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Abstract

We present JWST NIRCam observations of the emerging young star clusters (eYSCs) detected in the nearby spiral
galaxy M83. The NIRcam mosaic encompasses the nuclear starburst, the bar, and the inner spiral arms. The eYSCs,
detected in Pac and Bra maps, have been largely missed in previous optical campaigns of young star clusters
(YSCs). We distinguish between eYSCI, if they also have compact 3.3 um polycyclic aromatic hydrocarbon (PAH)
emission associated with them, and eYSCII, if they only appear as compact Pac emitters. We find that the variations
in the 3.3 um PAH feature are consistent with an evolutionary sequence where eYSCI evolve into eYSCII and then
optical YSCs. This sequence is clear in the F300M—F335M (tracing the excess in the 3.3 ym PAH feature) and the
F115W—F187N (tracing the excess in Pac) colors, which become increasingly bluer as clusters emerge. The central
starburst stands out as the region where the most massive eYSCs are currently forming in the galaxy. We estimate
that only about 20% of eYSCs will remain detectable as compact YSCs. Combining eYSCs and YSCs (<10 Myr),
we recover an average clearing timescale of 6 Myr in which clusters transition from embedded to fully exposed. We
see evidence of shorter emergence timescales (~5 Myr) for more massive (>5 X 10° M. 5) clusters, while star
clusters of ~10° M., about 7 Myr. We estimate that eYSCs remain associated with the 3.3 m PAH emission for
3—4 Myr. Larger samples of eYSC and YSC populations will provide stronger statistics to further test environmental
and cluster mass dependencies on the emergence timescale.

Unified Astronomy Thesaurus concepts: Young star clusters (1833); Star forming regions (1565); Polycyclic

aromatic hydrocarbons (1280)

1. Introduction

Young star clusters (YSCs) in local galaxies are primary
tracers carrying information about the early phases and key
mechanisms governing star formation. They are the main
birthplaces of massive stars (M > 8 M; M. S. Oey et al. 2004)
and therefore the primary source of stellar feedback, which
plays a crucial role in regulating the star formation cycle and the
evolution of their host galaxy (T. Naab & J. P. Ostriker 2017).

Most stars form in star clusters, but only some of those
clusters are gravitationally bound; the large majority consists
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of stellar associations that will dissolve within a few crossing
times (S. F. Portegies Zwart et al. 2010; M. R. Krumholz et al.
2019). At early stages, because of the clustered nature of star
formation, it remains impossible to distinguish between bound
star clusters and associations (A. Adamo et al. 2020), even in
the solar neighborhood (E. Bressert et al. 2010). Thus, unless
otherwise specified, we will use the term “star cluster” for
young (<10 Myr) and compact stellar systems of which only a
fraction is gravitationally bound and has a higher likelihood to
survive in their host galaxies.

Star clusters are formed by the gravitational collapse of a
giant molecular cloud (GMC; S. N. Longmore et al. 2014).
Initially, the collapse produces dense cores, evolving into
multiple protostars that resemble young stellar objects (YSOs)
deeply embedded in their natal cloud (R. A. Gutermuth et al.
2011). Subsequently, feedback from massive stars ionizes the
gas and creates an expanding HII region surrounded by an
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interface layer, i.e., a photodissociation region (PDR) followed
by the remaining molecular gas of the GMC (D. Hollenbach &
A. Tielens 1997). During this phase, stars emerge from their
natal cloud to become partly embedded and later fully
exposed. The most embedded clusters are typically observed
in millimeter, radio, and infrared (e.g., H. A. Kobulnicky &
K. E. Johnson 1999; K. E. Johnson et al. 2003; A. E. Reines
et al. 2008; D. G. Whelan et al. 2011), while the emerging ones
become increasingly visible at shorter wavelengths, for
example, near-IR (NIR) and optical. A fully exposed cluster
is observed at ultraviolet (UV)-optical wavelengths. In this
paper, we will refer to the timescale for a cluster to become
fully exposed as the emerging timescale. The zero-point of this
sequence is assumed to be the detection of NIR H emission
lines (e.g., Paa), implicitly requiring that massive stars have
reached the main sequence and are capable of ionizing their
circumstellar material. We define all clusters along this
evolutionary phase as emerging YSCs (eYSCs).

Several studies conducted in Milky Way star-forming
regions have revealed that eYSCs are associated with the
presence of both H recombination lines and IR emission due to
reprocessed far and near-UV photons by dust grains and
polycyclic aromatic hydrocarbons (PAHs) in PDRs
(E. Churchwell et al. 2009). Before the advent of JWST, the
study of eYSCs at high resolution in nearby galaxies was
mainly performed using Ha emission mapped with the Hubble
Space Telescope (HST). The Ha morphological appearance
(from compact to open H I regions) has been used to map the
gradual emergence phase of star clusters (e.g., B. C. Whitmore
et al. 2011). Using cluster age dating obtained from spectral
energy distribution (SED) fitting, the emerging timescales
appear to last between 4 and 5 Myr (K. Hollyhead et al. 2015;
S. Hannon et al. 2019), but could be as fast as 2 Myr
(S. Hannon et al. 2022), for clusters in the range of M ~10%°—
10*° M_,. However, up to 60% of YSCs (ages of 1-6 Myr) are
missed in optical and UV surveys, and only detected at IR
wavelengths (M. Messa et al. 2021; S. T. Linden et al. 2023),
making these timescales unreliable. M. Messa et al. (2021)
used the NIR coverage of HST, covering the Paf3 emission
line, and found that gas clearing starts after 3 Myr, and is
completed by 5 Myr. More recently, T. McQuaid et al. (2024)
and S. Deshmukh et al. (2024) reported similar results.
Overall, these studies are limited to small number statistics (up
to several tens of low-mass clusters, ~1000 M.). This raises
the question of whether emerging timescales are different for
more massive star clusters and/or vary as a function of
galactic environment. Since the advent of JWST, we can
directly observe embedded star clusters. In particular, the 3.3
pm PAH feature has been used to detect embedded massive
YSCs (S. T. Linden et al. 2023; M. J. Rodriguez et al. 2023;
B. C. Whitmore et al. 2023). For example, by crossmatching
HST and JWST observations, B. C. Whitmore et al. (2023)
reported a completely obscured phase lasting about 1.3 Myr
and a partially obscured one lasting about 3.7 Myr. In the
circumnuclear starburst ring of NGC 3351, J. Sun et al. (2024)
have combined JWST, Atacama Large Millimeter/submilli-
meter Array (ALMA), and HST observations to sample the
complete evolutionary sequence from the onset of dense
molecular cores to young massive clusters (~ 10° M_). They
derived timescales of 2—4 Myr for the transition from the most
embedded phase of dense molecular cores to NIR bright
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eYSCs and 4-6 Myr in total to become detectable at optical
wavelengths.

In this work, we will analyze the eYSC population of the
nearby star-forming galaxy M83 (d = 4.7 Mpc; R. B. Tully
et al. 2013) using JWST NIRCam observations obtained under
the Feedback in Emerging extragAlactic Star clusTers
(FEAST; GO 1783, PI Adamo). MS83, also known as
NGC 5236, is a barred spiral galaxy with log,, M, = 10.53
M. (A. K. Leroy et al. 2021). It presents enhanced star
formation along the spiral arms and the regions at the end of
the bar (A. Adamo et al. 2015). The bar is responsible for
feeding the circumnuclear starburst ring in the center (L. Della
Bruna et al. 2022) where the most massive star clusters have
been detected (J. Harris et al. 2001; A. Wofford et al. 2011).
The FEAST JWST NIRCam mosaic covers roughly 6’ x 2/,
which in physical scale corresponds to about 8.2 x 2.7 kpc in
the northeast direction (see Figure 1). We sample diverse
galactic environments, the nuclear starburst, the bar, the end of
the bar, and the spiral arms, including a good portion of the
interarm area. In these regions, several works have reported
variations in the physical properties of the GMCs and star
clusters (A. Adamo et al. 2015; P. Freeman et al. 2017), as
well as in the physical conditions of HII regions (L. Della
Bruna et al. 2022). In this work, we present the observed and
physical properties of the complete star cluster population
younger than 10 Myr, including eYSCs, and estimate the
emerging timescale as a function of galactic environment and
cluster stellar mass.

The data set used in this work is presented in Section 2. In
Section 3, we describe the method used to extract eYSCs. We
present the demographics of this newly discovered cluster
population and discuss how it relates to the physical properties
of optically selected star clusters in Section 4. We provide
estimates of emerging timescales in different galactic environ-
ments and as a function of cluster masses in Section 5. Our
conclusions are presented in Section 6.

2. Observations and Data Reduction

We combined publicly available HST data and newly
obtained JWST NIRCam observations of the inner ~4 kpc of
the disk of MS83. Data reduction of HST and NIRCam
observations of the FEAST targets will be presented in detail
in A Pedrini et al. (2025). We provide here a short summary
tailored to the observations acquired for M83.

HST observations were acquired with the Wide Field
Camera 3 instrument (WFC3) under three programs: the
WEFC3 early release science program GO 11360 (PI Bob
O’Connell), GO 12513 (PI Blair), and GO 17225 (PI Calzetti).
In this study, all data available in the F275W, F336W, F438W,
F547M, F555W, F657N, F689M, and F814W were down-
loaded from the MAST archive, reduced and drizzled into
mosaics with a common pixel scale of 0/04 px '. The mosaics
were registered to the Gaia reference system.

The galaxy was observed in eight JWST NIRCam bands
sampling the stellar continuum and hot dust between 1 and 5
pm (F115W, F150W, F200W, F300M, F444W), H recombi-
nation lines such as Paa (F187N) and Bra (F405N), and the
3.3 um PAH feature (F335M). A FULLBOX 4TIGHT primary
dither pattern along with a subpixel dither pattern (STAN-
DARD with two positions) was used, ensuring the coverage of
a large field of view (FOV) ~22 x 6 (see Figure 1) as well
as a proper sampling of the NIRCam point-spread function
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Figure 1. A three-color NIRCam composite image of the JWST field of view of M83, using the F115W (blue), F187N continuum-subtracted (green), and F335M
continuum-subtracted (red). The white circles represent informed environmental regions as a function of galactocentric distance: the center, the bar, the end of the
bar, and the outer regions. The light-blue circles have been obtained by dividing the galaxy into bins containing the same numbers of combined eYSCs and 0YSCs.
In this second division, we exclude the center (inner blue circle) and define the bar, the leading inner-bar region, the trailing outer-bar region, and the outer region

(see Section 5.3).

(PSF). The NIRCam data were reduced using the JWST
pipeline and the calibration reference files “Jjwst 1174.
pmap” . The Gaia registered F§14W mosaic was used as an
anchor to register the NIRCam F200W mosaic, which in turn
was used as a reference to register the remaining NIRCam
data. The final NIRCam mosaics have a common pixel scale of
0.04 pixel "' and are in units of Jy pixel .

2.1. Continuum-subtracted Maps

The JWST F187N, F405N, and F335M filters, which are
tracers of Paa, Bra, and 3.3 pum PAH emission, respectively,
capture a significant fraction of flux coming from stellar
continuum and hot dust thermal emission. To account for this
fraction, and to obtain final emission maps of these features,
we estimated and subtracted the continuum emission from
these filters using adjacent broad- and medium-band filters.
We employed an iterative methodology to account for
additional emission from these features in the adjacent filters.
The reader may find an in-depth description of this process in
B. Gregg et al. (2024), as well as a comprehensive discussion
on the quality of the resulting maps. In summary, the Pac
emission line map is obtained by subtracting stellar continuum
emission using the F150W and the F200W filters. Conversely,
we used F300M and F444W to estimate both maps of the 3.3
pm PAH feature and the Bra emission line. For each emission
map, the detection limit is fixed at 50, where o corresponds to
the background rms value estimated during the point-like
sources extraction process (see Section 3.1 and Appendix A).
The 50 limit is equal to 4 x 1075, 2 x 10°®, and 1.8 x 10°®
Jy pixel ' for Pac, Bro, and 3.3 um PAH, respectively. For
the Paa and Bra emission maps, the detection limits
correspond to an emission rate of hydrogen ionizing photons,
a log,,(Qop) = 47.3 photons per second. Indicatively, this Q
value is comparable to the brightness of the emission from an
HTI region with a circularized radius of 2 pc powered by an
09.5V  spectral type star (R. C. Kennicutt 1998;
B. T. Draine 2010).

Final science-ready mosaics and continuum-subtracted
maps will be available at https://feast-survey.github.io.

3. Cluster Extraction and Photometry

As presented in Adamo et al. (2025, in preparation), we used
two different approaches to achieve a complete census of the
cluster population from embedded phases to optically bright
systems that might survive several hundreds of megayears.
This step was necessary as star clusters cover a large color
range, making some clusters easier to detect in the NIR
(emerging clusters, clusters with red supergiants), while others
are easier to find in optical HST images (e.g., unobscured
clusters).

3.1. The Optically Extracted YSC Population

We used our newly developed FEAST-pipeline to
extract point-like sources in the HST F555W and F547M
mosaics because they cover complementary regions of the
galaxy (center and disk). The V band is typically used in HST
optical studies of star cluster populations because it is less
affected by extinction than UV bands and less prone to
contamination by late stages of stellar evolution (e.g., red
giants, etc.) affecting the IR bands (e.g., A. Adamo et al.
2017). We refer the reader to Adamo et al. (2025, in
preparation) for a complete introduction of the FEAST-
pipeline; here, we describe the main steps taken to produce
the photometric catalogs. The extraction step is based on the
Source extraction and Photometry (SEP) function
(E. Bertin & S. Arnouts 1996; K. Barbary 2016). We used as
parameters for the extraction a minimum of 5o detection over
10 contiguous pixels, a background mesh of 30 pixels, a
deblending parameter of 32, and a contrast of 0.0005 (see
Table Al). Since the mosaics are all aligned, we allowed an
improvement of the centering of each source only in the
reference filter and used the final position for the next steps.
Photometry of all HST and NIRCam bands was performed
using an aperture radius of five pixels and a two-pixel-wide
local sky annulus located at a radius of seven pixels. The
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Table 1
Final Number of Sources in Each eYSC Class and Optical YSCs after Photometric Error Cuts Have Been Applied
Class eYSCI eYSCIL 3.3 um PAH Peaks YSCs [FOV]
Photometric catalog 1126 453 403 7777 [3055]
# of candidates 946 361 389 3195 [829]

Note. We use this catalog to produce the observed IR colors of the eYSCs in Section 4. In the case of the optical YSC catalog, we report between brackets the
number of cluster candidates within the NIRCam footprint. In the second row, we list the number of eYSCs and 0YSCs (i.e., YSC with ages below 10 Myr) after

2

crossmatching their positions, applying a x4, < 20, and an age cut at 10 Myr in the case of 0YSCs. We use these selected clusters in the analysis presented in

Section 4.2.

concentration index (CI) of each extracted source was
measured in the reference band (FS55W or F547M) from the
magnitude difference at a one- and three-pixel radius.

The aperture correction was derived from a reconstructed
model of each star cluster where its approximate effective
radius, R.g, has been taken into account. Analyses of star
cluster populations in nearby galaxies (distance within 10
Mpc) find that YSC surface brightness profiles are better
described by a Moffat (e.g., EFF; R. A. W. Elson et al. 1987)
function with an average R.¢ ~ 2—3 pc and a power-law index
of 1.5 (R. A. W. Elson et al. 1987; S. S. Larsen 2004;
J. E. Ryon et al. 2015, 2017). In particular, J. E. Ryon et al.
(2017) show a tight correlation between the R.¢ and the CI of a
star cluster. We therefore used the CI derived for each source
in the reference filter (F555W or F547M in this case) to
extrapolate the closest R.s, as follows. By construction, we
built a grid of Moffat models with a fixed index of 1.5 and
radii changing from O to 5 pc (converted in angular scales
assuming the distance of the galaxy). These models have been
convolved with the stellar PSF of the reference image, and CIs
were then estimated in a similar fashion as for the observa-
tions. The extrapolated relation between CI versus R.g in the
reference filter was then used to associate with each source an
R from its CI. This means that, for each source, we
established the closest Moffat model that described its light
distribution. We then created the shape of the source in all the
other bands by convolving this model to the PSF of each filter
and estimated the aperture correction up to 20 pixels (0.8).

In total, the initial extraction produced 78,427 sources for
which photometry and a CI have been estimated. We selected
among these objects those that were detected with a signal-to-
noise ratio higher than 5 (o, < 0.2 mag) in F438W, F547M or
F555W, and F814W, and that were clearly distinct from
massive single stars, i.e., that they have an absolute magnitude
in V (F547M or F555W) of —6 ABmag (assuming a distance
modulus of 28.34 mag), and a CI larger than 1.2 mag (the latter
derived for the stellar PSF). This selection resulted in 13,467
sources over the entire FOV. Instead of visually inspecting this
catalog from scratch to distinguish star cluster candidates from
interlopers, we used the latest optical cluster catalog published
by L. Della Bruna et al. (2022) as a starting point for the visual
classification. The latter catalog includes 7459 cluster
candidates, of which 7280 were published by A. Adamo
et al. (2015), and 179 were newly detected in the inner area of
radius 0.45 kpc of MS83. This catalog contains cluster
candidates flagged as “class 1” (compact extended sources),
which we will refer to here as “class 1+2” following the
LEGUS and PHANGS convention (A. Adamo et al. 2017;
D. Maschmann et al. 2024), and “class 2” (multiple peaked,
elongated objects) hereafter referred to as “class 3” in the
convention adopted for the FEAST galaxies. Both the newly

extracted FEAST catalog and the catalog of L. Della Bruna
et al. (2022) were simultaneously visually inspected. The
majority (7419 out of 7459) of L. Della Bruna et al.’s cluster
candidates were confirmed in this updated inspection, and an
additional 455 sources with compact appearance and diffuse
light profile in their wings (corresponding to LEGUS “class1
+2”) were found. In total, this visual inspection produced
7874 candidates. We repeated the photometry steps for these
confirmed candidates allowing improving centering within one
pixel in x- and y-directions in the reference band. The final
FEAST photometric catalog of the optical clusters contains
7777 star cluster candidates after a 5o selection on four HST
broadbands (F336W, F438W, F555W or F547M, F814W) was
applied (see Table 1). This catalog also includes a position flag
“fov,” which is set to 1 if the cluster is within the JWST FOV.

3.2. NIR-extracted eYSC Population

To detect eYSCs, we used the emission from the
surrounding HII region and PDR as a signpost for the
presence of a star cluster. We started from the JWST H
recombination line maps: 1.87 um Paa and 4.05 um Bra
tracing the HII region and the 3.3 ym PAH emission map
tracing the PDR. The latter emission feature has already been
shown to trace embedded star clusters (e.g., S. T. Linden et al.
2023; M. J. Rodriguez et al. 2023).

Using the FEAST-pipeline, we applied a similar
procedure as for the extraction of the optical YSCs. The used
extraction parameters are optimized to select compact sources
and are listed in Table Al in Appendix A. In total, 7010,
15,077, and 11,956 sources were extracted in the Pac, Bra,
and 3.3 ym PAH maps, respectively.

To confirm the identified sources, we performed simulta-
neous visual inspection of the three catalogs in the respective
emission line maps using SAOImageDs9 (W. A. Joye &
E. Mandel 2003) as a supporting tool. The goal was to clean
each catalog of residuals, recenter sources, add sources missed
in the extraction, and remove sources that did not show a clear
compact peak in emission in their respective emission maps.
Before visual inspection, we applied a further selection to the
3.3 um PAH extracted sources, which suffered from a severe
contamination of residuals in the continuum-subtracted maps.
To simplify the inspection process, we applied a magnitude
and error cut at 21 mag and 0.1 mag, respectively. This step
did not affect the final 3.3 ym PAH detections, as we included
compact sources not accounted by the automatic extraction
during visual inspection. To test this, we compared the range
of magnitude distributions in F335M between the automatic
source catalog and the final catalog after visual inspection and
they covered similar ranges of luminosities, extending to
fainter magnitudes than the applied cut.
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Figure 2. A three-color composite (panel (A)) of a giant star-forming complex in M83 46 x 82 corresponding to a 105 x 195 pc): the green channel transmits the
continuum-subtracted 3.3 ym PAH map (also shown in panel (B)); red: continuum-subtracted Pace map (panel (C))); blue: HST/F555W (panel (D))). Different
classes of identified star clusters are overplotted as circles of a five-pixel radius (0/28 corresponding to 6.4 pc), with eYSCI in red, eYSCII in yellow, 3.3 ym PAH
peaks in green, and YSCs (younger than 10 Myr) in cyan. In the 3.3 m PAH map, eYSCI and 3.3 pum PAH peak systems appear to have compact emission. The
e YSCII sit in regions where 3.3 m PAH emission is significant, but they are not associated with a compact morphology. In panel (C), eYSCI and eYSCII are clearly
associated with compact Pac emission, while a compact counterpart is not seen in any of the 3.3 ym PAH peaks. In panel (D), optical YSCs with ages <10 Myr are
associated with strong continuum emission, while that is not always the case with eYSCs, suggesting that the latter are significantly more reddened.

Next, we use the resulting visually confirmed sources in
Paa, Bra, and 3.3 um PAH maps to perform photometry with
the FEAST-pipeline. For the eYSC candidates, we used
the NIRCam F200W as a reference filter to estimate the
aperture correction. We did not allow further centering to
avoid misplacement due to proximity to bright sources. We
extract photometry in all HST and JWST bands using an
aperture radius of five pixels, and a two-pixel-wide sky
annulus of a radius of seven pixels.

To distribute the visually vetted sources into different eYSC
classes, we introduced an overlapping criterion among the
three distinct catalogs. A source was considered to be the same
object if it was identified across catalogs within a distance of
four pixels (~3.6 pc). We tested this assumption by allowing
instead an overlap of six pixels (~5.5 pc). The latter resulted in
only 2%-5% variations in the identification of the same
sources. Therefore, we opted for a criterion of four pixels to
match the catalogs. During this step, we noticed that the Bra
catalog resulted in fewer detections than in Pac due to the
lower resolution of the map and shallower depth, which did not
always allow us to deblend/detect sources clearly detected in
the Pac map. Therefore, detection in the Brae map was not a
necessary condition during the sorting of the classes. Sources
detected as compact emission in Paa and 3.3 pm PAH
catalogs (satisfying the above defined overlapping criterion)
are referred to as eYSCI. Sources detected in Pac that did not
have a compact counterpart emission in the 3.3 pm PAH
catalog are named eYSCII. Finally, sources only detected in
the 3.3 um PAH catalog are referred to as 3.3 ym PAH peaks.
We created final photometric catalogs for each class, where
we listed the position and photometry of the Pa« catalog for
eYSCs detected in Paa and position and photometry of the
3.3 ym PAH catalog for the 3.3 ym PAH peaks. We included
in the respective class catalogs only sources that have
detection in NIRCam F187N, F200W, F335M, F405N, and
F444W, with photometric errors lower than 0.3 mag. Table 1
reports the final number of sources in each class.

In Figure 2, we zoom in into a star-forming complex in the
northeast spiral arm to visualize the different classes and
emission properties. The coexistence of all classes is an
indication of the complexity of star formation propagating in
the region. The eYSCI have clear compact/peaked detection in
the 3.3 um PAH (panel (B)) and Paa (panel (C)) emission
maps. The eYSCII have a compact emission in the Pacc map,
and are located in areas where diffuse 3.3 um PAH emission is
present, but not in a compact morphology that would identify
an underlying powering star cluster. The 3.3 ym PAH peak is
clearly identified in the 3.3 ym PAH map and is surrounded by
diffuse Paaw emission. Finally, we also include the optically
detected YSCs (0YSCs) younger than 10 Myr extracted in the
F555W filter. In panel (D), it is possible to see that 0YSCs
have strong continuum, while the majority of eYSCs and 3.3
pm PAH peaks are spatially located in dusty regions with no
optical counterpart.

3.2.1. F200W Broadband Source Extraction

S. T. Linden et al. (2023) have proposed an alternative
method to select eYSC candidates using only broad- and
medium-band filters in the absence of narrowband emission
line observations. We follow this alternative method here to
extract potential eYSCs that are not associated with H
recombination line emission. These could potentially be
deeply embedded clusters or low-mass systems that have not
sampled a massive enough star to power a HII region above
our detection limits. We performed a blind source extraction in
the F200W broadband using the FEAST-pipeline with the
extraction parameters given in Table Al in Appendix A and
photometry parameters applied to estimate the photometry of
the eYSCs presented above. We apply a magnitude cut that
selects sources with a magnitude error below 0.2 in F335M,
F150W, and F200W JWST bands to ensure a high signal-to-
noise ratio. Additionally, to select potentially embedded
clusters, we apply a CI cut for the F200W broadband larger
than 1.2 mag and the color selection defined as F150W
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—F200W > 048 mag and F200W-F335M > 0 mag
(S. T. Linden et al. 2023). A comparison with the already
extracted eYSCs shows that 70 eYSC candidates have been
potentially missed in our extraction, that is, less than 5%. We
discuss the recovered IR colors of these sources, referred to as
eYSC-BB (eYSCs selected in broadband colors), in
Section 4.1. Due to the small numbers and uncertain nature
of these sources, we have decided not to include them in the
SED analysis.

3.3. SED fitting

To analyze the SED of our samples of eYSCs and optical
YSCs, and to investigate variations in their physical properties,
we performed an SED-fitting analysis using the Code
Investigating GALaxy Emission (CIGALE; M. Boquien
et al. 2019). In Linden et al. (2025, in preparation) and
A. Pedrini et al. (2025), we present in-depth analyses of the
CIGALE-fitting methodology adopted within the FEAST
program, as well as comparisons between different approaches
and codes, and the reliability of the recovered physical
properties of the star clusters. Here, we present a short
summary of the fitting process. In a nutshell, CIGALE
generates a wide grid of models that characterize the parameter
space shaped by stellar, nebular, and dust contribution from a
source, along with its star formation history. For star clusters,
we considered a single burst of star formation with the
exponential decay factor Ty = 0.001 Myr. We constrained
the age of eYSCs to vary from 1 to 10 Myr, as these objects are
selected to be bright in H recombination lines emission. On the
other hand, we do not put any age restrictions for the optical
clusters. The stellar emission grid uses G. Bruzual &
S. Charlot's (2003) single stellar population, with
G. Chabrier's (2003) initial mass function (IMF) and solar
metallicity, while nebular grids are generated using CLOUDY
(G. J. Ferland et al. 2013; M. Boquien et al. 2019). Dust
emission models are from B. T. Draine et al. (2013). We
account for dust attenuation using the CIGALE modified
starburst model (see M. Boquien et al. 2019), which consists of
a parametrized version of the starburst attenuation law
(D. Calzetti et al. 2000). Moreover, the adopted parameter
space allows the addition of a reduction factor between the
attenuation computed from the emission lines and the stellar
continuum attenuation. For the emission lines, we used the
J. A. Cardelli et al. (1989) extinction curve. The full grid of
models has been fitted for each eYSC and optical YSC
candidate in our final photometric catalogs (see Table 1), using
HST/WFC3 F225W, F275W, F336W, F438W, F547M,
F555W, F657N, F689M, and F814W and JWST/NIRCam
F115W, FI150W, F187N, F200W, F300M, F335M, F405N,
and F444W. In each filter, a detection lower than 30 has been
set as an upper limit. The results of the fitting process include
sets of best-fitted values for eYSC and optical YSC physical
properties (i.e., mass, age, and extinction), which are presented
in the following section.

3.4. Final eYSC and Optical YSC Catalog in M83

Because eYSCs and optical YSCs have been extracted
independently, we crossmatched the two populations for
overlaps using a tolerance of a four-pixel (~3.6 pc) radius.
The sources that have entered the catalogs twice have been
removed from the eYSCs and tagged as 0YSCs. We find that
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less than 5% of systems in each eYSC class are in the 0YSC
catalog. We summarize in Table 1 the number of systems in
each class. The final photometric catalogs refer to high-
confidence level detected candidates in each class, after
magnitude selections have been applied. The final number of
candidates in each class includes objects with xfe 4 < 20 (the
latter mild selection has been chosen after visual inspection of
the fits to avoid inclusion of catastrophic fit failure) and
uniquely identified in emission line maps or optical broadband
colors. In the rest of this work, oYSCs refers to optically
selected YSCs with ages lower than 10 Myr.

We present the identified eYSCs and oYSCs (inside FOV)
populations in Figure 3. We note that the position of eYSCs
coincides with the spiral arms and dust lanes highlighted by
the optical colors, while 0YSCs are mainly located in UV
bright regions, adjacent to spurs and feathers created by the
drifting of the spiral arms.

Final photometric catalogs and CIGALE SED fit outputs
will be released at https://feast-survey.github.io.

4. Results

In this section, we explore the observed IR colors of the
eYSCs and 0YSCs and compare them to the inferred physical
properties obtained with CIGALE SED fits.

4.1. Observed IR Colors of Emerging YSCs

We use color—color diagrams as diagnostic diagrams to
analyze the cluster population in the galaxy. Color—color plots
with UV-optical filters are used to study the properties of the
YSCs (and 0YSCs in particular), while JWST NIR colors are
used to describe the observed color of eYSCs that can provide
insights into their physical properties. We compare the
location of the different cluster populations to two sets of
integrated star cluster evolutionary models: Yggdrasil single
stellar population (SPP) models (E. Zackrisson et al. 2011) and
MAPPINGS III (B. Groves et al. 2008). The Yggdrasil
evolutionary track is produced by assuming solar metallicity
and sampling the cluster stellar population with a P. Kroupa
(2001) IMF and redshifted to z = 0.001711. When relevant, at
young ages, the Yggdrasil model includes nebular emission,
assuming that 50% of the ionizing photons produced by the
SSP ionize the gas in the nebula. On the other hand, the
MAPPINGS III model assumes a compactness parameter
C =10, gas pressure Py/k=10"Kcm *, HI column density
logN(HT) = 10*'° ¢cm ™2, and fraction of PDR, where fppg = 0
(i.e., no PDR included, labeled MAPPINGS-HII) and
feor =1 (standard PDR model, labeled MAPPINGS-PDR
+H1). The MAPPINGS model samples ages from 1 to
10 Myr, while Yggdrasil samples from 1 Myr to 14 Gyr. Model
spectra are convolved with the filter responses.

On the top-left side of Figure 4, we show the U—B (F336W
—F438W) versus V—I (F547M or F555W—F814W) colors of
the optical YSC population. We show as filled dots the final
YSC population (with X%e 4 < 20 and error lower than
0.2 mag; see Table 1) within the NIRCam footprint, color
coded accordingly to their best-fitted ages from CIGALE. We
also highlight the median color of the 0YSCs younger than
10 Myr and with a secure detection in the NIRCam filters
(photometric error less than 0.2 mag in FI50W, F115W,
F187N, F200W, F300M, F335M, and F444W). On average,
the optical color of the oYSCs is close to the 5-10 Myr


https://feast-survey.github.io

THE ASTROPHYSICAL JOURNAL, 993:13 (19pp), 2025 November 1

Knutas et al.

Figure 3. A three-color HST composite of the FEAST JWST FOV. The mosaic shows the HST/F336W (blue), HST/F438W (green), and HST/F657N (red) bands.
Different populations of star clusters are overplotted as circles, with eYSCI in red, eYSCII in yellow, 3.3 um PAH peaks in blue, and 0YSCs (younger than 10 Myr)
in cyan. We note that eYSCs are closely located along dusty lanes, while YSCs are cospatial with the regions with the strongest near-UV radiation.

parameter space of the Yggdrasil model. We stress that
Yggdrasil and CIGALE use the same stellar libraries; thus,
even if the ages are not derived with the model track used in
the plot, their agreement is good (Linden et al. 2025, in
preparation). In general, the star cluster population within the
FOV is representative of the overall population within the disk,
shown by the gray contour.

In the remaining panels of Figure 4, we focus on the IR
colors of the eYSC populations. In the top-right plot, we look
at the F150W—F200W versus the F200W—F335M. The y-axis
color is sensitive to the stellar photosphere, and therefore to
stellar evolution. The x-axis color includes the medium-band
filter F335M, which is dominated by the 3.3 ym PAH band in
the early stages. The MAPPINGS models that include
treatment of this feature indeed show a large variation in the
latter color during the early stages of cluster evolution. We
also include a color excess arrow illustrating the direction of
increased extinction, estimated with the Extinction Python
package (K. Barbary 2017) assuming a J. A. Cardelli et al.'s
(1989) extinction law and the gradient of the extinction curve
at a visible wavelength, Ry=3.1 (B. T. Draine 2010).
S. T. Linden et al. (2023) used this color space to isolate the
most embedded star clusters in massive starburst galaxies.
Their proposed color selection, i.e., the top-right area enclosed
by dashed lines, is based on the presence of extinction and
excess emission in the 3.3 um PAH band, and overlaps with
the color distribution of the reddest eYSCs. By focusing on the
median colors, we see a clear evolution sequence from eYSCI
(red-orange triangles) to eYSCII (orange-yellow squares) and
0YSCs (blue circles), suggesting the emergence of the star
clusters and the rapid disappearance of the PDR. The eYSCII
have on average weaker 3.3 ym PAH emission than eYSCI
and 3.3 um PAH peaks, in agreement with the lack of
association with a compact/concentrated emission. After
applying the color selection (S. T. Linden et al. 2023) to our
catalog of eYSCs, we find that 319 (28.0%) eYSCI, 64
(14.0%) eYSCII, and 61 (15.0%) 3.3 um PAH peaks occupy

the upper-right corner area. These are the fractions of eYSCs
that have comparable colors to the embedded star clusters as
defined and selected by Linden and coauthors.

In the lower-left plot, we show another color combination.
On the y-axis, we plot the F300M—F444W with the F300M
still dominated by stellar emission. The wide-band F444W
filter is dominated by several molecular and H-line emission
lines as well as a hot dust component, especially strong in star-
forming regions. The F300M—F335M is another indicator of
the strength of the PAH band. On average, eYSCs spread again
in an evolutionary sequence with the oYSCs sitting closest to
the star cluster models when the F444W is included.

In the lower-right plot, we compare the F200W—F444W
versus the F115W—F187N. The color used in the y-axis has
been used (at similar wavelengths) in studies of YSOs in the
Magellanic Clouds with JWST (N. Habel et al. 2024) and in
the massive star-forming region Cygnus X with Spitzer
(R. Pokhrel et al. 2020) and is sensitive to the hot dust. The
x-axis color is sensitive to the Pac excess. On average, we see
that eYSCs occupy the same color space of YSOs in galaxies
in the Local Volume, shown by the dashed (F115W
—F187N >0 and F200W—-F444W > —0.6; N. Habel et al.
2024) and dotted lines (F200W —F444W > —0.6; R. Pokhrel
et al. 2020). Their average Paa emission is significantly
stronger than in the 0YSCs, even though the latter have still
quite young ages. Overall, the behavior of the oYSCs is
expected if their average ages are older than the eYSCs.

The picture conveyed by the NIR color analysis is that, with
our emission-based extraction, we are able to detect recently
formed star clusters in a broad range of emergence states. On
average, the eYSCs are characterized by red 4 um colors, and
strong emission in hydrogen and 3.3 yum PAH emission. Their
4 pym colors fully overlap with YSOs observed within the
Local Volume, suggesting that a significant fraction of their
stars might not have yet reached the main sequence and are in
the accretion phase. On the other hand, the oYSCs show a
spread, and we clearly see that a fraction of the optically
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Figure 4. Top left: U—B (F336W-F438W) against the V—I (F547M or F555W—F814W) together with the Yggdrasil SPP model (black solid line). The gray
distribution illustrates the entire optical YSC population after visual inspection, while the dots show all the YSCs within the FOV (see Table 1) color coded by the
best-fitted ages. The blue square shows the median colors of 0YSCs (<10 Myr) within the NIRCam FOV and photometric error less than 0.2 mag in F150W,
F115W, F187N, F200W, F300M, F335M, and F444W. The NIR color—color diagrams in the upper-right, lower-left, and lower-right corners illustrate the eYSCI
(red-orange triangles and red distributions), eYSCII (orange-yellow squares and yellow distributions), 3.3 ym PAH peaks (green stars and green distributions),
F200W-extracted sources (gray circles), eYSC-BB (purple squares), 0YSCs (as defined above, blue circle and blue distributions) together with the Yggdrasil SPP
model (black solid lines), MAPPINGS III-H 11 (light-gray), and MAPPINGS III-PDR+H 1 models (dark-gray solid lines). Top right: the FIS0W—F200W against
the F200W—F335M. The box displays the color—color selection for embedded clusters from S. T. Linden et al. (2023). Lower left: the F300M—F444W against the
F300M—F335M color. Lower right: the F200W—F444W against the F115W—F187N color together with dashed and dotted lines to illustrate the color space of
YSOs. The distributions are contours with levels at 16%, 50%, and 84% percentiles. The gray contour in the top-left plot shows the 95% percentile of the total cluster

candidates after visual inspection.

detected clusters with ages less than 10 Myr overlap with the
space occupied by eYSCs, but their NIR properties are less
extreme, as already reported by M. Rodriguez et al. (2025) for
other local galaxies.

4.2. Cluster Physical Properties from the SED-fitting Analysis

Next, we present the distributions of the physical properties
derived from the SED-fitting analysis described in Section 3.3.
We focus on eYSC and oYSC candidates that have solid
detections and good X%ed (see Table 1). For the 0YSCs, we
select only those within the NIRCam FOV. We will first
describe the recovered trends in cluster ages, masses, and
extinctions, and then discuss their reliability.

In Figure 5, we present the stellar age (left), color-reddening
distributions (middle), and mass (right) of each eYSC class
and 0YSCs, separately. We show median values of ages and

E(B — V) for each class as vertical lines. We observe that the
eYSCI and eYSCII are on average the youngest and most
attenuated systems, followed by older and less attenuated
0YSCs. The 3.3 um PAH peaks are at face value the oldest
population. We also notice that only a small fraction (5%) of
the 0YSCs have ages below 3 Myr, while we find that this
fraction increases to 30% for eYSCI, 25% for eYSCII, and
16% 3.3 pm PAH peaks. In the right panel, we show the mass
distributions for each eYSC class and the 0YSCs. We include a
power-law cluster mass function (CMF) with a slope of —2
(M. R. Krumholz et al. 2019) to guide the reader to the
expected shape of this distribution in the diagram. The oYSCs
have a larger number of massive star clusters above 10* M.,
and they are mainly associated with the central starburst
region (see Section 5.3). The turnover of the eYSC mass
around 10° M, is due to incompleteness. The peak appears at
lower masses in the 0YSC population. Both populations follow
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Figure 5. The stellar age (left), stellar attenuation (middle), and stellar mass distribution (right) for the different classes, eYSCI (red), eYSCII (orange), and 3.3 um
PAH peaks (green) including the 0YSCs (<10 Myr; cyan) derived with CIGALE. The vertical lines correspond to the median values of eYSCI (red), eYSCII
(orange), 3.3 um PAH peaks (green), and the optical YSCs (<10 Myr; cyan). The mass distribution (right) also includes a gray dashed line corresponding to the mass
cut at 10° M, and the black curve to the 10-logarithm of a cluster mass function (CMF) with a slope of —2. For the stellar age (left panel), the ¢YSCI median

overlaps with the eYSCII.

the —2 power-law distribution, similarly reported by
R. C. Levy et al. (2024) and S. T. Linden et al. (2024) for
embedded star clusters. We find 48% of eYSCI, 39% of
eYSCII, and 25% of the 3.3 yum PAH peaks are more massive
than 10° M., while only 30% of the 0YSCs have masses above
this limit (illustrated by the gray vertical line in Figure 5).

We note that stochastic IMF sampling is definitively a
limitation for the recovered values of cluster physical proper-
ties. It is well known that the use of deterministic models (e.g.,
Yggdrasil, CIGALE, MAPPINGS) when fitting star cluster
SEDs leads to relatively biased physical properties, especially
as a function of cluster mass (e.g., M. Cervifio & V. Luridiana
2004; M. Fouesneau & A. Lancon 2010; J. Maiz Apellaniz
2010; M. R. Krumholz et al. 2015). Here, a large fraction of
clusters in all categories have masses below 10° M, and thus
we expect their ages to be unreliable due to stochastic IMF
sampling. J. Maiz Apelldniz (2010) tested the effect of
stochasticity using as a baseline an SED with U-to-NIR
broadband colors. They concluded that such an extended
baseline is beneficial to recover a reliable cluster age, except in
the red supergiant (RSG) phases around 10-30Myr.
M. Fouesneau et al. (2012) reached a similar conclusion using
U to I bands, showing that RSG colors scatter the recovered
ages of clusters, creating an artificial gap in the age
distributions at 10-30 Myr and overpopulating the age range
6-10Myr. With the addition of NIR broadband colors,
M. Fouesneau & A. Lancon (2010) showed that even the
asymptotic giant branch phases become critical for star cluster
physical property recovery. These limitations are also inherited
from the stellar evolutionary models that lack good prescrip-
tions for these stellar phases.

Related to the age range explored in this work, we report
some important considerations. Since we limit the analysis to
the cluster populations within the overlap area of HST and
JWST FOVs, all cluster candidates in the emerging as well
optical categories potentially have UV-to-5 um detection.
Adamo et al. (2025, in preparation) and Pedrini et al. (2025,
submitted) suggest that some of the IR colors of the 0YSCs as
well as eYSCs suffer indeed from stochastic sampling effects.
These works, however, highlight that the inclusion of three H
recombination lines in the SED analysis (Ha, Paa, and Bro)

largely mitigate the age-extinction degeneracy that affects
most of the broadband studies (e.g., D. Calzetti et al. 2015;
B. C. Whitmore et al. 2020, although the latter only included
Ha in their analysis). In particular, Pedrini et al. (2025,
submitted) report a clear NIR excess in the eYSCs in the
FEAST galaxies. This excess results in poor fits of the NIR
continuum and overestimation of the eYSCs ages. Therefore, it
is very likely that the true ages of the eYSCs are younger than
reported by the SED analyses. The IR colors of eYSCs clearly
show Paa excess with respect to the 0YSCs, confirming that
the latter population is older compared to the recovered ages
from the SED analysis.

We speculate here that the difference in mass distributions
between eYSCs and oYSCs might be due to uncertainties in
the recovered ages but also to the dynamical properties of the
environment probed by our observations and the limited area
covered by the FOV. M83 is the only target among the FEAST
galaxies featuring a strong bar. The JWST FOV encloses the
bar, the end of the bar, and the circumnuclear starburst ring
(see Figure 1). These are the dustier regions in M83 and
the areas where recent star formation is more enhanced. In
Figure C1 in Appendix C, we show the ages, E(B — V), and
masses of the 0YSCs within the entire HST FOV. We see that
the median age of the entire population becomes slightly
younger (5 Myr instead of 6 Myr), the median E(B —V)
remains very low, and the mass distributions of the oYSCs
peak at similar low masses as observed within the JWST FOV.
However, we recover masses that are more similar to those
observed in the eYSC populations. It is possible that rapid disk
rotation and limited FOV causes a selection bias against the
optical YSC populations. The difference in mass between
eYSCs and YSCs might also be due to mass loss on short
timescales because a large fraction of eYSCs are probably
expanding stellar associations. We discuss these possibilities
in the next section.

5. Discussion

In this study, we present the population of star clusters
younger than 10 Myr in the star-forming galaxy M83. We
extract the eYSC candidates in H recombination emission line
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maps, Pac and Bra, and a 3.3 ym PAH emission map tracing
the ambient HII region and PDR, respectively. The YSCs are
detected in the optical using the F555W and F547M HST
filters. We perform multiwavelength photometry from the UV
to 5 pm using the FEAST-pipeline and derive their
physical properties using the SED-fitting code CIGALE. The
result is 1307 eYSCs, 389 3.3 ym PAH peaks, and 829 0YSCs
residing within the JWST NIRCam FOV.

5.1. The 3.3 um PAH Peaks

In Section 4, we presented the colors and physical properties
derived for the 3.3 um PAH peaks, identified as compact
emission sources in 3.3 pm PAH emission but not significantly
in H recombination lines. The colors of the 3.3 um PAH peaks
(Figure 4) can be explained by strong emission in the PAH
band, while, compared to the eYSCs, they have on average the
lowest emission in Pac. Their colors are also different from
the eYSC-BB, suggesting that these are not (only) deeply
embedded clusters. Focusing on CIGALE SED outputs
(Figure 5), we see that, in general, this class is associated
with older ages and similar attenuation but lower masses than
eYSCI. The lack of a compact/strong HII region associated
with these systems might lead deterministic models to age date
these systems as older on average. We speculate here that these
systems might be those clusters that do not host stars massive
enough (detection limit corresponds to a 15 M. or 09.5V
spectral type) to power a detectable HII region. PAH
molecules are excited by nonionizing UV radiation and for a
population of B stars could still result in detectable PAH
emission. Both explanations, older systems or young but not
hosting massive stars, could explain this population. Due to
their uncertain nature, we have reported their detection and
derived physical properties, but we will not include them
among the eYSCs in the following discussion.

5.2. Are All eYSCs Gravitationally Bound?

A stellar cluster, as mentioned in the introduction, can be
gravitationally bound or unbound. For example, the YSCs
classified according to the LEGUS scheme (A. Adamo et al.
2017) as classes 1 and 2 have higher probability of being
gravitationally bound, while class 3 are more likely stellar
associations. This morphological classification has been based
on the measurements of the dynamical age, defined as the ratio
between the cluster age and its crossing time (M. Gieles &
S. F. Portegies Zwart 2011; J. E. Ryon et al. 2017; G. Brown &
O. Y. Gnedin 2021). However, this method does not work on
star clusters that are too young, since the crossing time
becomes comparable to the stellar age (M. Gieles &
S. F. Portegies Zwart 2011). Star formation is clustered in
nature, which challenges our understanding of the formation of
gravitationally bound star clusters with respect to stellar
associations. Initial numerical simulations suggested that the
formation of a stellar association was the result of an expanded
bound cluster, unbounded by rapid gas dispersion (e.g.,
P. Kroupa 2001; S. P. Goodwin & N. Bastian 2006). The
implications of these works are that the majority of star
formation would take place in bound clusters. However, more
realistic initial conditions for a GMC collapse can, even at the
start, produce stellar associations (e.g., R. J. Parker et al. 2014;
C. L. Dobbs et al. 2022; M. Y. Grudi¢ et al. 2022). Some
recent observational studies (e.g., M. Kounkel et al. 2018;
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J. L. Ward et al. 2020) also suggest that expanding associations
are initially more compact but still unbound. This is further
supported by the fact that a large majority of young systems,
i.e., embedded clusters, are actively expanding (M. A. Kuhn
et al. 2019).

In this work, we can use eYSC and oYSC relative numbers
as an indication of what fraction of eYSCs we should expect to
be potentially bound. While we cannot yet establish the eYSC
boundness using, for example, their dynamical age, we can
compare total numbers of eYSCs and oYSCs to derive a first-
order estimate of the fraction of bound clusters within the
eYSCs. In this exercise, we assume that the galaxy star
formation rate (SFR) is constant within 10 Myr, that eYSCs
are precursors of oYSCs, and associations dissolve within
10 Myr, which is reasonable since we look at compact systems
within a few parsec scales. Among the 0YSCs younger than
10 Myr, we have classified ~36% (299 oYSCs) as likely
bound (class 1 and 2), while the remaining 64% are short-lived
associations (530 systems as class 3). If we compare the
number of bound oYSCs with the total number of eYSCs
(eYSCI4eYSCII), we find that N(YSCs (class 1 and 2))/N
(eYSCI+-eYSCII) ~23%. If we apply a mass cut of 1000 M,
the fraction goes down to 16%. In other words, only about
20% of the eYSCs could potentially be bound while the
majority are likely associations. This result agrees with
observations in the Milky Way (C. J. Lada & E. A. Lada
2003), where most of the stellar associations dissolve within
10 Myr, as well as numerical works such as J. P. Farias et al.
(2023), who found that most of the star clusters formed in the
STARFORGE simulations are unbound.

5.3. Physical Properties of eYSCs and YSCs as a Function of
Galactic Environments

Previous studies of the YSC (N. Bastian et al. 2012;
A. Adamo et al. 2015) and GMC (P. Freeman et al. 2017)
populations of M83 find that their mass distributions can be
described by a power law with a slope of —2, while the upper-
mass end is consistent with an exponential cutoff mass that
changes in different galactic environments. These studies
pointed out that the nuclear starburst and the end of the bar
regions appear to be more efficient in forming more massive
clusters, in agreement with analytical and numerical model
predictions (M. Reina-Campos & J. M. D. Kruijssen 2017;
A. A. Ali et al. 2023).

The eYSC population detected in this work is the
connecting step between oYSCs and GMCs. We therefore
investigate here whether the mass distributions of the eYSCs
show consistent variations. First, we divide the FOV in radial
annuli as a function of distance from the center in an informed
way. Each annulus contains a specific environment (see
Figure 1): the center within 0.34 kpc, the bar between 0.34
and R, < 2.1 kpc, the end of the bar connecting with the spiral
arm at 2.1 <R, < 3.3 kpc, and the outer regions. Since we are
focusing on stellar populations formed within 10 Myr, we
expect that each annulus contains systems formed under the
same physical conditions. The number of eYSCs and 0YSCs in
each region are reported in Table 2.

In Figure 6, we show the age (bottom) and mass (top)
distributions of the combined eYSCs (left) and of the 0YSCs
(right) for each informed environment. Overall, the median
ages of the eYSCs and YSCs in the different environments
coincide with those seen in the respective populations in
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Table 2
The Emerging and eYSCI Timescale for the Different Galactic Environments Presented in Figure 1, together with the Galactocentric Distances Enclosing the Region
and the Number of eYSCI, eYSCII, and 0YSCs in Each Environment

Sample eYSCI — oYSC eYSCI — eYSCII eYSC I+II, oYSC
M (M) or R, (kpc) (Myr) (Myr) #
Whole galaxy 6.1 £ 0.1 44 £+ 0.1 946+361, 829
Low mass (1e3 <M < 5e3) 74 +£ 0.2 57 £ 02 3944121, 181
High mass( M > 5e3) 53 +£ 04 40 £ 04 56+19, 66
Informed environmental division

Center [R, < 0.34] 40 +£ 05 24 + 0.5 22+14, 55
Bar [0.34 > R, < 2.1] 6.5 + 0.2 43 £ 0.2 2564128, 207
End of the bar [2.1 < R, < 3.3] 6.1 £ 0.1 46 + 0.1 5214168, 449
Outer regions [R, > 3.3] 63 + 0.3 47 + 03 147+51, 118
Regions containing the same number of eYSCs+0YSCs

Bar [0.34 < R, < 1.9] 6.3 +02 42 +0.2 2144108 , 189
Leading end of the bar [1.9 < R, < 2.5] 7.1 +0.2 52 4+02 276496, 148
Trailing end of the bar [2.6 < R, < 2.9] 56 +0.2 42+ 0.2 212474 , 225
Outer region [R, > 3.0] 59 +£02 45 +02 231+69, 212

Figure 6. The mass (top) and age (bottom) distributions of the combined
eYSCI and eYSCII sample (left) and oYSCs (right) as a function of different
galactic environments selected to encompass different dynamical regions of
the galaxy: center (yellow); bar (teal); end of the bar (purple); outer regions
(gray). The turnover in the mass distributions is due to incompleteness. The
vertical lines in the bottom plot show the median ages in each region.

Figure 5, with the exception of eYSCs in the outer regions
appearing slightly younger and the 0YSCs at the end of the bar
annulus being slightly older than average. In the top plots, the
flattening and turnover of the distributions show at which mass
incompleteness becomes severe. The center, bar, and the end
of the bar are the most affected, while the outer regions have
lower mass incompleteness. The eYSC and oYSC mass
distributions in the center stand out with respect to the rest
of the disk. While incompleteness is severe, we also see that
this region is the one where the most massive clusters are
currently forming, confirming previous results in this galaxy
(e.g., J. Harris et al. 2001) and in nuclear starburst rings in
general (e.g., T. P. R. van der Laan et al. 2015). The bar and
end of the bar region contains the largest number of eYSCs
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and 0YSCs and sample clusters up to a few 10* M... The outer
regions contain a modest number and have the least massive
clusters. A Kolmogorov—Smirnov test using scipy.stat.
kstest produces p-values below 0.05 for the null hypothesis
that the mass distribution of 0YSCs (eYSCs) in the (end of)
bar versus outer regions are drawn from the same distributions.
These observed trends are very similar to that reported by
A. A. Ali et al. (2023), who simulated star cluster formation in
clouds extracted in diverse galactic environments. They also
found that clusters forming in molecular clouds affected by bar
potential are able to sample more massive star clusters than in
the spiral arm and interarm region.

We try next to assess whether the dynamical features in the
disk of the galaxy (e.g., bar, spiral arm, interarm) organize
cluster formation in the same way they organize star
formation. We divide the galaxy disk area outside of the
center in annuli containing the same number of eYSCs
+0YSCs (see the blue circles in Figure 1). Assuming that
cluster formation is a constant fraction of the SFR in the last
10 Myr, dividing the regions based on the same number of
clusters should overcome SFR variations. Overall, this division
produces annuli covering the bar and the outer region in a
similar fashion as before, but it divides the end of the bar
region into two; we refer to these new annuli as the leading
(closer to the bar) and trailing (closer to the spiral arm) end of
the bar. In Figure 7, we plot the mass and age distributions in
these alternative annuli. The mass distributions of the eYSCs
in the bar and leading end of the bar annuli have more massive
clusters than the trailing and outer region annuli (with some
exceptions for the latter). These differences are not as clear in
the mass distributions of the YSCs. Interestingly, when
looking at the age distributions in Figure 6, we see that the
median age distribution of the eYSCs does not change with
respect to the previous division. On the other hand, the
division of the bar highlights that the average older population
seen in the oYSCs (bottom-right panel of Figure 6) is
preferentially associated with the trailing side of the bar
connecting with the spiral arm, likely due to strong dynamical
drifting associated with that region.

We conclude here that, while the center stands out for its
ability to form very massive star clusters, the differences seen
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Figure 7. The mass (top) and age (bottom) distributions of the combined
eYSCI and eYSCII sample (left) and oYSCs (right) in bins containing the
same number of eYSCs and 0YSCs combined. The central starburst region has
been removed. This alternative division is less sensitive to changes in SFR due
to different dynamical properties. The turnover in the mass distributions is due
to incompleteness. The vertical lines in the bottom plot show the median ages
in each region.

in the eYSC and YSC mass distributions in the disks are likely
driven by the increase in SFR. The latter results in a sampling
of the mass function to higher masses. This result is in
agreement with recent analyses of molecular clouds in local
spiral galaxies (e.g., J. Sun et al. 2020; M. Querejeta et al.
2024; H. Faustino Vieira et al. 2025) that find noticeable
differences between the molecular cloud properties in the
center of the galaxies, while these differences become smaller
in the disk, i.e., the spiral arms appear to organize star
formation but not enhance it. We also notice that the limited
coverage reduces the sampling of the disk environment,
especially the arm and interarm regions, and therefore our
conclusions might be biased by limited statistics. In a follow-
up work, we will provide an in-depth analysis of the eYSCs
and YSCs population across the FEAST galaxies to test
environmental dependencies on the shape of the mass function.

5.4. The Emerging Sequence of Star Clusters

One of the main goals of this study was to estimate the
emerging timescale, that is, the time it takes for an eYSC to
disperse its natal cloud. These timescales are fundamental to
set the integrated star formation efficiency in the GMCs where
star clusters are forming as well as the timescales for stellar
feedback to disrupt the natal GMC.

In Section 4, we found that eYSCI and eYSCII are younger
and more attenuated than the 0YSCs. In Figure 4 (upper right),
we see evidence that the eYSCs follow an evolutionary track,
with the eYSCII located at bluer IR colors and, therefore,
being the least embedded, followed by the 3.3 um PAH peaks
and, lastly, the eYSCI at a redder color, being the most
embedded star clusters detected in this study.

Using a broadband color selection aimed to find the most
embedded star clusters not necessarily associated with Pax
emission resulted in the extraction of only 70 eYSC-BB not

12

Knutas et al.

yet classified as eYSCs (about 5%). This small fraction,
similar to what is found in NGC 628 (Adamo et al. 2025, in
preparation), would suggest that the deeply embedded phase,
prior to the massive stars reaching the main sequence and
starting to power detectable HII regions, is significantly
shorter when compared to the phase dominated by ionized gas
emission. The 3.3 pm PAH peaks could potentially contain
deeply embedded clusters or clusters that did not form massive
stars. However, we see that only 15% of this class has colors
compatible with this selection, reinforcing the conclusion that
the deeply embedded phase is short when compared to the
other phases. This evidence is in agreement with high-spatial
resolution studies of embedded cores conducted in the Milky
Way (N. J. Evans et al. 2009; A. Duarte-Cabral et al. 2013),
where the accreting protostellar phase (i.e., corresponding to
Class 0/I YSOs) appears to be very short (<1 Myr).

The evolutionary sequence identified here is mainly based
on the PAH emission feature prominence between classes,
where the eYSCI have a compact and stronger PAH emission
(brighter F335M magnitude) than eYSCII. This difference
would imply an evolution in the morphology of the PDR
associated with the 3.3 ym PAH emission. A. Pedrini et al.
(2024) find evidence that supports this hypothesis by reporting
differences between the PDR morphology for classes of
eYSCs and, especially, a decrease in the 3.3 ym PAH emission
feature with cluster age. In conclusion, the physical properties
of eYSCI, eYSCII, and 0YSCs argue for a complete sampling
of the evolutionary sequence from deeply embedded to
exposed. As discussed in Adamo et al. (2025, in preparation),
studies based on JWST broadband color selections and the
excess of 3.3 ym PAH emission (S. T. Linden et al. 2023,
2024; M. J. Rodriguez et al. 2023; B. C. Whitmore et al. 2023;
R. C. Levy et al. 2024; M. Rodriguez et al. 2025) are sensitive
to the embedded phase, e.g., traced here by the eYSCI class,
but miss the eYSCII class. Pre-JWST studies based on the
intensity of H recombination lines (K. Hollyhead et al. 2015;
S. Hannon et al. 2019, 2022; M. Messa et al. 2021,
S. Deshmukh et al. 2024; T. McQuaid et al. 2024; e.g., Ha,
Paf) miss a significant fraction of embedded objects (eYSCI)
due to progressively higher extinction, but also due to the
lower resolution of previous NIR studies, which are now
revealed by the more sensitive JWST data as well as sampling
up to 5 pm. Incomplete sampling of either of these
evolutionary phases leads to shorter timescales. We therefore
use the emerging YSCs in M83 to derive a more reliable
timescale than previous studies.

5.5. Cluster Physical Properties along the Emerging Sequence

Combining HST narrowband Pag with UV-optical broad-
band imaging, M. Messa et al. (2021), S. Deshmukh et al.
(2024), and T. McQuaid et al. (2024) reported a weak
anticorrelation between age and extinction, with a significant
fraction of clusters associated with Paf emission having only
moderate extinction already from early ages. In NGC 4449,
T. McQuaid et al. (2024) found that more massive clusters are
associated with lower attenuation, suggesting that the clearing
timescales could be shorter for more massive clusters.
Following these previous analyses, we plot the age and mass
distributions of eYSCs and oYSCs (left), the total visual
extinction against the cluster mass (center), and the stellar age
(right) in Figure 8. The left plot shows similar trends as seen in
Figure 5, with eYSCs dominating the youngest age bins while
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Figure 8. Physical properties of the combined cluster sample younger than 10 Myr. On the left, we show the age—mass distributions. The total visual extinction (Ay)
is plotted against the stellar mass (middle) and age (right). We can observe the eYSCI (orange triangles), eYSCII (yellow squares), and YSCs (< 10 Myr; blue
circles). Lar%e symbols show the median Ay for the eYSCI, eYSCIIL, and YSCs (< 10 Myr) separately and combined (gray dots). In the middle plot, we use
10°~5 x 10° and > 5 x 10* M, mass bins to estimate median Ay. The dashed lines correspond to the detection limits for the maximum Ay as a function of stellar
mass for star clusters with an age of 1 Myr (blue) and 4 Myr (green) estimated using Y ggdrasil models. In the right plot, we estimate the median Ay in age bins 1—3,
3—6, and 6—10 Myr after the mass cut, to mitigate the effect of stochastic sampling in the age derivation. The gray areas highlight star clusters with mass below

1000 M.

the opposite is true for the 0YSCs. The gray area highlights
clusters with masses below 1000 M. where stochastic IMF
effects will dominate. In the central and right panel, we plot
Ay, estimated using the stellar extinction, E(B — V'), outputted
by CIGALE, and the gradient of the extinction curve at a
visible wavelength, Ry=3.1 (B. T. Draine 2010). In the
central panel, we include median and quartiles of Ay as a
function of mass (<10°, 10°=5 x 10°, >5 x 10> M..) bins for
each eYSC class and oYSCs as well their combined values
(gray dots). We also show, as guidance, the detection limits for
the maximum Ay as a function of cluster mass, assuming two
representative age values estimated using Paa detection limits
and Yggdrasil’s models, to indicate how incompleteness
affects the distributions. In all classes, low-mass clusters will
be affected more by incompleteness at increasing values of Ay,
than massive ones. Although we include one bin below 1000
M., (gray region), it is important to remember that that bin is
the one most affected by incompleteness and uncertainties due
to stochastic IMF sampling. By focusing on median trends of
Ay in the two mass bins above 1000 M., we do not see a clear
correlation between mass and extinction in oYSCs. The eYSCs
show a large scatter in Ay as a function of mass and a tentative
positive correlation, i.e., that more massive clusters might be
more attenuated. However, when combining the NIR and
optical populations (gray dots), and also taking into account
the incompleteness, we conclude that there is no evidence of a
strong trend. We do not find a clear signal that clearing
timescales might depend on cluster mass. This result might be
driven by the uncertainties and biases in the recovered cluster
physical properties or might be due to the assumption of a
simple screen attenuation, which might not truly reflect the
true dust geometry.

We finally focus on the Ay as a function of age in the right
panel of Figure 8. We include median estimates of Ay as a
function of three age bins (1-3, 36, and 6-10 Myr) using only
clusters more massive than 10° M. to mitigate strong
deviations by stochastic effects. We do not observe a clear
trend for the eYSCs: the attenuation with age is consistent
within dispersions. On the other hand, the optical counterpart
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of the YSCs has moderate attenuation during the first few
megayears, which declines to almost zero. When we combine
the two populations, we see a clear declining trend. At face
value, the different behavior between the two populations
could indicate orientation and projection effects at play. The
first age bin is dominated by eYSCs and only a smaller fraction
of YSCs. We see here that the clusters are associated on
average (gray dots) with Ay~ 3 mag. Only after 4 Myr does
the attenuation decrease to Ay~ 1 mag in the last age bin,
suggesting clearing timescales of 5-6 Myr. In the last age bin
(age > 6 Myr), occupied by about 20% of the entire eYSC
population, eYSCs have median Ay ~ 3 mag (yellow square
and orange triangle). In Pedrini et al. (2025, submitted), we
report that these apparently older and reddened eYSCs are not
correctly fitted by CIGALE. This subgroup of eYSCs have
strong Paa and Ha associated with them. Their Paocc EW
estimates suggest that they are younger than 5 Myr (Pedrini
et al. 2025, submitted). Taking into account these uncertain-
ties, the trend presented above becomes stronger: newly
formed clusters go through an emerging phase initially
associated with higher attenuation along the line of sight,
which declines at older ages. The large scatter might be due to
degeneracies between orientation effects as well as to
uncertainties to where exactly attenuation is taking place
along the line of sight. A similar trend in attenuation has also
been reported for larger star-forming regions in NGC 628 by
A. Pedrini et al. (2024), where the classification was based on
PAH morphology.

5.6. The Emerging Timescales

Another way to derive emerging timescales is to not rely on
inferred physical properties for the eYSCs but to look at the
number fractions of star clusters in different emerging stages
(e.g., B. C. Whitmore et al. 2023). For this exercise, we use as
a baseline 10 Myr, since that is the assumed age limit to fit
eYSCs (Section 3.3) and to select 0YSCs. We use the number
of eYSCI, eYSCII, and oYSCs reported in Table 1; for the
0YSCs, we select only systems within the JWST NIRCam
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FOV. The timescale is given as

L N(eYSCI)+N(e YSCII) _
N(eYSCD)+N(eYSCI)+N(0YSCs)

where N(X) corresponds to the number of X-type clusters,
eYSCI, eYSCII, or 0YSCs, and the age parameter is 10 Myr.
This method makes two implicit assumptions: (1) the SFR is
constant over the period considered; and (2) no cluster disrupts
during this time interval. The total emerging timescale
corresponds to the time period for the eYSCI and eYSCII to
become YSCs. We also estimate in a similar way the length of
the eYSCI phase by dividing only the number of objects in this
phase by the total number of clusters.

The recovered timescales are reported in Table 2 for the galaxy
region sampled by JWST and the different galactic environments
introduced in Section 5.3. They should be considered as an upper
limit to the real values as we expect that the 0YSCs have been
affected by some disruption. The errors are estimated using
Poisson statistics and error propagation for the number of clusters.
Unless specified, we do not apply any mass selection above
1000 M., By selecting only eYSCs and oYSCs more massive
than 1000 M., we recovered timescales and trends consistent
with those reported in Table 2. The emerging timescale for the
covered portion of the galaxy is 6.1 4= 0.1 Myr. This is on average
the time it takes a star cluster to go from embedded to fully
exposed in M83. These timescales are similar to the ones derived
above by comparing Ay versus age. They are longer than reported
by K. Hollyhead et al. (2015) in MS83, where using Ha
morphology combined with cluster age they find that the clusters
have dispersed their natal cloud by 4-5 Myr. The slightly longer
timescales can be understood here by the more complete
sampling of the emerging phase accessible with JWST.

The first phase, from embedded to not being associated with
a compact PDR, e.g., the eYSCI phase, lasts about 4.4 + 0.1
Myr. This timescale is comparable to those reported in the
PHANGS galaxies (M. J. Rodriguez et al. 2023;
B. C. Whitmore et al. 2023; M. Rodriguez et al. 2025) and
the GOALS starbursts (S. T. Linden et al. 2023, 2024) where
the 3.3 ym PAH emission has been used as a tracer.

Once a compact PDR is disrupted, it takes only about 2 Myr
for an average cluster to not be associated with a compact HII
region, e.g., the eYSCII phase. The short time spent in the
eYSCII phase can explain the similar age distributions for the
eYSCI and eYSCII (see Figure 5, left). These short timescales
are similar to those reported in M83 by K. Hollyhead et al.
(2015). The latter find that a cluster takes about 2 Myr to go
from partially embedded to exposed phases. S. Deshmukh et al.
(2024) recovered an emerging timescale of 2-3 Myr for Paj
identified clusters, similar to what we find for eYSCII.

Studies where molecular gas tracers are combined with mid-
IR and UV-optical wavelengths recover timescales consistent
with what we find here (e.g., E. Corbelli et al. 2017; K. Grasha
etal. 2018, 2019; J. Kim et al. 2023). In particular, J. Sun et al.
(2024), using high-spatial resolution observations with
ALMA, HST, and JWST in the center of NGC 3351, report
a starless phase lasting 1-2 Myr and a total time for the
emergence sequence of 4-6 Myr.

In Table 2, we also report the timescales dividing the sample
in mass bins. We overcome incompleteness and stochastic
IMF sampling issues by looking at clusters between 1 and
5% 10° M., which provide characteristic timescales for the
average star cluster of a few >10° M., and for clusters more

age, ey

14

Knutas et al.

massive than 5 x 10> M, to provide representative timescales
for ~10* M, clusters. We find that, in general, for low-mass
clusters, the complete emergence timescales goes up to 7 Myr,
while for the massive clusters it goes down to 5 Myr. We argue
that this result is not in tension with the lack of a strong trend
between Ay versus cluster mass in Figure 8 because orientation
effects and the simplistic assumption of a dust screen geometry
might affect any correlation there.

When focusing on different galactic environments, we notice
that the overall emerging timescales are comparable except in
the center of the galaxy (see Table 2). When using binning of
equal numbers of combined eYSCs+YSC, we see that the
emergence timescales go up to 7 Myr in the leading side of the
end of the bar region. This region is dominated by eYSCs, while
the trailing portion of the end of the bar, the one connected to
the spiral arm, shows the opposite trend. As already mentioned
above, strong drifting coinciding with this region probably
drives the differences in the timescales; the latter reflects
dynamical environmental effects more than average timescales.

The center of M83 stands out with respect to the rest of the
galaxy disk for its elevated star formation activity and the
presence of a large fraction of the massive star clusters in the
sample. The SFR in the center is significantly higher than in
the disk (e.g., A. Adamo et al. 2015). D. Callanan et al. (2021),
combining detection of star clusters in different tracers,
propose that the SFR in the center has a variability timescale
shorter than 10 Myr due to the dynamics of the bar supplying
gas toward the nuclear ring. They estimate that the last peak
event occurred 5-7 Myr ago, producing the massive YSCs we
observe today, while the region is currently in a lower star
formation mode. We indeed find that, in the central region, the
number of 0YSCs is larger than the detected eYSCs. However,
we notice that this observational trend can also be explained if
the emerging phase of these massive eYSCs is faster, leading
to a larger number of 0YSCs versus eYSCs.

We will investigate the mass dependence of the star cluster
emergence phase with stronger statistics by combining the
YSC and eYSC populations for all the FEAST galaxies in an
upcoming work (Pedrini et al. 2025, in preparation).

In the next section, we will discuss the emergence phase by
comparing these results to observational and numerical results
in the literature.

5.7. What Stellar Feedback Drives the Emerging Phase of Star
Clusters?

Our analysis of the M83 cluster population suggests average
emergence timescales of 6-7 Myr for typical cluster masses of
a few thousand solar masses. We see initial evidence that the
emergence timescales are shorter (~5 Myr) for clusters above
5000 M.,. These average timescales do not include the deeply
embedded phases of clusters where protostars are still
accreting. However, as seen in the Milky Way infrared dark
clouds, this phase is very short (< 1Myr; e.g., N. J. Evans
et al. 2009).

Simulations of molecular clouds might help here to shed
light on the dominant mechanism leading to cluster formation
and feedback. Unfortunately, we do not have direct observa-
tional information of the physical properties of the molecular
clouds that lead to the formation of the star clusters in M8&3,
but we refer to the cluster mass end products to compare
observations with simulations. The initial conditions of the
molecular cloud, especially the density, have a large impact on



THE ASTROPHYSICAL JOURNAL, 993:13 (19pp), 2025 November 1

the resulting cluster mass and net star formation efficiency.
The latter quantity and the type of stellar feedback are tightly
intertwined and will determine the emergence timescale (cloud
disruption in simulations) and whether clusters form bound as
an end product (e.g., J.-G. Kim et al. 2018; M. Y. Grudi¢ et al.
2021; H. Fukushima & H. Yajima 2022). In recent work by
B. Polak et al. (2024), the authors find that denser/more
massive clouds lead to the formation of more massive star
clusters. Star formation efficiency is higher since radiative
feedback and stellar winds remain inefficient to prevent the
collapse. Their formation is also faster and their emergence
timescales shorter. Similar results are obtained by J.-G. Kim
et al. (2018), H. Fukushima & H. Yajima (2022), and
S. H. Menon et al. (2023), among many others.

It is also important to compare the role that pre-supernovae
(SN) versus SN feedback plays in shaping the cluster properties
and leading to the disruption of the natal molecular cloud.

Assuming a very short, deeply embedded phase, emergence
timescales of 5-7Myr might imply that SNe feedback is
necessary to clear the leftover material from the natal cloud,
since SNe explosions are assumed to start at 4 Myr in spectral
synthesis models (e.g., STARBURST99; C. Leitherer et al.
2014). However, the boundary mass for stars to explode as SNe
is not yet well understood (H. T. Janka 2025). Moreover, since
massive stars in star clusters are those dominated most by
stochastic IMF sampling, the latter needs to be taken into account
for the majority of the eYSC population in M83. M. Chevance
et al. (2022) show that SNe explosions are significantly delayed
for low-mass clusters (<10 M). In the meantime, stellar
feedback in the form of photoionization, radiation pressure, and
stellar winds shape the star formation efficiency in the cloud, the
IMF, and the boundness of stars as well as the driving of HII
region expansion (A. A. Ali et al. 2022; S. C. Lewis et al. 2023;
S. H. Menon et al. 2023; E. P. Andersson et al. 2024). This is in
agreement with H II region studies conducted in M83 by L. Della
Bruna et al. (2022), and, in general, in local spiral galaxies
(A. T. Barnes et al. 2021; A. F. McLeod et al. 2021; D. Pathak
et al. 2025). When SNe explode, they will find an already
processed medium and can therefore create large bubbles and
clear the leftover gas of the natal clouds (e.g., for simulations see
M. Y. Grudi¢ et al. 2022; E. P. Andersson et al. 2024; for
observations, see M. Sirressi et al. 2024). The shorter timescales
we observe in more massive clusters might be due to the
likelihood of these clusters hosting more massive stars and thus
experiencing SNe feedback on shorter timescales.

The emerging timescales reported in this work do not reflect
the lifetime or destruction of the natal cloud. However, the
timescales over which we see the PAH emission associated
with clusters disappear (3—4 Myr), in agreement with many
other works in the literature, indicate that pre-SN feedback is
the main driver of PAH disruption in star-forming regions.
Due to the complex nature of PAH and dust physics,
simulations remain behind in shedding light on this point.

6. Conclusions

We present the emerging star cluster population in the
barred spiral galaxy M83 using new JWST NIRCam and
archival HST observations. We detect eYSCs using NIR
features tracing H1I regions and PDRs, and combine this with
the exposed oYSCs (<10 Myr) detected in the HST optical
bands. The main goal of this paper is to estimate the emerging
timescales necessary for gas clearing and how they vary as a
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function of cluster physical properties and diverse galactic
environment. The main findings are as follows:

1. Only a small fraction (<20%) of the eYSCs will probably
survive as bound star clusters, while the majority are
consistent with stellar associations. This is expected by
observations and simulations and confirms that most star
clusters may form within stellar associations.

2. The NIR colors of the eYSCs and oYSCs indicate the
presence of an evolutionary sequence, from embedded to
exposed. We find that the variations in the 3.3 ym PAH
feature appearance (from compact to diffuse) are
consistent with an evolutionary sequence where eYSCI
evolve into eYSCII and to oYSCs. This sequence is clear
in the F300M—F335M (tracing the excess in the 3.3 um
PAH feature) and the F115W—F187N (tracing the excess
in Paa) colors, which become increasingly bluer as
clusters emerge. We also find that eYSCs are younger
and more attenuated than the optical counterpart and that,
on average, extinction is reduced with age.

3. The mass distributions of the eYSCs and oYSCs are
consistent with —2 power-law distributions. We observe
variations across different galactic environments. The center
and the end of the bar stand out as dynamically active
regions with a high SFR, which leads to the formation of
massive star clusters. We then exclude the central starburst
region and analyze the disk cluster population in radial bins
containing the same number of star clusters. We observe
that the cluster mass function of both eYSCs and 0YSCs
shows similar distributions, suggesting that dynamical
features such as bar and spiral arms organize star formation
in the galaxy but do not enhance it.

4. Over a timescale of 10 Myr, relative numbers of eYSCI,
eYSCII, and 0YSCs suggest that the emergence sequence
from embedded to fully exposed takes on average 6 Myr
for the cluster population in M83. We find evidence that
the initial embedded phase, prior to massive stars in the
star cluster reaching the main sequence and starting
powering their HII region, is very short. The phase over
which eYSCI evolve into eYSCII and are no longer
associated with 3.3 ym PAH emission lasts about 4 Myr,
similar to that derived by other JWST studies (e.g.,
M. J. Rodriguez et al. 2023; B. C. Whitmore et al. 2023;
S. T. Linden et al. 2024). After this phase, the eYSCII
remain associated with an HII region only for about
2Myr, in agreement with pre-JWST studies (e.g.,
M. Messa et al. 2021; S. Hannon et al. 2022). We find
evidence that the emergence sequence is shorter (5 Myr)
for star clusters more massive than 5000 M., while it takes
on average 7 Myr for a typical cluster of a few thousand
solar masses to emerge.

Overall, the recovered timescales are longer than the nominal
4 Myr assumed for SNe explosions in stellar population
models (C. Leitherer et al. 2014). However, as shown by
recent simulations (M. Y. Grudi¢ et al. 2022; J. P. Farias et al.
2023), and taking into account stochastic IMF sampling
(M. Chevance et al. 2022), SNe explosions in low-mass
clusters of a few thousand solar masses might be delayed. This
implies that the emergence sequence is mainly driven by
radiative and mechanical (in the form of stellar wind) pre-SN
feedback and that, at the time of the first SN explosions, their
energy and momentum is injected in a processed medium, thus
driving the final clearing stages.
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Follow-up analysis of eYSC and oYSC populations for the
entire sample of galaxies within the FEAST program will be
pivotal in investigating emerging timescales in different
galaxies and how they vary across a larger range of various
galactic environments.
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Appendix A
Source Extraction

We report the SEP parameters for the source extraction and
the reference image in Table Al. We refer the reader to
Section 3 for guidance.

Table Al
Source Extraction Parameters for the Extraction of the eYSCs from the Continuum-subtracted F187N, F335M, and F405N, the F200W-based eYSCs, and the
Optical YSCs

Source Extraction Parameter/Sources eYSCs F200W-based eYSCs Optical YSCs
Reference frame F200W F200W F547M and F555W
Size of background box [pixels] 30 30 30

Filter width and height [pixels] 3 1 1
Threshold pixel value 5 10 5
Minimum area of pixels 15 10 10
Number of thresholds for deblending 32 32 32
Minimum contrast ratio for deblending 0.00005 0.0005 0.0005
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Appendix B Appendix C
Photometric Catalogs and Advanced Data Products Recovered oYSC Physical Properties over the Entire M83
The science data and catalogs used in this work are available Disk Observed with HST

at the Mikulski Archive for Space Telescopes (MAST) as a Figure C1 shows similar plots as those presented in Figure 5
high-level science product via DOI: 10.17909/6dc1-9h53 and of the main text. However, we include all the optical YSCs
on the FEAST webpage at https://feast-survey.github.io. younger than 10 Myr extracted in the HST footprints, which

Figure C1. The stellar age (left), stellar attenuation (middle), and stellar mass distribution (right) for the different classes, eYSCI (red), eYSCII (orange), and 3.3 pm
PAH peaks (green) including the 0YSCs (<10 Myr; cyan) for the HST FOV. The vertical lines correspond to the median values of eYSCI (red), eYSCII (orange), 3.3
um PAH peaks (green), and the YSCs (<10 Myr; cyan). The mass distribution (left) also includes a gray dashed line corresponding to the mass cut at 1 x 10° M,

and the black curve to the 10-logarithm of a cluster mass function (CMF) with a slope of —2. For the stellar age (left panel), the eYSCI median overlaps with the
eYSCII and YSCs (<10 Myr).
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cover an area 3 times larger than the JWST mosaic. Overall,
the extended oY SCs population shows similar properties as the
subsample contained within the JWST FOV. We refer the
reader to Section 4 of the main text.
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