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Abstract

We use the full-disk Very Large Telescope/MUSE mosaic of NGC 253 to identify 2492 H I regions and study
their resolved structure. With an average physical resolution of 17 pc, this is one of the largest samples of highly
resolved spectrally mapped extragalactic H Il regions. Regions of all luminosities exhibit a characteristic emission
profile described by a double Gaussian with a marginally resolved or unresolved core with radius < 10 pc
surrounded by a more extended halo of emission with radius = 20-30 pc. Approximately 80% of the emission of a
region originates from the halo component. As a result of this compact structure, the luminosity—radius relations
for core and effective radii of HII regions depend sensitively on the adopted methodology. Only the isophotal
radius yields a robust relationship in NGC 253, but this measurement has an ambiguous physical meaning. We
invert the measured emission profiles to infer density profiles and find central densities of n, ~ 10-100 cm . In
the brightest regions, these agree well with densities inferred from the [S 1] A\6716, 6730 doublet. The central
density of HII regions correlates well with the surface brightness within the effective radius. We show that this
same scaling relation applies to the recent MUSE + Hubble Space Telescope catalog for 19 nearby galaxies. We
also discuss potential limitations, including completeness, impacts of background subtraction and spatial
resolution, and the generality of our results when applied to other galaxies.

Unified Astronomy Thesaurus concepts: H 1I regions (694); Interstellar medium (847); Warm ionized medium
(1788); Disk galaxies (391); Extragalactic astronomy (506)

Materials only available in the online version of record: machine-readable table

1. Introduction

27 Hubble Fellow.

28 ARC DECRA Fellow. H 11 regions surrounding young massive stars produce bright

optical line emission. They act as tracers of massive star
formation (R. C. Kennicutt & N. J. Evans 2012) and offer

@ Original content from this work may be used under the terms . . ..

@ BY of the Creative Commons Attribution 4.0 licence. Any further access to the chemical abundances and physical Condltlon.s of
distribution of this work must maintain attribution to the author(s) and the title the gas (e.g., L. J. Kewley et al. 2019). The HII regions
of the work, journal citation and DOL themselves are the sites of stellar feedback (e.g., A. F. McLeod


https://orcid.org/0000-0002-6187-4866
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-8549-4083
https://orcid.org/0000-0003-0410-4504
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-8553-1964
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0001-8241-7704
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-9069-7061
https://orcid.org/0000-0001-6708-1317
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-4663-6827
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0002-4822-3559
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-0119-1115
https://orcid.org/0000-0002-1370-6964
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4781-7291
https://orcid.org/0000-0002-3784-7032
https://orcid.org/0000-0002-0012-2142
mailto:mcclain.378@osu.edu
http://astrothesaurus.org/uat/694
http://astrothesaurus.org/uat/847
http://astrothesaurus.org/uat/1788
http://astrothesaurus.org/uat/1788
http://astrothesaurus.org/uat/391
http://astrothesaurus.org/uat/506
https://doi.org/10.3847/1538-4357/ae1f94
https://doi.org/10.3847/1538-4357/ae1f94
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ae1f94&domain=pdf&date_stamp=2026-02-06
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 998:166 (29pp), 2026 February 10

et al. 2020; A. T. Barnes et al. 2021; D. Pathak et al. 2025),
and their structure encodes information on the previous effect
and current locations where this feedback occurs (e.g.,
L. A. Lopez et al. 2014; A. T. Barnes et al. 2022; S. Hannon
et al. 2022; A. Pedrini et al. 2024).

The resolved (~10 pc) structure of ionized gas emission
within and around H1I regions traces the location of key
modes of stellar feedback, including photoionization heating
and radiation pressure. Spatially resolved measurements also
provide information on the density, and in turn the mass, of the
ionized gas that makes up these regions, which is immediately
impacted by stellar feedback and may represent the remnants
of the molecular clouds from which the young star cluster
powering the region formed. A concrete understanding of this
resolved structure is also crucial for modeling emission from
unresolved regions and for understanding the interface
between H II regions and the surrounding massive, low-density
diffuse ionized gas (DIG).

The structure of individual H1I regions in the Milky Way
(MW) has been studied in detail for many years (e.g.,
C. R. O’Dell 2001; A. Mesa-Delgado et al. 2011;
A. F. McLeod et al. 2016; K. Kreckel et al. 2024). These
studies provide the foundation of our understanding of the
physics and structure of these regions (D. E. Osterbrock &
G. J. Ferland 2006; B. T. Draine 2011a). Unfortunately,
Galactic HII regions beyond the solar neighborhood remain
challenging to study at optical wavelengths due to high
extinction, unfavorable geometry, and uncertain distances.
While significant progress has been made tracing large
populations of Galactic regions via IR (e.g., E. Churchwell
et al. 2006; L. D. Anderson et al. 2014) and radio emission
(e.g., W. P. Armentrout et al. 2021), achieving a complete
view of HII region populations using optical line emission
requires surveying other galaxies (e.g., R. C. Kennicutt &
N. J. Evans 1984; E. W. Pellegrini et al. 2011; N. Drory et al.

2024).

Studies of optical hydrogen recombination line emission
from nearby galaxies thus form the basis of our view of
populations of HII regions. They have yielded measurements
of the HII region luminosity function (e.g., R. C. Kennicutt
et al. 1989; D. A. Thilker et al. 2002; F. Santoro et al. 2022),
the fraction of emission associated with the DIG as opposed to
HII regions (e.g., D. A. Thilker et al. 2000; F. Belfiore et al.
2022), and the location and rate of star formation (e.g.,
R. C. Kennicutt et al. 2009). However, the majority of HII
regions are small, with radii ~ 5-15 pc in MW and Hubble
Space Telescope (HST) studies (e.g., L. D. Anderson et al.
2014; A. T. Barnes et al. 2022; A. T. Barnes et al. 2025). As a
result, seeing-limited ~1” resolution Ha observations in
galaxies at 10 Mpc (where 1”7 2 50 pc) fail to resolve the
structure of most H II regions.

In this paper, we catalog and measure the resolved structure
for a complete sample of ~2500 HII regions identified as Ha
peaks in the E. Congiu et al. (2025) Very Large Telescope
(VLT)/MUSE mosaic of the very nearby spiral galaxy
NGC 253 (D~ 3.5Mpc so that 1” ~ 17 pc; S. Okamoto et al.
2024). This is, to our knowledge, the largest set of resolved
structural measurements for H II regions in any nearby galaxy.
For each region, we measure resolved profiles of extinction-
corrected Ha and other line emission. From these profiles, we
make a series of fundamental structural measurements
addressing:
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1. What is the characteristic shape of the Ha emission
profile about the Ha peak?

2. What implications do our measured structures have for
the commonly invoked luminosity—size relationship for
H 1I regions?

3. What is the density of the ionized gas in H II regions, and
does this correlate with other observed properties of the
region?

4. How do our results fit in the context of previous work
with differing methodology and resolution?

Because VLT/MUSE (R. Bacon et al. 2010) achieves
outstanding sensitivity with a large field of view, the E. Congiu
et al. (2025) survey of NGC 253 detects Ha emission even
from regions powered by individual late-type O stars over the
whole galaxy. MUSE also covers both Ha and Hi3 and classic
Baldwin—Phillips—Terlevich (BPT) diagnostics, allowing for
robust extinction correction and spectroscopic validation of
our target HII regions (e.g., L. J. Kewley et al. 2019).

This work forms part of a new era of highly resolved HII
region studies, including studies of other very nearby galaxies
such as NGC 300 (D ~ 2 Mpc), NGC 5236/M83 (D = 5 Mpc),
and NGC 7793 (D ~3.4 Mpc; L. Della Bruna et al. 2020,
2022; A. F. McLeod et al. 2020). Compared to these studies,
our work emphasizes the structure of individual regions (e.g.,
similar to M. Relafio & R. C. Kennicutt 2009, in M33,
D ~ 840 kpc) rather than a stellar feedback inventory or
population statistics. Our emphasis on the resolved structure of
regions is similar to recent HST and JWST work by
A. T. Barnes et al. (2022), R. Chandar et al. (2025), and
A. Pedrini et al. (2024). Our work complements those studies
by leveraging the excellent surface brightness sensitivity and
spectroscopic coverage of VLT/MUSE to achieve a more
complete view of the HII regions over the full area of an
individual spiral galaxy. Our goal is to offer a more physical
picture to feedback studies (e.g., L. A. Lopez et al. 2014;
A. F. McLeod et al. 2020; A. T. Barnes et al. 2021; D. Pathak
et al. 2025) and a highly resolved view of H II regions that can
inform measurements of their properties from lower-resolution
data, extending even to high-redshift data (e.g., E. Wisnioski
et al. 2012; M. Cosens et al. 2018).

In this study, we focus only on ionized gas. Following
standard practice, we identify HII regions as bright
concentrations of photoionized gas. In actuality, HII regions
are structured around massive stars and reflect the interface of
ionizing photons from these stars with the surrounding
interstellar medium (ISM; B. C. Whitmore et al. 2011;
S. Hannon et al. 2022). NGC 253 is the target of extensive
surveys that capture optical and UV emission from the massive
stellar populations (J. J. Dalcanton et al. 2009; H. Hassani
et al. 2024; HST GO 17809) as well as dust, atomic, and
molecular gas (A. K. Leroy et al. 2021; JWST-GO 2987).
Combining these observations with the E. Congiu et al. (2025)
VLT/MUSE view represents a natural next step, but here the
reader should view our results as characterizing the structure
of 17 pc scale concentrations of photoionized gas.

2. Data and Methods

NGC 253 is nearby (D =3.50 + 0.22 Mpc; R. Rekola et al.
2005; D. J. Radburn-Smith et al. 2011; S. Okamoto et al. 2024,
E. Congiu et al. 2025), massive (M,~4 X 10'° M
A. K. Leroy et al. 2021), and actively forming stars (star
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Table 1
NGC 253 Galaxy and H I Region Catalog

Properties of NGC 253

Distance (Mpc) 3.50 £+ 0.22 (a, b)
Position angle (deg) 52.5 (¢)
Inclination (deg) 76 (d)

R>5 (arcmin) 13.5 (¢)

Stellar mass (M., 4374483 % 10" ()

SFR (M, yr ™V 2.78 £+ 0.56

Disk SFR (M, yr " 1.72 + 0.34
Properties of the H II Region Catalog

Sample size 2492

Total Ho flux’ (erg s~ ' kpe ™) 4,67 x 10

Total Haeoy, flux (erg s kpcfz) 1.94 x 10*

Ly, function” a; = —-092, a, = —1.86

Tiapeak distribution’ a; = —121, ap = —2.45

Completeness limit (erg s™', erg s kpc?) 10373, 10

Loreax (erg s ) 10°%2

Ibreak (Crg Sil kpciz) 1041.9

0.73 [0.62, 0.95]*
0.95 [0.86, 1.13]
1.73 [0.86, 3.091*

Native point-spread function (PSF) (arcsec)
Convolved PSF (arcsec)
Typical Ay,

Note. References for galaxy properties: (a) S. Okamoto et al. (2024), (b)
E. Congiu et al. (2025), (c) D. Makarov et al. (2014), (d) A. McCormick et al.
(2013), and (e) A. K. Leroy et al. (2021). The total Ho flux for H II regions,
corrected and uncorrected for the effects of extinction, is calculated without
background subtraction and accounts for 70% and 59% of total detected Ho
flux in the map. "The fits are performed on the cumulative distribution of
luminosity and intensity (Figure 3) *Values represent the median [16th, 84th
percentile] of the full distribution. We calculate the SFR and disk SFR from
the extinction-corrected Ha luminosity of the galaxy, including and excluding
the center, respectively, using the conversion factor from E. J. Murphy et al.
(2011) and R. C. Kennicutt & N. J. Evans (2012).

formation rate (SFR) ~5 M, yr '; A. K. Leroy et al. 2019).
Other galactic properties are listed in Table 1. At this distance,
1” =17 pc. The galaxy has a well-studied nuclear starburst that
produces a strong outflow (e.g., S. A. Cronin et al. 2025),
though we largely omit this region from our analysis. In the
disk of the galaxy, individual spiral arms and star-forming
regions are easily distinguished despite the galaxy’s inclination
(i~76° A. McCormick et al. 2013; see Appendix B.4 for
discussion). Together, these properties make NGC 253 one of
the best targets for studying the highly resolved ISM in the
disk of a typical star-forming galaxy.

2.1. VLT/MUSE Survey

NGC 253 was observed with MUSE on the VLT as part of
ESO programs 108.2289 (PI: E. Congiu, the full disk mosaic)
and 0102.B-0078 (PI: Zschaechner, two central pointings).
E. Congiu et al. (2025) present this combined dataset and
describe the data reduction. Briefly, the observations consist of
103 individual pointings that together form a ~20’ x 5 area
that covers the disk of the galaxy (Figure 1). The data have a
spaxel size of 0.2 and seeing-limited resolution (see
Appendix A.3). The total exposure per field was =844 s
(1920 s for the central pointings).

MUSE observes the wavelength range between 4600 and
9300 A (WFM-NOAO-E mode). We use the emission-line
maps produced by the PHANGS-MUSE Data Analysis
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Pipeline (DAP;?° E. Emsellem et al. 2022) applied to the
NGC 253 MUSE data as described in E. Congiu et al. (2025).
This procedure subtracts the stellar continuum and produces
emission-line intensities with associated uncertainties. To
maximize the detected signal, we use a version of the data
where the cube was convolved with a small 0'6 (=3 x 3 pixel)
kernel before running the DAP. This has a modest effect on the
PSF, increasing it to ~1” (see Appendix A.3) but a large effect
on the signal-to-noise ratio (S/N), which improves by a factor
of ~3. The DAP produces two sets of line data products, one
based on a single Gaussian fit to each line and another
“moment 0” based on integrating the part of the continuum-
subtracted spectrum where the line is expected to occur. To
avoid the S/N-based clipping implicit in the Gaussian fits, our
analysis uses the moment O maps. Both the line fitting and the
moment 0 become less reliable in the galaxy center and near
the starburst-driven galactic wind, which often exhibit multiple
distinct velocity components and are heavily affected by
extinction (S. A. Cronin et al. 2025). For this reason, we
exclude a 600 pc x 600 pc box centered at the galactic center
from our analysis (black box in the top panel of Figure 1).

A typical 1o statistical error on an Ha intensity in our map
is 6.4x 107" erg s7! cm™? arcsecfz, which translates to
3.2 x 10% erg s~ kpc 2. Given the ~289 pc” size of the
average PSF in our MUSE data, this implies a 5o point-source
sensitivity limit of 4.6 x 10°* erg s™'. For a Case B
recombination, an assumed temperature of 10*K, and no
extinction, this translates to an ionizing photon production rate
of 2.3 x 10* s~!, which is about that of a main-sequence 06
star (D. Schaerer & A. de Koter 1997).

2.2. H1I Region Identification

As discussed in Section 1, HII regions physically trace
ionization of gas by massive stars. Resolved information on
the powering stellar populations is usually not available,
however, and standard practice in the field has been to identify
HII regions as bright, compact regions of Ha emission (e.g.,
D. A. Thilker et al. 2000; E. Wisnioski et al. 2012; D. B. Fisher
et al. 2017; F. Lima-Costa et al. 2020). We follow this
approach and identify local maxima from an unsharp-masked
version of the map (the “difference” map), then select the
subset of significant peaks based on the contrast between the
Ha peak and the local background. We then apply BPT
(J. A. Baldwin et al. 1981) line-ratio cuts to identify likely HII
regions. Our final catalog contains 2492 H II regions. We show
their locations in the top panel of Figure 1 and report their
locations and properties in Appendix A.

To identify local maxima, we first create a local background
estimate by filtering the Ha map with a circular median filter
that has a radius 4 times the PSF (4" ~ 65 pc). We subtract this
from the original Ha image to create a difference map that
highlights regions with intensities greater than their local
background. Figure 1 shows this difference map for one region
of the galaxy.

We identify local maxima in the difference map using a
circular search kernel of radius 2” ~ 32 pc. To classify a local
maximum as a significant peak, we required that it show high
contrast relative to the local background. Specifically, we
require the value of the peak pixel in the native map to be
>1.65 times its value in the median-filtered local background

% https://gitlab.com /francbelf /ifu-pipeline


https://gitlab.com/francbelf/ifu-pipeline

THE ASTROPHYSICAL JOURNAL, 998:166 (29pp), 2026 February 10

McClain et al.

10
S  c
°n 8 o
o~ >

C '

o TG

© 6 ©

£ E

S .3

) 49

3 3
I
2
1
0"48m003 47M405 20s
Right Ascension
103°
= T -
8 5 glo“—:
n Q = E

< & S

o E 5 1

Ja L =~

£ 5 61075

= hat c B! 3

O (] = ] °

8 9 IS ]

| 3 4
o -
2 ¥ 1036+
] T E
= ]
=O 1 )
™M 0@ 1 °
o 105
Sogh ]
. T T T T T T T T T T T T T T T T T T T T T T T T T T
0h47m44s 425 40s 0 2 4 6 8 10 12

Right Ascension

Galactocentric Radius (kpc)

Figure 1. Top: MUSE extinction-corrected Ha map of NGC 253 in gray scale (E. Congiu et al. 2025). Points show identified Ho peaks colored by the decile of the
background-subtracted Ha peak intensity (Section 2.5, Figure 3). The brighter H 11 regions tend to be located in the inner spiral arms while the fainter regions tend to
be located in the outer spiral arms or in the interarm region. The black box shows the galactic center excluded from our analysis. Bottom left: cutout of the Ha
intensity map before the extinction correction to illustrate peak identification for one complex region (white box in top panel). White contours show the 25%, 50%,
84%, 90%, 99%, and 99.5% intensity levels. White points show the peaks included in the final catalog and the black points show peaks removed by intensity,
background contrast, and line-ratio diagnostic cuts (Appendix A.1). Bottom right: luminosity of the H II regions (gray points) as a function of galactocentric radius.
Colored points represent the median and 16%—84% range for regions binned by Ha peak intensity. The brightest regions tend to lie in the inner galaxy, reflecting the

difficulty of detecting faint H II regions in complex galactic environments.

map. This eliminates extended, low-intensity features like ISM
filaments but retains compact HII regions. We also impose an
intensity cut, requiring the difference map to have a value
greater than 2.5 x 10*® erg s~' kpc™ (corresponding to a
typical S/N =~ 6.7). After selecting candidate maxima, we also
exclude peaks within 8 pixels (1.6) of the edge of the image,
where the map becomes noisier; any peaks where H/f3 is not
detected with at least 100 significance; and any peaks already
identified as planetary nebulac (PNe) in E. Congiu et al.
(2025). Finally, we apply the BPT cuts described in
Appendix A.l to select regions likely to be photoionized by
massive stars.

We chose the search kernel radius and the intensity and
contrast thresholds by experimentation and visual inspection.
Focusing on a rich field in the eastern disk (white box in top
panel of Figure 1), several of the authors verified that the peaks
selected corresponded well to the nebulae one would pick out
by eye. In Appendix A.2, we test the completeness and
detection limits of this methodology by inserting synthetic
sources into the Ha map. As expected, faint peaks with low

contrast above the local background are the most difficult to
detect, a significant challenge at small galactocentric radius
where the detected regions tend to be brighter (Figure 1).
Across the full disk, we miss about 10% of injected sources
with peak intensity < 10*° erg s™' kpc . Larger regions
(Rmom >25pc) are also slightly more difficult to detect,
especially those located in complex regions with many other
nearby peaks.

2.3. Ho Extinction Correction

After identifying peaks and applying BPT cuts, but before
any subsequent analysis, we correct the Ho map for the effects
of extinction. Once the MUSE maps are smoothed to 1”
resolution, the recovered signal in the HG map was sufficient
to perform a pixel-by-pixel extinction correction using the
Balmer decrement assuming the J. E. O’Donnell (1994)
extinction curve with Ry = 3.1 and an intrinsic Ha/Hf ratio of
2.86. Unless otherwise stated, the Ha fluxes and luminosities
quoted throughout this paper are the extinction-corrected
values.
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From the total extinction-corrected Ha luminosity of the
galaxy and the conversion factor from R. C. Kennicutt &
N. J. Evans (2012) and E. J. Murphy et al. (2011), we calculate
an SFR of 2.78 £ 0.56 M, yr~!, assuming a 20% uncertainty
(Table 1). Excluding the ~600 x 600pc box around the
galactic center (Figure 1), we calculate a disk SFR of
1.72+0.34 M., yr '. The extreme values of extinction in
the galactic center make Ha an unreliable tracer of star
formation in this regime, but our calculations agree with
G. I. Bendo et al. (2015; 1.73 +0.12 M, yr~ ') within the 20
uncertainties. Combining the disk SFR from MUSE and the
central SFR from G. J. Bendo et al. (2015), we estimate the
composite SFR to be 3.45 M., yr '

2.4. Radial Profiles

To characterize the structure of each H1I region, we build
radial profiles around its Ha peak. To do this, we first calculate
the distance from the peak to all nearby pixels. We assume
zero inclination, i.e., that our ~17 pc resolution reaches a scale
where the regions are approximately symmetric objects rather
than foreshortened along the minor axis by the tilt of the
galaxy. We verify in Appendix B.4 that the region extent
appears nearly symmetric between the major and minor axes.

We bin pixels according to their distance from the peak into
6 pc (~0.35) wide annular bins out to 200 pc. We ensure that
no pixel is included in more than one HII region by creating
masks that assign each pixel to at most one region
(Appendix A). When a pixel is contested between two regions,
we assign it to the nearest peak.

Within each bin, we calculate a set of statistics to describe
the Ha intensity distribution, including mean, median, and
various percentile ranges of intensity. We focus our analysis
on the median profile because it reduces contamination from
unmasked peaks in the bins at large distances. In
Appendix B.1, we find good agreement between results
calculated using the median and the mean profiles.

2.4.1. Local Background and Aperture Definition

H1I regions often exist in regions with significant diffuse
emission (e.g., L. M. Haffner et al. 2009; F. Belfiore et al.
2022). F. Belfiore et al. (2022) showed that in PHANGS-
MUSE, this diffuse emission appears as halos surrounding the
H I regions. This also appears to be the situation in NGC 253,
where there are almost no lines of sight without Ha emission, and
extended emission surrounds bright regions (Figures 1 and 2).
Without a defined integration aperture, the luminosities and size
estimates of many regions would diverge.

Based on visual inspection of both individual and stacked
radial profiles, we judge that the binned profiles almost always
fall to a stable background within 100 pc from the peak. Some
regions drop off much faster. Other profiles show a slow, low-
level decline in the background intensity level out to even
larger scales, but this radius typically captures their bright
inner emission. Therefore, we treat Rjj1a = 100 pc as an upper
limit on the aperture definition.

Within this limit, we define a dynamically sized aperture
and calculate and subtract a local background intensity for
each region. For each region, we estimate the local background
intensity as the tenth percentile of the binned median intensity
profile within Ria* = 100 pc of the Ha peak. Based on visual
inspection of a large number of individual and stacked profiles,
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Figure 2. Median integrated flux profile, i.e., flux enclosed within the radius
shown on the x-axis, over the full sample of H II regions for several treatments
of the background. Green shows our fiducial treatment, with Rja* = 100 pc,
black shows R = 200 pc, and the gray dashed line shows the integrated

max

flux profile with no background subtraction. Here R;%* is the maximum radius
allowed when determining the aperture used to integrate the flux, calculate the
background, and measure sizes for each H1I region. The gray dashed line
shows that with no background subtraction the flux (and so also Rsy, Rgo, and
Riuom) rises monotonically with distance from the peak. Our fiducial
background subtraction leads to a flat enclosed flux, on average, between
~50 and 150 pc. Using a larger maximum aperture of Rj%* = 200 pc (black
line) yields a profile that rises out to 200 pc, though more slowly than the
unsubtracted case. Given this behavior, both our inferred luminosity and sizes
based on fractions of enclosed flux, e.g., Rso and Ry, are sensitive to the
definition of background. The light blue line shows the median aperture radius
for the whole sample using our fiducial treatment.

this statistic does a good job of capturing the minimum
intensity just outside the bright emission associated with the
peak. We subtract this background value from the binned
profiles and the peak intensity to yield our final set of
measurements. Unless otherwise noted, we refer to these
background-subtracted measurements below.

After subtracting the background, we set the integration
aperture for each region to the radius where the median
intensity profile drops to <lo—the standard deviation
estimated from the median absolute deviation. We call this
radius Ry, and it represents the outer boundary for
determining the region luminosity and sizes.

Figure 2 shows that on average this treatment leads to a flat
enclosed flux over the range ~ 50-150 pc, indicative of a
successful background subtraction. Though the presence of
extended diffuse emission is widely acknowledged, the choice
to subtract a local background is not standard in this field (e.g.,
we often compare to B. Groves et al. 2023; A. T. Barnes et al.
2025, who do not subtract a background). Appendix B.2
examines the impact of this choice. We also highlight the
impact at several points during the text and report several of
our results with and without background subtraction to allow
easier comparison with the literature. In these cases, we still
use Ry, as the integration aperture.

We caution that some of our results are quite sensitive to
how we define our integration apertures. Figure 2 shows the
cumulative flux profile as a function of radius with two
different definitions of Rjjo", the maximum background radius.

um °

The flux profile at large radius varies significantly between the
two cases, and still diverges for R~ = 200 pc, leading to

larger region sizes. On the other hand, setting R =" to a lower

value of <100 pc would lead to smaller regions. In our view,
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our approach is not any more arbitrary than using an image
segmentation algorithm to define the edges (and the integration
aperture) of the H II regions, but it still represents a significant
potential source of bias. In the specific case of the radius
versus luminosity relation (Section 2.4.2), we verified that the
choice of integration aperture (e.g., using one of our measured
sizes in place of Ry, ) does not change the qualitative picture.

2.4.2. Radius Measurements

The literature uses several statistics to measure the sizes of
H I regions. These probe different aspects of region structure,
and we measure several in our analysis.

1. Half-width at half-maximum (HWHM). The HWHM is
the radius at which the azimuthally averaged Ha
intensity is half of the peak value. This is sometimes
referred to as the “core radius” (e.g., A. Sandage &
G. A. Tammann 1974; E. Wisnioski et al. 2012), and
characterizes the inner structure of the emission. We
measure this by interpolating the radial profile. For a
Gaussian function, 2 x HWHM = ¢/2.355.

2. R,om. The intensity-weighted second moment size is
commonly used to measure the sizes of ISM clouds (e.g.,
E. Rosolowsky & A. Leroy 2006) and has been
increasingly applied to HII regions (e.g., E. Giunchi
et al. 2023; A. T. Barnes et al. 2025). Ry, is calculated
as the intensity-weighted rms distance from the peak
summing over the profile.

3. Rsp. Sometimes referred to as the half-light or effective
radius, Rsy measures the radius enclosing 50% of the
total flux of the region. The approach to background
subtraction and the choice of Ry, significantly affect the
resulting Rso. We find that Rsg and R, are strongly
correlated.

4. Rgy. Following the same procedure as Rsy, we calculate
Rog as the radius enclosing 90% of the total flux of the
region. The result is also sensitive to the selected Ryyp,.

5. Ris. The isophotal radius measures the radius at which
the surface brightness of the radial profile reaches a
given value (R. C. Kennicutt 1979). This tends to be
sensitive to the extended and diffuse emission at the
outer edges of the regions, though this depends on the
adopted isophote. The isophotal radius resembles the
boundaries outlined by common image segmentation
techniques such as CLUMPFIND and HIIPhot
(J. P. Williams et al. 1994; D. A. Thilker et al. 2000).
For our fiducial analysis, we choose a literature value for
the background-subtracted surface brightness of 10°%%
erg s ' kpc % taken as the distinction between HII
regions and the surrounding DIG in F. Belfiore et al.
(2022). We explore the effects of this choice in depth in
Section 3.4.

Finally, we record the aperture size, Ry, used to estimate
the background and luminosity for each region. All radii are
recorded in the region catalog (Appendix A). In Appendix B
we explore how the image resolution and the choices made in
developing our methodology affect our conclusions.

2.5. Peak Intensity Bins

We split our 2492 regions into 10 bins of /250 regions each
based on their extinction-corrected, background-subtracted Ho
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peak intensity. Many key properties of our regions correlate
with the Ho brightness of the peak, including luminosity,
extinction, and optical line ratios. For example, Figure 3 shows
a strong correlation between peak intensity and luminosity, but
unlike the luminosity, the peak intensity is simple and
independent of the adopted aperture size, Rjyn.

In Figure 1 we color the peaks by their intensity bin. The
brightest regions are concentrated in the inner galaxy and
spiral arms, while the faintest regions appear in the interarm
and outer galaxy regions. Figure 3 and Table 1 report the
distributions of background-subtracted peak intensities and
luminosities. The distributions of peak intensity and
luminosity within each bin are provided in Table 2. Bins
2-9, which capture typical HII regions, span about 2 orders of
magnitude in peak intensity and Ha luminosity.

2.6. Comparison to NGC 5068

We also apply our methodology to the HST narrowband Ha
observations of NGC 5068 (Appendix C) to demonstrate the
generality of our results. At D=15.2 Mpc, NGC 5068 is the
nearest member of the Ha survey by R. Chandar et al. (2025)
and H II regions have been cataloged by B. Groves et al. (2023,
using MUSE) and A. T. Barnes et al. (2025; using these HST
data). The HST data have 10 pc resolution and worse surface
brightness sensitivity than our NGC253 MUSE survey.
NGC 5068 is a low-mass galaxy with moderate inclination
and widely spaced HII regions and so represents a useful
counterpoint to NGC 253. We reference the results from
NGC 5068 throughout Sections 3 and 4, and generally find our
approach to be robust.

3. Luminosity and Radius

We identify 2492 Ho peaks likely to correspond to HII
regions (Figure 1). For comparison, the Wide-field Infrared
Survey Explorer IR-based catalog of H1I region candidates in
the MW contains about 8000 objects (L. D. Anderson et al.
2014) while the typical number of objects recovered in the
more distant PHANGS-MUSE target galaxies with similar
stellar mass to NGC 253 is about 1500 (B. Groves et al. 2023).
We compare the luminosity distribution of our sample to
PHANGS-MUSE in Section 3.1.

In the rest of this section, we analyze the resolved structure
of these regions. In Sections 3.2, 3.3, and 3.4 we examine
different size measurements, focusing on their variation (or
lack thereof) with region luminosity. As HII regions increase
in luminosity and the powering stellar population produces
more ionizing photons, we expect the extent of the ionized gas
to increase (B. Stromgren 1939). This is expected to create a
luminosity—size relation for HII regions, which has been
observed across redshift and galaxy types (e.g., L. Gutiérrez
et al. 2011; E. Wisnioski et al. 2012; M. Cosens et al. 2018,
and references therein).

Beyond scaling relations, these profiles encode information
on the structure of HII regions, including the location and
density of the ionized gas and the location where photoioniza-
tions occur. In Section 4, we examine the resolved structure of
our regions. Our results include measurements of a density—
surface brightness relation that might be as fundamental as the
luminosity—size relation, at least in NGC253 and the
PHANGS-HST Ha measurements from A. T. Barnes et al.
(2025).
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Figure 3. Luminosity and intensity distributions in the H II region catalog. Top left: distribution of extinction-corrected Ho intensities at the peaks that define our
regions. The color bar indicates the ranges spanned by the peak intensity bins (deciles) used in our analysis. Top right: relationship between extinction-corrected,
background-subtracted Ly,, and peak intensity for individual regions (gray points) and median values within intensity bins (squares). In NGC 253, the peak intensity
and Ly, are tightly correlated, and the black line shows the best fit to the bins. The green line shows expectations for an unresolved point source with individual
traces for each field. Bottom left: distribution of extinction-corrected, background-subtracted Ho luminosities (Ly,) for our regions. Colored lines indicate the
median luminosity within each peak intensity bin. Bottom right: the Ha luminosity function for our regions with (black) and without (gold) background subtraction.
For comparison, gray lines show the luminosity functions for each PHANGS-MUSE galaxy (B. Groves et al. 2023). Blue and red lines show power laws that match

the upper and lower luminosity ranges for NGC 253.

3.1. Luminosity Distribution

Figure 3 and Table 1 show the distributions of Ha
luminosity and peak intensity for our regions. The cumulative
distribution function (CDF) of extinction-corrected Ha
luminosity (L', bottom right) is well fit by a broken power
law of slopes of —0.92 and —1.86 with a luminosity break
(Lprear) at 1032 erg s~!. This agrees reasonably well with
results from L. Gutiérrez et al. (2011) using high-resolution
HST Ha imaging of M51. They found that the HII region
luminosity CDF was well described by a broken power law of
slopes of —0.84 and —1.26 with a break at 10°®7 erg s~ .

For comparison, the CDF of L for HII regions in the 19
PHANGS-MUSE galaxies (F. Santoro et al. 2022; B. Groves
et al. 2023, excluding galaxy centers) are plotted in gray in
Figure 3. Our NGC 253 H 1I regions span to lower luminosities
and do not include analogs to the most luminous regions in
PHANGS-MUSE. This partially reflects our use of back-
ground subtraction, which lowers the luminosity of faint

regions. To see this, compare the black (with background
subtraction) and gold (without) lines in Figure 3 and see
Appendix B.2. The extension of our catalog to low
luminosities reflects the closer distance of NGC 253, which
leads to improved luminosity sensitivity compared to
B. Groves et al. (2023). At the high-luminosity end, the
higher physical resolution of our data compared to PHANGS-
MUSE also lowers the typical region luminosity and size,
because large complexes identified as one object at the ~80 pc
MUSE resolution break into smaller HII regions at <20 pc
resolution. This is also seen in A. T. Barnes et al. (2025),
where the largest PHANGS-MUSE regions separate into
individual smaller regions.

The brightest (bin 10) and faintest (bin 1) bins stand out,
with their distributions quoted in Table 2 and widespread
profiles in Figure 4. These bins each cover a range of ~2 dex
in intensity and luminosity and capture the tails of these
distributions. The faintest regions in bin 1 likely represent a
mixture of mis-categorized DIG features and small, isolated



Table 2
Properties of the Peak Intensity Bins
Bin Ha Distribution Ha Profile Density Profile
Range Ipeax Med e Range Ly, Med Ly, A Ag o 0> A Ag ez} s

loglerg s~ kpe 2] loglerg s~ kpe 2] loglerg s~ '] loglerg s '] loglerg s~ kpe 2] (Po) (pc) (em™) (pc) (pc)
1 [38.27, 39.15] 38.99 [34.79, 36.64] 3591 38.98 0.65 10.49 24.28 7.68 0.65 10.76 32.79
2 [39.15, 39.41] 39.29 [35.08, 37.07] 36.29 39.29 0.44 7.38 23.87 19.22 0.44 2.18 32.18
3 [39.41, 39.62] 39.53 [35.18, 37.14] 36.51 39.52 0.62 9.28 27.94 15.76 0.62 8.24 38.18
4 [39.62, 39.81] 39.72 [35.19, 37.49] 36.69 39.72 0.62 9.70 25.79 18.82 0.62 9.17 35.02
5 [39.81, 39.99] 39.89 [35.56, 37.58] 36.85 39.89 0.66 10.06 26.20 22.59 0.66 9.90 35.62
6 [39.99, 40.17] 40.08 [35.51, 37.72] 37.06 40.08 0.67 9.52 27.25 29.62 0.67 8.79 37.16
7 [40.17, 40.35] 40.26 [36.26, 38.26] 37.16 40.26 0.67 9.26 24.34 37.98 0.67 8.21 32.87
8 [40.35, 40.60] 40.47 [36.40, 38.31] 37.38 40.47 0.64 8.74 23.09 51.37 0.64 6.98 31.02
9 [40.60, 40.91] 40.74 [36.79, 38.39] 37.58 40.73 0.70 8.47 23.19 75.48 0.70 6.27 31.17
10 [40.91, 42.43] 41.19 [37.18, 39.21] 38.08 41.19 0.69 8.55 24.02 124.03 0.69 6.48 32.40

Note. Properties of the Ha peak intensity bins used throughout the analysis. In the first four columns, we quote the range of Ha peak intensity (/,c.x) and Hor luminosity (L) as [min, max] and the median of each bin.
In the middle four columns, we provide the parameters of the best-fit double Gaussian to the median one-dimensional He profile. The final four columns are the parameters of the three-dimensional density profile
derived from the deconvolved one-dimensional He profile (Equations (6) and (7)). For both the Ho and the density profile, A is the peak density at the center of the profile, A¢ is the fraction of amplitude corresponding
to the inner Gaussian, and 1 — Ay to the outer Gaussian of the density distribution. o; and o, are the HWHM of the inner and outer Gaussians.
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Figure 4. Background-subtracted radial profiles of extinction-corrected Hev intensity for H II regions grouped by their peak Hov intensity. The individual profiles are
normalized by the median peak intensity within the bin. The profiles of individual regions are plotted in gray and the median (solid black line) profile for each bin is
drawn on top with the 16th to 84th percentiles shaded. The average MUSE PSF is shown with a black dotted line for comparison, normalized to the faintest region in

the bin. Five radius measurements—HWHM (pink), Rmom (purple) Rso
plotted at the fiducial isophote used to measure Ry, 10°*% erg s™! kpe
in bin 10 have profile peaks that extend off the plot.

H 1 regions (e.g., as in A. T. Barnes et al. 2022). The brightest
regions in bin 10 represent the most likely candidates for
extranuclear starburst regions in NGC 253. In particular, we
flag the brightest subset of =17 regions with

luminosity > 10°®7 erg s~!, which stand out in Figure 3

(Zyellow) Ry (green), and R; ,(blue)—are represented with vertical lines. A horizontal line is
. The profile shapes appear consistent across peak intensity bins. Twenty-three H II regions

(bottom right). This break is consistent with the break
associated with the transition from ionization-bounded to
density-bounded H II regions (e.g., J. E. Beckman et al. 2000).
Upon visual inspection, these regions appear to be bright knots
in larger luminous complexes, perhaps analogous to regions
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Figure 5. Luminosity and size for H I regions in NGC 253. Top: 16th, 50th, and 84th percentile density contours of extinction-corrected, background-subtracted Ha
luminosity as a function of several radius measurements (Section 2.4.2). The large points show the median values of regions binned by peak Ha intensity
(Section 2.5). There is no strong trend between HWHM (or core) radius and luminosity (Section 3.2), while the isophotal radius (blue) shows a strong correlation
with luminosity (Section 3.4). The second moment radius, R,om, and effective radius, Rso, also show large scatter and little clear correlation with radius, while Rgg
shows more ambiguous results that reflect its sensitivity to the adopted integration aperture (Section 3.3) Bottom: luminosity—radius relations for each metric
showing individual data points and the results for different binning approaches: peak intensity bins (large colored markers), bins of Ha: luminosity (black circles),

and bins of size (gray circles).

like 30 Doradus in the Large Magellanic Cloud or NGC 604 in
M33. Follow-up comparison to stellar sources and higher-
resolution recombination line imaging with HST or JWST will
help clarify the nature of both populations.

Without background subtraction, our cataloged H II regions
account for 70% of the total extinction-corrected Ha
luminosity in the MUSE field (excluding the galactic center).
Presumably, the remaining 30% Ha luminosity arises from the
DIG. Studying PHANGS-MUSE galaxies, F. Belfiore et al.
(2022) found ~40% of the Ha luminosity to be associated
with the DIG on average, with a range of ~20%-55%. The
PHANGS-MUSE and NGC 253 values agree with both the
typical value and the wide spread in the DIG fraction found in
the literature (e.g., fpig = 7%—69%; D. A. Thilker et al. 2000;
M. S. Oey et al. 2007; M. Chevance et al. 2020). When we
apply a local background subtraction, we find the H I regions
account for ~25% of the Ha luminosity (fpig = 75%), again
highlighting the large impact of the choice to background
subtract.

Thus, we appear to recover a standard population of HII
regions, reaching lower luminosities and recovering larger

10

numbers of objects than studies of more distant galaxies and
including most of the Ha emission from the galaxy within our
analyzed regions. In Appendix A.3, we show that the stack of
all HII regions is well resolved compared to the PNe. And
because the E. Congiu et al. (2025) mosaic covers these
regions with spectroscopic mapping, this represents one of the
largest spatially resolved and spectroscopically recovered
samples of extragalactic HII regions (along with L. Della
Bruna et al. 2020, 2022).

3.2. Half-width at Half-maximum Size versus Luminosity

In Figure 4, the stacked profiles exhibit a consistent shape
across all bins of Ha peak intensity. They appear strongly
peaked in the center, with intensity dropping off quickly with
increasing radius at first, then show a shallower slope outside
the core until the profiles level off at ~60 pc. At all Ha
intensities, the median HII region profiles are more extended
than the MUSE PSF. Although the amplitudes of the profiles
vary, regions show a nearly constant HWHM (pink,
interpolated directly from the profile) of ~15 pc (deconvolved
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Table 3
Radius—Luminosity Correlations
With Background Subtraction

All regions Lpeax Bins Ly, Bins R Bins
Radius p a log(A) a log(A) « log(A) « log(A)
HWHM 0.19 0.93 35.82
Rimom 0.39 1.82 34.62 1.10 35.48
Rsp 0.38 1.56 34.81 1.29 35.17
Roo 043 1.95 33.75 1.79 33.99
Riso 0.89 2.10 33.64 3.45 31.36 2.70 32.55 2.04 33.69

Without Background Subtraction

All regions Ipeax Bins Ly, Bins R Bins
Radius p « log(A) « log(A) « log(A) @ log(A)
HWHM 0.13 0.54 36.50
Rmom 0.38 1.71 34.88 1.50 35.15
Rso 0.36 1.48 35.03 1.32 35.25
Ry 0.42 1.96 33.88 1.80 34.13
Riso 0.77 1.99 33.92 4.92 28.77 322 31.67 1.88 34.05

Literature Fits

Radius « log(A) Label References
Core/isophotal 2.72 31.99 W12 E. Wisnioski et al. (2012)
Core/isophotal 2.45 33.30 All z~ 0Cl18 M. Cosens et al. (2018)
Core/isophotal 2.66 32.92 Low Ygrr C18 M. Cosens et al. (2018)
Core/isophotal 1.48 37.53 High Xsgr C18 M. Cosens et al. (2018)
Core 2.04 34.69 G23 E. Giunchi et al. (2023)

Note. Spearman rank correlation coefficient p and best-fit power-law index « for each radius—luminosity relation in Figure 5. The correlation coefficients are
calculated on both the full catalog and the binned data points, excluding the faintest (1) and brightest (10) bins. We record the values binned by Ha peak intensity
(Ina), Ha luminosity (Ly,), and radius (R). In the cases where « is physically unreasonable (e.g., negative or >10), we do not quote a best-fit power-law index. The

power-law fits for a comparative sample of the literature are also provided.

HWHM = 12 pc) across all bins. This can also be seen in
Figure 5, where we plot background-subtracted, extinction-
corrected Hoa luminosity as a function of each radius
measurement. The HWHM covers a relatively narrow range
and shows only a weak -correlation with luminosity
(puwnam = 0.19, Table 3). We also observe this nearly fixed
HWHM about the Ha peak in the HST Ha observations of
NGC 5068 (Appendix C).

In NGC 253, this behavior persists as we degrade the
resolution of our data from 1” to 5” and remeasure the profiles
(Appendix B.3). The lack of a clear core radius—luminosity
relation also does not depend on our treatment of background
subtraction (Appendix B.2). Thus, this appears to be a robust
result. However, it contrasts with previous literature on the
sizes of extragalactic HII regions (E. Wisnioski et al. 2012;
M. Cosens et al. 2018, and others), which have sometimes
found strong correlations between the core radius and
luminosity of large samples of HII regions. We discuss this
more in Section 3.5.

Our best explanation for the stability of the HWHM is that
the bright cores of our regions are not well resolved even at our
high physical resolution of 17 pc (FWHM, 8.5 pc HWHM). In
Appendix B.3, we show that because of the extended portion
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of the profile, our regions appear marginally resolved even if
we blur the data by a factor of ~5, closer to the physical
resolution of previous ground-based work targeting more
distant galaxies. In this case, the HWHM captures the
combined presence of a bright unresolved concentration of
gas and a more extended component, and as a result, always
appears at small multiples of the PSF size. Supporting this, in
Section 4 we find that the surface brightness profile is well
represented by a double-Gaussian function with a compact
inner component with a deconvolved HWHM of ~7 pc (and
extended component with an HWHM of ~31 pc), i.e., quite
small.

We emphasize that given the high physical resolution of our
data, if the core radii in NGC 253 remain only marginally
resolved, then so do essentially all previous ground-based
measurements of extragalactic HII regions beyond the Local
Group.

3.3. Fractional Flux Sizes versus Luminosity

Figures 4 and 5 and Table 3 also report results for Rsy and
Ry, the radii enclosing fixed fractions of the flux. We also plot
the closely related intensity-weighted second moment R ,o,.
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Table 4
Radius—Radius Correlations

Rank Correlation between Quantities

Rmom RSO R90 Riso Rlum LHW
HWHM 0.60 0.54 0.36 0.31 0.29 0.19
Rinom 0.99 0.90 0.60 0.73 0.39
Rso - 0.87 0.58 0.68 0.38
Ry 0.62 0.88 0.43
Rium 0.45

Note. Spearman rank correlation coefficient p relating different size metrics
(Section 2.4.2) and luminosity.

Compared to the HWHM, these size measurements are more
sensitive to the full distribution of intensity within the region.
The effective radii are larger than the HWHM and all show a
stronger correlation with luminosity than the HWHM (Spear-
man correlation coefficient pp = 0.38 compared to
puwam = 0.19), but still a much weaker correlation than the
isophotal radius (pRiSO = 0.89, Table 3).

For both individual regions and the stacked profiles, Ryom
and Rso show a strong correlation with one another (p = 0.99,
Table 4). When binning the data by peak intensity or
luminosity for these radii, we find almost no relationship
between luminosity for either. We do observe a moderate
correlation with luminosity in the individual data points or
when binning by radius. However, the relationship appears
weaker than many of the luminosity—size relationships
reported in the literature (Section 3.5).

Rg shows a slightly stronger relationship to luminosity than
Rso or Riom (pg,, = 0.43, Table 3) and yields a wider overall
range of sizes. Similar to Rsy and Ry,om, When binned by peak
intensity or luminosity, the data show only a weak relation
between Rgg and luminosity. When binned by radius or fit to
the data directly, however, the L—Rqy relationship appears
similar to the L—R;, relationship but with more scatter. These
trends appear consistent with the L oc R? relationships often
seen in the literature (compare Figures 5 and 6).

Because these sizes depend on our estimate of the region
luminosity, Rgy and Rsy depend on the adopted background
treatment and aperture size, Ry,y,. In Appendix B.2 we show
that in the absence of background subtraction, Ryq is almost
completely set by the adopted aperture size, and it still
correlates closely with Ry, after subtraction (p=0.88,
Table 4). Because the second moment is sensitive to outliers,
Rom shows a similar sensitivity to the defined full extent of
the region. In the cases where an image segmentation
algorithm like HIIphot or selection based on dendrograms is
employed, these size metrics will depend on the specifics of
the image segmentation used to define the region footprint.
That can be a strength if one trusts the image segmentation
algorithm, e.g., because it has some physical motivation, but it
can make these sizes unstable in the case where there is no
strong constraint on the exact region footprint.

Despite these caveats, ratios among these sizes, e.g.,
Rs0/Rop (often defined as the concentration index), can serve
as a useful indicator of region morphology (e.g., S. Hannon
et al. 2022; Section 4.2). We also emphasize that despite the
difficulty measuring Rs, this quantity has physical meaning as
the two-dimensional radius within which half of the
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photoionizations, and so presumably much of the stellar
feedback, occurs.

In Appendix C we apply our methods to HST Ha
measurements of NGC 5068. Compared to our results for
NGC253, we find a much clearer relationship between
luminosity and Rsg, Rgg, Of Rpom. Broadly, we take these
different results for the same method applied to different
galaxies to reflect the instability in these size metrics.
Specifically, we suspect that the cleaner background and more
well-separated regions in NGC 5068 contribute to these
results, as does the use of the HIIphot-based B. Groves et al.
(2023) region definitions.

3.4. Isophotal Size versus Luminosity

The most common measure of HII region size is the
isophotal radius. Most image segmentation algorithms at least
approximately identify structures down to a fixed intensity
contour or intensity gradient, so the area inside regions defined
by Hllphot or CLUMPFIND will correspond well to R;s,. For
our measurements, we measure the radius at which the
background-subtracted and extinction-corrected Ha profile
matches a surface brightness of 10°%% erg s™' kpc 2. In
F. Belfiore et al. (2022), this represents approximately the
intensity boundary between HII regions and the surround-
ing DIG.

In Figures 4 and 5, the isophotal radius shows a tight
correlation with Ha luminosity across the full range of
luminosities and intensities in our catalog. The trend is visible
in both the distribution of individual data and the fits to the
binned profiles, with all three binning methods (intensity,
luminosity, and radius). In Figure 6 we see that this
luminosity—size relation measured using R;,, matches the
relation from previous extragalactic H II region studies well. A
power law that describes our data well is

logo L(Ha®mbkstb = 2 11og, R35% + 33.6,

180

ey
where R:2%% is the isophotal radius of an HII region at our
fiducial 10°%*® erg s™' kpc™? isointensity contour and
L (Haom)Pksub s the extinction-corrected background-sub-
tracted Ha luminosity.

The stronger Iluminosity—radius relationship for Ry,
contrasts with the absence of any strong relation between
luminosity and HWHM and ambiguous results for the effective
radius Rsq. This reflects that the HWHM, Rs5,, and Ry measure
the shape of the profile while R;y, is also sensitive to its
amplitude. In Figure 4, R;,, is the radius (x-axis value) at
which the profile intercepts a fixed y-axis value. Although the
profiles show a common shape, their amplitudes vary
dramatically. This leads to changes in Ry, as a function of
the peak Ho intensity. Because luminosity depends on peak
intensity times area for a fixed shape profile, we then expect an
isophotal size—luminosity relation even for a fixed region
shape. For reference, we note the expectation for a Gaussian
profile with width o:

Riso =0 (2In & .
Lso

where [, is the central brightness and I, is the isophotal
threshold. In practice, the functional shape of the profile is
more complex than a single Gaussian (see Section 4).

@)
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Figure 6. H 1 region luminosity—radius relation for our isophotal radius and literature measurements. Contours show data density for the PHANGS-MUSE (brown;
B. Groves et al. 2023) and PHANGS-HST (gray; A. T. Barnes et al. 2025) catalogs. Solid colored lines represent the L—R;s, relation that we measure in NGC 253 for
varying isophotes with the thick blue line showing our fiducial value of 10°*# erg s™! kpc™2. Lines show luminosity—radius relations measured for local z ~ 0
(M. Cosens et al. 2018, hereafter C18; E. Giunchi et al. 2023, hereafter G23) and z = 0-2 H 1I regions (E. Wisnioski et al. 2012, hereafter W12). Our fiducial results
match the approximate slope of the literature relations. By changing the threshold isophote used to calculate the sizes, we can adjust the NGC 253 relation to match
most of the literature studies (NGC 253 does not reach high enough intensities to match the C18 high Xggg relation). The same impact of changing threshold can
depend on resolution, which can be seen contrasting PHANGS-HST (sharper resolution, high isophotal threshold) and PHANGS-MUSE (coarser resolution, lower

intensity region boundaries).

A corollary of the above is that tuning /[, will change R;g,
and our adopted isophotal contour is somewhat arbitrary. In
F. Belfiore et al. (2022), there is galaxy-to-galaxy variation in
this boundary and overlap between DIG and HII region
intensities. Moreover, F. Belfiore et al. (2022) base their
separation on the application of HIIphot to PHANGS-MUSE,
so the sensitivity of the MUSE data and algorithmic biases
from HIIphot inform this value. Our analysis here shows no
sharp separation between the two, with the HII regions
steadily transitioning into the DIG (Figure 2, Appendix B).
Other aspects of the F. Belfiore et al. (2022) analysis support
this view. Given this, in Figure 6 we vary the isophotal
intensity used to define R;y,. In all cases that we study, we find
a strong correlation between isophotal radius and luminosity.
The specific sizes measured change, reflecting that a higher
threshold samples the inner part of the profiles (recall
Figure 4).

By changing the isophote used in our analysis, we can
match the trends in previous studies. For example, in Figure 6
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we plot the distribution of HII region sizes from the
PHANGS-MUSE catalog (B. Groves et al. 2023, brown
contours) and the PHANGS-HST Ha catalog (A. T. Barnes
et al. 2025, gray contours), including NGC 5068 (see
Appendix C). With an isophote similar to our fiducial value,
we match the high-sensitivity PHANGS-MUSE measurements
well. A higher threshold produces a relation that matches the
PHANGS-HST catalog, which has hi%her resolution but worse
sensitivity (16 =6.3 x 107 '® erg s™' cm 2 arcsec > =7.0 x
10% erg s~ ! kpc ).

Note that this exercise breaks down for very high or
very low isoPhotes. When the isophote is decreased below
~10* erg s~ kpc 2 (e.g., purple lines in Figure 6), we reach a
regime where the background-subtracted surface brightness of
the high-intensity H1I regions only reaches this threshold far
out in the low-intensity, extended wing of the profile (Figure 4,
bottom panels). This leads the relation to steepen as high-
intensity regions yield sizes that approach the aperture
definition Ry,;,. On the other hand, when the threshold is set
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too high (e.g., red lines in Figure 6), many H1I regions are
unresolved because their peak intensities are fainter than the
isophotal threshold (compare Figure 3).

While Ry, yields a clear relationship to luminosity, a major
caveat is that R;, does not have any clear fixed physical
meaning. This radius does not enclose a fixed fraction of the
flux, nor does it represent a fixed fraction of the peak intensity.
Nor does there appear to be good evidence that any particular
value of Rjy, corresponds to a fixed physical boundary. This
means that the relationship is also “tunable” via the choice of
Riso-

3.5. Comparisons to Previous Work

In Figure 6, we plot our variation of isophotal radii in
NGC 253 alongside previous measurements for za~0 HII
regions. Most of the studies referenced here target more distant
galaxies, and so have coarser physical resolution than our data.
Few studies of the local Universe apply background
subtraction in comparable ways to our approach (see a
discussion of the topic in R. C. Kennicutt 1979;
R. C. Kennicutt et al. 1989). As we discussed in Section 3.3
and Appendices B.2 and B.3, both of these factors impact the
measured sizes and luminosities. The literature studies also
vary in their treatment of extinction.

In Figure 6, the density contours of star-forming regions
from the PHANGS-MUSE (B. Groves et al. 2023) and
PHANGS-HST (R. Chandar et al. 2025; A. T. Barnes et al.
2025) are shown with brown and gray contours, respectively.
Black and gray lines show luminosity—size relations measured
for local Universe extragalactic HII regions by WI2
(resolution = 40-325 pc), C18 (resolution = 40-325 pc), and
G23 (resolution ~ 140 pc). Although most of the literature
uses the measured size to calculate luminosity (where we use
Ryum), this difference does not significantly change the
relations presented in this section. The total luminosity of
our regions decreases if R < Ry, but does not affect the
overall trends. We discuss this more in Appendix B.2.

The literature luminosity—size relations show similar slopes
to one another, with power-law indices ranging from a = 1.48
to 2.72, but a wide range of normalizations. Fitting the
luminosity—isophotal radius relation to our catalog gives a
similar result with index o =2.10 when fit to all regions
(v =3.45 for binned values). The normalization of our fit
using the fiducial intensity threshold lies intermediate between
the low-Xgpr and low-z samples from C18, the W12 sample,
and the lower branch of the PHANGS-MUSE catalog.

Our fiducial results lie below the high->sgr C18 data or
G23 and the PHANGS-HST results, but tuning the threshold
used to calculate the isophotal radius changes the normal-
ization of the fit relation (Section 3.4). These literature
catalogs use higher thresholds to define their H1I regions, in
good agreement with our results (e.g., see the discussion of the
worse surface brightness sensitivity of HST compared to
MUSE in A. T. Barnes et al. 2025). If we adopted a higher
threshold, our R;,, results could match theirs (red line
Figure 6).

As the physical resolution of the PHANGS-MUSE data
degrades, the measured radii of HII regions increase
(A. T. Barnes et al. 2021; B. Groves et al. 2023). The data
show a pileup at radii approximately equal to the resolution for
the low-luminosity regions, which can be seen in the contours
(compared to the PHANGS-HST contours at fixed resolution).
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B. Groves et al. (2023) note that the majority of the regions in
the catalog are unresolved, resulting in unreliable sizes.

The PHANGS radii are measured using a circularized area,
which is analogous to our use of an isophotal radius, and not
precisely analogous to our HWHM or Rso cases. At higher
luminosity, where the PHANGS-MUSE regions appear
extended, their regions show higher luminosity for the same
size compared to ours.

Our HWHM, R_om, and Rsy, measurements differ from the
literature. Even as the luminosity changes by 2 orders of
magnitude, these measurements remain nearly fixed. This
notably differs from W12 and G23, who do use core radius
measurements to define their results. Both of those studies also
show good correlation between their core radius (roughly the
HWHM) and R;,,. Given that the relationship they find is
almost one to one (Figure 3 in G23; Figure 1 in W12), our best
explanation is that their segmentation algorithm leads their R,
to be defined as an intensity equal to some fraction of the peak
and that their sample has a limited range in peak intensity. This
would project the core and isophotal radius into similar terms,
ensuring a correlation between the two measurements.

Following this point, we note that for many of these studies,
the segmentation algorithm used to define the H II regions plays
a major role in defining the results (as studied extensively in
giant molecular cloud literature; e.g., J. E. Pineda et al. 2009;
A. Hughes et al. 2013; A. K. Leroy et al. 2016). The studies in
Figure 6 variously use dendrograms (G23), HlIphot (PHANGS-
MUSE), isophotal analysis (W12; A. T. Barnes et al. 2025), or a
mixture of techniques (C18). The input parameters (e.g.,
minimum intensity thresholds or significance) in these
algorithms reinforces the resulting correlations.

NGC 5068 shows HWHM and isophotal trends consistent
with those presented for NGC 253. As discussed above, Rsg
and Ryom show a different picture in NGC 5068 than
NGC 253, with a good correlation visible between these
fractional flux sizes and luminosity in NGC 5068. A more
complete discussion of the comparison tests performed can be
found in Appendix C.

4. Profile Shape and Physical Structure

The high physical resolution of the MUSE images allows us
to measure a profile shape beyond the instrument PSF. Here
we examine how the gas is distributed around the central
source and explore the physical implications of the ionized gas
distribution. In Appendix B.3, we explore the PSF effects
further to compare our results to lower resolution studies.

4.1. Analytic Fits

We fit the stacked profiles of Ho intensity with analytic
functions. Figure 7 shows the median profile for all regions along
with best fits and residuals for several functional forms. We
report the best-fit parameters in Table 5 along with the Bayesian
information criterion (BIC), which we use to select which fit is
statistically preferred. We assume the uncertainties in the data are
random and uniform, and thus the log-likelihood is

A 1
In(L) = _Fz[ydata - ymodel]z’ (3)

where o, are the error in the data, y4.., are the Ho intensity
data points, and ynodel are the model values and the sum is
carried out over the data.
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Figure 7. Top: median Ha profile for all HII regions fit with several

functional forms (Table 5). The HWHM of the PSF is shaded in gray and the

median HWHM of all H1I regions is marked as a vertical line. Bottom:

residuals for each model. The double-Gaussian function fits the data best at all
radii.

Table 5
Functional Fits to the Sample-wide Stacked Ha Profile

Moffat Gauss. Exp. Double Gauss.
HWHM; - 15.63 . 10.81
Ay 1.00 1.00 1.07 0.71
HWHM, . e 31.03
Ay e - 0.28
«a 16.34 16.66
Ié] 1.34 e

Note. Coefficients for functional fits to the normalized median Ha radial
profile averaged over the whole sample (shown in Figure 7). Formulae—
Gaussian: A exp(—x2/20?); exponential: A; exp(—x/a); double Gaussian:
A exp(—x2/20%) + Ay exp(—x2/203); Moffat as Equation (10) with x, = 0.
o =2 x HWHM/2.355, and all scale widths are in units of parsecs.

The double-Gaussian function fits the profile the best, with a
near-zero residual at all radii. A single Gaussian cannot fit the
extended wings that dominate the profile beyond ~20 pc,
while an exponential that fits the outer points fails to reproduce
the core of the profile. Visually, a Moffat profile provides a
similar quality fit to the double Gaussian, but we focus on the
double Gaussian because it is easier to work with analytically
and preferred by the BIC comparison. The BIC for the double
Gaussian is lower than for all the other forms, and the
difference is >10, indicating a statistical preference for this
form. This agrees well with R. C. Kennicutt (1979), who also
found Ha intensity profiles for HII regions to be well
represented by one or two Gaussian functions.

For the best-fitting double Gaussian, the profile consists of a
core with HWHM =~ 11 pc. Deconvolving the PSF implies a
size of HWHM = 7 pc for this central compact component.
The larger, extended component has a deconvolved
HWHM =31 pc. The flux of an individual component
x Ac?, and most (77%) of the total flux in the best-fit double
Gaussian lies in this extended component.

15

McClain et al.

The best-fitting double Gaussian for each of the peak
intensity bins is provided in Table 2. We also fit each
individual H IT region with a double Gaussian, simplifying to a
single component when appropriate. Based on the same BIC
criteria as above, we find that for approximately 50% of all H1I
regions the double Gaussian performs better than the single
Gaussian. This multicomponent structure of HII regions is
therefore not simply a manifestation of the stacking of an
ensemble of regions with different sizes. The fraction of
double-Gaussian regions varies by Ha peak intensity, with the
faintest regions preferring a single Gaussian more frequently
than for the brightest regions (36% in bin 2 versus 63% in bin
9). We include the best-fit parameters of the preferred function
for each H1I region in the region catalog (Appendix A).

Figure 7 shows the native-resolution data. In Appendix B.3
we show that the same functional form describes the median
profile as we convolve the MUSE data to coarser resolution,
but the distinction between a single and double Gaussian at
low resolution is minimal. The deconvolved core sizes implied
by these fits remain stable across resolution.

In our comparison analysis of NGC 5068, we also find that a
two-component Gaussian function well approximates the
average HII region profile, with an inner HWHM of 6.2 pc
(deconvolved HWHM = 3.6 pc) and an outer HWHM of 29.5
pc. Compared to the 5 pc HWHM of the PSF, the high-
resolution HST Ha profile appears even more unresolved than
in NGC 253. We discuss this result further in Appendix C.

The two-component structure of HII regions could be
interpreted as two fundamentally different physical compo-
nents of the HII regions, two regimes where the mechanisms
producing the emission differ, but both are associated with the
H I region. This structure could also be interpreted as a dense
core of gas producing emission on top of a broad background
emission from the DIG. One of the leading theories for the
origin of the DIG is leakage from nearby HII regions (e.g.,
A. M. N. Ferguson et al. 1996; L. M. Haffner et al. 2009;
K.-1. Seon 2009). This could account for the shallow decline at
the outer edges of the HII regions, where the emission is
escaping the compact region. The Ha emission is more diffuse
outside the HII region, steadily dropping but never reaching
zero before encountering another nearby HII region.

4.2. Implied Three-dimensional Structure

We use our measured profiles (Table 2) to constrain the
three-dimensional structure of H II regions. First, we invert the
measured intensity profiles to infer the three-dimensional
density structure, then we test how well models that adopt this
structure match our observations. Both approaches leverage
the fact that Ho emission traces the emission measure,
EM  [n%dl, and assume a radially varying density with no
clumping. We compare to [SII] line-ratio measurements,
which are sensitive to the physical density, in Section 4.3.

We analytically transform from the functional form of the
luminosity surface density profile to a three-dimensional
distribution of luminosity per volume. Then we convert from
luminosity per volume (i.e., emissivity) to a density
distribution assuming Case B recombination. To do this, we
assume that in two dimensions the Ha luminosity surface
density, Fy,, is distributed around the peak in an azimuthally
symmetric distribution that follows the double Gaussian
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Fuao = A1e™/271 4 Ayer’/273, 4)

We invoke the inverse Abel transform of Fy,, which
converts the projected two-dimensional distribution into a
three-dimensional distribution via the following integral:

dFy. dx
Faop () oc —— [ T

x2 — 2

®)

where Fy, is the functional form of the Ha profile
(Equation (4)), x is a radial coordinate in two-dimensional
space, and r is the three-dimensional distance from the center
of the H1I region.

The Ha luminosity per volume, fy,3p at any distance r
from the center of the HII region can then be written as

Siaap (1) = exp(—r2/20?)

k
PEa (0’1 \/—

1 — Af
+ 02\/_exp( r2/202))

Here A¢ is the fraction of the total amplitude (/pea) that the
inner Gaussian accounts for, and o; and o, are the standard
deviations of both Gaussians.

We convert from fy, 3p to density via

Afyg0 30 (r))‘“

(6)

(N
hVHu O‘g(fy

ne(r) = 1.12(

where ofl = 1.17 x 1073 cm® s~ for Case B recombination

at T=10* K (B. T. Draine 2011b), with the factor of 1.12 to
account for the contribution of electrons from ionized helium
(l’lHe/I’lH = 012)

We perform this transformation for the best-fit deconvolved
Gaussians describing the luminosity surface density profile in
each Ha peak intensity bin and report the results in Table 2.
The luminosity surface density profiles in different deciles
appear similar to one another (Figure 4) and therefore the
density profiles also appear similar. The volume density profile
is more extended than the luminosity surface density in both
the core and extended components. This is expected because
Ho scales as n2 and so preferentially arises from the denser
inner regions. Although the shape of the density profiles shows
no systematic variation with Ha peak intensity, the central
values for the density vary mgmﬁcantly, from n, < 10cm ™ in
the faintest bin to >100 cm in the brightest bin. The median
central density is n, ~25cm™

We validate our calculations by forward modeling emission
based on the fit volume density profiles and verifying that they
reproduce the observed Ha profile. We construct a three-
dimensional double-Gaussian model for the volume density.
The inner component has a deconvolved size of 8.4 pc and we
vary the size of the outer component from 28 to 37 pc. We
assume the same ratio of amplitudes as found for the one-
dimensional Ha profile.

Assuming this model for the volume density profile, we
square the ionized gas density to correspond to the local
contribution to the emission measure (i.e., the volumetric Ho
emissivity) and then integrate along the line of sight to create a
two-dimensional image that we expect to be proportional to
the normalized Ha intensity image. We convolve this image
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with a Moffat function with a width of 17 pc and index = 2.8
to simulate observing with the MUSE PSF. We then construct
radial profiles and calculate the same size metrics that we
derive for the observed profiles. To match the methodology
used for the observations, we subtract a background equal to
the value of the radial profile at 100 pc and assume 100% of
the luminosity is contained within this 100 pc radius.

Figure 8 compares the profiles and sizes predicted from this
model to our observations. The far left panel shows that the
Ha radial profile derived from the best-fitting density profile
(red) matches the median observed Ha profile (black) well. In
the two-dimensional image of the modeled and observed Ha
emission (center left), we see that the contour values also agree
with each other.

In the right panels of Figure 8, we compare size
measurements from the modeled profile to the observed
distributions of Rsg, Rog, and HWHM. This comparison tests
whether the shape of the model profiles matches the real
profiles (e.g., by comparing Rsy/Rgp, which is sometimes
referred to as a concentration index). Our fiducial model
profiles with outer width o0, =33pc reproduce radius
measurements almost exactly equal to the median values of
the observed distribution, reinforcing the similarity between
the modeled profile and the observed one seen in Figure 8.
This modeled value agrees well with the average o, calculated
from the Ha profile above. The fainter red points show the
result if we vary the outer Gaussian width between 28 and
37 pc. Doing so yields models that mirror some of the spread
we see among real HII regions.

4.3. Density Based on the [S 1] Ratio

MUSE obtains full optical spectroscopy, which includes
probes of the gas volume density that complement our
structural analy51s The hne ratio of the [STII] doublet at
A=6716 A and A\=6730A can be used to estimate the
electron density because of the different critical densities of
the two lines. This diagnostic is valid for densities between
~10 and 10* cm .

Figure 9 shows radial profiles of the [SII] ratio and the
calculated electron density for each peak intensity bin. To
construct these, we calculate a line-ratio profile for each region
from the moment 0 maps. We do not apply any background
subtraction to these, so that the profile should reflect all the
emission along the line of sight and extend from the H II region
into the DIG. Then we calculate the median line ratio in each
radial bin for each Ha peak intensity deciles. We use the
PyNeb package (version 1.1.24; V. Luridiana et al. 2015) to
convert the ratio to a density, assuming a constant temperature
of 10,000 K (choosing 6000 or 8000 K instead does not
significantly affect the profile or implied densities).

The density profiles are shown in the bottom panel of
Figure 9. The shaded region marks the low-density regime
([S 1] ratio > 1.44), beyond which the line ratio asymptotes to
a single value and we only recover an upper limit of ~10 cm >
on the density. Because of this limit, the faintest few deciles
have only upper limits on the density at all radii. We see that
the brightest regions in Ha are also the densest, with
enhancements in the [SII] line ratios visible in the inner
regions of deciles 8—10. Away from the peaks, all regions fall
to the same low-density limit that also describes the DIG.

We fit the density profiles of the deciles that show clear
density enhancements (8—10) with Gaussian functions and
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Figure 8. Predicted emission based on model density profiles. Left: the Ha profile implied from the modeled double-Gaussian density profile (red) is a close match
to the observed median Ha profile (black, left panel) and median stacked Ha image. White and red contours represent the 99th, 95th, 84th, and 50th percentiles. The
best-fit exponential and single-Gaussian functions are also shown in orange and blue, respectively, and fit the observations less well. Right: plots comparing different
radius metrics, i.e., effectively showing concentration indices for our measured regions (gray data density plots) and model Ha profiles assuming a double-Gaussian
density distribution with a compact inner core and an outer Gaussian width varying between 28 and 37 pc (red points) with the best-fit model, which has o, = 33 pc,

marked. The models match the distributions of the observed data well.
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Figure 9. Radial profiles of [S 11] flux ratio (top) and electron density (bottom)
for each decile of Ha peak intensity. The vertical black line marks the median
HWHM of all H Il regions and the shaded gray regions marks the low-density
regime where the [S II] ratio only provides an upper limit on the density.

report the results in Table 6. We quote the central density and
the standard deviation of a single Gaussian that describes the
spatial profile (o) for each decile, along with the measured
[S 1] ratio at the peak. The mean o for three deciles is ~15 pc
(HWHM =~ 18 pc, FWHM ~ 36 pc), notably larger than the
17 pc FWHM PSF and comparable to the HWHM values of
the modeled three-dimensional density profiles for these
deciles. In this small sample, the width of the Gaussian fit
increases with Ha peak intensity, indicating that the brightest
regions have higher density in the center and take longer to
drop to the low-density regime compared to the fainter regions.
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Table 6
Best-fit [S 11]-derived Density Profiles
Bin Peak [S 11] Ratio Peak Density o
(em ™) (pc)
8 1.4244 26.21 + 2.28 9.17 + 2.09
1.4158 34.54 + 2.05 14.30 + 1.72
10 1.3814 68.58 + 2.39 20.99 + 1.12

Note. Best-fit parameters for Gaussian fits to the density profiles derived from
the [S 11] ratio (7, = 10* K) of the brightest three bins of H II regions. The fits
to the fainter regions are not well constrained.

This density measurement is likely an underestimate of the
true density due to DIG contamination. The low density of the
DIG blending with the higher density of the HII decreases the
averaged density along the line of sight as traced by the [SII]
line ratio.

4.4. Density, Luminosity, and Surface Brightness

Both structural analysis of the Ha emission and [S1I] line
ratios shows that regions with higher peak intensity and higher
luminosity show higher ionized gas volume density. In other
words, our results imply a density—luminosity relation for H1I
regions in NGC 253. The left panel of Figure 10 shows the
central densities derived from the Ha profile of all H1I regions
(gray points) and the median [S II] ratio profile for the brightest
three deciles (colored squares). For reference, we compare
these calculations to the density—luminosity relation expected
for a Stromgren sphere with fixed radius. This line assumes
Case B recombination, 7= 10* K, and radius = 8.5 pc, i.e., the
HWHM of the PSF.

Figure 10 shows good overlap between the structurally
inferred densities, the [S IT] estimates, and the Stromgren toy
model in NGC 253. This is consistent with both the structural
and [S1I] estimates being sensitive to the density of a central
core of denser ionized gas. Different density estimates suggest
that the inner component may be relatively filled by ionized
gas, because clumping within the region would lead the [SII]
(which accesses the luminosity-weighted local physical
density) to yield a higher density compared the structural
estimate (which assumes a smooth gas distribution).
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Figure 10. Left: density—luminosity relation for the two methods of density determination. The large colored points represent the densities calculated from the [S II]
ratio for the brightest four deciles (ngy). The solid gray points represent the Ha peak intensity converted to density through the emission measure of Ha for each H 11
region (ny,). A power law is fit to both sets (only for points with Ly, > 10%¢ erg s7h, showing that the [S 1I] ratio yields a steeper density—luminosity relation than
Ha. The predicted relation for a classical Stromgren sphere with radius R = 8.5 pc (cyan line, PSF HWHM) well matches the observations. Dark gray points include
background subtraction, while the lighter, faded gray points in the background represent the Ha intensity-to-density conversion without background subtraction.
Background subtraction has a negligible effect on the overall density—luminosity distribution. Right: we see no similar n—L relation in the PHANGS-HST sample.
Instead we see strong agreement in the relation between density and the region-averaged surface brightness (SBy,) as determined by the region luminosity and Ry,om.
Both the structural (gray points, average density within R.,om) and spectroscopic density measurements for NGC 253 (colored squares, peak density) agree with the

full sample of PHANGS galaxies without background subtraction in all cases.

In green contours, Figure 10 also shows the [S II]-derived
density versus Ha luminosity relation for the PHANGS-
HST + MUSE catalog of A. T. Barnes et al. (2025). These
show an offset normalization with much a higher luminosity at
a given density and a poor correlation between the [S IT]-based
density and luminosity. We also inspected individual galaxies
in the A. T. Barnes et al. (2025) catalog and found significant
scatter in the n—L relation between galaxies, with none
appearing as strongly correlated as NGC253. Along with
Figure 10, this suggests that there is not a universal peak
density—luminosity relation in local galaxies (indeed some-
times an anticorrelation is claimed; e.g., L. K. Hunt &
H. Hirashita 2009).

However, in both our NGC 253 data and the PHANGS-
HST + MUSE data we do observe a strong correlation
between the peak ionized volume density and the region-
averaged Ha surface brightness inside R,om:

SBua = L™ /27R2 - 8)

The observed relation, shown in the right panel of Figure 10,
appears consistent across the full PHANGS-HST + MUSE
sample and both the [S1I] and structural density estimates in
NGC 253:

S_BHa oot
ergs 'kpc2)

Individual relationships are also visible for individual galaxies
within the A. T. Barnes et al. (2025) catalog. We use the
region-average surface brightness within R, here, but we
see similar agreement for a variety of radius measurements.

Ne,sm—3
cm

= 10722 x ( ©)
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Here we show the peak of the [SII]-derived density for
NGC 253, whereas the PHANGS-HST densities come from
the [S I1] ratio of the full region in MUSE. We compare SBy,
from HST and the density from MUSE, which has lower
resolution and therefore includes more area in the [SII]
detections.

A density—surface brightness relation makes physical sense,
since the surface brightness captures the concentration of Ho
emission o f n2dl per area. Given that Ha surface brightness
is significantly more accessible than direct density diagnostics,
the surface brightness—density relation may offer a useful way
to predict ionized gas volume densities in addition to yielding
a basic constraint on the structure of HII regions. If this is
indeed the more physical relation, then we observe a density—
luminosity relation in NGC 253 because of the tight correlation
between intensity and luminosity in this galaxy (Figure 3),
which does not appear to hold in such a universal way for other
galaxies.

4.5. Implications

A double-Gaussian structure is preferred in all of our
stacked profiles, most individual profiles, and also in the
NGC 5068 comparison data. In most regions, we find evidence
for compact cores with radius < 10 pc that are still unresolved
or marginally resolved at our 17 pc (FWHM) resolution. It will
be interesting to see whether these peaks are only knots of
ionized gas or also correspond to the locations of the powering
stellar sources, and perhaps even shell-like structures (as in
A. Pedrini et al. 2024). From preliminary inspection of the
multiwavelength emission, in many cases, they do seem to also
be peaks in the IR and optical.
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Figure 11. Color: enclosed ionized gas mass profile of HII region deciles
assuming the double-Gaussian density profile in Table 2 and a smooth density
distribution. Gray: cumulative enclosed ionizations per second assuming the
number of ionizations traces the luminosity density of Ha. The profiles are
normalized at 150 pc where they level off. Vertical lines mark the median
radius at which half of the mass (dark blue dashed—dotted line) and ionizations
(gray dotted line) are enclosed. 50% of the ionizations occur within one
resolution element of MUSE, therefore we cannot resolve the majority of the
flux production.

The presence of significant flux in the extended component
means that most (~80% on average) ionizing photons escape
from the core to ionize the surrounding halo structure. This is
before accounting for overall escape from HII regions to
the DIG.

From our three-dimensional estimates of luminosity density,
we inferred the volume density assuming a smooth
distribution. In Figure 11, we show the normalized radial
profiles of enclosed mass for each decile of Ha peak intensity
in color and the enclosed number of photoionizations (or
recombinations) per second in gray (the number of ionizations
traces the luminosity per volume and scales as nZ). The vertical
lines mark the radius within which 50% of the total mass is
enclosed (Msg, dark blue) and where 50% of the photoioniza-
tions occur (gray). The shapes of the profiles are extremely
similar across peak intensity, resulting from the extremely
similar Hoae profiles.

We see that 50% of the total ionizations occur within ~6 pc
of the Ha peak. This is smaller than the HWHM of the MUSE
PSF for these observations, thus we are not able to resolve half
of all ionization events that take place inside these H II regions.
The location of emission is strongly concentrated at the center
of the regions. One might assume that half of the
photoionization heating and perhaps a similar fraction of
radiation pressure might be exerted within this volume, which
might have important implications for the dominant mode of
stellar feedback (e.g., see D. Pathak et al. 2025).

The mass profile is significantly more extended, though we
caution that the assumption of a smooth density distribution
makes the plotted mass profiles an outer limit. The median
value of Msq is ~50 pc. Thus Mso~ 1.1 Rgg~2.2 Rsqg~3.3
HWHM, after taking the median of the radius values across the
bins of Ha peak intensity. For a smooth density distribution,
50% of the total mass of an HII region is found within the
same region as approximately 90% of the Ho flux. Note that if
the ionized gas in this extended distribution is clumpy, i.e.,
concentrated into locally denser regions, the mass of the
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extended component will drop and become more centrally
concentrated. It will be interesting to test this further, e.g., by
assessing the patchiness of the emission.

Finally, the common density—surface brightness relation
observed between PHANGS-MUSE + HST and our NGC 253
analysis suggests some common structural behavior for H1II
regions. This may offer a useful way to coarsely estimate the
peak density in a region, and will be interesting to compare to
high-redshift observations where density diagnostics are
increasingly available from JWST spectroscopy (e.g.,
M. W. Topping et al. 2025).

5. Conclusions

Using the largest MUSE spectral map of a nearby, massive
star-forming galaxy, we study 2492 H1I regions identified as
Ha peaks and confirmed through line-ratio diagnostics in the
nearby spiral NGC 253. We release the catalog of HII regions
and their properties with this paper (Appendix A). Our
false-source tests suggest that our catalog is >90% complete
down to Iy, = 10*°2 erg s~! kpc 2, corresponding to Ly, =
10*” erg s~ '. The luminosity function is well represented by a
broken power law with indices a; = —0.92 and a, = —1.86.
Before subtracting any local background, 70% of the total Ha
luminosity of NGC 253 is contained within our HII regions,
in good agreement with the median compact Ha fraction of
63% found in F. Belfiore et al. (2022) and other literature
studies. Thus, these HII regions represent a typical sample
of HII regions comparable to those recovered in the PHANGS
nebular catalogs (B. Groves et al. 2023; A. T. Barnes
et al. 2025) but observed at high physical resolution of
~17 pc (FWHM).

We use extinction-corrected, background-subtracted radial
profiles of individual and stacked HII regions to study the
structure of resolved HII regions.

1. Profiles of Ha emission are well fit by a double-Gaussian
function, with a compact core surrounded by an extended
component. The deconvolved HWHM size of the cores is
~7 pc, and the surrounding broad Gaussian has a
deconvolved HWHM of ~30 pc. The extended
component contains ~80% of the total flux in the profile
(Sections 4.1 and 4.5).

2. This double-Gaussian profile is preferred over a single
Gaussian for all stacked profiles and ~50% of individual
H I regions in NGC 253, with some dependence on Ha
peak intensity. We recover a similar best-fit functional
form for HII regions in NGC 5068, with the inner
Gaussian appearing even more concentrated than in
NGC 253 (Sections 4.1 and 4.5, Appendix C).

An important next step will be to test how these results
change if we instead construct profiles around concentrations
of massive stars rather than Ha peaks (e.g., S. Hannon et al.
2022). With upcoming HST Ha coverage of NGC 253 (GO
18086, PI: R. L. McClain), we also expect to test how often the
marginally resolved Ha cores seen here resolve into the shell-
like structures seen on small scales in Galactic and HST
observations (e.g., L. D. Anderson et al. 2014; S. Hannon et al.
2022).

We use our profiles to measure the relationship between the
radius and luminosity of HII regions. This measurement is
sensitive to methodological choices, which we discuss in detail
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in Appendices B.3 and B.2. For our fiducial background-
subtracted, native-resolution measurements, we find the
following.

3. The HWHM or core radius appears approximately fixed
as a function of Ha peak intensity and luminosity,
indicating that HII regions are strongly cored and this
core is unresolved. This result also appears to hold in 10
pc resolution HST Ha observations of NGC 5068,
suggesting that it represents a general conclusion
(Section 3.2).

4. We recover the expected luminosity—size relationship for
isophotal radius measurements. The normalization of the
relationship is tunable via the choice of isophotal
threshold, and we show that our data can match the
HST Ha results of A. T. Barnes et al. (2025) or the
MUSE results of B. Groves et al. (2023) as well as
several literature studies (Sections 3.4 and 3.5).
However, we caution that the isophotal radius has an
ambiguous physical meaning, capturing a variable
fraction of the flux and peak intensity across our sample.

5. Three measures of effective radius (Rypom, R50, and Ro)
show a weak correlation with luminosity, and are
strongly sensitive to the treatment of the background
(Sections 3.3, 3.5). However, we recover stronger
relations in complementary analysis of NGC 5068
(Appendix C). Some of this difference can be attributed
to target-specific traits, the sensitivity of the data, or
differences in H II region identification and segmentation
algorithms.

Analyzing the radial profiles in Ha and [S II], we estimate
the physical parameters of the HII regions in our sample.

6. We convert the best-fit Ha profiles to three-dimensional
electron density profiles, which imply central densities of
~10-110 ¢m3 (Section 4.2, Table 2). Assuming a
smooth distribution, the three-dimensional density profile
is a double Gaussian with core width~ 10 pc and an
extended Gaussian with HWHM = 40 pc.

7. The density-sensitive [S II] ratio yields a value above the
low-density limit for the binned profiles of the brightest
three deciles of HII regions. The brighter HII regions
have broader density distributions than the fainter
regions (Section 4.3, Table 6).

8. We find a good correlation between the [S II]-derived
densities and the region-averaged surface brightness
(measured within R,,,.,) with index ~ 0.61 (Section 4.4,
Figure 10). Approximately the same correlation holds for
densities inferred from Ha profiles in NGC 253, [S1I] in
NGC 253, and using [S1I] in the HST + MUSE sample
of A. T. Barnes et al. (2025). In NGC 253 but not the
broader HST + MUSE sample, this relationship man-
ifests as a strong density—luminosity relation.

For this analysis, we choose to center HII regions at the
location of brightest Ha emission. However, an obvious
improvement to this assumption is to center the radial profiles
on the underlying powering stellar clusters and associations
(e.g., B. C. Whitmore et al. 2011). Incoming HST and future
JWST imaging will provide sufficient wavelength coverage
and resolution to locate and characterize the stellar populations
powering the identified HII regions.
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With sufficient data, we can determine the ages and masses
associated with the identified HII regions, revealing the
evolution of HII region structure across the full galaxy.
Expanding this analysis to other nearby galaxies with high
physical resolution imaging (e.g., the full PHANGS-HST
sample) will provide key insight into the generality of the
results presented in this paper and the role of small-scale
stellar feedback in shaping galaxies.
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Appendix A
Region Catalog

We provide our region catalog and a corresponding spatial
mask as a data release accompanying this paper. Table 7
describes the columns included in the catalog. The entries in
the catalog are explained throughout the main text. We include
a flag (Flag,,) to indicate isolated regions with a clean
background, after all other regions in the catalog are masked.
This is determined based on the median absolute deviation of
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Table 7
Region Catalog Columns
Column Name Units Description
Region ID Region identifier
Lpeax Bin Peak intensity decile for this region
R.A. degrees R.A. of Ha peak
Decl. degrees Decl. of Ha peak
Rgal kpc Galactocentric radius in the plane of the galaxy
PSF arcseconds Estimated PSF of the working Ha map at this location
Aja mag Extinction at the Ha peak
Lpearc ergs ! kpc 2 Extinction-corrected background-subtracted peak intensity
g ergs ' kpe? Extinction-corrected intensity of subtracted local background
HWHM pc HWHM size
Rinom pc Intensity-weighted rms size
Rso pc Effective radius encompassing 50% of the luminosity
Royo pc Effective radius encompassing 90% of the luminosity
Riso pc Isophotal radius for fiducial isophote
Rium pc Radius used to define background aperture and luminosity integral
Ly, ergs ! Ha luminosity not corrected for extinction, background subtracted
Lyo.corr erg s7! Ha luminosity corrected for extinction, background subtracted
Ly..BG ergs ™! Ha luminosity not corrected for extinction, without background subtraction
Lo corr+BG erg s7! Ha luminosity corrected for extinction, without background subtraction
HWHM, 4 pc HWHM of the best-fit inner Gaussian
HWHM, 4, pc HWHM of the best-fit outer Gaussian
Aratio Amplitude ratio of the inner and outer Gaussians
Flagp, True when H II region is isolated with clean background after masking

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

the unbinned profile between Ry, and 200 pc. These regions
tend to be at the edges of spiral arms or in the interarm region.

We also provide a spatial mask on the astrometric grid of the
MUSE survey. For each region, this mask identifies the pixels
that lie within Ry, and so contribute to the luminosity and size
measurements. When a pixel lies within Ry, for multiple
regions, we assign it to the nearest peak. The rest of this
appendix expands on details related to catalog construction and
validation.

A.l. BPT Cuts

As discussed in Section 2.2, we perform spectroscopic line-
ratio cuts to limit the sample of Ha peaks to those most likely
to be HII regions. At the location of brightest pixel in each
region, we measure the strengths of the following emission
lines from the moment 0 maps (before any correction for
extinction): HG, [O111] A5007 (O 1), [N 1I] A6583 (N 1I), and
[ST] A6716 + [S 1] A6730 (S 11). Using the relative strengths
of these lines and Ha with the diagnostics presented in
L. J. Kewley et al. (2001) and G. Kauffmann et al. (2003), we
separate H1I regions powered by young stars from regions
likely to be powered by other ionizing sources.

The N2-BPT and S2-BPT diagrams for all Ha peaks are
shown in Figure 12. We consider the regions that fall below
the G. Kauffmann et al. (2003) line in the N2-BPT diagram
and below the L. J. Kewley et al. (2001) line in the S2-BPT
diagram likely to be H1I regions. Those that fall between the
two lines in the N2-BPT diagram are considered composite
objects (L. J. Kewley et al. 2006). We remove all peaks above
either line from our sample, retaining only likely H II regions.
These cuts reject a total of 554 peaks, or 18.2% of our catalog,
removing supernova remnants, PNe, composite objects, and
objects highly contaminated by the DIG.
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B. Groves et al. (2023) invokes an S/N requirement greater
than five for the emission lines used for BPT cuts. We note
here that only 370 regions in the final sample have [O111] S/
N < 5, all of which belong in the faintest two bins of Ha peak
intensity. All other lines are significantly detected at the
location of the Ha peaks. We choose to leave these regions in
our sample, but note that there may be additional contamina-
tion affecting the results of the faintest two bins.

There is a noticeable separation of [S 11]/He (S2) across Ha
intensity bins in the S2-BPT diagram, which does not appear
for [N1I]/Ha (N2). This is due to the fact that S2 is more
sensitive to He intensity than N2, changing more steeply with
increasing Ha surface brightness, as seen in the PHANGS-
MUSE galaxies in F. Belfiore et al. (2022). S2 is also more
strongly affected by DIG contamination than the metallicity-
sensitive N2 ratio, and the faintest regions show less contrast
with the DIG than the brightest regions.

A.2. Completeness

We test the completeness of our HII region catalog by
injecting false sources into the Ha extinction-corrected map.
We assume the sources are symmetric two-dimensional
Gaussians with peak intensity and size randomly chosen to
lie in the linear range 10°°! < Leak < 10°*? erg s~ ' kpc ™2 and
10 < HWHM < 32 pc, which correspond to the 16th—84th
percentiles of the observed H II region properties.

We add 100 sources to the map at a time, and repeat this
exercise 100 times. Each time, we reidentify peaks and record
whether the false sources have been recovered. Figure 13
shows the results of this test. Overall, we recover 98% the
10,000 false sources. Fainter sources are more challenging to
recover, with only ~90% completeness for sources with peak
intensity < 10%*% erg s~! kpc~%; following the fit in Figure 3
this corresponds to better than 90% completeness for regions
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Figure 12. N2-BPT (left) and S2-BPT (right) diagrams for Ha peaks. Colored points show our sample of H II regions, colored by their extinction-corrected
background-subtracted Ha peak intensity bin (Section 2.5). Gray points show regions identified as Ha peaks, but excluded from our catalog because they fall above
the G. Kauffmann et al. (2003, dashed black, left panel) and/or L. J. Kewley et al. (2001) lines (solid black, both panels).

with luminosity > 10°°® erg s™'. We are also 90% complete

for regions with a contrast > 75.

There is also a weak trend that smaller regions are recovered
better. The coloring of the points and locations of undetected
regions in Figure 13 show that the detectability of the false
sources is dependent most strongly on contrast with the local
background. This is, in general, worse for low-intensity
regions, but also depends on galactic position because faint
sources are difficult to detect close to bright sources. We
expect that there is thus some bias in our catalog such that we
miss faint regions in the spiral arms and inner galaxy.

Once the false sources have been detected, we build radial
profiles around them and find a strong 1:1 correlation between
the measured HWHM and R5, consistent with the predictions
for a Gaussian source. We also find a strong 1:1 correlation
between the HWHM from the profile and the input source size.
We are able to recover the input parameters for a sample of
false sources injected into the map in isolated regions.

A.3. Point-spread Function Characterization

Many of our regions show compact cores, and their extent
relative to the PSF is of interest. We expect the PSF to vary
across the map, because the data were collected over the
course of more than 1 yr, and observing conditions varied
across the many observing sessions. We use 571 PNe visually
identified in E. Congiu et al. (2025) to estimate the PSF of each
pointing. Because the PNe are physically very small (<1 pc;
D. E. Osterbrock 1964), they are expected to appear as
unresolved point sources at the distance of NGC 253.

The functional form of the MUSE PSF is a Moffat function,
given as

£ =A(1 + (— (10)
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where A is the amplitude, x, is the center of the distribution
(zero, in this case), « is the width of the distribution, and 3 is
the index controlling the sharpness of the distribution. In
E. Congiu et al. (2025), each PN was fit with a Moffat profile
with index 3 = 2.8, except in the two central pointings, which
used an index §=2.3. The central pointings were observed
with the adaptive optics mode, and the rest were observed with
the natural seeing mode.

Assuming that all PNe are point sources in the MUSE map,
we take the E. Congiu et al. (2025) fits to reflect the local PSF.
For those pointings with more than one PN, we use the mean
width of all of the relevant PNe to estimate the PSF. For the
three pointings with no detected PNe (pointings 13, 41, and 50
at the outer edge of the galaxy), we take the average width of
the full catalog as the estimated PSF.

The mean FWHM of the entire PN catalog is 0'80 and the
mean of the pointing PSFs is 0.78. To calculate the effective
PSF, we add the E. Congiu et al. (2025) measurements in
quadrature with the 0.6 smoothing kernel used in our analysis
(Section 2.1). We report the median and range of PSF widths
in Table 1, and the local PSF for each region is provided in our
catalog. Based on this, our typical working PSF is a Moffat
function with FWHM = 1” and index (3= 2.8 (Figure 14).

We test our radial profile calculations and check the
accuracy of the PSF estimates by applying our profile methods
to the identified PNe. In Figure 14, we show the median
stacked profile combining all PNe. The profile appears well
described by a Moffat profile with width =1”. For compar-
ison, we show the median profile of all HII regions in blue.
The HII regions appear extended compared to the PNe,
supporting their treatment as extended sources in our analysis.
This conclusion also holds if we degrade the resolution of our
images (Appendix B.3), indicating that the emission around
H1I regions shows extended structure on a range of scales.



THE ASTROPHYSICAL JOURNAL, 998:166 (29pp), 2026 February 10

McClain et al.

N/Ntot

detected
@ undetected

HWHM (pc)

103

—
o
o

|peak/|bg

=
o
4

10°

Peak Intensity (10° erg s~! kpc™2)

16'1
N/N¢ot

Figure 13. Top: the locations of undetected false sources, colored by their contrast above the background. The regions that we fail to detect tend to have low contrast
in bright areas of the galaxy. Bottom: parameters of detected (small colored points) and undetected (large points with black outline) false sources colored by their
contrast above the local background. Histograms show the fraction of undetected sources as a function of region size (y-axis) and peak intensity (x-axis). Faint
regions are the most difficult to detect, and we miss ~10% of regions with a peak intensity below 10**? erg s™' kpc 2 Large regions are also somewhat harder to
detect than smaller regions. Contrast with the local background plays an important role, with faint regions in regions with high background the most difficult to

detect.
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Figure 14. Background-subtracted and normalized median radial profile of all
PNe (red) and H II regions (blue) across the disk of NGC 253. The Moffat
function describing the typical PSF measured by E. Congiu et al. (2025) is
shown with a solid red line. This matches the median PN profile, validating
our profiling method and the PSF estimate. The median HWHM of the Ha
profiles is larger than the PSF validating our treatment of the H II regions as
resolved sources.

In Figure 3, we plot the expected Ly, versus /e, for a point
source with a profile that matches the MUSE Moffat PSF
profile. We account for the variation in the PSF by shading the
region spanned by a PSF of 0.86 (14.6 pc FWHM) and 1.15
(19.5 pc FWHM), the 16th—84th percentile range of the PN
FWHMs discussed in Appendix A.3. A large majority of the
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regions are resolved and more extended than the PSF profile.
However, 205 of our regions have a luminosity less than the 1”
PSF would predict for the corresponding peak intensity, and
121 have luminosities less than the 0786 PSF. Some of these
regions have oversubtracted backgrounds due to, for example,
unmasked peaks nearby or imperfect extinction correction.
These regions are scattered evenly throughout the disk, but are
generally surrounded by regions where the HZ S/N is low.

Appendix B
Impact of Methodology, Data Quality, and Galactic
Properties

Properties of the data and galaxy, along with the many
methodological choices implemented throughout the analysis
can have an impact on the conclusions presented in this paper.
Here we vary our methodology to test the robustness of our
results and investigate the impacts of data and galaxy
properties.

In Figure 15, we show how the extinction along the line of
sight varies with Ha intensity. The brightest regions are
generally located close to the center of the galaxy, where the
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Figure 15. Ay, at the location of the Ha peak, as a function of background-
subtracted Ho peak intensity before extinction correction.

dust content is highest. The brightest HII regions therefore
tend to have higher extinction. Our choices of extinction laws
and geometry have the potential to affect the brightest HII
regions more strongly, but we do not explore this further in
this paper. We use standard extinction treatments in the field
(discussed in Section 2.3).

B.1. Median versus Mean

We use the median statistic to construct individual radial
profiles and to stack regions to determine aggregate behaviors.
For individual regions, this minimizes the effect of filamentary
ISM structure or nearby unmasked regions on the back-
grounds. In the stacks, it down-weights unusually compact or
extended regions. We verified the use of the median to
construct the profiles in individual regions via inspection of
cutouts and profiles for many regions using different
approaches. We show that our results are robust to stacking
methodology in Figure 16.

Figure 16 compares the mean- and median-based stacked
profiles for each peak intensity bin, without background
subtraction. For bins 2 through 9 (our normal H II regions), the
two approaches match each other closely. In the central-most
regions of the profiles, the two approaches show little
difference. The background level does vary slightly between
the two methods, with the mean picking up more surrounding
emission and thus yielding a higher background. Upon visual
inspection, much of the emission picked up in the mean profile
is unassociated with the H II region and thus, the median stack
is preferred.

There is only a strong difference in the results for the
brightest and the faintest Ho intensity bins. The faintest bin
has the lowest contrast with the background. The brightest bin
contains some extremely bright and extremely cored regions as
outliers, which are visible in the traces shown in Figure 4. This
causes a difference between the mean and the median at the
very centers of the regions.

B.2. Effect of Background Subtraction and Ry,

Applying a local background subtraction lowers the
measured luminosity of our HII regions by a factor of &3,
which affects the luminosity function and luminosity—size
relations. Here, we explore the impact of the background
subtraction on our size measurements. We use the same
methodology adopted for our fiducial results, but set the
background intensity to be zero and so build non-background-
subtracted profiles. We maintain the same aperture radius,
R, used for the background-subtracted calculations.

Figure 17 shows the luminosity—size relations with and
without background subtraction. Qualitatively, the trends
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remain the same with (solid colors) and without (faded colors)
background subtraction. Subtracting a local background makes
the regions appear less luminous, moving all relations down in
luminosity—size space. This impacts the faintest regions the
most, where the background intensity is more comparable to
the peak intensity of the HII region. The background
subtraction has the effect of lowering the measured Rom,
Rsp, and Rgq significantly, because it removes low-intensity
extended flux from the profile. For bright regions, the HWHM
is largely unaffected, because the background represents a
modest fraction of the peak. For fainter regions, the HWHM
radius decreases with the background subtraction, which
enhances the contrast between the peak and the surrounding
profile. The isophotal radius decreases significantly with
background subtraction in the faintest bins, reflecting that
our adopted intensity threshold is low, in line with its goal of
capturing the H1I region-DIG divide.

Despite shifts in the measured quantities, the relationships
between luminosity and size are not strongly affected. After
binning by intensity or luminosity, Rom, Rs0, and the HWHM
do not show a strong positive correlation with luminosity
regardless of background treatment, and R;,, does show a
strong relationship to the luminosity regardless of our
treatment of the background (Table 3). The best-fit relations
shift somewhat in slope and significantly in normalization
depending on this treatment, as recorded in Table 3.

In Figure 17, we adopted the same radius to calculate
luminosity in the cases with and without background. If,
instead, we choose a fixed aperture size for all regions, then we
see significant pileup in fractional flux sizes Rsy and Ry for
sources without background subtraction, with little spread in
the distribution. Without background subtraction, the aperture
used to make the size and luminosity measurements plays a
critical role. In the case where a segmentation algorithm is
used, this often sets the effective luminosity radius.

When calculating the luminosity and radius of the HII
regions, we use Ry, as the outer boundary. Comparing this
luminosity, L(Ry,) to the luminosity within our radius
measurements (e.g., LHWHM) or L(Rom)) there is only a
slight increase in the strength of the R-L relationship. For
example, the Spearman rank correlation coefficient p for all
regions changes from 0.19 to 0.39 for LHWHM) and from
0.39 to 0.43 for L(Rmom)-

B.3. Resolution

The HWHM, R, ,om, Rso, and Ry show a strong imprint of
the resolution, manifesting at ~2—4 times the PSF size. As a
more robust check on the potential effects of resolution on our
results, we convolve our data to a coarser resolution and repeat
our analysis. We use a Gaussian kernel to convolve the
extinction-corrected Ha map to final FWHM resolutions of
1'5, 2", 2'5 3" 35 4" 45 and 5" corresponding to 26, 34,
42, 51, 59, 68, 76, and 85 pc. These are comparable to the
typical physical resolution of seeing-limited studies targeting
galaxies at ~5-30 Mpc, including PHANGS-MUSE and
SINGS (R. C. Kennicutt et al. 2003; W12; B. Groves et al.
2023).

We plot the median profiles of all HII regions for each
resolution in Figure 18. We use the same Ha peaks and the
same region masks as our native-resolution catalog. Because
the resolution of the convolved data becomes larger than the
size of the initial search kernel, some of the HII regions are
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Figure 17. Top: luminosity—radius relation for the median profiles binned by
peak intensity with (solid) and without (faded) background subtraction.
Bottom: full distribution of all regions without background subtraction. The
binning methods are the same as Figure 5. Without background subtraction,
the luminosity of the faintest bins increases and the regions get larger, but the
overall trends remain the same. In both methods, the radius is measured within
the same R}, and the maximum radius allowed is 100 pc. See Table 3 for a
comparison of fits with and without background subtraction.

blended together and thus potentially double counted. To
construct the profiles, we consider circular areas with a radius
of 200 pc centered on each peak. The aperture and background
radius Ry, is still measured as the tenth percentile of the
profile. The maximum allowed Ry, increases from 100 pc by
the convolved PSF value. This allows the aperture to be larger
for lower-resolution profiles and therefore increases the total
luminosity of each region.

In Figure 18 at all resolutions, the radial profiles of Ha
intensity always show a barely resolved core, only slightly
more extended than the current PSF (dashed line in each panel)
that transitions into an extended, shallowly declining
component at larger radii. We present the best-fit double-
Gaussian function for resolutions of 1”7-5" in Table 8. Once
convolved, the outer Gaussian becomes larger compared to the
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native-resolution profile, with the deconvolved sizes increas-
ing until an FWHM resolution of 3.5. We estimate the flux
contributed from each component xAc®. We report the
fraction of the flux associated with the inner Gaussian and
the outer Gaussian components as fp in Table 8.

Table 8 also includes the best-fit single Gaussian at each
resolution and ABIC comparing the double and single
Gaussians. Here ABIC > 10 prefers a double Gaussian over
a single Gaussian and ABIC < —10 prefers a single Gaussian
over a double Gaussian. From 1” to 4”, the double Gaussian is
significantly preferred, but at the lowest resolutions, the two
functions are statistically indistinguishable. This could reflect
that the kernel becomes comparable to the H I region sizes at
the lowest resolutions. For example, the deconvolved HWHM
of the best-fitting single Gaussian at 5” = 42.42 pc resolution is
45.65 pc, greater than the size of the extended component fit at
the native resolution. This trend toward increasing simple
Gaussian forms may relate to the results in W12, who find
most of the luminosity in the core of their H II regions at 17-3"
resolution (physical resolution of 40-325 pc). Assuming the
trends presented here, at this physical resolution, the regions
would likely be represented well by a single Gaussian, which
would contain the majority of the flux in the core.

Figure 18 shows how the sizes determined for the binned
profiles change as a function of resolution. As the resolution of
the data degrades, the actual measured sizes increase, but the
overall luminosity-radius trends for each metric remain similar
to what we measure at the native resolution. The HWHM,
Rinom, and Rsy show no clear trend with radius when binned by
peak intensity. They remain approximately constant at
multiples of the (increasing) PSF. Meanwhile, the isophotal
radius shows a strong correlation with luminosity, with the
slope of L as a function of R becoming shallower as the
resolution becomes coarser (for the binned values). This
reflects that the convolution increases the isophotal size for
most bright regions but can drop the intensity in some faint
regions enough to decrease their size at the isophotal intensity
threshold.

The bottom panel of Figure 18 shows the full distribution of
regions at 5” resolution with the same binning methods as
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Figure 18. Effect of resolution on our measurements. Top panels: radial profiles of the full H II region catalog at varying resolutions. The median profile is shown
with a solid colored line and the corresponding Gaussian PSF is denoted with a dotted colored line. The native 1” resolution He profile is shown with a solid black
line in all panels. Middle panels: radius—luminosity trends for different radius measurements as the angular resolution degrades to the PHANGS-MUSE physical
resolution (~85 pc). The colored points represent the Ho peak intensity bins for the native-resolution map while the grayscale points are convolved with a Gaussian
kernel set by the resolution. Bottom panels: the full distributions of luminosities and radii for the region catalog convolved to 5” resolution. The different binning
methods are the same as Figure 5. We see similar trends to the native resolution for all radius measurements and binning methods, but the slope of the Rjs,—L trend
decreases with decreasing resolution. The determined region size scales up with resolution, overestimating the true region size.

Figure 5. The trends at this coarse resolution do not vary
strongly from the native resolution, although the I,c.x and Ly,
bins track each other better at low resolution than at high
resolution. We quote the Spearman rank correlation coefficient
(p) and the power-law index (&) and normalization (A) for the
full sample of H1I regions across resolution in Table 8.
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B.4. Galactic Inclination

NGC 253 is highly inclined, with i =76° (A. McCormick
et al. 2013). Radial profiles of extended objects in the galactic
disk could be affected by this high inclination. The viewing
angle will also lead the minor axis profile to reflect a
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Table 8
Profile Properties as a Function of Resolution

Double-Gaussian Fits

Resolution Ay HWHM;, fou A, HWHM, oo HWHMgingie ABIC
FWHM HWHM Measured Deconv. Measured Deconv. Measured Deconv.
(arcsec) (po) (po) (pc) (po) (po) (po) (po)
170 8.48 0.71 10.81 6.69 0.23 0.28 31.03 29.85 0.77 15.63 13.12 462
1’5 12.73 0.8 18.35 13.22 0.24 0.18 67.4 66.19 0.76 24.4 20.82 392
20 16.97 0.82 24.24 17.31 0.28 0.17 85.32 83.62 0.72 31.04 25.99 223
2’5 21.21 0.83 30.18 21.47 0.33 0.16 97.29 94.95 0.67 37.47 34.93 111
30 25.45 0.83 34.75 23.66 0.35 0.18 102.23 99.01 0.65 43.22 34.93 59
3’5 29.69 0.82 38.36 24.29 0.35 0.20 105.57 101.31 0.65 48.27 38.05 30
40 33.94 0.77 40.61 22.31 0.34 0.24 102.54 96.76 0.66 52.80 40.45 14
4’5 38.18 0.72 42.79 19.33 0.30 0.29 101.08 93.60 0.70 57.98 43.63 5
5.0 42.42 0.67 4433 12.87 0.27 0.35 98.74 89.16 0.73 62.32 45.65 -0.8
R-L Relations
Resolution HWHM Riom Rso Rog R;s,
FWHM HWHM p aA p aA p aA p aA p aA
(arcsec) (pc)
10 8.48 0.19 0.93 0.39 1.82 0.38 1.56 0.43 1.95 0.89 2.1
35.82 34.62 34.81 33.75 33.64
1’5 12.73 0.25 1.28 0.41 2.07 0.39 1.78 0.43 2.07 0.9 2.11
35.29 34.19 34.43 33.47 33.59
20 16.97 0.3 1.47 0.41 2.25 0.39 1.93 0.4 2.19 091 2.14
349 33.83 34.13 33.18 33.52
2’5 21.21 0.32 1.82 0.38 241 0.37 2.02 0.36 2.28 091 1.96
34.29 33.51 33.92 32.96 33.81
30 25.45 0.31 1.77 0.37 2.49 0.35 2.11 0.37 2.58 091 2.08
34.28 33.31 33.72 32.35 33.58
3’5 29.69 0.3 1.72 0.36 2.61 0.34 2.22 0.38 2.81 0.9 2.15
343 33.07 33.48 31.88 33.43
4’0 33.94 0.29 1.72 0.35 2.47 0.33 2.4 0.39 2.94 0.89 2.15
34.24 33.24 33.16 31.58 3341
4’5 38.18 0.29 1.58 0.3 2.18 0.29 2.25 0.38 2.78 0.88 2.1
34.48 33.66 33.37 31.85 33.5
5.0 42.42 0.29 1.52 0.29 2.09 0.28 2.2 0.38 2.81 0.86 2.1
34.55 33.79 33.43 31.77 33.47

Note. Properties of the radial profiles convolved to different resolutions. Top: double- and single-Gaussian functions that best fit the normalized median Ha profile
averaged for the whole sample at each resolution. fp ; and fp» represent the fractional flux of the inner Gaussian (4, crf) and the outer Gaussian (A 2(7%), respectively.
HWHM;p1c is the HWHM measured from the best-fit single Gaussian. ABIC > 10 implies that a double Gaussian is preferred over a single Gaussian. Bottom:
radius—luminosity relations for each radius measurement at each resolution. We provide the Spearman rank correlation coefficient, p, and the power-law slope (&)
and normalization (A) of the best fit to all regions.

convolution of the vertical structure of regions, not only their ton MO S TR e o
in-plane extent. However, H Il regions should mostly be a local i
phenomenon, e.g., MW regions showing sizes much smaller
than the =100 pc scale height of the cold gas
(P. M. W. Kalberla & J. Kerp 2009; M. Heyer &
T. M. Dame 2015; L. D. Anderson et al. 2019). Therefore,
we expect that their shapes may not reflect the large-scale

geometry of the system and instead be more symmetric. groo— o K p— oo
We test this expectation by examining the structure of the P e -
radial profiles. The mean and median two-dimensional stacks g 25 ‘°‘§i
of all H1I regions are shown in Figure 19. The x-axis is aligned g it o
to the in-plane direction (i.e., the major axis) and the y-axis istance from Har peak (pc) el
aligned to the vertical direction (i.e., the minor axis), with the Figure 19. Two-dimensional stacks of the full sample of H I regions. The left
local background subtracted before stacking. Profiles below plot shows the median of the stack and the right shows the mean. Both plots

both stacks show cuts through the axes. Both stacks appear have contours of the 99th, 95th, 84th, and 50th percentiles of Ha brightness
) with a red x marking the location of the brightest pixel, used as the center of

circular, SuggeSting that, on a\./erage:’ the inclination of the the H I region. Below each stacked image are the radial profiles of Ho surface
galaxy does not affect the two-dimensional structure of the H1I brightness along the major (cyan) and minor (magenta) axis.
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regions on these scales. We also examined two-dimensional
cutouts at a range of galactocentric radii and position angles.
We did not observe any systematic distortions in the shapes of
stacked sets of regions as a function of these parameters.

Appendix C
Comparison to HST Ha Measurements of NGC 5068

With the recent publication of the PHANGS-HST Ha
narrowband observations from R. Chandar et al. (2025), we
have access to a complementary sample of Ha images for HII
regions. NGC 5068 (D = 5.2 Mpc) is the nearest galaxy in the
R. Chandar et al. (2025) sample, and is less massive and less
inclined than NGC 253. Because the physical resolution of these
HST data resembles that of our NGC 253 MUSE map, we
replicate our measurements in NGC 5068 to test the stability
and generality of the results presented in the main text.

We use the catalog of 126 H I regions and Ha map presented
in A. T. Barnes et al. (2025), which has a resolution of 10 pc.
We correct the Ha flux for extinction based on a single value of
E(B — V) for each region calculated from MUSE (B. Groves
et al. 2023) and center the profiles on the Ha peak. We increase
the isophote used for R, to match the effective isophote
presented in A. T. Barnes et al. (2025), which reflects the higher
noise level in the HST Ha maps compared to MUSE. We
extract source properties at Ry = 100 pc. Due to the lower
sensitivity of HST, the sample of regions identified in
NGC5068 is most comparable to the high-luminosity
distribution of regions seen in NGC 253.

The PHANGS-HST catalog was built around the PHANGS-
MUSE B. Groves et al. (2023) H1I region catalog, and thus
inherits some of the biases associated with their image
segmentation. Thus, the approach here is not an exact
comparison to the analysis presented for NGC 253, but we
believe the effects to be small.

C.1. Size—Luminosity Relations

In Figure 20, we find that the HWHM radius remains stable,
showing no strong relation with Ha luminosity. This agrees
with the results we find for NGC 253 (Section 3.2). When
centered around Ha peaks, there is always some unresolved
cored distribution of emission, which is most closely probed
by the HWHM. This relation shows no dependence on the
aperture chosen or the background intensity.

We also see consistency between NGC 5068 and NGC 253
in the Rj, trend, which shows little variation with aperture
changes. The slope of the relation is similar to that found for
NGC 253, but the normalization is shifted to a higher value
due to the increased isophote intensity threshold that we use in
NGC 5068 (based on A. T. Barnes et al. 2025, due to the
higher noise in the HST data).

When we investigate the trends in R ., and Rso, however, a
clear, strong size-luminosity relation emerges in NGC 5068.
This contrasts with NGC 253, where these size measurements
show only a scattered, weak relationship to luminosity. In
every case, the radius trends in NGC 5068 are consistent with
the best-fit R;;,—L relationship. The Spearman rank correlation
coefficients for each radius are higher in NGC 5068 than in
NGC 253 (Table 4).
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Figure 20. Luminosity—size relations measured from HST Ha images of
NGC 5068 for each radius measurement. The Spearman rank correlation
coefficient, p, is shown for each radius. As in NGC 253, the HWHM shows
only a weak relationship to radius in NGC 5068. The slope of the L—Ri,
relation in NGC 5068 (black line) is similar to the fiducial one we measure in
NGC 253 (gray line), but the intercept is higher due to the increased isophotal
intensity threshold needed to account for the sensitivity of the HST Ha
observations. The R,om and Rs, relations match the R;,, relation, only with
more scatter. This differs from our results for R,,m and Rsq in NGC 253,
which show weaker correlation and more scatter compared to R;, (Figure 5,
Table 3).
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Figure 21. Median Ha profile for H II regions in NGC 5068 (black). Lines
show the best-fit single- (blue) and double-Gaussian (red) functions. As in
NGC 253 the double Gaussian is preferred because it captures the extended
emission at the edge of the profile. The best-fit double Gaussian for NGC 253
is plotted in gray for comparison. The profile shapes are very similar between
the two galaxies, though the cores of the profile in NGC 5068 appears less
resolved than in NGC 253.

C.2. Functional Form

As in NGC 253, we fit the average NGC 5068 Ha profile
with a double Gaussian and a Moffat. As shown in Figure 21,
the Moffat profile is visually and statistically better than a
double Gaussian, but we discuss the results of the double
Gaussian here for simpler comparison to the NGC 253 results.
We find that this function fits the profile well with
ABIC = 3147 compared to a single Gaussian. With an inner
Gaussian HWHM of 6.2 pc (compared to a PSF FWHM of
10 pc), the cores of the HII regions in NGC 5068 appear to be
less resolved than those in NGC 253. Bin 9 in NGC 253 has a
deconvolved inner Gaussian HWHM of 5.2 pc, while the
deconvolved HWHM in NGC 5068 is ~3.6 pc. Like NGC 253,
the stacked profile in NGCS5068 shows an extended
component, with width o, ~ 25 pc, similar to the o, ~ 30 pc
extended component seen in NGC 253.

We perform the same fitting on the individual HII region
profiles and find that a double-Gaussian function is a better fit to
83% of all H1I regions in NGC 5068, based on the BIC criteria
outlined in Section 4. This is comparable to 63% and 79% of
regions fit best by a double Gaussian in bins 9 and 10 in
NGC253. We conclude that, in general, bright HII regions
identified as Ha peaks are well fit by a double-Gaussian function.
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