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ABSTRACT

We present a combined HST and JWST 0.2–to–5 µm analysis of the spectral energy distributions
(SEDs) of emerging young star clusters (eYSCs) in four nearby galaxies from the Feedback in Emerging
extrAgalactic Star clusTers (FEAST) survey: M51, M83, NGC 628, and NGC 4449. These clusters,

selected for their bright Paα and 3.3 µm polycyclic aromatic hydrocarbon (PAH) emission, are still
associated to their natal gas cloud and have been largely missed in previous HST optical campaigns.
We modeled their SEDs using the CIGALE fitting code and identified: i) a systematic flux excess
at 1.5–2.5 µm that is not accounted for by current stellar population models; ii) the preference for
a set of dust model parameters that is not aligned with expectations from self-consistent analyses of
star-forming regions, suggesting model shortcomings also in the 3–5 µm. The near-infrared (NIR)
excess is most prominent in low-mass (≤ 3000 M⊙) and young (≤ 6 Myr) clusters. Additionally, we
see that the SED fitting analysis wrongly assigns ages ≥ 6 Myr to a fraction of strong Paα emitters
with equivalent widths suggestive of significantly younger ages. A parallel analysis with the slug code
suggests that stochastic initial mass function (IMF) sampling of pre-main-sequence stars combined
with extinction might partially reduce the gap. We conclude that the inclusion of young stellar object

SEDs, along with more realistic sampling of the cluster IMF, might be needed to fully account for the
stellar population and dust properties of eYSCs.
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1. INTRODUCTION

The appearance and evolution of galaxies are largely
governed by their star formation activity. Due to its
hierarchical nature (Elmegreen & Efremov 1996), star
formation is linked to the presence of clustered struc-
tures. At parsec scales, thousands of young star clus-
ters (YSCs) contribute to the observed UV light of their
host galaxies and, via feedback processes, regulate the
star-formation cycle in the galaxy (Adamo et al. 2020,
and references therein). While high resolution studies
of star clusters in the Milky Way allow us to dissect sin-
gle clusters in their stellar, gas, and dust components
(e.g., Zucker et al. 2023), they suffer from line-of-sight
confusion and dust obscuration, which prevent the col-

lection of large, unbiased samples of the cluster pop-
ulation. Probing the entire star cluster population in
nearby galaxies is fundamental to understanding star

formation as a function of galactic environment and
physical properties.
During the last three decades, the Hubble Space Tele-

scope (HST) has paved the way for an unprecedented
census of YSCs in nearby galaxies (Whitmore et al. 2011;
Chandar et al. 2014; Johnson et al. 2016; Adamo et al.
2017; Messa et al. 2018; Turner et al. 2022; Maschmann

et al. 2024, among many others). However, the ob-
served demographics of YSCs, as well as the physical
processes behind cluster formation and evolution (e.g.,

Kruijssen 2015; Krumholz et al. 2019), cannot be fully
understood without grasping the very young stage of
life of YSCs i.e., the emerging phase. In the emerg-

ing phase, YSCs are still embedded in their dusty natal
cloud and stellar feedback (predominantly photoioniza-
tion and radiation pressure, Johnson et al. 2003, 2015;
Kim et al. 2018; Krumholz et al. 2019; Menon et al.
2022; Dobbs 2023; Pathak et al. 2025) from massive stars
dramatically impacts the surroundings, shaping a multi-
phase interstellar medium (ISM). This stellar feedback
is not instantaneous, and thus for a certain time emerg-
ing YSCs (eYSCs) are invisible at optical wavelengths
and largely missed from the aforementioned optical sur-
veys. Messa et al. (2021) estimated that up to 60% of

eYSCs are missed for ages between 1 and 5 Myr using
NUV-optical-NIR HST observations in NGC 1313.
Recently, the advent of JWST has enabled us to de-

tect most, if not all, eYSC populations in nearby galax-
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ies, outside of the Local Group. Thanks to its unprece-
dented sensitivity and spatial resolution, several cam-
paigns have been characterizing eYSCs and their sur-
rounding star-forming regions in nearby galaxies using
JWST NIRCam bands and NIRSpec spectroscopic data
(e.g., Whitmore et al. 2023; Rodŕıguez et al. 2023; Levy
et al. 2024; Linden et al. 2024; Pedrini et al. 2024; Sun
et al. 2024; Whitmore et al. 2025; Knutas et al. 2025).
These authors show that eYSCs present an excess of 3.3
µm polycyclic aromatic hydrocarbons (PAH) emission
from their photo-dissociation regions (PDRs, Hollen-
bach & Tielens 1999) and they are able to clear their sur-
rounding envelopes due to stellar feedback in a few Myr.
However, most of the results presented in these studies

rely on correct estimations of eYSC physical properties.
Specifically, we need to carefully account for a detailed
NIR spectral modeling of emission from star-forming re-
gions in order to obtain accurate derivations of eYSCs

ages and stellar masses. In optical surveys, single stel-
lar population (SSP) synthesis models that account for
stellar and nebular contributions (e.g., yggdrasil Zack-

risson et al. 2011) have been extensively leveraged and
can successfully describe the spectral energy distribution
(SED) of YSCs with ages down to ∼ 5 Myr, where the
results become extremely sensitive to the most massive

stars included in the model, and the way those massive
stars form and evolve (Wofford et al. 2016). In this re-
spect, due to pre-JWST low sensitivity and resolution

of NIR observations in nearby galaxies, models for NIR
stellar isochrones have been less explored/tested. More-
over, the NIR is not only sensitive to ionized gas and

stellar continuum but also to the complex emission of
dust around stars and in PDRs (Indebetouw et al. 2006;
Peeters et al. 2023; Chown et al. 2024; Schroetter et al.
2024). With JWST, we can now resolve individual ex-
tragalactic star clusters, their associated compact HII
region and warm dust in proximity of the newly formed
stars within the Local Volume (d < 11 Mpc) at parsec-

scale resolution.
The Feedback in Emerging extrAgalactic Star clus-

Ters (FEAST, GO 1783, PI A.Adamo) survey plays a
key role in advancing the observational interpretation
of extragalactic eYSC at parsec scales. FEAST encom-
passes JWST/NIRCam observations of six nearby galax-
ies spanning a wide range of physical properties. More-
over, these observations were designed to both sample
large fields of view (covering most of the targets) and
achieve high resolution, allowing for statistical studies



of individual eYSCs within single galaxies (Adamo et
al., in prep., Gregg et al. 2024). This survey aims to in-
vestigate the primary physical mechanisms driving the
emergence of eYSCs by measuring levels of obscuration
across clusters at different evolutionary stages, and ex-
ploring how these trends correlate with galactic envi-
ronment. Gregg et al. (2024) analyzed the relation be-
tween star formation rate and 3.3 µm PAH emission
for eYSCs in NGC 628, finding that age variations and
physical properties of PAHs might have strong impacts
on the linearity of this relation. In Gregg et al. (subm.),
the authors have explored variations in this relation as a
function of galactic physical properties across the diverse
FEAST sample of galaxies. Furthermore, Pedrini et al.
(2024) illustrated that eYSCs in NGC 628 are linked to
star-forming regions where HII regions and PDRs traced
by 3.3 µm PAH emission are still compact, and their
morphology is constrained by cluster evolution. Knu-
tas et al. (2025) have studied the eYSC population in

M83, with a specific focus on the emerging timescales of
eYSCs in different environments within the galaxy disk
as well as cluster mass.
With these unprecedented results on the demography

of eYSCs in nearby galaxies, comes the need for com-
prehensive models that accurately describe the SED of
eYSCs. In this context, the excellent sensitivity pro-

vided by JWST has revealed populations of embedded
clusters that present stellar masses ranging from tens to
tens of thousands of M⊙ (e.g., Knutas et al. 2025, Lin-

den et al., in prep.). In this low-mass regime, stochastic
effects due to initial mass function (IMF) sampling are
no longer negligible, and a full consideration of these ef-
fects becomes necessary (Máız Apellániz 2009; Calzetti

et al. 2010). Under these conditions, distinguishing the
main sources of emission from eYSCs in the NIR win-
dow becomes crucial for a more complete understanding

and interpretation of their NIR SED.
In this paper, we use JWST/NIRCam observations

and ancillary HST data to present a multi-wavelengths
analysis of the UV-optical-NIR SED of eYSCs in M51,
M83, NGC 628 and NGC 4449, which are part of the
FEAST survey. In particular, we derive physical prop-
erties of eYSCs using state-of-the-art SED fitting codes
and discuss their performances, with a specific focus
on the NIR wavelengths. After an introduction of the
observations and the eYSC populations (Sec. 2), we

present the adopted SED fitting methodology (Sec. 3).
The results presented in this paper (Sec. 3.3) reveal dis-
crepancies between the NIR-recovered best fluxes from
models and our observations (Sec. 4). We discuss pos-
sible explanations in details and various interpretations
of this issue, focusing on the analysis of the impact of

stochastic IMF sampling effects (Sec. 5). The paper ends
with our conclusions and summary of findings in Sec. 6.

2. IMAGING DATA

2.1. FEAST galaxies

For this paper, we use the observations of four galax-
ies, part of the FEAST program: M51, M83, NGC 628
and NGC4449. The properties of these galaxies are
summarized in Tab. 1. JWST/NIRCam observations
of M51, M83, NGC 628 and NGC4449 have been ob-
tained between January 2023 and June 2024 as part of
the FEAST program. For each galaxy, we obtained si-
multaneous observations in short wavelengths (F115W,
F150W, F187N, F200W) and long wavelengths chan-
nels (F300M, F335M, F405N, F444W). In NGC 628,
the F277W filter replaced the F300M. We exploited
a FULLBOX 4TIGHT dither pattern to ensure high

quality sampling in large field of views (e.g., 2′ × 6′ in
NGC 628) and of the point spread functions (PSFs).
We refer to Adamo et al., (in prep.) for an in-depth de-

scription of the data reduction, while here we present an
overview of the main steps. Our NIRCam observations
have been downloaded from the Mikulski Archive for
Space Telescopes (MAST). We reduced the data using

the distributed pipeline (version 1.12.5) with calibration
data context number 1169.
For these galaxies, we download additional avail-

able HST archival observations covering the UV-optical
range from the MAST archive and we reduced them us-
ing standard data-reduction steps (see Adamo et al., in
prep.). Additional information on these ancillary data

is found in Table 2, which presents an overview of the
filters employed in this analysis across the sample of
galaxies. Finally, we resampled both NIRCam and HST

mosaics to a common pixel grid of 0.04′′/pix and we
aligned them to the same reference system using GAIA
(Gaia Collaboration et al. 2023).

2.2. eYSC catalogues

Stellar feedback mechanisms in eYSCs produce HII
regions and PDRs that can be directly traced with mul-
tiple JWST/NIRCam filters. In particular, the F187N
and F405N filters trace emission from the hydrogen re-
combination lines Paα and Brα, respectively. On the
other hand, the 3.3 µm PAH feature observed by means

of the F335M filter represents an optimal tracer for
PDRs in star-forming regions (e.g., Peeters et al. 2023;
Chown et al. 2024). For these reasons, we based our se-



Table 1. Summary of the FEAST galaxies analysed in this paper. From left to right: distance, stellar
mass, UV extinction corrected star formation rate (SFR), central metallicity from HII regions oxygen
abundance, foreground Milky Way attenuation and number of eYSCI presented in this work (see Sec. 2.2).
Reference dictionary: 1 - Calzetti et al. (2015), 2 - Leroy et al. (2021), 3 - Berg et al. (2020), 4 - Bresolin
et al. (2016), 5 - Sabbi et al. (2018), 6 - Tully et al. (2009), 7 - Csörnyei et al. (2023), 8 - Tully et al.
(2013), 9 - Schlafly & Finkbeiner (2011), 10 - Pilyugin et al. (2015).

Galaxy d [Mpc] log(M∗/ M⊙) SFR [M⊙/yr] 12 + log(O/H) Foreground AV # eYSCI

M51 7.5 (7) 10.38 (1) 6.88 (1) 8.65 (3) 0.095 (9) 1707

M83 4.7 (8) 10.53 (2) 4.17 (2) 8.9 (4) 0.182 (9) 1087

NGC 628 9.84 (6) 10.34 (2) 1.74 (2) 8.51 (3) 0.192 (9) 784

NGC 4449 4.0 (5) 9.04 (1) 0.94 (1) 8.26 (10) 0.053 (9) 249

Table 2. Overview of the observational data. HST/WFC3 observations are from #13340 (Van Dyk), #12762 (Kuntz), #13364
(Calzetti), #17225 (Calzetti), #11360 (O’Connell) and #12513 (Blair). HST/ACS observations are from #10452 (Beckwith), #9796
(Miller), #10402 (Chandar) and #10585 (Aloisi).

Galaxy JWST/NIRCam HST

M51 F115W, F150W, F187N, F200W, WFC3/F275W, WFC3/F336W, ACS/F435W, ACS/F555W,

F300M, F335M, F405N, F444W ACS/F658N, WFC3/F689M, ACS/F814W

M83 F115W, F150W, F187N, F200W, WFC3/F225W, WFC3/F275W, WFC3/F336W, WFC3/F438W, WFC3/F547M,

F300M, F335M, F405N, F444W WFC3/F555W, WFC3/F657N, WFC3/F689M, WFC3/F814W

NGC 628 F115W, F150W, F187N, F200W, WFC3/F275W, WFC3/F336W, ACS/F435W, ACS/F555W,

F277W, F335M, F405N, F444W ACS/F658N, ACS/F814W

NGC 4449 F115W, F150W, F187N, F200W, WFC3/F275W, WFC3/F336W, ACS/F435W, ACS/F555W,

F300M, F335M, F405N, F444W ACS/F658N, ACS/F814W

lection of eYSCs on their photometric properties in the
aforementioned filters. We present and describe the full
methodology to detect and classify eYSCs in Adamo et
al. (in prep.). Here we summarize the main steps. We
identified eYSCs as peaked emission in the NIR hydro-
gen recombination lines (Paα-1.87µm and Brα-4.05µm)
and in the 3.3µm PAH feature. As already described in
Gregg et al. (2024) and Pedrini et al. (2024), we refer to
this eYSC class as eYSCI, while the eYSCII class repre-

sents clusters without compact 3.3µm PAH emission.
To obtain Paα, Brα and 3.3 µm PAH maps of our

sample of galaxies, we removed the stellar and dust con-
tinuum from filters containing the emission features. We
subtract the stellar continuum from the F187N filter us-
ing the adjacent broad filters F150W and F200W. Since
the F200W filter also contains Paα emission, we applied

an iterative procedure to remove its contribution, as de-
scribed in Gregg et al. (2024) and Calzetti et al. (2024).

On the other hand, for the F335M and F405N filters,
we removed the stellar and dust continuum using the
F300M (F277W in NGC 628) and F444W filters. In the

case of F405N, the subtraction was also performed itera-
tively, as the F444W filter contains Brα emission. This
continuum subtraction procedure is fully described in
Gregg et al. (2024) and results in continuum-subtracted
emission line maps for Paα, Brα and the 3.3 µm PAH
feature.
We present now the identification of eYSCI clusters for

M51, M83, NGC 628 and NGC 4449. The candidates
are independently identified on the three emission maps
using SEP, a python package for source extraction (Bar-

bary 2016), resulting in three different catalogs, one for
each emission line map. We then visually inspected all
the extracted sources with the aim of re-centering and
cleaning contaminants in each reference emission map.
The catalogs of visually inspected sources are then used



to perform aperture photometry in all available JWST
and HST sets of filters (see Tab. 2). For the closer galax-
ies, M83 and NGC 4449, we adopted an aperture ra-
dius of 5 pixels, which corresponds to physical sizes of
∼4.55 and ∼3.88 pc, respectively. In the case of M51
and NGC 628, we used a radius of 4 pixels (∼5.8 pc and
∼7.8, respectively). To correct for background emission,
we subtract the mode value estimated from an annulus
aperture, centered in the source position, with a radius
of 7 pixels for both M83 and NGC 4449 and 6 pixels for
M51 and NGC 628. We adopted 2 pixels for the width
of the annulus aperture. Furthermore, we used concen-
tration index-based aperture corrections to account for
different point spread functions (PSFs) within the UV-
optical-NIR windows (see Adamo et al., in prep. and
Knutas et al. 2025).
To obtain the final science-ready catalog of eYSC can-

didates, we corrected the photometry for Milky Way AV

extinction along the line of sight (Tab. 1). For each emis-

sion map, we produced a photometric catalog containing
positions of the eYSC candidates and their flux densi-
ties (in mJy and ABmag). To ensure clear detections,
we additionally required a magnitude error < 0.3 in the

F187N and F200W filters for sources extracted from the
Paα, and in the F405N (F335M) and F444W filters for
sources extracted within the Brα (3.3 µm PAH) map.

As a final step, we matched the three catalogs by their
positions to determine their class: eYSCI are detected in
Paα and 3.3 µm PAH (Brα, due to the lower resolution,

is included but not considered a necessary condition);
eYSCIIs are detected in Paα (and possibly Brα); 3.3 µm
PAH peak sources do not have a clear peaked emission
in Paα and/or Brα. We adopted a 4 pixel separation

between emission peak centers as our criterion for cata-
log matching. To test the robustness of this choice, we
also performed the matching using 5 and 6 pixel separa-

tions, finding that it introduces only a ∼2% difference in
the number of recovered eYSCI (see also Knutas et al.
2025).
For the scientific goal of this paper, we consider only

eYSCI with secure detection (S/N > 3) in all 8 NIRCam
bands. The presence of ionized gas and PAH emission
indicates that these objects are young and likely dusty,
making this sample ideal for studying cluster SEDs in
the NIR wavelengths. This last step leads to the final
eYSCI catalogs, which contain 1707, 1087, 784 and 249

objects for M51, M83, NGC 628 and NGC 4449, respec-
tively (last column of Tab. 1). We present the eYSCI
populations in the JWST field of view within the four
targets in Fig. 1, where the position of each cluster is
represented by a black dot. We see a strong association
between the eYSCI populations and the spiral structures

of M51, NGC 628, M83, and NGC4449 (although irreg-
ular), where we observe enhanced ionized gas emission
(Paα, green channel) and PAH emission from the PDRs
(red channel) due to intense star formation activity.

2.3. Optical YSC catalogs

Using HST imaging, we also produced optically identi-
fied YSC catalogs for our sample of galaxies. For all the
galaxies, the cluster identification is based on compact
sources emitting in the HST/F555W filter. In M51, the
initial catalog used here relies on the LEGUS (Legacy
ExtraGalactic UV Survey, Calzetti et al. 2015) catalog
presented in Messa et al. (2018). Within this catalog,
we selected cluster with an assigned morphological class
of 1, 2 or 3 (see Adamo et al. 2017 for a description
of these classes). Moreover, we required these clusters
to lie within the JWST field of view, obtaining a final

catalog consisting of 2361 YSCs. We adopted a similar
procedure for the NGC 4449 LEGUS catalog (Whitmore
et al. 2020), obtaining 573 optically identified YSCs. For
M83, we used the optical YSC catalog presented in Knu-

tas et al. (2025) and we applied analogous masks and
selections as in M51 and NGC 4449, resulting in 3121
cluster candidates. We applied the same method for

the optical YSC population in NGC 628 (presented in
Adamo et al., in prep.), obtaining 3784 optical YSCs.
We note that, on average across the four galaxies, 4% of
the optically selected YSCs coincide with the position

of an eYSC.
The positions of the cluster candidates (centered using

HST/F555W) are used to perform aperture photometry

in all the HST and JWST available filters. Aperture
photometry, local sky background and aperture correc-
tion are performed by matching the same physical scales

in all HST and JWST filters using the same settings as
described for the eYSC catalogs in Sec. 2.2. We will dis-
cuss the results obtained with these catalogs, applying
the appropriate S/N and age selections, in Sec. 5.

3. CIGALE MODELLING

To analyze the 0.2–to–5 µm SEDs of the observed
YSCs and eYSCs and to constrain their physical prop-

erties (e.g., age, mass, attenuation), we performed SED
fitting using the Code Investigating GALaxy Emission
(CIGALE, Boquien et al. 2019). Although this code is
originally designed to fit the SED of galaxies, it has been
effectively exploited in the study of star cluster light
(Fensch et al. 2019; Turner et al. 2021; Pedrini et al.
2024). Linden et al. (in prep.) presents a detailed com-
plementary analysis showing a performance comparison
between CIGALE and an alternative model widely used
in cluster analysis (yggdrasil, Zackrisson et al. 2011)



Figure 1. NIRCam detected eYSC populations in M51 (left panel), M83 (top right panel), NGC 628 (middle right panel) and
NGC 4449 (bottom right panel). For each galaxy, the RGB color scheme is the following: F335M continuum subtracted map
(red), F187N continuum subtracted map (green), F115W map (blue). For NGC 628, we replaced F187N with F405N, due to
better visual quality of the map. We highlight the position of the eYSC populations with black dots. In the three spiral galaxies,
eYSCs are located along the spiral arms, where they are associated with the highest concentration of star-forming regions in
the galactic disks.

in recovering physical properties of YSCs and eYSCs in
the spiral galaxy NGC 628.

3.1. CIGALE grid for eYSCs

CIGALE works in two main steps. The first step con-

sists of computing a grid of models that encompasses the
generation of stellar, nebular and dust emission models
covering a pre-defined parameter space. Subsequently,
in the second step the code performs a Bayesian-like χ2

analysis to fit the model grid to the observed cluster
SEDs (Yang et al. 2020). As a result, CIGALE outputs
the best values for the input-defined parameter space,
as well as best fit fluxes for each filter. For each galaxy,

we used the final eYSCI catalogs as input observations
files. For the HST filters, we flagged the observed flux in
a given filter as an upper limit if the S/N ratio is lower
than 3.
As input for the CIGALE models, we use the param-

eter grid designed in Linden et al. (in prep.), shown in
Tab. 3. We consider an eYSC SED to be generated by
an instantaneous burst of star formation, which consists
of a decaying exponential function of timescale 0.001
Myr. As clusters are identified as bright sources in Paα,

we limit the age range of the stellar population to vary
between 1 and 10 Myr with steps of 1 Myr. The stellar
emission is modeled from the Bruzual & Charlot (2003)



stellar models, considering a Chabrier (2003) IMF and
solar metallicity (40% solar for NGC 4449). Nebular
emission models are based on CLOUDY grids (Inoue
2011; Ferland et al. 2013; Boquien et al. 2019). To ac-
count for dust attenuation, we use the modified star-
burst model, which allows the user to parametrize the
starburst attenuation law from Calzetti et al. (2000).
Additionally, the E BV factor parameter (Tab. 3) regu-
lates the reduction factor between the attenuation com-
puted for the emission lines and the stellar continuum
attenuation. For the emission lines, we adopted a Milky
Way extinction curve (see Boquien et al. 2019, for de-
tails in the attenuation model). Finally, we use the dust
emission templates from Draine et al. (2014).

3.1.1. Testing parameter choice in CIGALE

CIGALE uses several parameters to control the dust
and ionized gas emission, as introduced in the previous
section and presented in Tab. 3. In general, we observe

that changing the parameter grid for nebular gas emis-
sion (log(U), ne, fesc, fdust) does not change the recov-
ered physical parameters or the goodness of the fit (χ2)

in a noticeable way. However, the inclusion of the nebu-
lar continuum and emission in the models is fundamen-
tal to fit the fluxes in the narrow bands centered on Hα,

Paα, Brα. In Appendix A, we show the impact of in-
cluding/excluding the narrowband filters from the SED
of the optical YSCs in NGC 4449. As already shown
by Whitmore et al. (2020), the inclusion of at least one

narrowband transmitting a hydrogen emission line (e.g.,
Hα) mitigates the age-extinction degeneracy. We com-
pare the 0.2–to–5 µm FEAST SED outputs including

narrowbands with the previous Whitmore et al. (2020)
output showing a very good agreement with the analy-
sis performed by previous teams. We conclude that as
long as at least one nebular line is included in the cluster
SED fit, then the results are relatively insensitive to the
nebular grid choice.
As for the dust parameters, we noticed a significant

impact on the resulting recovered cluster physical prop-
erties. Taken at face value, we do not have enough in-
formation in our SEDs to derive stringent constraints
on the dust. The dust parameters require observational
constraints in the MIR-FIR wavelength range, which
falls outside our observations and cannot be obtained
at the physical scales studied here. Parameters linked

to dust heating and dust mass heated in star-forming
regions, such as Umin and γ (umin and gamma in Tab. 3),
correlate with dust emission at 24 µm, 71 µm and
160 µm (Draine & Li 2007). Similarly, 60-100 µm obser-

vations can constrain the power law coefficient α (Dale
et al. 2014, alpha in Tab. 3). Observations of MIR-FIR
integrated light from local galaxies have showed that
Umin ranges between 1 and 10, while γ yields best fit
values of 0.5 - 1 (Draine et al. 2007) and α is generally
fixed to 2 (Draine & Li 2007). Based on these findings
we fitted the SEDs using an informed (IF) grid, where
we constrain Umin to be either 1 or 10, while the al-
lowed values for γ are 0.5 and 1, following Draine et al.
(2007). We do not impose any additional constraints
on the possible values of qPAH, as this quantity depends
on the incident radiation field and local ISM conditions
(e.g., Chastenet et al. 2019). By inspecting the recov-
ered dust parameter distributions (see Fig. 2 for M51),
we noticed different results compared to the parame-
ter grid of Tab. 3. For this reason, we have explored a
larger grid and investigated the favored parameter space

when fitting. We refer to the model grid that provides
the best fit as adopted (AD) grid shown in Tab. 3, with
less strict constraints on Umin and γ compared to the

informed one.
Since our observations are limited to the NIR spec-

trum, we can evaluate the effect of these parameters

only on the quality of the CIGALE fits to the optical
and near-infrared SEDs. In Fig. 2 we present a compari-
son between CIGALE results for eYSCI in M51 obtained
with the AD grid and with an IF grid, where the only

difference are the constraints on Umin and γ (Tab. 3).
This figure shows that the recovered reduced χ2 is lower
for eYSCI fitted with the AD grid. Additionally, when

looking at the fitted age distribution, a large fraction
of eYSCI fitted with the IF grid settles at the edge of
the parameter space, returning either young ages or old
ones. Moreover, as a side check, we note that our re-

sults for the AD grid remain consistent even when we
additionally include Umin = 10 and γ = 1.
Hence, we conclude that our AD grid gives better re-

sults in terms of quality of the fits. We must stress that
since we cannot constrain the dust parameters, there
is no physical reason associated with the choice of the
dust grid behind this consideration (see Sec. 5.2 for a
further discussion). However, this unexpected behavior
calls for a careful analysis of the eYSC SEDs, trying to
unveil the reason behind this result (see also Linden et
al. (in prep.), for a more detailed exploration for eYSCs
in NGC 628).

3.2. CIGALE grid for optical catalogs

Due to the different nature of optically selected YSCs
(see Sec. 2.3), the CIGALE adopted grid for these spe-
cific objects requires small modifications from the eYSCs
grid presented in Tab. 3. Since these clusters are iden-



Table 3. CIGALE adopted grid, as described in Sec. 3. Fixed parameter are marked
with *.

Parameter Type Values

tau main* SFH 0.001 Myr

age SFH 1 to 10 Myr (step 1 Myr)

tau burst* SFH 0.001 Myr

burst age* SFH 1 Myr

f burst* SFH 0

sfr 0* SFH 1.0

normalise* SFH True

imf Stellar Chabrier (2003)

metallicity* Stellar 0.02 (0.008 for NGC 4449)

separation age* Stellar 10 Myr

logU Nebular -3.5, -3.0, -2.5, -2.0

zgas* Nebular 0.02 (0.008 for NGC 4449)

ne Nebular 10, 100 cm−3

f esc Nebular 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6

f dust Nebular 0.01, 0.1, 0.2, 0.3

lines width* Nebular 50 km/s

E BV lines Attenuation 0.01, 0.1 to 5.0 (step 0.1)

E BV factor Attenuation 0.4, 0.5, 0.6, 0.8, 1.0

uv bump wavelength* Attenuation 217.5 nm

uv bump width* Attenuation 35.0 nm

uv bump amplitude* Attenuation 0.0 nm

Ext law emission lines Attenuation Milky Way (Cardelli et al. 1989)

Rv* Attenuation 3.1

qpah Dust 0.47, 1.12, 1.77, 2.50, 3.19, 3.90, 4.58

umin Dust 0.3, 0.5, 0.7, 1.0 informed grid: 1,10

alpha* Dust 2.0

gamma Dust 0.01, 0.05, 0.1, 0.5 informed grid: 0.5,1

tified in V band, there are no prior constraints on their
age and therefore we allow the age parameter vary from
1 Myr to 14 Gyr. Additionally, optically selected clus-

ters present lower value of E(B-V) (e.g. Whitmore et al.
2020, Knutas et al. 2025). For this reason, we limit the
E BV lines parameter grid to 1.5. In the specific case
of NGC 4449, the metallicity grid was extended to in-
clude 0.004 in addition to 0.008. For the optical YSC
catalog in NGC 4449, Appendix A presents a compari-
son between the ages we derived using CIGALE in this
work and those recovered by Whitmore et al. (2020)
from the LEGUS survey for the same objects, showing
good agreement when filters that include hydrogen emis-

sion lines are used in the fit.

3.3. Fitting results

In this section, we present an overview of the re-

sults obtained with CIGALE for eYSCI in our sample

of galaxies. Final photometric catalogues and CIGALE
SED fit outputs will be released at https://feast-survey.
github.io. We listed the number of eYSCI for each

galaxy in Tab. 1. Fig. 3 illustrates the results of the
best recovered values for age, stellar mass and attenu-
ation E(B-V). Histograms are color-coded by different
galaxies. These plots show that eYSCs in our sample of
galaxies share similar behavior in the distributions. The
age distributions exhibits a steep drop after 6 Myr, due
to the fact that older clusters produce a considerable
smaller fraction of ionizing photons than the younger
counterpart (Leitherer et al. 1999; Calzetti 2013). The
mass distributions show similar trends between each

other. NGC 4449 presents overall lower masses. We
observe a similar scenario in the E(B-V) distributions.
In this case, M51 and M83 show higher E(B-V), with
median values of about 0.8 mag., while NGC 628 and

https://feast-survey.github.io
https://feast-survey.github.io
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Figure 2. Recovered χ2
reduced, Age, E(B-V), Umin, γ and qPAH distributions from CIGALE for two different grids in M51.

While the orange histograms show the results for the grid adopted in this paper (see Tab. 3), the blue distributions result from
the empirically motivated dust grid (IF grid), as described in the text.

NGC 4449 show slightly lower values with medians of 0.6
mag for both distributions, consistent with what found

by Gregg et al. (2024) and Gregg et al. (subm.) for these
galaxies using the Hα/Paα ratio.
To better understand the meaning of these results,

we visually inspected a set of representative SEDs from
the CIGALE output, where models are compared with
observations. In Fig. 4 we present four representative
examples of eYSCI SEDs in M51. In this figure, the
observed fluxes in each filter (blue unfilled squares) are
compared to the corresponding best flux values recov-
ered by CIGALE (red filled circles). Underneath those

points, we show the best model grid returned by the
code. We show the residuals of the fit in the bottom
panel as (obs - best)/obs, where obs is the observed flux
and best is the best fitted value, for each filter. The title
of each plot describes the fitted properties of the given
eYSCI in term of id, best reduced χ2 value, best age and
best stellar mass.
Already from these representative cases, we note that

regardless of the reduced χ2 values, the CIGALE model-
ing is not able to fully reproduce the SED of the clusters.

We find that the quality of the fit depends on the recov-
ered age and mass of the eYSC. In the top left panel,

we present the best fitted model for an eYSC with a fit-
ted age of 1 Myr and M∗ of 361.16 M⊙. Even though

the recovered χ2
red suggesting a good quality of the fit,

it becomes evident that some NIR broad bands appear
underestimated in the CIGALE fit. In this case, the ob-

served fluxes are systematically higher than the best fit
values, even when accounting for the uncertainties. This
issue is particularly evident for the F150W filter and the
offset between the best fit values and the observations

seems to decrease in amplitude (or even disappear) going
towards either higher masses (top right panel of Fig. 4)
or older ages (bottom panels of Fig. 4). This discrep-
ancy is what we will refer in the next section as the NIR
excess.

4. NIR EXCESS

The CIGALE modelling presented in the previous sec-
tion reveals the presence of an observed NIR flux excess

that the best fit models cannot recover. In this section,
we further quantify this excess over the entire sample of
eYSCI.
We calculate the residual difference between the mag-

nitude returned by CIGALE, mCIG, and the observed
magnitude, mobs. For this analysis we limit ourselves to
eYSCI that are well detected in all the NIRCam bands
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(see Sec. 2.2). If a specific HST-UV/optical magnitude
is included in the residual analysis, we require that the
eYSCI have been detected with a S/N > 3 in that filter.
We use the M51 cluster population as a reference,

but we apply the same analysis to all FEAST galax-
ies introduced above. In Fig. 5, we plot the distri-
butions of the residuals, i.e., the difference mCIG −
mobs for the following filters: HST/F555W, F814W
and JWST-NIRCam/F115W, F150W, F187N, F200W,
F300M, F444W. We note that the number of eYSCI in

the HST bands is lower than the number in the four
NIRCam bands, due to the S/N requirement we applied
for the single HST bands. For each filter, a distribu-
tion centered on ∆m ≃ 0 would indicate a good agree-

ment between models computed by CIGALE and obser-
vations. On the other hand, a prominent tail in the dis-
tributions at ∆m > 0 would indicate that the observed

flux in that filter is brighter that the one predicted by
the best-fitted model, i.e. the latter model underesti-
mates the recovered flux.
The ∆m distributions in Fig. 5 show some inter-

esting trends. In general, we see that the fluxes in
the HST/F555W, NIRCam/F187N, F300M, F444W, are
centred around zero (see the relative numbers of ob-

jects in the peak (∆m ± 0.2 mag) with respect to the
wings). On the other hand, the distributions in NIR-
Cam/F150W and F200W show indeed a prominent tail
going towards positive values of ∆m, meaning that
the best-fitted models cannot properly reproduce the
observed fluxes in a large fraction of systems. The
HST/F814W residuals appear to suffer from the oppo-
site behavior, i.e. the best solution that attempts to

fit the NIR excess would under-perform in the bluer

band. These widespread trends, along with the ”un-
constrained” grid of dust parameters discussed above,
suggest an underlying severe problem for CIGALE to

reproduce the observed SEDs of the eYSCs.
To better investigate this result, we unfold the resid-

uals in each available filter of each galaxy by using the
recovered ages and masses of the eYSCs. We present

the median values and 16th-84th percentiles of the ∆m
in Fig. 6. We divide our samples of eYSCI in three age
bins (1-3 Myr in purple, 3-6 Myr in blue, 6-10 Myr in or-

ange) and two mass bins (M∗ ≤ 3000 M⊙ as squares and
M∗ > 3000 M⊙ as triangles). The three age bins repre-
sent three different evolutionary stages of eYSCI, while

the two mass bins roughly distinguish between cluster
that possibly fully sample the IMF (higher mass bin)
and clusters that might be subjected to stochastic sam-
pling effects (Cerviño & Luridiana 2004). In general,
all the sub-samples defined in this analysis are statisti-
cally significant, with the number of eYSCI in each bin
ranging from tens to hundreds. For the three spirals,
∼ 80% of the eYSCI have fitted masses ≤ 3000 M⊙,
and 40 % have masses below ∼ 1000 M⊙. In the case of
NGC 4449, we omitted the high mass bin, as this galaxy

shows only 16 eYSCI with fitted mass higher than 3000
M⊙. As a guidance, we also include the median values
of the whole sample as black crosses.
The medians of the full populations (black crosses), as

already demonstrated in Fig. 5, show an observed NIR
excess in the broad-band filters F150W and F200W of
all the targets, and in F277W of NGC 628 (the only

galaxy for which this filter is available at the time of
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Figure 4. Observed SEDs, best fit models and recovered best fluxes for four representative eYSCs in M51. For each panel, the
title of the plot describes the fitted properties of the specific eYSC (represented by a unique ID): χ2

reduced, Age and stellar mass.
The observed fluxes in HST and JWST filters are shown with blue squares with error bars, while we show the CIGALE best
fitted fluxes convolved to each filter throughput with red filled circles. The black line represents the best model spectrum, while
the remaining colored lines correspond to best fitted models for the attenuated and unattenuated stellar component (orange and
blue spectra, respectively), nebular (green spectrum) and dust emission (red spectrum). For each filter, we show the relative
residual fluxes (obs - best)/obs in the lower portion of the panel.

this work). The F300M, which replaced the F277W,
does not seems to be significantly affected. As we look
at the residuals per cluster age and mass bins, some in-
teresting trends are evident. Clusters fitted with ages
younger than 6 Myr and mass less than 3000 M⊙ (pur-
ple and blue filled squares) appear to be the ones driving
most of the recovered positive residuals in the F150W
and F200W (and F277W). In particular, the excess is
highest in F150W for the low mass clusters younger than
3 Myr (purple square). In all galaxies, the eYSCI fit-

ted with ages older than 6 Myr (orange symbols) are
the ones with the largest residuals in all the narrow
bands. Particularly telling for this group is the inabil-
ity of CIGALE to provide a best fit model that repro-

duces the excess in the narrow band filters transmitting
Hα (HST/F657N and F658N), Paα (NRCam/F187N),
Brα (NIRCam/F405N). We conclude that the recovered
physical properties for this (”older”) group are not cor-
rect and due to the presence of strong ionized hydrogen
line emissions these clusters are likely younger. We ad-
ditionally checked for trends between the observed NIR

excess in the F150W filter and the attenuation E(B-V)
of the clusters, finding no significant correlation between
them (Pearson correlation test: r = -0.075, p = 0.002).
Another important consideration to make is that while

we observe similar trends in all groups and average pop-
ulations of all the galaxies of the sample, the amplitude

of this model-observed difference appears to vary as a
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Figure 5. Distributions of the residuals mCIG−mobs in eight selected filters (F555W, F814W, F115W, F150W, F187N, F200W,
F300M, F444W) for the sample of eYSCI in M51. For each filter, mCIG−mobs represents the difference in magnitude between
the best fitted flux from the CIGALE fit and the observed flux, respectively. For each panel, we show the total number of
eYSCI, which varies in HST filters due to the additional S/N requirements described in the text. To guide the reader’s eye, we
plot a black vertical line at mCIG −mobs = 0.

function of the host galaxy. In particular, the magni-
tude in the NIR excess in the young and low mass bin
in NGC 4449 is lower than the one observed in the spi-

ral galaxies, and among the spirals, the residuals in the
eYSCI population of NGC 628 are slightly smaller.

5. DISCUSSION

The recovered NIR excess presented in the previous
section brings more uncertainties and makes the in-
terpretation of the physical parameters derived with
CIGALE (e.g., Fig. 3) more challenging. As noticed
in the previous section, the inability of the models to

reproduce the observed eYSC SEDs results in errors in
the recovered cluster ages (up to a factor of ∼ 2, due to
the presence of hydrogen emission lines) and may lead
to incorrect conclusions about star formation timescales.
Here we first test whether the parameter choice to per-
form photometry might be at the root of the problem,
and we discuss/test other more physical reasons.

5.1. The effect of extraction aperture on the recovered

cluster SEDs

It is well known in the literature that the use of large
apertures when studying star clusters leads to severe
contamination, especially in the NIR bands (Bastian

et al. 2014). As star cluster sizes range on average be-
tween 2 and 4 pc (Krumholz et al. 2019), using apertures
of the order of 5-10 times the cluster size results in a flux
excess from contaminants which are not necessarily asso-
ciated to the cluster emission. This effect appears to be
stronger in the NIR wavelengths where red super giant
stars (RSGs) can contaminate the photometry (Bastian
et al. 2014).
The apertures in our study, however, are much smaller

and provide cluster photometry at a physical scale of 3-6
pc and therefore we are confident the photometry pre-
sented in this work does not present significant contam-
ination from external sources. Nonetheless, we further

verified the aperture effect and tested apertures of 4, 5,
and 6 pixels to check whether the excess strongly in-
creases for larger apertures. In Appendix B, we show
the representative results of this analysis in M83, one of
the closest galaxies in our sample with a high number
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of detected eYSCs. We select the smallest radius to be
4 pixels, since this aperture size is still larger or compa-
rable to the full width at half maximum of the reddest
filter F444W (∼ 3.6 pixels, Rigby et al. 2023). This
test confirms that the excess residuals get stronger for
apertures of 6 pixels (∼ 5.5 pc). For the closer galaxies
(M83 and NGC 4449), using either 4 or 5 pixels does
not imply a significant change, while for the more dis-
tant ones (NGC 628 and M51) the excess residual get
stronger at 5 pixels. For these reasons, we adopted pho-
tometric radii of 4 pixels for the more distant galaxies in
our sample, while we used 5 pixels for the closest ones.
In conclusion, increasing the aperture results in a more
pronounced NIR excess, as already pointed out in the
literature, but the excess is still significant when small
apertures are adopted.

5.2. Testing dust models on the SED fit analyses

Another source of uncertainty might come from the
inability of our data to inform CIGALE on the dust
properties. While JWST offers MIR coverage up to 20

µm, the reduced spatial resolution implies an increase in
the size of the adopted photometric aperture, and there-
fore an increase in the NIR excess and contamination

discussed in the previous Section. As already described
in Sec. 3.1.1, the resulting dust parameter grid we use is
the one that gives the lowest values of χ2 in the CIGALE
outputs, but the ranges are quite off from what we would

have expected from MIR-FIR constraints (e.g., Umin and
γ, see Sec. 3.1.1). It is perhaps likely that also this be-
havior in the models is driven by the presence of the

NIR excess: CIGALE ”prefers” unrealistic dust models
in the attempt to compensate for a signal that cannot
be fitted only with standard single stellar population

models and nebular emission. This might be expected
when a model is missing one or more components (e.g.,
Peck 1980). To inspect this possibility, we performed a
new SED fitting analysis for the eYSCI population in
M51, this time with the exclusion of the dust grid from
the CIGALE parameter space. Moreover, in the reason-
able approximation that PAH and dust emission start to
dominate the spectra of star clusters after 2-3 µm, we
fitted the eYSCI up to the NIRCam F200W filter. With
this method, our SED best fit values are exclusively con-
strained by stellar and nebular emission, at wavelengths

below ∼2 µm.
In Fig. 7, we show the residual analysis in M51 for this

new SED fitting approach. We note that the number of
eYSCI recovered in the NIRCam filters is slightly higher
than the complete fit. This is due to the fact that we are
considering a smaller number of NIRCam filters when

applying the S/N cut defined in Sec. 2.2. The NIR ex-
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Figure 7. Median values of the residual distributions
mCIG−mobs for eYSCI in M51, as shown in the top left panel
of Fig. 6. In this case, the CIGALE SED fit is performed up
to the F200W filter and ignoring the contribution from the
dust models.

cess is still evident and exhibits similar trends discussed
in Fig. 6, regardless of whether dust models are included
in the fitting procedure This result excludes the uncon-

strained choice of the dust parameter grid as a driver
for the observed NIR excess.

5.3. The NIR excess in optical YSCs

Taken at face value, the change in the strength of the
excess discussed in Sec. 4 might suggest a relation with
age. We therefore investigate the residuals in the opti-

cally selected YSC population with fitted age younger
than 10 Myr in M51 (with the entire parameter grid
and set of filters). As described in Sec. 2.3, YSCs are
identified as bright source of emission in optical bands.
Since they are more evolved and less dusty, we expect
them to show a limited contribution from emission in the
NIR. Clusters where their SED is dominated by stellar
and nebular emission are ideal for understanding how
dust models are influencing the results. For the scope
of this analysis, and to avoid adding further uncertain-
ties, we select only YSCs detected in all NIRCam bands

with S/N > 3, analogous to what was presented for the
eYSCs. We also remind the reader that to be classified
as YSCs (see Sec. 2.3), they must be detected in at least
4 HST bands as well.
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Figure 8. Median values of the residual distributions
mCIG−mobs for the optically selected YSC population in M51
younger than 10 Myr. The layout of the figure is as presented
in Fig. 6.

We present the results of the residual analysis for this

population in Fig. 8. It is evident that the NIR excess
is less pronounced in optically selected YSCs in M51,
with median residuals going from about 0.5 to 0.2 mag.
Moreover, we see that differently from the eYSCI (see

Sec. 4), the hydrogen recombination lines are well fitted.
In Appendix C, we confirm these results also for the
other three galaxies in the sample.

5.4. The impact of stochastically sampling the IMF

The discrepancy between models and observations ob-
served in this work is not uniform across clusters. As
shown in Fig. 6, clusters in bins characterized by younger
ages and lower masses are more likely to show a NIR ex-
cess, while more massive clusters show smaller residuals
overall. One of the possible reasons behind this behav-

ior may be linked to IMF sampling issues. For stel-
lar masses below 104 M⊙ (Cerviño & Luridiana 2004),
stochasticity in the IMF sampling becomes important
and it cannot be ignored at masses of a few hundreds
of M⊙ (Calzetti et al. 2010). For cluster mass ranges
where stochasticity becomes important, the number of
massive stars, dominating the integrated light and there-
fore the derived ages and masses, might vary strongly
from cluster to cluster with the same mass. For in-
stance, clusters with total stellar masses ranging from
a few hundred M⊙ to 1000 M⊙ contain between a few

and a few tens of massive stars (M > 8 M⊙), respectively
(see Fig.1 in Stanway & Eldridge 2023). Furthermore,
while the optical wavelengths are typically dominated
by the massive stars SED, the NIR emission has also an
important contribution from pre-main-sequence (PMS)
stars. PMS stars are in an evolutionary stage where
the star is still contracting towards the main sequence,
making them bright sources in the 1-2.5 µm NIR wave-
lengths (Heyer et al. 1990; Kenyon & Hartmann 1995;
Eiroa et al. 2001). In stellar clusters where stochastic
effects are non-negligible (stellar masses ≲ 104 M⊙), the
variation in the number of massive stars can significantly
impact the integrated NIR light. In such cases, the emis-
sion from PMS stars may contribute substantially to the
observed NIR flux. However, CIGALE employs a deter-
ministic approach in which the IMF is fully sampled,
normalized to 1 M⊙, and then rescaled to reproduce the
observed SED (Boquien et al. 2019). Moreover, stellar
spectra models from Bruzual & Charlot (2003) do not
account for PMS stars, which means CIGALE cannot

take into account their contribution.
Investigating the impact of a stochastic approach on

estimating the NIR colors of eYSCs requires a SED

model that includes stochastic sampling of the IMF of
star clusters. To reach this goal, we generated star clus-
ters libraries using the stellar population synthesis code
slug (Stochastically Light Up Galaxies, da Silva et al.

2012). Given a fixed IMF and a set of parameters that
regulate stellar and nebular contributions, slug sim-
ulates the spectrum and the photometry of a single

star cluster, where its stellar population is stochasti-
cally sampled from a probability distribution function.
For star clusters, slug simulates a single burst of star

formation with mass either fixed or drawn from a cluster
mass function. Consequently, the code follows the evo-
lution of the cluster during time and computes stellar
and nebular emission (Krumholz et al. 2015). We note

that slug does not include dust models, but allows us
to test the NIR colors where we see the excess.
For a fixed star cluster mass and for each age bin, the

output of the simulation consists of photometric data
from a given set of filters, in ABmag. In terms of this
paper’s scope, we run 104 star cluster models for a set of

five fixed values of mass: 500 M⊙, 1000 M⊙, 3000 M⊙,
5000 M⊙ and 10000 M⊙. The choice of parameters we
adopted for slug simulations is based on maintaining
the highest possible level of consistency with the grid
adopted in the CIGALE analysis. For each model, the
simulation starts at 1 Myr and it ends at 10 Myr, with
a time step of 1 Myr. We used a Chabrier (2003) IMF,
where the minimum mass for the stochastic treatment is
set at 0.08 M⊙. Stellar tracks, including emission from



PMS stars and rotation, are from Dotter (2016), and
models for computing stellar atmospheres are based on
starburst99 (Leitherer et al. 1999). Furthermore, slug
uses CLOUDY based templates (Ferland et al. 2013) to
account for nebular emission. We fixed the ionization
parameter logU (see Tab. 3) to -2.5 and the fraction
of ionized photons contributing to nebular emission, ϕ,
to 0.73. We do not apply any extinction correction to
the output photometry, as this quantity varies across
different clusters. We focus on the NIR bands and we
plot the photometry of the simulated slug cluster li-
braries for solar metallicity in Fig. 9 (the equivalent
figure for 40% solar metallicity models is included in
Appendix D). While in the left panel we show the color-
color distribution from the NIR broad band filters that
show the excess discussed in Sec. 4, in the right panel
we added the narrow band filter F187N, tracer of Paα
emission and therefore of cluster ages, to better com-
pare our observations with the models. In this plot,

for a specific value of mass, the simulated libraries of
star clusters are represented by filled circles color coded
by the age. In addition, we plot an evolutionary track
from the yggdrasil code (grey line) where each bin of

age is color coded as the cluster library. The track is
modeled for a 1000 M⊙ cluster with solar metallicity,
fcov = 0.5 and E(B-V) = 0. Similar to CIGALE, the

yggdrasil tracks are computed using a deterministic
approach and are shown here for comparison against the
slug libraries. Finally, we report median values of ob-
served colors in M51, NGC 628 and M83 (for NGC 4449,

see Appendix D) for eYSCI (black symbols) and optical
identified clusters younger than 10 Myr and with fitted
E(B-V)< 0.1 (gray symbols, see Sec. 2.3).

In the left panel of Fig. 9, we note that modeling
emission from clusters using a stochastic approach can
strongly impact the color differences of the NIR bands

for low mass and young clusters. Focusing on a specific
bin of younger ages (< 5 − 6 Myr), the recovered scat-
ter in the NIR color-color distributions significantly in-
creases going towards lower mass bins. For instance, at
1 Myr (blue circles) the scatter F115W - F150W in the
x-axis goes from ∼ 0.5 mag at 500 M⊙ to ∼ 0.1 mag at
10000 M⊙. This effect also manifests as a scatter around
the yggdrasil tracks. For older clusters (7 − 10 Myr,
orange to red circles), the spread becomes less evident
as the NIR bands start being dominated by the pres-
ence of more evolved stars. In the right panels of Fig. 9,

the inclusion of the narrow band filter transmitting Paα
scatters the color F115W−F187N over more then 2 mag-
nitudes at very young ages, especially for low mass clus-
ters (< 1000 M⊙). Even in this color-color space the

direction of reddening, stochastic sampling and age co-
incide.
The median values recovered from observations in the

four galaxies confirm that optically selected YSCs are
on average older than eYSCs, with the median values
settling where simulated clusters indicate ages from 6 to
10 Myr. We therefore expect that PMS stars have little
contribution to their NIR colors.
On the other hand, eYSCs are, on average, younger

and their NIR colors might be partially explained by
models that include both stochastic effects and atten-
uation as primary factors. The median value for fitted
values of E(B-V) we presented in Sec. 3.3 indicates a red-
dening for eYSCs that is consistent with the reddening
vector plotted in the figure, suggesting that both atten-
uation and stochastic sampling would move the models
closer to the median colors of the eYSCs. The right

panel of Fig. 9 indicates that the median ages of these
sources in these galaxies are at face value close to 4-5
Myr old. However, the correction for extinction would

make them younger than the median values obtained
with CIGALE.
This analysis efficiently demonstrated that a stochas-

tic approach, as well as the inclusion of PMS stars in

the SED modeling process, might be important in un-
derstanding the NIR emission coming from low mass
eYSCs. For instance, in the age range from 1 to 3

Myr and for stellar masses of 500-1000 M⊙, the average
scatter between slug and the yggdrasil track in the
F115W-F150W color is approximately 0.35 mag. The

scatter observed in Fig. 6 for the low mass bin and the
same range of ages is about 0.6 mag for the spiral galax-
ies and about 0.4 for NGC 4449. While the NIR excess
observed for NGC 4449 makes stochastic IMF sampling

combined with extinction a more likely explanation, for
the spiral (metal-rich) environments it suggests that this
effect alone might not be sufficient to explain the ob-

served discrepancy. We will further discuss the observed
differences between spirals and NGC 4449 in the next
section.
An additional caveat to consider when quantifying the

observed NIR excess using slug concerns the modeling
of PMS stars within SSP synthesis codes. For low-mass
stars, the choice of the initial stellar radius sets the inter-
nal entropy content, which in turn determines the stel-
lar properties during the first ∼ 5 Myr (Hosokawa et al.
2011; Haemmerlé et al. 2019). Furthermore, observa-
tions have revealed that PMS stars undergo a dynamic
accretion history, leading to a spread in entropy at birth
(Hunter et al. 2017; Jensen & Haugbølle 2018). For low-
mass stars with low effective temperatures, this effect

can be significant and may help explain why stochas-



Figure 9. NIR color-color diagrams in ABmag for simulated slug cluster libraries with different fixed stellar mass and color-
coded by cluster age. The grey line represents a stellar evolutionary track computed with the yggdrasil code. Each point of
the track is color-coded by age as the slug cluster libraries. For an observational comparison, we plotted median values and
16th-84th percentiles for the young cluster population in M51, NGC 628 and M83. We show the eYSCI populations with black
symbols, while gray symbols represent the optically identified YSC populations younger than 10 Myr and with a fitted E(B-V)
< 0.1, for a better comparison with the dust-free libraries. The extinction law vectors are from Fahrion & De Marchi (2023).

tic models still fail to fully reproduce the observed NIR
scatter.

5.5. Missing ingredients to reproduce the 1–to–5 µm
SED of eYSC

Stellar evolutionary models included in slug account
for PMS stars, but do not include emission from hot
dust coming from their inner circumstellar disk and/or
envelope surrounding accreting stellar cores. The spec-
tra of a very young star (young stellar object (YSO),
e.g., Gutermuth et al. 2011) surrounded by a dusty disk
(proto-planetary disk, e.g., Lada 1987) presents promi-

nent emission in NIR wavelengths that has been ad-
dressed as ”NIR excess” (Hillenbrand et al. 1998), dis-
playing redder colors when compared to only stellar
emission. YSO SEDs will also contribute to the 3–to–
5 µm. Thus, their inclusion might also alleviate the

unrealistic dust grid models that the fit is currently pre-
ferring as presented in Section 3.

In general, strong radiation fields may contribute to
the dissolution of dusty disks; various studies have
showed that proto-planetary disks can survive in regions
of high and embedded star formation (e.g., Richert et al.
2015, 2018). Moreover, in a recent review, Winter & Ha-
worth (2022) illustrated that disks in low mass star form-
ing regions are in average more likely to survive than the
higher mass counterpart. The fact that the observed
infrared excess is strongest for the lower-mass eYSCI
could indicate that the contribution of YSOs might be
an ingredient to consider in interpreting the SEDs of star
clusters. This could be further tested with the inclusion
of these additional models in SED fitting codes.
Furthermore, we noted above that the recovered

residuals in NGC 4449 are smaller. Various studies
have shown that in low metallicity environments proto-



planetary disks might have less shielding from dust and
therefore go towards a faster photo-evaporation (e.g.,
Yasui et al. 2010; Matsukoba et al. 2024). On the other
hand, De Marchi et al. (2024) investigated this issue us-
ing JWST NIRSpec observations of a sample of candi-
dates accreting PMS stars. The authors concluded that
PMS stars in lower metallicity environments (1/8 Z⊙)
efficiently maintain proto-planetary disks longer than so-
lar metallicity counterparts, challenging the previous in-
terpretation.
While a contribution from YSOs may be crucial to

explain the NIR excess observed in this work, a combi-
nation of additional phenomena must also be considered
for a comprehensive understanding.
For example, we note that our SED fitting method-

ology does not account for the clumpiness of the dust
distribution. Non-isotropic dust geometries can have a
non-negligible impact on the NIR SEDs of clusters and
on the resulting mass estimates (e.g., Indebetouw et al.

2006; Whelan et al. 2011).
Binary interactions and rotation-driven processes can

also inject NIR light into the SED of a young star clus-
ter. For instance, classical Be stars are fast rotators

surrounded by a dust-free gaseous disk that emits sig-
nificantly in the NIR (Meilland et al. 2012). In addition,
Wolf–Rayet stars, which are the classical examples of

hydrogen-stripped cores, are known to exhibit NIR ex-
cesses, as characterized by several previous IR surveys
(e.g., Johnson et al. 2004; Crowther et al. 2006; Mauer-

han et al. 2009, 2011).
Finally, we note that our results rely on the assump-

tion that each object in our sample is a single star clus-
ter formed during a single burst of star formation (see

Sec. 3) and can therefore be described by a SSP model.
In reality, we acknowledge that some clusters may in-
stead consist of multiple sub-clusters, potentially lead-

ing to an age spread of a few Myr.

5.6. Impact on physical properties

We investigated how the observed discrepancy be-
tween models and NIR observations affects the age es-
timates of eYSCs. To this end, we independently re-

derived cluster ages using Paα equivalent width (EW)
measurements.
We estimated Paα EWs using our photometric data

as:

EWPaα =
Fλ,line

Fλ,cont
BWF187N (1)

with Fλ,line = Fλ,tot−Fλ,cont being the intrinsic flux den-
sity of the Paα emission line, Fλ,tot the total flux density
measured in the F187N filter and Fλ,cont the measured

underlying continuum resulting from the interpolation

of a blue component (F150W) and a red one (F200W),
using the same reasoning for continuum subtraction pre-
sented in Sec. 2.2. BWF187N corresponds to the nominal
band width of the F187N filter: 240 Å 1. We did not ap-
ply any extinction as the Paα EW is only marginally af-
fected by it (Messa et al. 2021). To estimate eYSCI ages
we interpolated the Paα EWs obtained from our sam-
ples of eYSCI in M51, M83, NGC 628 and NGC 4449,
with recovered EWs from the yggdrasil tracks intro-
duced in Sec. 5.4. In the case of NGC 4449, we used
a stellar track with 40% solar metallicity. We compare
the recovered eYSCI ages from CIGALE and the EW
method in Fig. 10. The blue unfilled distribution shows
the age difference for the entire eYSCI populations in
the four FEAST galaxies, while filled histograms corre-
spond to the distributions binned by the CIGALE best
fitted ages (see Sec. 4) and color-coded as Fig. 6.
Overall, we find that age differences between the

CIGALE and EW methods are, on average, within ∼1

Myr in 80% of the cluster population analyzed in this
work. However, we also recovered larger deviations. The
subsample of eYSCs with ages older than 6 Myr in the
CIGALE fit (orange colors in Fig. 6) shows EWs consis-

tent with significantly younger ages, in agreement with
the fact that they are still associated to considerable
ionized H emission. The subset of eYSCI with CIGALE

best ages < 3 Myr (purple) shows older EW ages. These
trends may result from different underlying causes.
It is reasonable to assume that the EW estimates

might be affected by the NIR excess in the continuum
underlying Paα. CIGALE and other evolutionary mod-
els like yggdrasil do not account for additional com-
ponents in the NIR, and consequently, the interpolated

observed EWs might be underestimated, biasing the age
distribution toward older values. This effect could be
major in a regime where the contribution to the observed

flux from the source of the excess is higher than the
continuum produced by the stellar population models.
Based on the measured excess in the < 3 Myr subsample
(purple distributions), this impact is not negligible for
∼ 30 − 40% of the objects, potentially leading to lower
EWs and thus older inferred ages.
Finally, stochastic IMF sampling also affects the EW-

age relation commonly used in the literature. In Fig. 11,
we present the recovered Paα EWs from our slug sim-
ulations (see Sec. 5.4) as a function of age for different
cluster masses. For each mass bin, the darker lines indi-
cate the median values. We find significant differences

1 https://jwst-docs.stsci.edu/jwst-near-infrared-camera/
nircam-instrumentation/nircam-filters#gsc.tab=0

https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters#gsc.tab=0
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters#gsc.tab=0


Figure 10. Distribution of age differences for eYSCI in M51, M83, NGC 628 and NGC 4449, obtained using two different
methods. For each panel, on the x-axis, AgeCIGALE represents the best fit values of age from CIGALE, while AgeEW is estimated
from Paα EWs, as described in Sec. 5.6. The unfilled histogram shows the entire population of eYSCI in the four FEAST galaxies,
while we use filled histograms to compare the age differences using as a reference the CIGALE bin of ages defined in Sec. 4.
Age bins are color-coded as in Fig. 6.

across cluster masses, both in individual realizations and
in the median trends. In the low mass bins, the EW-age
relation breaks down: for example, a low observed EW

could correspond to either a young or an old cluster.
The relation only emerges for cluster masses larger than
5000 M⊙. These trends implies that even EW measure-
ments cannot be trusted as age indicators.
Our analysis suggests that caution must be taken

when interpreting results that rely on inferred physical
properties of eYSCs.

6. CONCLUSIONS

In this paper, we used HST and JWST/NIRCam ob-
servations to analyze the SEDs of the population of
eYSCI in four galaxies from the FEAST survey: M51,
M83, NGC 628 and NGC 4449. These clusters are se-
lected to be well detected in ionized hydrogen emission
(Paα) and to exhibit a prominent 3.3 µm PAH feature

from their surrounding PDRs, indicating that they are
very young (< 10 Myr) and possibly dusty. After thor-
oughly exploring the fitting parameter space (see Sec. 3),



Figure 11. Paα EW as a function of age for simulated slug

cluster libraries with different fixed stellar masses of 500,
1000, 3000 5000 and 10000 M⊙, as defined in Sec. 5.4. Each
panel corresponds to a specific stellar mass, as indicated by
the label. The darker lines represent the median tracks of
the simulated populations.

we modeled their SEDs using the CIGALE fitting code.
The main findings of this analysis are summarized as
follows:

• The dust parameter grid that yields better fits
with CIGALE deviates from expectations based
on MIR–FIR studies of star-forming regions. The
adopted dust grid in this work is not physically
motivated, but rather chosen solely based on the
quality of the fits.

• We identify a NIR flux excess that cannot be fully
reproduced by current models. We find that the
CIGALE fits in the F150W and F200W filters re-
veal a systematic discrepancy, with the best-fit
fluxes underestimating the observed values. We
investigated whether observational biases or the
choice of model parameters could resolve this dis-
crepancy, and conclude that they cannot account

for the observed excess. This excess may originate

from one or more stellar or hot dust components
in the SED that are not accounted for in existing
models.

• The observed NIR excess correlates with the ages
and stellar masses of the eYSCs. Young (age ≤ 3
Myr) and low-mass (M⋆ ≤ 3000 M⊙) clusters ex-
hibit the strongest positive residuals of about 0.3-
0.6 mag in F150W and F200W. Clusters with fit-
ted ages > 6 Myr do not show a prominent broad-
band excess; however, high residuals in the nar-
rowbands F187N and F405N, tracing ionized gas,
suggest that these sources may in fact be younger
than inferred from the best fit.

• We explored the effects of stochastic IMF sam-
pling using the slug code. Our results show that
both stochasticity and the inclusion of PMS stellar

emission in the models might partially account for
the observed color excess and consequently the un-
constrained dust grids. We further speculate that
including emission from YSOs may be essential to

reduce these discrepancies.

• We investigated the impact of the observed NIR
excess on age estimates. We derive the cluster

ages using color-color distributions, SED fits and
EW estimates.These different methods point to-
ward very young star cluster populations, however,
none of them yield reliable absolute age determi-

nations.

Our results highlight the limitations of current SED

fitting tools like CIGALE in modeling eYSC SEDs, par-
ticularly in reproducing the observed NIR properties.
The NIR excess is most pronounced in very young (≤ 3

Myr), low-mass systems. In these regimes, stochastic ef-
fects, PMS star evolution, YSO disk emission, and other
additional contributions discussed in the text may be-
come increasingly important, yet are not fully captured
in standard models. Ideally, future tools would incorpo-
rate stochastic sampling across all stellar evolutionary
phases and include more realistic treatments of both
stellar and dust emission in young clusters. To min-
imize systematics due to modeling assumptions, such
tools would benefit from a design in which different com-
ponents of the models can be turned on or off, allowing
for a more controlled exploration of their individual ef-
fects on the resulting SEDs.
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APPENDIX

A. COMPARISON OF SED FITTING WITH EXCLUSION OF H EMISSION LINES

This section of the appendix presents a comparison between our age estimates for optically selected YSCs in
NGC 4449 obtained with CIGALE, as described in the main text, and previous results from the LEGUS survey

(Calzetti et al. 2015). The goal of this test is to highlight the importance of including hydrogen recombination lines in
the SED fitting of YSCs. In the left panel of Fig. 12, we compare our age estimates with those derived using only HST
broadbands (F275W, F336W, F435W, F555W, F814W; Whitmore et al. 2020). In the right panel, by contrast, the

LEGUS ages are derived with the addition of the Hα emission line (F658N; Whitmore et al. 2020). As this comparison
shows, the inclusion of even a single hydrogen recombination line in the SED significantly improves the fit quality,
helping to mitigate the age–extinction degeneracy.

B. APERTURE EFFECTS IN M83

As introduced in Sec.5, we tested different photometric aperture sizes to assess the impact on the observed NIR
excess. Here, we present this analysis for one of the FEAST targets: M83. While the photometric radius adopted in
the main analysis is 5 pixels, Fig.13 shows the corresponding residual analysis for apertures of 4 pixels (left panel) and
6 pixels (right panel), analogous to the one shown in the top right panel of Fig. 6. As discussed in the text, we do not
observe significant changes in the NIR excess when using apertures of 4 or 5 pixels. However, the residuals increase
when a 6-pixel aperture is used.

C. RESIDUAL ANALYSIS OF THE YSC POPULATIONS IN M83, NGC 628 AND 4449

In Sec. 5.2, we discussed the presence of the NIR excess in the sample of optically selected YSCs in M51, probing
that the excess is less evident for these objects compared to the eYSCI population (see Fig. 8). Here, we extend the
same analysis to the other three galaxies. The results, shown in Fig. 14, confirm the trend observed for M51.

D. SLUG LIBRARIES FOR 0.4 SOLAR METALLICITY

With a metallicity of 12 + log(O/H) = 8.26 and an irregular morphology, NGC 4449 differs from the other three
spiral galaxies analyzed in this paper. Consequently, the slug analysis presented in Sec.5.4 (Fig.9) requires a slightly
modified approach. To account for this, we generate simulated slug cluster libraries using stellar and nebular models
with a fixed metallicity of 0.4Z⊙.

http://dx.doi.org/10.17909/f4vm-c771
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Figure 12. Comparison between the CIGALE-estimated ages of the optical YSC population in NGC 4449 (see Sec. 2.3) and the
age estimates from the LEGUS survey (Whitmore et al. 2020). In the left panel, LEGUS ages are derived using only broadband
filters, while in the right panel, the Hα recombination line is included. The color bar indicates the Hα morphology (from 1:
strong Hα emission, to 4: no Hα), as described in Whitmore et al. (2020).
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Figure 13. Same as the top right panel of Fig. 6, but adopting radii of 4 (∼ 3.6 pc, left) and 6 pixels (∼ 5.5 pc, right) for the
aperture photometry measurements.

The results, shown in Fig.15, indicate that the color differences observed at this lower metallicity are consistent with
those seen in Fig.9.
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Haemmerlé, L., Eggenberger, P., Ekström, S., et al. 2019,

A&A, 624, A137, doi: 10.1051/0004-6361/201935051

Heyer, M. H., Ladd, E. F., Myers, P. C., & Campbell, B.

1990, AJ, 99, 1585, doi: 10.1086/115441

Hillenbrand, L. A., Strom, S. E., Calvet, N., et al. 1998,

AJ, 116, 1816, doi: 10.1086/300536

Hollenbach, D. J., & Tielens, A. G. G. M. 1999, Reviews of

Modern Physics, 71, 173,

doi: 10.1103/RevModPhys.71.173

Hosokawa, T., Offner, S. S. R., & Krumholz, M. R. 2011,

ApJ, 738, 140, doi: 10.1088/0004-637X/738/2/140

Hunter, T. R., Brogan, C. L., MacLeod, G., et al. 2017,

ApJL, 837, L29, doi: 10.3847/2041-8213/aa5d0e

Indebetouw, R., Whitney, B. A., Johnson, K. E., & Wood,

K. 2006, ApJ, 636, 362, doi: 10.1086/497886

Inoue, A. K. 2011, MNRAS, 415, 2920,

doi: 10.1111/j.1365-2966.2011.18906.x

Jensen, S. S., & Haugbølle, T. 2018, MNRAS, 474, 1176,

doi: 10.1093/mnras/stx2844

Johnson, K. E., Indebetouw, R., & Pisano, D. J. 2003, AJ,

126, 101, doi: 10.1086/375459

Johnson, K. E., Indebetouw, R., Watson, C., & Kobulnicky,

H. A. 2004, AJ, 128, 610, doi: 10.1086/422017

Johnson, K. E., Leroy, A. K., Indebetouw, R., et al. 2015,

ApJ, 806, 35, doi: 10.1088/0004-637X/806/1/35

Johnson, L. C., Seth, A. C., Dalcanton, J. J., et al. 2016,

ApJ, 827, 33, doi: 10.3847/0004-637X/827/1/33

Kenyon, S. J., & Hartmann, L. 1995, ApJS, 101, 117,

doi: 10.1086/192235

Kim, J.-G., Kim, W.-T., & Ostriker, E. C. 2018, ApJ, 859,

68, doi: 10.3847/1538-4357/aabe27

Knutas, A., Adamo, A., Pedrini, A., et al. 2025, arXiv

e-prints, arXiv:2505.08874,

doi: 10.48550/arXiv.2505.08874

Kruijssen, J. M. D. 2015, MNRAS, 454, 1658,

doi: 10.1093/mnras/stv2026

Krumholz, M. R., Fumagalli, M., da Silva, R. L., Rendahl,

T., & Parra, J. 2015, MNRAS, 452, 1447,

doi: 10.1093/mnras/stv1374

http://doi.org/10.48550/arXiv.1208.2997
http://doi.org/10.1086/308692
http://doi.org/10.1088/2041-8205/719/2/L158
http://doi.org/10.1088/0004-6256/149/2/51
http://doi.org/10.3847/1538-4357/ad53c0
http://doi.org/10.1086/167900
http://doi.org/10.1051/0004-6361:20031454
http://doi.org/10.1086/376392
http://doi.org/10.1088/0004-637X/787/1/17
http://doi.org/10.3847/1538-4357/ab16cf
http://doi.org/10.48550/arXiv.2411.06061
http://doi.org/10.1111/j.1365-2966.2006.10952.x
http://doi.org/10.1051/0004-6361/202346971
http://doi.org/10.1088/0004-637X/745/2/145
http://doi.org/10.1088/0004-637X/784/1/83
http://doi.org/10.3847/1538-4357/ad7a63
http://doi.org/10.3389/fspas.2023.1272771
http://doi.org/10.3847/0067-0049/222/1/8
http://doi.org/10.1086/511055
http://doi.org/10.1086/518306
http://doi.org/10.1088/0004-637X/780/2/172
http://doi.org/10.1051/0004-6361:20000029
http://doi.org/10.1086/177554
http://doi.org/10.1051/0004-6361/202346240
http://doi.org/10.1051/0004-6361/201834403
http://doi.org/10.48550/arXiv.1302.4485
http://doi.org/10.1051/0004-6361/202243940
http://doi.org/10.3847/1538-4357/ad54b4
http://doi.org/10.1088/0004-637X/739/2/84
http://doi.org/10.1051/0004-6361/201935051
http://doi.org/10.1086/115441
http://doi.org/10.1086/300536
http://doi.org/10.1103/RevModPhys.71.173
http://doi.org/10.1088/0004-637X/738/2/140
http://doi.org/10.3847/2041-8213/aa5d0e
http://doi.org/10.1086/497886
http://doi.org/10.1111/j.1365-2966.2011.18906.x
http://doi.org/10.1093/mnras/stx2844
http://doi.org/10.1086/375459
http://doi.org/10.1086/422017
http://doi.org/10.1088/0004-637X/806/1/35
http://doi.org/10.3847/0004-637X/827/1/33
http://doi.org/10.1086/192235
http://doi.org/10.3847/1538-4357/aabe27
http://doi.org/10.48550/arXiv.2505.08874
http://doi.org/10.1093/mnras/stv2026
http://doi.org/10.1093/mnras/stv1374


Krumholz, M. R., McKee, C. F., & Bland-Hawthorn, J.

2019, ARA&A, 57, 227,

doi: 10.1146/annurev-astro-091918-104430

Lada, C. J. 1987, in IAU Symposium, Vol. 115, Star

Forming Regions, ed. M. Peimbert & J. Jugaku, 1

Leitherer, C., Schaerer, D., Goldader, J. D., et al. 1999,

ApJS, 123, 3, doi: 10.1086/313233

Leroy, A. K., Schinnerer, E., Hughes, A., et al. 2021, ApJS,

257, 43, doi: 10.3847/1538-4365/ac17f3

Levy, R. C., Bolatto, A. D., Mayya, D., et al. 2024, ApJL,

973, L55, doi: 10.3847/2041-8213/ad7af3

Linden, S. T., Lai, T., Evans, A. S., et al. 2024, ApJL, 974,

L27, doi: 10.3847/2041-8213/ad7eae
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