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ABSTRACT

The sensitivity and angular resolution of photometric surveys executed by the Hubble Space Telescope (HST) enable
studies of individual star clusters in galaxies out to a few tens of megaparsecs. The fitting of spectral energy distri-
butions (SEDs) of star clusters is essential for measuring their physical properties and studying their evolution. We
report on the use of the publicly available Code Investigating GALaxy Emission (CIGALE) SED fitting package to
derive ages, stellar masses, and reddenings for star clusters identified in the Physics at High Angular resolution in
Nearby GalaxieS—-HST (PHANGS-HST) survey. Using samples of star clusters in the galaxy NGC 3351, we present
results of benchmark analyses performed to validate the code and a comparison to SED fitting results from the Legacy
ExtraGalactic Ultraviolet Survey (LEGUS). We consider procedures for the PHANGS-HST SED fitting pipeline, e.g.,
the choice of single stellar population models, the treatment of nebular emission and dust, and the use of fluxes versus
magnitudes for the SED fitting. We report on the properties of clusters in NGC 3351 and find, on average, the clusters
residing in the inner star-forming ring of NGC 3351 are young (< 10 Myr) and massive (105 M) while clusters in
the stellar bulge are significantly older. Cluster mass function fits yield § values around —2, consistent with prior
results with a tendency to be shallower at the youngest ages. Finally, we explore a Bayesian analysis with additional
physically-motivated priors for the distribution of ages and masses and analyze the resulting cluster distributions.

Key words: galaxies: star clusters: general — galaxies: individual NGC 3351 — methods: data analysis
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1 INTRODUCTION

The measurement of the physical properties of stellar pop-
ulations using broadband photometry is an arduous task.
Even at the level of an individual single-aged star cluster,
various phenomena are at play. As starlight interacts with
dust, a fraction is absorbed and then re-emitted at longer
wavelengths. Additionally, the dust obscures the view of the
star clusters leading to extinction and reddening of the stellar
emission. Young clusters contain massive stars that ionize the
surrounding gas, leading both to the rise of a nebular contin-
uum and to the appearance of a series of emission lines. This
nebular emission can be quite bright, and may represent a
non-negligible fraction of the flux captured by broadband fil-
ters (e.g., Anders & Fritze-v. Alvensleben 2003; Groves et al.
2008; Boquien et al. 2010; Reines et al. 2010). In addition to
the effects from dust and ionized gas, there are dependencies
on the initial mass function (IMF) of the stellar population
where the IMF can be fully-sampled or stochastically sam-
pled (e.g., Barbaro & Bertelli 1977; Girardi & Bica 1993).
To further our understanding of star cluster formation and
evolution, it is necessary to carefully account for these effects
to accurately measure fundamental cluster properties such as
the age, mass, and reddening.

These measurements of stellar cluster properties provide an
essential tool for understanding the mechanisms which drive,
regulate, and extinguish star formation at small scales. In
turn, catalogs of star clusters can be combined with observa-
tions of gas in nearby galaxies to chart the cycling of gas into
stars, allowing us to study the dependence of star formation
on environmental parameters on galactic scales. Previously
developed catalogs of stellar cluster ages and masses have en-
abled the study of cluster mass and age functions (e.g., Foues-
neau et al. 2014; Ashworth et al. 2017; Chandar et al. 2017;
Linden et al. 2017; Mok et al. 2019), star formation in differ-
ent environments (e.g., Whitmore et al. 2014; Chandar et al.
2017; Leroy et al. 2018), and star formation efficiencies and
timescales (e.g., Grasha et al. 2018, 2019). Most recently, the
Legacy ExtraGalactic Ultraviolet Survey (LEGUS) project
(Calzetti et al. 2015) has derived the ages, masses, and red-
denings of star clusters using the SED modelling techniques
described in Adamo et al. (2017).

Over the past decades, various codes have been developed
to model the panchromatic emission from galaxies. Combined
with Bayesian techniques, they can provide deeper insight
into the properties of star cluster populations in conjunction
with simple x? minimization for constraining physical param-
eters (e.g., da Cunha et al. 2008; Franzetti et al. 2008; Han
& Han 2012; Moustakas et al. 2013; Chevallard & Charlot
2016). Although this machinery has enabled significant ad-
vances for the interpretation of galaxy spectral energy distri-
butions (SEDs), application to stellar clusters has been more
limited.

The availability of public codes under permissive licenses
offers an opportunity to bring the benefits enjoyed by galaxy
studies to studies of stellar clusters. Here, we report on an
augmentation of the publicly available SED fitting pack-
age CIGALE: Code Investigating GALazy Emission' (Bur-
garella et al. 2005; Noll et al. 2009; Boquien et al. 2019)

I https://cigale.lam.fr
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to derive ages, stellar masses, and reddenings for star clus-
ters identified in the Physics at High Angular resolution in
Nearby GalaxieS-HST (PHANGS-HST) survey (J. C. Lee
et al. in prep.)?. PHANGS? is a panchromatic collaboration
comprised of: PHANGS-ALMA, a large CO(2-1) mapping
program aimed at covering a representative sample of ~74
nearby galaxies (A. K. Leroy et al., in prep.); PHANGS-
MUSE, a Very Large Telescope (VLT) imaging program of
~20 of the PHANGS galaxies with the MUSE optical IFU
instrument (E. Emsellem et al. in prep.; see first results in
Kreckel et al. 2016, 2019); and PHANGS-HST which aims
to chart the connections between molecular clouds and young
star clusters/associations throughout a range of galactic en-
vironments by imaging the 38 galaxies from the PHANGS
sample best-suited* for study of resolved stellar populations.
PHANGS-HST observations, which begun in 2019 April and
are scheduled to conclude in mid 2021, are expected to yield
NUV-U-B-V-I photometry for tens of thousands of stellar
clusters and associations.

CIGALE is designed for speed, ease of use, and adaptabil-
ity. It is based on a Bayesian approach for estimating phys-
ical properties and the corresponding uncertainties. It has
the necessary flexibility for handling different stellar evolu-
tion tracks, star formation histories, dust attenuation curves,
and options for including nebular emission. A x? minimiza-
tion option is available with CIGALE to simplify comparisons
with prior work. It is well-suited for supporting stellar clus-
ter studies, as well as for self-consistent modelling of both
single-aged and composite stellar populations. Such an ap-
proach is needed for the characterization of structures across
the full star formation hierarchy, beyond the densest peaks
(i.e., stellar clusters), as will be investigated by PHANGS.

For this specific work, CIGALE has been been expanded to
handle the modelling of pure single-aged stellar populations,
and the YGGDRASIL stellar populations models (Zackrisson
et al. 2011) have been added to allow for easy comparison
with previous studies, complementing the Bruzual & Charlot
(2003, hereafter BC03) populations that are provided by de-
fault.® CIGALE fits photometry in linear flux units by default,
but a modification to enable the fitting of photometry in units
of magnitudes has also been implemented to allow for easy
comparison with previous star cluster SED modelling studies.
These changes are available in dedicated branches, SSP and
SSPmag, respectively, of the public git repository® of CIGALE.
When employing these modified versions, one still has the op-
tion to run CIGALE in its default operating mode of modelling
the SFH rather than to fit the SSP track directly.

2 https://phangs.stsci.edu

3 http://www.phangs.org

4 Galaxies that are relatively face-on, avoid the Galactic plane,
and have robust molecular cloud populations to facilitate joint
analysis of resolved stellar populations and molecular clouds (G.
S. Anand et al. in prep; J. C. Lee et al. in prep.).

5 There are a number of star formation history (SFH) and sin-
gle stellar population (SSP) modules available by default within
CIGALE. The SFH modules included are a double exponential,
a delayed SFH with optional exponential burst or constant
burst/quench, a periodic SFH, and a user specified SFH read in
from an input file. The SSP models included by default are Bruzual
& Charlot (2003) and Maraston (2005).

6 https://gitlab.lam.fr/cigale/cigale.git
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Table 1. HST Integrations for NGC 3351

Name F275W  F336W F438W F555W  F814W
[s] [s] [s] [s] [s]

PHANGS 2190 1110 1050 670 830

LEGUS 2361 1062 908 1062 908

Table 1. HST WFC3 UVIS imaging exposure times corresponding
to the footprints illustrated in Figure 1. New data for NGC 3351
were obtained by PHANGS-HST in all five filters, in order to
better cover the region mapped in CO with ALMA.

This paper is part of a series which documents the ma-
jor components of the overall PHANGS-HST data products
pipeline: survey design and implementation (J. C. Lee et al. in
prep.); source detection and selection of compact star cluster
candidates (D. A. Thilker et al. in prep.); aperture correction
and quantitative morphologies of star clusters (S. Deger et
al. in prep.); star cluster candidate classification (B. C. Whit-
more et al. in prep.); neural network classification proof-of-
concept demonstration (Wei et al. 2020); stellar association
identification and analysis (K. L. Larson et al. in prep.); and
constraints on galaxy distances through analysis of the Tip of
the Red Giant Branch (TRGB) as observed in the PHANGS—
HST parallel pointings (Anand et al. 2020).

Here, we focus on the methodology for fitting the NUV-
U-B-V-I photometry for star clusters with CIGALE. In Sec-
tion 2, we review the data utilized in this work. In Sec-
tion 3, we present the results of a benchmark analysis to
validate the code.” We use CIGALE to fit mock cluster pho-
tometry and examine the accuracy of the recovered proper-
ties. We also use CIGALE to fit photometry for stellar clusters
in NGC 3351 published by the LEGUS project, and compare
with results from their proprietary stellar cluster SED fitting
code (Adamo et al. 2017). In Section 4, we use new imag-
ing data obtained by PHANGS-HST for a larger region of
NGC 3351 to help establish procedures for the PHANGS—
HST SED fitting pipeline using CIGALE (e.g., single stellar
population models to be adopted, treatment of nebular emis-
sion and dust), and quantify model dependencies in the re-
sults. In Section 5, we take an initial look at the stellar cluster
age, mass, and reddening results for NGC 3351 and explore
spatial dependencies as well as the mass functions. Addi-
tionally, we explore the application of physically-motivated
Bayesian priors. Finally, in Section 6, we discuss possible fu-
ture additions and tweaks to the SED modelling pipeline. We
end by summarizing our findings in Section 7.

2 DATA
2.1 NGC 3351 HST Imaging

To exercise our SED-fitting procedures, we use pho-
tometry of stellar clusters measured from Hubble Space
Telescope (HST) NUV-U-B-V-I (F275W-F336W-F438W-
F555W-F814W) imaging of the nearby galaxy NGC 3351.
NGC 3351 is an Sb spiral at 10.0 Mpc (Freedman et al.
2001) with an approximately solar metallicity (Moustakas

7 See also Hunt et al. (2019) for a recent benchmark study involv-
ing CIGALE for the modelling of galaxy SEDs.
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Figure 1. WFC3 observation footprints from PHANGS-HST
(green) and LEGUS (orange) overlaid on a Sloan Digital Sky sur-
vey g-r-t image of NGC 3351 (David W. Hogg, Michael R. Blanton,
and the Sloan Digital Sky Survey Collaboration). The WFC3 field
of view is 162" x162".

et al. 2010). Measurements using PHANGS-MUSE H1I re-
gions confirm this, and also show a flat radial metallicity gra-
dient across our field of view (K. Kreckel priv. comm.), which
simplifies the interpretation of results based upon the stan-
dard assumption of a single metallicity model for the entire
cluster population of a galaxy.

Though 80 per cent of the PHANGS-HST galaxy sample
had no existing HST wide-field imaging prior to the start
of the program, NGC 3351 is one of the exceptions. It was
observed by LEGUS in 2014 and was one of the first tar-
gets to be observed in the PHANGS program in 2019 May.
While LEGUS observations were taken to maximize radial
coverage of the galaxy including the nucleus, PHANGS-HST
seeks to maximize the coverage of available PHANGS-ALMA
CO(2-1) mapping, which leads to overlapping but comple-
mentary observations as shown in Figure 1. Exposure times
are given in Table 1. Star cluster photometry along with
masses, ages, and reddening from SED fitting for sources de-
tected in the area observed by LEGUS (Adamo et al. 2017)
are publicly available through MAST from LEGUS.® Not only
does this make NGC 3351 an excellent choice for a benchmark
analysis, but the galaxy has been well studied due to its cir-
cumnuclear star formation (e.g., Buta 1988; Elmegreen et al.
1997), and it is also in the SINGS sample (Kennicutt et al.
2003). Hence, there is a wealth of ancillary data available,
which provide independent constraints on parameters of in-
terest here, such as dust reddening and metallicity, albeit at
lower resolutions.

NGC 3351 is also an interesting subject for a first look at
the variation of cluster properties in different environments

8 https://legus.stsci.edu
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using the PHANGS-HST dataset, again due to its morpho-
logical and dynamical structure. This barred spiral galaxy
exhibits a large range in optical surface brightness and lev-
els of obscuration by dust between its inner and outer star-
forming rings (the latter of which is now completely sampled
with the addition of new PHANGS-HST imaging as shown
in Figure 1).

2.2 NGC3351 Star Cluster Photometry

For our SED fitting analysis, we use NUV-U-B-V-I pho-
tometry of star clusters which have been identified by the
PHANGS-HST pipeline, visually inspected and classified.
The PHANGS-HST methodology for source detection, can-
didate selection, and cluster classification builds upon the
process developed by LEGUS. The LEGUS procedure is de-
scribed in detail in Grasha et al. (2015) and Adamo et al.
(2017), and we give a brief overview here. Source detection
was performed with SEXTRACTOR on the V-band image.
Clusters selected for analysis and whose properties were de-
rived via SED fitting were those objects which: (1) had a
concentration index (CI) greater than 1.3 (i.e., a difference in
magnitudes between circular apertures with radii of 3 and 1
pixels, which indicates that the object is more extended than
a point source); (2) had My < —6 Vega mags (after aperture
correction) and were detected in at least 4 of 5 filters; (3) had
been visually inspected and classified as either a class 1: sym-
metric compact cluster, class 2: asymmetric compact cluster,
class 3: multi-peaked compact association.

In the PHANGS-HST and LEGUS footprints, we find a
total of 468 clusters (with 133, 166, 166 visually inspected
to be class 1, class 2, and class 3 objects using the same
classification criteria as LEGUS). Of these, 136 are within the
new area of NGC3351 observed by PHANGS-HST (with 18,
56, and 61 visually inspected to be class 1, class 2, and class 3
objects). Details of the PHANGS-HST cluster identification
methodology is presented in D. A. Thilker et al. (in prep.)
and B. C. Whitmore et al. (in prep.).

A detailed comparative analysis of the PHANGS-HST and
LEGUS clusters catalogs is presented in D. A. Thilker et al.
(in prep.), and comparison with the stellar association cata-
log is presented in K. L. Larson et al. (in prep.). Overall, the
PHANGS-HST and LEGUS catalogs for the imaging obser-
vations originally obtained by LEGUS for NGC 3351 contain
a comparable number of clusters to My < —6 Vega magni-
tude (after aperture correction) with ~75 per cent overlap.

Photometry is performed on each cluster with an aperture
radius of 4 pixels which, at the distance of NGC 3351, corre-
sponds to a physical scale of 7.7 pc. To account for extended
emission beyond the 4 pixel radius, an aperture correction
of 0.68 mag in the V-band is applied (NUV: 0.87 mag, U:
0.80 mag, B: 0.71 mag, I: 0.80 mag) independent of cluster
profile. Foreground extinction to NGC 3351 due to the Milky
Way is computed following Schlafly & Finkbeiner (2011),
which adopt Schlegel et al. (1998) reddening maps and the
Fitzpatrick (1999) reddening law with Ry = 3.1. The details
of the aperture correction derivation is presented in S. Deger
et al. (in prep.). The median signal-to-noise ratio for a cluster
in the V-band is ~45 (min: ~8, max: ~310).

MNRAS 000, 1-22 (2020)

3 BENCHMARK TESTING CIGALE
3.1 CIGALE: Basic Considerations

CIGALE operates by generating a grid of models based on the
user’s input parameters. In our case, the model grid samples
two free parameters: age and reddening based on our cho-
sen single-age stellar population (SSP) model, e.g., the BC03
models. The sampling of the age and reddening grids is cho-
sen by the user. For the age grid, we have ten linearly spaced
models for 1 to 10 Myr (AT = 1 Myr, the highest precision
available to CIGALE) and 100 evenly log-spaced models for 11
to 13750 Myr (Alog(T/Myr) = 0.3). Although cluster mass
is an output of the SED modeling, it is not treated as a third
dimension of the model grid. The masses corresponding to
a particular model on the age-reddening grid are determined
directly from the chosen IMF and star formation history. The
masses are normalized to 1 Mg at birth and once CIGALE fits
a cluster’s SED based on the age and reddening, the mass
is appropriately scaled based on the cluster’s luminosity. A
fully-sampled IMF is assumed. The effect of a stochastically
sampled IMF is discussed in Section 5.5. Model assumptions
are listed in Table 2B.

CIGALE compares the cluster’s photometry with each model
of the grid and calculates the x? value to determine the
goodness-of-fit. The x? value is converted into a likelihood
via exp(—x?/2). Once each model has been tested, CIGALE
estimates the best-fit parameters in two ways: simple x> min-
imization and a likelihood-weighted mean (see Boquien et al.
2019, section 4.3). The model with the lowest x? is the ‘best-
fitting’ result and allows for easy comparison with other SED
fitting procedures commonly used in the past (e.g., Chan-
dar et al. 2010; Adamo et al. 2017). 1o uncertainties can be
calculated by the difference between the best-fitting model
and the models with xZuceq values of 1 + X?educed,min' The
likelihood-weighted mean of all the models on the grid is com-
puted which is used as a Bayesian estimate for the physical
properties. 1o uncertainties are determined by the likelihood-
weighted standard deviation of all the models.® Note that
while the figures of this paper present the ages and masses
in logarithmic units, CIGALE performs all analyses in linear
units.

For the first part of our analysis we examine results based
on the best-fitting (x* minimized) values, which facilitates
comparison to the body of previous star cluster work. Later in
Section 5.6, we explore differences when additional Bayesian
priors are imposed on the age and mass distributions and how
to estimate the cluster properties from the posterior proba-
bility distribution functions.

3.2 Recovery of Mock Clusters

First, to determine how well cluster properties can be con-
strained, we generate mock cluster photometry for known
cluster ages, masses, and reddenings to estimate how well
CIGALE recovers these cluster properties. As our starting
point, we adopt the 296 model SEDs (i.e., model NUV, U,

9 In other words, we calculate the likelihood-weighted mean of the
marginalized probability distribution function (PDF) with only a
flat, bounded prior. The 1o uncertainties describe the width of the
peak of the PDF.



B, V, I fluxes, ages, masses, and reddenings) that best fit
(x* minimized) the PHANGS-HST visually-classified class 1
and 2 star clusters in NGC 3351 which have photometric de-
tections in all five bands. The mock cluster fluxes are then
produced by randomly selecting a flux from a Gaussian distri-
bution centered on the model flux with a standard deviation
based on the median photometric uncertainty in each band of
our PHANGS-HST cluster catalog. The median uncertainties
(for photometry within a 4 pixel radius aperture; see D. A.
Thilker et al. in prep.) are 5.02 per cent for F275W, 5.12 per
cent for F336W, 3.51 per cent for F438W, 2.24 per cent for
F555W, and 3.21 per cent for F814W. We then run CIGALE
on this mock catalog and compare the resulting best-fitting
values with the ‘true’ input values as shown in Figure 2.

As Figure 2 shows, cluster ages are well recovered across
the sample within the uncertainties except at 1 Myr, at just
below 10 Myr, and for the oldest clusters. From 10 Myr to
~30 Myr, the evolutionary tracks loop back onto themselves
(see Figure 5) which introduces degeneracies of the available
SEDs which map to the SSP models at those ages. Across
the entire sample, the standard deviation of the difference
between the ‘true’ and recovered ages, masses, and reddenings
are 0.31 dex, 0.18 dex, and 0.09 mag, respectively. There is no
significant systematic offset between the true and recovered
ages.

The clusters with large residuals are found to be mostly
those with probability distribution functions (PDFs) which
exhibit bimodality where the young models with high red-
dening and older models with less reddening are both likely.
We find ~20 per cent of the estimated cluster sample to have
bimodal PDFs. Figure 3 shows the distribution of recovered
ages for the bimodal cases as a fraction of the total number
of mock clusters across ten age bins. The grouping of clus-
ters with true ages around 100 Myr and underestimated age
results have PDFs which are all bimodal. In this case, the
x> minimization chose the young mode when the old mode
was the true age. A majority of the clusters with true ages
at 10 Myr and overestimated age results are bimodal as well.
In this case, the opposite is true; the x* minimization chose
the old mode when the young mode was the true age. The
bimodality causes an increase in the scatter for the estimated
E(B-V) versus the true E(B—V) values. Aside from these
cases, for the most part, the reddenings are recovered well
with a median difference from the ‘true’ reddening value of
0.0 mag with a dispersion of 0.09 mag. The cluster masses are
also recovered well across the mock catalog sample within the
uncertainties. The median logarithmic mass ratio is 0.01 dex
with a dispersion of 0.18 dex. Overall, we can expect CIGALE
to behave consistently within our photometric uncertainties
with the exception of the bimodal cases which are discussed
in depth in later sections.

3.3 Comparison with LEGUS SED Modeling

As a second method of benchmark testing, we use the pub-
lished photometry'® for the 292 clusters identified by LE-
GUS in their HST imaging of NGC 3351, fit the photometry

10 nttps://archive.stsci.edu/prepds/legus/cluster_
catalogs/ngc3351.html
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with CIGALE, and compare to results from the SED mod-
eling performed by LEGUS as described in Adamo et al.
(2017). For the benchmark testing, we focus only on the 289
LEGUS clusters with photometric measurements in all five
bands. We adopt the same assumptions used to produce the
LEGUS “reference” catalogs (Adamo et al. 2017); Table 2A
summarizes the parameters adopted for the benchmark com-
parison. Briefly, Adamo et al. (2017) utilized the Padova—
AGB stellar evolution isochrones and the YGGDRASIL pop-
ulation synthesis code (Zackrisson et al. 2011) to generate
single-aged stellar population models. The LEGUS work as-
sumes a Kroupa (2001) IMF from 0.1 — 100 M; the Cardelli
et al. (1989) Milky Way extinction law; flux from the nebular
continuum and emission lines with a fixed covering fraction
of 0.5; and solar metallicity isochrones. The minimum red-
dening is F(B—V) = 0 mag and the maximum is set to be
E(B-V) = 1.5 mag with steps of 0.01 mag. The models are
reddened before being fitted to the observed photometry.
Figure 4 provides the residuals when comparing our
CIGALE-derived stellar cluster ages and masses to those
given by LEGUS. The agreement between the LEGUS and
CIGALE SED fitting results is good. The median value
of the age ratios, defined as log(AgecicaLe/AgeLEcus), is
0.001 £ 0.017 dex. The median value of the mass ratios, de-
fined as log(MasscigaLe/MassLecus), is 0.003 £ 0.011 dex.
Looking at the best-fitting SED models of the outliers, we
do not find poor fitting models (i.e., large x> values) or inac-
curate/unreliable photometry, but we find that the outliers
tend to be faint as seen in Figure 4. In short, CIGALE is able
to derive similar physical properties as LEGUS for the vast
majority of clusters in the test case galaxy NGC 3351, estab-
lishing CIGALE as a reliable star cluster SED modeling code
and consistent with previous star cluster SED fitting codes.

4 DERIVATION OF PHYSICAL PROPERTIES FOR
PHANGS-HST STAR CLUSTERS

In this section, we review the process for deriving the masses,
ages, and reddening for PHANGS-HST star clusters with
CIGALE. We use the aperture and foreground Milky Way ex-
tinction corrected photometry and propagate an additional
5 per cent uncertainty within CIGALE into the photometric
errors to account for systematic errors in the flux calibration.

Throughout the rest of the paper, our focus is on compar-
isons with the class 1 and 2 clusters (i.e., potentially bound),
rather than the class 3 compact associations. Cluster classes
are defined in the same way as in LEGUS - class 1 clusters
are symmetric and compact, class 2 clusters are asymmet-
ric and compact, and class 3 clusters are multi-peaked com-
pact associations. We note that, while we still include class 3
compact associations detected by our cluster pipeline in our
catalogs, and provide visual classifications (D. A. Thilker et
al. in prep. and B. C. Whitmore et al. in prep.) and SED
fitting for those objects, we will use a more systematic hi-
erarchical approach (watershed algorithm) for identification
of younger star-forming associations, which is distinct from
the cluster pipeline. This is detailed in K. L. Larsen et al.
(in prep.) and will also include comparisons between age es-
timates using CIGALE for stellar associations identified with
a watershed algorithm and the LEGUS and PHANGS-HST
class 3 objects. The focus on class 1 and 2 clusters for this
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Figure 2. CIGALE best-fitting values compared to the ‘true’ input values. 1o error bars are given for each cluster’s estimated property and
account for most of the scatter about unity. Cluster ages are well recovered across the sample except for clusters with ‘true’ ages at 1 Myr
(0.25 dex scatter), at around 10 Myr (0.34 dex scatter), and at the oldest ages (0.39 dex scatter). Both the masses and reddenings are

well recovered across the sample.

Table 2. SED Fit Choices

A) LEGUS Benchmark Testing

Star formation history
Reddening & Extinction
SSP model

Metallicity

IMF

Gas covering fraction

instantaneous burst

E(B-V) = [0:1.5] mag; A = 0.01 mag; Ry = Ay /E(B-V) =3.1
Yggdrasil Padova-AGB

Z = 0.02 (i.e., solar metallicity)

Kroupa; [0.1:100] Mg; fully sampled

0.5

B) PHANGS-HST

Star formation history
Reddening & Extinction

instantaneous burst
E(B-V) = [0:1.5] mag; A = 0.01 mag; Ry = Ay /E(B-V) =3.1

Ages [1:10] Myr with AT = 1.0 Myr; [11:13750] Myr with Alog(T/Myr) = 0.3
SSP model Bruzual & Charlot (2003)

Metallicity Z =0.02

IMF Chabrier (2003); [0.1:100] M; fully sampled

Gas covering fraction 0.0

Table 2. (A) Parameter ranges adopted in the benchmark comparison between CIGALE and LEGUS SED fits. The extinction curve adopted
for this comparison is from Cardelli et al. (1989) appropriate for the Milky Way. (B) Parameters adopted for PHANGS-HST SED

modelling.

paper makes this cluster sample “exclusive” (see Krumholz
et al. 2019; Adamo et al. 2020, for discussions on exclusive
versus inclusive cluster samples).

The set of SEDs available in the model grid is determined
by the choice of input parameters. Table 2B summarizes our
choices and the following sections discuss these choices. We
study single-aged stellar populations, as the clusters do not
have complex SFHs and, for the purposes of PHANGS sci-
ence, can be effectively modeled by an “instantaneous burst”
of star formation. With the functionality available in CIGALE,
we implement this SFH by utilizing the double-exponential
SFH module sfh2exp and inputting a very short e-folding
time for the stellar population (a microburst) and a zero mass
fraction of the second/late starburst population. This effec-
tively acts as an instantaneous burst of star formation. We
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tested this method against directly fitting to the SSP models
themselves and verified that the results are consistent. We
also adopt solar metallicities as the PHANGS-HST galaxies
are all approximately solar (Section 2). By adopting a fully-
sampled IMF, Chabrier (2003) in our case, the SED modeling
is “deterministic.”

As given in Section 3.1, the model grid of ages consists
of ten linearly spaced models from 1 to 10 Myr with AT =
1 Myr and 100 log-spaced models from 11 to 13750 Myr with
Alog(T/Myr) = 0.3. We check if any differences arise when
assuming a fully linearly sampled age grid and find no signif-
icant changes to the resulting cluster properties even for the
bimodal PDF cases.
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Figure 4. The residuals in CIGALE versus LEGUS stellar cluster
ages and masses. Both approaches utilize the YGGDRASIL stellar
tracks with a 50 per cent covering fraction (Table 2A) and both
the cIGALE and LEGUS values are based on x2 minimization. Dot-
ted lines mark +0.2 dex around perfect agreement. Data are col-
ored by V-band (F555W) Vega magnitude. The histogram above
the scatter plot shows the distribution of the age ratios and the
histogram to the right shows the distribution of the mass ratios.
The median age ratio is 0.001 4= 0.027 dex. The median mass ratio
is 0.003 £ 0.011 dex. Clusters with poor agreement are generally
found to be faint with large photometric uncertainties.
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4.1 Single-Age Stellar Population Models & Nebular
Emission

We plan to consistently use the same single-aged stellar popu-
lation models as the baseline for PHANGS—HST stellar clus-
ter analyses. In this section, we compare two common mod-
els: BC03 and YGGDRASIL (Zackrisson et al. 2011), the latter
of which were adopted for the SED fitting of the LEGUS
star clusters (Adamo et al. 2017). Tracks from both mod-
els are shown in Figure 5 overplotted on the PHANGS-HST
class 1 and 2 cluster photometry. Included in the figure are
the model tracks with and without nebular emission, specified
by a parameter describing the gas covering fraction. The gas
covering fraction, opposite of the escape fraction, determines
the fraction of the Lyman continuum photons that ionize the
surrounding gas. Nebular continuum and line emission can
significantly contribute to the observed fluxes within broad-
band filters, especially for spatially integrated observations
of star-forming galaxies (e.g., Anders & Fritze-v. Alvensleben
2003; Groves et al. 2008; Boquien et al. 2010; Reines et al.
2010; Pellegrini et al. 2020). PHANGS-HST observations,
however, benefit from the combination of HST’s angular reso-
lution and relative proximity of PHANGS galaxies, such that
star clusters and surrounding HII regions can often be spa-
tially disentangled, except for (1) crowded regions where it
is still often unclear which star clusters are responsible for
ionizing a given patch of Ha emission, and (2) clusters with
compact Ha morphologies (Hannon et al. 2019). The vaG-
GDRASIL tracks with zero covering fraction (i.e., no nebular
emission) are relatively consistent with the BC03 tracks with
no nebular emission; the main difference is in between 5 and
10 Myr where the YGGDRASIL tracks dip to much redder col-
ors than the BCO03 tracks. The addition of nebular emission
is insignificant for most ages in both YGGDRASIL and BCO03.
As expected, only for the youngest ages (~0—5 Myr) is there
a difference: a hook-like feature towards redder colors in the
YGGDRASIL track with a covering fraction of a half while the
BCO03 track with nebular emission branches towards slightly
bluer colors.

While both the YGGDRASIL and BCO03 tracks show good
agreement with the photometry in color-color space as is ap-
parent in Figure 5, we decide to adopt the BC03 tracks be-
cause they were originally designed to match galactic star
clusters as well as reproduce the colors of star clusters in the
Magellanic Clouds. The YGGDRASIL stellar population models
were developed for constraining high redshift galaxies (Zack-
risson et al. 2011).'*

‘We check how the inclusion of a nebular emission compo-
nent into the SED fitting affects the results. In Figure 5, we
see the BC03 model tracks only differ slightly at very young
ages when including the nebular emission. Figure 6 shows the
best-fitting SED models for three example PHANGS-HST
clusters. The grey dashed line is the best-fitting SED model
while including a nebular emission component. In this case,
we assume an ionization parameter log U = —2.0, line width
of 300 km s™!, and a covering fraction feoy = 0.5 (i.e., 50 per
cent of the Lyman continuum photons ionize the surround-
ing gas). The first two clusters in Figure 6 are young, blue
clusters where the nebular emission could have the largest

11 We note that both the BC03 and YGGDRASIL models do not
account for possible binary stars within the clusters.
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impact on the SED fitting. The first cluster’s SED fit with
nebular emission gives a larger reduced x? value (8.2) than
compared to the non-nebular fit (2.44). For the second clus-
ter, we find similar reduced x? values between the nebular and
non-nebular SED fits. As a contrast to these young clusters,
the best-fitting SED for an old, red cluster is also given in
the bottom panel of Figure 6. The difference between SEDs
with and without nebular emission is negligible. Therefore,
for the PHANGS-HST sample, we use SED fitting without a
nebular emission component. We note that Krumholz et al.
(2015) perform a similar analysis and find the resulting clus-
ter properties are robust to choice of evolutionary track and
the inclusion of a nebular emission.

4.2 Dust

For the PHANGS-HST model grids, we make use of a Milky
Way-like extinction curve from Cardelli et al. (1989) with
Ry = 3.1. Krumholz et al. (2015) find that Milky Way-
like extinction curves provide better results over other mod-
els for solar metallicity, face-on spiral galaxies when work-
ing with deterministic models. We allow the internal redden-
ing to range from E(B—V) = 0 to 1.5 mags in 0.01 mag
steps — the same range adopted by LEGUS.'? For refer-
ence, the drift scan spectroscopy for NGC 3351 from Mous-
takas et al. (2010) indicates E(B—V) for nuclear (aperture of
~6 arcsec?), circumnuclear (400 arcsec®), and large-scale ra-
dial strips (~few arcmin®) of 0.034:0.05 mag, 0.6440.02 mag
and 0.5540.07 mag, respectively. Though the regions sampled
by Moustakas et al. (2010) exhibit smaller values of redden-
ing than F(B—V)max = 1.5 mag, we have chosen to keep
the maximum value since sight lines to some individual clus-
ters will inevitably exceed the large-scale spatial averages.
As a sanity check, we perform a test SED fitting run with
a maximum reddening of 3.0 mag allowed and find only two
clusters with a reddening greater than 1.5 mag (1.72 and
1.74 mag). Therefore, we decide to use a maximum value of
E(B-V) = 1.5 mag over smaller values to allow for individ-
ual sight lines with large reddening.

It could be possible to derive accurate maximum red-
dening values for the youngest (<10 Myr) stellar popula-
tions using the PHANGS-MUSE integral field unit (IFU)
data and Balmer decrement measurements. The IFU maps
cover an area of the galaxies similar to our HST footprint
but, the ground-based MUSE ~1” angular resolution is too
coarse to be directly applicable to our HST-resolution maps
(~0.08"). Still, the Ay maps generated from Balmer decre-
ment measurements from PHANGS-MUSE (E. Emsellem et
al. in prep.) can be used as a independent check of our
allowable reddening values. E(B—V) values for each pixel
in the PHANGS-MUSE map are computed by assuming
Ry = Ay /E(B—V) = 4.05 (Calzetti et al. 2000). The distri-
bution of the reddening values by pixel is given in Figure 7
which shows a roughly power-law distribution with a median
value of 0.171 mag and a maximum value of 1.24 mag. This
distribution aligns fairly well with the chosen reddening pa-
rameters for the SED fitting.

A well known problem in all star cluster SED fitting work is

12 The cluster photometry is corrected for foreground Milky Way
extinction before the SED fitting.
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Figure 5. Top: F336W —F438W vs F555W—F814W (U—B vs
V —1I) color-color diagram for a collection of theoretical single-age
stellar population models, along with the PHANGS-HST stellar
clusters for NGC 3351. Magnitudes are in the Vega system. The
stellar clusters have been aperture corrected as well as corrected
for foreground Milky Way extinction. The BCO03 (green) and YG-
GDRASIL (orange) tracks are shown both with (dashed) and with-
out (solid) nebular emission. The y-axis has been flipped so the
top left-hand corner of the diagram is the ‘bluest’ and the bot-
tom right-hand corner is the ‘reddest’. The top panel annotates
various ages along the SSP tracks; ages where the tracks deviate
significantly from each other are pointed out with two arrows. The
class 1 and 2 star clusters are plotted in grey. Both panels include
a reddening vector for Ay = 1 mag as well as a typical error bar
for the cluster photometry computed from the median uncertainty
in the colors. Bottom: Same as the top panel except with F275W
(NUV) instead of F336W (U).

how to deal with dust extinction to break the age-reddening
degeneracy. A star cluster can appear to be red due to age
or due to reddening by dust. In our sample, we find ~70 (20
per cent) of the clusters appear to be bimodal in the age
and reddening PDFs. There are a number of possible ways
to move towards breaking the degeneracy. In Section 5.6, we
make use of Bayesian priors as an attempt to help limit the
number of degenerate cases. See Section 6 for a discussion on
additional methods we might employ in the future to break
the age-reddening degeneracy in the PHANGS-HST sample.
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Figure 6. Example CIGALE fits (black line) for three PHANGS clusters (two young, one old) in NGC 3351. Blue circles mark the observed
fluxes and orange diamonds indicate the fluxes extracted from the best-fit model. Error bars denote 30 uncertainties on the observation
and model fluxes. In some cases, the error bars are smaller than the data markers. Colored strips in the top panel illustrate the filter
bandpass rectangular widths. The black solid line is the best-fitting SED model using the parameters outlined in Table 2B; the grey
dashed line is the same SED model while including the nebular emission component (fcov = 0.5). Best-fitting star cluster masses, ages,
and reddenings are given for each cluster. A 1”x 1" false-color (B-V-I) image of the cluster is given to the right of each SED. The same
image stretch is used for all three images to allow for easy visual comparison.

4.3 Use of Fluxes vs. Magnitudes in SED Fitting

SED fitting can be carried out inputting either linear flux
units (e.g., da Cunha et al. 2008) or logarithmic magnitude
units (e.g., Chandar et al. 2010). We explore here if significant
differences arise in key extracted output parameters (clus-
ter age, mass, and reddening) when utilizing fluxes versus
magnitudes as input to the SED fits. To perform the SED
fitting in logarithimic magnitude units, we use the CIGALE
branch SSPmag which expects the input photometry to be of
the form 2.5log(f.). The uncertainties must be properly con-
verted from linear fluxes. Comparing the best-fitting results
from fluxes to those from magnitudes reveals they are quan-
titatively very similar. The median age residual, defined as
log(Ageaux/Agemag ), is 0.000 £ 0.026 dex. The median mass
residual is —0.001 £ 0.011 dex, and the median reddening
residual is 0.000 £ 0.009 mag. The main difference between
the two results is that the magnitude-based fits have, on av-

erage, much larger uncertainties for the ages, masses, and
reddenings.

Understanding how the uncertainties in our flux measure-
ments are distributed—preferentially Gaussian in linear or
logarithmic units—is essential for determining if fitting in
flux or magnitudes is more accurate. However, we find the
distribution of the uncertainties to be similarly non-Gaussian
for both fluxes and magnitudes for all five filters; all distribu-
tions display similar positive skewness with long tails out to
high uncertainties. We cannot come to a conclusion on using
fluxes or magnitudes based on their uncertainty distributions.
A more thorough study of the photometric uncertainties is
presented in D. A. Thilker et al. (in prep.). An advantage
of working in linear fluxes is in the case of non-detections
(i-e., insignificant positive flux measurements or even slightly
negative measurements). In linear fluxes, meaningful infor-
mation can still be fed into the SED fitting using flux upper
limits which is not as easily accomplished with magnitudes.

MNRAS 000, 1-22 (2020)
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Figure 7. Normalized logarithmic distributions of E(B—V) val-
ues for the pixels (0.2” in size) across the PHANGS-MUSE map
of NGC 3351 as determined by Balmer decrement measurements
(red) and the individual star cluster best-fitting reddenings as
found by our SED fitting (blue). Only the reddening values of star
clusters found where the Balmer decrement has been measured are
used. Colored dashed lines mark the median values for each distri-
bution: 0.171 mag for the MUSE pixels and 0.18 mag for the star
clusters.

Additionally, at low signal-to-noise, errors in magnitude units
are not expected to be symmetric and the x? minimization
assumes errors to be symmetric and Gaussian (Hogg et al.
2010). Hence, these assumptions will not hold when using log-
arithmic units in the low signal-to-noise regime. Given these
results, we choose to perform all the SED fitting in linear
fluxes.

4.4 Summary of SED Modelling Assumptions

We summarize our SED modelling assumptions here and
in Table 2B. The age model grid consists of ten linearly-
spaced models from 1 Myr to 10 Myr with AT = 1 Myr
and 100 log-spaced models from 11 Myr to 13750 Myr with
Alog(T/Myr) ~ 0.3. We assume a Milky-Way like extinction
curve (Cardelli et al. 1989) with Ry = 3.1. The reddening
E(B-V) model grid spans from 0 mag reddening to 1.5 mag
with AE(B—V) = 0.01 mag. This gives a final age-reddening
model grid with 16610 models. Each model on the grid has
a corresponding mass based on the BC03 SSP track and the
fully-sampled Chabrier (2003) IMF. We assume solar metal-
licity and a gas covering fraction of zero.

5 RESULTS & DISCUSSION

We provide a first presentation of the star cluster ages,
masses, and reddenings based on the x? minimized best-
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Figure 8. Best-fitting cluster masses and reddenings versus ages for
the visually-classified class 1 and 2 clusters of NGC 3351. Clusters
of the inner star-forming ring are shown as blue stars and visually
identified globular cluster candidates are shown as red circles. Log-
arithmic histograms beside each axis give the distributions of the
cluster properties. Typical error bars, computed from the median
of property uncertainties, are given in the corner of the two pan-
els. The inner ring star clusters are found to be mostly young and
massive with a large range in reddening. All but one of the glob-
ular cluster candidates are found to have ages > 100 Myr and to
be massive following along the My = —6 Vega mag observational
limit (grey line).

fitting results for NGC 3351 using PHANGS-HST photom-
etry and the CIGALE SED fitting as described in Section 4.
Figure 8 shows the derived cluster masses and reddening val-
ues as a function of the cluster ages as well as the distribu-
tions of the cluster properties. We find a large population of
young clusters at 1 Myr with reddening values ranging from
0.05 mag to 0.74 mag. The most highly reddened clusters are
within ages from ~3 Myr to 10 Myr. A noticeable dearth
of clusters at ages from 10 and 30 Myr is found due to the
inherent degeneracy of the SSP model at these ages where
clusters of similar colors can be found to be either above or
below 10 Myr with corresponding reddening. The x? min-
imization seems to prefer the younger models with slightly
higher extinctions. We also find a trend of the older clus-
ters to be more massive, an expected selection effect, due to
the absolute magnitude limit of the observations of around
My = —6 mag. As star clusters grow older, they will become
less luminous due to the evolution of the stellar population.

Given the morphology of NGC 3351, we can break down
the galaxy into distinct regions, allowing us to probe different
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Figure 9. Top: Color image of NGC 3351 with the four regions
outlined and labeled. Bottom: Box and whisker plot showing the
distribution of the star cluster ages within the four regions moving
radially outward from the center: the inner star-forming ring (43
clusters), the inter-ring or bulge region (32 clusters), the outer star-
forming ring (124 clusters), and the outer disk beyond the outer
ring (103 clusters). The blue lines in each box mark the median
best-fitting cluster age and the red triangles mark the mean. Boxes
extend from the lower to upper quartiles and the whiskers extend
to the minimum and maximum ages found in each region.

star-forming environments within a single galaxy. Environ-
mental masks have been developed by the PHANGS collab-
oration (M. Querejeta et al. in prep.) identifying disks and
bulges using the Spitzer Survey of the Stellar Structure in
Galaxies (S*G) pipeline as well as rings, bars, and lenses from
Herrera-Endoqui et al. (2015). The box and whisker plot in
Figure 9 shows the breakdown of the star cluster ages in four
distinct regions, moving radially outward from the center of
the galaxy: the inner star-forming ring with 43 clusters, the
inter-ring or stellar bulge region with 32 clusters, the outer
star-forming ring with 124 clusters, and the outer disk region
beyond the outer ring with 103 clusters. Median best-fitting
cluster log(Age/Myr) for the four regions are 0.69, 2.43, 0.90,
and 0.84 and the means are 0.82, 2.36, 1.27, and 1.08. We
find all four regions to have a similar dynamic range of ages
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but the bulge is home to significantly older star clusters on
average. Over time, star clusters tend to migrate away from
their natal gas clouds and disperse more uniformly with age
over the galaxy (Gieles & Bastian 2008; Bastian et al. 2009;
Davidge et al. 2011; Kruijssen et al. 2011; Grasha et al. 2019).
The bulge has few signatures of current star formation, hence
any star clusters found in that area must be old enough to
have had the time to migrate there or have been left in place
by past star formation.

We show the spatial distribution of the clusters and their
properties across the galaxy in Figure 10. The majority of
the clusters found in the outer ring and disk have masses less
than 10*5 M. Higher mass clusters are generally found to
be in the stellar bulge and inner star-forming ring. The ma-
jority of clusters in the inner ring are young as well. Kruijssen
(2014) and Reina-Campos & Kruijssen (2017) predict higher
mass clusters at small galactocentric radii due to higher ISM
pressure which our result supports. These young, massive
clusters can also be formed from the funneling of gas into
the center by the galactic bar (Swartz et al. 2006). Approxi-
mately 70 per cent of the clusters have reddenings less than
0.3 mag (Av < 0.93 mag). There is most likely a population
of faint, low mass clusters in the inner ring which we are miss-
ing due to the bright background level. For the more heavily
reddened and dust-obscured clusters, a high-resolution study
with James Webb Space Telescope would provide a more ro-
bust examination of the dust. We note that the most massive
cluster is found in the outer ring.

There are valid concerns regarding the ages of intermedi-
ate and older (>100 Myr) clusters due to the age-reddening
degeneracy. In Section 5.3, we will discuss the how the SED
fitting handles clusters which are likely old globular clusters.
Here, we check on the intermediate-aged (100 Myr to 1 Gyr)
clusters based on their location in color-color space (Figure 5)
and location within the galaxy. A cut in color-color space
is made to isolate the clusters redder than (i.e., below) the
BCO03 track at ~50 Myr. This gives 135 clusters with 25 clus-
ters (~ 20%) found to have ages of 10 Myr and younger and
corresponding high reddening values. Nine of these clusters
are found within the dusty inner ring of the galaxy mean-
ing they are likely highly reddened as the SED fitting results
suggest. One cluster is found in the bulge and the remaining
15 are found in the outer ring and disk. In these regions, it is
unlikely to have the high reddening as returned by the SED
fitting. Overall, this represents only 5% of the clusters (16 out
of the total 302) which are likely intermediately aged (based
on the location in the color-color diagram) but given incor-
rect young (<10 Myr) ages. See Section 6 for a discussion on
how we may resolve this issue.

5.1 Comparison with LEGUS

There are 199 visually-classified class 1 and 2 PHANGS-HST
clusters that are also found in the LEGUS cluster catalog. On
average, our best-fitting ages agree quite well with a median
logarithmic age ratio of 0.000 =+ 0.067 dex. We find our clus-
ter masses to be slightly larger compared to LEGUS with a
median logarithmic mass ratio of 0.035 + 0.035 dex and our
cluster reddenings following the same trend with a median
E(B-V) difference of 0.030 £ 0.020 mag. There is no corre-
lation of the residuals with ages, masses, or reddenings.

We can also examine agreement in the four different re-
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Figure 10. Color image of NGC 3351 with the location of the clusters overplotted. Clusters are color-coded by best-fitting log(Age/Myr).
Data point symbols differentiate between five log(Mass/ Mg ) bins. The majority of clusters found in the outer ring and disk fall in the
two lowest mass bins (downward triangles and circles). Higher mass clusters (stars and crosses) are generally found to be in the stellar
bulge and the inner star-forming ring. The most massive cluster (upward triangle) is located in the outer ring.

gions as discussed in the previous section. We find better
agreement of the best-fitting cluster ages in the outer ring
(median residual = 0.050 £+ 0.125 dex; N = 70 clusters)
and outer disk (0.0 & 0.077 dex; N = 67) than compared
to the inner ring (—0.125 £ 0.131 dex; N = 33) and bulge
(0.313+£0.217 dex; N = 29). For the bulge clusters, the best-
fitting reddening is slightly lower compared to LEGUS with
an median residual of —0.040+0.070 mag, while the inner ring
(0.070 £ 0.039 mag), the outer ring (0.005 £ 0.037 mag), and
outer disk (0.060 = 0.021 mag) show good agreement if not
slightly higher. The masses are well matched with LEGUS
across all regions of the galaxy.

We note that in a recent study of LEGUS star clusters
in NGC 4449, Whitmore et al. (2020) show issues with LE-
GUS cluster ages and reddenings. In particular, LEGUS finds
young ages for spectroscopically confirmed old globular clus-
ters. This issue should be considered while comparing our
cluster results with those from LEGUS.
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5.2 Clusters with HII regions

HST Ho imaging was obtained by Ha-LEGUS for the LE-
GUS pointing of NGC 3351 (PI: R. Chandar; S. Hannon et al.
2020, in prep.). We adopt the following classification scheme
for the Ho emission for each star cluster: (i) Ha emission di-
rectly on top of cluster, (ii) Ho emission in a ring around the
cluster, (iii) Ho emission possibly associated with the cluster,
or (iv) no Ha detected. We check our ability to accurately
recover the ages of these young clusters by looking at the
clusters which have strong Ha emission directly on top of the
cluster or in a ring around the cluster. There are 60 class 1
and 2 clusters with such Ha emission which implies that they
must be young (< 10 Myr). The PHANGS-HST SED mod-
elling recovers best-fitting ages of 10 Myr and younger for 93
per cent of these clusters which bodes well for the validity of
our results for young clusters.
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Figure 11. Color-Color diagram similar to Figure 5 highlighting the
visually-identified globular clusters candidates (red circles). The
green track is the BC03 SSP model with solar metallicity used in
the SED fitting. The orange track is the BC03 SSP model with 1/5
solar metallicity and the purple track is 1/50 solar metallicity. Red-
dening vectors are given in each panel along with typical error bars
on the cluster colors computed by the median uncertainties of the
photometry. As expected, globular cluster candidates are found at
the oldest end of the SSP track. However, the sub-solar metallicity
tracks provide a better match to the globular cluster candidates’
colors. This is especially apparent in the bottom panel where the
grouping of globular cluster candidates occupy the region at the
very end of the 1/50 solar metallicity track.

5.3 Globular Clusters

We have visually identified a sub-sample of candidate glob-
ular clusters within our star cluster sample for NGC 3351
in order to check if the results provided by our SED fitting
are as expected for globular clusters, i.e., old (~10 Gyr) with
little reddening. This is done by selecting clearly resolved ob-
jects with similar red colors in the bulge of the galaxy (see
Figure 9). We note that nearly all the objects in this region
are red in color with almost no blue (i.e., young) objects in
the vicinity.

Figure 11 shows the location of the globular cluster candi-
dates in the UBVI color-color diagram. The globular cluster
candidates all group together in a tight region near the old
end of the SSP track which demonstrates that they are in-
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deed likely to be globular clusters. We note that the SED
fitting derived ages for most of the candidate globular clus-
ters are younger than the expected ~10 Gyr (Figure 8). This
is a well-known problem with most SED fitting approaches to
age-dating cluster populations when the focus is on the young
population. It is caused by two effects: (1) using high metal-
licity model isochrones appropriate for young, but not old,
populations; (2) the age-reddening degeneracy which allows
the SED fitting to find a better fit with large reddening values
even in cases where it is not physically reasonable (e.g., there
is very little dust in the bulge region used to select the candi-
date globular clusters). These two effects can compound each
other since the use of the wrong isochrones for low-metallicity
objects results in a gap between the main grouping of points
in the color-color diagram (most clearly seen in the bottom
panel of Figure 11) and where the solar-metallicity isochrone
would predict a 10 Gyr cluster should be. This increases the
number of cases where a better fit is found using a large red-
dening value (i.e., backtracking down the reddening vector)
to an age of around 100 Myr on the isochrone (see Figure 5).
These issues are discussed in more detail in Whitmore et al.
(2020) where the same phenomena of understanding ages for
old globular clusters is found for sample of spectroscopically
age-dated globular clusters in NGC 4449.

Figure 11 also shows sub-solar metallicity BC03 SSP
tracks. We find roughly half of the globular cluster candidates
benefit (i.e., return ages ~10 Gyr) from the use of a lower
metallicity model. The other half of the candidates must be
suffering from the age-reddening degeneracy. We test this by
enforcing the reddening E(B — V) to zero (following Whit-
more et al. 2020) and the globular cluster candidates with
ages originally around 100 Myr are shifted 1 Gyr and older.
Given these results, we must be cautious using the SED de-
rived ages of globular clusters due to both the metallicity and
age-reddening degeneracy effects.

5.4 Mass Functions

The shape of the star cluster mass function provides im-
portant information on the cluster formation and evolution.
These distributions can be described to first order by a power
law, dN/dM M?, where 8 ~ —2 has been found for the
young cluster populations in a number of galaxies (e.g., Lada
& Lada 2003; Portegies Zwart et al. 2010; Krumholz et al.
2019). There have also been claims for an exponential-like
downturn or cutoff at the high end of the mass function (e.g.,
Larsen 2009; Adamo et al. 2015; Johnson et al. 2017; Messa
et al. 2018; Mok et al. 2019; Adamo et al. 2020). This up-
per mass cutoff is often modelled by a Schechter function,
dN/dM oc MPexp(—M/M.), where M, is the cutoff mass.
Here, we are interested in addressing two questions: What is
the power-law index (8 for young clusters in NGC 3351 and
is there evidence for an upper mass cutoff?

We perform a least squares fit of the form: log dN/dM =
B logM + const to the distributions of the visually-classified
class 1 and 2 clusters of NGC 3351 which is shown in Fig-
ure 12 as the red, dashed line and recorded in each panel.
The results for 8 range from about —1.4 to —2.2, consistent
with the range found for cluster populations in other nearby
galaxies (e.g., Fall & Chandar 2012), with the possible ten-
dency to be somewhat shallower at the youngest ages. We
also find a best fit value of 8 = —1.75 4 0.23 for clusters in
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Figure 12. Cumulative stellar cluster mass functions for three age bins: less than 10 Myr (left column), 10-100 Myr (middle column), and
100-400 Myr (right column). The red dashed lines are the best-fitting power laws for each mass function with the power law exponent
given in the top right of each panel. The black vertical dashed lines mark the completeness limits.
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Figure 13. The 1, 2, and 30 confidence contours from the maximum likelihood fits for the mass functions in Figure 12. The green triangles
denote the position of the most massive cluster in each respective sample.

the age interval of 1—200 Myr, which was used by LEGUS
(Adamo et al. 2017).

We also perform maximum likelihood fits of the Schechter
function to determine if the cluster mass functions are better
fit by a Schechter function than a power-law, i.e., show sta-
tistically significant evidence for an upper mass cutoff. These
fits follow the methodology described in Mok et al. (2019),
and have the advantage of not using binned or cumulative dis-
tributions. In Figure 13, we plot the resulting 1o, 20, and 30
contours for the M, and 8 from our maximum likelihood fits
for the same three age intervals as before. For the two older
age bins, the contours, including that at 1o, remain open all
the way up to the maximum tested mass at the right edge of
the plots. This indicates that no Schechter-like cutoff mass is
detected, and the best-fitting value of M, is simply a lower
limit. In the youngest age bin (ages between 1—10 Myr), the
lo and 20 contours are closed but the 30 contour remains
open to the mass limit. In this case, there is weak evidence,
at the ~20 level, for a possible upper mass cutoff. However,
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since such a cutoff is not seen in the older cluster populations,
we consider it unlikely that this is a physical feature present
in the mass function of the NGC 3351 clusters.

5.5 Stochasticity in Sampling the IMF

We use a deterministic approach to SED fitting which is justi-
fied for stellar populations that completely sample the stellar
IMF. However, there is a low-mass cluster regime (<104 M)
where the IMF may not be fully sampled. It becomes more
likely that a low-mass stellar cluster will not contain high
mass stars and the IMF will appear to be truncated. The stel-
lar population will also be fainter than a higher-mass popula-
tion which fully populates the IMF. This effect is called sam-
pling stochasticity and it results in a broad range of possible
luminosities and colors for these low mass clusters (Barbaro
& Bertelli 1977; Girardi & Bica 1993; Lancon & Mouhcine
2000; Bruzual A. 2002; Cervifio & Luridiana 2006; Deveikis
et al. 2008; Fouesneau et al. 2012; Hannon et al. 2019). In
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Figure 14. Comparison of the PHANGS-HST best-fitting results
(black diamonds) to the SLUG results (green circles) for the class
1 and 2 clusters of NGC 3351. Logarithmic histograms on each
axis show the distributions for both the PHANGS-HST and SsLuG
results. Typical error bars, computed from the median uncertain-
ties on the properties, are shown in the corner of each panel. SLUG
tends to find fewer old clusters and higher reddening values for the
clusters older than 10 Myr. With SLUG, the majority of the clusters
are found to be between 2 and 10 Myr and only a single cluster is
found at 1 Myr. The mass distributions are similar, however, the
PHANGS-HST results peak at slightly higher masses than SLUG.

color-color space, clusters, which may be stochastically sam-
pling the IMF, can be found in the region bluer in V' —I than
the SSP tracks at 1 to 5 Myr. These clusters have a defi-
ciency of post-main sequence stars versus the fully populated
IMF, i.e., the clusters appear bluer than expected from a lack
of red post-main sequence stars (Fouesneau et al. 2012). On
the other hand, when an excess of post-main sequence stars
occurs, clusters are then found in the region redder than the
SSP tracks. However, this is degenerate with reddening effects
due to dust extinction, and can be lead to higher SED-fit red-
dening values (Hannon et al. 2019).

Recently, work has been done to explore the modelling
of stellar populations which do not fully sample the IMF.
One such model is SLUG: Stochastically Lighting up Galax-
ies (da Silva et al. 2012; Krumholz et al. 2015). As a san-
ity check, we run CLUSTER_SLUG™® on our PHANGS-HST
cluster catalog while including the fiducial prior function
Dprior = M~2077%5 ysed by Krumholz et al. (2015). We

13 nttp://www.slugsps.com/
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use the SLUG star cluster model library modp020_chabrier_Mw
with a Milky Way extinction curve, Padova—AGB stellar evo-
lution isochrones, solar metallicity, STARBURST99 V7 stellar
atmospheres, and the Chabrier (2005) IMF. Figure 14 shows
the comparison between the PHANGS-HST best-fitting re-
sults and the SLUG results. We find SLUG tends to character-
ize clusters as slightly less massive, younger, and with larger
reddenings than our PHANGS-HST results. SLUG does not
return any old clusters with little reddening which is in di-
rect contrast with our results where we find a majority of
the clusters beyond 100 Myr have low reddening values at or
close to 0 mag. For our sample, the largest changes in cluster
ages (from older to younger when using SLUG) occur in clus-
ters with masses of less than about 10* Mg which makes up
60 per cent of our cluster sample. The stochastic sampling
of the IMF will have the largest impact when the youngest,
most massive stars are missing. Since SLUG accounts for this,
it naturally finds more lower-mass and younger star clusters.

5.6 Application of Bayesian Priors

In the previous sections, we have focused on the x? minimized
SED fitting results for the clusters of NGC 3351. In the fol-
lowing analysis, we explore the application of astrophysically-
motivated Bayesian priors to infer the star cluster properties.
CIGALE generates a x> value (and subsequent likelihood value
equal to exp(—x?/2)) for each model on the model grid. The
priors scale the likelihoods of each model thus reshaping the
PDF. Krumholz et al. (2015) tested priors of the form

Pprior 0 M T, (1)

where M is the model mass and T is the model age. The
priors are a reflection of the expected observed clusters’ mass
and age distributions. Young star cluster observations have
consistently found a mass distribution of dN/dM oc M2
giving a 8 value of —2 (e.g., Williams & McKee 1997; Zhang
& Fall 1999; Bik et al. 2003; de Grijs et al. 2003; Bastian et al.
2011; Fall & Chandar 2012; Fouesneau et al. 2012; Adamo
et al. 2017). We find a consistent 8 value for our sample of
star clusters (Section 5.4). Krumholz et al. (2015) tested three
values for 7: v = 0 corresponding to a distribution that is flat
in linear age; v = —1.0 corresponding to a distribution flat
in log(age) i.e., 90 per cent decline each decade of linear time
(e.g., Whitmore et al. 2007); v = —0.5 fiducial prior acting as
a compromise and is most similar to observations for spiral
galaxies. In this section, we test these values of 5 and v on
our sample.

We first show how the priors are implemented in the anal-
ysis and how the cluster properties are inferred. The priors
scale the likelihoods which gives the posterior probability dis-
tribution

Ppost (M, T, Av) o< MPT7 exp (—x°/2) (2)

where Ay = 3.1/E(B-V). To derive a Bayesian estimate
for a cluster’s age, mass, and extinction, we calculate the ex-
pectation value of the posterior probability distribution. The
expectation value of, for example, a cluster’s age is defined
as

(T) = %/dM/dT/dAv T ppost (M, T, Av) 3)

MNRAS 000, 1-22 (2020)
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where
C:/dM/dT/dAv DPpost (M, T, Av). (4)

However, given the discrete nature of the model grid in
M, T, Ay space, a quadrature approximation is calculated to
give the expectation value

(T) :é Z(Mi+1 — M) Z(Tj+1 - 1Tj) Z(AW«H — Avk)

j k
11]‘ Ppost (M’u Tj7 AVk)
(5)
where
C = Z(MH'I — M;) Z(Tj-!—l —T;) Z(AV’CJrl — Avk)
i J k
ppost(Mi7 Tj?’y AVIC)

We then calculate the dispersion as the square root of the
second moment of the posterior probability distribution:

oF = 3 (T, = (T))? Poo- (7)

J

(6)

However, this dispersion can be a poor estimation of the error
on the Bayesian parameter estimate in cases with long-tailed
or bimodal posterior PDF's. For such cases, the 16th to 84th
percentile range is a more robust estimator of the error. For
this paper, we will continue to use the dispersion as the uncer-
tainty estimator but the 16th and 84th percentiles, along with
the dispersion, will be included in the PHANGS-HST cluster
catalogs. All calculations are performed in linear M and T
space. The expectation value (Equation 5) with correspond-
ing uncertainty (Equation 7) acts as the Bayesian estimates
for the cluster ages, masses, reddenings.

A comparison of the Bayesian parameter estimates is given
in Figure 15. For all three priors tested, g is set to —2. The
steeper distribution with v = —1.0 (green diamonds) shows
fewer older clusters than the fiducial results (blue diamonds),
which is to be expected. With v = 0.0, clusters are found to
extend to older ages which is, again, to be expected. Without
sufficient physically-motivated criteria to evaluate which out-
put age and reddening distribution depending on the chosen v
value is more likely than another, it is difficult to definitively
decide on the ‘best’ prior. Instead, we quantify the differences
in the estimated physical properties compared to the fiducial
prior. With v = 0.0, we find the median difference in cluster
ages and masses to be —0.048 dex and —0.005 dex, respec-
tively. The median difference in reddening is 0.014 mags. A
negative difference in ages and a positive difference in redden-
ing confirms that the v = 0.0 prior returns older cluster ages
with less reddening. With v = —1.0, the median difference in
cluster ages and masses is 0.057 dex and 0.003 dex, respec-
tively. The median difference in reddening is —0.017 mags. A
positive difference in ages and a negative difference in redden-
ing confirms that the v = —1.0 prior returns younger clusters
with more reddening. In both cases, the cluster properties
are fairly robust to the choice of prior. Given these results,
we adopt the fiducial prior pprior = M—207—05 using the
method outlined above in order to compute the Bayesian in-
ferred cluster property estimates. The quantified differences
stated here can be treated as systematic uncertainties within
the Bayesian estimates.
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Figure 16 shows example corner plots produced during the
Bayesian analysis with the fiducial prior applied. For the cor-
ner plots, the posterior PDFs are computed by Gaussian ker-
nel density estimation (which is only used for a visual rep-
resentation of the PDFs and has no bearing on the com-
putation of the expectation values). In the first case, clus-
ter 239, the PDF's show singly-peaked distributions indicating
a well-constrained Bayesian estimate. This case also demon-
strates good agreement between the minimized x? results
(black dashed lines) and the Bayesian estimates (red dashed
lines). The second case, cluster 8538, demonstrates the age-
reddening degeneracy where two cases are likely: a young,
reddened cluster or an old cluster with little reddening. This
is a case where Bayesian estimate disagrees with the x? result.
We inspect each cluster’s age and reddening PDF's and find
~70 clusters with bimodality before the application of the
Bayesian prior. After the application of the Bayesian prior,
we find ~30 bimodal cases (~10 per cent of the entire clus-
ter sample) when inspecting the newly modified PDFs. The
Bayesian analysis proves to be advantageous to help break de-
generacies but not for all of the cases (as with cluster 8538).
More information is needed to further reduce the number of
bimodal cases. One option is to visually inspect each cluster
in a 3-color image to look for obvious signs (to humans) of
dust extinction. However, this is not feasible for the auto-
mated PHANGS-HST pipeline of thousands of star clusters
without a well-taught and tested machine learning algorithm.
In Section 6, we discuss other possible solutions for breaking
the age-reddening degeneracy.

In a similar vein, in this paper, we are able to identify bi-
modal cases simply by inspecting each cluster’s corner plot.
However, for the full, automated PHANGS-HST pipeline,
this will not be possible. The bimodal cases generally find dis-
agreement between the x? minimized result and the Bayesian
estimate so clusters with large disagreements could be flagged
as tentatively bimodal within the pipeline. For these cases,
instead of calculating the expectation value, the PDFs could
be split between the two modes and new Bayesian estimates
could be computed for each of the modes. Before this can be
implemented, we will need to decide how to consistently split
apart the two peaks in the PDFs and how the Bayesian es-
timates from the two modes are handled with regards to the
final cluster properties used in the cluster catalogs. Other
methods could be used to extract a Bayesian estimate from
the PDF such as taking the median with 16th and 84th per-
centiles or finding the model with the maximum likelihood
(i.e., the peak of the posterior PDF).

Figure 17 compares the cluster properties as derived from
the expectation value and maximum likelihood methods. The
expectation value results reveal a few interesting, and possi-
bly worrisome, trends. The method fails to find very young
clusters (youngest cluster is 1.5 Myr) due to 1 Myr being
the boundary. All the available models are older than 1 Myr
which skews the expectation value (a weighted average) to
be older than 1 Myr. We find a slight trend for older clusters
to have larger reddenings which is counter-intuitive. This is
in contrast to the negative correlation between age and ex-
tinction found by Bastian et al. (2005) for the star clusters
of M51. However, Grasha et al. (2018) find a poor correla-
tion between star cluster age and extinction in NGC 7793
based on SED-fitting from the LEGUS program. Further,
Grasha et al. (2018) find that star clusters not associated
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Figure 15. Bayesian estimated mass and reddening versus age for three different prior functions (blue, red, and green diamonds) compared
to the x2 best-fitting results (black diamonds) for PHANGS-HST photometry of star clusters in NGC 3351. The gray line in the upper
panels indicates the magnitude limit My = —6 Vega mags. Logarithmic histograms beside each plot show the distribution of the ages,
masses, and extinctions in each case. We adopt pprior = M—207=05 (middle panels) as the fiducial prior. Typical error bars are computed
as the median of the uncertainties and are given in corner of each panel. For the fiducial prior, the median uncertainties on the Bayesian
age, mass, and reddening estimates are 0.24 dex, 0.18 dex, and 0.10 mag, respectively.
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Figure 16. Corner plots of two example star clusters showing the age, mass, and reddening 1D and 2D kernel density estimated posterior
PDFs after the application of the Bayesian fiducial prior. The black dashed lines are the minimized x? best-fitting result and the red
dashed lines are the Bayesian estimates. The top-middle panel of each corner plot is a color-color diagram marking the location of the
cluster and the BC03 model track. A postage stamp 3-color image of the cluster is given in the middle-right panel. Cluster 239 on the left
is an example of a single-peaked age PDF with good agreement between the x2 result and the Bayesian estimate. Cluster 8538 on the
right shows a bimodal case where the Bayesian estimate and the x2 result disagree.
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Figure 17. Bayesian estimates from the expectation values (black
diamonds) compared to maximum likelihood Bayesian estimates
(orange circles) assuming the fiducial prior. Logarithmic his-
tograms show the distributions of the cluster properties for the
two cases along each axis. The expectation value method finds a
large dispersion in reddening for the clusters with ages from 10 Myr
to 100 Myr while the maximum likelihood method only finds two
clusters in this age range; the clusters are shifted to young ages
which leads to the large spike in reddening at the young ages.
The maximum likelihood method is able to find clusters at 1 Myr
which is not found with the expectation value method. The mass
distribution is robust between the two Bayesian estimate methods.

with any GMCs have a slightly higher extinction than those
still semi-embedded in their natal gas clouds, which may be
unexpected. The same result is found for the star clusters of
M51 (Grasha et al. 2019). This serves as a testament to the
complexities of star cluster SED modelling and the degen-
eracy of age and reddening. We see a maximum reddening
of around 0.9 mag with a low dispersion in reddening for
the youngest clusters and a larger dispersion in reddening
for clusters from 10 Myr to 100 Myr. The majority of the
clusters in this age range appear to be the ones identified
as bimodal which makes sense given the high probability of
age-reddening degeneracy at this location of the SSP model
track (Figure 5).

The maximum likelihood results show a few contrasting
trends. We see a quantization of cluster ages, especially at
10 Myr and younger. This is to be expected as the models
available for the method to choose from are those follow-
ing the model grid. We do find clusters at 1 Myr using this
method. We find a significant portion of clusters at ages from
5 to 9 Myr with a virtual lack of clusters between 10 Myr to
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100 Myr. The clusters found to be around 20 Myr with the
expectation value method appear to be shifting all to ages
younger than 10 Myr with the maximum likelihood method.
We also find roughly half of the clusters older than 100 Myr to
have very low and even zero reddenings. We check if these are
clusters identified as globular cluster candidates and find only
one of them to be a globular cluster candidate. The remain-
ing globular cluster candidates are found in the grouping at
around 1 Gyr with 0.2 mag reddening, a few at younger ages
around 200 Myr with 0.5 mag reddening, and, most troubling,
30 per cent of the globular clusters are found at 5 Myr old.
In contrast, the expectation value method finds the youngest
globular cluster candidate at 130 Myr and the next youngest
at 180 Myr. The remaining ones are at 200 Myr up to 4 Gyr
with an average reddening of 0.33 mag.

While the expectation value method returns possibly un-
reliable results for the bimodal cases (about 10 per cent of
our NGC 3351 sample), the maximum likelihood method is
not a perfect solution. By choosing the single model with the
highest likelihood, information within the PDF is ignored.
The maximum likelihood model may be surrounded by un-
likely models while the second mode of the PDF, at a lower
relative likelihood, could be encompassed by equally likely
models which gives better confidence that the second mode
may actually provide a better estimate of the cluster’s physi-
cal properties. This also makes it difficult to characterize the
uncertainties on the maximum likelihood result. With the
expectation value, the uncertainties on the estimate can be
calculated as the square root of the second moment of the
posterior PDF which describes the width of the peak in the
PDF and therefore the uncertainty of the estimate. By ignor-
ing the information available in the PDF, there is no way to
measure the uncertainty on the maximum likelihood result.

More work is needed to adequately explore these trends and
effects before the Bayesian analysis can be fully implemented
into the PHANGS-HST SED fitting pipeline. We have exam-
ined the expectation value as the Bayesian estimate but have
highlighted potential issues with these estimates, particular
for those objects with multimodal PDFs, in this section. In
the following section, we discuss future efforts with the goal
to resolve the outstanding issues with the Bayesian analysis,
the age-reddening degeneracy, and other areas of the SED
fitting which need further exploration.

6 FUTURE WORK

There are still a number of tweaks that can be made to the
SED modelling procedures discussed here with the goal of
providing the most accurate and robust star cluster properties
across the PHANGS-HST sample as possible. Here we outline
future work that can be done to help reach this goal.

One of the biggest obstacles for all star cluster SED fit-
ting endeavours is the age-reddening degeneracy. The answer
usually involves the incorporation of more data and how to
best apply those data. For the PHANGS-HST sample, one
option is to supplement the cluster photometry with high-
resolution Ha observations. Whitmore et al. (2020) detail
methodology for using HST Ha observations to improve upon
the ages provided by star cluster SED fitting. This could be
applied to our PHANGS-HST pipeline if such observations
are available for our sample. Currently, there are less than a



dozen galaxies within the PHANGS-HST sample that have
HST Ha imaging, and archival observations do not neces-
sarily cover the same footprint as PHANGS-HST as is the
case for NGC 3351. Ground-based Ha could in principle be
used, but the impacts of their significantly coarser resolution
(~1"") would first need to be understood. The PHANGS col-
laboration has PHANGS-MUSE ~1” Ha maps available for
19 of the PHANGS-HST galaxy sample. Ground-based Ha
maps from narrowband photometry have been compiled by
the PHANGS collaboration (A. Razza et al. in prep.) which
cover all PHANGS galaxies.

One additional option to potentially break the degeneracy
is to apply a different prior for the reddening E(B—V). Cur-
rently, we assume a flat prior where all reddening models are
equally likely. However, a non-flat prior is an option, particu-
larly a log-normal distribution on the basis that the gas col-
umn density PDF, which is completely decoupled from star
cluster work, follows a log-normal distribution. With LEGUS
star clusters, Ashworth et al. (2017) produce an observed ex-
tinction distribution that strongly disfavors high Ay . This
result indicates that a non-flat prior for the reddening could
be necessary.

Another possibility for breaking the age-reddening degen-
eracy is to take advantage of the PHANGS high-resolution
ALMA CO maps. Using a gas-to-dust ratio to convert the
CO maps into dust maps, we could match the star clusters
with the dust map to identify how much dust is present at the
cluster location. This information would then inform which
mode of the bimodal age-reddening distribution to choose as
the best estimate for the age and reddening. However, there
are line-of-sight uncertainties with this simple matching. It
is unknown whether the cluster resides in front of, within,
or behind the dust. Regardless, a lack of CO emission would
provide a strong prior that there is little extinction. Addition-
ally, the gas-to-dust conversion introduces uncertainties and
similar to the ground-based Ha data, there is also a mismatch
in resolution, and the impacts of which would need to be ex-
amined since the CO maps have resolutions of ~1”. Despite
these drawbacks, the ALMA CO maps are still a promising
direction in which to pursue, as they are, by design, available
for the full PHANGS-HST sample. In conjunction with this
method, we can identify dust lanes in the PHANGS-HST op-
tical imaging observations and apply this dust information to
the SED fitting as well.

As discussed in Sections 4.2, PHANGS-MUSE observa-
tions produce Balmer decrement maps as well as stellar
E(B-V) maps from stellar continuum fitting at resolutions
similar to ALMA (1”). Pellegrini et al. (2020) find Balmer
decrement measurements work well for de-reddening Ha
fluxes in model galaxies using the population synthesis model
WARPFIELD. This is a promising result which supports the use
of PHANGS-MUSE Balmer decrement measurements to in-
form our SED modelling.

Here, as a first step, we can check if the Bayesian analy-
sis from Section 5.6 is inferring reddening values that are in
agreement with F(B—V) values from the PHANGS-MUSE
data. The PHANGS-MUSE E(B—V) measurements are de-
rived from Ay maps from Balmer decrement measurements.
We match the location of each star cluster to the closest
pixel in the PHANGS-MUSE map and measure the mean
E(B—V) value of a three by three pixel grid (0.36 arcsec?)
centered on that pixel. We compare our star cluster Bayesian
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estimates to the MUSE measurements in Figure 18 and find a
weak correlation between the two E(B—V') measurements. In
the left panel of Figure 18, 18 of the bimodal cases which have
MUSE Balmer decrements at their locations are highlighted.
The majority of bimodal cases agree with the MUSE measure-
ments within uncertainties. A few of the bimodal cases could
possibly be resolved by including the information provided
by the MUSE data. More of the star clusters not identified
as bimodal could possibly be improved by using the MUSE
measurements. However, more attention beyond the scope of
this paper will need to be devoted to such analysis before it
can be successfully integrated into the PHANGS-HST star
cluster catalog pipeline.

The right panel of Figure 18 focuses on a potentially en-
couraging result. All the clusters with Bayesian estimates
of 10 Myr and younger are plotted along with the relation
E(B—V)star = 0.44E(B—V )gas (Calzetti 2001, equation 9)
which gives roughly a factor of 2 greater reddening in gas
compared to stars (or star clusters in our case). Clusters
at these young ages should still have Ha associated with
them and the MUSE reddening measurements (derived from
Balmer decrements) depend on Ha detection. We see a po-
tential correlation along the Calzetti (2001) line for some of
the young star clusters which may explain the deviation from
unity for the clusters. Thus, it is encouraging that our star
cluster reddening estimates are consistent (within the large
scatter) with the values from MUSE for these young clusters
along the expected relation.

In Section 4.1, we discuss the choice to not include a neb-
ular emission component in our SED fitting. However, there
is a case to be made to include nebular continuum and line
emission for clusters that lie bluer than the SSP tracks at
1 Myr to 5 Myr in color-color space (see Figure 5). In our
NGC 3351 star cluster sample, we find three clusters in this
region. For such clusters, including a nebular emission com-
ponent in the fitting could be justified. Additionally, other
clusters could intrinsically have colors in this same region
but have been reddened by dust and therefore lie to the right
of the SSP track in color-color space. This approach will need
to be tested to see if it makes a significant difference in the
SED fitting results, since the solar metallicity tracks at those
ages are very similar, to warrant implementing it into our
pipeline in the future.

In Section 5.6, we discuss the application of Bayesian pri-
ors to modify the likelihood values of each model on the grid.
A final Bayesian parameter estimate is calculated as the ex-
pectation value or finding the model with the maximum like-
lihood. We show these methods only work well for certain
populations and fail for others (e.g., bimodal cases). Going
beyond these simple methods, we could incorporate each clus-
ter’s entire PDF into computing the mass and age functions
of the cluster population. This will circumvent the need to fix
every single bimodal case while utilizing the information-rich
PDFs.

7 CONCLUSIONS

The PHANGS-HST project aims to study individual star
clusters in 38 nearby galaxies making use of the publicly avail-
able SED fitting code CIGALE to characterize their physical
properties.

MNRAS 000, 1-22 (2020)



20 J. A. Turner et al.
14 T T T T T T T T T |__ T T T T T T T T T ]' T
T ---- Calzetti 2001 0.5F === Calzetti 2001
1.2F A Bimodal Cases ¢ <10 Myr
1.0F 04F

0.8

0.6

0.4

||1
> 'I"Iil
A
>

0.2

Star Cluster E(B-V) Bayesian Estimate

0.0

0.3

(258
\iikifh \i ﬁ:‘
§yrita s

b
AL

02 04
MUSE E(B-V)

0.2
MUSE E(B-V)

Figure 18. Star cluster Bayesian estimates for E(B — V) versus the MUSE E(B — V) measurements at the location the star clusters.
MUSE E(B — V) measurements are derived from Balmer decrements to calculate Ay assuming Ry = 4.05. 266 clusters lie within the
PHANGS-MUSE footprint but 75 clusters have no Balmer decrement measurement at their location. Clusters with bimodal PDFs are
highlighted as red triangles. The dotted line shows unity and the dashed line marks the factor of 1/0.44 times greater reddening of gas
compared to stars (Calzetti 2001, equation 9). 1o error bars are given for the Bayesian estimates and 10 per cent error bars are given for
the MUSE reddening values. The right panel shows a subset of the left panel highlighting only the clusters which are found to be 10 Myr

and younger.

(i) We test CIGALE’s ability to recover known cluster prop-
erties from a mock catalog within the photometric uncertain-
ties and find good recovery of ages (standard deviation of the
difference between the ‘true’ and recovered ages of 0.31 dex),
masses (standard deviation of the difference of 0.18 dex), and
reddenings (standard deviation of the difference of 0.09 mag).
The largest age residuals are found at 1 Myr, at around
10 Myr, and at the very oldest ages. Degeneracies in the SEDs
of the SSP models at 5 Myr to 50 Myr are the major cause
of the large age residuals. We find no change in this result
when using finer or coarser age grid sampling. We bench-
mark CIGALE’s ability to recover the same SED fitting results
as the LEGUS stellar cluster catalogs and can successfully
recover the LEGUS results. The median value of the ratios
between the CIGALE and LEGUS ages is 0.001 &+ 0.017 dex
and the median of the mass ratios is 0.003 4 0.011 dex.

(ii) Using the visually-classified class 1 and 2 subset of
the PHANGS-HST star cluster catalog for NGC 3351, we
test the SED modelling dependencies. We consider the differ-
ences between two single stellar population models (Bruzual
& Charlot (2003) and YGGDRASIL) and the inclusion of neb-
ular emission within those models. We explore how to treat
extinction and reddening from dust in the SED modelling
and evaluate our chosen modelling parameters against IFU
data from PHANGS-MUSE.

(iii) We test how fitting in linear fluxes or logarithmic mag-
nitudes affects the SED results and find no significant changes
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in the resulting distributions of the ages, masses, and redden-
ings.

(iv) Based on the results of our tests in this paper, we
choose to adopt for our SED fitting: linear fluxes, the BC03
SSP model, solar metallicity, an instantaneous burst star for-
mation history, a fully sampled Chabrier (2003) IMF, intrin-
sic reddening varying from 0 to 1.5 mag in 0.01 mag steps,
and no nebular emission component. We sample age models
linearly in 1 Myr intervals for 1 Myr to 10 Myr and loga-
rithmically for 11 Myr to 13.75 Gyr (A log(Age/Myr) = 0.3).
This gives an age-reddening model grid with 16,610 models.

(v) We apply this SED modelling approach to derive the
best-fitting star cluster ages, masses, and reddenings for
NGC 3351. We find that the star clusters within the inner
ring at the center of NGC 3351 to be young and more mas-
sive than the rest of the clusters, which may be due to the
funneling of gas into the center by the galactic bar. This fun-
nelling triggers and maintains ongoing star formation.

(vi) The clusters present in the stellar bulge region are
found to be much older on average, consistent with expecta-
tions from previous work.

(vii) The SED fitting results are checked against visually-
identified globular cluster candidates and, although they are
found to be older relative than the rest of the cluster sample,
the ages fall short of the expected age of 10 Gyr. This is most
likely due to the solar-metallicity SSP model being used for
an old, low-metallicity cluster population as well as the pref-



erence for the SED fitting to choose younger, higher reddened
models (see Whitmore et al. 2020). Thus, caution should be
exercised when studying globular cluster ages derived from
broad-band SED fitting. Clusters with visually-identified HII
regions are also checked, and the SED ages are below 10 Myr
as is expected.

(viii) We study the cluster mass functions and find power-
law slopes of B ~ —2, consistent with the literature. Maxi-
mum likelihood fits find no evidence of an upper mass cutoff
for the clusters of NGC 3351 down to our completeness limit
at 1035 Mg for the 10—100 Myr age bin and 10*® Mg for
the 100—400 Myr age bin.

(ix) We explore the application a Bayesian prior of the
form pprior MPT" to modify the marginalized PDFs and
derive Bayesian estimates for the cluster properties. Without
sufficient physically-motivated criteria to evaluate which val-
ues of # and ~ provide the most-likely output distributions,
we choose to adopt 8 = —2 and 7 = —0.5 as our fiducial prior,
and quantify the differences from this prior. We find that our
Bayesian estimates perform poorly for clusters at 1 Myr and
clusters with bimodal PDFs. Further testing of the Bayesian
analysis is needed to diagnose and mitigate these issues.

(x) We find agreement with large scatter between our star
cluster reddening Bayesian estimates and the MUSE redden-
ing measurements (based on Balmer decrements). For clusters
10 Myr and younger, the disagreement between our measure-
ment and MUSE may be explained by the Calzetti (2001)
relation E(B—V )star = 0.44E(B—V)gas.

The SED fitting methodology detailed in this paper will
be the basis for estimating star cluster physical properties
in the forthcoming publicly available PHANGS-HST star
cluster catalogs. The methodology will also be applied to
the stellar associations identified in the PHANGS-HST sam-
ple which will be detailed in K. L. Larson et al. (in prep.).
In short, a watershed algorithm is used to select the stel-
lar associations of star clusters which provides a better way
of identifying the youngest and least-massive clusters, and
yields a more complete picture than detection of the difficult-
to-model asymmetric class 3 clusters. Applying the same
SED fitting methodology with possible modifications for more
complex star formation histories will provide self-consistency
across both the PHANGS-HST star cluster catalog and the
PHANGS-HST stellar association catalog.

The physical properties derived by SED fitting for the
PHANGS-HST cluster and stellar association catalogs will
be crucial for studying the connections between molecular
clouds and young star clusters across diverse galactic environ-
ments. The catalogs will provide both the x? minimized best-
fitting results, the Bayesian parameter estimates for star clus-
ter ages, masses, and reddenings, and the associated uncer-
tainties. These catalogs, including the catalog for NGC 3351
used in this paper, will be made publicly available through
the Mikulski Archive for Space Telescopes (MAST).
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