
MNRAS 000, 1–27 (2021) Preprint 11 January 2023 Compiled using MNRAS LATEX style file v3.0

Improving Star Cluster Age Estimates in PHANGS-HST Galaxies
and the Impact on Cluster Demographics in NGC 628

Bradley C. Whitmore1,★ Rupali Chandar,2 Janice C. Lee,3 Matthew Floyd,2 Sinan Deger,4
James Lilly,5 Rebecca Minsley,6 David A. Thilker,7 Médéric Boquien,8
Daniel A. Dale,5 Kiana Henny,5 Fabian Scheuermann,9 Ashley T. Barnes,10
Frank Bigiel,10 Eric Emsellem,11 Simon Glover,12 Kathryn Grasha,13 Brent Groves,14,15
Stephen Hannon,15 Ralf S. Klessen,12,16 Kathryn Kreckel,9 J. M. Diederik Kruĳssen,17
Kirsten L. Larson,1 Adam Leroy,18 Angus Mok,19 Hsi-An Pan,20 Francesca Pinna,21
Patricia Sánchez-Blázquez,22,23 Eva Schinnerer,21 Mattia C. Sormani,12 Elizabeth Watkins,9
Thomas Williams9

1Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD, USA
2Ritter Astrophysical Research Center, University of Toledo, Toledo, OH 43606, USA
3Gemini Observatory/NSF’s NOIRLab, 950 N. Cherry Avenue, Tucson, AZ, USA
4TAPIR, California Institute of Technology, Pasadena, CA, 91125 USA
5Department of Physics & Astronomy, University of Wyoming, Laramie, WY 82071, USA
6Department of Physics and Astronomy, University of Arizona, USA
7Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, MD, 21218 USA
8Centro de Astronomía, (CITEVA), Universidad de Antofagasta, Avenida Angamos 601, Antofagasta 1270300, Chile
9Astronomisches Rechen-Institut, Zentrum für Astronomie der Universität Heidelberg, Mönchhofstraße 12-14, D-69120 Heidelberg, Germany
10Argelander-Institut für Astronomie, Universität Bonn, Auf dem Hügel 71, 53121 Bonn, Germany
11 European Southern Observatory, Karl-Schwarzschild Str. 2, 85748 Garching bei Muenchen, Germany
12Universität Heidelberg, Zentrum für Astronomie, Institut für Theoretische Astrophysik, Heidelberg, Germany
13Research School of Astronomy and Astrophysics, Australian National University, Canberra, ACT 2611, Australia
14International Centre for Radio Astronomy Research, University of Western Australia, 35 Stirling Hwy, Crawley, WA 6009, Australia
15Department of Physics and Astronomy, University of California, Riverside, CA, 92521 USA
16Universität Heidelberg, Interdisziplinäres Zentrum für Wissenschaftliches Rechnen, Heidelberg, Germany
17Cosmic Origins Of Life (COOL) Research DAO, coolresearch.io
18Department of Astronomy, The Ohio State University, 140 West 18th Ave., Columbus, OH 43210, USA
19OCAD University, Toronto, Ontario, M5T 1W1, Canada
20Department of Physics, Tamkang University, No.151, Yingzhuan Road, Tamsui District, New Taipei City 251301, Taiwan
21Max Planck Institut für Astronomie, Königstuhl 17, 69117 Heidelberg, Germany
22Departamento de Física de la Tierra y Astrofísica, Universidad Complutense de Madrid, E-28040 Madrid, Spain
23Instituto de Física de Partículas y del Cosmos IPARCOS, Facultad de Ciencias Físicas, Universidad Complutense de Madrid, 28040, Madrid, Spain

These dates will be filled out by the publisher

© 2021 The Authors

ar
X

iv
:2

30
1.

03
68

9v
1 

 [
as

tr
o-

ph
.G

A
] 

 9
 J

an
 2

02
3



2 Whitmore et al.

ABSTRACT

A long-standing problem when deriving the physical properties of stellar populations is
the degeneracy between age, reddening, and metallicity. When a single metallicity is used for
all star clusters in a galaxy, this degeneracy can result in "catastrophic" errors for old globular
clusters. Typically, approximately 10 – 20 % of all clusters detected in spiral galaxies can have
ages that are incorrect by a factor of ten or more. In this paper we present a pilot study for four
galaxies (NGC 628, NGC 1433, NGC 1365, and NGC 3351) from the PHANGS-HST survey.
We describe methods to correct the age-dating for old globular clusters, by first identifying
candidates using their colors, and then reassigning ages and reddening based on a lower
metallicity solution. We find that young ‘Interlopers’ can be identified from their H𝛼 flux. CO
(2-1) intensity or the presence of dust can also be used, but our tests show that they do not work
as well. Improvements in the success fraction are possible at the ≈ 15 % level (reducing the
fraction of catastrophic age-estimates from between 13 - 21% to 3 - 8%). A large fraction of the
incorrectly age-dated globular clusters are systematically given ages around 100Myr, polluting
the younger populations as well. Incorrectly age-dated globular clusters significantly impact
the observed cluster age distribution in NGC 628, which affects the physical interpretation
of cluster disruption in this galaxy. For NGC 1365, we also demonstrate how to fix a second
major age-dating problem, where very dusty young clusters with 𝐸 (𝐵 − 𝑉) > 1.5 mag are
assigned old, globular-cluster like ages. Finally, we note the discovery of a dense population
of ≈ 300 Myr clusters around the central region of NGC 1365. and discuss how this results
naturally from the dynamics in a barred galaxy.

Key words: galaxies: star formation – galaxies: star clusters: general

1 INTRODUCTION

Estimating the ages of star clusters provides direct insight into the
star formation process and the structure and evolution of galaxies.
Clusters provide clocks for measuring a number of physical mecha-
nisms that are fundamental to understand how galaxies operate, such
as the timescales for giant molecular clouds to form star clusters, the
timescales for feedback to stop star formation and hence conserve
gas for the longer term evolution of the galaxy, and the timescales
for the disruption of star clusters as they return their member stars
into the field population of the galaxy (Lada & Lada 2003, Chandar
et al. 2006, Whitmore et al. 2007, Kawamura et al. 2009, Bastian
et al. 2012a, Fall & Chandar 2012, Whitmore et al. 2014, Grasha
et al. 2015, Kruĳssen et al. 2019, Chevance et al. 2020, Barnes et al.
2020, Kim et al. 2022).

A variety of increasingly sophisticated stellar population mod-
els have been developed to predict the observed color evolution and
ages of clusters. These includemodels by Charlot &Bruzual (1991),
Leitherer et al. (1999), Bruzual & Charlot (2003), Vazdekis et al.
(2010), Maraston & Strömbäck (2011), Zackrisson et al. (2011),
Krumholz et al. (2015), and Eldridge et al. (2017).

Similarly, a variety of increasingly sophisticated methods have
been developed to age-date clusters, including: isochrone synthesis
- Charlot & Bruzual (1991), reddening-free Q parameters - Whit-
more et al. (1999), hybrid color-color diagrams -Whitmore&Zhang
(2002), maximum likelihood fits - Chandar et al. (2010a), Adamo
et al. (2017), stochastically sampled probabalistic models - Foues-
neau & Lançon (2010), Krumholz et al. (2015), Ashworth et al.
(2017) and Bayesian analysis - Boquien et al. (2019). Each of these
approaches has its own strengths and weaknesses. In general, the re-
sults from different approaches agree reasonably well (e.g., de Grĳs
et al. 2005). On the near horizon is an increase in the wavelength
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range and sensitivity promised by JWST observations, which will
allow us to identify and study the embedded cluster population and
improve our ability to accurately age-date clusters.

However, all of these models and approaches share a common
problem, which in many cases introduces major systematic uncer-
tainties which can seriously affect the science results. This is the
long-standing age/metallicity/reddening degeneracy problem. The
basic reason for the degeneracy is that integrated stellar populations
can change from blue to red colors for three independent reasons;
the age increases, reddening due to dust increases, or the metallic-
ity increases. In a color-color diagram, this problem is seen by the
fact that the predicted colors of aging clusters move from the blue
(young) corner to the red (old) corner along a roughly diagonal line
that has about the same slope as the direction that reddening moves
clusters in this space (e.g., Whitmore & Zhang 2002, Chandar et al.
2004, Smith et al. 2007, Cockcroft et al. 2011, Forbes et al. 2022).

To help break the degeneracies, people use several (generally
three or more) photometric bands, which add structure to the shape
of the Spectral Energy Distribution (SED) and help distinguish it
from a straight line. The addition of the U-band is particularly
important for this (Anders et al. 2004, Smith et al. 2006, Smith
et al. 2007). In many cases, follow-up spectroscopy provides more
robust age estimates than is possible from photometry alone (e.g.,
Chandar et al. 2004, Annibali et al. 2018, Whitmore et al. 2020,
Forbes et al. 2022). Other observational measurements (e.g., H𝛼
flux) can also help break the degeneracies (e.g., Whitmore & Zhang
2002, Anders & Fritze-v. Alvensleben 2003, Chandar et al. 2010a,
Fouesneau et al. 2012, Ashworth et al. 2017, Barnes et al. 2021).

In many cases the techniques used to help break the degen-
eracies are not enough, as demonstrated in Whitmore et al. (2020)
for the LEGUS (Legacy Extragalactic UV Survey - Calzetti et al.
2015) galaxy NGC4449. By comparing ages estimated from spec-
tra of verified old globular clusters, with those estimated using a
standard SED-fitting approach, the authors found that ages for most
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Improving Cluster Age Estimates 3

old globular clusters were underestimated by a factor of 50 to 1000.
Instead of giving age estimates around 10 Gyr ages, most of the
globular clusters were assigned ages between 5 and 500 Myr. In
the current paper, we show that this problem can be understood by
looking at the shape of Simple Stellar Population (SSP) models in a
color-color diagram. Other recent papers that discuss this problem
for PHANGS-HST (Physics at High Angular Resolution in Nearby
Galaxies with the Hubble Space Telescope project; PI: J.C. Lee,
GO-15654) and LEGUS galaxies are Turner et al. (2021), Deger
et al. (2022), and Hannon et al. (2022). This problem appears to be
endemic to a large number of studies from the past several decades,
as discussed in more detail in Section 9.

This, and other related age-dating problems, are investigated
in the current paper. We develop methods which improve the age-
dating results for 10 to 20 % of the overall cluster populations in
four PHANGS-HST spiral galaxies. While this is a relatively small
improvement in terms of the overall percentage of affected clusters,
the improvements are quite important for studies of old globular
clusters, and can also impact a variety of important diagnostics for
younger clusters since most of the old clusters are systematically
redistributed to have ages around either 5 or 100 Myr. Examples
of science results that may be affected by this problem are: the
power-law index of cluster age distributions (e.g., see Section 7),
the presence or absences of a downturn at the upper end of the
cluster mass function (e.g., Adamo et al. 2017, Mok et al. 2019),
the fraction of stars that form in clusters (i.e., Γ - Bastian 2008,
Kruĳssen 2012, Chandar et al. 2017), and the specific frequency of
old globular clusters in spiral galaxies (Harris 1991). We examine
the impact on the age distribution in this paper for one galaxy,
NGC 628, as an example.

The current paper is a pilot project using four PHANGS-HST
galaxies (NGC 628, NGC 1365, NGC 1433, and NGC 3351, as
shown in Figure 1). The project is designed to identify and fix
the most common problems in the determination of cluster ages,
masses, and reddening as performed in the PHANGS-HST data
reduction pipeline (i.e., Turner et al. 2021). The development of
more sophisticated methods to optimize age estimates for the full
sample will be briefly discussed, and its incorporation into the
PHANGS-HST pipeline will be described in a future paper.

Our approach in this paper is to first identify a set of clusters
with age estimates which are clearly incorrect. We then experiment
with how to objectively identify them in a color-color diagram, and
establish rules that fix the ages for most of these clusters. The few
remaining exceptions (e.g., primarily young clusters with significant
reddening due to dust that gives them colors similar old globular
clusters) are then corrected using information from either H𝛼, CO
intensity, or dustmorphology.Wefind that, perhaps not surprisingly,
H𝛼 emission offers the most direct and powerful way to establish
the presence of young stars, but in the absence of such data, tracers
that indicate the presence of dust, such as CO or dust morphology,
can also be used.

The rest of this paper is organized as follows. Section 2 de-
scribes the data and sample. In Section 3 we present and discuss
the primary age-dating problems we want to solve. In Section 4 we
describe the procedure used to identify "bad ages" and investigate
where they are generally found in the log Age vs. 𝐸 (𝐵−𝑉) diagram
and the U-B vs. V-I diagram. In Section 5 we describe how we build
the hybrid age-solutions for clusters in the four program galaxies,
starting with the easiest galaxies (NGC 1433 - low Star Formation
Rate, hereafter SFR, and relatively minor reddening) and finishing
with the most challenging (NGC 1365 - high SFR and extensive
dust). Section 6 examines how well H𝛼 flux, CO intensity, and dust

morphology work to identify exceptions to our basic rules (i.e. "in-
terlopers"). Section 7 examines the impact of the new age-dating
solutions on science results, in particular on the age distribution and
fraction of stars found in clusters for NGC 628. Section 8 describes
future work while Section 9 provides a summary and conclusions.

2 SAMPLE AND RELATED DATASETS

2.1 Pilot Galaxy Sample

Four galaxies from the PHANGS-HST survey (Lee et al. 2022b)
have been chosen for this exploratory study. These include galaxies
that span the range from low SFR and low dust content, to high
SFR and dust content. The galaxies are NGC 1433 (a relatively
dust-free, low SFR barred spiral), NGC 3351 (a barred spiral with
low dust content and SFR in the outer region, but a high SFR ring
with extensive dust in the inner region), NGC 628 (a grand-design
spiral with moderate SFR and dust), and NGC 1365 (a dusty barred
galaxy with very high SFR). Galaxy distances range from 10 Mpc
(NGC 628 and NGC 3351), to 18 Mpc for NGC 1433, and 20 Mpc
for NGC 1365 (Anand et al. 2021).

The four galaxies are shown in Figure 1 in the order they will
be discussed in this paper, from the lowest SFR (0.56 M�/yr), least
dusty galaxy (NGC 1433) to the highest SFR (16.90M�/yr) dustiest
galaxy (NGC 1365). The top panels show the F814W, F555W,
F438W composite color image using software adopted from the
Hubble Legacy Archive (Whitmore et al. 2016), while the bottom
panels show versions with the ALMA CO (2-1) emission in red
(Leroy et al. 2021). The red circles are class 1 (symmetric, centrally
peaked: hereafter C1) clusters, while the green circles show the
class 2 (asymmetric, centrally peaked: hereafter C2) clusters, as
discussed in Whitmore et al. (2021). These will be the only two
classes included in the current study (i.e., class 3 and multi-scale
associations - Larson et al. 2022, are not included).

2.2 HST Observations

The primary datasets used in this paper are from the PHANGS-HST
project (PI: J.C. Lee, GO-15654) Lee et al. 2022b.1 PHANGS-HST
is a Cycle 26 Treasury program which obtained multi-band imaging
for 38 nearby spiral galaxies in the following five filters: F275W
(NUV), F336W (U), F438W (B), F555W (V), F814W (I), with the
WFC3 camera (or ACS in some cases with existing data).

The PHANGS-HST catalogs of compact star clusters are one
of the key data products from the project. Cluster candidates are
selected using a Multi-Concentration-Index (MCI), as described
in Thilker et al. (2022). They are then classified into four classes
based on visual examination (see Whitmore et al. 2021). In this
work, we use only the human classified, C1 and C2 clusters. These
human classified clusters have also been used to train a convolutional
neural network to obtainmachine learning classifications for a larger
(fainter) sample of star clusters (seeWei et al. 2020, Whitmore et al.
2021, and Hannon et al. 2023 - in preparation). The numbers of
objects for each target galaxy are compiled in Table 1 and range
from N = 191 for NGC 1433 to N = 635 for NGC 1365.

The age-dating results presented throughout this paper are
based on SED fits between cluster photometry in the NUV, U, B,
V, and I bands and the Bruzual & Charlot (2003) stellar population

1 https://archive.stsci.edu/hlsp/phangs-hst
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4 Whitmore et al.

Figure 1. Hubble B-V-I images (upper: i.e., blue = F435W, green = F555W, and red = F814W) and B-V-CO images (lower: i.e., blue = F435W, green = F555W,
and red = CO from ALMA) of the four program galaxies. The galaxies are ordered from low star formation rate (left) to high star formation rate galaxies (right).
Red circles are class 1 clusters (symmetric) while green circles are class 2 (asymmetric) clusters (Whitmore et al. 2021).

models, through the CIGALE fitting software (Boquien et al. 2019).
For the original baseline solution, we adopted a fixed solar metal-
licity (𝑍 = 0.02) model, and fit for the best combination of age and
reddening, where the ages range from log Age = 6.0-10.2 yr, and the
reddening between 0.0− 1.5 mag. For the hybrid solutions that will
be discussed later in this paper, we also performed fits with 1/50th
solar metallicity (𝑍 = 0.0004), that are used for likely old globular
clusters. The Fitzpatrick (1999) reddening law with R𝑉 = 3.1 is
used. This has been shown to better match clusters in spiral galaxies
when using deterministic predictions like the Bruzual & Charlot
models. Cluster age and reddening estimates from SED fitting are
not very sensitive to the adopted extinction law in general. For ex-
ample, the estimated ages for only a handful of clusters change by
∼ ±0.1 in log age when the Calzetti attenuation curve is adopted
instead.

As described in Turner et al. (2021), about 20 % of the
clusters have bimodal probability distributions indicative of the
age/reddening degeneracy problem discussed in the current paper.
If these objects are excluded, the average uncertainty in our cluster
age estimates is about 0.3 dex. An example of a bimodal probability
distribution is shown in Section 3.2.

Age estimates from Version 1.1 of the PHANGS-HST pipeline
are used in this study. The primary difference fromVersion 1, which
is described in Turner et al. (2021), is the use of developmental soft-
ware to include upper limits for the fluxes in cases where the values
are less than 1𝜎 of the photometric error estimate, as described
in more detail in Deger et al. (2023 - in preparation). This is pri-
marily relevant for the NUV (F275W) and U (F336W) photometry,
and affects only a few percent of the class 1 and class 2 clusters.
Catalogs developed as part of the current paper will be published
in the PHANGS-HST archives and new updated catalogs will be
made available as the PHANGS-HST pipeline evolves. Archival
H𝛼 imaging from HST for NGC 628, NGC 1433, and NGC 3351
were also examined and used to make snapshots to illustrate various

points in this paper. Unfortunately, no HST H𝛼 imaging is available
for NGC 1365.

PHANGS-HST is creating new dust extinction maps (as de-
scribed in Thilker et al. 2023), which we use in the current paper.
Dust lanes are identified as dark, filamentary structures in each
galaxy using a machine learning approach (specifically: U-Net),
operating on the F336W, F438W, and F555W images. At the time
of submission, the project had not yet generated extinction maps
(𝐴𝑉 versus position). Instead, we use masks which identify the dust
features (0 or 1, depending on the presence of a dust lane) from
early versions of the project. These are discussed in Section 6.2,
where we use them to test how well they identify interlopers.

2.3 MUSE and ALMA Observations

Since high-resolution, H𝛼 images with HST are not currently avail-
able for most of the galaxies in the PHANGS-HST sample, H𝛼mea-
surements at the locations of all cluster candidates from PHANGS-
MUSE (for 19 of the 38 PHANGS-HST galaxies) are used in this
paper. While this provides a uniform dataset, it has the disadvan-
tages of lower resolution (approximately 0.8′′ for MUSE, compared
to 0.1′′ for HST). The lower resolution, for both the MUSE H𝛼 and
the CO observations (≈ 1.2′′), is one of the primary limitations of
our pilot study. The H𝛼 flux measurements are determined from the
MUSE images using aperture photometrywith a radius that matches
the MUSE resolution. No continuum or annular sky subtraction is
performed. See Emsellem et al. (2022) for further details about the
MUSE project.

Similar integrated CO(2-1) line intensity measurements at the
locations of the cluster candidates were made using the ALMA
observations, as described in Leroy et al. (2021). Given that the
ALMA resolution element is much larger than the circular aperture
used for HST photometry, we simply extract the CO intensity on
the ALMA map at the pixel nearest to the cluster sky position. For
a typical PHANGS-HST galaxy at 16 Mpc median distance, the

MNRAS 000, 1–27 (2021)



Improving Cluster Age Estimates 5

Figure 2.𝑈 −𝐵 vs.𝑉 − 𝐼 color-color diagram for bright, relatively isolated
star clusters in 17 PHANGS galaxies (see Deger et al. 2022 for details).
Three different SED tracks are shown: solar (Z� = 0.02), 1/5th solar (Z� =
0.004), and 1/50th solar (Z� = 0.0004). Ages for the solar metallicity track
are included. The location of a high concentration of old globular clusters
is shown by the yellow oval, which falls just below the end of the 1/50th
metallicity track (i.e., with small amounts of reddening). The reddening
vector is shown by the red arrow.

1.2 arcsec ALMA beam size corresponds to approximately 90 pc.
Hence, the CO intensity at the positions of the clusters is often under
or over estimated due to smoothing effects. This will be discussed
in more detail in Section 6.

3 THE PRIMARY PROBLEMS WHEN AGE-DATING
STAR CLUSTER POPULATIONS

3.1 Problem 1: Star clusters do not all have the same
metallicity

Most studies that perform SED age-dating for stellar clusters as-
sume a single metallicity, generally solar or near solar for spirals,
and subsolar for dwarfs and irregulars. This is a natural choice
since the focus is generally on recently formed clusters, which have
higher metallicity than ancient clusters. If old globular clusters are
included in the fitting, there can be a mismatch between some of
their observed colors and the higher metallicity predictions, which
can result in incorrect age and reddening determinations. These
incorrect results for ancient clusters pollute the young and inter-
mediate age populations. The broad wavelength coverage of the
PHANGS-HST survey makes our dataset well-suited for studying
both young and old clusters. In order to provide accurate estimates
for clusters of all ages, we need to include fits to both high and low
metallicity models in our age-dating procedure.

Figure 2 illustrates the age-metallicity degeneracy by showing
the measured colors of bright, isolated clusters (used to determine
aperture corrections) in 17 PHANGS-HST galaxies from Deger
et al. (2022). These are often old globular clusters in the outskirts
of galaxies. The clump of points around 𝑉 − 𝐼 = 1.1,𝑈 − 𝐵 = −0.2
in Figure 2 (i.e., within the yellow oval) are nearly all old globular
clusters, based on visual examination (they are yellowish in color,
generally isolated, and show no evidence of dust or H𝛼 emission).
Note how far away they are from the the end of the orange (solar
metallicity) SED model at 𝑉 − 𝐼 = 1.4, 𝑈 − 𝐵 = 0.5 (that they
are being fit to in the PHANGS age-dating pipeline), and how close

they are to the end of the 1/50th solar metallicity shown by the green
line.

Redder, more metal-rich, globular cluster (for example those
associated with bulges) are also probably present, but fall along the
solar metallicity BC03model predictions, and hence are muchmore
likely to be age-dated correctly. While second parameter effects,
such as horizontal branch structure, may also have some impact on
the colors of globular clusters, these do not impact our primary goal
of identifying old globular clusters and developing methods that
allow us to approximately age-date them correctly.

In what follows, we will assume solar metallicity for the young
clusters and 1/50th metallicity for objects we believe to be old
globular clusters. In principle, we could attempt to use different
metallicities for different galaxies, e.g., using the values in Santoro
et al. (2022). However, the grid of available metallicity models is
fairly coarse, and nearly all of the galaxies in our sample would use
the solar metallicity model in any case. Similarly, since there is a
gradient in the metallicities as a function of radius for many spiral
galaxies (e.g., Sánchez et al. 2014, Kreckel et al. 2019, Williams
et al. 2022), we could attempt to include this dependency. However,
the gradient is generally weak, and represents a much smaller issue
than the age/reddening/metallicity degeneracy which is the main
focus of this paper. We plan to make a more detailed study, with
more finely sampled metallicity values, as part of the future work
discussed in Section 8.

The metallicities for old globular clusters in our galaxies are
essentially unknown, hence we will use the relatively good agree-
ment between the clump of points in Figure 2 and the bottom end of
the 1/50th metallicity track as justification for using the same value
for all of our galaxies. This is a typical value for normal spiral galax-
ies. For example, Lomelí-Núñez et al. (2022) use a range of 1/20
to 1/50 solar metallicity to fit their sample of old globular clusters
in spiral galaxies. Several studies find that changing metallicities
by only a factor of a few has relatively minor effects on the results
(e.g., Whitmore et al. 2020, Messa et al. 2021). It is primarily when
changes on the order of ten or more are made, as in the current
paper, that large differences in age estimates are found.

3.2 Problem 2: Allowing reddening to be a free parameter
can result in large errors

Most SED age-dating software constructs a grid of luminosity and
color predictions spanning a range of age, reddening (𝐸 (𝐵 − 𝑉))
or extinction (𝐴𝑉 ), and metallicity, then finds the combination of
these parameters that minimizes the difference between observed
and predicted fluxes in a number of photometric bands (generally
four or more). In most recent studies, the metallicity is fixed while
age and reddening are free parameters, albeit within some limits.

If the assumed population synthesis model is not appropri-
ate for the objects, for example adopting a solar metallicity model
while trying to fit globular clusters with low metallicity, the cluster
properties can be sufficiently different from the predictions that the
program is unable to find the correct age (and reddening) solution.
In this specific case, the fitting program will often find an apparent
solution "up the reddening vector" where a combination of age, and
moderate to high reddening, gives a better match to the observed
colors, rather than finding the correct age.

Figure 3 demonstrates how the combination of a mismatch in
metallicity, the inherent age-metallicity degeneracy, and the option
to fit 𝐸 (𝐵 − 𝑉) reddening as a free parameter, can lead to many
incorrect age solutions for old globular clusters. Using Figures 2
and 3 from Deger et al. (2022) as the base figures, we again note the

MNRAS 000, 1–27 (2021)



6 Whitmore et al.

location of old globular clusters in the color-color diagram shown
in Figure 2, with the yellow circle around them.

As graphically illustrated2 in Figure 3, SED-fitting gener-
ally selects between three potential age-reddening combinations
for these old globular clusters. The first solution (the red arrow
originating from the position of the old globular clusters in the left
panel and the red oval in the right panel) is a combination of old
age (typically approximately 1 Gyr for solar metallicity) and very
low reddening, where the fit effectively jumps down to the nearest
position on the solar metallicity SED track. The resulting position
in the log Age - 𝐸 (𝐵 −𝑉) plot is shown by the red oval in the right
panel of Figure 3. Note that estimated ages of ≈ 1 Gyr are still far
from the correct answer of ∼ 10 Gyr.

In our pilot study, we find the most common solution is an
intermediate age (≈ 100 Myr) and reddening (𝐸 (𝐵 − 𝑉) ≈ 0.5
mag), which is shown by the green arrow and corresponding green
oval in Figure 3. This solution backtracks up the reddening vector
until it hits the solar metallicity track at an intermediate age. This
results in 𝐸 (𝐵 − 𝑉) values of ≈ 0.5 mag; clearly too high based on
visual examination which show little dust around nearly all globular
clusters. Roughly 60 % of the old globular clusters in our sample
are assigned incorrect ages in this intermediate range.

The third possible solution (shown by the blue arrow and cor-
responding blue oval) is a combination of very young age (Age ≈
3 Myr) and high reddening (𝐸 (𝐵 − 𝑉) ≈ 1 mag). In this case, the
fitting has backtracked all the way up the reddening vector, to the
youngest end of the SED track. Though less common in our sample,
this solution is still preferred by the fitting software between 10 and
20 % of the time for old globular clusters. For example, for NGC
4449 the LEGUS age estimates based on a similar filter combination
(Calzetti et al. (2015) assigns 2 of 6 spectroscopically-confirmed old
globular clusters to this age range (Whitmore et al. 2020).

The right panel in Figure 3 shows that these three incorrect
solutions populate a diagonal region in the log Age - 𝐸 (𝐵 − 𝑉)
diagram above the rest of the cluster population, essentially showing
the intersection of the ’backtracked’ reddening vector and the SED
track.

There are a number of other examples and recent discussions
of this behavior in the literature, for example Turner et al. (2021),
Deger et al. (2022), Hannon et al. (2022) and Moeller & Calzetti
(2022). We examine the scientific impacts that this type of incorrect
age-dating can have by examining the case of NGC 628 in Section
7.

Another useful tool for visualizing the three possible solutions
is a probability distribution plot, as derived from the CIGALE out-
put. These plots will be one of the primary tools used in the followup
to the current pilot study, as discussed in Section 8 (see also Turner
et al. 2021). An example of a probability distribution plot is shown
in Figure 4 for object # 687, a candidate globular cluster in NGC
1365 (see discussion and snapshot in Section 5). The three peaks
correspond to the three potential age-reddening solutions shown in
Figure 3.

The top plot in Figure 4 shows that the strongest likelihood
peak is the youngest one, at log Age = 6.8 (i.e., 7 Myr), and that is

2 It is important to note that most age-dating methods perform SED fits
to age and reddening using all available photometric bands (e.g., F275W,
F336W, F435W, F555W, F814W in our PHANGS-HST project), rather than
fitting in the 2-dimensional color-color diagrams shown throughout this
paper. The two color diagrams, however, often make it easier to visualize
what is happening in the fit, and hence are used extensively in the current
paper.

what is reported, incorrectly, as theminimum 𝜒2 result by CIGALE.
However, the best solution, since visual inspection shows that these
are generally old globular clusters given the absence of gas or dust
in their vicinity, is actually the oldest solution at log Age = 9.4. The
lower value of the likelihood in the top panel of Figure 4 for this
older solution is due to the mismatch in metallicity between old
globular clusters and the solar metallicity being used for the fit (i.e.,
Problem #1). The bottom plot in Figure 4 again demonstrates how
old globular clusters with bad age estimates result in points above
a diagonal in a log Age - 𝐸 (𝐵 − 𝑉) diagram. Notice the similarity
with the right panel of Figure 3.

3.3 Problem 3: Some heavily reddened clusters require
higher 𝐸 (𝐵 −𝑉) limits

For most galaxies in the PHANGS-HST and LEGUS samples, as-
suming a maximum reddening of around 𝐸 (𝐵 − 𝑉) = 1.5 is appro-
priate, since these systems contain a small to moderate amount of
dust. This assumption works reasonably well for three (NGC 628,
NGC 1433, NGC 3351) of the four galaxies studied in this work.
However, for a few galaxies, the spiral arms and central regions can
be sufficiently dusty that a higher limit is needed. This particular
issue will be examined for NGC 1365 in Section 5.5.

This case results in the opposite issue from problems 1 and 2:
the ages of young, dust-embedded clusters can be overestimated by
factors of ∼ 1000, as also seen in Hannon et al. (2022). This third
problem will become more relevant in the future, when JWST will
allow researchers to study more heavily reddened and embedded
clusters.

4 IDENTIFYING INCORRECT AGE RESULTS

4.1 Visual Examination to Identify Bad Ages

A brief look at the bulges of many spiral galaxies immediately
reveals the clear presence of a population of old globular clusters.
The clusters are uniformly yellow, isolated, and there are no blue
objects nearby. NGC 1433 and NGC 3351 provide particularly good
examples of bulge globular clusters. These regions provide an initial
training set of the properties of old globular clusters and how they
appear in the HST images.

Based on these initial training sets, our first step is to perform
a manual, systematic search for clusters with "bad ages" in the four
PHANGS-HST galaxies studied here. This search was performed
by co-author M. Floyd, who visually inspected color images (to
check for the presence of dust that would be consistent with large
𝐸 (𝐵 −𝑉) values)), and inspected H𝛼 and ALMA CO (2-1) images
(to check for the presence of ionized and molecular gas that would
be consistent with stellar populations younger than approximately
10 Myr). He also compared the measured 𝐵 − 𝑉 vs. 𝑉 − 𝐼 colors
with BC03 model predictions, and examined the environment and
isolation of each cluster. The visual inspections were performed
using the Hubble Legacy Archive and custom software (Whitmore
et al. 2016). This part of the project is discussed in more detail in
Floyd et al. 2023 (in prep).

A designation of "bad age" requires a difference of a factor of
ten or more between the visually estimated age and the version 1.0
SED age estimate, as described in Turner et al. (2021). The most
common age-dating mistake, as expected, are objects that are most
likely old globular clusters (e.g., yellowish, no emission-line flux,
no evidence of dust, often in the bulge or towards the outer portion
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Improving Cluster Age Estimates 7

Figure 3. Illustration of how the age/reddening/metallicity degeneracy (left panel) can lead to the incorrect age-dating of old globular clusters, resulting in
positions above a diagonal line in the log Age - 𝐸 (𝐵 −𝑉 ) diagram (right panel). Using figures from Deger et al. (2022) for 17 PHANGS galaxies as the base,
the figure shows how the mismatch between the location of the observations of old globular clusters (which have low metallicity) and the pink SED track used
for the prediction (solar metallicity) results in three different regions of poor fits, (i.e., ≈ 3 Myr shown by the blue arrow and oval, ≈ 100 Myr shown by the
green arrow and oval, and ≈ 1 Gyr shown by the red arrow and oval), rather than the correct solution at the end of the SED track at around 10 Gyr (i.e., log Age
= 4).

of the galaxy, generally with 𝑉 − 𝐼 > 0.9 and 𝑈 − 𝐵 > −0.5), but
are best fit by ages <∼ 500 Myr and reddening 𝐸 (𝐵 −𝑉)>∼ 0.4 mag.

A similar examinationwasmade inNGC1433 byHannon et al.
(2022), and eight clusters with underestimated ages were identified.
Seven out of the same eight clusters are also identified as having
bad ages in the current work, while the eighth source has a reason-
able best fit age of 4 Gyr in the PHANGS-HST fitting procedure
(i.e., it does not qualify as having a bad age) while the LEGUS
pipeline assigned a best fit age of 3 Myr for this object, and hence it
was included in the Hannon et al. (2019) review. Similar examples
of underestimated ages for old globular clusters are reported and
discussed in detail for NGC 4449 in Whitmore et al. (2020).

Figure 5 shows an example of an old globular cluster (top
panels) and a "young interloper" (bottom panels - i.e. a young cluster
with enough reddening from dust to give it colors similar to an old
globular cluster). The three columns show an optical Hubble B-V-I
color image (left), a B-V-H𝛼 map (middle), and a B-V-CO (right)
image. The old globular cluster is intrinsically yellow and has very
little dust or CO associated with it. In addition, the old globular
cluster is quite isolated, and in a region with a smooth background,
i.e., the bulge of NGC 3351.

The young interloper has extensive H𝛼 around it, hence it is
young (< 10Myr) and intrinsically blue, but has enough dust around
it to give it 𝑈 − 𝐵 and 𝑉 − 𝐼 colors that are similar to a globular
cluster, as listed in the figure. In addition, the young interloper has
many other sources near it, some with blue colors indicative of
young stars, as well as extensive CO, another indicator of a young
age.

4.2 Mapping Bad Ages to the log Age - 𝐸 (𝐵 −𝑉) and
Color-Color Diagrams

Figure 6 shows the locations of the bad-age objects (generally old
globular clusters) identified in NGC 1433. The upper left panel

shows a B-V-I color image. The bottom-left panel shows the bad-
age objects in gold. This highlights the fact that there are many bad
age clusters in the bulge region.

The upper right panel shows that in NGC 1433, nearly all
of the bad-age objects are in the same region of the color-color
diagram, highlighted by the red box. This box covers the 𝑈 − 𝐵

range from -0.6 to 1.2, and 𝑉 − 𝐼 range from 0.95 to 1.7. The size
of the box has been chosen to be large enough to contain all but
two of the clusters (with large uncertainties) that were determined
to have bad ages. The strongest concentration of points is found
just above the solar model predictions, as also demonstrated in
Figure 2 for a different sample, namely 17 galaxies that have been
used to determine aperture corrections (see Deger et al. 2022). The
box is somewhat wider than the concentration of lower-metallicity
globular clusters in Figure 2 to accomodate some of the lower S/N
points (primarily due to larger uncertainties in the U-band), and
the possibility of small amounts of reddening from dust. As will
be demonstrated later in the paper, this works well for three of the
four galaxies (NGC 1433, NGC 3351, and NGC 628), but will be
modified somewhat in the case ofNGC1365 for a variety of reasons.
We refer to this as the ’Old Globular Cluster’ box (hereafter OGC-
box) for the rest of the paper.

The strong concentration of bad age points just above the solar
model is the primary reason we are able to fix the age-metallicity
problem for old globular clusters by adopting the 1/50th solar metal-
licity solution for clusters in this region of color-color space. Most
of the few remaining red points in the OGC-box have age estimates
around log Age = 9.5, and hence are not identified as bad ages since
they are not a factor of 10 different from the typical age of an old
globular cluster, which should have log Age ≈ 10. None of the red
points in the OGC-box for NGC 1433 in Figure 6 are "young in-
terlopers" (young, reddened objects which mimic the colors of old
globular clusters). However, we will find that NGC 3351 and NGC
628 do have small numbers of young interlopers, as discussed in
Sections 5.3 and 5.4.
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Figure 4. Illustration of the multi-modal probability diagrams from the
CIGALE results (Boquien et al. 2019). This is for an old globular cluster
(object # 687 in NGC 1365 - see snapshot in Figure 11). Note how the
mismatch between the low metallicity globular cluster and the solar metal-
licity SED used to fit it results in an incorrect largest likelihood peak being
selected, predicting an age of 7Myr for an old globular cluster. Also note the
similarity of the bottom diagram with the right panel of Figure 3, explaining
why the bad ages end up above the same diagonal line. See Deger et al.
(2023 - in preparation) for more details about this figure.

The bottom right plot shows an even more dramatic result,
namely that all of the bad ages identified manually, and completely
independently, are above a diagonal line that runs from (log Age,
𝐸 (𝐵 − 𝑉)) = (6, 1.0) to (9, 0.1). This diagonal line works well not
only for all four galaxies studied here but for the globular cluster
populations in 18 PHANGS-HST galaxies studied by Floyd et al.,
2023, and also for the multi-modal probability distributions shown
in Figure 4. Hence, these two diagrams together provide an excellent
way to identify clusters with potentially bad age estimates.

4.3 𝑈 − 𝐵 vs. 𝑉 − 𝐼 Diagrams as a Function of CO Flux

Figure 7 shows the 𝑈 − 𝐵 vs 𝑉 − 𝐼 color-color diagram of clusters
in all four target galaxies. Here, the color coding shows the strength
of the CO flux measured around each object. This provides a useful
backdrop for the following discussion.

We first note that NGC 1433 has very little dust and CO emis-
sion, with most of it associated with the youngest clusters in the

Figure 5. Snapshot images of a typical old globular cluster in the top panels,
and a typical "young interloper" (i.e., young dusty object with the same
colors as an old globular cluster) in the bottom panels. The object of interest
is always just above the red cross. The left panels are B-V-I images from
Hubble; the center panels are B-V-H𝛼 images with H𝛼 in red; the right
panels are B-V-CO images with CO from ALMA in red. The values for the
H𝛼 flux (in units of 10−20 ergs/s/cm2/pixel) and CO intensities (in units of
K km s−1) are also given. The blue bar in the upper left panel shows the
scale.

upper left portion of the plot, as expected. This therefore provides a
good starting point for our study since we expect reddening to have
little affect on observed cluster colors. NGC 3351 and NGC 628
both show a bit more CO emission, some of which appears to be
associated with a few clusters in the OGC-box (the dark circles in
this box).

NGC 1365 looks dramatically different than the other three
galaxies, both because of the very small number of young clusters
in the upper left portion of the diagram, and also because a fair
number of points are below or to the right of the OGC-box. Nearly
all of these very red objects have strong CO (dark circles). This
immediately shows that most of the objects in the bottom right part
of the diagramare likely to be young, heavily reddened objects rather
than old globular clusters. Because of this we will treat NGC 1365
differently than the other three galaxies.

5 IDENTIFYING AND FIXING INCORRECT AGES OF
OLD GLOBULAR CLUSTERS

Three out of four spiral galaxies studied here (and all but a few in
the 38 PHANGS-HST sample) should have few intrinsically cor-
rect intermediate-age clusters with high reddening (i.e., above the
diagonal line in a log Age vs 𝐸 (𝐵 −𝑉) diagram), since they do not
have much dust around them. When data points are seen above the
diagonal, these are usually due to the incorrect age estimates result-
ing from the age/reddening degeneracy, with old globular clusters
being mistaken for intermediate-age clusters with large reddening.
In the next section we show how various hybrid solutions can be
constructed to remove most of the age-dating errors and improve
the success fractions by 10 to 20 %, reaching values near 100 % in
most cases.
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Figure 6. Location of "bad ages" (gold points) in the original age-estimate for NGC 1433 star clusters, as determined from a manual review by coauthor M.
Floyd (see Floyd et al. 2023 - in preparation). The top left shows a Hubble B-V-I image. The bottom left panel shows the locations of the clusters with bad ages,
with a concentration in the bulge region where no evidence of recent star formation is found. The upper right panel shows that nearly all bad age estimates are
in the region of the𝑈 − 𝐵 vs. 𝑉 − 𝐼 diagram expected for old globular clusters; and the bottom right plot shows that nearly all the bad ages are found above a
diagonal line in the log Age vs. 𝐸 (𝐵 − 𝑉 ) diagram that runs from (6, 1.0) to (9.0, 0.1). The diagonal line used throughout this paper was originally defined
based on this figure; i.e., it was placed just below where all the bad ages in NGC 1433 were found.

5.1 Procedures

Here we present the techniques used to correct the age estimates
(and associated estimates of reddening and mass) that suffer from
the problems described in Section 3. For most of the young clusters,
the original age estimates are reasonably accurate (i.e., within 0.3
dex as discussed in Section 2.2), and we use the original solar
metallicity fits from Turner et al. (2021). However, for the likely old
globular clusters we use a different set of rules.

For NGC 1433, NGC 3351, and NGC 628 we use three addi-
tional steps to fix most of the incorrect globular cluster ages:

1). Identify clusters which are likely to be old globular clusters
due to their position in the 𝑈 − 𝐵 vs. 𝑉 − 𝐼 color-color diagram
(i.e., the OGC-box solution, where −0.7 < 𝑈 − 𝐵 < 1.2 and 0.95 <

𝑉 − 𝐼 < 1.7), or their 𝑉 − 𝐼 value (i.e., the VI-limit solution, where
𝑉 − 𝐼 > 0.95).

2). Fix ages for the identified clusters using a low-metallicity
(1/50th solar) model and low maximum allowed 𝐸 (𝐵 − 𝑉) <

0.1 mag, appropriate for most old globular clusters.
3). Identify potential young interlopers (i.e., young clusters

with enough dust to give them colors similar to old globular clusters)
using either H𝛼 flux (i.e., with H𝛼 > 3.0 × 10−16 erg/s/cm2/pixel,
where pixel refers to MUSE pixels), CO intensities, or the presence
of dust based on the HST image (see Section 6). We use ages from
the original solar metallicity model for these young interlopers.

For the very dusty NGC 1365 we use a slightly different
method:

1). Use a smaller OGC-box to identify old globular cluster
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Figure 7. Color-coded plot of CO intensities in𝑈 − 𝐵 vs. 𝑉 − 𝐼 diagrams for the four program galaxies. A solar metallicity Bruzual-Charlot model is shown
for comparison. The OGC box used to identify potential old globular clusters is shown by the orange box while the green box shows the region used to identify
the "high-red" objects in the case of NGC 1365 (see Section 5 for details). The 300 Myr plume objects in NGC 1365 discussed in Sections 5.5 and 5.6 are also
identified. CO intensity is in units of K km s−1.

candidates (i.e., the orange box in the bottom right panel of Figure
7; −0.6 < 𝑈 − 𝐵 < 0.5 and 0.95 < 𝑉 − 𝐼 < 1.5). We use the same
methods described in steps 2 and 3 above to infer appropriate ages
for these objects.

2). Identify the high reddening objects (i.e., V-I > 1.5), which
are nearly all young, dusty clusters, and use a solar metallicity
model, but require higher values of 𝐸 (𝐵 − 𝑉) (1.5 < 𝐸 (𝐵 − 𝑉)
2.5 mag). This allows the reddest, dustiest clusters to reach the
young ages that are correct for them.

3). Identify "old interlopers" present in the sample of high red-
dening objects usingH𝛼 flux (i.e., H𝛼 < 3.0×10−16 erg/s/cm2/pixel
- note the inequality is in the opposite sense compared to young inter-
lopers), CO intensities, or the presence of dust. We use the original
solar metallicity model solution for these objects.

In principle, we expect H𝛼 to provide the best means of identi-
fying interlopers, since it is generated by photo-ionization driven by
massive young stars in the clusters themselves, while CO and dust
are found in region that are statistically more likely to have young
stars and clusters. We will revisit this question in Section 6.2.

More details used to illustrate these steps are included in the

next subsection.Wewill refer to the results from these procedures as
’hybrid’ solutions. It is important to note that the results presented
in this paper are specific to the PHANGS-HST pipeline, including
filters, assumed SSP model, etc, and that other works may have
different numbers of objects with bad ages and different levels of
improvement.

5.2 Solutions for NGC 1433 - improvement by ≈18% in the
overall success fraction

Figure 8 shows an example of the primary diagram that will be used
in this section of the paper to illustrate the success of the hybrid
solutions. We show two different hybrid solutions: one based on the
OGC-box, and one on the VI-limit solution. The VI-limit solution
turns out to be slightly superior for all four galaxies. The OGC-box
approach is retained in the paper to help demonstrate a number of
important points.

The top left panel shows the log Age vs. 𝐸 (𝐵 − 𝑉) diagrams
for the original pipeline solution; the top-middle panel shows the
hybrid OGC-box solution; and the top-right panel shows the hybrid-
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Figure 8. Figure illustrating most of the key points from the paper. The left panels show the original results from version 1 of the PHANGST-HST pipeline
(Turner et al. 2021), the middle panels show results based on the hybrid OGC-box method, and the right panels show the results using the hybrid VI-limit
method. Blue points are found within the Old Globular Cluster (OGC) box shown in the𝑈 − 𝐵 vs. 𝑉 − 𝐼 diagram in the central plot. Blue and cyan points
are for the OGC-box and VI-limit solutions respectively. Log Age vs. 𝐸 (𝐵 − 𝑉 ) (i.e. reddening) plots are shown in the top panels for the original and the two
hybrid solutions. Corresponding log Age vs. log Mass plots are shown in the bottom row. Four snapshots of illustrative clusters are shown with their object
numbers. These numbers are included throughout the diagram to show how their positions change in the three different solutions.

VI-limit solution. The central plot shows the 𝑈 − 𝐵 vs 𝑉 − 𝐼 color-
color diagram, with the blue objects in the OGC-box highlighted
throughout the figure. The bottom panels show the log Age vs. log
Mass diagrams. Snapshots of various objects are also shown and
labeled throughout the diagram to illustrate various points.

We first note that clusters with colors within the OGC-box
clearly dominate the region above the diagonal line in the original
log Age vs. 𝐸 (𝐵 −𝑉) diagram, with one clump at very young ages
(log Age <∼ 7), and a second near log Age ≈ 8. It turns out nearly
every single one of these clusters was identified as having a bad

pipeline age through the independent visual examination described
in Section 4 and shown in Figure 6.

We next examine the top-middle panel that shows results using
the OGC-box solution. Here, the OGC-box clusters are no longer
above the diagonal line, and all but three objects have moved to
ages older than log Age = 9 where they belong, with the largest
concentration having log Age = 10.1. The number of old globular
clusters (i.e., with log Age greater than 9.5) has gone from 1 to 43;
a much more realistic result (e.g., see Lomelí-Núñez et al. 2022).

We find that the limiting issue for the hybrid OGC-box ap-
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proach is the lack of reliable U-band photometry, which appears
to be the issue for the three objects (# 900, # 1689, and # 2250)
which remain above the diagonal line when using this approach.
The snapshot of # 1689 shows this it is an old globular cluster,
but with colors outside the OGC-box (possibly due to large U-band
uncertainties), so its age has not been corrected. This lead us to
identify old globular clusters using a simpler 𝑉 − 𝐼 > 0.95 cut, as
shown by the cyan points and the upper-right panel. All three of the
clusters remaining above the diagonal from the OGC-box solution
now move to older ages, and we reach a 40/40 = 100 % success
rate for the objects above the diagonal! Hence the VI-limit approach
to identify potential bad ages works extremely well for NGC 1433.
This is because there is insufficient dust to redden young objects
enough to reach the OGC-box.

There are 191 total Class 1 + 2 clusters in Figure 8. If we
assume that all objects below the diagonal have correct ages, the
hybrid OGC-box solution goes from an overall correct age fraction
of 79 % = (191 - 40) / 191 = 151/191, to 98 % = (191 - 3) / 191 =
188/191. For the hybrid 𝑉 − 𝐼-limit solution the result is 191/191 =
100%; a 21 % improvement from the original solution.

We have checked our assumption that all clusters below the
diagonal have correct ages by manually examining all the objects
in NGC 1433. Based primarily on a visual examination of the HST
image for the presence or absence of H𝛼 emission, we estimate that
three objects appear to have ages that are overestimated while three
others are underestimated, hence the correct percentage below the
diagonal is (141 - 6) / 140 = 96 % for NGC 1433. Taking this into
account would therefore only reduce the overall success fraction by
about 3 %, as summarized in Table 1.

A comparison of the bottom-left panel in Figure 8 with the two
hybrid solutions to the right shows that roughly 20 clusters have
changed age estimates from log Age ≈ 8 to older than log Age ≈ 9,
and most of these are at the high mass end. Therefore the improved
age solutions from the OGC-box andVI-limit approaches will likely
affect the overall age and mass distributions at a significant level.
We will examine the impact of age corrections on the NGC 628
cluster population in Section 7.

5.3 Solutions for NGC 3351 - improvement by ≈9 % in the
overall success fraction

Figure 9 shows results for NGC 3351, which has the second lowest
SFR in our sample but a fair amount of dust, especially in the inner
starburst ring. We find 41 of 317 clusters have pipeline age-dating
results that put them above the diagonal in the top-left panel. These
clusters have questionable ages, as discussed earlier. The log Age vs.
𝐸 (𝐵 −𝑉) plot when ages of clusters in the OGC-Box (blue points)
have been corrected is shown in the top-middle panel. While most
of the blue points havemoved from above the diagonal to the bottom
right, appropriate for old globular clusters (e.g. object # 3815), 12
points remain above the diagonal. These are evaluated below, and
the numbers are summarized in Table 1.

Four of the six red points (i.e., with colors that are not in the
OGC-box) above the diagonal in the top middle panel have very
faint or missing U-band measurements, so are not identified as
potentially having bad ages using the OGC-box selection because
of the lack of a𝑈 − 𝐵 value. The ages for these clusters do get fixed
(changed from young ages to old), however, if we select objects
using the VI-limit method (top -right panel). This is the primary
reason the hybrid VI-limit solution looks better, with only seven
points remaining above the diagonal.

On the other hand, there are five young "interlopers" in the

OGC-box and VI-limit solutions, since they have values of H𝛼 >

3.0 × 10−16 erg/s/cm2/pixel (e.g., see snapshot of # 2565). These
are the five blue or cyan points that remain above the diagonal in
the top middle and top-right panels. One of these objects (# 2881)
turns out to be a "false interloper": the lower resolution MUSE
observations indicate this cluster has H𝛼 emission (picked up from
nearby regions), while the higher resolution HST H𝛼 observations
shows there is no associated line emission at the location of the
cluster itself. This "resolution problem" is one of the primary failure
modes of our current approach, and happens in approximately 20 %
of the cases where the H𝛼 flux indicates the presence of a young
interloper. Future, high resolutionH𝛼 observations fromHST for the
entire PHANGSgalaxy sample, would solve this particular problem,
and significantly improve the age-dating. H𝛼 observations using
HST are now planned for 19 of the 38 galaxies in cycle 30 (i.e., the
MUSE galaxies in the PHANGS-HST sample: proposal 17126 - PI
= Chandar).

The remaining objects above the diagonal in the hybrid OGC-
box solution are more of a mixed-bag, as summarized in the notes to
Table 1. They include a background galaxy, another object with the
resolution problem discussed for object # 2881, and an object with
𝑉 − 𝐼 = 0.94 (i.e., just missing the color cutoff for the OGC-box).

Turning our attention to the log Age vs log Mass diagrams
in Figure 9, we can see that many clusters now have shifted from
estimated ages between 8 < log Age < 9 to older ages with log
Age > 9. The apparent deficit of clusters between 10 and 50 Myr
is a well-known age-dating bias, which results when the model
predictions reverse direction and loop back on themselves, giving
similar predicted colors over a broad age range (e.g., Chandar et al.
2010b). The resulting ‘gap’ is observed at some level in all four
galaxies. This particular artifact only shifts age estimates by up to
±0.3 in log age, significantly less than the factor of ten we define as
"catastrophic" errors in our accounting.

The total number of clusters in Figure 9 is 317. If we again
assume that ages for all objects below the diagonal line are correct,
and four of the objects above the diagonal have good ages (as in-
dicated from the VI-limit solution) the success fraction goes from
being 88 % correct for the original pipeline solution, to 97 % for
the hybrid OGC-box solution, and 99 % for the hybrid VI-limit
solution (this solution drops to 97% if we account for a handful of
incorrect age estimates below the diagonal line based on our review
of NGC 1433). Hence we have improved the overall age dating by
≈ 9 %. Similarly the number of old globular clusters (i.e., with log
Age > 9.5) increases from just 7 to 44 for the hybrid OGC-box
solution, and to 50 for the hybrid VI-limit.

5.4 Solutions for NGC 628 - improvement by ≈9 % in the
overall success fraction

Figure 10 shows the results for NGC 628, the galaxy with the second
highest SFR in our sample. We find 70 out of 489 data points above
the diagonal in the standard model in the top left panel, which
represent questionable age estimates. As we found for NGC 1433
andNGC 3351, many of the objects left above the diagonal line after
identifying and correcting ages in the OGC-box are those missing
U-band measurements (11 of 23), although for NGC 628 most of
these are because they are outside the field of view. This is why
the VI-limit model is more successful at moving points above the
diagonal to older ages than the OGC-box method for NGC 628.

There are only three remaining young interlopers in NGC 628
for the VI-limit model based on H𝛼 emission values greater than
3.0×10−16 erg/s/cm2/pixel (i.e., the cyan points above the diagonal
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Figure 9. Same as Figure 8 for NGC 3351.

in the upper right panel). One of these (object # 1206) is question-
able, since it is near the outskirts of a nearby young association (see
snapshot in Figure 10), but may not be associated with it.

The next set of objects (𝑁 = 8) we consider are barely above
the diagonal line in the upper left panel and have V-I colors just
blueward of the 𝑉 − 𝐼 > 0.95 mag cutoff, ranging from 0.75 to
0.93 mag. Hence these objects are not selected by either the OGC-
box or VI-limit criteria for age-correction. Seven of the eight are
assigned log Age ≈ 8.5, which appears to be correct based on the
absence of H𝛼 emission in these objects. Hence the placement of
the cutoff at 𝑉 − 𝐼 > 0.95 mag appears to be accurate these objects.
Table 1 summarizes the various objects above the diagonal, and
whether they appear to be good or bad age estimates.

If we assume that all ages below the diagonal are correct, plus
nine additional objects above the diagonal are correct as discussed

above, the success fraction improves from 88 % for the original
pipeline solution, to 98 % for the hybrid OGC-box solution, and
99 % for the hybrid VI-limit solution (97 % if we account for a few
incorrect age estimates below the diagonal line based on our NGC
1433 visual review). Hence we have improved the success fraction
by ≈ 9 %. The number of old globular clusters (i.e., with log Age
greater than 9.5) increase from none in the original pipeline solution
to 53 (65) for the hybrid OGC-box (hybrid VI-limit) methods, again
yielding much more realistic figures.

5.5 Solution for NGC 1365 - improvement by ≈13 % in the
overall success fraction

Figure 11 shows the results for NGC 1365, which has the highest
SFR in our sample and in the entire PHANGS-HST sample (Lee
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Figure 10. Same as Figure 8 for NGC 628.

et al. 2022b). We find 128/635 = 20 % of the data points are above
the diagonal in the top left panel. Unlike the other galaxies, most of
these clusters belong here, since they are young and dusty. Because
of this, we use a somewhat different approach for correcting bad
cluster ages in NGC 1365, as described in Section 4.

The first difference is how we select potential old globular
clusters. We use a smaller OGC box, with −0.6 < 𝑈 − 𝐵 < 0.5
and 0.95 < 𝑉 − 𝐼 =< 1.5 to avoid the ‘300 Myr plume’ just below
the OGC-box in Figure 11. This is discussed in more detail in
Section 5.6. We then identify clusters redder than 𝑉 − 𝐼 = 1.5
on the right side since these very red clusters appear to nearly
all be young, unlike the other galaxies. Their youth is indicated
by strong CO emission (black points) for nearly all clusters with
𝑉 − 𝐼 measurements > 1.5 mag in Figure 7. We call these the

"high-red" objects in what follows. The second change allows the
SED-fitting routine to reach the correct young age solution for the
highly reddened, young clusters by restricting 𝐸 (𝐵−𝑉) values to be
in the range 1.5 - 2.5 mag (i.e., addressing Problem # 3 in Section
3.3, and using the procedure described in Section 5.1). A visual
examination of these high-red objects confirms that nearly all are
very young, with strong H𝛼, strong CO, and large amounts of dust
around them.

Cluster # 1567 (see Figure 11) illustrates the problem. It is
in the very dusty central region of NGC 1365, has strong H𝛼 and
CO emission, and lots of young blue ≈few Myr objects nearby. The
original pipeline SED solution assigned it a log Age = 9.1 and a
reddening 𝐸 (𝐵 − 𝑉)= 1.47 mag (near the adopted maximum of
1.5 mag). For the solution to reach its likely age of ≈ 5 Myr, an
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Figure 11. Similar to Figure 8 for NGC 1365. The primary difference is that the hybrid OGC/high-red solution is shown rather than the OGC-box and VI-limit
solutions. In addition, the OGC-box is smaller, and green points are used to show the high-red clusters. See text for details.
MNRAS 000, 1–27 (2021)
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𝐸 (𝐵 − 𝑉) around 2.5 mag is required. So for clusters with very
red V-I colors in NGC 1365 (i.e., the green points in Figure 11),
we adopt SED-fitting solutions with solar metallicity and values of
𝐸 (𝐵 − 𝑉) between 1.5 and 2.5 mag. This fitting finds a solution of
log Age = 6.48 and 𝐸 (𝐵 − 𝑉) = 2.36, for object # 1567, a much
better estimate for this cluster. Most of the other highly reddened
objects that were originally given old ages are now correctly fit with
ages ≈ 5 Myr plus high reddening.

Because most of the objects in the high-reddening subsample
are young rather than old, we switch the direction of the inequal-
ity used to identify "young interlopers" in the OGC-box and now
identify "old interlopers" in the high-reddening subsample instead.
These are defined as objects with weak H𝛼 flux (H𝛼 < 3.0× 10−16
erg/s/cm2/pixel - i.e., old globular clusters). In these cases we use
the original SED solution for the age, 𝐸 (𝐵 − 𝑉), and mass of the
cluster. This leads to only 8 of the 43 high-red clusters being as-
signed ages older than log Age = 7.5; the other 35 are all assigned
ages younger than 10 Myr (upper-right panel in Figure 11), which
is supported by visual examination.

NGC 1365 has essentially the same number of clusters above
the diagonal after age corrections are made (i.e., N = 120), as before
(i.e., N = 128), unlike the first three galaxies where most of the
objects above the diagonal are moved to older ages in the hybrid
solutions. While roughly 30 old globular clusters change from in-
termediate pipeline ages to old ages (blue points), an approximately
equal number of clusters which were originally given incorrect old
and intermediate ages by the PHANGS pipeline have hybrid so-
lutions which move them in the opposite direction, to very young
ages (green points). The bottom plots in Figure 11 show the log Age
vs. log Mass diagram for the standard (solar) solution on the left
and the hybrid solution on the right. The number of old globular
clusters (i.e., with log Age greater than 9.5) in the hybrid solution
is 55, similar to the other three galaxies in this pilot study.

Apossible contaminant in our sample of very red clustersmight
be background galaxies. Since our candidate clusters have been
selected based on human classifications (Whitmore et al. 2021) we
expect this to be a rare occurrence. In addition, a secondary visual
check of all the cluster candidates in the inner region of NGC 1365,
where the reddest objects are found, resulted in only one object that
appeared to be a possible background galaxy.

The total number of clusters in Figure 11 is 635. It is more
difficult to estimate the improvement in the success fraction for
NGC 1365 since objects are moving both into and out of the region
above the diagonal line. However, a rough estimate can be made
based on the census of good and bad ages in Table 1. This leads to
estimates of 84 % for the original pipeline solution and 97 % for the
hybrid ogc/high-reddening estimate, an improvement of 13 %.

In addition, our estimate of 96 % for the success rate below
the diagonal based on a visual check in NGC 1433 is clearly too
high for NGC 1365 due to the high level of chaotic dust in the inner
region of this galaxy. A spot check of the success fraction below the
diagonal line indicates that a value of 90 % is more appropriate. In
this case, our overall success fraction would fall from 97 % to about
92 %, as reported in Table 1.

The recent JWST observations of NGC 1365 (Whitmore et al.
2022, Lee et al. 2022a) provide an additional check on our age
estimates. One result from this work is the finding that 21 micron
flux is an excellent predictor of whether a cluster is old (faint or
missing at 21 micron) or young (bright at 21 micron). A check of
all young class 1 and 2 clusters from the human classified compact
cluster catalog (Whitmore et al. 2021) with hybrid OGC/high-red
age estimates log Age < 7 and logMass > 6, finds that 21/24 = 88%

clusters have a value of 21 micron brightness < 23 mag (abmag,
0.15 arcsec radius aperture, see Whitmore et al. 2022 for details),
as expected. Similarly, 17/20 = 85 % of the old log Age > 9.5 and
log Mass > 6 clusters have a a values of 21 micron brightness >
23 mag, as expected. Combining these two estimates yields 38/44
= 86 ± 6 %, in reasonable agreement with the estimate of 92 %
accuracy in Table 1.

5.6 The 300 Myr ‘plume’ in NGC 1365

As briefly mentioned above, and shown in Figures 7, 11, and 12,
another somewhat unique characteristic of NGC 1365 is the large
number of intermediate age clusters, many of which form a redden-
ing ‘plume’ trailing from a position on the SED track appropriate
for 300 Myr clusters toward the bottom right of the𝑈 − 𝐵 vs. 𝑉 − 𝐼

diagram. A visual examination shows that most of these are located
just outside strong dust lanes in the inner region of the galaxy, which
explains their relatively high reddening values. There are approxi-
mately 60 of these ≈300 Myr clusters (log Age around 8.7 in the
upper right panel in Figure 11).

We believe this configuration of intermediate-age clusters is
a feature of how barred spiral galaxies create new clusters (e.g.,
Sormani et al. 2020, Whitmore et al. 2022, Schinnerer et al. 2022).
As the gas and dust move inward along the bar it triggers star
formation, primarily in the outer edge of the dust lane. After the
stars and star clusters form they fairly rapidly decouple from the
dust and gas, since the stellar components have less dissipation than
the gas. Sormani et al. (2020) estimates that it only takes about
5 Myr to decouple. While the gas spirals into the central region,
creating the star-forming ring and inner disk, most of the stars and
star clusters traverse slightly outside the region of gas and dust,
populating what are called "overshoot" regions. The orbits of the
star clusters formed in this way can take many shapes, as shown in
Figure 8 of Sormani et al. (2020). For example, a large fraction of the
stars will follow X-shaped box orbits, precessing to occupy regions
which are roughly 45 degrees from the plane of the inner disk after
several orbits. This puts the intermediate-age clusters near, but not
behind, the dust lanes for a large fraction of their orbit.

Figure 12 shows two regions where intermediate-age clusters
are enhanced, roughly 45 degrees from the plane of the inner star
forming disk. The corresponding region in the color-color diagrams
are also shown. We find that all of the objects in Region 1 are
consistent with being roughly 300 Myr intermediate-age clusters.
In addition, the objects in Region 3 (the far side of the galaxy - see
Figure 12 and Elmegreen et al. 2009 ) appear to have more dust, as
expected, hence explaining the higher reddening, as shown by their
position in the 300 Myr plume in the color-color diagram. Other
younger overshoot regions near the top of Figure 12 are discussed
inWhitmore et al. 2022 in press, and Schinnerer et al. 2022 in press.

A younger region in the inner star formation ring (Region 2)
is shown by the red outline and points in the color-color diagram.
Most of these are consistent with ages in the range 1 to 10Myr, with
values of reddening from zero to about A𝑉 = 4 mag.

6 USING H𝛼, CO, OR DUST TO IDENTIFY AND FIX
INCORRECT AGES OF INTERLOPERS

We have shown throughout this work that young, reddened clus-
ters and old globular clusters can have similar broad-band colors,
and that additional information is needed to separate the two. In
this section we explore how well the following star-forming tracers
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Figure 12. Three regions in the inner part of NGC 1365. The upper two plots are HST B-V-I images with different contrast levels; the bottom left images is a
B-V-CO image. Regions 1 (yellow) and 3 (blue) are examples of 300 Myr clusters around the edges of the dust lane, as discussed in the text. Region 2 (red)
shows a region of active star formation with a mean age ≈ 5 Myr. The color-color diagram in the bottom right shows the associated, color-coded locations for
the clusters in the three regions. Note the location of the light blue points in what is called the 300 Myr plume in Figure 11. This is caused by larger amounts
of dust in front of these objects when compared to Region 1 where there is little dust.

distinguish between the two cases: H𝛼 flux from MUSE, the CO
intensity from ALMA, and the dust strength from HST images.

6.1 Comparison between H𝛼 and CO Flux

Here we assess whether H𝛼 flux or CO intensity is better at iden-
tifying young interlopers. We are fortunate to have high resolution,
archival H𝛼 images from HST for three of our pilot galaxies (NGC
628, NGC 1433, and NGC 3351), which we use as a starting point.
Over half of the PHANGS-HST sample also have H𝛼 measure-
ments from ground-based MUSE IFU observations, including all
the galaxies studied here, so we will use the MUSE H𝛼 measure-
ments as our primary tool for the broader sample, even though they
are a factor of ≈10 lower resolution than the HST observations.

Figure 13 shows the MUSE H𝛼 flux vs. ALMA CO intensity
measured at the location of each cluster for all four galaxies (red
points). Note that a number of clusters aremissing from this diagram

because no CO flux is measured. An examination shows that the
missing sources are generally found between spiral arms or in the
bulge, hence they are unlikely to be young interlopers in any case.
Clusters with broad-band HST colors that place them in the OGC-
box (defined in Section 4) are shown as the blue points.

6.1.1 NGC 1433

We start by visually inspecting ten clusters in NGC 1433 with very
faint H𝛼 emission (i.e. HII regions) in the HST images, to get a
feel for the faintest detectable level of H𝛼 emission in the data.
Overall, we found a good correspondence between the presence
of H𝛼 emission in the high resolution HST images and the lower
resolution MUSE observations - when we see H𝛼 emission in one,
we can also detect it in the other. From this visual inspection, we set
an approximate flux limit for the number of counts that separates
clusters with and without H𝛼 emission (dashed green horizontal
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Figure 13. Measured H𝛼 flux vs. CO intensity for the clusters in our four sample galaxies. In each panel, the green line shows where objects appear to be
associated with the faintest HII regions and the yellow lines shows the corresponding line for the CO flux of the same HII regions. These lines provide estimates
of where the line should be set to determine whether an objects is an interloper, i.e., a young objects with enough dust that it has colors appropriate for an old
globular cluster. Snapshots of various objects are included to illustrate various points in the text. The three snapshots are Hubble images using B-V-I (top),
B-V-H𝛼 (middle) and B-V-CO (bottom) images. The units for H𝛼 flux are 10−18 erg/s/cm2/pixel and for CO intensity are K km s−1.

line in the upper left panel in Figure 13); clusters above this line
are all expected to be young. In NGC 1433 this separation was
originally set at 2.0×10−16 erg/s/cm2/pixel, as shown in Figure 13.
While there is some variation in the exact flux limit from galaxy to
galaxy, we always find values close to≈ 3.0×10−16 erg/s/cm2/pixel,
and hence adopt this value during final processing, as described in
Section 4.

For NGC 1433, in the upper left panel of Figure 13, we find
that no clusters shown as blue points from the OGC-box are H𝛼
emitters, because they are all below the green horizontal line. This
is consistent with our discussion in Section 5.2, where all NGC 1433
objects in the OGC-box appear to be old globular clusters: there are
no reddened, young interlopers. A criteria of H𝛼 > 3.0 × 10−16
erg/s/cm2/pixel identifies young interlopers correctly 100 % of the
time in NGC 1433.

We make a similar estimate for CO intensity using the same
ten clusters with weak H𝛼, and show the lowest value as the ver-
tical yellow line. Here, clusters above a CO intensity value of 2
K km s−1 are predicted to be young. In this case, however, the CO
measurements predict that four clusters in the OGC-box shown as
blue points fall to the right of the line, i.e. they should be young in-

terlopers, at least according to the CO intensity. Visual examination
indicates that these are actually all likely to be old globular clusters,
and the CO emission is not actually associated with the clusters.

We illustrate this situation in the snapshots of source # 1687
in the upper left panel of Figure 13. The top snapshot shows the
B-V-I image. We find the object is isolated, and has a yellow color
typical of old globular clusters. The middle diagram shows the H𝛼.
We find weak H𝛼 emission (in red) spread evenly throughout the
image, i.e., there is no evidence that the source has an HII region
associated with it. The bottom snapshot shows the CO intensity in
red. We find that the object is on the edge of a strong CO region just
as it intersects with the central CO ring of NGC 1433. Hence, at
least in NGC 1433, our experiments indicate that H𝛼 is much better
at identifying young, reddened interlopers than is CO. This makes
sense, since H𝛼 emission is more closely associated with recently
formed clusters than CO emission is (e.g., Chevance et al. 2022).

6.1.2 NGC 3351

The upper right panel in Figure 13 includes the same diagram for
clusters in NGC 3351. The distribution of cluster measurements
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Figure 14. Comparison of H𝛼 measurements from MUSE and HST, using the same conventions as Figure 13. Several clusters are labeled and identified in a
HST H𝛼/F814W/F438W image on the right. Note that while eight clusters would qualify as young interlopers based on MUSE observations (i.e., above the
green dashed line), only two would qualify based on HST observations (i.e., to the right of the orange dashed line). See text for details.

looks quite different than in NGC 1433, being nearly bimodal rather
than continuous. This is due to clusters found in the inner star
forming ring (see Figures 1 and 14) having higher CO and H𝛼
values than nearly all the clusters in the outer part of the galaxy.

The separation of H𝛼 (CO) emitting vs. non-emitting clusters
shown as the green horizontal line (yellow vertical line) was deter-
mined using the procedure described above for NGC 1433, this time
for NGC 3351. In the lower ‘clump’ of points, we find two sources in
blue above the green line, which are predicted to be reddened young
clusters (i.e., young interlopers) within the OGC-box. We include
snapshots for the object # 2565 (see also Figure 9). These show
clear H𝛼 emission in the middle snapshot, supporting the idea that
this is a young, reddened cluster, or young interloper. This object’s
location to the right of the vertical yellow line indicates that the CO
measurement would also suggest it is a reddened, young cluster, as
confirmed by the bottom snapshot for # 2565.

Next we examine object # 3723 in Figure 13. The three asso-
ciated HST snapshots show the object is in a very dusty, H𝛼 and
CO-rich area, and hence is a clear young interloper, as also appro-
priate for its location relative to the green and yellow lines. It is
located in the strongly star-forming ring near the center of NGC
3351.

While these two objects would be correctly identified as young
interlopers using both the green and yellow lines, we note the pres-
ence of five objects near the bottom of the panel for NGC 3351

that would be incorrectly identified as young interlopers by the CO
intensities since they are to the right of the yellow line.

6.1.3 H𝛼 measurements in NGC 3351: MUSE vs. HST

We now assess how well the lower-resolution MUSE H𝛼 obser-
vations perform in identifying young interlopers compared with
high resolution HST-H𝛼 images in the crowded star-forming ring of
NGC 3351. In Figure 14 we compare the MUSE HA6562_FLUX
values from Figure 13 with HST F657N (H𝛼) measurements made
from 2 pixel aperture photometry. In order to (approximately) sub-
tract out the continuum and identify sources with H𝛼 line emission,
we subtract the F814W HST magnitude, and normalize the mea-
surements so objects with no line emission have a positive F657N -
F814W magnitude, as shown by the orange dashed line.

The left panel of Figure 14 shows that two clusters are identified
as young interlopers based on HST H𝛼 measurements, the blue
points to the right of the vertical orange line. One of these (# 3752)
clearly has strong H𝛼 emission in the H𝛼-I-B image shown on the
right, while the other is in the outer part of the galaxy and also
shows clear but weaker line emission. These are the only two young
interlopers within the OGC-box identified from higher resolution
HST H𝛼 imaging, and contrasts with the eight, mainly incorrect
identifications, made from the MUSE HA6562_FLUX (blue points
above the green horizontal line).

We examine these sources in the high resolution HST image
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shown on the right in Figure 14. Three of these clusters (2881,
3529, and 3835) have measured H𝛼 emission from MUSE but not
from HST images. All three appear to be old globular clusters
and not young interlopers at higher resolution. Two other clusters
however, (3724 and 3729) have uncertain classifications, even at
HST resolution. These do not have associated H𝛼 emission, but are
in crowded regionswith other very young, H𝛼 emitting sources. The
last 2 clusters are further out in NGC 3351 (not shown in Figure 14),
with H𝛼 in the region but not directly associated with the source,
and hence are unlikely to be young interlopers. For comparison, we
point out two young, H𝛼 emitting clusters which do not have colors
in the OGC-box: cluster # 3009 has an estimated age of 3 Myr
and strong H𝛼 emission in the HST image, and cluster # 3300 is
somewhat older at ≈ 8 Myr, and has had time to clear out the H𝛼

emission around it.
In summary, we find that higher resolution H𝛼 observations

from Hubble improve the age estimates for five of eight clusters in
the OGC-box within NGC 3351 by showing that while there is H𝛼

emission in the region, it is not directly associated with the clusters.
The age estimate for one cluster is identical between HST and
MUSE, while for two others it remains ambiguous. NGC 1433 and
NGC 628 have almost no clusters in the OGC-boxwith H𝛼 emission
detected by MUSE (none in NGC 1433 and only one in NGC 628),
so the lower resolution H𝛼 imaging does not have much impact
in these galaxies. There would likely be a major improvement in
identifying young interlopers in NGC 1365 however. We plan to use
the PAH-emission from high resolution F335W JWST observations
(Lee et al. 2022a, Whitmore et al. 2022) to improve cluster age-
dating in NGC 1365.

6.1.4 NGC 628

The CO intensity vs. H𝛼 flux diagram for NGC 628 is shown in
the lower left panel of Figure 13. It is fairly similar to the one for
NGC 1433, but with even more clusters that would be incorrectly
identified as young interlopers based on CO intensity. The snapshots
of object # 3829 show only a few small patches of H𝛼 which may
or may not be associated with the cluster, and a position on the edge
of strong CO flux, probably due to the resolution problem.

One object of particular note is the object in the far upper right
of the panel. This source has the highest CO and H𝛼 emission by a
large margin. This is the "Headlight Cloud", as studied in Herrera
et al. (2020).

6.1.5 NGC 1365

The lower right panel in Figure 13 shows the distribution of clusters
for NGC 1365. As expected based on our earlier discussion, this
population looks quite different from those in the other three galax-
ies, with a large number of young interlopers indicated by both H𝛼
and CO intensities.

The snapshots only include B-V-I and CO for this galaxy since
there is no HST H𝛼 image for NGC 1365. Object # 3723 is a
typical example of a young interloper with both strong H𝛼 and CO.
Object # 2476 shows a less obvious example with a relatively small
amount of dust and likely foreground CO. Hence the designation
of this object as an interloper is uncertain. This source is close to
the crossing of the yellow and green lines used to define young
interlopers, as might be expected for an object with an uncertain
designation.

In the case of NGC 1365 there are roughly 20 objects near

the bottom right of the panel that would be incorrectly identified as
young interlopers by the CO intensities since they are to the right of
the yellow line but have no clear H𝛼 emission . Hence in all four of
our target galaxies, using CO instead of H𝛼 to identify interlopers
would result in more incorrect ages, ranging from 2 % more for
NGC 1433 and NGC 3351 to 4 % more incorrect for NGC 628 and
NGC 1365.

6.2 Comparison between H𝛼 and Dust

In the previous section we found that H𝛼 emission is better at iden-
tifying reddened young interlopers that fall in the OGC-Box than
CO emission at comparable resolution. Here, we assess how well
a measure of dust from high-resolution HST-based maps (Thilker
et al. 2023 - see Section 2) compares with lower-resolution MUSE-
based H𝛼 measurements at this same task. In principle, a measure
of the dust should have several advantages over H𝛼 and CO. First,
the structures can be identified and measured at the same physical
scales as the clusters themselves since they are both from the the
HST images. Second, we can assess the dust using the same HST
images used for the photometry rather than requiring additional H𝛼
or CO observations. In particular for our project, the dust maps are
available for all 38 PHANGS-HST galaxies rather than just the 19
galaxies with H𝛼 observed as part of PHANGS-MUSE.

Starting with NGC 1433 in the upper left panel of Figure 15,
we find theH𝛼 vs. dust diagram looks relatively similar to theH𝛼 vs.
CO shown in Figure 13. There are no young interlopers according
to the H𝛼 flux (i.e., no blue points above the green line), but five
young interlopers according to our dust measurements (the five blue
points to the right of the yellow line). A visual examination again
confirms that none of these five are actually young clusters. We note
that cluster # 1687 is the same false interloper seen in Figure 8 using
CO, but in this case is triggered by a moderate amount of dust at the
edge of the inner star formation region in NGC 1433, rather than by
the presence of H𝛼 from the MUSE measurement.

In NGC 628 and NGC 3351, the dust measurements are again
found to be less reliable than the H𝛼 measurements, but similar to
CO at identifying young interlopers in the OGC-box (i.e. there are
roughly a half dozen more candidates according to the yellow line
which are below theH𝛼 criteria shown by the green line). NGC1365
shows a large number of young interlopers using both H𝛼 and dust
as a criteria.

We also note that in both NGC 3351 and NGC 1365 there is
a tendency for the objects with the highest values of H𝛼 flux to
have low dust values (i.e., they turn back toward the upper left in
Figure 15). We believe this is due to a saturation problem since
these objects are usually in the densest dust lanes. We are currently
investigating potential ways to improve this situation for our dust
estimates, but for now we conclude that H𝛼 provides the best way
to identify interlopers.

Overall, we find that H𝛼 emission from MUSE, even at ≈factor
of 10 lower resolution than the HST images, is better able to identify
reddened, young clusters which are interlopers in the OGC-box or
the VI-limit region, than CO intensity or relative dust strength. This
is probably because H𝛼 emission is directly tied to the recently
formed clusters, whereas molecular gas and dust, which will form
the next generation of clusters, has a weaker spatial association with
the current generation of young clusters (e.g., Schruba et al. 2010,
Kruĳssen & Longmore 2014, Kreckel et al. 2018, Kruĳssen et al.
2019).

Although the focus in this section has been on young interlop-
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Figure 15. Same as Figure 13 but for dust vs.H𝛼 for all four galaxies.

ers, we note that with a change in the inequality sign (see Sections
4 and 5), H𝛼 (and CO and dust to a lesser extent) can also be
used to identify old interlopers in the high-reddening region of the
color-color diagram for NGC 1365.

7 IMPACT OF INCORRECT AGES AND MASSES ON
MEASUREMENTS OF CLUSTER DISTRIBUTIONS

7.1 Age Distribution in NGC 628

In the previous sections we show that old globular clusters can often
be incorrectly assigned young ages, with moderate to high redden-
ing values, and that reddened young clusters can be mistaken for old
globular clusters when standard SED-fitting techniques are applied
to cluster populations. The resulting incorrect ages and masses can
potentially impact cluster demographics, especially cluster age dis-
tributions. As an example, in this section we assess the impact on
the cluster population in NGC 628, which was included in both the
PHANGS-HST and LEGUS surveys.

We consider three sets of results: (i) the original age and mass

estimates from the PHANGS-HST pipeline, which assume solar
metallicity; (ii) the revised age and mass estimates where young
interlopers were identified using the OGC-box; and (iii) the revised
age and mass estimates where young interlopers were identified
using the VI-limit approach.

Figure 16 shows the age distributions in NGC 628 (top panels)
for the three different sets of results, and the corresponding age-mass
diagrams (bottom panels). The dashed line along the lower edge
of the age-mass diagrams shows how the luminosity limit of the
sample translates into the age-mass plane. The dashed vertical and
horizontal lines show that the regime used for the age distributions
stays above this luminosity limit, so incompleteness should not
play a role in the plotted distributions. The age bins used for each
distribution are identical to those presented by Adamo et al. (2017)
for NGC 628 based on the LEGUS survey (more details below).

It is clear from the bottom panels that the three different age-
dating methods discussed in this paper impact the overall demo-
graphics. In particular, correcting the ages of clusters found in the
OGC-Box, or via the VI-limit, correctly moves a number of massive
clusters originally found to have log Age ≈ 8 (i.e., the objects in the
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Figure 16. PHANGS-HST age distributions in the top panels and log Age vs.log Mass diagrams in the bottom panels for NGC 628. The three panels are,
from left to right, the original, the hybrid OGC-box and the hybrid VI-limit solutions. Two different mass ranges are used as defined by the dashed lines in the
bottom plot. The red oval shows the region where most of the bad ages have been corrected. See Figure 10 for a color-coded version of the log Age vs.log Mass
diagram. Only three age bins are used in the top panel to facilitate comparison with Adamo et al. (2017).

red oval) to older ages which are far more appropriate for old glob-
ular clusters. The resulting change in the age distribution is particu-
larly noticeable for clusters more massive than log (𝑀/𝑀�) > 4.5.

When fit to a power law 𝑑𝑁/𝑑𝜏 ∝ 𝜏𝛾 , where 𝜏 = Age and
𝛾 is the power law index, the original distribution (with incorrect
ages for old globular clusters) has a best value of 𝛾 = −0.18 ± 0.02
(top-left panel of Figure 16). However, after either of the two hybrid
methods used to identify and correct the ages of red clusters are
applied, this distribution is significantly steeper, with 𝛾 ≈ −0.7
(top-middle and right panels). This shows that the determination of
the power-law index of the age distribution can be quite sensitive to
age-dating results.

Interestingly, the age distribution for lower-mass
log (𝑀/𝑀�) = 4.2 − 4.5 clusters is essentially unaffected
by the age corrections (with best fits of −0.59 in all 3 cases), at
least in NGC 628, because old, globular clusters tend to populate

the high mass end around log Age ≈ 8 (see Figure 10 with color
coding).

In Figure 17, we present the age distribution for our best cluster
catalog (VI-limit), with double the number of bins shown in Figure
16. Here, we are able to plot the age distribution out to log Age
= 9.2 (above the completeness limit), as opposed to only out to
log Age = 8.4 as used in Adamo et al. (2017) and Figure 16, due to
the improved treatment of older ages. In addition, we include bins
at lower ages than Adamo et al. (2017); noting that they follow the
trend from the older points quite well. These longer baseline fits also
show steep power law fits for the hybrid age-dating solutions, with
𝛾 = −0.78± 0.07 for the high mass fit and 𝛾 = −0.67± 0.10 for the
low mass fit. If we remove the youngest age bin from the fit, due to
concerns about potential inclusion of unbound associations (Bastian
et al. 2012b), the fits are only weakly affected, with 𝛾 = −0.74±0.07
for the high mass fit and 𝛾 = −0.50 ± 0.05 for the low mass fit.
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7.2 Comparison with LEGUS Results for NGC 628

The cluster population in NGC 628 was studied previously by the
LEGUS project; see Grasha et al. (2015) and Adamo et al. (2017).
That collaboration used the same HST data (pointings and set of
five filters) as used in this work, but use the Yggdrasil SED models
(Zackrisson et al. 2011). Several different combinations of SEDs,
extinction laws and aperture corrections are provided in the LE-
GUS study. We have chosen to use the Padova isochrones, a Milky
Way extinction law, and mean aperture corrections. The results do
not vary much for the other combinations. The cluster properties
discussed here can be directly compared with our own result from
Figures 16 and 17, and Section 7.1.

We find that 134 out of 864 (16%) class 1+2 human-classified
LEGUS clusters are found in the OGC-box. This is similar to the
13% we find in the original PHANGS-HST pipeline results, as
listed in Table 1. The log Age vs. 𝐸 (𝐵 − 𝑉) diagram for LEGUS
(not shown) is very similar to the upper left panel of our Figure 10.
Nearly all of the clusters in the OGC-Box for the LEGUS results
are above the diagonal, just like the results we presented earlier for
the original PHANGS-HST pipeline age dating. In addition, there is
only one object with log Age > 9.5, similar to the zero objects with
log Age > 9.5 for the original PHANG-HST ages. This indicates
that the LEGUS age-mass results have the same problems as the
PHANGS-HST pipeline catalogs, which is reasonable since they
adopted similar fitting techniques and maximum reddening. This
also suggests that the effects on their science results will be similar
to those discussed in Section 7.1.

Adamo et al. (2017) find a shallow power-law index for their
(Class 1 + 2) cluster age distribution, −0.19 ± 0.07, based on the
same three age intervals shown in the bottom panels of Figure 16.
We found essentially identical results at the high mass end (notwith-
standing the systematic∼0.4 dex difference inmass estimates) when
we use the original PHANGS-HST catalog (top-left panel of Fig-
ure 16, which made similar assumptions during the age-dating pro-
cedure.

Hence, we find that the original PHANGS-HST log Age vs.
𝐸 (𝐵−𝑉) diagram, aswell as the original PHANGS-HST logAge vs.
log Mass and log Age vs. dN/dT diagrams, all look essentially iden-
tical to the LEGUS versions, showing that both studies are affected
by the age/metallicity/degeneracy problem. Fixing this problem us-
ing the hybrid solutions introduced in the current paper results in
steeper age distributions due to correctly moving ≈ 30 old globular
clusters from their original ages of log Age ≈ 8 to ages log Age
> 9.5.

The corrected age distributions for clusters in NGC 628 have
important implications for the disruption of the clusters. We find
that these distributions decline more-or-less continuously starting
at very young ages, and have a similar shape for clusters at different
masses. The simplest interpretation of this result is that the initial
masses of the clusters do not strongly impact their dissolution time,
often referred to as mass-independent disruption (Fall & Chandar
2012; Bastian et al. 2012b). However, this is not a unique inter-
pretation. Simulations using the MOSAICS framework (Kruĳssen
et al. 2011) have shown that the disruption rate of clusters changes
over time and with location, as clusters migrate from more to less
disruptive environments after they form. Including these variations
in the disruption rate often also results in a steep age-distribution,
with only a weak dependence on the cluster mass, even when mass-
dependent cluster disruption models are adopted (Kruĳssen et al.
2011; Miholics et al. 2017). In any case, it is critical that obser-
vational works accurately establish the shape of the cluster age

Figure 17. Age distributions determined from the (best) VI-limit cluster
catalog. These show a significantly larger number of data points than the
previous figure (see Section 7.1 for further discussion).

distribution in different galaxies, and in particular that they correct
mistakes in the age-dating of old globular clusters.

7.3 Impact on Other Works

Our resultsmake it clear that contamination by globular clustersmay
have had a significant impact on previous studies of cluster popula-
tions in star-forming galaxies. We have examined several previous
papers on cluster demographics and found that many others were af-
fected, at least at some level, by the same age/reddening/metallicity
degeneracy challenges discussed in this work. These include Whit-
more et al. (1999), Hunter et al. (2003), Larsen (2004), Fall et al.
2005, Gieles et al. (2005), Whitmore et al. (2010), Bastian et al.
(2012b), Adamo et al. (2017), and Moeller & Calzetti (2022), to list
a few. This is not meant to be a comprehensive list; we expect that
most works that rely on the results of age-dating stellar clusters that
do not include H𝛼 or some other narrow-bandmeasurement directly
in the fits may be affected by these issues at some level. A system-
atic technique to identify ancient globular clusters using multi-band
SED fits will be important going forward. We recommend that in
the future, authors consider including the following graphics in their
manuscripts to make it clear to what degree their results might be
affected by the age/reddening/metallicity degeneracies: (1) log Age
vs. 𝐸 (𝐵 − 𝑉) diagrams, (2) color-color diagrams, (3) log Age vs.
log Mass diagrams, (4) and color images of a few relevant objects.

Many early papers, like Whitmore et al. (1999) observations
of the Antennae galaxies, relied on the WFPC2 camera for U-
band photometry. The poor quantum efficiency of this instrument at
shorter wavelengths, roughly a factor of ten less than for WFC3 at
F336W, limited the scope of the problem because most old globular
clusters have sufficiently faint U-band fluxes that they fell out of
the samples. However, with the significant improvement to the blue
imaging capabilities with the ACS/HRC and WFC3 cameras, many
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globular clusters now have measurements at shorter wavelengths
which can lead to the problems highlighted in the current work.

Earlier in this Section, we described how incorrect age-dating
can affect the steepness of the age distribution for star clusters.
The preferential impact this problem appears to have on the high
mass end (see Figure 10 and the discussion in Section 7.1) could
potentially also affect the conclusion of whether cluster destruction
is mass-dependent or mass-independent, as discussed in a variety of
papers (e.g., Bastian et al. 2012b, Fall & Chandar 2012, Krumholz
et al. 2015). Other potential results that may be affected are whether
the upper end of the cluster mass function is best described by a
power law or by a Schechter function (e.g., Fall & Zhang 2001,
Gieles 2010, Adamo et al. 2015, Messa et al. 2018, Mok et al.
2019), and estimates of the fraction of stars that are born in clusters,
commonly known as Γ (Bastian 2008, Kruĳssen 2012, Adamo et al.
2015, Chandar et al. 2017), among other important results. These
and other issues related to the effect of using the improved hybrid
ages will be quantified in upcoming papers (Mok et al, and Chandar
et al., in preparation).

8 FUTURE WORK

The current study is a pilot program that will help improve the
PHANGS-HST pipeline results for cluster ages, masses, and red-
dening. The solutions developed as part of the current paper are
included as online MNRAS data products associated with this
article. The original version 1 catalogs (Turner et al. 2021), as
well as those developed from the future PHANGS-HST pipeline,
will all be included in the PHANGS-HST archives at https:
//archive.stsci.edu/hlsp/phangs-cat.

The techniques developed in the current paper might be
described as a "post-facto" approach, that is, running multiple
CIGALEmodels with a variety of metallicities and 𝐸 (𝐵−𝑉) limits,
and then using other information (i.e., colors, CO intensities, H𝛼
flux, dust) to decide which solution is most appropriate for a given
star cluster "after the fact". We are currently developing a more "ab-
initio" approach, where priors, partially developed from the current
study, will be used by the CIGALE software early in the process to
select the correct peak (age/reddening/metallicity combination) in
a multi-modal probability distribution (see Figure 4).

One advantage of the ab-initio approach is that it will seam-
lessly make corrections for all the clusters, not just the ones with the
most obvious problems (i.e., old globular clusters, heavily reddened
clusters), as discussed in the current paper. Similarly, in the current
approach there are discontinuities at the edges of regions identified
in color-color space that can be eliminated.

One of the primary problems for the current project was the
poor resolution of the CO andMUSEH𝛼 observations, as discussed
in Section 5. H𝛼 observations using the Hubble Space Telescope
for the missing galaxies will significantly improve this aspect (i.e.,
proposal 17126 - PI = Chandar). Similarly, improvements in the
newly developed dust maps (e.g., Thilker et al. 2022) might also
make this parameter more useful for measuring ages. In principle, it
may be possible to use a wide variety of information (e.g., H𝛼, CO,
dust, 𝐸 (𝐵−𝑉) Balmer decrement, etc.) simultaneously, rather than
just H𝛼. In addition, we plan to make extensive tests of the effects
of a variety of different parameters including metallicity, reddening
laws, and the presence of binaries and horizontal branch stars, to
name just a few.

Finally, results which include near-infrared photometry from
JWST observations (Lee et al. 2022a) will be presented in future

catalogs. This should be especially valuable for the population of
deeply embedded clusters in dusty galaxies like NGC 1365, and
will also help with age-dating since PAH emission is primarily
associated with young regions (Papovich et al. 2007, Popescu et al.
2011).

9 SUMMARY AND CONCLUSIONS

New techniques have been developed to improve SED age estimates
of star clusters for four galaxies from the PHANGS-HST survey. The
project is designed as a pathfinder for the future development of an
improved PHANGS-HST pipeline, and will eventually incorporate
new measurements from JWST observations. The primary focus
is to reduce or eliminate effects of the age/reddening/metallicity
degeneracy for the two most pressing problems: 1) old globular
clusters with age estimates that are too young (and reddening that is
too high), and 2) highly reddened young clusters with age estimates
that are too old (and reddening that is too low).

A problem with most current age-dating studies is the use of
a single metallicity, generally solar. This results in a mismatch be-
tween the observations and SED models that invalidates the fitting
process at the first step for many objects. In particular, old globular
clusters have low metallicity that puts them above the solar SED
models in a 𝑈 − 𝐵 vs. 𝑉 − 𝐼 diagram. The primary strategy used
in the current paper is to identify likely old globular clusters from
their position in a color-color diagram, and use 1/50th metallicity
models with 𝐸 (𝐵 − 𝑉) constrained to be less than 0.1 mag. Inter-
lopers (generally young objects reddened by dust rather than age)
are identified using H𝛼 flux information and are given the original
solar metallicty solution. CO intensities and dust maps were also
examined for this purpose, but found to be less effective.

The CIGALE software (Boquien et al. 2019) is used with
Bruzual-Charlot models as the primary software tool. The obser-
vational inputs are five color (F275W, F336W, F435W, F555W,
F814W) HST photometry from Version 1.1 of the PHANGS-HST
pipeline (Turner et al. 2021), and H𝛼 flux values from MUSE (Em-
sellem et al. 2022). Secondary information is provided in the form of
CO observations from ALMA (as part of the PHANGS consortium
Leroy et al. 2021), and dust models from Thilker et al. (2023).

The primary results are:
1. Age-dating success fractions are improved for the program

galaxies by approximately 9 % (NGC 628), 9 % (NGC 3351), 13 %
(NGC 1365), and 18 % (NGC 1433). Success is defined as limiting
differences between manually estimated and predicted ages to less
than a factor of ten. While these may seem to be relatively small
improvements, for certain objects (e.g., old globular clusters) the
difference can be 100 %. For example, the increase in the number
of old globular clusters (i.e., log Age > 9.5) goes from 0 to 65 for
NGC 628. In addition, the majority of the incorrect ages for old
globular clusters are systematically assigned values in the range 5
to 500 Myr. This can pollute the study of young and intermediate
age cluster populations, impacting a variety of key science results.

2. Two approaches are used for the three relatively dust-free
galaxies (NGC 1433, NGC 3351, NGC 628). The first uses positions
in the 𝑈 − 𝐵 vs. 𝑉 − 𝐼 diagram to identify potential Old Globular
Clusters (i.e., the OGC-box approach). The second uses the VI-limit
approach, so that U-band measurements are not required. The VI-
limit approach appears to be better in all three galaxies, with overall
success fractions of approximately 97%. This method is expected to
work well for all but a few of the dustiest PHANGS-HST galaxies.

3. A somewhat different approach is used for the very dusty,
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high SFR galaxy NGC 1365. The primary differences are the use
of a smaller OGC-box, and the inclusion of an additional high-
reddening region of the color-color diagrams (i.e., where young
clusters are often given incorrect estimates of old ages and low
reddening - opposite to the problem with old globular clusters in
the OGC-box). The overall success fraction for the new hybrid age
estimates for NGC 1365 is approximately 92%.

4. H𝛼 emission currently provides the best method of identify-
ing and correcting "interlopers" from the default procedures outlined
above (i.e. young interlopers in the OGC-box or VI-limit approach;
old interlopers in the high-red region for NGC 1365). This may be
because H𝛼 emission is directly tied to the recently formed clusters,
whereas molecular gas and dust has a weaker spatial association
with the current generation of young clusters.

5. An interesting aspect of NGC 1365 is a large number of
≈ 300 Myr clusters, and a reddening vector ‘plume’ of points from
this population clearly visible in the 𝑈 − 𝐵 vs.𝑉 − 𝐼 diagram. We
believe this is a natural result of extensive star formation along the
bar which eventually separates itself from the gas and dust which
tends to spiral into the central region due to dissipation.

6. The errors in age estimates from the
age/reddening/metallicity degeneracy result in systematic
rather than random errors. As such, they can affect a wide variety
of science results. To demonstrate, we examine the power law
index of the age distribution in NGC 628 and find it steepens by
approximately 0.5 for high mass clusters. The improved ages also
allow us to push to larger values of log Age, and hence increase the
number of data points used in fits for various correlations.

The problems described in this paper are potentially endemic
to a large number of studies from the past several decades. They are
especially prevalent after WFC3 became available in 2010 with its
excellent UV sensitivity and wide field of view. Before this, most
old globular clusters fell out of age-dating star cluster samples in
external galaxies due to the faint UV flux from their old populations.
The effects of these problems may be quite widespread. Examples
include the steepness of the age functions (e.g., see Section 7), the
apparent cutoff at the high end of the mass function, the fraction of
stars that form in clusters, and the specific frequency of old globular
clusters in galaxies.

Potential evidence of the effects of the
age/reddening/metallicity degeneracy in a sample of star
clusters include: 1) the lack of old globular clusters in a sample
(i.e., few or none beyond log Age = 9.5), and 2) a large number
of intermediate-age clusters with high values of reddening (i.e.,
above a ‘diagonal’ running from log Age, 𝐸 (𝐵 − 𝑉) = (6.0, 1.0)
to (9.0, 0.1)) . We encourage authors to include diagrams such as
color-color, log Age vs. 𝐸 (𝐵 − 𝑉), and log Age vs. log Mass plots
to help identify the effects of this problem in different studies.

The original version 1 cluster catalogs developed by Turner
et al. (2021) are available through the PHANGS-HST archives
at https://archive.stsci.edu/hlsp/phangs-hst. The cat-
alogs developed as part of the current paper are included as
online MNRAS data products associated with this article. The
PHANGS-HST pipeline will use the lessons learned in this pilot
study to develop an "ab-initio" approach within CIGALE, select-
ing peaks from the multi-modal probability distributions, as briefly
described in Section 8. These new catalogs will be included in
the PHANGS-HST archives at https://archive.stsci.edu/
hlsp/phangs-cat.
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Table 1. Statistics for the Four Program Galaxies

Galaxy (star formation rate) N 1433 (SFR = 0.56) N 3351 (SFR = 0.87) N 628 (SFR = 0.93) N 1365 (SFR = 16.9)

number of class 1 and 2 clusters (human classification) 191 317 489 635
number in OGC-Box (mainly old globular clusters) 49/191 = 26 % 56/317 = 18 % 63/489 = 13 % 88/635 = 14 %
number in VI limit region 58/191 = 40 % 75/317 = 24 % 96/489 = 20 %
number in high red region (mainly young, dusty) 43/635 = 7 %

standard solution, above diagonal (i.e., ages suspect) 40/191 = 21 % 41/317 = 13 % 70/489 = 14 % 128/635 = 20 %
hybrid OGC-box solution, above diagonal (i.e., ages suspect) 3/191 = 2 % 12/317 = 4 % 23/489 = 5 %
hybrid VI-limit solution, above diagonal (i.e., ages suspect) 0/191 = 0 % 7/317 = 2 % 12/489 = 2 %
NGC1365 solution, above diagonal (i.e., ages suspect) 120/635 = 19 %

standard solution, old globular clusters (log Age > 9.5) 1/191 = 1 % 7/317 = 2 % 0/489 = 0 % 22/635 = 3 %
hybrid OGC-box solution, old globular clusters log Age > 9.5) 43/191 = 23 % 44/317 = 14 % 53/489 = 11 %
hybrid VI-limit solution, old globular clusters (log Age > 9.5) 47/191 = 25 % 50/317 = 16 % 65/489 = 13 %
hybrid (NGC1365), old globular clusters (log Age > 9.5) 55/635 = 9 %

Reason remaining above diagonal using hybrid approach:

case # 1 - Unreliable U-band - GOOD/BAD𝑎 age OGC: 3/0, VI: 0/0 OGC: 0/4, VI: 0/0 OGC𝑏 : 3/8, VI𝑏 : 1/1 4/1

case # 2 - OGC-box interloper: - GOOD/BAD age OGC: 0/0, VI: 0/0 OGC: 3/3, VI: 3/2 OGC: 1/0, VI: 1/0 14/4

case # 3 - VI-limit interloper: - GOOD/BAD age OGC: 0/0, VI: 0/0 OGC: 0/0, VI: 0/0 OGC: 1/0, VI: 1/0 3/2

case # 4 - High red (N1365): - GOOD/BAD age 32/7

case # 5 - 300 Myr plume (N1365): - GOOD/BAD age 34/4

case # 6 - Resolution problem- GOOD/BAD age OGC: 0/0, VI: 0/0 OGC: 0/1, VI: 0/1 OGC: 0/0, VI: 0/0 3/2

case # 7𝑐 - Artifact - GOOD/BAD age OGC: 0/0, VI: 0/0 OGC: 1/1, VI: 1/0 OGC: 7/2, VI: 6/3 10/5

Summary - OGC-box (remaining BAD ages above diag.) 3/191 = 2 % 9/317 = 3 % 10/489 = 2 %
Summary - VI-limit (remaining BAD ages above diag.) 0/191 = 0 % 3/317 = 1 % 5/489 = 1 %
Summary - N1365 (remaining BAD ages above diag.) 24/635 = 4 %

Success % (assume 96 % and 90 % [n1365] below diag.) 97 % 97 % 97 % 92 %
𝑎 - Evaluation of whether good or bad age estimate (i.e., within a factor of
ten). Based on a visual review of the B-V-I, H𝛼, and CO images.
𝑏 - Unreliable U-band because off the edge of the image.
𝑐 - Artifacts include cluster misclassifications (e.g., slightly saturated stars,
close pairs of stars, background galaxies, ...), objects with colors that place
them just outside of the color criteria so no correction is made, but should
have been made (e.g., 𝑉 − 𝐼 = 0.94), objects where the solution reverts to
the original solar metallicity solution and that turns out to be wrong (e.g.,
an object with strong H𝛼 given an age of 100 Myr).
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