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ABSTRACT

Newly formed stars profoundly affect their environment by depositing energy and momentum into the surrounding gas. However, only
a fraction of the stellar feedback is retained in the cloud, and observational constraints are needed to improve our understanding of
this process. In a sample of 19 nearby galaxies, we matched H 11 regions from PHANGS-MUSE to their ionizing stellar source from
PHANGS-HST and measured the percentage of ionizing radiation that leaks into the surrounding diffuse ionised gas (DIG). Based
on a catalogue in which each H I region is powered by a single young and massive stellar association, we measure a photon escape
fraction of fue = 827)7 %. We obtain comparable results when using different procedures to match the ionised gas to its source. All
samples in our study contain a substantial fraction of objects (up to 20%), in which the stellar source is insufficient to produce the
H a flux observed from the nebula. Many of these cases are probably related to uncertain age estimates, but we also find numerous
regions for which a significant fraction of the ionising photon budget is contributed by stars that reside outside the boundaries of the
H 11 region. This finding motivates the use of an alternative galaxy-wide approach in which we include all H1I regions and stellar
sources, not just those that show a clear overlap. When we sum the ionisation budget over entire galaxies, we measure slightly lower,

but consistent values.
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1. Introduction

Stellar feedback plays a crucial role in the evolution of the inter-
stellar medium (ISM; Lopez et al. 2014; Klessen & Glover 2016;
Krumholz et al. 2019). It shapes the surrounding gas, halts or
triggers new star formation, and enriches the gas with metals.
However, not all energy and momentum from stellar feedback is
deposited in the H 11 regions (Hanish et al. 2010). Turbulence and
radiative feedback can fragment the cloud (Kakiichi & Gronke
2021), opening channels through which some radiation escapes,
while gas and dust absorb part of the stellar feedback. This con-
tributes substantially to the diffuse ionised gas (DIG; Haffner
et al. 2009).

A common way to constrain the leakage is to compare the
number of predicted ionising photons emitted by individual stars
or clusters, Q(H?), with the ionising photon flux inferred from
the observed H @ luminosity of an associated H I region, Oy,
(Niederhofer et al. 2016). This yields the escape fraction of
ionising photons, which is usually defined as

[ = Q) - O,
esc Q(HO) .

The escape fraction is expected to evolve over time (Trebitsch
et al. 2017) and depends on various local ISM conditions, such

ey
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as gas density, metallicity, and star-gas geometry (Ramambason
et al. 2022). Therefore, a large sample is necessary to marginalise
over these variations or explore trends.

For H1I regions located within a massive galaxy, any escap-
ing radiation primarily impacts the surrounding galactic ISM,
and it is clear that within galaxies there are kiloparsec-scale
consequences of stellar feedback (Zurita et al. 2000; Belfiore
et al. 2022). Connecting this feedback with the galactic escape
fraction, which is vital to understanding cosmic reionisation
(Paardekooper et al. 2011; Mitra et al. 2013; Japelj et al. 2017;
Kado-Fong et al. 2020; Ma et al. 2020; Ramambason et al. 2020;
Wang et al. 2021; Chisholm et al. 2022; Saldana-Lopez et al.
2022; Flury et al. 2022a,b), is challenging.

Different measurement techniques produce a wide range of
estimates for f.c. One of the first attempts to apply a method
similar to ours, i.e. to analyse individual ionising sources in
nearby galaxies, was conducted by McLeod et al. (2020) for
NGC300. Because the galaxy is nearby (2.09 Mpc; Jacobs
et al. 2009), they were able to use the Multi Unit Spectro-
scopic Explorer (MUSE) to identify individual O-stars as the
source of the ionising radiation. By matching them to two H1I
regions, they measured escape fractions of 28 + 6% and 51 + 1%,
respectively. Della Bruna et al. (2021) analysed eight H 11 regions
in NGC 7793 and report a value of fi,. = 67f182%. Della Bruna
et al. (2022), applied their technique to M 83 and identify 541
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matches between HII regions and young star clusters. How-
ever, only 13 percent of them return a positive fe, i.e. for most
objects, the photons emitted by the stars were insufficient to
explain the observed Ha emission. Recently, Teh et al. (2023)
studied 42 H 11 regions in NGC 628 and find an escape fraction
of 9 fg%.

Studies of even closer galaxies do not yield more consistent
results, although individual ionising stars can be characterised
and rich multi-wavelength constraints are available. Pellegrini
et al. (2012) analysed 13 H1I regions in the Large Magellanic
Cloud with known ionising stars and infer typical escape frac-
tions ranging from 30 to 60%. However, in the extreme starburst
region of the Tarantula Nebula, Doran et al. (2013) measured
extremely low escape fractions of 5 to 10%. The dwarf galaxies
Holmberg I (Egorov et al. 2018) and Sextans A (Gerasimov et al.
2022) have well-characterised O star populations and escape
fractions of ~60%, but larger dwarf galaxy samples, in which
modelling included infrared constraints, typically return much
lower 10 to 20% escape fractions.

In recent years, simulations have made considerable progress
to include more realistic treatments of stellar feedback physics,
but models still predict a range of escape fractions as a function
of both local conditions and time. Cloud-scale simulations
with simplified feedback prescriptions (e.g. Dale et al. 2012,
2013) indicate that the escape fraction can vary widely over
time as photoionisation reshapes the cloud structure. Radiation-
hydrodynamic models of turbulent clouds, some including
magnetic fields (Howard et al. 2017, 2018; Kim et al. 2019,
2021b), also find strongly time-dependent escape fractions that
can briefly approach 100%, but average only a few per cent, up
to ten per cent, over a cloud’s lifetime. Semi-analytic feedback
models (Rahner et al. 2017) predict similar trends, with escape
fractions rising as the feedback clears the gas, while galaxy-scale
simulations (Tacchella et al. 2022) infer global values of the
order of a few per cent.

Large field-of-view integral field unit (IFU) spectroscopy
instruments, such as MUSE or the Spectrometre Imageur a
Transformée de Fourier pour I’Etude en Long et en Large de
raies d’Emission (SITELLE), now enable studies of the ionised
gas using multiple optical emission-line diagnostics, isolating
individual H 1T regions while imaging the full star-forming disc
for a large sample of nearby galaxies. In combination with space-
based imaging, for example, the Hubble Space Telescope (HST),
we can obtain an accurate census of the ionising sources in
galaxies beyond the Local Group. The Physics at High Angu-
lar resolution in Nearby GalaxieS (PHANGS)' survey, with its
combination of MUSE and HST imaging, is ideally suited to
systematically study star formation in nearby galaxies (Leroy
et al. 2021a,b; Emsellem et al. 2022; Lee et al. 2022, 2023). In
this work, we used the large sample of H1I regions and stellar
associations compiled in Scheuermann et al. (2023) to calcu-
late f.ic and search for systematic variations with local physical
conditions and star cluster properties.

This paper is organised as follows. In Sect. 2, we present
the catalogues and models used in this work. In Sect. 3, we use
these data to compute the escape fractions of the H 11 regions and
discuss trends with physical properties. We conclude in Sect. 4.

2. Data and models

Our sample comprises 19 PHANGS galaxies observed with both
MUSE and HST and is listed in Table 1. Scheuermann et al.
(2023) describe the matching of nebulae and ionising sources in

! https://www.phangs.org
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Table 1. Properties of the PHANGS galaxy sample.

Name Distance Nun Nage N
(Mpc)

1C 5332 9.01 +£0.41 608 397 193
NGC 0628 9.84 +0.63 1651 1119 1365
NGC 1087 15.85+2.24 892 487 926
NGC 1300 18.99+2.85 1147 401 797
NGC 1365 19.57+0.78 445 489 833
NGC 1385 17.22+2.58 922 525 997
NGC 1433 18.63+1.86 729 494 390
NGC 1512 18.83+1.88 479 521 519
NGC 1566 17.69 +2.00 1448 1582 2142
NGC1672 19.40+2.91 1047 1247 1628
NGC2835 12.22+0.94 777 649 728
NGC 3351 9.96 +0.33 769 708 595
NGC3627 11.32+0.48 1016 1325 2320
NGC4254 13.10+2.80 2375 1661 3897
NGC4303 16.99 +3.04 1956 1736 3188
NGC4321 15.21+0.49 984 1483 1921
NGC4535 15.77+0.37 1168 469 567
NGC 5068 5.20+0.21 1405 715 1137
NGC7496 18.72+2.81 523 265 385
Total 20341 16273 24529

Notes. Distances from Anand et al. (2021). The number of H 11 regions
is given by Ny, the number of stellar associations by N, and the
number of clusters within the overlapping coverage of MUSE and HST
by N, clu-

detail; hereafter, we refer to this work as Paper 1. In the follow-
ing, we provide a short summary of the individual data sets, how
we combined them to form matched catalogues, and the stellar
models used during the analysis.

2.1. MUSE Hll regions

The MUSE instrument is a powerful optical IFU spectrograph
mounted on the Very Large Telescope in Chile (Bacon et al.
2010). It has a 1 x 1 arcmin? field of view and covers the wave-
length range from 4800 to 9300 A in the nominal mode. The
PHANGS-MUSE survey (PI: Schinnerer) provides wide-field
mosaics of 19 nearby spiral galaxies. Emsellem et al. (2022)
describe the analysis and the main data products. Among these
are continuum-subtracted emission-line maps, constructed by fit-
ting single Gaussians to a set of bright emission lines (e.g. Hp,
[0 111]45007, H a, [N 11]16583, [S 11]A16717, 6731, [S 111]29531),
which form the basis for our analysis.

Based on the H a morphologies, Santoro et al. (2022) and
Groves et al. (2023) used this dataset to construct an H 1T region
catalogue. In the first step, we used HIIPHOT (Thilker et al.
2000) to draw the boundaries of the emission-line nebulae based
on their Hea brightness. This initial catalogue is composed of
31497 nebulae, but includes other H a bright objects such as
planetary nebulae (PNe) or supernova remnants (SNRs). We
removed these by analysing diagnostic line ratios in the Bald-
win—Phillips—Terlevich (BPT) diagrams (Baldwin et al. 1981;
Veilleux & Osterbrock 1987). We required regions to fall below
the Kauffmann et al. (2003) diagnostic curve in the [O 111]/HS
versus [N I1]/H « diagrams and below the Kewley et al. (2006)
diagnostic curve in the [O1IT1]/HB versus [S11]/H « diagrams,
with S/N > 5 in all lines. Where [O 1] is detected with S/N > 5,
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we further required that regions fall below the Kewley et al.
(2006) diagnostic curve in the [O1]/HpS versus [S1I]/H « dia-
gram.

For this work, we used only the objects that fell inside the
HST coverage, which yielded 20341 H1I regions in the final
catalogue. In addition, we derived properties such as metallicity,
ionisation parameter, and density from the measured emission
lines. Paper I provides a full summary of the catalogue and the
derived properties, including detailed statistics.

We were primarily interested in the HII region Ha lumi-
nosity, which we compared to the predicted ionising photon
rate from the stars. The flux measurements for the nebulae are
very precise, with a typical uncertainty of less than 1%, but
we did not account for uncertainties arising from the determi-
nation of the boundaries. We corrected the measured fluxes for
extinction. For the Milky Way, we used the extinction curve
from O’Donnell (1994), E(B — V) from Schlafly & Finkbeiner
(2011), and Ry = 3.1. For the internal extinction, we adopted the
same extinction curve and determined E(B — V) from the Balmer
decrement, assuming Ha/HpB = 2.86. To convert the fluxes to
luminosities, we used the distances listed in Table 1.

To compare these values with the emission from the stars, we
converted the H @ luminosity to the number of ionising photons.
This was performed using a conversion factor such as Hummer
& Storey (1987). Assuming Case B recombination, an electron
temperature of 10*K, and a density of 10> cm™ (well matched
to our sample; Barnes et al. 2021), we obtain

Oue/s ' =7.31-10"L(Ha)/erg s7". )

The observed temperatures in our H II regions can vary between
5000 and 10000K (Kreckel et al. 2022). We therefore ran
INTRAT by Storey & Hummer (1995) to compute the conver-
sion factor for a number of temperatures and densities. A lower
temperature of 5000 K decreases the conversion factor by about
8%, and implies that we slightly underestimated the number of
ionising photons (and hence overestimated the escape fraction)
for some objects. An increase of the density to 10° cm™ does not
change the result by more than 0.3%.

2.2. HST stellar associations and star clusters

All 19 galaxies are included in the PHANGS-HST survey (Lee
et al. 2022), providing a sharp ~4pc view of ionising stel-
lar sources with coverage in five broadband filters: F275W
(NUV), F336W (U), F438W (B), F555W (V), and F814 ().
From these images, we identify and distinguish both compact,
gravitationally bound star clusters and physically larger, loosely
bound stellar associations (Elmegreen 2008; Gouliermis 2018).
In Paper I, we found that stellar associations provide a better
one-to-one match to individual H 11 regions; however, compact
star clusters are easier to identify and model, and they have
been the focus of most previous studies constraining H II region
escape fractions (e.g. Della Bruna et al. 2021; Teh et al. 2023).
Therefore, in this work we include both star clusters and stel-
lar associations in our analysis, flexibly allowing H 1I regions to
contain multiple ionising sources.

The stellar association catalogue created by Larson et al.
(2023) employs a watershed algorithm to join nearby young
stars into a single object. Starting from either near-UV (NUV)
or V tracer images, we used DOLPHOT to identify an initial
set of point sources. We then used these to construct density
maps, which we Gaussian smoothed to physical scales ranging
from 8 to 64 pc. A watershed algorithm then groups multiple

peaks to form a single larger structure or stellar association. We
obtained five-band photometry of each catalogued object using
the integrated fluxes of all stellar peaks within the association.
As demonstrated in Paper I, our analysis yields similar results
when we use different scales and tracer bands. We chose to use
the 32 pc NUV catalogue for our analysis, as it has the largest
overlap with our HII region catalogue. This catalogue contains
16 273 associations across 19 galaxies that fall within the MUSE
coverage. This number differs slightly from that used in Paper 1.
The previous association catalogue was an internal release, and
some associations in NGC 0628 lay outside the overlapping foot-
print of all five HST bands. This caused some issues with the
spectral energy distribution (SED) fit; hence, those few objects
are now removed from the catalogue.

For the star clusters, we used the catalogue created by Thilker
et al. (2022) and Maschmann et al. (2024), which identifies
marginally resolved sources in HST imaging and characterises
them based on their morphology. The sources are detected with
DOLPHOT and DAOSTARFINDER (v2.0, Dolphin 2000; Stetson
1987) and classified into Classes 1, 2, 3, and 4 using machine
learning models (Wei et al. 2020; Hannon et al. 2023). Class
1 and 2 objects represent the compact clusters, while Class 3
objects are often multi-peaked and are typically referred to as
‘compact associations’ of stars. Class 4 objects are not consid-
ered to be star clusters; instead, they are classified as artefacts,
such as background galaxies or single stars, and are therefore
excluded. As with the stellar associations, we obtained integrated
fluxes for each object to provide five-band photometry. The cat-
alogue we used contains 24 529 star clusters that fall within the
MUSE coverage (6593 of Class 1 or 2 and 17936 of Class 3).

For both the stellar association and compact star cluster cata-
logues, age, mass, and reddening were derived by fitting the HST
five-band SED as described in Turner et al. (2021). To do this, we
used Code Investigating GALaxy Emission (CIGALE; Boquien
et al. 2019) with theoretical single stellar population models from
Bruzual & Charlot (2003), a metallicity of Z = 0.02, and a fully
sampled Chabrier (2003) initial mass function (IMF). Since the
publication of Paper I, Thilker et al. (2025) has updated the clus-
ter catalogue. However, the catalogues are broadly consistent and
the changes do not alter our results; for reproducibility, we carry
out our analysis on the catalogue presented in Paper 1.

We note a few caveats on the use of these catalogues to study
the youngest stellar populations. We used a limited colour-space
to derive the stellar properties, with five HST bands used to fit
three stellar properties (mass, age, and reddening). Although this
will be refined in the near future with the inclusion of additional
James Webb Space Telescope (JWST) bands (Lee et al. 2023),
the lack of suitable FUV coverage still presents a problem, espe-
cially for the youngest clusters. Although galaxies were observed
with GALEX (Martin et al. 2005) and AstroSat (Hassani et al.
2024), the resolution of these instruments is insufficient for this
analysis. Another issue that we cannot address with our current
data is the contribution of Wolf-Rayet stars (Crowther 2007) or
other massive single stars (Zastrow et al. 2013) to the ionising
photon output.

2.3. Calculating the number of ionising photons

The published catalogues do not include the number of ionising
photons, Q(H), emitted by the stars. This number can depend
on a variety of assumptions, such as the adopted stellar atmo-
sphere model (Simén-Diaz & Stasiriska 2008), stellar rotation
(Levesque et al. 2012), and binarity (Lecroq et al. 2024). In
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this section, we use several codes to compute Q(H®) in order
to investigate the systematics affecting this calculation.

Generally, the models adopt a given IMF to create a grid
of stars and then compute the ionising photon flux as a func-
tion of age, based on different stellar models and atmospheres.
If the IMF is fully sampled, the output scales linearly with mass.
This scaling should be treated with caution, as it does not hold
for lower-mass clusters (Cervifio & Luridiana 2006). We miti-
gate this problem by applying certain mass cuts, as discussed
in Sect. 2.4. To propagate uncertainties in the ages, we assumed
a Gaussian age distribution that is clipped at 1 Myr and drew a
random sample for which we then computed Q(HY). Since the
flux is expected to scale linearly with mass (for a fully sam-
pled IMF), error propagation is straightforward. The uncertainty
of the distance affects both the H @ luminosity and the derived
cluster mass in the same way and is therefore not included.

For the comparison, we considered results from CIGALE,
STARBURST99 (the models without rotation, SB99 v00, and
those with rotation, SB99 v40), and the binarity model from
the Binary Population and Spectral Synthesis code (BPASS).
Appendix A provides an overview of the details and the age
dependence of the different models. Another popular model is
Stochastically Lighting Up Galaxies (SLUG, da Silva et al. 2012),
which treats individual properties as probability distributions
rather than discrete values. This makes it difficult to include
SLUG in the main analysis, so we refer to Appendix B for a
simple comparison of our results with the SLUG models.

2.3.1. BCO3

As previously stated, we used CIGALE (Boquien et al. 2019) to
fit the SED and derive stellar properties. We also applied a self-
consistent approach by using the ionising photon flux computed
by this code. The catalogues published by Thilker et al. (2022)
and Larson et al. (2023) do not include this quantity. We there-
fore ran CIGALE with the same input parameters in savefluxes
mode to compute the ionising photon flux as a function of age.
We then interpolated the value of Q(H?) for each stellar clus-
ter and association using the previously fitted ages and masses.
We used stellar models from Bruzual & Charlot (2003), together
with an IMF from Chabrier (2003).

2.3.2. SB99

Another widely used stellar population synthesis model is
STARBURST99 (Leitherer et al. 1999, 2010, 2014; Vazquez &
Leitherer 2005). We selected a single burst of star formation as
input, adopting a fully sampled Kroupa (2001) IMF, Geneva stel-
lar models at solar metallicity (Ekstrom et al. 2012), and stellar
atmospheres from Lejeune et al. (1997). We left the remaining
parameters at their default values. We then used the stellar ages
and masses to interpolate the outputs for our sample. We also
consider a model with rotating stars, spinning at 40% of the
break-up velocity, as an extreme limiting case.

2.3.3. BPASS

Most models track single-star evolution, but many stars form
in binaries, which impacts their evolution (Sana et al. 2012).
The difference in ionising photons becomes significant only after
8 Myr (Lecroq et al. 2024) and is therefore negligible for our pur-
poses. To estimate the impact of binarity on Q(H?), we included
BPASS by Eldridge & Stanway (2009) in our comparison. We
used the fiducial binary model from version 2.1 (Eldridge et al.
2017), adopting a Kroupa IMF (Kroupa 2001) and an upper mass
limit of 300 Mg, at solar metallicity.
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Fig. 1. Comparison of different population synthesis models. We use
a sample with random ages and masses and compute the ionising pho-
ton flux Q(H®) with BCO3, SB99, and BPASS. The grey points represent
the full sample, while the red points indicate a young and massive sub-
sample (age < 8 Myr and mass > 10* M,). The Spearman correlation
coefficient p indicates good agreement between the different models
across the robust subsamples, and all correlations are statistically sig-
nificant (p-values < 0.05).

2.3.4. Comparison between the different models

To quantify the variations between the different models intro-
duced in the previous sections, we compared the fluxes they
predicted for a random sample. For this, we generated 10000
clusters with random ages and masses, selected to be rep-
resentative of the objects in our real sample. This provides
order-of-magnitude understanding of how different processes
impact our results.

Figure 1 presents a corner plot comparing the predicted ion-
ising photon flux Q(HP). Overall, we find decent agreement
between most models, but there are a few noticeable and system-
atic differences. The models with rotation predict higher ionising
photon fluxes, as expected from Levesque et al. (2012). For
BPASS, there are two distinct branches: during the first few mil-
lion years the agreement is good, but around 6 Myr the difference
between single stars and binaries becomes relevant.

Although the models differ significantly, these differences
mostly affect specific parts of the sample, such as older or
low-mass clusters. Young, massive objects show much smaller
differences, with all models returning similar values. For the
remainder of the paper, we use the STARBURST99 model with-
out rotation as our fiducial model.

2.4. Matched catalogues

From the H1I region catalogue and the two stellar catalogues
(clusters and associations), we define different matched cata-
logues. Here we describe the samples used in this paper. Figure 2
illustrates examples of possible overlaps, and Table 2 provides an
overview of the different samples and their sizes.

2.4.1. one-to-one sample

The ideal scenario involves a single H1I region that is powered
by a single stellar population, as this enables us to study trends of



Scheuermann, F., et al.: A&A, 708, A202 (2026)

— H 1I region
— association
O cluster

100 pc
—

Fig. 2. Examples of the overlap between H 11 regions and their ionising
sources. Each cutout shows a three-colour composite image based on
the five available HST bands, overlaid with the H « line emission from
MUSE in red. (a) H 11 region with a fully contained association; (b) H 11
region with fully and partially contained associations plus two compact
clusters; (c) HII region with two fully contained associations and one
compact cluster; (d) Multiple H 11 regions that form a single H 11 region
complex with multiple associations and clusters; (e) Association over-
lapping with two H II regions.

Table 2. Matched samples defined in this study.

Name Sample size

4169  (474)

Description

Hir regions with a
one-to-one match to a
stellar association (from
Paper I).

H 11 regions that contain
multiple stellar associa-
tions.

Multiple HII regions
that form a larger com-
plex and contain one or
more associations.

H1I regions that contain
one or more compact
clusters.

one-to-one

extended 966 (291)

complexes 1124 (317)

cluster 8905 (2223)

Notes. Robust subsample sizes are in parentheses.

the escape fraction with different nebula and stellar properties.
This is the case for the catalogue published in Paper I. It consists
of HII regions and stellar associations that have a clear one-to-
one match and contains 4169 objects in the full sample. This
includes 20.5% of all H 11 regions and 25.6% of the associations.

For lower-mass associations, the presence or absence of
individual massive stars can have a significant impact on the
measured fluxes (Fouesneau & Lancon 2010; Fouesneau et al.
2012; Hannon et al. 2019). To alleviate stochastic sampling
effects of the IMF, we also defined a robust one-to-one sub-
sample, consisting of objects that are more massive than 10* M,
with ages of 8 Myr or less, and fully contained within the nebu-
lae. This yields 474 objects and constitutes our fiducial sample,
which we use as a reference throughout the paper. They are
spread across all galaxies except NGC 5068 (the lowest-mass
galaxy in our sample). Panel a) in Fig. 2 shows an example of
such an object.

2.4.2. extended sample

As reported in Paper I, a considerable number of our detected
H11 regions (14.7%) overlap with more than one association.
We identified 2981 H 1I regions that contain 8871 stellar asso-
ciations, but some of the associations overlap with another H 11
region, making it difficult to map their ionising photon flux
to the correct nebula. We therefore limited our analysis to the
966 H I regions in which the associations do not overlap with
another HII region (a total of 2248 associations). More than
three-quarters of them contain two associations, and only a sin-
gle region contains more than six associations. We refer to this
sample as the extended sample, and panels b) and c) in Fig. 2
show postage-stamp cutouts for this sample.

We again defined a robust subsample; however, in this case,
the definition was not straightforward. We required that at least
one association be young and massive (>10* My and <8 Myr),
which yielded 707 such objects in the initial catalogue. For
the overlap, we tolerated old or light associations, but removed
objects with partially overlapping young, massive associations.
This yields 291 objects for our robust extended subsample.
Compared to the one-to-one sample, the HII regions in the
extended catalogue are brighter in H a by a factor of five.

2.4.3. complexes sample

As alluded to in Sect. 2.1, difficulties in drawing the boundaries
of the HII regions can lead to large uncertainties for the mea-
sured fluxes. This is particularly problematic for the 34% of our
H 11 regions that touch another ionised nebula.

For this sample, we grouped the bordering nebulae together
and labelled them a complex. We find 9434 nebulae in 3019
complexes, but many contain ionised nebulae inconsistent with
photoionisation (e.g. SNRs or PNe), indicating that other pro-
cesses may contribute to the H @ emission. Some complexes do
not contain an ionising source, while for others, the ionising
source is shared with another complex (two complexes that do
not touch, but share an association that overlaps with both, as
shown in panel e) of Fig. 2). Excluding these leaves 1124 com-
plexes in our sample that contain 3722 H1I regions and 3923
associations. Panel d) of Fig. 2 shows an example of such an
object.

For the robust subsample, we applied the same criteria as for
the robust extended sample, i.e. at least one fully contained
young and massive association and no partially overlapping
young and massive associations. This results in 317 objects in
the robust complexes subsample.

2.4.4. cluster sample

To directly compare our results with existing studies that focus
on star clusters rather than stellar associations (e.g. Della Bruna
et al. 2021; Teh et al. 2023), we also constructed a sample
focused on the overlap of H I regions and star clusters. We used
Class 1, 2, and 3 clusters from Thilker et al. (2022), identify-
ing 22 632 clusters that overlap with 8905 H 11 regions. Similar
to the extended sample, multiple clusters inside a single H 11
region pose no issue, and this constitutes our cluster sample.
We also applied the same mass and age restrictions for the robust
subsample (the overlap criterion does not apply, as the clusters
are treated as point sources), yielding 2223 objects in the robust
cluster subsample.

3. Escape fractions

The previous section shows that there are many assump-
tions involved in the calculation, but the choice of the stellar
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population model should only slightly alter the value of Q(H®)
for the robust subsamples. Here, we examine the different
defined samples. We estimated the percentage of leaking radi-
ation by combining the values from the H1I regions with those
from the stellar catalogues.

3.1. lonising photon fluxes for different samples

We took the samples defined in Sect. 2.4 and plotted their
observed ionising photon flux from the HII regions, Oy,
against the predicted fluxes from the stars, Q(H). Figure 3 shows
the results, with robust subsamples marked in red.

In the one-to-one sample, we find that for more than half
of the full sample, the ionising photon production rate from
the associations is insufficient to explain the observed H « flux.
However, most of those objects are either low-mass or only par-
tially overlap. In the robust one-to-one subsample, we find
that 80% of the HII regions can be ionised by their associ-
ated stars. The stellar association catalogues created at different
physical scales (16 pc or 64 pc; Paper I) provide similar results.

For the other samples, we find similar trends, emphasising
the importance of selecting robust subsamples. It also became
clear that the different catalogues probe different regimes in
terms of the intensity of the ionising photon flux. Unsurprisingly,
the extended sample and the complexes sample have ionis-
ing photon fluxes that are, on average, more than four times as
large as those of the one-to-one sample.

3.2. Distribution of the escape fraction

Using Q(H®) from the stars and Qy, from the H1I regions, we
applied Eq. (1) to compute the percentage of escaping ionis-
ing radiation. As already obvious from Fig. 3, for a substantial
number of objects, the ionising photon flux from the stars is
insufficient to ionise their matched H I1 region. As a result, some
objects have a negative escape fraction, creating ambiguity in
determining a representative escape fraction for the sample as a
whole. Excluding all regions with negative f.s leads to a higher
average, while including clearly unphysical values also does not
make sense. Our approach is a compromise to account for objects
that have a positive escape fraction within their uncertainties.
We assumed that the escape fraction for each object followed a
normal distribution and summed the individual distributions:

n

1 (U foi = %)
p(x) = exp| — -
; Varoy, ( 20 ;:
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We then calculated the median (50th percentile) and the 10 inter-
val (16th and 84th percentiles) within the range of valid values
(0 to 100%). Figure 4 shows the results as histograms; most
regions have an escape fraction greater than 50%. For robust
subsamples, independent of the source of ionisation, we mea-
sured similar medians, ranging from 76 to 82%. The full sample
medians are consistently within a few per cent of the robust sam-
ple values. The number of objects with negative escape fractions
varies between 12 and 19%, and these are grouped together in
the left bar.

3.3. Negative escape fractions

There are a considerable number of objects with a negative
escape fraction, so here we take a closer look at what may cause
this. The objects with a negative escape fraction in the robust
one-to-one subsample are consistent with fosc = 0 within their
uncertainties. Considering the contributors to the absolute uncer-
tainty, the dominant factor is the age, followed closely by the
mass, while the error on the H o flux is mostly negligible. Most
objects with a negative escape fraction are therefore 4 Myr or
older and have a median uncertainty of 2 Myr, making their pre-
dicted fluxes particularly uncertain. An overestimation of the age
could explain an underestimation of Q(H®) and therefore resolve
most of the negative escape fractions.

Another possibility is that we missed some ionising sources
altogether. To explore this, we visually inspected the NUV
images of the 92 objects with negative escape fraction and
looked for missed peaks inside the HII regions. Only about
10% of them show peaks that were not included by the source
detection of the associations.

Stars outside of the HII region might also ionise the cloud.
To investigate this, we compiled a list of associations within
10 arcsec (250 to 950 pc, measured from boundary to boundary)
of each H1I region. We then took the flux of each of the nearby
associations (excluding associations that are fully contained in
another H1I region) and scaled the estimated ionising photons
that could be absorbed by the H 1I region, assuming that the flux
is emitted isotropically. For each H1I region, we compared the
external-source ionising photon flux to overlapping-source flux.
Figure 5 shows the results. We find that in the subsample with a
negative escape fraction, the estimated contribution from exter-
nal ionising photons is approximately a factor of 10 greater than
the internal contribution, which is more than a factor 100 larger
than that found in the subsample with a positive escape fraction.
However, even after accounting for these external contributions,
the majority of objects with a negative escape fraction remain
negative. Nevertheless, this result shows that the escape fraction
is underestimated if external sources are not taken into account.
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So far, we have mainly focused on the stellar side, but the
On . estimated from the H 1T regions is also subject to uncertain-
ties. Given that we directly measured the Ha fluxes and they
have a high S/N, the stated errors are significantly smaller for
On . than for Q(H®). However, they do not include uncertain-
ties arising from choices such as where we define the region
boundaries. Even a small change in the size can significantly
alter the measured flux. This is especially true for closely clus-
tered and unresolved H 11 regions, where we might attribute the
measured flux to a neighbouring object. Increasing or decreas-
ing the boundary by just one pixel radially (corresponding to 5
to 19 pc, depending on the distance to the galaxy) alters the mea-
sured flux on average by +40% for the full H 11 regions sample,
+30% for the matched objects, and +18% for the robust subsam-
ple. However, the flux measured from the H1I regions is only

200 positive fese |
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Fig. 5. Contribution of external ionising sources. For H II regions with
negative escape fractions, the average contribution from nearby associ-
ations, not overlapping with the nebula, is far greater than for those with
positive escape fractions.

roughly one-fifth of that predicted from the stars, so although the
uncertainty itself is high, it typically changes the escape fraction
by less than 5%.

In addition, particularly for faint HII regions, the DIG
might contribute the majority of He emission, although our
brighter robust sample should only be affected at the ~20% level
(Belfiore et al. 2022; Congiu et al. 2023).

3.4. Photoionisation budget of entire galaxies

As we have previously seen, it is challenging to correctly assign
each HII region to its source of ionising radiation. It requires
a careful selection to include all real sources while excluding
false ones. Another approach is to consider all objects together
to avoid problems with matching. As shown in Fig. 5, sources
outside the H II region can contribute significantly to the ionis-
ing photon budget. We therefore performed this analysis on all
H 11 regions and associations within the overlapping MUSE and
HST coverage. Because we cannot exclude H II regions ionised
by older or low-mass associations, this analysis must include all
associations and not only the robust subsample. One poten-
tially problematic area is the galactic centre, as some galaxies
possess active nuclei. We therefore used the environment masks
from Querejeta et al. (2021) to mask out the galaxy centres
(eliminating 286 H1I regions and 690 associations from our
sample).

We summed the observed ionising photon flux across all
H1 regions that fall inside the HST coverage and measured
One = 2.3 -10%s7! across all galaxies. We then summed the
predicted ionising photon flux from all associations within the
MUSE coverage and find Q(H®) = 7.2 - 10°*s7!, yielding an
escape fraction of foe = 68.9 + 1.3%. Similarly, summing the
flux from all star clusters yields QOH® =7.4-10*s7! and an
escape fraction of fic = 69.6 £ 5.0%. We list the values for
individual galaxies in Table 3 and show them in Fig. 6.

With this approach, the upper end of the luminosity func-
tion should be fully sampled for both the associations and H 11
regions, but the sensitivity differs at the lower end. The cumu-
lative luminosity function (see Appendix C for more details) is
dominated by the brightest objects. The H I regions fainter than
10*8 erg s~! contain less than 10% of the total ionising photon
flux; this is already ten times brighter than the completeness
limit estimated by Santoro et al. (2022). Therefore, complete-
ness should not be an issue for the H 1T regions. For the stars, the
upper end of the luminosity function dominates even more.
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Table 3. Ionising photon budget for entire galaxies.

H 11 regions

Stellar associations

Star cluster

Name log(Qua/s™")  log(QH")/s™) fose (%) log (QHY/s™)  fuse (%)

1C5332 51.56 +0.06 52.38+0.04 849+ 2.5 52.13+0.36 73.0+ 22.5
NGC 0628 52.50+0.04 53.29+0.01 83.5+ 1.6 53.05 +0.58 71.7+ 37.7
NGC 1087 53.11+0.06 53.65+0.04 714+ 4.6 53.55+0.15 63.7+ 13.0
NGC 1300 52.70 £0.04 52.97+0.06 455+ 9.2 53.25+1.98 71.5+130.1
NGC 1365 53.15+0.14 53.43+0.06 47.5+184 53.48 +0.57 52.8+ 64.0
NGC 1385 53.34+£0.05 53.70 £0.04 563+ 64 53.61+0.04 468+ 7.3
NGC 1433 52.26 +0.04 52.71 +£0.02 64.0+ 4.0 53.00+0.14 814+ 7.1
NGC 1512 52.29 +0.05 52.62+0.03 532+ 6.3 53.59+0.17 950+ 5.6
NGC 1566 53.44 +0.06 53.99+0.02 71.7+ 4.0 53.85+0.20 614+ 17.8
NGC 1672 53.26 £0.05 53.72+£0.02 655+ 4.1 53.67+0.42 61.1+ 374
NGC 2835 52.56 +0.05 53.14+0.03 74.1+ 3.6 53.18+0.44 76.1+ 242
NGC 3351 51.99+0.04 52.95 +0.05 89.0+ 1.6 52.72 +0.19 81.5+ 8.3
NGC 3627 53.42 £0.04 53.75 +0.05 539+ 7.0 53.81+£0.29 59.7+ 27.5
NGC 4254 53.47+0.02 54.06 +0.03 741+ 2.2 54.10+0.04 76.6+ 2.6
NGC4303 53.60 +0.03 54.13+0.02 700+ 2.6 54.17 +£0.07 729+ 49
NGC4321 53.05+0.04 53.77+0.02 80.8+ 2.1 53.69 +£0.05 769+ 3.3
NGC4535 52.73 £0.04 53.27+0.05 71.0+ 4.2 53.34+0.16 754+ 9.6
NGC 5068 52.20 +0.05 52.63 +0.04 629+ 5.6 52.67+0.12 65.7+ 10.8
NGC 7496 52.62 +0.06 53.23+0.03 75.8+ 3.9 53.20+£0.05 740+ 4.7
Total 54.36 +0.02 54.87+0.01 689+ 13 54.88 +0.07 69.6+ 5.0

Notes. We use the H 11 regions from Santoro et al. (2022) and Groves et al. (2023) and either the stellar associations (32 pc, NUV) from Larson

et al. (2023), or the compact star clusters from Thilker et al. (2022).
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Fig. 6. Same as Fig. 3 but with the ionising photon budget for entire
galaxies. The values for the galaxies are listed in Table 3 and include all
H 11 regions and stellar associations in the overlapping coverage. For ref-
erence, the values of individual objects from the robust one-to-one
and robust extended sample are plotted as grey dots.

Other minor adjustments to our approach have a negligi-
ble impact on the global result. If some real HII regions were
excluded by the BPT cuts, artificially reducing the observed ion-
ising photon flux and increasing the escape fraction, we estimate
that they contribute only around ~10% to the total Ha flux
in all nebulae. This would only decrease the resulting escape
fraction by a few per cent. Some compact clusters are also not
contained within an association. Including them in the analysis

A202, page 8 of 14

only slightly increases the predicted ionising photon flux, and the
escape fraction increases by only ~3%.

Overall, both the global and resolved approaches yield com-
paratively high values of 70% and above, providing confidence in
our overall result for this large statistical sample of stellar sources
and H1I regions.

3.5. Trends with nebulae properties

The escape fraction is expected to change as the cloud evolves
(Dayal & Ferrara 2018) and as a function of local conditions. For
example, one might expect higher f.s. in lower density environ-
ments or older H II regions, as the gas is already partially cleared.
Figure 7 presents trends with selected properties. This analysis
uses the robust one-to-one subsample. In general, the large
scatter in f.sc makes it challenging to identify strong correlations.

Contrary to our expectations, we find that the H1I regions
containing younger associations are leakier (similar to the results
reported by Teh et al. 2023). As a function of the association
stellar mass, the scatter is too large to identify any trends. In
terms of the dust reddening, traced by the Balmer decrement, we
observe an anti-correlation, consistent with the scenario that a
deeply embedded cloud leaks less radiation than a more perme-
able one. However, when using stellar E(B — V), we do not find
a strong correlation. For the ionisation parameter, log ¢, and the
local metallicity offset, A(O/H), we find no correlation. Lastly,
for the individual H 1I regions, we examined the H @ luminosity
and find an anti-correlation with the escape fraction, similar to
Teh et al. (2023).

Based on our global measurements of f.s., we also searched
for galaxy-wide trends. The escaping photons are thought to
ionise the DIG and hence we expect a positive correlation. How-
ever, we see no trend between our observed f. and the DIG
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fraction, fpig, measured by Belfiore et al. (2022); our values
are generally larger. Another property is the global metallicity
12 + log O/H (taken from Kreckel et al. 2020); here too, we see
no dependency.

Finally, we examined the variations between different galac-
tic environments within each galaxy, separately considering the
bar, interbar, interarm, and spiral arm environments. Overall,
they are very similar, with medians ranging from 75 to 83%;
however, the H1I regions in the bar have slightly lower escape
fractions.

3.6. Comparison with existing studies

The large sample of H 1I regions and stellar sources used to mea-
sure the escape fraction results in a wide range of values. By
examining their distribution, we see that quoting a single value
is deceptive. The values published in the literature reinforce this,
as they also cover a wide range depending on the conditions of
the studied objects and the techniques used for the analysis.

We therefore focused our comparison on similar studies that
also match observed HTI regions to their stellar counterparts
in nearby galaxies. Most of our escape fraction measurements
exceed 60%, which is itself at the upper end of the values
present in the literature (9 to 67%) for comparable studies such
as McLeod et al. (2020) or Della Bruna et al. (2021). Even
for independent calculations in the same galaxy (NGC 0628
by Teh et al. 2023; see Appendix B), our approach yields
much larger values of f.. Although specific modelling and

measurement approaches can introduce large scatter, it is not
evident that our approach systematically differs from previous
studies. We aim to highlight here that these modelling uncertain-
ties remain dominant when attempting to quantitively constrain
the escape fraction, and below we emphasise several issues that
stand out.

The large size of our sample prompted us to introduce cer-
tain cuts to define a robust subsample, in which we removed
objects that we deemed unreliable. The stellar component must
be fully contained within the H I1 region, its mass must be larger
than 10* M, to ensure full sampling of the IMF, and its age
must be < 8 Myr because the ionised cloud should not exist for
much longer than a few million years (Hollyhead et al. 2015;
Kim et al. 2021a; Hannon et al. 2022). This procedure is more
objective than selecting the objects by hand, but it might still
be biased towards certain physical parameters. Partly because of
this selection, the regions in our sample are relatively young,
with a median age of 2 Myr. Nevertheless, the age distribution
appears physically reasonable, as Kim et al. (2023) find that 50%
of the LyC photons are already emitted by this age. Around this
age, the ionising photon flux is strongly age-dependent, so even
a small uncertainty of 1 Myr can reduce Q(H®) by half. This is
also reflected in the propagated error of f, for which it is the
largest contributor.

Other issues also have uncertainties that are difficult to incor-
porate. As mentioned in Sect. 2.1, a small change in the size
of a region can alter the flux considerably, and this is not
accounted for in the stated error. Manual inspection of some of
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the outliers reveals that, in particular, the larger H1I regions are
often complex structures and difficult to segment into physically
meaningful pieces. Furthermore, we did not consider external
sources, which can have a major impact on small H 11 regions as
shown in Sect. 3.3.

One aspect that we have not yet addressed is the impact
of dust. This is a complex issue, and while some simulations
account for the ionising photons that are directly absorbed by the
dust, we can only correct the H @ fluxes for reddening. Accord-
ing to Kim et al. (2019), a double-digit percentage may be lost
in this way. This cannot explain the difference with other obser-
vations, which have generally followed the same approach as we
have, but it may help explain the higher values that we observe
when compared to simulations.

4. Conclusions

We combined catalogues of HII regions with catalogues of

young stellar associations and star clusters to measure the escape

fraction across an unprecedentedly large sample of thousands of
regions across 19 nearby galaxies. This dataset provides a statis-
tical view of how much ionising radiation escapes from the local

H 11 region environment into the galaxy disc.

To calculate fi., we compared Qp,, derived from the
extinction-corrected H o luminosity, and Q(H?), derived from
the associated stellar counterpart. After comparing different
methods of matching stars and gas, we focused our analysis on
regions with a one-to-one match between a single H 11 region and
a single stellar association. To mitigate the impact of stochastic
sampling, we established a robust subsample of 474 massive
(>10* M) and young (<8 Myr) stellar associations that are fully
contained within the nebula.

(i) From the robust one-to-one subsample, we measure a
comparatively high value of fo,c = 827 ﬁ%;

(i) We derive similar escape fractions with different cross-
matching methods or when using compact clusters instead
of the loosely bound associations;

(iii) The escape fraction depends heavily on the derived stellar
parameters and the boundaries of the H 1I regions;

(iv) For many HI1I regions, a significant fraction of the ionis-
ing photon budget comes from stars that reside outside their
boundaries;

(v) If we consider all stellar associations and HII regions
together, to account for the entire ionising photon budget
in the galaxies, we measure slightly lower but consistent
values;

(vi) We do not identify any pronounced trends between fey. and
local or global galaxy properties.

This work demonstrates that a large fraction of ionising photons

can escape their immediate H 11 region bubble and become avail-

able to power the surrounding pervasive DIG observed in local

galaxies (Haffner et al. 2009; Belfiore et al. 2022).

Overall, more work is needed on the precise determination of
the stellar ionising photon output before it is possible to estab-
lish more concrete connections between changes in fs. and local
conditions in the ISM.

We expect that significant progress in parametrising the
properties of the stellar clusters will come from the inclusion of
additional infrared JWST bands and the use of priors based on
the presence of H @ emission (Whitmore et al. 2025). In addition,
the recent availability of new HST Hea high-resolution maps
(Chandar et al. 2025) enables more detailed cross-matching
between ionised gas and stellar populations at matched resolu-
tion for the brightest, most compact regions (Barnes et al. 2026).
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These maps reveal how clustering and hierarchical structuring of
young stars make simple one-to-one matching of ionised gas and
stars extremely challenging.
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Fig. A.1. Ionising photon flux Q(H®) of a star cluster with a mass of
10° M, as a function of age. The top panel shows the values predicted
by different models, all at solar metallicity, while the lower panel shows
the SB99 v0O0 model at various metallicities.

Appendix A: lonising photon flux from different
models

In Fig. A.1 we compare the ionising photon flux Q(H?) for
different models (top panel) and metallicities (lower panel). A
detailed listing of the models can be found in Table A.1. These
plots demonstrate that, at constant metallicity, all models except
the one with rotation are similar for the first few million years.
Around 6 Myr, however, the effects of binarity becomes relevant
as its flux decreases much more slowly than the other models. For
the impact of metallicity, we include the low-metallicity mod-
els from STARBURSTY99, based on the stellar model by Georgy
et al. (2013). The variation between models that are close to
solar metallicity is practically negligible, while the predicted
flux is slightly higher at lower metallicities. Given that the flux
decreases by an order of magnitude every few million years and
the uncertainty of the age is comparatively high, the choice of
model is likely to have only a minor influence.

Appendix B: Comparison with Teh et al. (2023)

The stellar catalogues presented in Sect. 2.2 rely on the assump-
tion that the clusters and associations in our sample are massive
enough such that a deterministic relationship between the phys-
ical and photometric properties of the stellar populations exists.
While we try to ensure this by focusing our analysis on high mass
objects from the robust subsamples defined in Sect. 2.4, this
means that we are omitting a large part of the sample. Another
approach is to employ a stochastic stellar population synthesis
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Fig. B.1. Comparisons between the H 11 regions from PHANGS (Groves
et al. 2023, observed with MUSE) and the ones from SIGNALS
(Rousseau-Nepton et al. 2019, observed with SITELLE).

code like SLUG (da Silva et al. 2012, 2014) to infer a distribution
of possible values for O(HY).

A particularly relevant literature result is the study by Teh
et al. (2023), who measured the escape fraction of NGC 0628
(which is also in our sample) with the help of SLUG. They
combined HII regions from the Star formation, ionised gas
and nebular abundances legacy (SIGNALS) survey (Rousseau-
Nepton et al. 2018) with star clusters from LEGUS (Grasha et al.
2015; Adamo et al. 2017). A large fraction of the 139 objects
in their matched catalogue have negative escape fractions and
based on a subsample of 42 objects, they measured a compara-
tively low value of fisc = 9 = 6%. The striking difference to our
results asks for a closer comparison.

We start by comparing the H1I regions from MUSE to those
from SITELLE and 643 of them match within 0.8 arcsec. In
Fig. B.1 we compare the measured fluxes, and while the ones
identified by SIGNALS are more luminous at the fainter end, the
ones from PHANGS are brighter for the most luminous objects.

To compare the stellar component, we take the five-band fil-
ters from our association catalogue and redo the SED fit with
SLUG, following the procedure described in Teh et al. (2023):
First, a library of 107 stellar populations is generated to account
for the effects of stochasticity in the IMF. For this, we adopt
the following physical parameters: Solar metallicity, the IMF by
Kroupa (2001), Geneva evolutionary tracks (Ekstrom et al. 2012;
Georgy et al. 2012), STARBURST99 stellar atmosphere models
(Leitherer et al. 1999; Vazquez & Leitherer 2005), and a Milky
Way extinction curve (Cardelli et al. 1989). Then we use a modi-
fied version of cluster_slug (Della Bruna et al. 2021, 2022;
Teh et al. 2023) to compute the posterior probability density
function (PDF) of the age, mass, and ionising luminosity (see
Krumholz et al. 2015, for more details). We represent the Q(H%)
values with the median (50th percentile) and the 10 uncertainty
with the 16th—84th percentile of the PDF distribution.

The result is shown in Fig. B.2. As far as the masses are con-
cerned, there is a large scatter, but not systematic differences.
There are significant deviations in the derived ages, with those
from SLUG generally being older. This is particularly problem-
atic in the case of very young stars. While the lower limit of the
age distribution is often consistent with being 3 Myr or younger,
the median rarely is. Since the majority of the ionising photons
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Table A.1. Codes used to compute the ionising photon flux Q(H®).

Name Code Stellar model IMF
BCO3 CIGALE BCO03

(Boquien et al. 2019) (Bruzual & Charlot 2003)  (Chabrier 2003)
SB99 v0® STARBURST99 Geneva without rotation

(Leitherer et al. 2014) (Ekstrom et al. 2012) (Kroupa 2001)
SB99 v40 STARBURST99 Geneva with rotation

(Leitherer et al. 2014) (Ekstrom et al. 2012) (Kroupa 2001)
BPASS BPASS

(Eldridge & Stanway 2009) (Kroupa 2001)
SLUG SLUG Geneva

(da Silva et al. 2012) (Ekstrom et al. 2012) (Kroupa 2001)

are emitted during this period, the predicted fluxes are generally
lower.

When matched to the H 11 region catalogue from MUSE, we
can compute the resulting escape fractions as shown in Fig. B.3.
Only 776 of them (~19%) have positive escape fractions, and
their escape fractions are uniformly distributed across the entire
range from O to 100%. If we focus on the young, massive,
and contained objects that form a robust subsample, we find
228 objects that fulfil our criteria and only 50 of them (~22%)
have positive escape fractions. It was to be expected that SLUG
would deliver different values at the faint end, due to stochas-
tic sampling. Overall, it predicts systematically lower Q(H?),
even at the bright end, where stochastic sampling should not be
an issue. The lower Q(H?) is responsible for significantly lower
escape fractions, which are mostly uniformly distributed between
0 to 45%, and are in better agreement with results found by pre-
vious studies that are based on SLUG (Della Bruna et al. 2022;
Teh et al. 2023).

Appendix C: Completeness issues

In Sect. 3.4 we consider the entire ionising photon budget of each
galaxy. In this scenario, different completeness limits for the
H 11 regions and stellar populations could bias those results. We
therefore estimate the completeness for both to assess the con-
tribution of missed objects. In Fig. C.1 we show the normalised
cumulative ionising photon flux to estimate the contribution of
faint H1I regions and low-mass associations.

In the case of IC 5332, NGC 3351 and NGC 5068, faint H 11
regions (below the completeness limit from Santoro et al. 2022)
contribute more than 10% of the total ionising photon flux. The
potentially missing H @ flux could increase the escape fraction,
but while the values of the first two galaxies are above the aver-
age (see Table 3), both also appear on the stellar side, weakening
this conclusion.

For 1C 5332, NGC 1300, NGC 1433, NGC 1512, NGC 2835
and NGC 3351, the contribution of low-mass associations (<
5000Mp) is larger than 10%. In contrast to the case of the
H 1 regions, the potentially overlooked clusters would lead to
a decrease of the escape fraction. While half of galaxies have
lower escape fractions, the other half, including the two galaxies
mentioned above, have higher values.

For the 12 other galaxies, the completeness limit should not
be an issue, and even for the seven discussed above, there is no
noticeable impact.
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Fig. B.2. We ran SLUG on the stellar associations in the matched catalogue. For the comparison we define a robust subsample, where either
CIGALE or SLUG predict an age younger than 8 Myr and a mass above 10* Mg, (859 objects). The masses show a wide scatter in both directions,
but SLUG generally predicts older ages. As a result, the ionising photon flux is systematically lower than the one from CIGALE.
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Fig. B.3. Histograms of the escape fractions based on stellar parameters
inferred from SLUG. The full sample is shown in gray and the robust
subsample of young and massive, fully contained associations is shown
in red. All regions with negative escape fractions are grouped together
in the shaded left bar.
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