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Abstract

JWST observations, when combined with Hubble Space Telescope (HST) data, promise to improve age estimates
of star clusters in nearby spiral galaxies. However, feedback from young cluster stars pushes out the natal gas and
dust, making cluster formation and evolution a challenge to model. Here, we use JWST+ HST observations of the
nearby spiral galaxy NGC 628 to produce spectral energy distribution (SED) templates of compact star clusters
spanning 275 nm through 21 μm. These preliminary SEDs capture the cluster stars and associated gas and dust
within radii of ≈0.12–0.67 (corresponding to ≈6–33 pc at the distance of NGC 628). One important finding is that
the SEDs of 1, 2, 3, and 4Myr clusters can be differentiated in the infrared. Another is that, in 80%–90% of the
cases we study, the polycyclic aromatic hydrocarbon (PAH) and Hα emission track one another, with the dust
responsible for the 3.3 μm PAH emission largely removed by 4Myr, consistent with pre-supernova stellar
feedback acting quickly on the surrounding gas and dust. Nearly embedded cluster candidates have infrared SEDs
that are quite similar to optically visible 1–3Myr clusters. In nearly all cases, we find there is a young star cluster
within a few tenths of an arcsec (10–30 pc) of the nearly embedded cluster, suggesting the formation of the cluster
was triggered by its presence. The resulting age estimates from the empirical templates are compatible both with
dynamical estimates based on CO superbubble expansion velocities, as well as the TODDLERS models, which
track spherical evolution of homogeneous gas clouds around young stellar clusters.

Unified Astronomy Thesaurus concepts: Young star clusters (1833); Spiral galaxies (1560); Spectral energy
distribution (2129); HST photometry (756); James Webb Space Telescope (2291); H II regions (694);
Superbubbles (1656); Polycyclic aromatic hydrocarbons (1280)
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1. Introduction and Motivation

Age-dating star clusters in spirals and other actively star-
forming galaxies provides direct physical insight into the
formation and evolution of the clusters, as well as the
dynamical structures, evolution, and star formation history of
the galaxy itself. The very youngest clusters, those younger
than ≈3Myr, also provide important answers to questions
about the timescales for interaction between stars and the
interstellar medium. Recently formed star clusters help to
constrain the time it takes for giant molecular clouds to form
young clusters, as well as the time it takes for stellar feedback
to halt star formation (which conserves gas for future star
formation) and disperse the parent cloud (A. Kawamura et al.
2009; B. C. Whitmore et al. 2014; K. Hollyhead et al. 2015;
K. Grasha et al. 2018, 2019; A. M. Matthews et al. 2018;
M. Chevance et al. 2020; M. Messa et al. 2021; J. A. Turner
et al. 2021; J. Kim et al. 2022; J. Sun et al. 2024). However,
cluster age-dating has proven to be challenging using near-
ultraviolet through optical broadband photometry alone (e.g.,
G. Worthey 1994; B. C. Whitmore & Q. Zhang 2002;
P. Anders et al. 2004; A. Wofford et al. 2016; A. Adamo
et al. 2017; B. C. Whitmore et al. 2020, 2023a).

The Physics at High Angular Resolution in Nearby GalaxieS
with the Hubble Space Telescope (PHANGS-HST; J. C. Lee
et al. 2022, G0-15654) program has used photometric
measurements in five broadband filters (NUV, U, B, V, and I)
to determine the best-fit age and reddening for clusters in 38
galaxies by fitting to predictions from the G. Bruzual &
S. Charlot (2003) evolutionary models (J. A. Turner et al.
2021). They found that, without additional constraints and
information, such as Hα or CO, it is challenging to separate
reddened young clusters from older clusters with little
reddening (S. Hannon et al. 2022; B. C. Whitmore et al.
2023a; M. Floyd et al. 2024; D. Thilker et al. 2025), and there
is little ability to differentiate the ages of the youngest <5Myr
clusters.

Infrared measurements of star clusters have long promised to
break the well-known age–reddening degeneracy when com-
bined with optical data, since starlight is significantly less
extinguished in the infrared. Observations with JWST can
capture emission from starlight (at shorter infrared wave-
lengths), warm ionized gas (from hydrogen recombination
lines), warm dust and polycyclic aromatic hydrocarbons
(PAHs) emission. Including all these components in a
consistent manner is our primary challenge.

PAHs are grains that emit prominently in the mid-infrared
(A. Leger & J. L. Puget 1984; J. L. Puget & A. Leger 1989;
F. X. Desert et al. 1990; B. T. Draine 2003; A. Li 2020;
B. T. Draine et al. 2021). The PHANGS-JWST survey (GO-
2107; PI: J. Lee; J. C. Lee et al. 2023; T. G. Williams et al.
2024) includes the F335M, F770W, and F1130W filters to
study PAH emission on the physical scales of star clusters.
PAHs range in sizes from ∼3 to ∼100Å, with the smallest
grains emitting predominantly at 3.3 μm and being particularly
sensitive to ultraviolet radiation (e.g., B. T. Draine et al. 2021;
B. S. Hensley & B. T. Draine 2023). There appear to be two
primary morphological signatures of PAH and IR dust emission
in spiral galaxies. These have been termed “meatballs” (bright,
roughly spherical, and generally in active star-forming regions)
and “swiss cheese” (faint, diffuse, and generally in dust lanes)
(F. Belfiore et al. 2022; A. K. Leroy et al. 2023; K. M. Sands-
trom et al. 2023; D. Pathak et al. 2024; E. Schinnerer &

A. K. Leroy 2024). In the current paper, we focus on the
“meatball” morphology, which is generally associated with H II
regions and young clusters.
The spatial resolution of a telescope varies linearly with

wavelength. For this reason, early infrared (IR) studies had
limited resolution, ranging from ≈5″ for IRAS (G. Neugebauer
et al. 1984), to ≈2″ for SPITZER (M. W. Werner et al. 2004),
to ≈5″ for Herschel (G. L. Pilbratt et al. 2010). One of the
results of this limited resolution was a focus on developing
SED models that were appropriate for large portions of nearby
galaxies (or the entire galaxy) rather than individual star
clusters. Only with the twentyfold improvement in spatial
resolution offered by JWST are we now able to focus on
individual star clusters in nearby spiral galaxies, and the
individual parts of H II region complexes.
Most current IR SED models, such as the Code Investigation

Galaxy Emission (CIGALE; M. Boquien et al. 2019)
implementation of the Draine models (B. T. Draine et al.
2007) are static (rather than dynamical) models that assume
“energy balance” between the radiation field (primarily in the
UV) and emission from dust. While these models have been
very successful for entire galaxies and kpc-scale regions in
nearby galaxies that contain an integrated population contain-
ing both young, massive, UV-bright stars and the gas and dust
they energize, they may not be appropriate for the study of
individual star clusters on parsec scales in nearby spiral
galaxies that drive outflows and typically clear the gas and dust
out of the measurement aperture used to study star clusters on
timescales of 2–5Myr. Hence, the assumption of energy
balance may be violated at scales that resolve star clusters.
The production of empirical spectral energy distributions

(SEDs) of star clusters with independently known ages, and
which cover the ultraviolet, optical, and infrared portions of the
spectrum, is an important step toward accurately age-dating
cluster populations in nearby galaxies. The focus of this paper
is to create a new set of SEDs for star clusters that span from
275 nm through 21 μm using 14 band photometry from the
PHANGS-HST and JWST programs. These can be used to
age-date optically visible, partially obscured, and nearly
embedded star clusters. They can also be used to help
validate hydrodynamic simulations of star cluster formation
(e.g., STARFORGE; M. Y. Grudić et al. 2021, 2022), as well
as SED-generating simulations such as TODDLERS
(A. U. Kapoor et al. 2023) or WARPFIELD-EMP (E. W. Pell-
egrini et al. 2020). The current paper is a pilot study that
focuses on 40 star clusters in the well-studied “Phantom
galaxy” NGC 628. The project will be extended in the future to
include additional galaxies and to include larger cluster
samples.
The rest of this paper is organized as follows. In Section 2,

we summarize the JWST+HST observations, cluster catalogs
and photometry, as well as the method of estimating cluster
ages that is used in this work. In Section 3, we present our main
results, which include the construction of new empirical
template SEDs for star clusters. In Section 4, we compare
our empirical SEDs with predictions from the TODDLERS
(A. U. Kapoor et al. 2023) SED model suite, and discuss
previous observational work in the context of our new cluster
templates. We summarize our main results and discuss future
work in Section 5.
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2. Data and Cluster Training Sets

2.1. HST and JWST Observations and Cluster Catalogs

In this work, we use photometry of clusters in NGC 628 in
14 filters, which cover wavelengths from 0.275 to 21 μm,
performed on HST+JWST images. NGC 628, also known as
the Phantom galaxy, is a nearly face-on, grand-design spiral
galaxy at a distance of 9.84 ± 0.63Mpc (G. S. Anand et al.
2021). It has been the focus of several studies made by the
PHANGS collaboration, as well as the LEGUS (D. Calzetti
et al. 2015) and FEAST (B. Gregg et al. 2024; A. Adamo et al.
2025, in preparation) projects. Figure 1 shows a B, V, Hα color
image of NGC 628, highlighting the H II regions strung along
the spiral arms in red (Hα). Figure 2 shows a B, V, 7.7 μm color
image where the PAH emission (red) traces both Hα and also
the diffuse dust lanes. A careful comparison of Figures 1 and 2
shows that, in most cases, the regions with strong 7.7 μm
emission also have strong Hα emission, a result that is
established more quantitatively in H. Hassani et al. (2023).

NGC 628 was observed in five bands by HST (WFC3/
F275W, WFC3/336W, ACS/F435W, ACS/555W, and ACS/
F814W) as part of the LEGUS survey (D. Calzetti et al. 2015),
and was reduced using the PHANGS-HST pipeline (see
J. C. Lee et al. 2022 for more details). Narrowband
observations of the Hα line taken with the ACS/F658N filter
(Proposal 10402, PI: Chandar, R. Chandar et al. 2025) also
exist in the archive. See J. C. Lee et al. (2022)29 for details
about PHANGS-HST. The Advanced Camera for Surveys
(ACS) data was drizzled onto a WFC3-like grid, using GAIA
(Gaia Collaboration et al. 2016) stars for the alignment. The
pixel scale of 0.0396 for WFC3 pixels corresponds to
1.890 pc pix−1 at the assumed distance of 9.84Mpc for
NGC 628.

JWST observations of NGC 628 are available in the F200W,
F300M, F335M, and F360M NIRCAM filters and in the
F770W, F1000W, F1130W, and F2100W MIRI fiiters, as part
of a Cycle 1 JWST Treasury program (proposal 2107; PI:
J. Lee; J. C. Lee et al. 2023). See J. C. Lee et al. (2023) and
T. G. Williams et al. (2024) for additional details about the
observations and basic reductions.

In this work, we start from the PHANGS-HST catalog of
compact star clusters (B. C. Whitmore et al. 2021;
D. A. Thilker et al. 2022; D. Maschmann et al. 2024). ID
numbers for the optically selected star clusters used in this
paper are from D. Maschmann et al. (2024). Clusters were
selected to be extended sources that are broader than the PSF
based on measurements of multiple concentration indices
(D. A. Thilker et al. 2022). The extended sources in these
initial catalogs were then classified by visual inspection by
author B. Whitmore (human classification) and by machine
learning algorithms into Class 1 (single-peaked, symmetric
clusters), Class 2 (single-peaked, asymmetric clusters), Class
3 (multiply peaked, compact associations) and Class 4
(contaminants) (W. Wei et al. 2020; B. C. Whitmore et al.
2021; S. Hannon et al. 2023). In this work, we use the 489
human-classified Class 1 + 2 catalog in NGC 628. However,
the number of clusters used in different parts of the analysis
is smaller for a variety of reasons, including being faint (often
in the UV) or missing due to a somewhat different field of
view (primarily JWST filters). Of the 489 clusters, only 291

have U− B, V− I, I–3.3 μm, and 3.0–7.7 μm measurements
required to include the cluster in various parts of the analysis
performed in this paper.

2.2. Photometry

2.2.1. Small- versus Large-aperture Photometry

The difference in spatial resolution as a function of
wavelength (e.g., effective radius of a PSF ≈ 0.08 for the
F555W filter and ≈0.67 for the F2100W filter) provides an
important and difficult challenge for multiwavelength studies
of star clusters. A common approach is to convolve the
shorter-wavelength images to have comparable resolution to
the longer-wavelength images, so that the apertures are
effectively “matched.” While this approach gives up some
spatial resolution information, it gains a degree of uniformity
in at least attempting to look at the same objects and field
of view.
In our case, we are primarily interested in the star clusters,

which are barely resolved and often very close together. Hence,
spatial resolution is our primary concern and we therefore use
“small-aperture” photometry as our primary method in most of
this paper. In addition, it is not always possible to “look at the
same objects,” even when matching the field of view with
convolved images and larger apertures. This is because the IR
flux for the youngest regions (1–5Myr) is generally dominated
by emission from gas and dust (i.e., thermal dust continuum,
PAH emission, warm ionized gas), while optical flux is
dominated by stellar-continuum emission. Hence, although the
stellar light stays in one place and is observed in both the
optical and IR, the gas and dust associated with the cluster
generally expands to sizes that are many times larger than even
the large 0.67 radius of the F2100W PSF in just a few Myr.
Hence, it is not possible to actually match the features
associated with young clusters at all ages.
In Section 3.2 and Appendix B, we return to this topic by

making a comparison between small-aperture photometry and
photometry based on images convolved to the resolution of the
21 μm image based on the paper by H. Hassani et al. (2023).
This provides more quantitative information comparing the two
approaches to performing photometry. Luckily, the dynamic
situation responsible for this problem also provides the solution
for our age-dating goals, since it removes the gas and dust from
the aperture in only a few million years, resulting in fluxes that
vary by a factor of more than a hundred in the F2100W filter in
roughly five Myr.

2.2.2. Photometric Parameters

Typically, an aperture radius of 0.1–0.2 (i.e., 3 to 5 ACS or
WFC3 pixels using HST; ≈5–10 pc for galaxies at 10Mpc) has
been used to study star clusters in nearby galaxies (e.g.,
R. Chandar et al. 2010; B. C. Whitmore et al. 2010; N. Bastian
et al. 2012; A. Adamo et al. 2017). This allows studies to focus
on a single star cluster in regions that are often very crowded,
while still excluding neighboring clusters and stars. In
principle, we could use much larger radii that cover the entire
H II complex, often several hundred pc in size. However, this
would result in the inclusion of several (or even dozens) of
nearby star clusters covering a wide range of ages, thus
defeating the basic aim of the project, which is to study the ages
and evolution of individual clusters.29 https://archive.stsci.edu/hlsp/phangs
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For the current paper, our primary method of performing
photometry uses small apertures centered on the clusters in the
HST observations. More specifically, a 4 WFC3-pixel (0.158)
radius with a sky annulus from 7 to 8 WFC3 pixels, and
aperture corrections based on bright isolated star clusters (see
S. Deger et al. 2022 for details). We note that there are small
(typically a few hundredths of a magnitude) differences
between the HST photometry used in the current paper (from
M. Rodríguez et al. 2025) when compared to the original
photometry in J. A. Turner et al. (2021), due to the use of
different software packages.

The spatial resolution in NIRCAM bands is similar to HST,
hence comparable 4 pixel (0.124) radii apertures were
employed with a sky annulus from 7 to 8 NIRCAM pixels.
Aperture corrections were derived based on bright isolated
globular clusters in NGC 628.

Aperture photometry for the MIRI observations used the 50%
encircled energy radii for stars. A sky annulus of 13–14 MIRI
pixels (1.43 and 1.54) is used in all MIRI bands. The total
brightness is then obtained by doubling the measured flux, since
the clusters are essentially point sources in the MIRI bands. See
M. Rodríguez et al. (2025) for details about the HST, NIRCAM,
and MIRI photometry used in the current paper. This is referred to
as “small-aperture photometry” throughout this paper.
It should be noted that, while the aperture corrections are

reasonable for the star clusters themselves, they are largely
meaningless for the interstellar medium (ISM) components
associated with very young clusters, due to the rapid expansion
of the superbubbles. Fortunately, as we will see in Section 3,
there is a factor of ∼100 difference between the flux of a 1 and
a 5Myr cluster in the MIRI bands, significantly larger than the
uncertainties in the aperture corrections.

Figure 1. Hα, V, B HST image of a portion of NGC 628 showing the locations of star clusters in our training set of Class 1 and 2 PHANGS-HST clusters for building
our empirical SED templates. The color-coded adopted ages, derived as explained in Section 2.3.1, are marked by circles, with the ID numbers from the human-
classified compact cluster catalog included. Close-up snapshots of the clusters are included in Figures 5 and 6.
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Fluxes are measured/converted into Jansky for all filters.
When only optical colors are presented, they are converted to
the VEGAMAG system30 (for example, in Section 2.3.1 and
Figure 3), and when HST and JWST colors are plotted
together, all filters are in the ABMAG system (for example, in
Section 3.4).

As discussed in Sections 2.2.1, 3.2, and Appendix B, we also
perform convolved large-aperture photometry and compare it with
our results using small-aperture photometry for some aspects of the
analysis. Briefly, this uses ASTRODENDRO (T. Robitaille et al.
2019) to identify sources in the F2100W image, and then measures
fluxes at these locations on images of the various filters that have
been convolved to the same spatial resolution as the F2100W
image (i.e., 0.67). A background is subtracted using median values

in an annulus that is 2–3 times larger than the F2100W resolution
(i.e., 1.34–2.01). See H. Hassani et al. (2023) for details.
The photometry used in the current paper is the version available

in summer 2024 from the various studies listed above. Later
versions of the photometry may vary, generally slightly. For this
reason, the photometry is included in the tables of the current paper.

2.3. Cluster Age Estimates

In this section, we start with class 1+2 clusters identified in
the human-classified PHANGS-HST catalog (see D. Maschm-
ann et al. 2024 for details). We use two independent associated
methods to estimates ages, both independent of the normal
PHANGS SED age estimates reported in J. A. Turner et al.
(2021), K. F. Henny et al. (2025), and D. Thilker et al.
(2025).31

Figure 2. 7.7 μm (JWST), V, B image of the same region as shown in Figure 1, with the same labeling. Note that the bottom right portion of the image was not
covered by the JWST observations, limiting the region of NGC 628 that could be used to define the training set.

30 The VEGAMAG system has been used in most past studies that have
focused on optical observations. The use of VEGAMAG for these particular
figures is designed to facilitate comparison to previous results such as
R. Chandar et al. (2010) and A. Adamo et al. (2017).

31 In principle, we could use ages determined by these other methods, but
while most of these ages are robust, there are some remaining biases as well.
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The first method relies on specific ranges of U− B and V− I
colors that uniquely establish the ages of the clusters rather than
being affected by the age/reddening/metallicity degeneracies.
This is possible for clusters with ages of ≈1–4, 5, 10, 150, and
500Myr, which can then be used as a “skeleton” to build
templates at all ages.

The second method uses the size of Hα superbubbles around
very young clusters to approximately refine cluster ages of 1, 2,
3, and 4Myr (see B. C. Whitmore et al. 2011; S. Hannon et al.
2022; A. Pedrini et al. 2024). We select the five most massive
clusters (generally > 3000Msolar) at each age to minimize the
impact of stochasticity on the integrated flux measurements
(e.g., M. Fouesneau & A. Lançon 2010; M. Fouesneau et al.
2012; M. R. Krumholz et al. 2015; A. Wofford et al. 2016;
S. Hannon et al. 2019; B. C. Whitmore et al. 2020; J. A. Turner
et al. 2021). The locations of these clusters are shown in
Figures 1 and 2.

2.3.1. Initial Age Estimates from Degeneracy-free Regions in the
U− B versus V− I Color–Color Diagram

Figure 3 shows a U− B versus V− I color–color diagram for
star clusters in NGC 628. This diagram is the workhorse for
several PHANGS-HST studies; the reader is referred to papers
from the PHANGS collaboration (e.g., J. A. Turner et al. 2021;
B. C. Whitmore et al. 2021; S. Deger et al. 2022; D. Masch-
mann et al. 2024), as well as earlier papers such as B. C. Whi-
tmore & Q. Zhang (2002), R. Chandar et al. (2010), and
A. Adamo et al. (2017) for details. While the degeneracy
between age and reddening in broadband colors can make it
challenging to estimate the ages of clusters in many parts of this
diagram (P. Anders et al. 2004; B. C. Whitmore &
Q. Zhang 2002; B. C. Whitmore et al. 2023a; D. Thilker
et al. 2025), there are regions in the color–color diagram where
clusters can generally only have a single age or very small
range of ages. We will refer to these as “degeneracy-free

Figure 3. U − B vs. V − I diagram with the five “degeneracy-free” regions shown, as discussed in the text. The clusters from the training set are identified using color-
coded circles defined in Figure 1. Clusters with strong PAH emission (i.e., F770W/F300M > 20) are shown in black. Most of these clusters with strong PAHS are
above the 10 Myr position, as determined by the BC03 models shown by the black line, and are compatible with being from the 1 to 4 Myr box with varying degrees
of reddening. Five of the six clusters that are potentially older than 10 Myr have strong Hα emission, as shown by the snapshots, and hence are young clusters
(1–5 Myr) with AV ≈ 1.2–2.5 mag. Hence, from this figure alone, it is clear that nearly all strong PAH emitters have ages less than about 5 Myr.
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regions,” and the associated ages will be referred to as
“adopted” ages. These regions are identified by the boxes in
Figure 3.

The box containing clusters with ages between 1 and 4Myr
is shown in red and is the clearest example of a specific
region in color–color space that is not very sensitive to the
age–reddening degeneracy. The colors in this box are
consistent with colors predicted by the G. Bruzual &
S. Charlot (2003, hereafter BC03) solar-metallicity models
for 1, 2, 3, and 4Myr star clusters, with a small to moderate
amount of reddening added (i.e., E(B− V )= 0.1–0.3 mag,

hence AV ≈ 0.3–0.9 mag). These clusters are blueward in the
U− B of the horizontal portion of the BC03 model line
expected for 5–10Myr clusters, when red supergiants (RSGs)
start to appear (see Figure 3). Hence the clusters would require
a negative (nonphysical) value of AV to reach positions from
the BC03 models with ages 6–9Myr. A visual examination of
all clusters in the 1–4Myr box shows that most have strong Hα

emission, as expected for very young clusters. We take a closer
look at the clusters in the 1–4Myr box in Appendix A.
Table 1 shows that all the clusters in the 1–4Myr box with

measured age estimates using the SED-TreeFit approach from

Table 1
Properties of the Cluster Training Sample Used to Make Empirical SED Templates

IDa Adp. Ageb RHα
c R.A. Decl. SEDFIX Aged log Md EBVa,e U − Be V − Ie I-3.3f 3.0–7.7f

(Myr) (pix) (deg) (deg) (Myr) (Me) (mag) (mag) (mag) (mag) (mag)

1 1724 1.0 0 24.160755 15.765572 2.0 3.49 0.26 −1.52 0.12 1.07 4.29
2 1767 1.0 0 24.163475 15.765885 2.0 4.07 0.22 −1.49 0.30 0.91 4.30
3 4505 1.0 0 24.160275 15.783140 2.0 3.62 0.10 −1.45 0.20 −0.10 4.45
4 5418 1.0 0 24.152300 15.789327 3.0 3.75 0.18 −1.51 0.04 0.24 4.24
5 7280 1.0 0 24.176468 15.804831 3.0 3.53 0.14 −1.51 0.07 0.42 4.69
6 3150 2.0 2 24.185388 15.775613 3.0 4.08 0.24 −1.34 0.19 −0.80 4.77
7 3538 2.0 2 24.185787 15.777906 3.0 3.83 0.18 −1.44 0.06 −0.02 3.93
8 4995 2.0 1 24.171566 15.786123 3.0 3.41 0.20 −1.35 0.23 −0.17 4.83
9 5015 2.0 2 24.161094 15.786205 3.0 3.51 0.20 −1.35 0.19 −0.01 3.70
10 6681 2.0 1 24.163612 15.799347 3.0 3.78 0.14 −1.42 0.12 −0.42 4.77
11 1905 3.0 3 24.174276 15.766726 3.0 3.39 0.10 −1.41 0.05 −0.99 4.48
12 1343 3.0 4 24.163696 15.763633 1.0 4.26 0.22 −1.43 0.21 −1.81 −1.07
13 2972 3.0 4 24.187976 15.774374 3.0 4.22 0.10 −1.44 −0.03 −1.71 2.31
14 4768 3.1 2 24.171274 15.784595 2.0 3.75 0.16 −1.52 0.17 −0.99 0.97
15 5434 3.0 3 24.152246 15.789426 3.0 3.69 0.18 −1.46 0.02 −1.78 4.60
16 1214 4.0 12 24.196543 15.762902 7.0g 3.99g 0.01g −1.37 0.31 0.4 −0.20
17 1248 4.0 5 24.195676 15.763044 3.0g 3.60g 0.03g −1.54 −0.19 −3.14 1.24
18 5655 4.0 5 24.161463 15.790765 3.0 4.05 0.14 −1.47 −0.05 −2.06 3.23
19 6276 4.0 17 24.163632 15.795263 1.0 4.68 0.24 −1.39 0.27 −0.09 −0.85
20 7255 4.1 17 24.175683 15.804612 1.0 3.72 0.26 −1.47 0.36 −3.85 1.98
21 1667 5.0 5 24.164027 15.765316 1.0 3.84 0.34 −1.16 0.23 −2.32 2.55
22 2416 5.0 20 24.186201 15.770045 8.0 4.02 0.16 −1.04 0.47 −0.21 −1.91
23 3433 5.0 6 24.185832 15.777333 5.0 3.61 0.28 −0.94 0.16 −1.42 2.31
24 5894 5.0 −999 24.156443 15.792100 7.0 3.70 0.14 −0.93 0.33 −1.3 −1.72
25 6895 5.0 −999 24.171399 15.800950 4.0 3.74 0.46 −0.89 0.29 −3.06 0.53
26 1187 10.0 −999 24.198491 15.762762 9.0g 4.07g 0.38g −1.0 0.96 −0.69 −0.95
27 2688 10.0 −999 24.169986 15.771925 10.0 4.07 0.12 −1.11 1.03 −0.43 −1.76
28 4356 10.0 −999 24.183245 15.782235 10.0 3.67 0.18 −1.19 1.27 0.19 −2.74
29 5016 10.0 −999 24.154924 15.786206 10.0 3.90 0.14 −1.07 1.07 −0.43 −3.76
30 7150 10.0 26 24.172343 15.803480 8.0 3.82 0.34 −0.98 0.76 −1.71 1.61
31 1743 150.0 15 24.161103 15.765697 124.0 4.04 0.10 −0.30 0.56 −3.42 0.90
32 2535 150.0 14 24.190482 15.770641 175.0 4.01 0.04 −0.31 0.45 −1.70 1.74
33 4901 150.0 −999 24.184198 15.785612 175.0 4.03 0.06 −0.35 0.48 −1.52 −0.29
34 5736 150.0 −999 24.180184 15.791151 197.0 3.98 0.02 −0.26 0.52 −1.70 −0.33
35 6400 150.0 6 24.161230 15.796543 156.0 4.33 0.00 −0.24 0.47 −1.33 −2.05
36 1516 500.0 −999 24.164762 15.764410 311.0 4.11 0.04 0.24 0.67 0.53 −1.13
37 2273 500.0 −999 24.165669 15.768983 391.0 4.57 0.06 0.26 0.64 −1.38 0.94
38 2352 500.1 3 24.182627 15.769619 5.0 4.34 0.96 0.26 0.68 −0.60 3.45
39 2984 500.0 −999 24.162251 15.774448 874.0 4.48 0.08 0.26 0.80 −1.29 −2.02
40 6340 500.0 −999 24.178579 15.796022 695.0 4.39 0.00 0.19 0.77 −0.23 −0.72

Notes.
a Star Cluster ID # from D. Maschmann et al. (2024).
b Adopted age as discussed in Sections 2.3. The values with “0.1” attached are the outliers discussed in Section 2.5.
c Distance in HST pixels from star cluster to the nearest Hα feature., which may or may not be associated with the star cluster in the older objects. Values of −999 are
used when there is no Hα present in the snapshot.
d The SED-TreeFit (SEDFIX in heading) age, mass, and E(B − V ) reddening estimates based on HST observations from D. Thilker et al. (2025).
e Values in VEGAmag.
f Values in ABmag.
g From J. A. Turner et al. (2021), since ages for these objects are missing in D. Thilker et al. (2025).
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D. Thilker et al. 2025 have ages less than 4Myr. This provides
an independent sanity check that all of the clusters in the
1–4Myr box are likely to be very young.

Similar degeneracy-free regions in the U− B versus V− I
color–color diagram are identified for 4–7Myr (maroon—
5Myr box), 9–11Myr (gold—10Myr box), 100–250Myr
(cyan—150Myr box), and 300–800Myr (gray—500Myr
box). In all these cases, backtracking along the reddening
vector (toward the upper left) intersects the solar-
metallicity BC03 model in a very small range of ages, hence
minimizing degeneracies and providing more certain age
estimates. This is not true for many other regions of the
U− B versus V− I color–color diagram. For example, an old
globular cluster can be assigned an age of 13 Gyr, 1 Gyr,
100Myr, 6 Myr, or 1 Myr, depending on how much reddening
is assigned (see B. C. Whitmore et al. 2023a; D. Thilker
et al. 2025).

While different stellar evolutionary models, such as
GALEV, Yggdrasil, STARBURST99, and BC03 (C. Leitherer
et al. 2002; G. Bruzual & S. Charlot 2003; R. Kotulla et al.
2009; E. Zackrisson et al. 2011) make somewhat different
predictions for the evolution of U− B versus V− I colors, we
have found that the BC03 models provide a good overall
match to the observed colors of ∼100,000 clusters
from the PHANGS-HST survey (J. A. Turner et al. 2021;
D. Maschmann et al. 2024; K. F. Henny et al. 2025; D. Thilker
et al. 2025). Independent age estimates from spectroscopy
and Hα bubble size also give results similar to the predictions
from the BC03 models (B. C. Whitmore et al. 2011, 2020;
R. Chandar et al. 2016).

2.3.2. Refined Age Estimates from Hα Superbubble Sizes

B. C. Whitmore et al. (2011) demonstrated that the radii of
Hα superbubbles around young clusters in M83 tend to increase
with ages estimated from SED fitting. Hα emission is observed
essentially on top of the broadband stellar-continuum emission
for the youngest clusters, is in a small bubble for slightly older
clusters, and has formed a fairly large bubble or shell (typically
20–80 pc) by an age of 3–5Myr. K. Hollyhead et al. (2015)
performed a similar analysis in M83 and concluded that the
clusters have removed their natal gas in <4Myr, in good
agreement with the B. C. Whitmore et al. (2011) timescale.
Other studies with similar results include S. Hannon et al.
(2022), E. J. Watkins et al. (2023), A. Pedrini et al. (2024), and
M. Rodríguez et al. (2025).

Using these results, we divide clusters with integrated colors
that fall in the 1–4Myr box into 1, 2, 3, and 4Myr adopted age
bins based on their estimated Hα superbubble size. Given 20
clusters, we assign them into four groups of five each, as
described below. To facilitate this relative ordering by age, we
make simple visual estimates of the size of the superbubble, by
measuring the distance in pixels from the cluster to the nearest
Hα feature that appears to be part of the shell. The results are
included in Table 1, and are used to separate the sample into
the appropriate age bins for the clusters in the 1–4Myr box,
also included in Table 1. We note that most of the superbubbles
are quite erratic in shape, making more complete measurement
(e.g., with minimum and maximum shell radii, as used in
K. Hollyhead et al. 2015 for typically better defined bubbles)
unwarranted.

It is important to note that the adopted estimates in the
1–4Myr age range should be considered as both tentative and

relative (rather than absolute), since there are many physical
processes operating during the early life of a H II region that
may modify the simple linear approximation used to assign age
estimates for these very young clusters. Examples are inclusion
of nebular emission in the models (D. Thilker et al. 2025),
variations in escape fraction (e.g., A. T. Barnes et al. 2022;
J. W. Teh et al. 2023), coupling efficiency of stellar feedback
(e.g., R. Weaver et al. 1977; M. S. Oey & G. García-Seg-
ura 2004; O. V. Egorov et al. 2023), modification of expansion
velocities as a function of time (E. J. Watkins et al. 2023), age
spread in the formation of low- versus high-mass stars (e.g.,
G. Brown & O. Y. Gnedin 2022), and different pressure of the
ISM as a function of environment (e.g., as shown by a
correlation of the sizes of H II regions with distance from the
center of the galaxy; A. Pedrini et al. 2024). However, with a
range of only 1–4Myr for clusters in this part of the color–
color diagram, essentially any reasonable scenario is going to
give maximum errors of 1 or 2Myr for a particular cluster. We
take a closer look at the clusters in the 1–4Myr box in
Appendix A. One of the results is the demonstration that there
is a roughly even distribution of clusters from very compact to
large bubbles, consistent with our assumption of an even
distribution of ages from 1 to 4Myr.
We note that nebular emission has not been included in

the BC03 models shown in Figure 3. This will spread the
predicted colors out slightly for 1, 2, 3 Myr ages, but the
1–4Myr box is large enough that this will not affect the overall
results very much (see D. Thilker et al. 2025, for a discussion).
A sanity check is possible by examining the results from

E. J. Watkins et al. (2023), who identified 34 superbubbles in
NGC 628, two of which are shown in Figure 4. The bottom
bubble (i.e., denoted Watkins—bubble #1) is #4 in the list of
12 “perfect” bubbles in NGC 628 in Table 2 of E. J. Watkins
et al. (2023), with a CO expansion velocity of 10 km s−1 and an
estimated age of 3Myr. The top bubble (i.e., denoted Watkins
—bubble #2) is smaller and less resolved, and hence is not in
the final catalog of 12 objects. However, Watkins’ estimate for
this object (E. J. Watkins, private communication) is 1–2Myr.
These age estimates are quite compatible with our use of
bubbles to estimate cluster ages between 1 and 4Myr. In
particular, we note that the “central” cluster in the bottom
superbubble is cluster 6276, which is in our training sample
with an adopted age of 4Myr. Furthermore, the morphology of
the top bubble is similar to the 2 and 3Myr bubbles in Figure 5.
We also note that our estimated ages are consistent with

those for young star clusters and H II regions in the Milky Way
(e.g., E. Churchwell et al. 2006) and Magellanic Clouds. For
example, G. De Marchi et al. (2011), P. A. Crowther &
N. Castro (2024), and K. Fahrion & G. De Marchi (2024) find
ages in the range 2–4Myr for various components of the
central region of 30 Dor (i.e., R136 and NGC 2070).
Figure 4 also demonstrates that the outflow that created the

superbubbles has removed most of the gas and dust from within
the effective photometric apertures used for our study (shown
in the middle left panel as the red solid line for HST and
NIRCAM data, the orange dashed line for the F770W data, and
the yellow dotted line for the F2100W data) in just a few Myr.
It is primarily the rapid removal from the aperture of the gas
and dust, and the corresponding nebular, PAH, and IR dust
emission, that reduces the near- and mid-infrared flux and
produces the signal that allows us to differentiate the youngest
star clusters.
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2.4. Selection of Clusters for SED Templates

With our two associated age-dating methods in hand, we
select the five most massive clusters (based on the D. Thilker
et al. 2025) estimates at each adopted age to create empirical
SED templates. Figures 5 and 6 show snapshots of all 40
clusters used for these templates. A careful examination of
these images reveals several things.

1. For the clusters with adopted ages of 1 Myr clusters, Hα
is right on top of the central cluster (always just above the
small red cross).

2. The Hα superbubble becomes less well defined from
3Myr through 4Myr, and Hα emission is generally gone
by 5Myr. For older sources, we do not generally see Hα

clearly associated with the cluster in all but cluster 2352
(discussed further below as an outlier), just occasionally
what appears to be unassociated diffuse Hα emission
based on the morphology (i.e., not ring-like and not
roughly centered on the cluster).

3. Hα and 3.3 μm PAH emission have somewhat similar
morphologies, although in many of the cases (e.g.,
sources 1767, 4505, 5418, 7280, 3538, 6681, 1905, 1343,
2972, and 5434), the central cluster appears fainter in

Figure 4. Images using several color combinations are shown of Region 1 in NGC 628 (from B. C. Whitmore et al. 2025, in preparation), which contains two
superbubbles from E. J. Watkins et al. (2023) (i.e., the yellow circles in the upper right panel), where age estimates have been made based on the observed expansion
velocities in CO. There are four clusters from the human-classified compact cluster catalog (D. Maschmann et al. 2024) (Class 1 in red and Class 2 in green), one of
which (6276) is one of the 4 Myr training clusters used in the current paper. The sizes of the apertures used in the optical (red), 7.7 (orange), and 21.0 (yellow) μm
observations are shown in the middle left panel.
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Figure 5. Snapshots of the 1–4 Myr training set clusters. The cluster ID is shown in yellow, along with the adopted age (see text). The color combinations used for the
snapshots, and a size scale, are shown in the top row. The program cluster is just above the small red cross in all cases.
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Figure 6. Same as Figure 5 for 5–500 Myr training set clusters.
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3.3 μm, and the superbubble appears slightly larger and/
or the ring less-well defined than the Hα emission. This
may be due to the preferential destruction of smaller PAH
dust grains associated with 3.3 μm emission (e.g.,
S. C. Madden et al. 2006; M. S. Povich et al. 2007;
A. Maragkoudakis et al. 2018; O. V. Egorov et al. 2023).
We return to this point in Section 3.3.

4. The 7.7 and 21 μm (not shown) maps have morphologies
similar to those of the Hα maps, albeit with lower
resolution. The resemblance between the 7.7 and 3.3 μm
morphologies is not as good, again perhaps because of
earlier destruction of the 3.3 μm dust grains.

We note that, in one case, two clusters (5418 and 5434) are
part of a close pair, with a separation of about 10 pixels. As in
previous studies (e.g., B. C. Whitmore et al. 2021) we use a
separation of five WFC3 pixels as a criteria to reduce the
redundancy and double counting. This is the only pair with a
separation of less than 20 pixels in the sample, hence it has only
a minimal effect on the results.

The key takeaway from our investigation of the 40 clusters
in NGC 628 that will be used to create SED templates is that by
the time clusters are ≈5Myr old, little to no associated Hα,
PAH, or IR dust continuum emission remains. The absence of
strong gas and dust tracers in the 5 and 10Myr samples, and
the agreement of the observed IR SEDs with the TODDLERS
predictions (discussed in Section 4.1), provide further support
for the conclusion that there is little or no strong PAH or IR
dust emission locally associated with clusters older than
about 5 Myr.

2.5. Outlier Rejection

It is often the case that there are important lessons to be
learned from outliers. The small sample used in this pilot work
allows us to study each cluster in detail and identify objects to
reject from the sample in order to reduce the scatter and
improve the reliability.

A careful look at Figures 5 and 6 reveals three important
issues that have been used to remove three of the clusters from
our sample, as listed in Table 1. The first is related to the high
background, and likely environmental dependencies of galaxies
in the inner region of NGC 628. Cluster 4768 (3Myr sample) is
the primary example, showing a high background in all colors,
as well as a potential environmental dependence caused by the
inner H II regions being systematically smaller than H II regions
in the outer part of the galaxy (e.g., see Figure 1), probably
because of the higher gas pressure in the inner region (e.g.,
O. V. Egorov et al. 2023; A. Pedrini et al. 2024). This cluster
would have negative fluxes in the F1000W and F1130W filters
if left in the sample. A similar cluster found in the inner region
is 4995 (2Myr sample). This second object in the inner galaxy
has not been eliminated from the sample, since the resulting
photometry is not as discrepant when compared with the other
clusters with age estimates of 2 Myr.

The second issue is relevant for cluster 7255 (4Myr sample).
This cluster has strong emission features in the outskirts that
fall into the sky annulus (see Figure 5), resulting in the
oversubtraction of all the emission features. This cluster would
have negative fluxes in the F335M and all four of the MIRI
filters if left in the sample.

The third issue is relevant for cluster 2352 (500Myr sample).
This is clearly a very young cluster, as evidenced by the strong

emission in Hα, F335M, and F770W. It is probably in the
“wrong” part of the color–color diagram due to stochasticity
(i.e., the presence of one or more red supergiants along with
several blue stars). A careful look shows the presence of at least
five point-like objects; hence, it is likely a compact association
rather than a cluster. This cluster would have large positive flux
measurements in all MIRI bands, with values appropriate for a
2 or 3Myr cluster, if left in the sample.
This is an important reminder that errors and noise from a

variety of sources (e.g., classification errors, stochasticity,
crowding, photometric errors, etc.) are present and may obscure
the fundamental correlations if care (e.g., manual examination)
is not taken into account when selecting a training cluster
sample.

3. Results: New Cluster SED Templates

3.1. Creation of Empirical Cluster SEDs

We now use our measured photometry for the five most
massive (generally brightest) clusters in each of the degen-
eracy-free boxes, coupled with information on the size and
morphology of the H II region superbubbles, to create new
empirical templates for 1, 2, 3, 4, 5, 10, 150, and 500Myr star
clusters—and by extrapolation, for all cluster ages, because we
will show that the observations for all clusters older than
10Myr are compatible with BC03 stellar-continuum models.
Hence, our templates for clusters older than 10Myr are simply
taken from the BC03 models.
We start by plotting the mean flux of the five clusters at each

adopted age measured in each filter. These values are listed in
Table 2, along with the corresponding prediction from
the BC03 solar-metallicity, stellar-continuum models in
parentheses for comparison. The three outliers discussed in
the last section are not included. The mean fluxes for each
adopted age are plotted in the top left panel of Figure 7, where
they have been normalized to 1 in the F814W (I) band. The
fluxes are corrected for a small amount of reddening for each
cluster (see Table 1), based on the original HST fits from
J. A. Turner et al. (2021). The lower panels show the measured
fluxes for all five (four in the three cases where an outlier has
been removed) clusters in each age bin to give a sense of the
scatter.
A great deal of insight can be obtained by carefully

examining Figure 7. Here, we note some important features
from the mean flux distributions that will be important for
building our empirical templates.
In the optical bands using Hubble data (i.e., the six leftmost

data points from the F275W, F336W, F435W, F555W,
F658N=Hα, and F814W filters), the mean values agree with
the BC03 stellar-continuum models (i.e., the dashed lines; see
also the numbers in parenthesis in Table 2) remarkably well in
almost all cases, providing strong support for both the age
estimates of our training sets and the use of the BC03 models.
Only the 1, 2, and 3Myr clusters show any Hα emission that
sticks out above the stellar continuum.
Note that all of the data points in the optical part of the SED

are well above the detection limits shown by the black
triangles, hence these are high signal-to-noise observations.
The detection limits are determined using the mean of the three
lowest values of the standard deviations determined using the
five clusters (or in some cases, four) in each of the six age bins
separately. Only the three lowest standard deviations are used
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to avoid bins with very large standard deviations (generally the
4, 5, and 10Myr bins).

In the near-IR bands using NIRCAM on JWST (i.e., F200W,
F300M, F335M, and F360M—the central four data points) the
fluxes of the 1 and 2Myr clusters are quite strong. For the
3Myr sample, we find that the mean values drop significantly
and are essentially those expected from stellar-continuum
emission alone (i.e., the dashed lines). This is likely because the
small dust grains responsible for emission in this wavelength
range have very quickly been removed by outflows or
destroyed by UV radiation (e.g., K. M. Sandstrom et al.
2012; O. V. Egorov et al. 2023; J. Sutter et al. 2024). For ages
of 5 Myr and older, red supergiants start appearing and the
near-IR flux recovers and is much higher, reaching a peak at
about 10Myr where the flux in the NIRCAM filters is as strong
as the brightest PAH emission in F335M for 1Myr clusters! In
particular, note the generally good agreement between the
predicted BC03 stellar continuum and the data points for 10,
150, and 500Myr clusters. This is an important point: the only
time that the NIRCAM flux is dominated by PAH or IR dust
emission is for the 1 and 2Myr clusters; in older clusters, the
near-IR flux is primarily from the stellar continuum.

The scatter between the points in the near-IR bands is quite
small for ages 1, 2, and 3Myr, but is much larger for ages 4 and

5Myr. This probably reflects the irregular and patchy
morphology of the older bubbles, as shown in Figures 5 and
6. While many of the data points for the 4 and 5Myr cluster are
consistent with the stellar-continuum values for ages of around
5Myr (as shown by the dashed lines in the upper left panel),
other points are higher and are more consistent with the
predictions for ages of 7–10Myr. It is not clear whether this is
due to more uncertain age estimates in this age range based on
the BC03 models (see K. F. Henny et al. 2025), larger
differences in morphology for the clusters with ages around
4Myr, or larger photometric uncertainties since many of these
clusters are near the 1σ detection limits.
We have developed two versions of the empirical 4–8Myr

cluster SED models to reflect their larger scatter in the near-IR:
one using the mean values for 4–8Myr clusters (version 1) and
one using the stellar-continuum models in this age range
(version 2). For simplicity, only the mean models are shown in
the SED empirical templates shown in Figure 7; both versions
of the templates are shown in Section 3.4, where we discuss the
IR color–color diagrams. Table 3 includes both versions of the
empirical templates, with the mean-value version shown in
bold and the stellar-continuum version in bold and italic.
For the mid-IR bands using MIRI on JWST (i.e., the

rightmost four points), we find a rapid increase in flux as a

Figure 7. Figure showing how the mean-value versions of the empirical templates (upper right panel) are derived from the observations of the training set (upper left
panel). The dashed lines are from the BC03 stellar-continuum models. The black triangles are the 1σ detection limits. The individual clusters are shown in the bottom
panel for the five clusters in each sample, although in some cases there are fewer data points because a cluster is an outlier (see Section 2.5) or is off the bottom of the
diagram.
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Table 2
Mean Relative Flux Values of the Eight Age Bins and Comparison to BC03 Using Small-aperture Photometrya

Waveb 1 Myr 2 Myr 3 Myr 4 Myr 5 Myr 10 Myr 150 Myr 500 Myr

0.275 4.56 (5.265) 4.34 (5.187) 4.40 (4.881) 3.67 (3.385) 2.40 (2.324) 1.20 (0.915) 0.30 (0.357) 0.08 (0.095)
0.336 3.49 (3.827) 3.32 (3.786) 3.34 (3.620) 3.06 (2.687) 2.29 (1.966) 0.95 (0.746) 0.44 (0.441) 0.20 (0.189)
0.435 2.24 (2.819) 2.35 (2.810) 2.38 (2.765) 2.20 (2.455) 2.18 (2.178) 0.88 (0.771) 0.99 (0.983) 0.71 (0.732)
0.555 1.66 (2.056) 1.65 (2.059) 1.65 (2.041) 1.54 (1.881) 1.57 (1.728) 0.79 (0.748) 0.96 (0.983) 0.82 (0.848)
0.658 16.20c (1.314) 6.61 (1.317) 2.74 (1.312) 1.29 (1.260) 1.26 (1.204) 0.86 (0.807) 1.01 (0.918) 0.82 (0.859)
0.814 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2.0 0.53 (0.211) 0.31 (0.207) 0.25 (0.205) 0.73 (0.228) 0.54 (0.268) 1.21 (1.430) 0.70 (1.006) 1.46 (1.072)
3.0 0.45 (0.101) 0.26 (0.099) 0.17 (0.098) 0.59 (0.109) 0.27 (0.130) 0.58 (0.781) 0.30 (0.510) 0.69 (0.566)
3.35 1.25 (0.080) 0.59 (0.078) 0.20 (0.078) 0.57 (0.087) 0.24 (0.104) 0.48 (0.650) 0.22 (0.473) 0.67 (0.508)
3.6 0.84 (0.069) 0.48 (0.068) 0.16 (0.067) 0.55 (0.075) 0.22 (0.090) 0.42 (0.575) 0.19 (0.433) 0.64 (0.475)
7.7 25.4 (0.016) 13.60 (0.016) 5.36 (0.016) 1.01 (0.018) 0.54 (0.022) 0.24 (0.164) −0.02 (0.123) 0.38 (0.134)
10.0 15.0 (0.009) 6.77 (0.009) 3.15 (0.009) 1.59 (0.010) 0.44 (0.013) 0.30 (0.101) −0.05 (0.078) 0.38 (0.092)
11.3 49.4 (0.007) 25.10 (0.007) 11.00 (0.007) 2.99 (0.008) 1.41 (0.010) 0.52 (0.079) −0.64 (0.597) 0.98 (0.067)
21.0 266.0 (0.002) 116.5 (0.002) 57.6 (0.002) 23.0 (0.002) 2.20 (0.003) 0.40 (0.025) 1.23 (0.017) 0.38 (0.013)

Notes.
a The values without parentheses are the mean values (using small-aperture photometry) for the clusters in the training set for the eight age bins used as a skeleton to
derive the SED templates at all ages (see Figure 7). The values in parentheses are the corresponding values from the solar-metallicity, stellar-continuum BC03 models
for comparison. The values are ratios using Janskys, normalized to the F814W filter. Note that Hα and PAH (i.e., 3.3, 7.7, and 11.3 μm) values in this table have not
been continuum subtracted, but they have been continuum subtracted in Figure 11. The mean values have been corrected for reddening using the Milky Way
extinction coefficients and the E(B − V ) values in Table 1.
b Approximate wavelength in μm.
c The bold numbers are the only ones that have been changed in the final empirical templates in Table 3 (mean-value version), based on observed enhancements over
the BC03 models in Hα, PAH, and IR dust continuum emission in our training set.

Table 3
Empirical Templatesa Using Small-aperture Photometry

Waveb 1 Myr 2 Myr 3 Myr 4 Myr 5 Myr 6 Myr 7 Myr 8 Myr 9 Myr 10 Myr 100 Myr 500 Myr 1 Gyrc

0.275 5.265 5.187 4.881 3.385 2.324 1.688 1.464 1.214 0.941 0.915 0.441 0.095 0.034
0.336 3.827 3.786 3.620 2.687 1.966 1.444 1.252 1.027 0.772 0.746 0.511 0.189 0.113
0.435 2.819 2.810 2.765 2.455 2.178 1.645 1.417 1.134 0.791 0.771 1.010 0.732 0.438
0.555 2.056 2.059 2.041 1.881 1.728 1.399 1.233 1.013 0.761 0.748 0.998 0.848 0.661
0.658 16.2 6.61 2.74 1.260 1.204 1.101 1.030 0.927 0.819 0.807 0.934 0.859 0.824
0.814 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2.0 0.53 0.31 0.25 0.73,

0.23d
0.54,
0.27

0.68,
0.467

0.87,
0.691

1.10,
1.045

1.394 1.430 0.845 1.072 1.243

3.0 0.45 0.26 0.17 0.59,
0.11

0.27,
0.13

0.35,
0.240

0.45,
0.366

0.59,
0.564

0.759 0.781 0.446 0.566 0.654

3.35 1.25 0.59 0.20 0.57,
0.09

0.24,
0.10

0.30,
0.196

0.39,
0.301

0.50,
0.468

0.632 0.650 0.367 0.508 0.584

3.6 0.84 0.48 0.16 0.55,
0.07

0.22,
0.09

0.28,
0.171

0.35,
0.264

0.44,
0.413

0.559 0.575 0.322 0.475 0.551

7.7 25.4 13.60 5.36 1.01 0.54 0.40 0.29 0.21 0.157 0.164 0.085 0.134 0.155
10.0 15.0 6.77 3.15 1.59 0.44 0.30 0.21 0.14 0.096 0.101 0.051 0.092 0.108
11.3 49.4 25.10 11.0 2.99 1.41 0.68 0.32 0.16 0.075 0.079 0.040 0.067 0.077
21.0 266.0 116.5 57.6 23.0 2.20 0.71 0.23 0.07 0.024 0.025 0.012 0.013 0.015

Notes. These empirical templates (using small-aperture photometry) are based on a combination of the “skeleton” templates based on the observations of the training
set (Table 2), and the solar-metallicity, zero-reddening, stellar-continuum BC03 models (black and italic numbers), as discussed in Section 3, The bold numbers are the
only ones that have been changed, based on observed enhancements in Hα, PAH, and IR dust continuum emission in our training set. The full template for all
individual ages (i.e., filling in the BC03 stellar-continuum values for older ages) is available at https://archive.stsci.edu/hlsp/phangs/phangs-cat
a The values in this table are ratios using Janskys, normalized to the F814W filter. Note that Hα and PAH (i.e., 3.3, 7.7, and 11.3 μm ) values in this table have not
been continuum subtracted, but they have been continuum subtracted in Figure 11. The values have been corrected for reddening using the Milky Way extinction
coefficients and the E(B − V ) values in Table 1 for the training set.
b Approximate wavelength in μm.
c After 1 Gyr, lower-metallicity BC03 models should generally be used. See B. C. Whitmore et al. (2023a) and D. Thilker et al. 2025, who use 1/50 solar-metalicity
values, appropriate for old globular clusters.
d When two values are listed, the bold values are for version 1 (mean-value template) while italic values are for version 2 (lower-limit template). See Section 3 for
discussion.
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function of wavelength for the 1 and 2Myr clusters, with the
1Myr flux measurements being slightly higher at all wave-
lengths. The scatter in the fluxes between the five clusters at
each age is quite small (≈50%), so the shapes of these
templates are quite secure—and are, in fact, quite similar. The
5Myr data points are much lower, and only slightly above the
detection limit in the MIRI bands. For older ages (i.e., 10, 150,
and 500Myr), the MIRI flux values are below the detection
limit in most cases (i.e., several of the points are negative and
do not show up in the plots showing the five clusters in each
age range in the bottom of Figure 7).

Based on the mean values shown in the upper left panel of
Figure 7, and the various points outlined below, we create
template SEDs as shown in the upper right panel of Figure 7.
This series of different age templates provide a preliminary but
important benchmark/comparison set that can be used to
estimate cluster ages and improve model predictions using a
combination of HST and JWST data. Here are the primary
steps used to build the templates.

1. For the optical/HST bands, we use the solar-
metallicity BC03 stellar-continuum models for all ages
and filters, except for the F658N (Hα) filter for ages 1, 2,
and 3Myr, where we use the mean observed values.

2. For the NIR/NIRCAM bands, we have two models,
version 1 (mean-value template) using the mean values
for ages 1 through 8Myr, and version 2 (lower-limit
template) using mean values for ages 1–3Myr but BC03
stellar-continuum values for ages 4–8Myr. For all other
ages, we use the BC03 stellar-continuum values.

3. For the MIR/MIRI bands, we use the mean values for the
1, 2, 3, 4, and 5Myr templates. For the 6, 7, and 8Myr
templates, because the 5Myr data are barely above the
brightness limits, we interpolate between the 5Myr mean
measured flux and the predicted BC03 stellar continuum
for 9Myr, in lieu of reliable measurements in this age
range. While this is somewhat ad hoc, it results in a
relatively smooth evolution in the template SEDs from 1
to 9Myr, and it agrees with the stellar-continuum
position of the 10Myr clusters in the IR-optical color–
color diagram, as we discuss in Section 3.4.

Table 3 provides the values for the two versions of the
templates established in this paper. For both versions, most
values are taken from the BC03 solar-metallicity stellar-
continuum, AV = 0.0 models. In version 1 (mean-value
template= bold values), the mean values from the training set
are used in all cases. For version 2, (lower-limit template=
italic values) the mean (bold) values are used for most of the
values, but they are superseded by the Italic values when
appropriate (i.e., BC03 values are used for NIRCAM for ages
4–8Myr).

Our full templates include predictions for all 14 HST+JWST
filters presented here at all 109 ages (i.e., ranging from 1Myr to
13.75 Gyr) included in the CIGALE implementation of the
G. Bruzual & S. Charlot (2003) models. This is done by filling
in all values that are not bold or italic in Table 3 with the
stellar-continuum values. The full templates are available
online.32

In principle, we could attempt to construct SED templates
using PHANGS clusters of all ages. This approach is
complicated by the age/reddening/metallicity degeneracy,
which makes age estimates less certain outside of the
degeneracy-free boxes we have used in this paper. Our
approach to evaluate the SEDs using regions in the color–
color diagram where we most trust the ages allows us to (1)
determine new empirical templates for the very youngest ages
where the BC03 models do not fit the observed SEDs in the IR
and (2) to establish that, for 10, 150, and 500Myr, the BC03
models agree with the observations relatively well. We
therefore use the BC03 models for clusters of all ages greater
than 10Myr.
As appropriate for a pilot study, these SED templates should

be considered preliminary. We expect it will be possible to
build more accurate templates in the near future, because of
both the coming availability of Hα observations for all 19
galaxies that have JWST observation (R. Chandar et al. 2025)
and the inclusion of more clusters from more galaxies in our
training set.

3.2. Nearly Embedded Cluster Candidate SEDs

With the optically selected cluster templates in hand, we now
check if nearly embedded clusters have similar SEDs in the
infrared, so they can be age-dated using the same empirical
templates.
Samples of nearly embedded cluster candidates were

obtained from two studies: H. Hassani et al. (2023) (using
photometry convolved to match the 0.67 effective radius of the
F2100W filter) and M. Rodríguez et al. (2025), using the small-
aperture photometry described in Section 2.4 and used for our
training set, empirical templates, and throughout the rest of the
paper.
For the purposes of the current paper, the selection criteria

designed to identify roughly a dozen of the best nearly
embedded cluster candidates from the H. Hassani et al. (2023)
sample was to have: (1) 2 < F335M− F300M < 3 (i.e., very
strong F335W PAH emission) where the normalized flux
values from Table 4 are used for the evaluation, (2) F200W
flux > 0.006 mJy (i.e., strong continuum sources), and (3)
normalized F814W between 0.0 and 0.13 (i.e., “nearly
embedded” in the optical).
A similar set of selection criteria for nearly embedded cluster

candidates from the M. Rodríguez et al. (2025) sample was
used to select the 12 of 53 objects from the 5σ sample of
3.3 μm-emitters that have the following attributes: (1)
F335M− F300M > 0.9 (where the normalized flux values
from Table 5 are used for the evaluation), (2) F200W
flux > 0.0015 mJy, and (3) normalized F814W between 0.0
and 0.4. See M. Rodríguez et al. (2025) for details on how the
original sample of 5σ, 3.3 μm emitters were selected. We note
that the original selection of objects identified in the full
Hassani catalog used the F2100W filter. The secondary
selection using the F335M− F300M criteria was designed to
better match the criteria used in the M. Rodríguez et al. (2025)
catalog so that a fairer comparison could be made.
Figures 8 and 9 show snapshots of the 12 (H. Hassani et al.

2023) nearly embedded cluster candidates using several
combinations of the filters to make the image, starting with
the optical IVB image on the left. Four of these clusters are
coincident with or near the M. Rodríguez et al. (2025) sample
of nearly embedded cluster candidates, as shown by the yellow32 https://archive.stsci.edu/hlsp/phangs/phangs-cat
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circles in the figure. The other (M. Rodríguez et al. 2025)
clusters are not shown, but their photometric characteristics are
listed in Table 5.

A careful look at Figures 8 and 9 show that, in most cases
(10 of 12), the nearly embedded cluster can be seen as a very
faint reddened object(s) in the IVB image. However, H 516 and
H 1000 appear to be associated primarily with bluish optical
sources, with no faint reddened objects associated with them.

Another important result is that, in nearly all cases (11 of
12), there is a relatively bright blue cluster within a few tenths
of an arcsec. The only exception is H 1076, and even then there
are two bright clusters roughly 0.7 away. This suggests that the
formation of most nearly embedded clusters was triggered by a
young nearby (10–30 pc) star cluster. In four of the cases, the
nearby blue cluster is in the HST human-based cluster catalog
(D. Maschmann et al. 2024) as a class 1 or 2 object with a
young age (i.e., H 368–4Myr, H 516–3Myr, H 538–4Myr,
and H 572 3Myr), as determined by D. Thilker et al. (2025).

In several cases, a dark brick-like dust feature appears to be
associated with the nearly embedded cluster candidate, as
generally seen best in the IVB image. Perhaps the best
examples of this morphology are H 319, H 368, H 442, H 447,
H 538, H 572, H 932, and H 1076 (especially the Hα image for
this object).
Other things to notice include the following: (1) the objects

are quite prominent in all three of the emission bands
(somewhat less so in F335M) and generally have similar
morphology that are most like the 1 and 2Myr training objects
in Figure 5; (2) in the F200W filter, the clusters are generally
seen as fairly prominent, fuzzy objects, often with multiple
point-like sources associated with them; and (3) the contrast
with the very crowded background around the central F200W
source is quite low in many cases, implying that the uncertainty
in the photometry may be larger than in most other filters (e.g.,
H 338, H 572, and H 1000).

Table 4
Normalized Flux Values for Nearly Embedded Cluster Candidates from H. Hassani et al. (2023)a Using Convolved Large-aperture Photometry

ID R.A. Decl. 0.435 0.555 0.814 2.0 3.0 3.3 3.6 7.7 10.0 11.3 21.0 2.0 fluxb

H 319 24.193756 15.758428 0.03 0.05 0.07 1.0 1.18 3.78 3.07 42.23 18.46 51.06 164.83 0.0237
H 338 24.177973 15.760403 0.01 0.01 0.04 1.0 0.99 3.55 2.25 46.48 16.88 53.06 112.53 0.0067
H 368 24.196670 15.763851 0.07 0.09 0.13 1.0 0.9 3.08 2.0 37.64 13.59 43.12 85.43 0.0256
H 442 24.196642 15.769243 0.06 0.07 0.12 1.0 0.91 3.25 2.21 45.12 21.46 57.13 191.79 0.0209
H 447 24.196194 15.769644 0.0 0.01 0.03 1.0 0.91 3.07 2.02 42.03 16.6 49.59 171.53 0.0193
H 516 24.182970 15.773744 0.09 0.1 0.13 1.0 1.06 4.0 2.53 49.15 22.16 64.31 192.34 0.0091
H 538 24.185340 15.775685 0.07 0.09 0.1 1.0 1.0 3.45 2.28 48.04 14.85 51.05 119.11 0.0165
H 572 24.164656 15.777629 0.08 0.09 0.11 1.0 0.85 3.03 1.97 36.92 13.09 42.62 96.36 0.0069
H 932 24.149864 15.796673 0.03 0.04 0.06 1.0 0.99 4.0 2.5 49.95 19.38 57.56 131.78 0.0116
H 986 24.179390 15.800398 0.02 0.03 0.06 1.0 0.87 2.89 1.91 32.51 13.5 38.51 107.91 0.0159
H 1000 24.179485 15.800799 0.04 0.05 0.06 1.0 1.03 3.38 2.1 39.51 14.22 44.93 92.26 0.0067
H 1067 24.179934 15.805174 0.01 0.02 0.06 1.0 0.93 3.2 2.33 40.81 13.1 42.44 90.14 0.0102

Notes.
a Selected nearly embedded cluster candidates from H. Hassani et al. (2023), as shown in Figures 8 and 9. See Section 3.2 for selection criteria. The flux values in this
table are ratios using Janskys, normalized to the F200W filter. The values have not been corrected for extinction, since we do not have E(B − V ) values from an SED
fit using the HST data in most cases.
b The 2.0 flux in mJanskys can be used to convert the relative flux values in this table to absolute values.

Table 5
Normalized Flux Values of Nearly Embedded Cluster Candidates from M. Rodríguez et al. (2025)a Using Small-aperture Photometry

ID R.A. Decl. 0.435 0.555 0.658 0.814 2.0 3.0 3.3 3.6 7.7 10.0 11.3 21.0 2.0 fluxa

R 11139 24.177998 15.760442 0.11 0.12 0.0 0.4 1.0 0.79 2.94 1.84 31.81 14.95 55.42 212.06 0.00364
R 15153 24.196577 15.763497 0.47 0.47 12.52 0.27 1.0 1.56 3.03 2.98 19.19 5.57 25.81 165.2 0.00185
R 25163 24.196716 15.76925 0.02 0.07 3.14 0.37 1.0 0.69 1.91 1.34 38.92 31.03 108.86 790.02 0.00459
R 26027 24.19616 15.769671 −0.01 −0.01 1.25 0.07 1.0 0.82 2.87 1.92 40.87 20.08 69.04 371.0 0.00893
R 37861 24.16679 15.775292 0.2 0.0 0.0 0.21 1.0 0.87 2.26 1.81 31.71 14.18 57.59 197.7 0.00484
R 41648 24.170889 15.776963 0.04 0.05 0.0 0.13 1.0 0.71 2.04 1.4 27.78 12.06 44.9 176.78 0.00521
R 43865 24.185879 15.777877 −0.34 0.05 0.0 0.32 1.0 1.54 4.18 2.79 56.2 26.06 113.77 680.95 0.00229
R 60799 24.170343 15.783778 0.17 0.11 0.0 0.28 1.0 0.79 3.03 2.04 42.21 18.47 74.15 331.07 0.00672
R 62243 24.170837 15.784217 0.95 0.83 0.0 0.4 1.0 0.71 1.63 1.23 20.5 7.75 31.43 82.93 0.00425
R 100286 24.184801 15.800811 0.01 0.01 0.0 0.2 1.0 0.77 2.57 1.69 34.11 21.58 67.5 247.47 0.00584
R 119112 24.196215 15.769671 0.04 0.07 1.42 0.21 1.0 0.86 2.82 1.9 51.95 30.66 104.42 543.62 0.00616
R 119801 24.17634 15.804625 0.11 0.15 0.0 0.35 1.0 0.72 1.86 1.37 49.06 48.9 163.92 2180.65 0.00393

Notes.
a Selected nearly embedded cluster candidates from M. Rodríguez et al. (2025). See Section 3.2 for selection criteria. The flux values in this table are ratios using
Janskys, normalized to the F200W filter. The values have not been corrected for extinction, since we do not have E(B − V ) values from an SED fit using the HST data
in most cases.
b The 2.0 flux in mJanskys can be used to convert the relative flux values in this table to absolute values.
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We show the SED flux measurements for both the H. Hass-
ani et al. (2023) and M. Rodríguez et al. (2025) samples in
Figure 10, which is similar to Figure 7 but now normalized at
F200W, since some of the nearly embedded clusters are not

well detected in the F814W filter. These clusters have optical
broadband and Hα (only available for the Rodriguez sample)
flux measurements that are lower than the optically based
templates in Figure 10, as expected for clusters with high

Figure 8. The first 6 of 12 nearly embedded cluster candidates from H. Hassani et al. (2023) (ID numbers starting with H and taken from the Hassani catalog). Four of
the clusters are also either coincident with or near embedded cluster candidates from M. Rodríguez et al. (2025), as shown by the small yellow circles (labeled with ID
numbers starting with R and taken from the Rodriguez catalog). See text for selection criteria and discussion. The filters used to produce the images are indicated
above the top row. The photometric field of view used for nonconvolved (i.e., small-aperture) photometry used for the training clusters and for M. Rodríguez et al.
(2025) photometry are shown in the first panel (i.e., red circles for optical and NIRCAM; orange dashed line for F770W; yellow dotted line for F2100W image). The
large-aperture convolved photometry used by H. Hassani et al. (2023) uses the yellow dotted line aperture for all wavelengths. The scale is shown in the top row. The
H. Hassani et al. (2023) program object is 5 pixels above the small red cross in all cases.
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extinction (which we cannot correct for, since we do not have E
(B− V ) values from age-dating in the optical).

We find that the M. Rodríguez et al. (2025) nearly embedded
cluster candidates have essentially the same infrared SEDs as
the 1–3 Myr clusters from our optically identified training set.
This is consistent with the results from M. Rodríguez et al.
(2025), who find that the subsample of 3.3 μm-enhanced
clusters with no HST emission have very similar SED profiles

to the subsample of 3.3 μm-enhanced clusters that do have
HST emission.
The H. Hassani et al. (2023) sample of nearly embedded

clusters shown in the bottom panel looks similar, but has even
smaller scatter, probably because the larger apertures (0.67
radius) improve the signal-to-noise ratio, especially for the
NIRCAM filters where a smaller 0.124 radius aperture is used
for the M. Rodríguez et al. (2025) sample.

Figure 9. Same as Figure 8, for the last six nearly embedded cluster candidates.
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The use of different apertures (i.e., “small-aperture” photo-
metry for M. Rodríguez et al. (2025); large “convolved”
aperture photometry for H. Hassani et al. (2023)—see
discussion in Section 2.2.1) allows us to test how much effect
this has on the resulting SEDs. The NIRCAM values are nearly
identical, but we find a small, systematic change toward
shallower slopes for the MIRI filters for the Hassani sample
using convolved large-aperture photometry, reaching a differ-
ence of about a factor of three for the F2100W filter in
Figure 10. This can be understood by the fact that the F2100W
observation uses essentially the same aperture, while the
F200W aperture has increased a factor of 5.4 in radius, or
nearly 30 in area. As can be seen in a variety of images (e.g.,
Figure 8), there are typically several other clusters or stars
within the 0.67 aperture (shown as the yellow dotted line),
hence the flux will be considerably larger for the F200W
measurement, and hence the normalized value of F2100W/
F200W used in the SED will be lower when using the large
aperture. A similar result is obtained in Appendix B when

comparing the convolved and small-aperture photometry for
the training sample.
While the factor-of-three difference between the top (small-

aperture photometry) and bottom (convolved-aperture photo-
metry) at F2100W is an important component, we note that the
overall change in the F2100W flux is a factor of about 100
between a 1 and 5Myr cluster, and hence is the dominant
influence when estimating the ages of the clusters. See
Appendix B for a similar comparison using the 40 clusters in
the training sample.

3.3. Temporal Evolution of Hα, 3.3 μm, and 7.7 μm PAH
Emission

In Figure 11, we use our mean-value empirical SEDs to plot
the evolution of the 3.3 and 7.7 μm PAH band strength and
compare them with the Hα evolution. The continuum flux has
been estimated and subtracted using the mean of the F555W
and F814W flux values for the Hα measurement, the F300M
flux for the F335M measurement, and the F1000W flux for the
F770W measurement. The 3 and 4Myr points have been
averaged together to reduce the scatter. As expected, based on
our examination of Figures 5 and 6, the 3.3 and 7.7 μm PAH
lines fall off quickly, and they essentially disappear by ∼5Myr.
This supports the primary result of this study, that stellar
feedback can remove or destroy most of the gas and dust from
the small apertures used for our study within just a few Myr.
We also note a similar evolution for Hα emission. This new

result will be important for including Hα in future star cluster
age-dating studies, since the presence of Hα is generally
considered to be evidence of an age less than 7Myr (e.g.,
C. Leitherer et al. 1999), rather than less than 4Myr as found in
the current study. While there are stars with enough UV flux to
ionize the gas and hence produce Hα emission for ages around
5Myr, it appears that the gas has already been removed from

Figure 10. SEDs for nearly embedded cluster candidates compared to
empirical templates based on optically identified clusters. The top plot shows
data from the M. Rodríguez et al. (2025) sample using small-aperture
photometry. The bottom plot shows data from the H. Hassani et al. (2023)
sample using convolved large-aperture photometry. The same empirical
templates as shown in Figure 7 are used, but are now normalized at 2.0 μm
rather than F814W, since several of the nearly embedded clusters are very faint
in the F814W filter. We find that the nearly embedded clusters have SEDs
similar to the 1 to 3 Myr clusters in the optical training sample, and the
convolved photometry results in slightly shallower SED slopes in the mid-IR.

Figure 11. Observed and predicted evolution of Hα, F335M and F770W
emission. The solid lines are from the predictions from the CIGALE/Draine
models (see also Figure 7 in B. C. Whitmore et al. 2023b), which are static
models that do not take into account outflows due to feedback. The dashed
lines are from our empirical templates based on the observations, and have
been normalized to 1.0 at an age of 1 Myr. In all cases, the observed profiles are
much steeper than the predicted values, and they are nearly zero by 4 Myr for
the F335M and Hα profiles.
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the immediate area around the cluster by this age, resulting in
few or no clusters with Hα emission in the 5–7Myr age range.
Hence, in both the Hα and PAH emission, the dominant
physical mechanism responsible for controlling the temporal
evolution appears to be the destruction or removal of the gas
and dust.

As noted in Section 2.4, Figure 5 suggests that the 3.3 μm
emission is weaker and more disjointed than Hα at a given age
in a number of cases. Somewhat surprisingly, Figure 11 does
not appear to be consistent with this interpretation, since the
profiles look nearly identical for the two bands. A more careful
treatment using a larger sample will be required to make a
definitive determination of the relative temporal evolution of
Hα and 3.3 μm in the future.

The longer-wavelength PAH features may last longer
because they originate from larger dust grains (D. Baron
et al. 2024). While Figure 11 provides some evidence for this at
7.7 μm, since there is still weak emission out to 5Myr, it is
difficult to make any conclusions at older ages based on our
observations in the 7.7 and 11.3 μm PAH bands, since they
reach the detection level at about 5 Myr. A few older clusters in
Figure 6 appear to show some evidence of associated weak
F770W emission (i.e., 3433 in the 5Myr sample and 1187 and
4356 in the 10Myr sample), but with such small-number
statistics, this is very uncertain. Our future study of the larger
sample will address this topic more carefully.

3.4. Color–Color Diagrams

With initial empirically based template SEDs in hand, we
can now make optical-IR color–color diagrams similar to the
UV-optical color–color diagrams that have been such a useful
tool in the past. While other color combinations are possible, in
this paper we only consider the F814W− F335M (i.e., I band
—3.3 μm) versus F300M− F770W (i.e., 3.0–7.7 μm) diagram.
Some advantages of this combination include the following: (1)
F814W is the reddest optical band that is still detected for most
nearly embedded clusters, hence including this filter provides
the widest possible wavelength baseline; (2) the use of
continuum (F814W and F300M) and PAH bands (F335M
and F770W) in each axis helps separate the young and old
objects, with a spread of ≈5 or 6 mag in each color over the age
range from 1Myr through 10Myr; and (3) F770W is the
shortest-wavelength MIRI band in our data set and hence has
better spatial resolution than the other MIRI filters at longer
wavelengths. The ABmag system is used for this figure.

Figure 12 includes the colors for 37 of the 40 clusters in the
training set (i.e., from Table 1—excluding the three clusters
discussed as outliers in Section 2.5) plotted as color-coded
filled circles in the figure; the empirical SED templates using
mean values derived in this paper (black line and small black
dots showing various ages); the empirical SED templates using
the BC03 stellar-continuum values for the NIRCAM filters for
ages greater than 3Myr (i.e., dashed black line showing the
lower-limit templates as discussed in Section 3); and the nearly
embedded clusters from M. Rodríguez et al. (2025) as open red
squares. The H. Hassani et al. (2023) sample of nearly
embedded clusters is not included, since it uses a different
photometric methodology (i.e., convolved images matched to
the 0.67 F2100W resolution) and hence cannot be put precisely
on this diagram. As expected, the youngest clusters, with strong
F335M and F770W emission, tend to show up in the upper left
part of Figure 12 (i.e., the red—1Myr and blue—2Myr circles,

as well as all the embedded objects). The older clusters, e.g.,
10Myr (pink), 150Myr (cyan), and 500Myr (gray), tend to be
in the bottom center part of the diagram.
We note that the scatter in the observed data points for the 3

(green), 4 (yellow), and 5 (maroon) Myr data points is much
larger than the 1 (red), 2 (blue), and 10Myr (pink) data points.
This is most likely due to the very irregular, often patchy
bubble morphologies of the 3 through 5Myr clusters, as seen in
Figures 5 and 6. Anticipating the discussion on the TOD-
DLERS models (A. U. Kapoor et al. 2023) in Section 4.1, this
also may reflect the “looping” nature of the colors in this age
range. The relatively large difference between the empirical
templates using the mean (solid black line) versus BC03 stellar-
continuum models for 4–8Myr (dashed black lines) also
reflects this larger scatter and difference in morphology. A
larger training set in the future should help clarify whether this
is primarily observational scatter, or an inherent difficulty in
age-dating objects in this age range, due to differences in
morphology.
All of the M. Rodríguez et al. (2025) nearly embedded

cluster candidates (red squares) appear to the left of even the
youngest clusters in the training set. This is primarily due to
large values of extinction and reddening that have not been
corrected, because most of these objects do not have age
estimates from HST and hence do not have measured E(B− V )
values, unlike the other points in the figure.
The brown line in Figure 12 represents an implementation of

the B. T. Draine et al. (2021) models in the CIGALE
framework that K. F. Henny et al. 2025 found matched the
observational data in NGC 628 relatively well for very young
clusters. It has A550= 1.0 mag, Qpah= 0.65, α= 2.0, and
fesc= 0.8. Note that, while there is good agreement between the
1 and 2Myr predictions and the observed training set points,
there is a dramatic difference for older clusters. This
discrepancy is probably due to the fact that the ISM is
removed or destroyed from the immediate vicinity of a cluster
on short timescales, making the assumption of energy balance
used in the current implementation of the B. T. Draine et al.
(2021) models in the CIGALE framework (M. Boquien et al.
2019) inappropriate for older clusters.

4. Discussion

4.1. Comparison with Predictions from TODDLERS Models

The SED models in the TODDLERS library developed by
A. U. Kapoor et al. (2023) are designed specifically for the
dynamic situation around a young star cluster, as they follow a
homogeneous gas cloud as it evolves due to stellar feedback
processes such as stellar winds, radiation pressure, and
supernovae.
The bottom left panel of Figure 19 from A. U. Kapoor et al.

(2023) shows the resulting UV-through-mm SED for a model
with solar-metallicity clouds, number density ncl= 80 cm−3,
and a star-forming efficiency of 5%. Models with ages 0.1, 0.5,
1, 2, 5, 7, and 10Myr are included. The models are in relatively
good agreement with our empirical templates shown in our
Figure 7, with rapidly rising flux values in the mid-IR for the
first few Myr, but much flatter SEDs for ages 5Myr and older.
A more detailed comparison can be made from the color–

color diagram in Figure 13, with nine TODDLERS models
shown in orange. The models show a number of remarkable
similarities with our empirical templates shown in black (solid
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line for the version using means out to 8Myr; dashed line for
version using the stellar continuum for NIRCAM bands from 4
to 8Myr), with the large color-coded filled circles showing the
training sample, as discussed in Figure 12. One of the models
that shows the best resemblance is included in the center of the
figure. It has n= 40 cm−3, SFE= 0.075, M= 106Me, and
z= 0.02 (i.e., solar metallicity).

A grid of TODDLERS models covering a range including
n= 10, 40, and 160 cm−3 and SFE= 0.025, 0.075, and 0.125
around this central model is included using orange crosses and
lines, with age estimates from 0.1 (the black open circle) to
10Myr labeled in orange.

Several TODDLERS models show good agreement with the
observations and empirical templates in three respects: (1) the
position of the 1Myr clusters in F814W− F335M versus
F300M–F770W color–color space; (2) the positions of the 2 to
5Myr clusters, although some show a roughly linear progres-
sion while others show a looping (in color–color space)
evolution in this age range; and (3) the position of clusters

older than 10Myr (i.e., as predicted by the BC03 stellar-
continuum models).
We also note that several aspects of the models vary

dramatically, providing good diagnostic power. These include
the following: (1) the youngest (0.1 Myr) models have F335M
emission that is much too strong (left) in F814W− F335M for
all the n= 160 cm−3 models; (2) there are large gaps (rapid
evolution) between certain young and old ages (e.g., between
1.7 and 2Myr in the central panel); and (3) the location of the
intermediate age (6–8Myr) clusters swings rapidly from
F814W− F335M=−2.0 to 0.0 as a function of SFE for the
n= 40 and 160 cm−3 models.
While the good correspondence between some of the

TODDLERS models and the empirical templates is encoura-
ging, it is not the main focus of this pilot study, hence we leave
a more detailed comparison for the future when more accurate
empirical templates are available. We are also investigating the
incorporation of the TODDLERS library of SED models, as
well as some aspects of the empirical templates discussed in the

Figure 12. An I—3.3 μm vs. 3.0–7.7 μm diagram for our training set (color-coded filled circles). The black line is the empirical template based on our training set
using means out to 8 Myr, with ages marked by black dots. The dashed black line shows the version with the BC03 stellar continuum used in the near-IR for ages in
the 4–8 Myr range (i.e., the lower-limit template; see text for discussion). The brown line is a CIGALE/Draine model from K. F. Henny et al. 2025, as discussed in the
text. Note that there is good agreement for the 1 and 2 Myr predictions but a dramatic difference for older clusters. The red squares are the nearly embedded clusters
from M. Rodríguez et al. (2025) discussed in Section 3.2. Unlike the other data points, they have not been corrected for reddening. A reddening vector with
AV = 5 mag is shown in orange.
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current paper, into CIGALE (M. Boquien et al. 2019) in the
future.

4.2. Comparison with Related Observational Work

One of the primary results from our study is that only star
clusters with ages less than about 5 Myr have strong PAH or
infrared dust continuum emission. A similar result has also
been reported in M. J. Rodríguez et al. (2023) based on
selection of cluster candidates using the 3.3 μm image. They
found that most of the 3.3 μm emitters have ages less
than 2Myr.

The slightly older limiting age found in the current study
may be due to the use of SEDs that include MIRI observations
out to 21 μm, and hence may reflect the slower destruction of
the larger dust grains responsible for the 7.7 through 21 μm
emission compared to the 3.3 μm emission (O. V. Egorov et al.
2023; J. Chastenet et al. 2023; K. M. Sandstrom et al. 2023).
However, the M. J. Rodríguez et al. (2023) result might also be

a slight underestimate due to the 1Myr bias in the J. A. Turner
et al. (2021) ages, as discussed in M. Rodríguez et al. (2025)
and D. Thilker et al. (2025). The more recent M. Rodríguez
et al. (2025) paper finds that most of the 3.3 μm emitters have
ages less than about 3 Myr.
A related result is the finding that PAH emission is

suppressed in H II regions (E. Churchwell et al. 2006;
M. Relaño & R. C. Kennicutt 2009; O. V. Egorov et al.
2023; J. Chastenet et al. 2023; K. M. Sandstrom et al. 2023). It
seems likely that both our result that most clusters with ages
greater than 5Myr do not have strong PAH or IR dust
continuum emission and the results on suppressed PAH
emission in H II regions are caused by a combination of the
same two physical mechanisms, i.e., (1) the removal of gas and
dust in the central region of superbubbles, due to outflows from
the star cluster, and (2) the destruction of dust grains, resulting
in the reduction of PAH emission. The relative importance of
the two effects may depend on what size aperture is used for
the observations.

Figure 13. Similar to Figure 12, but overplotting a grid of TODDLERS (A. U. Kapoor et al. 2023; orange crosses and ages) models covering a range from n = 10, 40,
and 160 cm−3, with SFE = 0.025, 0.075, and 0.125, around a central model that shows relatively good agreement with the empirical template models. A model age of
0.1 Myr is shown by the black open circles.

22

The Astrophysical Journal, 982:50 (29pp), 2025 March 20 Whitmore et al.



In the current study, the focus is on determining ages of the
star clusters, rather than investigating the nature of the H II
regions around the clusters. There are relatively few studies that
have examined PAH and IR emission from the star clusters
themselves in external galaxies. However, two studies based on
Spitzer observations suggest that PAH emission may be
associated with clusters with ages in the range of tens or even
hundreds of Myr (Z. Lin et al. 2020; K. Mallory et al. 2022).
This would be in contradiction to the results from the current
paper. It is possible that some of these cases are superpositions,
since the initial selection of the sources in these studies is based
on detection of IR emission in Spitzer observations, and the
subsequent matching with the star cluster is based on position
within the relatively large Spitzer PSF. JWST observations of
these objects should provide a more definitive determination of
whether the IR emission is actually associated with the older
clusters or is randomly situated in these cases.

A number of other studies have also established a link
between older stellar populations and PAH emission, including
B. T. Draine et al. (2021) and A. K. Leroy et al. (2023). It is
important to note that these results are for integrated stellar
populations over a relatively large field of view—for example,
parts of the bulge in M31 in the case of B. T. Draine et al.
(2021), or the diffuse dust lanes in PHANGS galaxies in the
case of A. K. Leroy et al. (2023). The results from the current
study are primarily relevant for cases where individual star
clusters have been observed using small apertures.

A recent study by A. Pedrini et al. (2024), taken as part of
the Feedback in Emerging Extragalactic Star Clusters (FEAST)
project (A. Adamo et al. 2025, in preparation), and also based
on HST+JWST observations of NGC 628, finds several similar
results and hence supports some of the basic conclusions from
the current paper. There are, however, some important
differences. A. Pedrini et al. (2024) find that strong PAH
emission is only found in clusters younger than 7Myr, with the
most common ages being in the 3–6Myr range. In the current
paper, we find that strong PAH emission is only found for
clusters less than about 5 Myr old, with the most common
emission being in the 1–2Myr range. While the details of the
age-dating are not yet available for the FEAST study, it is
likely that the primary difference is due to our use of a new and
largely independent age-dating approach, as described in
Section 2.

Another result of the A. Pedrini et al. (2024) study is the
finding that the 3.3 and 7.7 μm bands have very similar
temporal profiles (their Figure 9), while we find that the 3.3 μm
band declines faster than the 7.7 μm profile, as shown
Figure 11. While this remains an open question, a variety of
recent observational results (O. V. Egorov et al. 2023; J. Cha-
stenet et al. 2023; D. Baron et al. 2024) suggest fast destruction
of the smaller grains responsible for the 3.3 μm PAH emission
is commonly found.

5. Summary and Conclusions

In this pilot study, we use new infrared PHANGS-JWST
NIRCAM and MIRI imaging of the spiral galaxy NGC 628 in
the F200W, F300M, F335M, F360M, F770W, F1000W,
F1130W, and F2100W filters, in addition to existing HST
observations in the F275W, F336W, F438W, F555W, F658N,
and F814W filters, to produce empirical SED templates for star
clusters. These templates can be used both to provide age
estimates for star clusters, and to test new models such as the

TODDLERS SED library developed by A. U. Kapoor et al.
(2023). Our primary conclusions are provided below.

1. Nearly all star clusters with strong PAH and IR dust
continuum emission have ages in the 1–4Myr age range
(also see M. J. Rodríguez et al. 2023 and M. Rodríguez
et al. 2025). In nearly all cases where there is strong PAH
emission, there is also strong Hα emission.

2. In this pilot study, we develop empirical SED templates
based on a carefully chosen training set of 40 clusters in
NGC 628, ranging in age from 1 to 500Myr, with masses
greater than ≈3000Me. When combined with stellar-
continuum models from BC03 models, which agree with
observations of all clusters with ages greater than 10Myr,
we are able to provide SED templates for clusters of
all ages.

3. Using these templates we plot the observed evolution of
Hα and PAH (3.3 and 7.7 μm) strength and demonstrate
that they are similar and all decrease rapidly (within a few
Myr), but with the PAH 3.3 μm emission dropping faster
than the 7.7 μm emission and possibly faster than Hα.
These differences are likely influenced by the rapid
destruction of small dust grains responsible for the
3.3 μm emission.

4. The rapid decline of PAH and IR dust continuum
emission with age is probably due to a combination of
the destruction of the dust grains and stellar feedback
removing the gas and dust from the immediate vicinity of
the star cluster. The timescale for the latter mechanism is
compatible with dynamical estimates based on CO
superbubble expansion velocities from E. J. Watkins
et al. (2023) in NGC 628.

5. Samples of nearly embedded cluster candidates in
NGC 628 from H. Hassani et al. (2023) and M. Rodríg-
uez et al. (2025) are examined and found to have SEDs
and colors very similar to the 1–3Myr clusters from the
optical training set in the IR part of the spectrum. The
Hassani sample shows less scatter, and it is most
consistent with the 1Myr convolved-aperture template.
In nearly all cases, we find there is a young star cluster
within a few tenths of an arcsec (10–30 pc) of the nearly
embedded cluster in the Hassani sample, suggesting the
formation of the embedded object was triggered by its
presence.

6. Using these empirical templates, we produce evolution-
ary tracks for the 0.8–3.3 μm versus 3.0–7.7 μm color–
color diagram that are in agreement with the optically
selected training set, the samples of nearly embedded
cluster candidates, and the current implementation of the
Draine models within CIGALE for ages of 1–2Myr. For
ages older than about 5 Myr the CIGALE/Draine models
overpredict the strength of the PAH and thermal dust
emission, probably due to the assumption of energy
balance.

7. We find that the empirical SED templates are in fairly
good agreement with the TODDLERS (A. U. Kapoor
et al. 2023) SED model library, which is based on the
dynamic, spherical evolution of a homogeneous gas
cloud around a young stellar cluster. The model SEDs
support our results that PAH and dust continuum
emission dominates in the near-IR for only the first few
Myr, and emission in the mid-IR is dominated by the
stellar continuum after roughly 5Myr.
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In this pilot study, we report on results for a single galaxy
(NGC 628, which is located at 9.84Mpc), and a specific set of
small apertures used for the HST and JWST photometry. We
briefly examine the effects of using images convolved to the
size of the F2100W point-spread function (0.67) and find that it
is an important but not dominant effect. We caution the reader
that our quantitative results depend at least somewhat on these
specific properties and assumptions, although we believe that
the main conclusions are robust regardless of the specific
details. These issues will be explored more fully in the future,
when a much larger cluster sample will be used to determine
higher-quality empirical SED templates for star clusters.
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Appendix A
A Closer Look at the 1–4Myr Box

Figure 14 provides a more detailed look at the 45 (of 58)
clusters within the 1–4Myr box that fall within the field of
view of the F770W image. Thirty-one of these 45 clusters have
strong PAH emission, defined as F770W/F300M flux > 20, as
in Figure 3. This figure supports several assumptions discussed
in Section 2.3.1, and it provides additional insight into the
youngest clusters.
The figure is broken into six classifications, which are shown

for the strong PAH sample on the left and the weak PAH
sample on the right. The sequence is roughly in order of age,
with compact Hα objects on the left, followed by small
superbubbles, clusters near the edge of the shell of superb-
ubbles, and large superbubbles in the first four columns.
Clusters that are more uncertain (e.g., possible superpositions)
are in the fifth column, followed by clusters with no obvious
Hα (just 2 of the 45) in the last column.
Clusters without O and B stars that are not massive enough

(hot enough) to ionize hydrogen atoms are not expected to have
Hα emission, and this is apparently the case for just two
clusters (2446 and 4275). In two more cases (4460 and 5030),
there is Hα in the area, but it is not clear whether it is associated
with the cluster (i.e., no clear bubble or morphological shape
that suggests a connection). This suggests that, in 27/31= 87%
of the strong PAH sources, there is Hα associated with the
clusters, in agreement with our discussion of Figures 1 and 2 in
Section 2.1.
In general, the large bubbles have weak PAH emission, since

most of the gas and dust has been blown outside the effective
aperture used for our study (i.e., the orange dashed circle for
the F770W and the dotted yellow circle for the F2100W
effective aperture). We note that most of the weak PAH sources
on the right side of Figure 14 also appear to have some Hα

associated with them. Hence, the vast majority of all the
clusters in the 1–4Myr box are very young, as predicted based
on the discussion of nondegenerate regions in Section 2.3.1.
Finally, we note that there is a roughly even distribution of
clusters from very compact (≈1Myr) to large bubbles and
uncertain objects (≈4Myr), which was one of the assumptions
used in Section 2.3.2.
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Appendix B
Convolved Large-aperture Photometry of the Training Set

In Sections 2.2.1 and 3.2, we briefly discussed the use of
convolved large-aperture photometry. In this appendix, we take
a closer look at SEDs derived using convolved-aperture
photometry from H. Hassani et al. (2023) of clusters in our
optically selected training set, and compare with SEDs derived
using the small-aperture photometry discussed in Section 2.2.1.
The photometry used in this exercise is included in Tables 6
and 7.

Figure 15 shows a blowup of part of the bottom panel from
Figure 10, this time including SEDs derived from photometry
based on convolved images from H. Hassani et al. (2023) (i.e.,
the dashed color-coded lines). The first thing to notice is that
the observations for the 12 nearly embedded cluster candidates
discussed in Section 3.2 (the brown points) agree best with the

SEDS derived from the convolved images for the 1Myr
clusters (i.e., the red dashed line). This is similar to the
conclusion for the M. Rodríguez et al. (2025) nearly embedded
cluster candidates using small-aperture photometry, although in
that case (upper panel of Figure 10), there was also reasonable
agreement with the 2 and 3Myr templates for a few of the
embedded clusters.
The next point to notice is that the convolved SED templates

are systematically shallower than for the small-aperture
templates for 1–3Myr. This is to be expected, since the
aperture used for the F2100W photometry is unchanged, but
the size of the shorter-wavelength apertures are dramatically
increased (e.g., from 0.12 to 0.67 for NIRCAM) in the case of
the convolved apertures. Hence, they include surrounding
clusters in many cases, thus increasing the F200W flux and
reducing the ratio between F2100W and F200W (e.g., examine

Figure 14. Hα, V, B images of the 45 sources within the F770W FOV in the 1–4 Myr Box. The 20 clusters included in the training set (i.e., highest-mass objects) are
also identified in the snapshots. Red circles are used for class 1 clusters, while green circles are used for class 2 clusters. Aperture sizes, as included in Figure 4, are
shown in the first panel.
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Table 6
Normalized Flux Values Using Small-aperture Photometry for the Training Seta

IDb Agec 0.275 0.336 0.435 0.555 0.658 0.814 2.0 3.0 3.3 3.6 7.7 10.0 11.3 21.0 0.814-fluxd

1724 1.0 5.15 4.07 2.38 1.9 26.48 1.0 0.7 0.55 1.78 1.1 27.79 12.5 40.7 84.4 2.86
1767 1.0 4.08 3.27 2.06 1.5 20.35 1.0 0.72 0.53 1.64 1.08 26.78 14.9 49.0 224.1 14.10
4505 1.0 3.95 2.93 2.12 1.38 11.46 1.0 0.4 0.28 0.77 0.5 16.52 7.8 30.3 111.0 6.63
5418 1.0 4.88 3.79 2.39 1.83 11.6 1.0 0.49 0.35 0.92 0.61 17.15 8.3 29.6 166.9 6.68
7280 1.0 4.72 3.41 2.24 1.67 11.2 1.0 0.32 0.53 1.16 0.93 38.91 31.6 97.3 746.1 4.65
3150 2.0 4.44 3.52 2.47 1.73 2.79 1.0 0.18 0.14 0.33 0.22 11.15 4.6 21.2 85.1 14.11
3538 2.0 4.58 3.59 2.46 1.75 8.29 1.0 0.48 0.41 0.74 0.56 14.98 7.6 28.0 169.1 8.00
4995 2.0 4.18 2.89 2.09 1.56 8.56 1.0 0.28 0.16 0.62 0.45 13.65 6.0 21.6 80.7 3.66
5015 2.0 4.14 3.33 2.41 1.62 8.16 1.0 0.36 0.37 0.72 0.8 10.79 6.6 17.8 40.1 4.16
6681 2.0 4.33 3.29 2.34 1.59 5.24 1.0 0.28 0.22 0.53 0.37 17.38 9.1 36.8 207.7 8.22
1905 3.0 4.18 3.18 2.4 1.57 4.66 1.0 0.24 0.18 0.34 0.25 10.95 4.9 18.9 43.6 3.74
1343 3.0 4.34 3.14 2.2 1.51 1.26 1.0 0.44 0.19 0.14 0.12 −0.21 0.0 −0.4 1.4 12.5
2972 3.0 4.29 3.35 2.47 1.69 1.59 1.0 0.19 0.17 0.18 0.16 1.37 1.6 3.6 8.1 24.0
4768 3.1 4.33 3.16 2.04 1.54 2.48 1.0 0.81 0.3 0.31 0.28 0.29 −0.1 −0.1 7.4 7.41
5434 3.0 4.79 3.69 2.46 1.84 3.44 1.0 0.13 0.14 0.15 0.12 9.34 6.0 21.9 177.3 5.85
1214 4.0 1.78 1.66 1.42 1.07 1.06 1.0 1.4 1.42 1.43 1.41 1.18 3.4 3.3 4.6 31.2
1248 4.0 3.89 3.42 2.47 1.73 1.76 1.0 0.17 0.07 0.05 0.05 0.09 0.3 1.4 16.2 5.76
5655 4.0 4.8 3.91 2.64 1.88 1.0 1.0 0.19 0.13 0.12 0.1 2.47 1.7 6.4 71.2 13.8
6276 4.0 4.22 3.24 2.28 1.48 1.32 1.0 1.17 0.73 0.68 0.63 0.32 0.9 0.8 −0.1 32.5
7255 4.1 4.11 3.11 2.02 1.38 0.87 1.0 0.63 0.22 −0.07 0.03 −7.11 −3.1 −15.4 −6.9 3.45
1667 5.0 4.05 3.29 2.65 1.75 1.06 1.0 0.22 0.1 0.08 0.08 1.01 0.4 2.7 1.3 3.68
2416 5.0 1.45 1.42 1.44 1.15 1.03 1.0 1.36 0.73 0.65 0.6 0.12 0.7 0.5 0.5 19.7
3433 5.0 2.05 2.41 2.47 1.75 1.79 1.0 0.3 0.17 0.19 0.17 1.38 0.8 3.0 8.1 6.26
5894 5.0 1.52 1.31 1.53 1.22 1.04 1.0 0.67 0.3 0.25 0.22 0.06 0.2 0.2 −0.1 10.8
6895 5.0 2.93 3.04 2.81 1.98 1.37 1.0 0.12 0.05 0.03 0.02 0.14 0.1 0.7 1.3 5.47
1187 10.0 .88 1.23 1.1 0.96 0.99 1.0 0.91 0.4 0.32 0.27 0.16 0.0 0.2 0.1 12.0
2688 10.0 1.02 0.83 0.8 0.68 0.81 1.0 1.37 0.64 0.54 0.48 0.13 0.2 0.1 0.1 25.6
4356 10.0 0.94 0.79 0.67 0.58 0.49 1.0 2.02 1.05 0.89 0.8 0.18 0.7 0.5 0.7 9.61
5016 10.0 1.06 0.84 0.82 0.67 0.74 1.0 1.41 0.63 0.52 0.46 0.04 0.2 −0.1 −0.4 16.4
7150 10.0 1.11 1.08 1.03 1.06 1.26 1.0 0.35 0.16 0.14 0.12 0.68 0.4 1.8 1.4 10.2
1743 150.0 0.38 0.5 1.07 0.97 1.09 1.0 0.76 0.28 0.2 0.17 0.74 0.4 1.5 9.2 3.35
2535 150.0 0.29 0.45 0.98 0.99 1.01 1.0 0.61 0.27 0.2 0.19 1.31 0.7 2.4 1.0 2.80
4901 150.0 0.25 0.48 0.99 1.0 1.05 1.0 0.74 0.29 0.22 0.2 −1.43 −0.6 −3.2 −0.9 2.86
5736 150.0 0.23 0.38 0.91 0.89 0.94 1.0 0.61 0.3 0.2 0.17 −0.6 −0.7 −3.5 −3.6 2.74
6400 150.0 0.33 0.41 0.99 0.95 0.97 1.0 0.76 0.35 0.28 0.25 −0.09 0.0 −0.3 0.4 7.15
1516 500.0 0.16 0.23 0.83 0.84 0.85 1.0 2.77 1.41 1.46 1.43 0.49 0.6 0.7 0.2 3.09
2273 500.0 0.13 0.22 0.8 0.86 0.75 1.0 0.63 0.3 0.25 0.23 0.72 0.7 2.4 1.6 7.14
2352 500.1 0.06 0.2 0.67 0.94 2.54 1.0 0.63 0.35 0.46 0.35 8.3 3.9 16.7 45.7 8.98
2984 500.0 0.01 0.16 0.56 0.82 0.77 1.0 0.72 0.3 0.25 0.23 −0.06 0.2 −0.0 −1.0 3.75
6340 500.0 0.01 0.2 0.67 0.77 0.91 1.0 1.7 0.75 0.72 0.65 0.38 0.1 0.8 0.7 4.02

Notes.
a Small-aperture photometry from M. Rodríguez et al. (2025) for clusters in the training set, as defined in Section 2.2 and Table 1.
b Star Cluster ID # from D. Maschmann et al. (2024).
c Adopted age as discussed in Sections 2.3. The values with “0.1” attached are the outliers discussed in Section 2.5.
d The 0.814 flux in μJanskys can be used to convert the relative flux values in this table to absolute values.
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Table 7
Normalized Flux Values Using Convolved-aperture Photometry for the Training Seta

IDb Agec 0.275 0.336 0.435 0.555 0.814 2.0 3.0 3.3 3.6 7.7 10.0 11.3 21.0 0.814-fluxd

1724 1.0 0.76 1.07 1.89 1.48 1.0 7.94 6.18 17.54 11.65 170.65 65.78 179.26 297.06 0.659
1767 1.0 0.44 0.66 1.35 1.16 1.0 4.77 4.06 13.27 8.87 170.36 77.19 210.48 724.12 3.890
4505 1.0 0.48 0.73 1.51 1.28 1.0 3.82 3.16 11.29 7.02 149.98 57.16 179.96 380.99 1.623
5418 1.0 0.44 0.66 1.4 1.17 1.0 3.35 2.48 7.52 4.99 94.19 34.1 105.32 300.53 2.744
7280 1.0 0.34 0.52 0.96 0.9 1.0 7.23 11.37 23.91 20.93 286.57 147.45 375.72 984.66 2.350
3150 2.0 0.48 0.74 1.47 1.31 1.0 4.72 4.13 11.81 7.99 152.38 48.96 179.95 345.81 2.744
3538 2.0 0.49 0.75 1.52 1.34 1.0 4.67 4.18 10.2 6.6 108.47 42.77 132.25 435.77 2.558
4995 2.0 −0.37 −0.46 −0.42 0.04 1.0 2.16 0.45 −4.24 −1.95 −114.35 −37.51 −135.77 −318.18 −0.806
5015 2.0 0.41 0.62 1.36 1.27 1.0 3.77 4.06 9.82 9.1 96.17 46.06 115.92 147.92 0.960
6681 2.0 0.47 0.69 1.45 1.29 1.0 3.78 3.04 9.59 6.21 125.84 45.96 146.55 366.24 3.421
1905 3.0 0.51 0.76 1.52 1.28 1.0 4.3 3.6 9.67 6.72 118.68 38.15 124.84 160.91 0.707
1343 3.0 0.65 0.83 1.72 1.39 1.0 2.51 1.21 0.71 0.76 −2.77 −1.49 −5.22 0.95 2.415
2972 3.0 0.42 0.66 1.46 1.3 1.0 4.61 4.42 4.68 4.22 8.92 9.41 13.99 23.17 6.860
4768 3.1 0.63 0.85 1.66 1.46 1.0 1.04 −0.13 0.69 −1.12 13.65 2.43 11.39 52.05 1.072
5434 3.0 0.38 0.57 1.19 1.13 1.0 4.23 2.86 6.49 4.45 79.04 29.57 87.06 278.79 2.746
1214 4.0 0.2 0.34 0.94 0.88 1.0 5.43 5.82 5.49 5.84 2.06 15.78 9.69 18.18 7.631
1248 4.0 0.46 0.74 1.66 1.41 1.0 1.43 0.56 0.17 0.52 6.56 0.56 3.01 51.91 1.256
5655 4.0 0.4 0.62 1.39 1.22 1.0 4.0 2.47 4.12 3.19 42.77 16.31 51.25 159.74 5.160
6276 4.0 0.59 0.82 1.72 1.36 1.0 6.61 4.69 4.47 4.24 0.24 4.98 2.23 6.63 4.642
7255 4.1 0.36 0.45 1.23 0.99 1.0 4.06 2.36 −1.12 0.24 −38.48 −10.5 −46.43 8.2 1.281
1667 5.0 0.82 1.12 2.07 1.77 1.0 5.33 2.68 3.48 2.41 28.03 12.64 38.49 9.52 0.457
2416 5.0 0.2 0.35 1.03 0.97 1.0 8.23 4.99 4.39 4.16 −1.75 4.85 0.9 1.04 2.578
3433 5.0 0.36 0.71 1.65 1.4 1.0 2.12 1.66 2.94 2.03 22.31 9.17 28.56 34.19 1.030
5894 5.0 0.17 0.28 1.02 0.95 1.0 3.87 1.97 1.61 1.43 −0.14 1.11 0.67 −2.73 1.899
6895 5.0 0.65 0.98 2.18 1.67 1.0 −0.32 −0.42 −0.23 −0.28 6.98 2.06 9.35 4.59 0.977
1187 10.0 0.23 0.3 0.81 0.78 1.0 5.72 2.68 2.39 2.1 4.18 1.11 4.62 3.87 1.999
2688 10.0 0.15 0.23 0.63 0.64 1.0 7.95 4.29 3.66 3.32 0.41 1.31 0.36 2.43 3.369
4356 10.0 0.11 0.18 0.44 0.43 1.0 10.16 5.56 4.9 4.56 1.6 3.8 2.65 1.84 2.542
5016 10.0 0.16 0.23 0.67 0.65 1.0 7.67 3.93 3.26 2.9 −0.6 0.89 −1.71 −0.58 2.436
7150 10.0 0.21 0.35 1.08 1.07 1.0 1.53 0.87 1.12 0.77 10.12 4.47 16.59 6.66 1.906
1743 150.0 0.14 0.22 0.84 0.86 1.0 4.81 2.64 3.48 2.5 37.29 12.54 32.84 30.53 0.851
2535 150.0 0.04 0.11 0.7 0.81 1.0 3.41 1.73 1.14 1.04 18.13 5.0 22.8 1.1 0.449
4901 150.0 0.05 0.13 0.69 0.81 1.0 2.17 0.9 0.49 0.69 −12.48 −4.26 −18.57 −5.95 0.724
5736 150.0 0.04 0.11 0.7 0.89 1.0 3.65 1.6 0.99 0.38 −10.97 −6.75 −22.42 −1.76 0.772
6400 150.0 0.14 0.26 0.9 0.92 1.0 5.87 3.58 3.19 2.62 −0.77 3.13 −0.94 3.0 1.695
1516 500.0 0.01 0.05 0.64 0.77 1.0 10.98 6.91 7.27 7.38 1.23 2.2 3.0 −1.39 0.632
2273 500.0 0.01 0.05 0.52 0.68 1.0 4.17 2.79 3.12 3.14 11.13 7.02 18.98 2.53 1.395
2352 500.1 0.01 0.06 0.49 0.77 1.0 5.43 4.24 10.9 7.56 120.3 44.74 146.18 269.93 1.412
2984 500.0 0.01 0.05 0.41 0.71 1.0 6.67 3.97 4.02 3.63 −0.67 2.87 −1.01 −4.23 0.645
6340 500.0 0.05 0.09 0.56 0.79 1.0 8.28 4.23 4.02 3.48 6.66 1.85 10.99 −1.15 0.718

Notes.
a Convolved (using images convolved to the F2100W scale of 0.67) photometry from H. Hassani et al. (2023) for clusters in the training set, as defined in Section 2.2 and Table 1.
b Star Cluster ID # from D. Maschmann et al. (2024).
c Adopted age as discussed in Section 2.3. The values with “0.1” attached are the outliers discussed in Section 2.5.
d The 0.814 flux in μJanskys can be used to convert the relative flux values in this table to absolute values.
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the apertures overplotted in the first panels of Figures 8 and 9).
The case is less clear for 4 Myr in Figure 15, probably due to
the increased noise from the patchy and erratic bubble
structure. For ages of 5 Myr and older, the MIRI flux is
essentially noise, as was the case in Figure 7.
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