three panels, one panel for each of the three class of clusters (left panel shows
class 1, middle class 2, right panel shows class 3). We denote the median 𝑀20 in the legend for each morphology type.

low metallicity gas, the V-band is affected by very strong emission
lines such as [O III] _5007Å. We do not have data points in the
vicinity of this track, or much bluer than the SSP track, as expected
since our galaxies have solar metallicities. Examples where this
blue region is populated can be seen inWhitmore et al. (2020) (e.g.,
Figures 5 and 6), who studied clusters in NGC 4449 which exhibit
sub-solar nebular metallicies.

Examination of the models with sub-solar metallicities also
confirms that at old ages, they are more consistent with the observed
colors of some of the reddest objects (the clump at V-I∼1.1), which
are likely globular clusters. We demonstrate this in panels (b1) and
(b2) of Figure 20. The figure shows a concentration of clusters
(almost all class 1, as can be seen in Figure 2) close in proximity
to where the lower metallicity tracks end, which correspond to an
age of 13.7 Gyr. The ages for these objects are thus underestimated
as a result of SED fitting which use solar metallicity templates
(∼1-5 Gyr), as discussed in Whitmore et al. (2020) and Turner
et al. (2021). This result is unsurprising, given that globular clusters
were formed at high redshift, when their host galaxies have not
had many star formation cycles necessary to undergo significant
metal enrichment, and are known to have sub-solar metallicities
(e.g. Yuan et al. 2013; Horta et al. 2021). This sub-population is
positioned between the one-fifth and the one-fiftieth solar abundance
metallicity tracks, which indicates that their metallicity values are
on average within this range. For the NUVB-VI diagram at this
age range, we find that some data are offset further to bluer NUV-
B. However, there are comparatively large uncertainty in the NUV
photometry of these clusters, owing to their old ages and red colors.
Most points are comparable to the tracks within their 1𝜎 errors.
Importantly, there is also the possibility that the model tracks do not
represent the low metallicity and very old cluster populations well.
That there are clusters more consistent with the solar metallicity
track is potentially in alignment with the bimodality of observed
colors and metallicities in globular clusters (see e.g. Zinn 1985, or
for simulations Renaud et al. 2017). More detailed exploration of
issues with the model tracks is outside the bounds of this paper,

however, so we leave further investigations to future research. We
also note that the large uncertainty in the NUV photometry of
some of our clusters would have caused unreliable estimates of the
aperture correction values for this band, had we not employed the
constant offset approach described in Section 4.3.

Another point of interest is the behavior of the turn in the
tracks at ages of ∼10 Myr, demonstrated in panels (c1) and (c2) of
Figure 20. The SSP model is the one that veers to the reddest in
V-I color, due to light from red supergiant stars.The turn towards
bluer colors at ∼10 Myr occurs when red supergiants still dominate
the light, but their overall contribution begins to decrease. The CSP
model tracks show a less abrupt turn, and do not traverse as far red
in V-I color as the SSP. This is due to the higher levels of blue light
from the prolonged formation of stars in the CSP’s. The CSP’s with
larger 𝜏 values move further away from the SSP turn, as they have
more extended star formation. The observed data points appear to
be more consistent with the CSP models with very short e-folding
times in the region of the turn.

Examination of the young clusters in our sample shows that
they lie above the SSP track in both panels by an average U-B
color of approximately 0.3 mags. Some tracks traverse closer to
the observed UB-VI colors than the SSP model, especially the CSP
models with solar metallicity. Especially the bluest clusters in U-
B color are more easily recovered using the solar metallicity plus
complete covering CSP tracks with an application of reddening.
CSP models with star formation active over short e-folding times
(∼2 Myr) may be physically more realistic than the instantaneous
formation of stars employed by the SSP model, given observations
of very nearby young clusters which have age spreads of a few Myr
(e.g., NGC2070, Cignoni et al. 2015). However, the distribution of
our data likely reflects the effects of dust more than the particulars
of the model. Our data can be recovered by applying the suitable
reddening vector to most of the models we test, except for the
low metallicity models with complete covering by gas. A cursory
analysis utilizing the intensity of the CO emission from PHANGS-
ALMA (Leroy et al. 2021) data is in support of this conclusion. For
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Figure 20. The NUVB-VI (top panels) and UB-VI (bottom panels) evolutionary tracks of various synthetic stellar population models overplotted on the class
1/2/3 structures we analyze in this paper. The data for our clusters and assocations are shown with their 1𝜎 uncertainties as the gray markers. The reddening
vector corresponding to 𝐴𝑉 = 1 mag is shown as the red arrow. The fiducial solar metallicity and fcov = 0 SSP model is shown in salmon color in every panel,
as it has been throughout the paper. We denote the specifications of the individual models in the legends of individual panels, and provide details in Section
6. The figure is presented in three pairs of joint NUVB-VI and UB-VI panels, demonstrating the following: panels (a1) and (a2) demonstrate the combined
effects of metallicity and nebular emission, panels (b1) and (b2) demonstrate the effects of metallicity at constant fcov, and panels (c1) and (c2) demonstrate
the effects of star formation history at constant metallicity on the colors of stellar population model tracks. All model tracks end at 13.7 Gyr. Apart from the
one fiftieth solar metallicity track all tracks start at 1 Myr. This track starts at 50 Myr as its metallicity is too low to provide a plausible frame of comparison
for our youngest structures.

clusters between the ages of 1 to 3 Myr, we find that the degree
of offset of the observed colors from the track correlates with the
amount of CO emission at the location of the cluster, which indicates
the offset is due to reddening. A more thorough analysis of this will
be presented in a future paper, which incorporates the CO maps as
a prior for the reddening in our SED modeling. Given the issues
with dust, it is unlikely we can clearly distinguish between any of
the models over the SSP model purely based on the distribution in
Figure 20.

7 SUMMARY, DISCUSSION, AND FUTURE WORK

In this paper, we analyze sets of relatively bright, isolated star clus-
ters of three differentmorphological types across 17 different galax-
ies in the PHANGS–HST sample, with distances ranging from 4 to
23 Mpc. The three morphological types consist of two centrally

peaked types: class 1’s that are symmetric around their center and
class 2’s that are asymmetric; and one multiply-peaked type, that
is class 3. It has been standard practice to visually identify such
samples in each galaxy as one of the initial steps for generating star
cluster catalogs for the purposes of deriving aperture corrections.
Here, we further use same sample of objects to investigate a quanti-
tative measure of morphology, 𝑀20, applied for the first time in the
context of star cluster morphology.

In this paper we introduce a three-step procedure we utilize
to compute an average aperture correction for each galaxy. Briefly,
the three-step procedure aims the recover the total correction to
be applied to the star clusters of a target galaxy as a sum of three
individual corrections, derived using class 1 and 2 clusters. The
specifications of each step are calibrated to recover the light left out
by the 4 pixel circular aperture radius, and 7-to-8 pixel sky defini-
tion of the PHANGS–HST data products. This technique is used to
derive the V-band aperture corrections, and the corrections in bands

MNRAS 000, 1–25 (2021)



PHANGS–HST Aperture Corrections & Cluster Morphologies 21

other than the V-band are computed using constant offsets applied
to this value. These offsets are computed using the PSF specifica-
tions of each HST band other than the V-band in our imaging. We
find this approach to provide an improvement over previous work
deriving individual corrections in each band. Deriving reliable aper-
ture corrections in our set of bands ranging from the NUV to the
I-band is a nontrivial task. This requires finding clusters with robust
light profiles for at least a part of this range, with minimal light
contamination so as not to influence our goal of finding realistic
corrections to individual clusters. Selecting clusters with reliable
NUV light profiles almost invariably means they are in crowded re-
gions, however, where their light profile is affected by neighboring
sources even within moderate size apertures. We therefore chose to
derive robust corrections in the V-band, and correct for the other
bands via the application of constant offsets to this value. We then
compare the aperture corrections we derive in this paper with those
derived by LEGUS (Calzetti et al. 2015), for the three overlapping
galaxies. For one of these galaxies, NGC 1433, we find that the
PHANGS–HST photometry is closer in representation by an SSP
model on the UB-VI space. The shift in the LEGUS data is unlikely
to be accounted for by reddening, and is likely a result of the dif-
ficulty in deriving aperture corrections in bluer bands. This affects
the ages of especially the clusters with ages of 5-50 Myr, where the
SSP track turns around.

The particular selection of the specialized sample we construct
also provides an ideal framework to launch an analysis into quanti-
tative measurement of the light profiles of star clusters, as such an
analysis undoubtedly benefits from bright sources in relative isola-
tion. Given the challenges and long gestational periods required to
produce complete cluster catalogs, these samples provide an expe-
dited first look at the properties of clusters across many galaxies,
keeping in mind that they will not be fully representative of the
overall population.

For our initial look into the utility of quantitativemeasurements
ofmorphologies as applied to star clusters, we focus on onemeasure,
namely the non-parametric measure 𝑀20. 𝑀20 is the normalized
second order moment of the brightest 20% pixels of a given source.
This parameter was originally introduced for the study of galaxies
in Lotz et al. (2004), with the primary focus being the identification
of galaxy mergers, as it is especially sensitive to telltale merger
signatures such as double nuclei. We chose to start this investigation
with 𝑀20 specifically due both to its ability to differentiate such
singly and multiply peaked distributions, and that its use of the
20% brightest pixels makes it less susceptible to the variety of
backgrounds in which clusters reside. Our analysis finds that the
𝑀20 parameter can distinguish between the centrally concentrated
clusters (i.e., class 1 and 2), and multi-peaked associations (i.e.,
class 3). Higher values of 𝑀20 indicate larger spatial separation of
flux peaks relative to the structure center, and we indeed find that
the higher end of the 𝑀20 distribution of our clusters is dominated
by class 3 objects. We find this result to hold true when the 𝑀20
distribution of full cluster catalogs are investigated, and that distance
to the host galaxy does not play a role in this trend. This indicates
that 𝑀20 retains its ability to distinguish between the single and the
multi-peaked light profiles even in the absence of strict isolation
requirements. Moreover, we find that coupling 𝑀20 to the UB-VI
color–color diagram results in a parameter space where all three
categories of objects occupy relatively distinct loci, at least for the
bright, isolated sources selected for the analysis we detail in this
paper.

Our investigation in this paper reveals a promising venue to
address a crucial component of star cluster evolution, concerning

bound clusters and unbound associations. This is portrayed most
dramatically by the class 1 clusters in our sample formed by iden-
tifying structures across 17 galaxies. Our findings show that these
clusters occupy both the oldest range in age, dominantly occupying
the tail end of the UB-VI space, and the lowest in 𝑀20 (their median
𝑀20 is -1.7). Even without kinematic information, it is extremely
likely that these are bound clusters, having existed for roughly 100
Myr at the time of our observation. This implies that the old age
and low 𝑀20 part of the UB-VI-𝑀20 space is likely occupied by
bound clusters. On the other hand, the young end of the age range
is strictly populated by class 2 and 3 structures, two classes that
are distinct in their 𝑀20 distribution. It might be possible to chart
broad evolutionary sequences in the UB-VI-𝑀20 space for these ob-
jects. For example, the class 2 objects that remain bound will evolve
along the SSP track in the UB-VI space, as their 𝑀20 distributions
are already highly similar to the older class 1’s. The ones that will
not remain bound may first move towards higher 𝑀20 values and
occupy a space mainly populated by class 3 objects, in case they
attain a multi-peaked profile prior to dissolving into the field stel-
lar population. As for class 3 objects that may eventually remain
bound, their 𝑀20 values may move to lower values as they age to-
wards redder colors, potentially occupying the same UB-VI-𝑀20
neighborhood as class 2 objects and finally that of class 1 objects.
The wide range in 𝑀20 spanned by class 3 objects may potentially
carry information about their bounded state. If this were the case,
this would be invaluable in the systematic analysis of star cluster
samples, providing a more complete picture of both young and old
structures. We plan to investigate these in upcoming work.

In the full cluster catalogs of the two galaxies we analyze in
this paper, we already find a shift of potential interest. As in the
case of our bright and isolated sample, the 𝑀20 distributions of
class 1 and 2 clusters in NGC 1566 are similar. This is not the
case in NGC 3351, however, where the distributions are distinct.
This difference is likely driven by an aspect of the population of
class 1 clusters from NGC 3351, as the class 2 distribution for this
galaxy is comparable to that of NGC 1566. This warrants further
investigation, but our early interpretation as to why we observe this
difference is the overabundance of old class 1 clusters in NGC 3351.
This potentially points to 𝑀20 providing further insight into the star
cluster populations of galaxies.

We utilize the observations from our specialized sample as a
medium of comparison for synthetic stellar population models. We
compare the observed colors of our sample with those of models
having varying metallicity, nebular emission, and star formation
history. One of these models is the one we use as a reference in
color-color figures throughout the paper: an SSP, a population of
stars formed at the same time in a single instantaeous burst, with
solar metallicity. This is also the model currently employed in the
SED fitting of our sample. One sub-population of interest within
our sample is globular clusters of ages above 1 Gyr. Our investiga-
tion reveals that the color-color distribution of this sub-population is
more consistent with models of sub-solar metallicities, as would be
expected. These objects are positioned close to the end of the lower
metallicity tracks with ages above 10 Gyr, but are positioned be-
tween the ages of 0.5 – 5Gyr relative to the SSP track. This indicates
that the common practice of SED fitting with solar metallicity SSP
models underestimates the ages of these structures. Another impor-
tant insight comes from comparing the model tracks with young
clusters at ages below 10 Myr. We find that even though the models
show significant differences, one cannot be clearly favored over the
others purely based on their consistency with observations due to
the effects of dust. The data are consistent with multiple models if
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reasonable amounts of reddening are applied, though the SSP mod-
els appear to be disfavored due to the absence of clusters at the 10
Myr turn-around, associated with appearance of red supergiants.

One final plan for future research is to include other quantita-
tive measures of morphology to the analysis started in this paper.
There are a set of promising parameters we can use, such as dif-
ferent measures of asymmetry (e.g measuring asymmetry for the
inner and outer profiles), the Gini coefficient (a measure of how
equally the light is distributed among the pixels of a source) which
forms the other half of the space Lotz et al. (2004) uses for galaxy
merger detection, and many others. The next step is to use this
multi-dimensional parameter space of morphology measures and
seek trends of cluster morphology with their physical properties,
such as mass and age, and their local and global environment. Our
findings in this paper alone indicate that the addition of one mor-
phology metric to the commonly used UB-VI space helps break
a degeneracy between commonly used morphological types. This
multi-dimensional space is expected to provide a concrete frame-
work to help understand the formation and evolution of star clusters.
These parameters can also provide a framework for simulations to
track the evolution of star clusters and associations, undoubtedly
serving as an important step forward in our understanding of the
star formation paradigm.
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APPENDIX A: OUR SAMPLE

We provide the sample of bright, isolated objects we analyzed for
this paper in this appendix, in Table A1. We only display the first 10
entries of the table in the paper, and the full table is available online.
The table has the following columns: Name of the host galaxy,
object coordinates (RA, Dec, X, Y), 5-band 4 pixel circular aperture
photometry and their errors in Vega magnitudes, 𝜒2 minimum age,
mass, E(B-V) and their errors, CI, 𝑀20, and the visual morphology
class.
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Galaxy RA Dec X Y 𝑚𝑁𝑈𝑉 ± 𝛿𝑚𝑁𝑈𝑉 𝑚𝑈 ± 𝛿𝑚𝑈 𝑚𝐵 ± 𝛿𝑚𝐵 𝑚𝑉 ± 𝛿𝑚𝑉 𝑚𝐼 ± 𝛿𝑚𝐼 Age±𝛿 Age [Myr] Mass±𝛿 Mass [M� ] E(B-V)±𝛿 E(B-V) 𝑀20 CI Class
NGC 4826 194.190374 21.695519 3108.5 4889.5 23.88±0.3 22.5±0.07 22.13±0.02 21.4±0.01 20.15±0.01 1.0e+03±4.5e+02 4.4e+04±3.0e+03 0.23±0.17 -1.78 1.56 1
NGC 4826 194.170181 21.694304 4813.3 4779.14 23.29±0.19 22.12±0.06 22.05±0.02 21.52±0.02 20.76±0.02 8.9e+02±2.2e+02 1.7e+04±1.6e+03 0.0±0.05 -1.68 1.9 1
NGC 4826 194.161467 21.693118 5549.02 4671.48 22.93±0.14 22.26±0.06 21.98±0.02 21.73±0.02 21.08±0.03 5.4e+02±1.6e+02 9.9e+03±3.0e+02 0.0±0.1 -1.5 2.08 1
NGC 4826 194.173786 21.684177 4508.95 3858.93 20.45±0.02 20.34±0.02 20.85±0.01 20.7±0.01 20.03±0.02 1.1e+02±3.7e+01 1.5e+04±2.4e+02 0.12±0.05 -1.74 1.77 1
NGC 4826 194.162992 21.685389 5420.34 3969.14 21.88±0.06 21.22±0.03 21.21±0.01 20.62±0.01 19.52±0.01 1.7e+02±4.2e+01 5.4e+04±3.8e+03 0.47±0.08 -1.72 1.88 1
NGC 4826 194.160047 21.685459 5669.0 3975.56 22.18±0.07 21.58±0.04 21.7±0.02 21.13±0.01 20.08±0.01 1.2e+02±5.1e+01 2.8e+04±3.0e+03 0.48±0.04 -1.71 1.58 1
NGC 4826 194.170105 21.683517 4819.76 3799.01 18.88±0.01 19.09±0.01 20.36±0.01 20.43±0.01 20.34±0.02 4.0e+00±3.0e+00 2.0e+03±5.9e+03 0.2±0.14 -1.84 1.29 1
NGC 4826 194.18784 21.671258 3322.31 2685.12 20.78±0.03 20.25±0.01 20.42±0.01 19.85±0.01 18.76±0.01 5.0e+00±8.3e+01 2.9e+04±6.2e+04 0.91±0.38 -1.71 1.65 1
NGC 4826 194.179797 21.678429 4001.42 3336.66 22.35±0.09 21.43±0.04 21.55±0.02 20.96±0.01 19.84±0.02 1.7e+02±1.1e+01 4.0e+04±4.7e+03 0.47±0.05 -1.63 1.65 1
NGC 4826 194.18759 21.670516 3343.4 2617.64 21.11±0.03 21.11±0.03 21.42±0.01 21.3±0.01 20.42±0.02 9.5e+01±3.2e+01 1.0e+04±1.5e+03 0.2±0.02 -1.62 1.78 1

Table A1: The bright, isolated specialized cluster sample we use in this paper. The table has the following columns from
left to right: Name of the host galaxy, object coordinates (RA, Dec, X, Y), 5-band 4 pixel circular aperture photometry and
their errors in Vega magnitudes, 𝜒2 minimum age, mass, E(B-V) and their errors, CI, 𝑀20 , and the visual morphology
class.

M
N
R
A
S

000,1–25
(2021)



PHANGS–HST Aperture Corrections & Cluster Morphologies 25

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–25 (2021)


	1 Introduction
	2 PHANGS–HST Imaging
	3 Samples of Bright, Isolated Stars and Star Clusters
	3.1 Sample Construction
	3.2 Sample Properties

	4 Aperture Corrections
	4.1 Computation of the Aperture Corrections
	4.2 Quality Cuts
	4.3 Aperture Corrections in Bands Other Than the V-band
	4.4 Aperture Correction Results
	4.5 Comparison with Previous Results
	4.6 Does the aperture correction depend on galaxy distance?

	5 Quantitative Measures of Morphology
	5.1 The M20 Measure of Full Cluster Samples
	5.2 The UB-VI-M20 Space

	6 Color Evolution: Comparison of Observations with Synthetic Stellar Populations
	7 Summary, Discussion, and Future Work
	8 Data Availability
	A Our Sample

