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Abstract

We investigate the emergence phase of young star clusters in the nearby spiral galaxy NGC 628. We use JWST
NIRCam and MIRI observations to create spatially resolved maps of the Pacx 1.87 um and Bra 4.05 pm hydrogen
recombination lines, as well as 3.3 and 7.7 pum emission from polycyclic aromatic hydrocarbons (PAHs). We
extract 953 compact H I regions and analyze the PAH emission and morphology at ~10 pc scales in the associated
photodissociation regions. While HII regions remain compact, radial profiles help us to define three PAH
morphological classes: compact (~42%), extended (~34%), and open (~24%). The majority of compact and
extended PAH morphologies are associated with very young star clusters (<5 Myr), while open PAH
morphologies are mainly associated with star clusters older than 3 Myr. We observe a general decrease in the 3.3
and 7.7 pum PAH band emission as a function of cluster age, while their ratio remains constant with age out to
10 Myr and morphological class. The recovered PAH; 5 /1m/ PAH; 7,m ratio is lower than values reported in the
literature for reference models that consider neutral and ionized PAH populations and analyses conducted at
galactic physical scales. The 3.3 and 7.7 pum bands are typically associated with neutral and ionized PAHs,
respectively. While we expected neutral PAHs to be suppressed in proximity to an ionizing source, the constant
PAH3; 3,m/PAH;7 7, ratio would indicate that both families of molecules disrupt at similar rates in proximity to
H1I regions.
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1. Introduction

Star formation within galaxies operates across a wide range
of physical scales, from stellar aggregates at subparsec sizes to
kiloparsec scales encompassing the interstellar medium (ISM;
e.g., Efremov 1995; Elmegreen et al. 2006). At parsec scales,
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we find young star clusters that form in the densest cores of
giant molecular clouds (GMCs). Emerging young star clusters
(eYSCs) have been broadly studied in the Milky Way
especially at mid-infrared and radio wavelengths (e.g.,
Camargo et al. 2015; Ramirez Alegria et al. 2016; Stutz 2018)
and, in a few cases, in nearby galaxies by means of Hubble
Space Telescope (HST) UV to near-infrared and radio
observations (e.g., Johnson et al. 2003, 2015; Messa et al.
2021; He et al. 2022, in IC4662, NGC 1705, NGC 5398,
NGC 1313, and the Antennae galaxy, respectively). The
emergence of young star clusters paves the way for the
complex and rich stellar distributions that we observe in
galaxies (Kennicutt & Evans 2012). Very energetic photons
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(>13.6 eV) produced by young and massive OB stars in
and around eYSCs ionize the surrounding gas, powering
an ionization front at the edge of the HII region, which
rapidly expands (Osterbrock & Ferland 2006; Deharveng
et al. 2010; Draine 2011). Outside the ionization front, less
energetic photons (5-13.6 eV) interact with the neutral gas
and molecules, producing photodissociation regions (PDRs;
Hollenbach & Tielens 1999).

Within the PDRs, dust grains absorb and reprocess stellar
photons and act as an important cooling source for the ISM. In
the very small grain regime, we find the polycyclic aromatic
hydrocarbons (PAHs). In this family of hydrocarbons, carbon
atoms are organized in planar hexagonal rings and hydrogen
atoms lie at the boundary of the rings (Tielens 2008, and
references therein). PAH molecules absorb UV photons,
triggering vibrational deexcitation through IR emission (Leger
et al. 1989b). Their emission dominates the global IR spectrum
of star-forming galaxies, representing up to ~20% of their total
IR luminosity (e.g., Smith et al. 2007; Tielens 2008; Lai et al.
2020).

PAH spectral features arise at 3.3, 6.2, 7.7, 8.6, 11.3, 12.7,
16.4, and 17 pm and are linked to the different vibrational
modes and composition of their molecules (Draine et al. 2021a;
Chown et al. 2024). Their emission properties strongly depend
on their size (e.g., the number of carbon atoms), the internal
temperature (Leger et al. 1989b), and the different ionization
states of the PAH molecules (Draine & Li 2007; Draine et al.
2021a). Recently, Peeters et al. (2024) presented new JWST
observations of PAH emission in the Orion Bar. This work
confirmed that PAH emission is an excellent tracer for the
atomic PDR. Moreover, they provided new important insights
into the photochemical evolution of PAHs.

The excitation of PAHs is primarily driven by UV and
optical photons emitted from stars. As a result, young star-
forming regions provide higher heating capability and therefore
PAHs are brighter in regions where star formation is actively
ongoing. PAH emission is thus colocated with star formation,
making these molecules valuable as tracers for the star
formation rate in galaxies (see the summary in Calzetti 2013).
On galactic scales, several studies in the literature (e.g., Xie &
Ho 2019; Mallory et al. 2022) have estimated global star
formation rates in local galaxies using PAH tracers.

However, at GMC scales, Povich et al. (2007, among many
others) observed a decrease of PAH emission inside star-
forming regions in the Milky Way at physical scales of ~5 pc.
Chastenet et al. (2023) obtained similar results looking at
nearby galaxies, measuring the PAH fraction at the scales of
star-forming complexes (50-100 pc).

There are several mechanisms that could be responsible for
the observed lack of PAH emission in star-forming regions
(Li 2020, and references therein). Interstellar shocks and
coagulation onto dust grains might lead to the loss of an
important PAH fraction of 20%—-40% in carbon atoms (Seok
et al. 2014). Moreover, Micelotta et al. (2010) showed that
shocks can also destroy the grains. These mechanisms play a
crucial role in the evolution of PAHs and they are strictly
connected to the physical processes that lead to the formation
of PAHs in star-forming regions.

Another commonly accepted scenario is that energetic UV
photons can destroy PAHs (photothermo dissociation; Leger
et al. 1989a) within a star-forming region (e.g., Guhathakurta
& Draine 1989; Allain et al. 1996; Verstraete et al. 2001;
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Povich et al. 2007; Watson et al. 2008; Churchwell et al. 2009;
Xie & Ho 2022; Egorov et al. 2023). Engelbracht et al. (2005),
Lebouteiller et al. (2011), and Sandstrom et al. (2012) observed
a decrease of PAH emission in low-metallicity environments,
which could be related to the hardness of the radiation fields
(Gordon et al. 2008). Furthermore, Egorov et al. (2023) found
a strong anticorrelation between the quantity Rpapy, defined
as Rpay = (F770W + F1130W)/F2100W, and the ionization
parameter in H 1 regions of nearby galaxies, confirming that
the survival of PAH molecules is related to the properties of the
radiation field and the evolutionary stage of the star-forming
regions.

Despite the many steps taken toward a better understanding
of this mechanism, we have not yet discovered the role played
by PAH destruction in the emerging phase of star formation,
when eYSCs have not yet cleared the natal cloud (e.g.,
Krumbholz et al. 2019). Milky Way observations of star-forming
regions can reach high resolutions, but superposition effects
make the interpretation of the results challenging. Conversely,
observations of PAHs in star-forming regions outside the Local
Volume before the advent of JWST never achieved the
resolution needed to study the morphology of these regions
and compare them with the emission from the HII regions.
During the last two decades, Ho HST observations have been
extensively used to study the morphology of HI regions
during the young—intermediate optically visible phases of star
formation, defining an evolution based on the morphological
variation of the ionized gas (Whitmore et al. 2011; Hollyhead
et al. 2015; Hannon et al. 2019; Messa et al. 2021; Hannon
et al. 2022; Calzetti et al. 2023). With JWST, we can now trace
the spatial scales needed to study the very young emerging
phase of star formation, where H II regions are compact and the
stellar feedback from massive stars is actively shaping the
PDRs and the PAHs that reside in them.

In this paper, we present a study of star-forming regions at
~7-10 pc scale in the spiral galaxy NGC 628 (M74). NGC 628
is a main-sequence star-forming galaxy at a distance of 9.84
Mpc (Tully et al. 2009). The absence of intense nuclear star
formation and the presence of an intricate complex of dusty
filaments along the spiral arms make this galaxy a unique
laboratory to study the morphology of its star-forming regions
(Elmegreen & Elmegreen 2019).

Recently, the PHANGS collaboration (PHANGS-JWST
program; Lee et al. 2023) presented new results on the
PAH emission in star-forming regions at ~50 pc scales in
NGC 628. Watkins et al. (2023) identified stellar-feedback-
driven bubbles in the 7.7 pym PAH emission feature and
statistically quantified them. This analysis evidenced a complex
distribution of bubbles, suggesting that bubble merging is a
common process and that it is important in setting constraints
on the global properties of the galaxy. For Milky Way bubbles,
this has been quantified thanks to Spitzer’s GLIMPSE survey
(e.g., Churchwell et al. 2006). Furthermore, Chastenet et al.
(2023) and Sutter et al. (2024) studied the coincidence of PAH
emission and ionized gas at ~1” resolution, witnessing a
general decrease of Rpay at the locations of HII regions
(Emsellem et al. 2022).

In this study, we further zoom into star-forming regions,
reaching scales of a few parsecs. We can now unveil the
evolution of PDRs during the first stages of star formation,
where H 1 regions are still very bright and compact. To achieve
this goal, we take advantage of the exquisite resolution of
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JWST using NIRCam and MIRI observations of NGC 628
obtained by the Feedback in Emerging extragAlactic Star
clusTers (FEAST) program (GO 1783, PI: A. Adamo).
Particularly, we used the 3.3 pum emission band to infer the
properties of the PAHs. This emission feature traces the small
and neutral PAHs that arise from a C-H stretching vibration
(Maragkoudakis et al. 2020).

The manuscript is organized as follows. After a presentation
of the observations of NGC 628 and the adopted data reduction
procedures in Section 2, we describe the methodology utilized
to characterize H Il regions and PDRs as traced by 3.3 ym PAH
emission and we present a PAH-based morphological classi-
fication of star-forming regions in Section 3. We present the
results of our analysis in Section 4 and we discuss them in
Section 5. Finally, we summarize our findings in Section 6.

2. Observations and Data Reduction

JWST/NIRCam and MIRI observations of NGC 628 were
obtained in 2023 January. An in-depth description of the data
reduction process is presented in A. Adamo et al. (2024, in
preparation), while we provide here a short summary. We
obtained simultaneous observations in four filters in the short
wavelength (F115W, F150W, F187N, and F200W) and long
wavelength (F277W, F335M, F405N, and F444W) NIRCam
channels, with a FULLBOX 4TIGHT dither pattern, resulting
in a field of view of ~2/2 x 6/, covering up to 8 kpc in
galactocentric distance (Figure 1). MIRI observations have
been conducted in the F560W and F770W filters. Five
MIRI pointings were necessary to cover the same area of the
NIRCam mosaic. For the MIRI observations, an external
sky background pointing was also included for calibration
(R.A.=1:36:10.170, decl. = +15:45:54.80). NIRCam data
have been reduced with pipeline version 1.12.5 and referencing
calibration data context number 1169 and have been obtained
from the Mikulski Archive for Space Telescopes (MAST). For
the MIRI observations, the level 1 (rate.fits) data products for
both the target and background fields were downloaded from
MAST. We then used the stage two pipeline to create a master
background for each of the MIRI filters, which was then
subtracted from each of the corresponding exposures of the
target before the remainder of the level 2 processing. We also
replaced the default SkyMatchStep of the JWST level 3
pipeline with the PixelSkyMatchStep (Bajaj 2023). The default
pipeline sky matching computes background offsets by
computing the differences between the medians of pixels in
overlapping regions of pairs of exposures. However, this
approach often creates strong gradients in the background of
the final mosaic for MIRI data. The PixelSkyMatchStep first
reprojects the exposures onto the same pixel grid, and
computes the median of per pixel differences in overlapping
regions (the median of the differences as opposed to the default
difference of medians) and thus removes the background
gradients. The remainder of the level 3 processing proceeds as
normal and creates a single mosaic for each filter. The image
data are then converted from units of MJy sr™' to Jy pixel ™.

We also obtained archival HST Advanced Camera for
Surveys (ACS) F555W, F814W, and F658N (program 9796,
PI: J. Miller and program 10402, PI: R. Chandar), WCF3/
UVIS F275W and F336W (LEGUS program; Calzetti et al.
2015), and WCF3/UVIS F547M and F657N (program 13773,
PI: R. Chandar) images of NGC 628, to which we applied
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standard data reduction steps. Different HST pointings have
been combined into mosaics.

The alignment of all final HST, NIRCam, and MIRI mosaics
are achieved using Gaia astrometry (Gaia Collaboration et al.
2023) to a precision of 15 mas. The NIRCam data and HST
data are resampled to the same pixel scale of 0704 pixel '. The
MIRI data are resampled to a scale of 0708 pixel .

The analysis conducted in this manuscript relies on 1.87 yum
Pac, 4.05 pm Bra, and 3.3 pum and 7.7 pm PAH emission
maps. Details of the continuum-subtraction method are
described in Gregg et al. (2024); we summarize here the main
steps. To obtain the emission line maps, we subtracted the
stellar and dust continuum from the final reduced images in an
iterative way. We used both broad- and narrowband filters
containing the emission features. More specifically, we
subtracted the continuum from the F187N narrow filter, which
contains the 1.875 pm Paa line, using the F150W and the
F200W filters. The F335M and F405N filters contain the
3.3 um PAH and the 4.051 um Bra, respectively. To subtract
the continuum from these two filters, we utilized the F277W
and the F444W filters. Before continuum subtraction, the data
have been convolved to the F444W lowest-resolution point-
spread function (PSF). The F444W filter has an FWHM of
0.”145 (Rigby et al. 2023). Regarding the MIRI observations,
we convolved the 5.6 um PAH emission map to the F770W
PSF (FWHM = 0.”269; Rigby et al. 2023). The 7.7 pm
emission map is derived by subtracting the dust continuum
from the F770W image using the FS60W image. To compare
these data with the NIRCam ones, we made additional
NIRCam maps convolved to the F770W PSF and we regridded
them to the MIRI pixel scale.

Each NIRCam continuum-subtracted map is then normalized
to zero by subtracting a 2D plane modeled with the mode
values of a set of sky regions selected within the field of view.
Additionally, we estimated the rms of each map from these
regions. We show the set of sky regions utilized for the
normalization, for both the 1.87 um Paa and the 3.3 ym PAH
emission features, in Appendix A.

In Figure 1, we present an RGB color composite image of
the JWST field of view of NGC 628. In blue and red we show
the 1.87 pum Paa and 4.05 um Bra emission line maps,
respectively. These recombination lines trace gas ionized by
massive stars within HII regions. Their emission traces the
spiral arms and acts as lampposts for massive star formation
sites. The 3.3 um PAH emission feature is shown in the green
channel. This emission is intense in proximity to star-forming
regions, tracing the PDRs surrounding H I regions. However,
diffuse emission permeates the field of view, revealing the
hierarchical structure of the cold ISM.

3. Methods
3.1. Emerging Young Star Cluster Catalog

In A. Adamo et al. (2024, in preparation), we present the
selection and photometric properties of three different classes
of eYSCs. This recently formed cluster population is largely
missed in UV-optical broadband selections. They have been
detected in Pac (Brar) and/or 3.3 um PAH maps as compact
peaks in emission. The first class (eYSCI) contains sources
with overlapping peaked emission in both ionized H and PAH,
corresponding to the most embedded star clusters in NGC 628.
In the second class, eYSCII, the peaked 3.3 ym PAH is not
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Figure 1. Top: red, green, and blue (RGB) JWST image of NGC 628. Blue: Paar (F187N), green: 3.3 um PAH (F335M), and red: Bra (F405N). Middle: RGB
zoomed-in views of star-forming regions. These are representative cases of compact and exposed star-forming complexes in the galaxy. Orange (white) contours
represent the H II regions (3.3 pm bright regions) identified using the Pac (3.3 ym PAH) map. Bottom: Pacv zoomed-in views of star-forming regions. Yellow
contours correspond to the identified star-forming regions. The filled regions are identified as diffuse regions and are excluded from our morphological analysis.

present, suggesting a spatial decoupling between the PDR and
HTI region at the location of the eYSC. A third class, with
compact peaks in 3.3 ym PAH but not in ionized H emission, is
associated with star-forming regions, but might indicate regions
that do not host ionizing O stars. As shown by mid-infrared
color properties (A. Adamo et al., 2024, in preparation) and
confirmed with spectral energy distribution (SED) analyses
(S. T. Linden et al., 2024, in preparation), eYSCI and II are
linked by evolution, while the 3.3 um PAH peaks is a mixed
class. These three classes map the emergence phase of
star clusters from their natal clouds. In S. T. Linden et al.
(2024, in preparation), we used CIGALE (Boquien et al. 2019)
to fit the observed SED with HST and NIRCam bands
convolved to the F444W PSF from 0.3 to 5 pum, estimated by

performing aperture photometry using a 4 pixel radius aperture
(0”16 ~7.6 pc). The derived eYSCs physical properties
(age, mass, extinction, PAH abundance, among many others)
will be used in the analysis presented in this work.

3.2. Identification of Star-forming Regions

This study is conducted at the highest common spatial
resolution achievable with this data set (0”145 ~7 pc with
NIRCam at 9.84 Mpc). The goal is to study the morphological
and physical properties of star-forming regions as they are
transformed by the stellar feedback of their eYSCs. We refer to
star-forming regions as entities formed by HII regions (as
traced by ionized H emission) and PDRs (as traced by 3.3 um
PAH emission). As JWST has already started unveiling, PAH
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features show variations within PDRs that depend on the
physical conditions and on the properties of the radiation field
(Schroetter et al. 2024). For this reason, it is important to note
that our definition of PDRs using a single PAH band is
simplistic, as a full set of PDR tracers is required to completely
identify PDRs. Ionized gas and PAH emissions trace media of
different density and temperature (ny ~ 10 cm >, T~ 10* K in
the ionized gas and ny~5—10 x10% cm_3, T of a few
hundreds of kelvin in PDRs; Draine 2011; Peeters et al. 2024)
and thus do not spatially coincide. Therefore, we independently
extracted H1I regions and PDRs as surface brightness (SB)
enhancements in Paa and 3.3 pum maps, respectively. The
identification proceeded in three steps in both tracers.

In the first step, we identified the outer contour of the
extended emission with the python package ASTRODENDRO,
down to an SB limit of 2.36 x 10 '®erg s~ cm ™ ? arcsec > and
2.16 x 10 "% erg s~ cm % arcsec 2 for the Pacv and the 3.3 um
PAH continuum-subtracted maps, respectively. These limits
were achieved by setting a detection level of 5 times the sky rms
values (see Section 2) and a required minimum number of pixels
for an independent region of 40 and 100 for the Pacy and the
3.3 um PAH emissions, respectively. These areas corresgond
to 0.064 arcsec® ~ 145 pc* and 0.16 arcsec® ~364 pc’, or
circularized radii of 7 (~07147) and 11 pc (~0."230),
respectively. Because of strong residuals due to the bulge light,
we masked the central region of the galaxy with a circle of 152
pixel radius (6.”08 ~ 0.29 kpc). The software ASTRODENDRO
computed a dendrogram of outer contours. For the scope of this
study, we only identified contours that correspond to the
outermost trunk, without taking into account substructures.

In the second step, we used a multithresholding technique
from the segmentation.deblend_sources method in
the PHOTUTILS python package (Bradley et al. 2023), to
deblend the large complexes extracted by ASTRODENDRO.
This method generated new segmentation images allowing us
to break down HII regions and PDRs traced by 3.3 pm
emission at the desired resolution. After several tests, visual
inspection and comparisons with the point source extraction
performed in A. Adamo et al. (2024, in preparation), we
established the segmentation parameters to 40 multithreshold-
ing levels, 5 x 10~ as the value of contrast (the fraction of the
flux needed for a local peak to be identified as a single object),
and a minimum of 30 pixels, where the latter corresponds to a
circular radius of about 3.1 pixels (0”12 ~ 6 pc). We present
zoomed-in views of the identified H Il regions and PDRs traced
by 3.3 ym emission in the middle panels of Figure 1. Orange
contours are extracted from the Paa map, while white contours
are from the PAH emission, revealing the more extended and
diffuse nature of the PDRs. However, our segmentation
procedure simply breaks down regions based on SB contrast
that are not necessarily physically motivated. Therefore, a third
final step was required to distinguish regions containing
powering stellar sources from simply diffuse patches of
emitting gas.

In this final step, we used the catalog of eYSCIs and
eYSCIIs to discriminate between HII regions and diffuse
emission identified in the Paac map. More specifically, we
flagged a segment as diffuse emission when it is not associated
with one or more eYSCs. We considered a cluster being
associated with a region if the area of a circular aperture of
4 pixels (0716 ~7.6 pc) from the position of the cluster
overlaps with the area of the region delimited by the contours.
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Table 1

H 11 Region Catalog Extracted by Means of the Pac Emission Line Map
ID R.A. Decl. Area [arcsec?] F, [Jyl
1 24.184746 15.734762 0.5040 2.979e-05
2 24.184608 15.734973 0.1632 6.884e-06
6 24.187228 15.736117 0.4384 8.159¢-06
7 24.177105 15.736251 0.1088 3.412e-06
8 24.174865 15.736318 0.3888 8.247e-06
12 24.175050 15.737329 0.4576 1.040e-05
16 24.193866 15.739150 0.5088 1.042e-05
18 24.189653 15.739717 0.3968 8.949¢-06
19 24.191361 15.740084 0.5440 2.134e-05
20 24.180568 15.740118 0.0720 2.107e-06

(This table is available in its entirety in machine-readable form in the online
article.)

Table 2
Catalog of Photodissociation Regions Extracted by Means of the 3.3 um
Emission Map

ID R.A. Decl. Area [arcsec?] F, [Jyl

3 24.172903 15.724875 0.3184 8.596e-07
4 24.172461 15.724893 0.5056 1.708¢-06
8 24.178690 15.725939 0.3056 9.929¢-07
20 24.174753 15.728091 1.1296 3.650e-06
32 24.175551 15.730967 0.4960 2.076e-06
37 24.190390 15.731289 0.8672 2.309¢-06
49 24.196100 15.732951 0.2032 1.131e-06
68 24.196027 15.735095 0.3776 1.663¢-06
89 24.171391 15.737656 0.3136 9.776e-07
144 24.192023 15.744615 0.1680 5.629¢-07

(This table is available in its entirety in machine-readable form in the online
article.)

Analogously, we distinguished between compact and diffuse
emission in the 3.3 ym PAH map looking for overlaps with
eYSCIs and 3.3 ym PAH peaks along the line of sight. We
show examples of this discrimination for the Pacv emission in
the bottom panels of Figure 1, where the regions tagged as
diffuse emission are highlighted as yellow-filled contours. As
our analysis is based on a statistical sample, the influence
of geometric effects is expected to be mitigated through
averaging.

The initial ASTRODENDRO extraction resulted in 996 and
1532 regions in the Pacv and 3.3 pm maps. After applying the
segmentation deblending step, their numbers increased to 1708
and 7127 regions, respectively. Matching with physically
informed sources (eYSCs) resulted in 962 HII regions and
1084 PDRs traced by PAH emission detected in the Paa and
3.3 pum maps, respectively.

The catalogs of H I regions and 3.3 pm-extracted PDRs are
presented in Tables 1 and 2 and contain the coordinates of the
center, the area, and the flux emitted within the segment. The
circularized radius is defined from the area A of each region:
Rc = JA/7. We adopt the position of the brightest pixel in the
Pac map as the center of the HII region for simplicity,
assuming the peak of the ionized gas emission directly traces
the position of the massive stars responsible to produce the
ionizing photons. For catalog of PDRs traced by 3.3 um PAH
emission, the center of each region corresponds to the first flux
moment of the pixels within the respective segment.
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The Pac flux contained within the extracted HII regions
represents 90% of the total emission detected above the 50 SB
limit listed above. On the other hand, only 60% of the 3.3 pum
PAH emission is contained in the identified compact 3.3 um
bright regions, evidencing the more diffuse nature of the PAH
emission.

3.3. Properties of H Il Regions and Photodissociation Regions
Traced by 3.3 pm Polycyclic Aromatic Hydrocarbon Emission
As a Function of Galactocentric Distance

We investigate how the fluxes and sizes of H1I regions and
3.3 um PAH bright regions correlate with the radial distance by
dividing the maps into eight radial bins. We constrain the size
of the bins by requiring that each bin contains an equal number
of regions (130 HII regions and 150 3.3 um PAH bright
regions per bin), ensuring uniform density and preventing
contamination in the analysis resulting only from differences in
the number of regions per bin. The legend of Figure 2 lists the
distance of the outer edge of each bin for Pac and 3.3 um PAH
emission.

We present the cumulative distributions of the circular
projected radii and the total flux in each segment for Pac and
3.3 ym PAH emission in Figure 2. Focusing on the H II regions
(top panels of the figure), we observe more compact and less
luminous regions in the innermost parts of the galaxy. Moving
outward from the center of the galaxy we notice more extended
and brighter regions, especially for regions located in bin 7
(5.3-6 kpc). The region of the disk corresponding to this bin
also reveals a prominent CO(1-0) emission and coincides
with the corotation radius of the spiral pattern (Cepa &
Beckman 1990; Rebolledo et al. 2015; Herrera et al. 2020).
This feature is observable as a region of intense star formation
at about 6 kpc from the center of the galaxy (region A of
Figure 1 and surroundings). Considering the 3.3 ym map, we
observe that PAH emission traces significantly larger regions
which are more extended and brighter with increasing
galactocentric distance, similarly to the HII regions. These
observed trends disappear in the last bin (bin 8, 6-8.8 (6.4-8.7)
kpc). The brightness of the 3.3 pm regions increases with
radius by a factor of ~2-3 (about 1 magnitude). Elmegreen &
Elmegreen (2019) analyzed 8 pm concentrations with Spitzer
at poorer spatial resolution (~10 times lower), finding a slight
decreasing brightness at increasing galaxy radius. This
observed discrepancy could be explained by the different
physical scales explored in the two works.

Thanks to the high spatial resolution provided by these data,
we can now resolve H1I regions at much smaller scales than
obtained with ground-based observations. In the distribution of
sizes (circular radii), we find a value of ~15 pc for the 50%
percentile, a factor of ~2 smaller than the HII regions catalog
extracted with MUSE for this galaxy (35 pc; Groves et al.
2023). In all the defined bins, at least 50% of the HII regions
have sizes smaller than 20 pc. On the other hand, PDRs traced
by 3.3 ym PAH emission show a broader distribution of sizes,
being on average 2 times larger than H II regions. We note that
even though we minimized the user dependency of the
identification process by using different sets of parameters,
these results may still be slightly affected by the choice of
parameters.
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3.4. Polycyclic Aromatic Hydrocarbon Emission in Star-
forming Regions

As already mentioned, the morphological evolution of PDRs
in star-forming regions is shaped by the stellar feedback from
eYSCs, which modify the content and the distribution of PAH
molecules, direct tracers of PDRs. To characterize the distribution
of PAH emission, we constructed SB profiles of the star-forming
regions. In this analysis, we use as reference the catalog of H1I
regions. Therefore, by definition, we focus on star-forming
regions that contain at least one compact H II region with one or
more eYSC. We removed nine regions due to over/under-
subtraction of the stellar continuum, ending up with 953 regions
for our analysis. For each region and emission map, we employed
circular annulus apertures to perform aperture photometry
(PHOTUTILS) centered on the brightest Pac: peak, from 1 pixel
up to 2 X Rc, with steps of 3.5 pixels (0714 ~ 6.68 pc ~ FWHM
of the F444W PSF) between each aperture. The first aperture is
performed using a circular aperture of 1 pixel radius. The choice
of the upper limit in the circular annulus apertures (2 X R¢) is
dictated by the fact that 3.3 xm bright regions are more extended
(on average a factor of 2) than the HII regions, as explained in
Section 3.3. To improve the flux estimation, we corrected for
local background using the mode value of an annulus aperture of
Rimin = 50 pixels and Ry,.x = 55 pixels. The chosen background
annulus apertures stand well outside the star-forming regions,
since the median and the maximum values of the radii in our
sample of star-forming regions are ~8 and ~45 pixels (~15 and
~85 pc), respectively. To reduce contamination from adjacent
regions we applied sigma clipping and used the mode of the
background flux within the annulus. We note that the recovered
trends do not change if the local sky background is not applied.

Finally, for each measurement, we divided the observed flux
by the respective area and then we normalized it by the
maximum value, to obtain normalized SB profiles. In Figure 3
we show examples of the resulting profiles.

In these profiles, the maximum of the Pac and Bra: SB is
always in the first bin by construction. On the other hand, the
radial distribution of the PAH SB shows different behaviors.
Specifically, we distinguish three types of PAH SB profiles:

1. Compact PAH profile. The PAH emission follows the H
recombination line emission (top left panel of Figure 3).

2. Extended PAH profile. The PAH profile is more diffuse
and extended compared to the Pacv and Bra: SB profiles
(top right panel of Figure 3).

3. Open PAH profile. The peak of the PAH SB profile lies
away from the center, and visually the region has a donut-
like appearance, with a notable dearth of PAH in the
central region (third panel in Figure 3).

For a high number of regions, the Pac to Bra ratio is consistent
with low and sometimes negatives values of E(B —V)
attenuation. We have investigated this issue and we tend to
attribute it to an underestimation of the Bra flux. We report the
results of this investigation in Appendix B and leave analyses
of attenuation to future studies.

To distribute the regions in the three classes, we derived
the slope of the SB profiles in the central pixels, linearly
fitting the normalized SB profiles for both the Paa and the
PAH emissions. For PAH profiles where the peak of the SB
profiles is in the center, we employed a linear fit on the first
three radial bins to both Paa and PAH, corresponding to
10.5 pixels (0”42 ~ 20 pc) in size for both emissions. On the
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Figure 2. Cumulative distributions (top: Pac, bottom: 3.3 um) of both sizes (left) and fluxes (right) in our sample of compact regions binned for different
galactocentric distances. Legends show the distance from the center of the galaxy at the outer edge of each bin. Each bin contains the same number of regions (130 H 1I
regions and 150 3.3 pum PAH bright regions per bin). Black and blue dashed lines correspond to cumulative fractions f= 0.5 and f= 0.8, respectively.

other hand, if the PAH peak lies outside the center, we
linearly fitted both the Pacv and PAH profiles up to the peak
of the PAH SB profile. For the smallest regions, we fitted
only two radial bins.

From the linear fit, we extract the values of the slopes in the
two tracers, obtaining ap,, and o 3,m,. The distributions of the
slopes are plotted in Figure 4. Focusing on the distributions, we
can immediately notice that, by construction, the Paa profiles
have all negative slopes, indicating declining profiles. On the
other hand, the PAH emission shows a broad range of slopes
that goes from negative values to positive ones. By visually
examining the regions, we set boundary conditions in the

Otpaa—0r3 3,,m SPace, that delineate the three morphological types
of PAH SB profiles described above. The blue-filled area in
Figure 4 contains the compact PAH profiles. The orange one
contains the extended region and lastly, open profiles lie in the
red-filled area. We used the slope-based morphological
separation to classify star-forming regions. We note that the
distinction between compact and extended profiles is somewhat
less defined, with the extended morphologies simply being a
transition phase between compact and open ones. Among the
953 star-forming regions in our sample, we identified 401
compact PAH regions (~42%), 319 extended regions (~34%),
and 233 open regions (~24%). In the top panel of Figure 4, we
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Figure 3. Normalized SB profiles for three different star-forming regions. The top left one represents an example of a compact PAH, while the top right and the bottom
ones represent examples of an extended and an open region, respectively. For each region, the left panel displays the SB profiles of the Pac: emission (dark blue
unfilled squares), the 3.3 um PAH emission (green filled circles), and the Bra (red unfilled diamonds). The gray line represents the normalized SB profile of the PSF in
the F444W filter. Red vertical solid lines represent the circular radius R of each region. The four right panels show a zoom-in of each region in the Pac, Bro, and
3.3 um PAH continuum-subtracted frames (log scale, units are Jy), as well as an E(B — V') map in the bottom panel. White pixels in the E(B — V') map correspond to
the area outside the Pacv SB-selected contours of the respective H I region. Black crosses are in the center of the region, corresponding to the brightest pixel in the Pacx
map. For each panel, the black circle is centered in the center of the region, with a radius of Rc.

show the normalized SB profiles divided into the three types,
showing the overall gradual change of PAH appearance around
the H I regions.

3.5. Emerging Young Star Clusters

We link our star-forming regions with their associated eYSC
using the catalogs of eYSCs from A. Adamo et al. (2024, in
preparation), following a similar methodology to what was
presented in Della Bruna et al. (2022) for the HII region
population in M83. The three classes of eYSCs (eYSCI,
eYSCII, and 3.3 ym PAH peaks, defined in Section 3.1)
represent 2207 objects in NGC 628. For each region, we
selected only the cluster located closest to the center of the
region and we removed a few more regions where the eYSC is
very near the edge of the identified star-forming region,
obtaining a sample of 947 star-forming regions with a

coinciding eYSC. We are aware of the fact that considering
only the central cluster is a simplification. However, we notice
that 80%—90% of the star-forming regions contain either one or
two clusters and the results in the following analysis do not
change whether we consider multiple clusters associated with
the same region.

We find that the morphological classification presented in
Section 3.4 independently correlates with the eYSC classes.
We summarize the relative numbers of eYSCs with respect
to the morphological appearance of the PDRs traced by
3.3 ym PAH in Table 3. Open regions primarily host
(85.5%) clusters identified as eYSCII, while we predomi-
nantly find that eYSCIs are in compact regions (77%).
Extended regions host almost equal numbers of eYSCI and
eYSCII clusters, suggesting that the boundaries of this
subsample are not well defined, and that the PDRs in these
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Figure 4. Morphological classification of the PAH emission in star-forming regions. Top: normalized SB profiles of Pacx and 3.3 ;im emission for the entire sample of
star-forming regions in the three different morphologies. Blue-filled squares and green filled circles represent the Pac and 3.3 sm median SB profiles, respectively. For
each PAH morphology, we obtained the median profiles by interpolating the SB profiles to the maximum number of radial bins defined by the larger region in the
sample. Bottom: the scatterplot shows the relationship between 3 3, and ap,, for the entire sample of star-forming regions, where « is the slope of the normalized
SB profile for the emission in each region, as defined in the text. By construction, ap,, is always negative, while the slopes defined by the PAH SB emission profiles
span a broader range, from negative to positive values, which define the three morphological classes of the 3.3 ym PDRs. The vertical dashed black line is the upper
limit for ap,, by construction of the SB profiles. Different background colors in the plot represent the morphological classification (compact, extended, and open) of
the PAH emission, obtained by a visual inspection of the morphology of the regions to set boundaries in the a3 3,m—paa Space.

regions are transitioning from compact to open. Because the coinciding with 3.3 pm peaks. Visual inspection of these
center of each star-forming region lies at the center of the regions shows extended Paa emission, explaining why they
H1 region, by construction we find only five regions are not identified as eYSCI.
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age distributions. Right: same as above, but for the nebular E(B — V) distributions. These properties are derived from the SED fitting from CIGALE (S. T. Linden

et al. 2024, in preparation).

4. Results

In the previous section, we presented 3.3 um PAH SB profiles
exhibiting various morphologies. Particularly, we have distin-
guished between compact, extended, and open star-forming
regions, where this morphological classification relates to the
3.3 um PAH emission as a tracer of PDRs (see Section 3.2).
Additionally, we have spatially linked star-forming regions to
their associated central eYSCs. In the following analysis, we
assume that the latter stellar population is likely the source of
feedback operating in the regions.

4.1. Demographics of the Extended Young Star Clusters
Associated with Star-forming Regions

In Figure 5 we present the best y” results of the CIGALE
fitting code for the stellar masses (left), the ages (center), and
the nebular attenuation (right) of our sample of eYSCs from
S. T. Linden et al. (2024, in preparation). Different histograms
represent the different morphologies of the PDRs traced by
3.3 um PAH emission associated with the eYSCs. In the
bottom panels, the box plots provide a better view of the
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covered physical ranges in the different classes. Focusing on
stellar mass, the box plot indicates that the masses of the
clusters show weak correlations with the morphology of the 3.3
pm emission. In general, the distribution of masses aligns with
the findings from Hassani et al. (2023), who investigated
compact sources identified at 21 pm in a sample of four
nearby galaxies, among them NGC 628. Median values for
the three classes range between logoM,([M;])~2.9 and
log10M,([M]) =~ 3.2. We see that there is slight evidence of
more massive eYSCs in the compact class, however, the
sample size may be a factor (401 eYSC associated with
compact morphology, versus 319 extended and 233 open
classes). On the other hand, the age distribution in the middle
panels of Figure 5 exhibits a more significant trend with PAH
morphology. The median values associated with compact and
extended PAH morphologies are 1 Myr younger than their
open counterparts. The majority (75%) of the compact regions
host eYSCs younger than 5 Myr, while the sources associated
with the extended class span the whole age range covered by
eYSCs. 90% of eYSCs associated with open PAH morphol-
ogies are older than 3 Myr and 75% are older than 4 Myr. The
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Figure 6. Integrated Paa fluxes of our sample of star-forming regions as a
function of the stellar mass of the linked eYSCs derived from SED fitting from
CIGALE. Error bars for the stellar masses correspond to the 68% confidence
interval. The gray solid line represents an isodensity contour after smoothing
the data with a Gaussian 2D kernel. Regions within the contour indicates areas
where the density of points is above 6% of the maximum density. Data are
color coded by the defined morphology as in Figure 4.

Table 3
Number of Compact, Extended and Open Regions Identified as Either Type I
or II extended Young Star Cluster or 3.3 pum Peak

eYSC Type Compact Extended Open

I 308 (77%) 171 (53%) 32 (14%)
I 89 (22%) 146 (46%) 196 (85.5%)
3.3 pm PAH 2 (1%) 2 (1%) 1 (0.5%)

gradual age gradient, from compact to open, suggests that the
change in morphology of the PDRs traced by 3.3 pm emission
is associated with the temporal evolution of the star-forming
regions. In the right panels of Figure 5, we present the
distribution of nebular E(B —V) values, computed with
CIGALE, using emission lines and assuming a dust screen
geometry (modified starburst attenuation law; Calzetti et al.
2000). We do not see a clear relation among the three
morphologies. Median values lie between 0.5 mag for the open
class to 0.7 mag for the compact one and 80% of the eYSCs in
the three classes present values of attenuation between 0.1 and
1.5 mag.

In Figure 6, we investigate how the mass derived with SED
fitting correlates with the total integrated Paa flux emitted by
the associated star-forming regions. These two quantities are
independently estimated and we expect them to correlate. The
Paa flux is a first-order indicator of the number of ionizing
photons available in the region, which scales with the number
of massive stars under the condition of an idealized ionization-
bound HII region with a fully sampled initial mass function
(IMF). The CIGALE stellar population synthesis models do not
account for stochastic IMF sampling, which dominates when
the total mass of the star clusters is about a few hundred solar
masses (Calzetti et al. 2010). We discuss in S. T. Linden et al.
(2024, in preparation), that the presence of emission lines in the
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observed SEDs somewhat mitigates the misclassification of
cluster ages and therefore masses. However, the number of
ionizing photons in CIGALE is produced by a rescaling of a
fully sampled IMF, therefore, it does not take into account the
variable number of massive stars populating low-mass clusters.
When comparing the two quantities, we find a correlation
between the mass of the clusters log;oM, and the integrated
Paa flux of the associated H Il region. However, we see over 2
orders of magnitude dispersion in Paa flux as a function of
cluster stellar mass, for masses below a few thousand solar
masses. We interpret this increase in dispersion at the low-mass
end as an indicator of stochastic sampling of the IMF. Finally,
we do not see significant differences among the three
morphological classes, but a trend where eYSCs associated
with compact regions reach higher masses and luminosities. As
shown by the isodensity contour in Figure 6, the observed
dispersion goes down for the compact class, relative to the
other two morphologies, suggesting that for the brightest and
compact sources, CIGALE recovers the expected trends. We
find no correlation in the Pac flux versus the age of the cluster,
even though we notice slightly higher fluxes for the youngest
clusters.

4.2. Polycyclic Aromatic Hydrocarbon Band Ratio

To probe PAH emission and variation across the various
morphologies, we investigated the relation between the 3.3 and
the 7.7 pm PAH emission. These emissions trace neutral and
small PAHs and ionized and larger ones, respectively (Draine
et al. 2021a). In Figure 7, we show the normalized SB profiles at
MIRI F770W resolution of the three representative star-forming
regions shown in Figure 3. The entire procedure used to construct
these profiles is analogous to the one presented in Figure 3.
Because of the different pixel scales, we used a step of 3.5 pixels
for the circular annulus apertures, which corresponds approxi-
mately to the FWHM PSF of F770W. Focusing on the SB
profiles, we notice that the 3.3 pm and the 7.7 um PAH emission
profiles follow each other for 95% of the star-forming regions. We
discuss these results in the next section, exploring the scenario of
PAH destruction inside star-forming regions.

5. Discussion
5.1. Variations as a Function of Galactocentric Distance

In this work, we have analyzed HII regions and PAH
emission of evolving star-forming regions in NGC 628. We
identified them through Paa and the 3.3 pym PAH emission
maps. The study is conducted at the highest common physical
scales achievable for both the ionized gas tracers and 3.3 pm
one. We have mapped emerging HII regions and their
relationship with the associated PDRs down to a resolution
of ~7-10 pc. Focusing on the two different tracers (middle
panels of Figure 1), we notice that the PDRs traced by 3.3 um
PAH emission are more extended and diffuse than the ionized
gas counterpart. As several authors already observed (Boselli
et al. 2004; Bendo et al. 2008; Crocker et al. 2013; Calapa et al.
2014; Sandstrom et al. 2023; Pathak et al. 2024), less energetic
photons are still able to excite PAHs vibrational emission far
away from H II regions, making it a strong tracer of diffuse gas
in the ISM of local galaxies.

As revealed by the analysis of HII regions and 3.3 ym PDRs
in Section 3.3, their observed properties on average correlate
with galactocentric distance. Brighter and more extended HII
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Figure 7. Normalized SB profiles of the star-forming regions presented in Figure 3 at the MIRI F770W resolution, shown in the different subpanels. For each region,
the left panel displays the SB profiles of the Pac emission (dark blue unfilled squares), the 3.3 uzm PAH emission (green filled circles), and the 7.7 yum PAH (magenta
unfilled diamonds). The gray line represents the normalized SB profile of the PSF in the F770W filter. Red vertical solid lines represent the circular radius Rc of each
region, as described in the text. The four right panels show a zoom-in of each region in the Pac, 3.3, and 7.7 m PAH emission maps (log scale, units are Jy), as well
as the 3.3 ym/7.7 pm ratio in the bottom panel. Black crosses are in the center of the region, corresponding to the brightest pixel in the Pac map. For each panel, the

black circle is centered in the center of the region, with a radius of Rc.

regions are found at the location of the corotation radius of the
spiral pattern. NGC 628 is a pure spiral arm system with no bar
or circumnuclear star-forming ring. The inner regions of the
galaxy are dynamically dominated by a stellar bulge which acts
as a stabilizer of the gas in the central region of the galaxy
(Martig et al. 2009; Lomaeva et al. 2022). In this scenario, the
presence of the bulge significantly diminishes the efficiency of
the gas to form bound structures, resulting in a noticeable
decrease in star formation (Davis et al. 2022). This is not the
case in the corotation radius of the spiral pattern, where gas is
piled up, fragments, and collapse to form more massive star-
forming regions.

5.2. The Gradual Morphological Evolution of
Photodissociation Regions

We then focus our analysis on the star-forming regions in
order to map the gradual transformation of the natal cloud,
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where the emerging stellar population has recently formed.
Studies conducted with HST (e.g., Whitmore et al. 2011;
Hannon et al. 2022) have used the optical appearance of HII
regions (compact versus open) as an indicator of temporal
evolution. JWST has now opened a new window into the
emerging phase, which has remained so far undetected. We
focus on the earliest stages, selecting star-forming regions that
host a compact H1I region and mapping the gradual evolution
of the associated PDRs, as traced by PAH emission at
unprecedented resolution. We have defined three morphologi-
cal classes within our sample of star-forming regions: compact,
extended, and open PAH profiles.

The morphological classifications presented in this study
unveils various 3.3 pum PAH distributions in star-forming
regions, pointing toward a fast dynamical evolution of the
PDRs in the presence of ionizing photons. This is in agreement
with previous studies in the Milky Way performed by
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Churchwell et al. (2009) and Relafio & Kennicutt (2009). By
construction, the ionized gas traced by Paa and the Bra
emission is still abundant and compact in the immediate
volume around the newly formed stellar association.

In our analysis, we find that the Pacr and Brae normalized SB
profiles clearly follow each other, as expected due to the same
physical scenario which produces these emission lines in star-
forming regions. On the other hand, the 3.3 um SB profiles
can be compact at the physical scales resolved in this study
(~7 pc), following the ionized hydrogen tracers, but can
also be deficient in the inner regions. These variations in
morphological appearance are also confirmed when we analyze
the 7.7 pm emission, a tracer for larger and more ionized
PAHs (Draine et al. 2021a), albeit at lower physical resolution
(~12 pc). The similar SB profiles between the two PAH
emissions presented in Figure 7 might suggest that in spite of
the different physical properties and ionization state of the
molecules responsible for the two bands, they are affected in
the same way in proximity to the source of ionizing radiation.
This result does not exclude that differences may still arise in
the very inner regions, beyond MIRI’s resolution.

The observed variations in morphologies point toward an
evolution of the PAH distribution around star-forming regions
when the ionized gas is still compact and has not expanded yet.
In this scenario, PAHs in the proximity of a star-forming region
are destroyed in the first 6 Myr of the cluster lifetime. We
further constrain this by comparing the fitted ages of the
ionizing star clusters with the observed PAH emission. In
Section 4 we showed that older clusters are in general
associated with the open morphology distribution, while the
compact and extended ones are in general younger. We do not
observe a large difference in the mass distributions.

To further test the observed trends, we run Kolmogorov—
Smirnov (K-S) tests for both the age and the mass distributions,
to estimate the probability that the data may originate from the
same distribution. For the mass distributions, we found that the
open morphology is likely drawn from a different distribution
than the extended class, and even more so for the compact
class. The K-S value (py,) for open versus extended and
compact classes is 0.13 (0.01) and 024 (7.3 x 107,
respectively. The lower average mass for open morphologies
may be explained by either the smaller sample size or the fact
that more massive cluster potentially evolve faster and do not
enter anymore into our classification, since the gas has been
cleared and the ionized emission is not observed as compact
anymore. This sample is by construction biased against star-
forming regions where the ionized gas is in a shell. The
dependency of this evolution of the cluster mass will be further
explored in upcoming studies where the NGC 628 sample will
be combined with those obtained from the other two FEAST
spiral galaxies, M83 and M51, which will substantially increase
the statistics. The mass ranges, and possibly environments and
metallicities, will be different, and these may allow us to tie
down the role of cluster mass in determining the timescale for
cluster emergence.

Regarding the age of the associated eYSCs, while the
extended and the compact distributions are likely to be drawn
from the same distribution (K-S value = 0.08, p,, = 0.20), the
open one lies in a different space, with K-S values of 0.15 and
0.20, and p,, values of 0.004 and 1.1 x 107 for tests against
extended and compact distributions, respectively. The eYSCs
associated with an open morphology are statistically older than
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Figure 8. Observations at different physical scales and emission estimated
from models of the PAH; 5,m/PAH;7 7, ratio. From left to right: PAH; 5,m/
PAH; 7,.m ratio distributions of our sample of star-forming regions, color coded
as in Figure 5. The flux estimation is described in the text. For each violin, the
horizontal black line represents the median value of the distribution, while the
colored ones represent the 16th and 84th percentiles. Beneath them, the dotted
violins represent the same distribution without subtraction of the continuum to
the 7.7 pum PAH emission map using the F560W filter. The magenta square
represents the median value of this ratio founded by Chastenet et al. (2023) for
the total emission in NGC 628. Error bars represent the 16th—84th percentiles
of the distribution. The green diamond represents the ratio for the star-forming
1C galaxy sample in Lai et al. (2020), where the spectrum has been convolved
to the JWST filter throughputs and the stellar continuum has been removed
from it. Error bars lie within the symbol. Blue circles show PAH band ratios for
the models of Draine et al. (2021a) convolved to the JWST filter throughputs,
using a 3 Myr old starburst as an illuminating starlight spectrum and U = 1. A
different size and opacity of a circle represents a different grain size distribution
or a different ionization model: bigger circles correspond to bigger grains and
higher opacity corresponds to higher ionization. The unfilled circles (Dr21_1)
correspond to models considering ionized PAHs and astrodust, while the filled
ones (Dr21_2) represent models considering also neutral PAHs.

their compact counterparts, possibly suggesting that the
morphological evolution of PDRs is linked to the feedback
processes by young and massive stars, which lead to a
projected spatial decoupling of PAH grains and HII regions
after ~4 Myr. Geometrical effects, mentioned in Section 3.2,
are unavoidable and are naturally linked to the star formation
process. We expect them to be averaged out, as we provide a
statistical sample. Finally, the observed drop in all the
distributions at 6 Myr is a physical phenomenon. After
approximately 6—7 Myr, identifying sources that emit recom-
bination lines is challenging because the clusters are suffi-
ciently old to have a significantly reduced ionizing photon flux
(~1/100), compared to clusters at 2-3 Myr (Calzetti et al.
2010).

The distribution of the nebular E(B — V) values reveals that
we do not find correlations between attenuation and the three
PAH profiles. These findings possibly evidence that, in the
assumption of a dust screen geometry, the stochastic dust
emission powered by PAHs and the relative evolution of PDRs
do not play a key role in obscuring the stellar light during the
first megayears. The attenuation is indeed dominated by
thermal dust emission. Povich et al. (2007) and Relafio &
Kennicutt (2009), among many others, showed that in star-
forming regions where the PAH emission is in a shell, hot dust
is still cospatial with the ionized gas, providing the attenuation.
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Figure 9. PAH; 3, flux (left panel), PAH; 7,,m flux (middle panel), and PAH; 3,,m/PAH7 7, flux ratio (right panel) as a function of the eYSC-derived ages for our
sample of star-forming regions. Flux units are erg s~ ' cm ™2 The flux estimation using aperture photometry is described in the text. Black unfilled diamonds represent
median values of the fluxes in different bins of ages of 1 Myr. Filled stars represent the median values of the same distribution binned according to our morphological
classification and color coded as in Figure 5, where the error bars on the age axes correspond to the 25% and 75% percentiles, as shown by the box plots in Figure 5.
Error bars on the flux axes indicate the standard deviation of each binned distribution.

This issue will be further investigated in S. T. Linden et al.
(2024, in preparation).

5.3. Polycyclic Aromatic Hydrocarbon Destruction

In our study, the analysis of the PAH morphologies is
consistent with an evolutionary sequence where PAHs are
destroyed by stellar feedback at physical scales of a few
parsecs. While the H II regions are still compact and the stellar
feedback has not yet dissolved them, open PAH morphologies
are associated with older eYSCs, which have been destroying
PAH molecules over time. In this analysis, the extended class
may represent an intermediate stage that is fully consistent with
the evolutionary sequence we defined. Our results are
consistent with Relafio & Kennicutt (2009), who noticed the
lack of PAH in HII regions traced by Ha emission.

To further test whether PAH disruption is the mechanism
responsible for the morphological evolution of star-forming
regions and to investigate the relationship between different
species of PAHs, we plot the measured PAH3_3#m/PAH7.7Mm
ratio in the three classes in Figure 8, including data and models
from the literature.

We measure the PAH3_3Mm/PAH7.7Mm ratio for each star-
forming region using aperture photometry, where the radius of
the circular aperture is the aforementioned Rc. We observe no
significant differences in the ratio distribution when using the
nonsubtracted 7.7 pm map (represented by the dotted empty
violins in Figure 8). This suggests that the observed ratio is
primarily influenced by the two PAH features. In the figure, we
show the recovered values color coded by the different
morphologies as in Figure 4. We include values of the sample
of star-formation-dominated galaxies with prominent PAH
emission in Lai et al. (2020), as well as the median value for
this ratio that Chastenet et al. (2023) found for NGC 628, when
considering the total contribution from H II and diffuse regions.
Finally, we add PAH ratios from Draine et al. (2021a) models,
for various assumptions of size distributions and ionization
parameters. These models are derived for a diffuse ISM and the
resulting PAH spectra do not include stellar emission. We show
models considering emission from both neutral and ionized
PAHs (Dr21_2 in Figure 8) and models taking into account
only emission from ionized PAHs (Dr21_1 in Figure 8). We
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observe that the PAH ratios are generally constant among the
three morphological classifications, evidencing that the mole-
cules emitting at 3.3 and 7.7 pm may undergo the same
destruction process, as already suggested by the results from
the SB profiles presented in Figure 7. In Figure 9, we present
the 3.3 and 7.7 pm fluxes as a function of the age of the eYSCs
for our sample of star-forming regions. We observe a consistent
trend where the 3.3 and 7.7 pm fluxes exhibit an anticorrelation
with the age of the eYSCs, resulting in constant ratios when the
sample is divided by morphology. Furthermore, when
compared to PAH models from Draine et al. (2021a), we see
that these predict higher PAH ratios if we consider both neutral
and ionized PAH emission (Dr21_2 in Figure 8), while the
models that include only ionized PAH are consistent with the
values we observe. The recovered ratios are similar to those
derived by Chastenet et al. (2023) at comparable physical
scales and lower than reported by Lai et al. (2020) at galactic
scales. The 7.7 um PAH emission traces more ionized and
colder PAHs (Draine et al. 2021a), which implies that the
emission in the latter PAH is enhanced with respect the 3.3 ym
band, in agreement with the trends in the models where only
ionized PAH is included (Dr21_1 in Figure 8). We might also
be seeing an effect of grain processing, where smaller PAH
molecules traced by 3.3 pm emission are preferentially
destroyed closer to the HII regions (Leger et al. 1989a). This
consideration holds in the case where the same mechanism is
responsible for destroying PAHs which emit at 3.3 and 7.7 um
during the temporal evolution of the star-forming region.
Furthermore, more excitation effects can play a role in the
interpretation of the 3.3 um emission, as discussed in Draine
et al. (2021a).

6. Summary

In this paper, we have performed a morphological analysis at
a few parsecs resolution of a sample of star-forming regions
using JWST NIRCam observations of Paa, Bra, and 3.3 ym
PAH, in addition to the MIRI 7.7 um PAH. Thanks to the
unprecedented resolution provided by JWST, we have mapped
PDR evolution at scales of ~10 pc. From a sample of compact
H I regions, we have characterized three different morpholo-
gies of PDRs traced by 3.3 m PAH emission. We found that:
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1. The temporal evolution of the PDRs, traced by the
associated eYSCs, within star-forming regions, correlates
with the distribution and morphology of the PAH
emission. Regions with a less compact morphology are
statistically older than their compact counterparts. In
particular, open regions span an age range between 3 and
6 Myr with a median value of 5 Myr, while the compact
ones present a broader range between 1 and 6 Myr, with
the median value being 4 Myr.

2. We found lower values of the PAHj 3,,,/PAH7 7,1, ratio
when compared to PAH models (Draine et al. 2021a) and
integrated emission from galaxies. The observed differ-
ence might be explained by both the presence of more
ionized PAHs and the effects of grain processing in the
destruction mechanisms.

3. While the 3.3 and 7.7 pm emissions decrease as a
function of cluster age, their ratio is constant among the
three classes. The SB profiles of the two PAH track each
other, suggesting that PAHs emitting at 3.3 um (smaller
and neutral) and 7.7 pm (larger and ionized) may be
undergoing the same general destruction mechanism.

4. We did not find a correlation between the morphological
classes and eYSC attenuation, possibly suggesting that
during this emerging phase, attenuation of the stellar light
does not strongly depend on the evolutionary stage of the
PDR but more on geometrical effects.

This work has probed for the first time the temporal
evolution of PDRs, traced by PAH emission, at sub-10 pc
scales outside of the Local Volume. Follow-up analyses and
observations of the other FEAST galaxies will shed light on the
complex mechanism of PAH destruction in proximity to newly
formed star clusters in different galactic environments and
metallicities.
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Appendix A
Two-dimensional Normalization of the Continuum-
subtracted Maps

As described in the text, we corrected a residual background
gradient in the continuum-subtracted NIRCam maps by
subtracting a 2D plane. The 2D plane is created by manually
selecting a set of empty sky regions. We show the empty
regions in the left panels of Figures 10 and 11 for the Paa: and
3.3 pym emission maps, respectively. For each region, we
estimated the mode and rms values by fitting a Gaussian profile
to the count distribution within the region. Afterward, we fitted
a 2D plane using the mode values of the regions to obtain a
model of the background image. We then subtracted this fitted
background image, removing the residual background gradient.
After this residual background correction, the mode of the
background regions is consistent with zero. The resulting
emission line maps presented in the right panels of Figures 10
and 11.

The diffuse nature of the 3.3 ym PAH emission feature
might have caused flux contamination in the selected sky
regions, leading to an overestimation of the rms. However, we
note that fitting a Gaussian profile can efficiently avoid this
issue in regions where we observe flux contamination in the
3.3 pm emission, as shown in the example of Figure 12.

' hitps:/ /dataverse.harvard.edu /dataset.xhtml?persistentld=doi: 10.7910/
DVN/LPUHIQ
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Figure 10. Left: Pac emission line map of NGC 628 before the image has been normalized to 0 by the fitting method described in the text. Green boxes represent the
empty region of the sky utilized to estimate the background image. Right: resulting Pac map after subtraction of the modeled background image.
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Figure 11. Left: 3.3 ym emission map of NGC 628 before the image has been normalized to 0 by the fitting method described in the text. Green boxes represent the
empty region of the sky utilized to estimate the background image. Right: resulting 3.3 pm map after subtraction of the modeled background image.
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Figure 12. Count distribution in an representative empty region of the sky in the 3.3 ym emission map, showing contamination due to the diffuse nature of the PAH
emission, seen as the tail in the flux distribution toward high flux density. Note the Gaussian fit provides a reasonable estimation of the background level, even when

diffuse PAH emission contaminates the regions.

Appendix B
Attenuation Issue

As mentioned in the text, the ratio of Pac to Bra reveals a
significant number of values with low or even negative values
of attenuation. We investigated this issue measuring E(B — V)
values for our sample of H Il regions. To measure the flux ratio
between the two emission features, we employed a circular
aperture of 3 pixels (0712~ 5.72 pc) in radius to perform
aperture photometry. We also corrected for the local back-
ground in the same way as described in the text. We then

2001 mmm Paa Bra i

Haa Paa ii

i-_"1 Haa Bra i

150 1 ;
< 100
50 -

0' T T
-50 =25 0.0 2.5 5.0
E(B-V)

FBra, obs/FBra, pred

estimated the relative attenuation using the Fahrion & De
Marchi (2023) extinction law for 30 Doradus and assuming
Case B recombination. We assume n,=100 c¢cm > and
T=10,000 K. Moreover, we used HST/ACS F555W,
F814W, and F658N observations (see Section 2) to obtain a
continuum-subtracted image of the Ha emission feature in
NGC 628 (Gregg et al. 2024), where the science field of view
covers most of the JWST field of view. We used the FS55W
and F814W filters to remove the continuum from the F658N.
To obtain a reliable estimation of the Hoa flux, we also removed

1.4
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log(Fgre [€rg/s/cm?])

Figure 13. Left: E(B—V) distribution for our sample of H II regions located within the HST and JWST fields of view. The three different histograms represent
attenuation values estimated using the flux ratio between Pac/Bra, Ha/Pac, and Ha/Bra. Right: observed Bra flux to predicted Bra flux ratio vs. observed Bra
flux. The gray solid line corresponds to a constant ratio of one, while the dashed one corresponds to a constant ratio of 0.9. The red unfilled squares represent the
median values in bins of observed log(Fg;,). We provide a description of the estimation of the predicted Bra flux in the text.
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Figure 14. Top: Pac and Bra fluxes and respective E(B — V) distributions from Pac/Bra for both the entire mosaic and the single detector (identified in the legend
with the suffix “sd”) in our sample of H II regions located within the single detector field of view. Bottom: single detector and entire mosaic flux comparison for Pac

and Bra. The solid lines represent the one-to-one relation.

the N II contamination from the Ha emission line map. Within
this map, we estimated the attenuation in our sample of regions
using the color excess between Ha and the two NIRCam
nebular lines. The gray histogram in the left panel of Figure 13
shows the distribution of the attenuation values (located within
the common field of view of HST and JWST) obtained from
the color excess between Paa and Bra. The distribution of
E(B —V) values is centered near zero, with many regions
showing negative values. However, the E(B —V) values
estimated by means of the Ha line are consistent with positive

18

values (unfilled orange and blue histograms), suggesting issues
in the flux values of either the Pac or the Bra emission feature.
In the right panel of Figure 13, we investigated this possible
flux issue by measuring the ratio between the observed Bra and
the predicted one. The predicted Bra flux is defined under the
assumption that the E(B — V) value estimated from the Pac
and Bra lines equals that estimated from the Ha and Paa lines.
The plot clearly shows a discrepancy between the two values,
with the observed Bra flux being underestimated (or the
observed Paa flux being overestimated) by about 20%. The
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observed discrepancy may arise from various factors, such as
flux calibration, data reduction, and subtraction of the
continuum, especially in the redder filters. Moreover, the
generation of the final mosaic from single detector frames
could also affect the flux values.

To exclude the latter, we performed the same analysis
comparing the attenuation values obtained for a single detector
and the entire mosaic (considering H II regions located within
the field of view of the single detector).

We show the results of this analysis in Figure 14. In the top
panels, we present the distributions of the Pac and Bra fluxes
and of the E(B — V) values for the single detector and the entire
mosaic, while in the bottom panels we show flux comparisons.
These plots clearly reveal that we do not witness a significant
difference between the fluxes in the single frame and in the
entire mosaic. For this reason, we can exclude the contribution
of the mosaic assembly to the unphysical attenuation values.

In conclusion, our analysis may point toward an issue in the
estimation of the stellar continuum at longer wavelength, where
it can be contaminated by the presence of hot dust emission.
We remain abreast of the latest developments in the JWST
pipeline release and follow-up works will give us more
information about this issue.
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