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ABSTRACT

NGC 253, the Sculptor galaxy, is the southern, massive, star-forming disk galaxy closest to the Milky Way. In this work, we present a new 103-
pointing MUSE mosaic of this galaxy covering the majority of its star-forming disk up to 0.75xRys. With an area of ~ 20x5 arcmin® (~ 20x5 kpc?,
projected) and a physical resolution of ~ 15 pc, this mosaic constitutes one of the largest, highest physical resolution integral field spectroscopy
surveys of any star-forming galaxy to date. Here, we exploit the mosaic to identify a sample of ~ 500 planetary nebulae (~ 20 times larger
than in previous studies) to build the planetary nebula luminosity function (PNLF) and obtain a new estimate of the distance to NGC 253. The
value obtained is 17% higher than estimates returned by other reliable measurements, mainly obtained via the top of the red giant branch method
(TRGB). The PNLF also varies between the centre (r < 4 kpc) and the disk of the galaxy. The distance derived from the PNLF of the outer disk
is comparable to that of the full sample, while the PNLF of the centre returns a distance ~ 0.9 Mpc larger. Our analysis suggests that extinction
related to the dust-rich interstellar medium and edge-on view of the galaxy (the average E(B — V) across the disk is ~ 0.35 mag) plays a major role

in explaining both the larger distance recovered from the full PNLF and the difference between the PNLFs in the centre and in the disk.
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1. Introduction

NGC 253, also known as the Sculptor galaxy, is one of the clos-
est (D~ 3.5Mpc; Newman et al. 2024; Okamoto et al. 2024)
massive My, ~ 4.4 x 10'°Mg; Bailin et al. 2011; Leroy
et al. 2021) star-forming galaxies to the Milky Way. It is also
one of the la.rgest galaxies in the sky, with an apparent size of
42x12 arcmin” (Jarrett et al. 2019). With its prominent stellar
bar, well-defined spiral arms (Iodice et al. 2014), and star for-
mation spread across the disk, NGC 253 represents a nearby,
archetypal example of a main-sequence spiral galaxy.

Its star formation rate (SFR) has been estimated to be be-
tween ~4.9 (Leroy et al. 2019) and ~ 6.5 Mg yr~!' (Jarrett et al.
2019). Almost a third of it (~ 2Mgyr~'; Bendo et al. 2015;
Leroy et al. 2015) is produced by 10 giant molecular clouds dis-
tributed in a starburst ring (~ 500 pc in diameter; Leroy et al.
2015) around its nucleus, making this object the closest massive
starburst to our Galaxy. In addition, the starburst is responsible
for launching a powerful multi-phase outflow (e.g. Strickland
et al. 2000; Bauer et al. 2007; Westmoquette et al. 2011; Bolatto
et al. 2013; Walter et al. 2017; Lopez et al. 2023; Cronin et al.
2025) that is ejecting large amounts of gas (14-39 Mg yr~! for
the molecular component only, Krieger et al. 2019) from the cen-
tre of the galaxy into its circumgalactic medium. Part of this gas
seems to remain in the gravitational well of the galaxy, where it
cools down to the neutral phase and moves towards the outskirts
of the disk (Lucero et al. 2015), potentially reaccreting and fuel-
ing future star formation.

The proximity of the galaxy allows for excellent spatial res-
olution to be achieved even with ground-based telescopes given
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the 17 pc arcsec™! scale. However, when combined with the large
intrinsic size of the galaxy (see Table 1), this proximity also re-
sults in a large apparent size, causing studies in the last decades
to focus mostly on the smaller central structures, such as the star-
burst (e.g. Bendo et al. 2015; Leroy et al. 2015) and its related
outflow (e.g. Strickland et al. 2000; Bauer et al. 2007; Westmo-
quette et al. 2011; Bolatto et al. 2013; Walter et al. 2017; Lopez
et al. 2023).

In this galaxy, we have the possibility to resolve the indi-
vidual components of the star formation process (giant molecu-
lar clouds, H 1 regions, their ionising sources) for thousands of
sources distributed across a wide variety of environments (cen-
tre, bar, outflow, spiral arms, inter-arm regions) with a resolu-
tion that is a factor of 2-5 better than for most of the latest inte-
gral field unit (IFU) surveys of nearby galaxies (e.g., SIGNALS:
Rousseau-Nepton et al. 2018; MAD: Erroz-Ferrer et al. 2019;
TYPHOON: Grasha et al. 2022; PHANGS-MUSE: Emsellem
et al. 2022), and 50-100 times better than the previous genera-
tion large IFU surveys (e.g., CALIFA: Sdanchez et al. 2012; Huse-
mann et al. 2013; MaNGA: Wake et al. 2017; Bundy et al. 2015;
SAMI: Croom et al. 2012).

Large IFU mosaics of extragalactic objects with such high
resolution have been obtained so far only for the dwarf galaxies
M33 (SIGNALS: Rousseau-Nepton et al. 2019) and for the Mag-
ellanic Clouds (Local Volume Mapper: Drory et al. 2024), which
sample substantially different properties than those found in a
massive system like NGC 253. Additionally, MUSE observed
a few nearby galaxies at high resolution, including NGC 7793
(Della Bruna et al. 2020), M83 (Della Bruna et al. 2022), and
NGC 300 (McLeod et al. 2021), but with significantly smaller
coverage compared to our mosaic of NGC 253. Therefore, while
these datasets have comparable, if not better, spatial resolution,
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they cannot provide the global view needed to connect small-
scale processes with the large-scale properties of galaxies such
as gas flows, diffuse ionised gas (DIG), or interactions with pris-
tine gas.

Recently, several facilities (e.g., ALMA, Leroy et al. 2021,
Oakes et al. in prep.; JWST, McClain et al. in prep., GO2987,
PI: Leroy, Congiu, Faesi; HST, Dalcanton et al. 2009, and GO
17809, PI. D. Thilker; MeerKat, Karapati et al. in prep., MKT-
20159, PI: Sardone) have invested significant amounts of ob-
serving time to map the entire star-forming disk of NGC 253 at
the highest possible spatial resolution. In this paper, we present
our new MUSE mosaic of NGC 253 offering an unprecedented
view of its ionised interstellar medium (ISM). This compilation
of multiwavelength data will allow us to explore a wealth of sci-
ence objectives, starting from the properties, structure, and com-
position of the multiphase interstellar medium, to the detailed
properties of the stellar populations, and the ejection and reac-
cretion cycle powering the star-formation in the galaxy, just to
name a few. The mosaic, composed of 103 unique pointings, is
the largest contiguous extragalactic mosaic observed by MUSE
so far'. It covers the vast majority of the star-forming disk, with
an average resolution of 15pc (~ 0.85arcsec PSF FWHM on
average).

Here, we focus on testing and validating the data, performing
an analysis of the planetary nebulae luminosity function (PNLF)
of the galaxy. Planetary nebulae (PNe) are the final evolution-
ary stage of intermediate-mass stars (e.g., Kippenhahn et al.
2013). During the post-asymptotic giant branch (AGB) phase,
these stars eject their outermost layers, creating a gaseous nebula
and exposing their core (Osterbrock & Ferland 2006). The high
temperature of the core (~100 000 K) results in a hard spectrum
that ionises the surrounding gas, creating a PN. For this reason,
the (optical) emission spectra of PNe are rich with high ionisa-
tion collisionally excited lines and recombination lines (Oster-
brock & Ferland 2006). Among them, the strongest one is the
[O m]A5007 line, which can account for up to 13% of the total
energy emitted by a PN (e.g., Dopita et al. 1992; Ciardullo 2010;
Schonberner et al. 2010). Moreover, the ionising source is small,
and it produces a limited number of ionising photons. As a con-
sequence, the typical size of a PN is quite small, with the largest
reaching a diameter of ~ 1 pc (Acker et al. 1992).

Because of these properties, when observed at extragalactic
distances PNe appear as unresolved, [O m]15007-bright sources,
making them relatively easy to identify in early-type galax-
ies where virtually all [O m]A5007 emission is produced by
PNe. Moreover, their maximum luminosity has been empirically
shown to be constant across galaxies and independent of envi-
ronment and conditions (e.g. Yao & Quataert 2023), to first ap-
proximation. This property, combined with the ease of identifi-
cation, makes PNe ideal candidates for standard candles. In fact,
since the late 1980s (Jacoby 1989; Ciardullo et al. 1989), their
luminosity function (the PNLF) has been a popular secondary
indicator to measure distances of galaxies within 30 Mpc.

Despite this popularity, the distance of NGC 253 has been
estimated by PNLF only twice, by Rekola et al. (2005) and Ja-
coby et al. (2024). The distances do not agree with each other
(3.34f8:§g Mpc for Rekola et al. 2005 and 5.4f8:2 Mpc for Jacoby
et al. 2024), but both are based on limited samples. In this pa-
per, we use our mosaic to identify a new and larger (~ 20 times)

! The absolute largest MUSE mosaic is the Large Ma%ellanic Cloud
one published in Boyce et al. (2017) and it covers 1 deg” with a filling
factor of 25%. Other large mosaics of Milky Way structures are avail-
able in the MUSE archive, although they have not been published yet.
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sample of PNe, build the PNLF for NGC 253, and recover an
updated independent estimate of the distance of NGC 253.

In Sec. 2 of this paper we describe the observations, the data
reduction procedure, and the spectral fitting. Section 3 focuses
on the detection, characterisation, and cleaning of the planetary
nebulae (PNe) sample, while Sec. 4 describes the fitting of the
PNLF and the comparison with the literature findings. Finally,
in Sec. 5 we discuss our results and in Sec. 6 we summarise our
results. Table 1 lists the properties we assumed for this galaxy
throughout the paper.

Table 1. NGC 253 properties assumed throughout the paper.

RA 00h 47m 33.1s¢
Dec —25d 17m 18.6s“
Position Angle 52.5°¢
Inclination 76°P
Rys 13.5 arcmin (13.5 kpc®)

Notes. @ From HyperLEDA (Makarov et al. 2014) ® From Mc-
Cormick et al. (2013) © Assuming a distance of 3.5 Mpc (Okamoto
et al. 2024)

2. Observations and data processing

Most of the data presented in this work were acquired as part
of ESO programme 108.2289 (P.I. Congiu). We used MUSE in
its seeing-limited wide-field mode configuration and with the
extended wavelength range (WFM-NOAO-E), which covers be-
tween 4600 and 9300 A with a resolution R~ 2000 at Ha. The
observations were organised in blocks of 2 pointings with three
interleaved 120s sky offset exposures: one at the beginning of
each observing block, one between the two pointings, and one at
the end. We observed four 211 s exposures per pointing (844 s in
total), rotating the field by 90 degrees between each exposure to
minimise instrumental signatures in the final mosaic. We origi-
nally planned for 98 pointings, covering an approximate area of
20 x 5 arcmin’. However, three pointings were re-observed be-
cause of issues with their positioning, resulting in a final total of
101 pointings and ~51.5 hours of observing time.

The mosaic also includes two archival pointings observed
as part of the ESO programme 0102.B-0078 (P.I. Zschaechner).
These data were acquired with MUSE in its seeing-enhancing
ground-layer adaptive optics wide-field mode configuration and
with the extended wavelength range (WFM-AO-E), covering
the same wavelength range as our original data. Each point-
ing has been observed with four 490 s exposures (1960s in to-
tal), with 90-degree field rotations and small offsets between ex-
posures. Two 125s sky exposures were also acquired using a
typical OSOOSO offset pattern. The main differences between
these archival data and ours are the longer exposure times and a
masked spectral region between 5760 and 6010 A, introduced to
avoid laser contamination. Table B.1 summarises the main prop-
erties of the observations, such as date, average airmass, average
seeing, and full width at half maximum (FWHM) of the PSF at
5000 A, recovered as described in Sec. 3.2.

The final mosaic covers an area of ~ 20 X 5 arcmin® (~
20 x 5 kpc? at the distance of the galaxy, projected), extending
roughly out to 0.75 X R,s. This corresponds to ~9 million spec-
tra and a final file size of ~ 300 GB. Figure 1 shows the reduced
mosaic. The top panel shows a colour image produced by com-
bining g-, r-, and i-band images extracted from the datacube. The
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Fig. 1. Colour images of NGC 253 produced by combining broad-band images and emission line maps extracted from the MUSE data cube.
The mosaic covers an area of 20 X 5 arcmin® and it includes roughly 9 million independent spectra. The top panel show a composition of three
broad-band filters: g-band in blue, r-band in green, and i-band in red (Acknowledgement: ESO/M. Kornmesser). We can see the full structure of
the galaxy disk, with the prominent bar and complex dust filaments that follow the distribution of the spiral arms of the galaxy. We can also see
the change in colour caused by the presence of the central starburst of the galaxy. The bottom panel is a composition of emission line maps with
[O m]A5007 in blue, He in green and [S n]A16717,6731 in red. This highlights the multitude of ionised gas structures we observe in the galaxy.
The H 1 regions distribution highlights the structure of the spiral arms, while the [O m]15007 and [S n]116717,6731 emission clearly show the
outline of the outflow. Nebulae with different properties can be identified across the field, like the blue, [O m]A5007 emitting PNe, the green Her

bright H 1t regions, and the pink, [S n1]116717,6731 emitting SNRs.

bottom panel highlights the gas emission, showing [O m]A5007,
He, and [S n]116717,6731.

2.1. Data reduction

All data have been reduced using pymusepipe, a python wrap-
per of the ESO MUSE pipeline (Weilbacher et al. 2020) pre-
sented in Emsellem et al. (2022). The reduction procedure fol-
lows the one described for the PHANGS-MUSE data in the lat-
ter work. However, there are some significant differences that we
highlight in the following paragraphs.

2.1.1. Alignment

The astrometry provided by the MUSE pipeline is not accurate
enough for combining multiple exposures into a large mosaic.
Emsellem et al. (2022) addressed this by manually aligning each
exposure to a reference R-band image from the PHANGS-Ha
survey (Razza et al. in prep.). They extracted broad-band images
from the MUSE cubes using the PHANGS-He filter transmis-
sion curve, and aligned them by applying sub-pixel shifts and
rotations to match the reference image.

While effective, this method is time consuming and some-
what subjective. We instead used a semi-automatic routine based

on the spacepylot package?, which employs optical flow to de-
termine alignment corrections. This technique compares two im-
ages of the same object and computes the vector field required
to transform one into the other. spacepylot then averages these
vectors to derive global shifts and rotations, which we applied to
individual exposures following Emsellem et al. (2022).

NGC 253 was not part of the PHANGS-Ha survey, but
several WFI R-band images are publicly available in the ESO
archive. We reduced them using the pipeline of Razza et al. (in
prep.) and Emsellem et al. (2022), and used the resulting R-band
mosaic as our astrometric reference. This image was aligned
to Gaia DR2 (Gaia Collaboration et al. 2018; Lindegren et al.
2018). Comparing stellar positions in the WFI image with Gaia,
we found astrometric offsets of 0.02 + 0.60 arcsec in RA and
0.03 + 0.46 arcsec in Dec.

2.1.2. Sky subtraction

The sky subtraction is the most critical step in this data reduction.
When observing extended targets with MUSE, the typical strat-
egy is to regularly observe an empty sky field close to the target.

2 https://github.com/ejwatkins-astro/spacepylot
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Fig. 2. He region of the spectra in two different regions of the galaxy.
The left panel represent the approaching side of the galaxy, while the
right panel the receding side. In both panels we show in blue the spec-
trum extracted from the science exposure after our updated sky subtrac-
tion procedure, in orange the sky spectrum associated with the expo-
sure, while the grey dashed lines represent the expected position of Ha
atv = 0 km/s.
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Fig. 3. HB region of the spectra in a 4 arcsec circular aperture extracted
from one of the pointings with an asymmetric HB profile. The blue line
represents the spectrum obtained from the normal sky subtraction, while
the orange line shows the spectrum obtained after removing the sky
lines with wavelengths shorter than 5000 A from the line list used to
build the sky model from the dedicated sky offset. The vertical, dashed,
grey line, represents the expected position of the HS emission line, con-
sidering the rotation curve of the galaxy.
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The MUSE pipeline’s standard sky subtraction routine® (Weil-
bacher et al. 2020) uses these sky exposures to build a model of
the sky emission, separating it into continuum and emission-line
components. The continuum component is directly subtracted
from the science exposures. Emission lines, instead, are grouped
by physical origin, compared to the faintest spaxels in the sci-
ence frames, re-scaled, and then subtracted. This allows for im-
proved sky subtraction, especially considering that some of these
line groups (e.g. [O 1], OH) vary significantly on short timescales
and can result in significant artefacts if not treated carefully.

This strategy works well for most extragalactic targets,
which typically have a significant redshift. NGC 253, however,
is a very local source, with a systemic line-of-sight velocity
of Vgys ~ 242 kms™! and a rotation curve of +200 kms™!
(Hlavacek-Larrondo et al. 2011). This means that the approach-
ing side of the galaxy has a relative velocity of only ~ 40 kms™!,
and that some of the target’s lines fall very close to their at-
mospheric counterparts (Fig. 2). Since this velocity difference
is just below the instrument resolution of ~ 50 km s~! at Ha,
the pipeline cannot reliably separate sky and target emission, re-
sulting in the over-subtraction of such lines unless they are are
not tied to a larger group. This issue affects mostly the [O 1]
lines (especially [O 1116300, [O 1]16363, and [O 1]5577) and the
hydrogen Balmer lines (Ha and HB). While the [O 1] lines are
among the most variable in the night sky (produced by atmo-
spheric atoms excited through collisions with charged particles;
Bates 1946; Solomon et al. 1988), the Balmer lines are more sta-
ble (caused by high-atmosphere hydrogen excited by solar Lya;
Nossal et al. 2019). Because their intensity varies slowly on the
5-10 minute scale between sky and object exposures, the Balmer
lines can be treated as constant during this interval. This is espe-
cially important as they are two of the most important lines in the
ionised gas spectrum, and their slow rate of change allow us to
recover their flux from the dedicated sky exposures and subtract
it directly from the science frames. To enable this, we excluded
He and HB from the pipeline’s list of fitted sky emission lines,
forcing them to be treated as part of the continuum.

In addition, we identified several pointings with an asymmet-
ric and unphysical HB absorption profile (Fig. 3). This was an
artefact caused by the overfitting of sky lines near the Hf region.
Since the Paranal sky spectrum does not contain bright lines at
A <5000 A (Hanuschik 2003), we solved the issue by excluding
all sky lines bluer than 5000 A from the pipeline’s list. This re-
moved ~ 9000 lines, almost 40% of the full list. Figure 3 shows
a comparison between the original spectrum (blue) and the cor-
rected one (orange). Although not all exposures are affected by
these issues, we applied the improved sky subtraction procedure
to the entire dataset for consistency. We then combined all re-
duced exposures into the final mosaic following the method of
Emsellem et al. (2022).

2.2. Spectral fitting

We processed the data with the PHANGS data analysis pipeline
(DAP) to compute the properties and kinematics of the under-
lying stellar population, subtract their continuum from the spec-
tra, and extract the flux of the main emission lines. The DAP is
described in detail in Emsellem et al. (2022), but here we sum-
marise the main features relevant to this work. The DAP runs the
spectral fitting routine, based on the ppxf package (Cappellari
2017), three times. The first run is performed on Voronoi-binned
data using a reduced set of simple stellar population models from

3 skymethod=model in the scipost options.
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Table 2. Summary of the PNe candidates identified in the paper.

Sample Triple Double Single Total
E.C. 444 105 42 591
C.T. 444 95 163 702
T.K. 444 74 46 564
Final 444 137 251 832

Notes. The columns show: the name of the sample (indicated by the ini-
tials of the person who created the sample for the original catalogues),
the number of objects in common to the three catalogues, the number
of objects included in two catalogues, the number of objects identified
by a single catalogue, and the number of objects in total.

the E-MILES library (Vazdekis et al. 2016) to characterise the
stellar kinematics across the galaxy. The second run uses the
same Voronoi-binned spectra, keeps the kinematics fixed from
the first step, and employs a more extensive library of sim-
ple stellar population models (also from the E-MILES library
Vazdekis et al. 2016) to extract additional stellar population pa-
rameters (e.g., age, metallicity). Finally, a third run is performed
on each individual spaxel to remove the stellar continuum and
simultaneously fit the emission lines with Gaussian profiles. The
kinematics of the stellar templates is fixed from the first step, and
the reduced template sample is used for the fit. Emission lines
are grouped into three sets with fixed kinematics (see Sec. 5.2.5
of Emsellem et al. 2022). At the end of the process, the final
results are compiled in a multi-extension FITS file, the MAPS
file, which contains two-dimensional maps of all fitted parame-
ters. The physical quantities in the output files are summarised
in Tab. B.4, while Tab. B.3 lists the emission lines included in
the fit.

We also extract moment-zero, -one, and -two maps of the
main emission lines to recover more complete flux and kinemat-
ics information in regions where the DAP’s single-Gaussian fit
is insufficient to represent the real line profile (e.g., the galaxy
centre). All maps were extracted from continuum-subtracted
cubes produced by the DAP using an extraction window of
+500kms~! around the recession velocity of the galaxy. The
only exception is the [S m]A16717,6731 doublet, for which we
used a larger extraction window (+750 km s~!) centred on the av-
erage wavelength of the two lines, to avoid cross-contamination.
For these lines, we recovered only the moment-zero map and its
associated error map.

3. Analysis

In this section, we present the analysis we performed to iden-
tify, characterise, and clean from contaminants the sample of
PNe that we used to build the PNLF and estimate the distance
of NGC 253.

3.1. Detection of the planetary nebulae candidates

PNe in galaxies outside the local group appear as [O m]25007-
bright point sources due to their small physical size (<1 pc, e.g.,
Acker et al. 1992) and the high degree of ionisation of their gas.
As a result, all common PNe identification techniques, such as
image “blinking” (e.g., Jacoby 1989), automatic point source de-
tection (e.g., Scheuermann et al. 2022), colour-magnitude dia-
gram analysis (Arnaboldi et al. 2002), or differential emission-
line filtering (Roth et al. 2021), focus on analysing [O m]25007
emission line maps in various forms.

We detect our PNe candidates using a visual approach
based on the [O m]A5007, Ha, and [S u]116717,6731 mo-
ment maps (Fig. 4). We used both an RGB image combining
the three maps (blue for [O m]45007, green for Ha, and red
for [S m]A16717,6731) and the individual Ha and [O m]A5007
maps. We first selected as PNe candidates all sources in the
[O m]A5007 map that appeared point-like and lacked a bright
counterpart in the Hoe map. The RGB map was then used to
clarify borderline cases, such as PNe near bright H 1 regions
or objects with detectable Ha emission but still appearing bluer
than typical H 1t regions. The colour map clearly highlights PNe
as blue dots even in crowded areas or when their emission is
faint and hard to identify in the [O m]A5007 map. Ambiguous
sources were included in the catalogue, relying on the methods
in Sec. 3.4 for potential rejection via a quantitative approach.
We removed from the catalogue all sources for which reliable
[O m]A5007 photometry was not possible, either due to prox-
imity to other [O m]A5007-emitting sources (mainly other PNe
candidates) or location at the edge of the mosaic.

We also tested an alternative detection method based on
DAOFIND (Stetson 1987), successfully used by other authors un-
der similar conditions (e.g., Scheuermann et al. 2022). This al-
gorithm is quick and semi-automatic but assumes a uniform PSF
across the FOV, which is not the case here (see Sec. 3.2), and
cannot exploit colour information as effectively as visual inspec-
tion. We applied the photutils (Bradley et al. 2024) implemen-
tation of DAOFIND to the [O nmr]A5007 moment-zero map to gen-
erate an alternative PNe candidates list. We tried several combi-
nations of the main parameters (thresholds, FWHM, sharpness,
and roundness), but none yielded satisfactory results. The soft-
ware was detecting ~ 10000 objects, which visual inspection
showed to be spurious detections or bright spots clearly asso-
ciated with H o regions. Even after removing contaminants (as
described in Sec. 3.4), more than half of these sources were still
identified as PNe. We therefore opted to continue the analysis us-
ing the visually compiled catalogue. Appendix A discusses the
results of the PNLF using the DAOFIND-based catalogue.

However, visual detection can be subjective, and the final
candidate list may vary depending on who performs the se-
lection. To reduce this bias, three co-authors (E.C., C.T., and
T.K.) independently carried out the detection procedure. Their
catalogues were merged into a single compilation. Duplicates
were removed by comparing coordinates, merging sources close
enough to likely be the same object. We then conducted a second
check for sources near each other that might cross-contaminate
their photometry. The final catalogue includes 832 PNe candi-
dates. Table 2 summarises its composition and that of each per-
son’s original sample.

3.2. Point spread function

To obtain reliable photometry of our sources, we need a good
characterisation of the point spread function (PSF) of the data.
It is essential to both select an adequate aperture for the
photometry and apply a precise aperture correction. However,
NGC 253 observations were performed using ~ 53 OBs (includ-
ing archival ones) that were acquired between 2018 and 2022
under a wide variety of sky conditions (Table B.1). As a result,
the PSF can change significantly across the mosaic.

A common way to characterise the PSF of astronomical data
is to fit bright sources across the FOV of the instrument with a
model of the PSF. Unfortunately, only a handful of OBs included
bright foreground stars that could be used to reliably characterise
it, so we devised an alternative method. Given their properties,
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Fig. 4. Example of the different images used for the visual detection of nebulae. We show zoom-ins of four different areas of the galaxy. For each
region, we show on the top the three colour map (same colours as in Fig 1, bottom panel), in the middle the [O m]45007 and in the bottom the
Ha map. The circles highlight the position of nebulae in the final catalogue, with the solid circles showing the position of confirmed PNe and
dotted ones showing nebulae classified either as supernova remnants or as compact H 1 regions. White triangles show the position of the objects

identified by DAOFIND, which are, for the most part, spurious detections.

PNe are ideal for characterising the local PSF. They are faint, but
the shape of the MUSE-WFM PSF is relatively well studied, and
this “a priori” knowledge can be used to decrease the number of
free parameters and improve fit reliability. In particular, the PSF
can be modelled quite well by a circular Moffat profile (Moffat
1969), characterised, to the first approximation, by a constant
power index (2.8 for the NOAO mode and 2.3 for the AO mode
Hartke et al. 2020; Emsellem et al. 2022) and variable full width
at half maximum (FWHM).

We fitted each PN candidate identified in Sec. 3 with a
circular Moffat profile with fixed power index and recovered
their FWHM, which we include in the catalogue of PNe can-
didates available through Vizier. The fit was performed using
the [O m]A5007 moment zero map. In the following analysis,
we consider their FWHM as the FWHM of the local PSF at
~5007 A, the wavelength of the [O m]45007 emission line.

Finally, we take the clean sample of PNe described in
Sec. 3.4 to estimate the average FWHM of each pointing in
which at least one confirmed PNe is present. We used the clean
sample to ensure only confirmed point sources are considered.
We report the estimates in Tab. B.1. The average PSF FWHM
of our observations is therefore 0.8 arcsec (measured from 100
individual pointings), which corresponds to 13.5 pc, with a stan-
dard deviation of 0.2 arcsec. The maximum FWHM is 1.6 arcsec
(27 pc) and the minimum is 0.49 arcsec (8.5 pc).
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3.3. Aperture photometry

We use photutils to perform aperture photometry of our
candidates using moment-zero maps of several emission lines:
[O m]A5007 to build the PNLF, and Ha, [N u]16584, and
[S m]A46717,6731 to reject contaminants (H 1 regions, SNRs)
in the sample. We adopted apertures with diameters equal to the
FWHM of the local PSF (see Sec. 3.2). Then, we estimate the lo-
cal background emission in an annulus with an inner diameter of
4xFWHM and an area of five times that of the central aperture.
To remove the flux component caused by the diffuse emission of
the galaxy, we rescaled this background for the difference in size
between apertures and subtracted it from the integrated fluxes of
the objects. Since the apertures we adopted are small, we lever-
aged the FWHM of the local PSF to calculate the appropriate
aperture correction for each PN*. The PSF fit was performed on
the [O m]A5007 moment-zero map, so we adjust the correction
according to the wavelength of the considered line to account
for the PSF size’s wavelength dependence (as described in Em-
sellem et al. 2022).

We then corrected for Galactic extinction, using a Cardelli
et al. (1989) extinction law with R(V) = 3.1 and an E(B — V)
of 0.0165 (Schlafly & Finkbeiner 2011). We did not correct for

4 We assume the aperture correction reported in Eq. 3 of Scheuermann
et al. (2022).
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internal extinction, for the reasons we discuss in Sec. 5.4. Fi-
nally, we converted the [O m]A5007 fluxes (in ergcm=2s7!) to
apparent magnitudes using the following equation from Jacoby
(1989):

nmsopo7 = -2.5- logl() 15()07 —-13.74 . (1)

We estimated errors on the integrated fluxes using the
moment-zero error maps and standard error propagation. We
also add in quadrature a 0.11 mag error on the [O m]15007 mag-
nitudes, which we estimate as the typical uncertainty on the aper-
ture correction from our analysis in Sec. 5.1.

3.4. Contaminants

The next step is to clean our sample of PNe candidates from con-
taminants. This is particularly important in a star-forming galaxy
like NGC 253 where PNe are a minority of the [O m]A5007-
emitting sources. The two most common contaminants are su-
pernova remnants (SNR) and compact H 1 regions. To remove
them from our catalogue, we leverage the different spectral prop-
erties of the three classes of sources. H i regions and PNe are
both powered by photoionisation, but the former are ionised
by O or B stars that produce a soft ionising spectrum with re-
spect to the white dwarfs typically powering PNe. For H 1 re-
gions, this results in a spectrum dominated by hydrogen recom-
bination lines (Ha in particular) and other lines from moder-
ately low ionisation ions (e.g., [N m]). Planetary nebulae spec-
tra, on the other hand, are dominated by highly ionised forbid-
den lines, like [O m]A5007, and recombination lines, such as
He 1 14685. Finally, supernova remnants are mostly powered by
shocks, which enhance low-ionisation lines like the [O 1116300
and [S m]A16717,6731 doublets.

Several methods have been developed in the literature to take
advantage of these properties to classify these nebulae. Here, we
exploit the two most common. To reject H i regions, we leverage
the criterion developed by Ciardullo et al. (2002) and Herrmann
et al. (2008):

Isp07

log, > —0.37Mspp7 — 1.16 , 2)

0
THa [N 26583

while for SNRs we apply the traditional D’Odorico et al. (1980)
criterion:

I1s 1) 16717+[S u] 26731 S

log, -04. 3)

IHa

Kopsacheili et al. (2020) and Li et al. (2024) showed how an
[O 1]46300 based criterion is more effective at identifying SNRs
from H m regions. However, the [O 1]16300 line in our data is
heavily compromised by sky emission and we are not interested
in a clean sample of SNRs, so we stuck with the criterion in
Eq. 2. During the classification, we consider the flux of non-
detected lines equal to its uncertainty. We also checked for over-
luminous sources, that is, sources that look like PNe but that are
significantly brighter than the bright cutoff of the PNLF (Longo-
bardi et al. 2013; Hartke et al. 2017; Roth et al. 2021; Scheuer-
mann et al. 2022), without finding any of them in our sample.
Finally, we exploited the size recovered in the previous section,
to reject five objects that are either too large (FWHM > 2 arcsec)
or too small (FWHM < 0.2 arcsec). The first criterion rejects ex-
tended sources, since all our data were acquired with seeing ~
1.2 arcsec or better. The second one rejects bad pixels and simi-
lar artefacts that can be confused with real sources at first glance.

After all these checks, our clean sample of PNe includes 571
objects. Figure 5 shows the position of the confirmed PNe in
the [O m]A5007 emission line map. Of the remaining 253 re-
gions (without counting the 5 regions rejected for their size), 200
are classified as H u regions, while 53 as SNRs. The catalogue
of sources, which contains all the information reported in Table
B.2, is available through CADC and Vizier.

4. The planetary nebula luminosity function in
NGC 253

The PNLEF, that is, the number of PNe observed as a function
of their [O m]A5007 luminosity, is commonly described by an
empirical relation, an exponential distribution truncated at the
bright end (Ciardullo et al. 1989):

N(Msoan) ec &2 Ms01 (1 — & (Mioor=Msor)) | @

where MZ, ., denotes the absolute [O m]A15007 magnitude of the
brightest possible PN, i.e., the zero-point of the luminosity func-
tion. Its value is calibrated using galaxies with distances known
from primary indicators such as Cepheids or the Tip of the Red
Giant Branch (TRGB).

Typical estimates place Mc,,, around —4.5mag, with
—4.54 mag from Ciardullo (2013) being the most widely
adopted. While a mild metallicity dependence has been reported
(e.g., Ciardullo et al. 2002; Bhattacharya et al. 2021; Scheuer-
mann et al. 2022), its significance remains uncertain. Given that
NGC 253 has near-solar metallicity (12+1log(O/H) = 8.69; Beck
etal. 2022), where the empirical metallicity dependence is nearly
flat, we ignore this dependence and consider M5, = —4.54 mag
throughout our analysis.

We fit Eq. 4 to our data using the maximum likelihood ap-
proach of Scheuermann et al. (2022). Figure 6 shows the result-
ing PNLF (left) and its cumulative form (right). To avoid incom-
pleteness effects at the faint end, we impose a magnitude cutoff
based on visual comparison of three independently compiled PN
samples (E.C., T.K., C.T.). Figure 7 shows that all three samples
begin to drop at ~25.5 mag. While a real decline in PN counts
is expected ~2 mag below the bright end (e.g., Jacoby & De
Marco 2002; Reid & Parker 2010; Ciardullo 2010; Rodriguez-
Gonzdlez et al. 2015; Bhattacharya et al. 2021), our model does
not account for this feature. We therefore restrict the fit to the 320
PNe brighter than 25.5 mag. The fit returns a distance modulus

of 28.07*:0 mag (4.10*307 Mpc).

Figure 8 compares the distance from our analysis to previous
results from the literature. Our measurement, shown as a solid
black vertical line, is accompanied by shaded regions indicating
the 1o (dark grey) and 30 (light grey) uncertainties. It stands
out as significantly larger than most previously reported values.
The commonly accepted distance to NGC 253 is ~ 3.5 Mpc, with
the most recent estimates reported by Newman et al. (2024) and
Okamoto et al. (2024) via TRGB analysis. Our measurement ex-
ceeds this value by ~0.35 mag (0.6 Mpc), with only two similar
distances found in Willick et al. (1997), based on IRAS satellite
data and the Tully-Fisher relation (Tully & Fisher 1977). Among
the compiled distances, we have two other measurements via the
PNLF: Rekola et al. (2005) and Jacoby et al. (2024). In the fol-
lowing, we will directly compare our result with those two stud-
ies.
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Fig. 5. [O m]A5007 line map of NGC 253. Empty circles mark the location of confirmed PNe. The grey dashed ellipses represent the boundary

used to defined the radial bins presented in Sec. 5.2.
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Fig. 6. PNLF and cumulative PNe [O m]A5007 luminosity function for NGC 253. The red points show the measured PNLF and cumulative
function, while the black dashed line represents the best fit model. Empty points marks the bins of the PNLF not considered in the fit.

4.1. Comparison with Rekola et al. (2005)

Rekola et al. (2005) were the first to measure the distance
of NGC 253 using the PNLF method through ground-based
[O m]A5007 and Ha narrow-band images acquired with FORS.
Of the 24 PNe they detected, they selected the 14 brightest
ones for the PNLF fit and obtained a distance of 27.62*(-1° mag

(3.34703¢ Mpc). Of these 14 PNe, 12 have counterparts in our

sample’. We classify all of them as PNe, except one, the bright-
est in the Rekola et al. (2005) sample, that we classify as an H i1
region.

The blue circles in Fig. 9 show the difference between our
photometry and Rekola et al. (2005), with solid markers denot-
ing the sources used in their PNLF fit and open circles indicat-
ing the ones they excluded but that are within our mosaic. Their
Milky Way extinction correction slightly differs from ours. To

5 Of the two missing objects the first is outside of our mosaic, while
the second is not in our sample because of its extended morphology in
the MUSE data.
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ensure consistency in the comparison, we recalculated our ex-
tinction correction using E(B-V) = 0.019, Ry = 3.07, and a Fitz-
patrick (1999) extinction law. There is a scatter of 0.4 mag be-
tween the two works, but without a significant offset (0.06 mag).
This implies that there is no systematic difference between the
two sets of measurements. The observed scatter may be related
to the different observing techniques and the inherent challenge
of obtaining precise photometry for dim objects against a com-
plex background emission, such as that present in NGC 253.

To confirm that the difference in photometry does not in-
fluence the distance of the galaxy, we perform the fit of the
PNLF using only the 12 sources in common between the two

samples. We measure a distance modulus of 27.38*0-1 mag

(3.00”:8:}3 Mpc). This value is slightly smaller, but still within
the error bars of Rekola et al. (2005) original measurement, con-
firming that the difference in photometry is not the cause of the
discrepancy. However, we highlight that we include in this fit
the object we classify as an H i region. Given the small number

of PNe, the PNLF distance is particularly sensitive to the mag-
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Fig. 7. Comparison between the luminosity functions obtained from the three individual samples described in Sec. 3.1. The left panel shows the
PNLFs, while the right panel shows the cumulative luminosity function. The figure shows how the three samples significantly overlap at the bright

end, while the number of PNe drops in all cases around 25.5 mag.

nitude of the brightest objects, and this nebula is significantly
brighter than the second brightest one in both samples (0.34 mag
according to Rekola et al. 2005 photometry and 0.77 mag ac-
cording to our photometry). Therefore, we repeated the analysis
removing this object from the sample, obtaining a distance mod-
ulus of 28.02f8:£ mag (4'01t8:§3& Mpc). Although the errors are
large, the value is consistent with what we recover from the full
sample, confirming that the discrepancy between our results and
those reported in Rekola et al. (2005) is mainly driven by the
misclassification of this single object.

4.2. Comparison with Jacoby et al. (2024)

Jacoby et al. (2024) recently estimated the distance of NGC 253
via the PNLF using the two archival MUSE pointings from
programme 0102.B-0078 (P.I. Zschaechner). Their analysis em-
ploys the differential emission line filter method introduced by
Roth et al. (2021) to identify PNe candidates. This method com-
prises two steps: first, generating continuum-subtracted maps
for each spectral channel within a specific wavelength range
centred on the [O m]A5007 line; second, detecting PNe candi-
dates by combining three wavelength-adjacent maps and select-
ing point sources that appear consistently across at least three
of them. Despite the small area covered by the data, they were
able to identify 34 PNe and estimate a distance modulus of
28.66*0 )% mag (5.4*0- Mpc). This is one magnitude (~ 2 Mpc)
larger than the typically accepted value. They note that the
archival MUSE pointings cover a suboptimal region for PNLF
studies, the galaxy’s centre, where gas and dust structures com-
plicate PNe identification and hinder precise photometry, likely
leading to an overestimated distance. Nevertheless, we proceed
with the comparison since it could still provide an important val-
idation of our results.

We have included the same MUSE archival data in our mo-
saic, so all PNe identified by Jacoby et al. (2024) are included in

our footprint. We identify in our catalogue only 21 of their 34 ob-
jects, and all of them are classified as PNe, except one (which we
consider a SNR). Visual inspection suggests that most of the re-
maining 13 sources are either extremely faint in our [O m]A15007
map or appear as knots within the outflow-related [O m]A5007
emission. One exception is a source at the edge of the southern
pointing, excluded from our catalogue because it appears as a
pair of close candidates, making reliable photometry unfeasible.
The orange points in Fig. 9 illustrate the photometric compar-
ison between the two works. The scatter (0.17 mag) and offset
(0.07 mag) are similar to those found in the comparison with
Rekola et al. (2005), though the residuals reveal some structured
trend, hinting at possible systematic differences.

Jacoby et al. (2024) used for their analysis the reduced ver-
sion of the data publicly available through the ESO archive,
which uses a different approach to the sky subtraction and expo-
sure alignment. To assess whether this affects the measurements,
we repeated our analysis using these publicly available cubes and
found no significant difference for the brightest sources (Fig. 9,
light blue triangles).

Following the same approach used for Rekola et al. (2005),
we attempted to reproduce the Jacoby et al. (2024) PNLF us-
ing only the sources common to both catalogues®. Using all
the sources we have in common, we obtain a distance of
28.47f8é‘1t mag (4.95f8% Mpc). If we remove the two sources
that were not used by Jacoby et al. (2024) in their fit, the result
changes to 28.4470-1> mag (4.88*0:31 Mpc).

Our photometry yields generally fainter magnitudes than
those in Jacoby et al. (2024), leading to a slightly smaller dis-
tance estimate. However, the errors are quite large, so the result
is still within 1o of their measurement. Moreover, this distance
is significantly larger than what we obtain using our full PNe
sample, supporting the interpretation by Jacoby et al. (2024) that
the brightest PNe in the galaxy centre are likely missing.

® Here we consider our original, best-estimate photometry.
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Fig. 8. Comparison between our measurement (solid black vertical line)
with errors (1o, dark colour, and 30, lighter colour) with distances from
the literature. All measurements are divided depending on the method
used. We use the following abbreviations: Planetary Nebula Luminos-
ity Function (PNLF), Tip of the Red Giant Branch (TRGB), Tully-
Fisher (TF), Brightest Stars (BS), Infra-Red Astronomical Satellite
(IRAS), Sosies, and Statistical (Stat). Distances from: Bottinelli et al.
(1986); Tully & Fisher (1988); Davidge & Pritchet (1990); Davidge
et al. (1991); Tully et al. (1992); Willick et al. (1997); Rekola et al.
(2005); Dalcanton et al. (2009); Jacobs et al. (2009); Tully et al. (2009);
Radburn-Smith et al. (2011); Tully et al. (2013); Jacoby et al. (2024);
Newman et al. (2024); Okamoto et al. (2024).
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Article number, page 10 of 21

25
4 Imaging
+ MUSE
204 A NGC 253 Imaging
& NGC 253 MUSE °. {
g 15 I
=
\E'B _NGC 1512
o J
£ 10 o NGC 1433
L)
5_
(6} » WLM _Pegasus
§- 01 °leo A’
101 .
~~
[24] .
? 0 0% :. A ] . ° °
ST T A T .
= : : ) S ‘
E o0 5 10 15 20 25
o
dpnir / Mpc

Fig. 10. Distance comparison for galaxies with both PNLF and TRGB
measurements from NED’. Red points indicate galaxies where the
PNLF was measured using imaging techniques, while blue points in-
dicate PNLF measurements obtained with MUSE data. The grey line
shows the one-to-one relation. The orange and light blue triangles iden-
tify the position of NGC 253 in the diagram when considering only
imaging PNLF or MUSE-based PNLF respectively. Error bars repre-
sent the range between the minimum and maximum values obtained via
a specific method. We also annotated in the main panel the position of a
few notable sources, and we plot Pegasus, Leo A, and WLM with open
red circles.

This exercise demonstrates two things. First, it shows that,
even though our photometry shows some difference with re-
spect to other measurements available in the literature, this does
not significantly influence the distances recovered by the PNLF
when limiting our analysis to the sample in common with previ-
ous works, and that therefore our result is reliable. Secondly, it
shows that the Rekola et al. (2005) estimate of the distance of the
galaxy, the only one in agreement with the commonly accepted
TRGB-based value, is driven by the misclassification of one ob-
ject. Therefore, all PNLF-based measurements of the distance
to this galaxy are significantly overestimated compared to the
TRGB-based distances. In the next section, we will investigate
the possible origin of this tension.

5. Discussion

As we introduced in Sec. 4, the distance modulus we obtain from
our analysis is 0.35 mag (0.6 Mpc) larger than what is recovered
by other methods (mostly TRGB, ~27.72mag, ~3.5Mpc, Ja-
cobs et al. 2009; Dalcanton et al. 2009; Radburn-Smith et al.
2011; Okamoto et al. 2024; Newman et al. 2024). Given the
good reported agreement between these two methods in past
work (e.g. Roth et al. 2021; Scheuermann et al. 2022; Jacoby
et al. 2024), this discrepancy was unexpected. Figure 10 shows
a direct comparison between TRGB and PNLF distances recov-
ered from the NASA Extragalactic Database (NED) Redshift-
Independent Distances database’. Since the database was last

7 https://ned.ipac.caltech.edu/Library/Distances/
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Fig. 11. Effect of the aperture correction on the measured magnitude of
the PNe in our sample. Only the objects brighter than 25.5 mag (vertical
dashed line) have been used for the PNLF fit. We define A[OIII] as
m(X x FWHM) — m(FWHM) with X being either 2 or 3.

updated in 2020, it does not include more recent MUSE-based
PNLF measurements. We therefore supplement the plot with ad-
ditional distances published in Anand et al. (2021), Roth et al.
(2021), Scheuermann et al. (2022), Jacoby et al. (2024), and
Anand et al. (2024). The figure illustrates that TRGB- and
PNLF-based distances follow a tight relation out to ~15 Mpc.®
Therefore, we are not considering these three points in the analy-
sis. Beyond 15 Mpc, only a handful of MUSE-based PNLF mea-
surements are available, with increased scatter driven primarily
by NGC 1433 and NGC 1512. As discussed by Scheuermann
et al. (2022) and Jacoby et al. (2024), these deviations are linked
to the misidentification of the TRGB in their colour-magnitude
diagrams (CMD).

In contrast, this explanation does not hold for NGC 253. Its
distance is significantly lower, making it easier to identify the
position of the TRGB in the CMD. In fact, its TRGB-based dis-
tance has been independently measured multiple times in the
literature (Jacobs et al. 2009; Dalcanton et al. 2009; Radburn-
Smith et al. 2011; Okamoto et al. 2024; Newman et al. 2024),
and all estimates are in mutual agreement. On the other hand,
the PNLF is not an easy method to apply to star-forming galax-
ies, where most of the [O 1m1]A5007 emission is produced by other
types of nebulae. Additionally, there are known cases where the
PNLF yields inconsistent distances depending on the region of
the galaxy sampled (Herrmann et al. 2008; Bhattacharya et al.
2021). Several observational effects, such as extinction, back-
ground subtraction, and aperture correction, can impact the pho-
tometry of PNe and hence the distance derived from the PNLF.
In the following section, we examine these factors in more detail
to investigate the origin of the discrepancy.

5.1. Aperture correction

The aperture correction is one of the most critical aspects of our
analysis. It is essential to recover the full flux of a point-like

8 The three points that significantly deviate from the relation at low
distances represent very nearby dwarf galaxies: Pegasus, Leo A and
WLM. Their PNLF-based distances are early attempts and are based on
a very limited sample of PNe (one for Pegasus, one for Leo A and two
for WLM; Jacoby & Lesser 1981).
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Fig. 12. PNLF for the three subsample of PNe at different galactocentric
distances. The left column show the PNLF and their fit, while the right
column show the cumulative luminosity function. Colours and symbols
are the same as described in Fig. 6.

source when a small aperture, which does not encompass the en-
tirety of the PSF, is used to perform photometry. Good aperture
corrections should provide the same total flux for the same object
regardless of the aperture size.

To assess whether the aperture correction could account for
the discrepancy in our distance estimate, we conducted a series
of validation tests. First, we repeated the photometry using aper-
tures with diameters 2 and 3 times larger than the originals, and
applying the corresponding aperture corrections. We then com-
pared the resulting fluxes to our original measurements. We eval-
uated that doubling the diameter results in fluxes that are, on av-
erage, only 2% higher, with a standard deviation of 6%. Instead,
tripling the diameter produces fluxes that are 3% higher on av-
erage, but with a slightly larger standard deviation (12%). The
small average differences indicate that the aperture correction
performs well overall, although the increased scatter suggests
some object-to-object variability. However, Fig. 11 shows that
the scatter is negligible for the brightest objects, which means
that the effect of the aperture correction on the distance estimate
is also negligible.

To confirm this, we used the new photometry to recom-
pute the galaxy’s distance. We obtain a distance modulus of

28.05f8:8‘51 mag (4.07f8:83 Mpc) when using the 2xFWHM

apertures and 28.02*00! mag (4.0170) Mpc) when using the
3xXFWHM apertures. The final result is, in both cases, within 1o
of our original measurement (28.07”_’8'82 mag or 4.10f8'8; Mpc).
We therefore conclude that, although our aperture correction
method introduces some scatter, its effect on the final distance

modulus is minimal and limited to at most 0.05 mag.

5.2. Radial variation of the PNLF

The PNLF has generally been found to be stable when select-
ing subsamples of PNe located in different regions of a galaxy
(e.g. Hui et al. 1993; Ciardullo et al. 2004; Ciardullo 2013).
However, some exceptions have been observed, both in the halo
(e.g., M31; Bhattacharya et al. 2021) and within galaxy disks
(e.g., Herrmann et al. 2008). The comparison we performed in
Sect. 4.2 suggests that a radial dependence of the PNLF may
also be present in NGC 253, as the distance recovered from PNe
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Table 3. Summary of the three distance based samples and results of
the fit.

Sample All Used 4 (mag) D (Mpc)
All 571 320 28.07*0%¢ 4107097
0-4kpc 158 87 28.467096 491014
4-8kpc 251 148 28.00709%  3.9770%
>8kpc 162 85 28.02097  4.02+012

Notes. The columns show: the name of the sample, the number of PNe
contained in the sample, the number of PNe used in the PNLF fit, the
distance modulus, the distance in Mpc.

Table 4. Results of the K-sample Anderson-Darling test applied to each
couple of sub-samples.

Sample Statistic  p-value  Significance
0-4kpc vs4-8kpc  3.670 0.011 1%
0—-4kpcvs>8kpc  2.363 0.035 3%
4-8kpc vs > 8kpc  -1.122 0.250 25%

located in the central regions is significantly larger than that ob-
tained using the full population.

To further explore a potential environmental dependence, we
divided our PNe into subsamples based on their deprojected dis-
tance from the galaxy centre. We deproject the position of each
object using the parameters listed in Table 1, which are adopted
from the HyperLEDA catalogue (Makarov et al. 2014) and Mc-
Cormick et al. (2013), and a standard distance of 3.5 Mpc (e.g.,
Okamoto et al. 2024). We then defined three subsamples: the first
includes PNe located within the central 4 kpc of the galaxy; the
second contains those between 4 kpc and 8 kpc; and the third in-
cludes all objects beyond 8 kpc. These boundaries were chosen
to divide the galaxy’s semi-major axis into roughly equal parts
while ensuring that each bin contains a sufficient number of PNe
brighter than 25.5 mag (~100) to allow a reliable fit of the PNLF
(see Table 3).

The result of the analysis is reported in Fig. 12. The plot
shows that the central PNLF is almost 0.75 mag fainter than that
obtained from the other two samples. As a consequence, the dis-
tance is significantly larger (28.46’:8:88 mag, or 4.91f8:5‘11 Mpo),
and it agrees with the value we derived in Sect. 4.2. The other
two PNLFs appear mutually consistent, although the 4-8 kpc
sample contains a larger number of sources. Indeed, the dis-

tance moduli we recover are 28.00*30° mag (3.970% Mpc) and

28.02*09] mag (4.02*315 Mpc) for the 4-8 kpc and >8 kpc sam-
ples respectively.

We performed a k-sample Anderson-Darling test for each
pair of subsamples. The results are reported in Tab. 4, and they
confirm that the central subsample is statistically inconsistent
with being drawn from the same parent distribution as the other
two subsamples at high significance levels (1% and 3%, respec-
tively), while the two outer subsamples are fully consistent with
being drawn from the same distribution.

Comparing the distances obtained from these subsamples
with the measurement we performed using the full sample shows
that excluding the central PNe changes the final measurement
only marginally. This is somewhat expected, since the distance
measurement is mostly driven by the brightest nebulae and, as
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is clear from Fig. 12, they are not located in the centre of the
galaxy.

The causes of the spatial variation of the PNLF could be
several. If we exclude calibration issues, which are unlikely
given the comparison performed in Sec. ??, other possibilities
could be internal extinction due to dust or variations in the gas-
phase metallicity, with the first being the most likely explana-
tion. These properties could also affect the discrepancy between
the PNLF and TRGB distances, so we will analyse them in the
following sections.

5.3. Metallicity

As introduced in Sec. 4, empirical studies suggest that the zero
point of the PNLF depends on the metallicity of the gas (e.g., Do-
pita et al. 1992; Ciardullo et al. 2002; Scheuermann et al. 2022),
and, in particular, it increases when the metalliticy decreases.
Given the shallow relation and the metallicity of NGC 253, very
close to solar (12 + log(O/H) = 8.69 Beck et al. 2022), in Sec. 4
we ignored this effect, but here we will revise this assumption,
considering also potential effects from the radial metallicity gra-
dient of the galaxy.

Considering a solar metallicity from Asplund et al. (2009),
the change in zero-point vs metallicity is described by the fol-
lowing relation (Ciardullo et al. 2002; Scheuermann et al. 2022):

We can invert this equation to return the expected metallicity of
the gas given the AM;,, needed to obtain a distance of 3.5 Mpc
from our PNLF. We consider only the lower solution of the
equation, given that the relation between AMZ - and metallicity
has been characterised for metallicities lower than solar. Obtain-
ing a distance of 3.5 Mpc from our PNe sample would require
M:,,;, = —4.23 mag, which corresponds to AMz, . = 0.31 and
a metallicity of 12 + log(O/H) = 8.17 (~ 1/3 Zy). From the
analysis of ~ 1000 H m regions identified by McClain et al. (in
prep) we recover a preliminary gradient of —0.28 dex/R,s5 (Con-
giu et al., in prep.), which makes it impossible to reach an aver-
age metallicity of 12 + log(O/H) = 8.17 starting from the Beck
et al. (2022) nuclear value. This gradient also rules out metallic-
ity as the origin of the fainter PNLF observed in the central part
of the galaxy, as it would require a heavily inverted gradient,
which is clearly not observed.

5.4. Extinction

When studying the PNLF of a galaxy, extinction is a delicate
matter. First, the foreground extinction caused by the Milky Way
and the extinction caused by dust present in the host galaxy
should be removed from the [O m]A5007 fluxes. Such dust
causes the PNe to appear fainter than they are, and in the most
extreme cases it can also prevent the detection of bright objects
located inside or behind the screen. Second, intrinsic extinction,
that is, the extinction caused by dust produced by the AGB star
during the final stages of its evolution and located within the PN
itself, has traditionally not been removed (Ciardullo & Jacoby
1999; Garcia-Rojas et al. 2018; Davis et al. 2018). As a result,
the empirical functional form of the PNLF implicitly contains
this bias, and any attempt to correct for intrinsic extinction may
require a redetermination of the empirical functional form itself.

Removing the foreground Milky Way extinction is straight-
forward, as we describe in Sec. 3.3. However, correcting the in-
ternal extinction without removing the PNe intrinsic extinction
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Fig. 13. E(B — V) map of NGC 253. The E(B — V) has been calculated from the Balmer decrement using a convolved (to a 5 arcsec FWHM
Gaussian PSF) and binned version of the data, in order to detect both He and HB across the majority of the FOV.

is extremely challenging. A standard approach such as estimat-
ing the E(B — V) of each nebula through the Balmer decrement
of their spectrum is not an option, since it does not differentiate
between the host galaxy extinction and the intrinsic PN extinc-
tion. In addition, simple arguments based on the vertical distribu-
tion of PNe and dust in galaxies suggest that, in most cases, the
host extinction should not affect the PNLF (e.g., Feldmeier et al.
1997). Under typical conditions, there should be a large enough
number of bright and unextinguished PNe to not affect the dis-
tance estimate, so only the foreground Galactic extinction is typi-
cally applied to the data. However, NGC 253 is a highly inclined
galaxy with prominent dust features clearly visible throughout
the disk, so extinction could play a more significant role.

5.4.1. Extinction Map

In Fig. 13 we show the E(B — V) map of NGC 253 recov-
ered from the Balmer decrement. To obtain it, we convolved
our mosaic to an angular resolution of 5arcsec’ and binned it
to 0.8 arcsec px !, to ensure detection of Ha and HB across most
of the FOV. We then estimated the E(B — V) assuming a theoreti-
cal Ha/HB = 2.86 (Case B recombination Osterbrock & Ferland
2006), a Cardelli et al. (1989) extinction law and Ry = 3.1. The
resulting map shows a median E(B — V) of ~ 0.36 mag (A(V) ~
1.1 mag), with peaks of >6 mag (A(V) >18 mag) close to the
centre of NGC 253. Rekola et al. (2005) determined that for an
extinction similar to our average one, the effect on the measured
distance modulus should be of the order of a few 0.1 mag'’. The
discrepancy between our distance modulus and that recovered by
TRGB measurements from, for example, Okamoto et al. (2024),
is ~ 0.35 mag, which is, indeed, in line with the prediction of
Rekola et al. (2005).

The MUSE extinction map represents the extinction pro-
duced by the dust screen in front of the He and HB emitting
gas. In the case of a dusty interstellar medium with embedded
emission, this represents approximately half of the total possi-
ble extinction. We do not know the position of each PN along
the line of sight, and we also know that PNe and dust typically
follow different distributions, especially in the vertical direction,

® We assumed an average PSF FWHM of 0.8 across the mosaic (see
Sec. 3.2) and we convolved it using a 2D Gaussian Kernel with the
FWHM needed to recover a final FWHM of 5 arcsec. The spatial and
spectral variation of the final FWHM is of the order of 0.1 arcsec

10 Rekola et al. (2005) do not provide a model that we could test. Our
analysis is based mainly on the discussion in their Sec. 3 and Fig. 4
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Fig. 14. Maximum host galaxy E(B — V) associated with each PN. In
blue we show the full sample, in orange only the PNe brighter than
25.5 mag, and in green the PNe located within 4 kpc from the centre of
the galaxy. The dotted line represents the median E(B — V) for the full
sample, while the dashed-dotted line shows the median for PNe in the
centre of the galaxy.

so we cannot use this map to directly correct the fluxes of our
PNe. Nevertheless, comparing the extinction map with the posi-
tion of our PNe can still help us gauge its effect on the PNLF. For
each PN, we used the 5 arcsec resolution extinction map shown
in Fig. 13 to recover the average E(B — V) contained in the same
aperture that we used to correct the [O m]A5007 fluxes for back-
ground emission. We do not simply measure the extinction at the
exact location of our PNe to avoid including any effect of the in-
trinsic extinction, although this is probably not necessary given
the resolution of our convolved data. Figure 14 shows the distri-
bution of E(B — V) associated with the PNe in the sample (blue
histogram). We have a distribution ranging from E(B - V) = 0
to E(B — V) = 1.44mag (A(V) ~ 4.45mag) with an average
of 0.45mag and a median of 0.41 mag (A(V) ~ 1.40 mag and
1.27 mag, respectively). This confirms that we are in a regime
in which the effects of extinction on the PNLF are no longer
negligible. If we consider only the PNe brighter than 25.5 mag
(those included in the fit, orange histogram), we see that they
have a very similar distribution. Finally, in green, we show the
E(B-YV) distribution for PNe located within 4 kpc of the nucleus
of the galaxy. As expected, this sample includes the objects in the
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Fig. 15. Distribution of PNe as a function of distance from the cen-
tre of the galaxy. The top panel shows the number of PNe contained
in concentric elliptical rings with growing semimajor axis. The bottom
panel shows the luminosity-specific PNe number density measured in
the same rings and normalized of its average value, since we are inter-
ested in the trend and not on its absolute value. We show the full sample
in blue and the sample with mjony; < 25.5 mag in black.

high-extinction tail of the distribution, which could explain the
significant difference between the distance estimate we obtain
using only this sub-sample of sources (see Sec. 5.2).

5.4.2. Completeness

Another way the extinction could impact the PNLF is by affect-
ing the completeness of the PNe sample, particularly in the dusty
galaxy centre. Figure 15 shows how the number of PNe in con-
centric elliptical annuli changes as a function of distance from
the centre of the galaxy both as an absolute measurement (top
panel) and as the ratio between the number of PNe and the flux
contained in the ellipse (bottom panel). To measure these quan-
tities, we defined a series of ellipses centred on the centre of the
galaxy and with constant PA and ellipticity and we counted how
many PNe fell in each elliptical ring. We then used the WFI R-
band image presented in Sec. 2.1.1 to extract the integrated flux
in the same areas, masking bright stars, and we computed the
the ratio between the number of PNe and the flux contained in
each annulus''. This quantity has been shown to be quite inde-
pendent from the properties of the stellar population of a galaxy
(Ciardullo et al. 1989; Buzzoni et al. 2006), therefore any vari-
ations could indicate changes in the PNe sample completeness,
perhaps due to dust extinction. Figure 15 shows that this quan-
tity is relatively stable across the disk. Only rings with more that
50% coverage in our mosaic are included in the plot. At distances
< 4kpc however, we see we see a significant change in PNe/L,
indicating a drop in completeness. This happens both at the very
centre, where we have the starburst ring and higher measured
values of E(B — V), and around ~3.5 kpc from the centre, which
correspond approximately to the end of the bar. Here, both Fig. 1
and Fig. 13 show strong dust lanes and high extinction values.

' Since we are interested in the relative distribution of these points, and
not in their absolute value, we did not convert the fluxes in luminosities.
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Fig. 16. Effects of the extinction on the distance modulus measured via
the PNLF. The points show how the distance modulus estimated via a
sample of PNe extracted from a PNLF with fixed zero-point and dis-
tance modulus (M* = —4.54 mag and 27.72 mag respectively) changes
when applying an increasing amount of extinction. In this model, both
PNe and extinction (dust) follow a Laplace distribution, as described in
Sec. 5.4. Different colours represent different ratios between the PNe
and dust scale height. The solid horizontal lines represent our measure-
ment of the distance modulus of the galaxy when considering both the
full sample (bottom line) and only the PNe close to the centre of the
galaxy (top line), while the grey areas represent their uncertainties. The
dashed horizontal line represent a distance modulus of 27.72 mag, the
expected one from the TRGB-based distances from the literature. Fi-
nally, the vertical dot-dashed line represents the average E(B — V) we
measured from the extinction map shown in Fig. 13.

5.4.3. Modelling the effects of extinction on the PNLF

In order to quantitatively assess the impact of dust extinction on
the PNLF, we employ a straightforward model that describes the
vertical distribution of dust and PNe within a disk to determine
whether we could obtain a distance of 4.10 Mpc by applying ex-
tinction to samples of PNe extracted from the expected PNLF
of a galaxy situated 3.5 Mpc away (27.72 mag), as is the case of
NGC 253. Following the assumptions of Rekola et al. (2005),
we consider that both PNe and dust are distributed following a
Laplace distribution (also known as a double exponential dis-
tribution). This represents their vertical distribution across the
galactic disk, where the maximum of the probability coincides
with the disk plane. To keep the model simple, we assume a
face-on disk, ignoring potential inclination effects. We first ex-
tract a sample of PNe from the PNLF and assign them a location
within the disk by extracting it from their Laplace distribution.
We then recover the expected extinction at their location from the
cumulative distribution of dust normalised to the maximum ex-
tinction we considered. The extinction is then applied assuming
a Cardelli et al. (1989) extinction law, and an Ry = 3.1, Finally,
the modified PNLF was fitted with the method from Sec. 4.

We varied the maximum extinction from 0 to E(B —
V) = 1 mag. Then, we set a fixed scale height for the PNe and
examined multiple scale heights for the dust: half, one, two,
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four, and eight times the PNe scale height. For each combi-
nation of parameters, we repeated the entire process 50 times,
considering the mean distance as our measurement and its stan-
dard deviation as our error. The results of this analysis are pre-
sented in Fig. 16. As expected, the extinction influences the dis-
tance inferred from the PNLF. Larger maximum extinctions re-
sult in more pronounced effects, making the galaxy appear fur-
ther away, until a plateau is reached. Beyond this plateau, further
increases in extinction do not affect the distance. The E(B-V) at
which the plateau emerges depends on the relative scale heights
of dust and PNe. When both are similarly distributed or when the
dust has a higher scale height, we can recover our findings based
on the anticipated PNLF of NGC 253. The E(B — V) at which
this alignment occurs is approximately 0.3 mag if dust and PNe
share the same scale height, consistent with Rekola et al. (2005).
If the dust scale height exceeds that of the PNe, we need only
and E(B — V) of 0.2 mag to explain our discrepancy. Finally, if
the PNe scale height is larger than the dust one, the plateau is
reached at very low E(B — V). In this case, the difference be-
tween the measured distance modulus and the expected one is
small and cannot explain our discrepancy. This result is in line
with the argument exposed by Feldmeier et al. (1997), which
states that in this scenario there should always be a large enough
number of bright and unextincted PNe to not affect the final dis-
tance.

Extinction can also explain the difference between the dis-
tances recovered from disk and the central PNLFs. In this case,
Fig. 16 suggests that both a larger amount of extinction and a
larger dust scale height are needed to explain our observations.
In particular, it shows that the dust needs to be distributed with
a scale height that is at least twice as large as the PNe one,
while the maximum extinction needs to be > 0.4, even though
it changes significantly depending on the dust scale height.

This analysis suggests that internal extinction within the host
galaxy is responsible for the discrepancies we observe, as well as
for the differences in zero-point between the central and the disk
PNLF. In particular, it suggests that in NGC 253 the dust is dis-
tributed with a similar scale height relative to the PNe in the disk,
and a much larger scale height if we consider only the region
close to the centre of the galaxy. This was not expected, since
studies of both the Milky Way (Allen 1973; Li et al. 2018) and
other edge-on nearby galaxies (e.g. Xilouris et al. 1999; Bianchi
2007; De Geyter et al. 2014) show how they exhibit a thin disk
of dust, with a scale height half that of the stellar disk (where the
PNe reside). In NGC 253 the starburst-driven outflow might be
ejecting large quantities of dust-rich material from the centre of
the galaxy, boosting the dust scale height. This effect is stronger
close to the outflow, which is why we need a much larger scale
height to explain the distance recovered from the central PNLF.
The dust then settles when it moves further away from the out-
flow, but into a thicker disk with respect to more quiescent galax-
ies.

The proximity of NGC 253 and availability of highly pre-
cise distance measurements from multiple techniques show how
the assumption that the PNLF is independent of the amount
of dust in a galaxy is not always correct. As stated by Jacoby
et al. (2024), having large and heterogeneous galaxy samples
with well-sampled PNLFs is essential to characterise the circum-
stances where the dust distribution significantly biases the PNLF
distance. While correcting for the host galaxy dust extinction at
any given position in the disk where a PN is found is challeng-
ing, our growing multi-wavelength views of the dust-rich ISM,
along with the potential to develop rich kinematic models from
the combined stellar and gas disk components, could be used to

develop a statistical 3D approach to forward-model the line-of-
sight dust extinction of the PNe population. Such an analysis is
beyond the scope of this work but may present a novel way to re-
fine the use of the PNLF as a rung in the cosmological distance
ladder.

6. Summary and Conclusions

This work presents a new MUSE mosaic of the nearby star-
burst galaxy NGC 253. The mosaic includes 103 MUSE point-
ings covering an approximate area of 20x5 armin’ with ~9 mil-
lion spectra, and represents the largest mosaic of an extragalactic
source ever observed by MUSE so far, not counting the sparse
mosaic of the Large Magellanic Cloud (Boyce et al. 2017). The
data were observed as part of two ESO programmes (108.2289
and 0102.B-0078(A)) for a total of ~ 53.5 hrs of observing time.
Exposures were reduced using the official ESO MUSE pipeline
(Weilbacher et al. 2020) through the pymusepipe wrapper (Em-
sellem et al. 2022) and processed with the PHANGS data anal-
ysis pipeline, following the procedures described in Emsellem
et al. (2022). Special care has been given to the sky subtraction,
given the low redshift of the galaxy.

We then exploit moment-zero maps of the main emission
lines ([O m]A5007, Ha, and [S u]A46717,6731) to identify a
sample of 571 PNe. We use 320 of them (those brighter than
25.5 mag, our estimated completeness limit) to build the PNLF
of the galaxy and recover its distance. Following the procedure
described in Scheuermann et al. (2022), we estimate a distance
modulus of 28.07*002 mag (4.107007 Mpc), which is ~ 0.35 mag
(0.6 Mpc) larger than expected from previous independent dis-
tance estimates from PNLF fitting and the TRGB method. In
particular, the TRGB-based distance (~27.72 mag, 3.5 Mpc) has
been independently confirmed several times over the last 15
years, proving itself to be a reliable reference. The PNLF analy-
sis revealed the following:

— The distance recovered by Rekola et al. (2005)
(27.62f8:§g mag or 3.34f8;§g Mpc) was driven by the

misclassification of their brightest region, which now
appears as an H 1 regions. Removing it from their sample,
reconciles their distance with ours.

— The zero point of the relation changes significantly when
considering only PNe located in the centre of the galaxy ver-
sus those located in the rest of the disk. In particular, the
inner PNLF returns a distance that is ~ 0.45 mag (0.9 Mpc)
larger than the distance recovered from the rest of the disk.

— We reject metallicity as the origin of the discrepancy that we
observe between our measurement and the literature. Prelim-
inary measurement of the gas phase metallicity and its gra-
dient shows values corresponding to a negligible correction
of the PNLF zero-point.

— We reject metallicity also as the origin of the spatial variation
of the PNLF, since the observed behaviour would require an
inverted metallicity gradient not observed in the galaxy.

— A Balmer-decrement-based extinction map shows that the
galaxy is affected by a significant amount of extinction. We
estimate a median E(B—V) of ~ 0.36 mag (A(V) ~ 1.1 mag),
with peaks of > 6mag (A(V) > 18mag) close to the
NGC 253 centre.

— A simple model for the distribution of the PNe and dust
shows that we can reproduce our results for the whole galaxy
if we assume a maximum E(B — V)~0.3 mag and the same
scale height for dust and PNe. Reproducing the estimate
from the central PNLF, requires the dust to be distributed
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with at least twice the PNe scale height. This is in contrast
with what is expected from scale height studies of the Milky
Way and other nearby edge on galaxies (e.g. Allen 1973;
Xilouris et al. 1999; Bianchi 2007; De Geyter et al. 2014),
but it is compatible with a scenario where the starburst-
driven outflow is enhancing the vertical distribution of dust
in the NGC 253.

In conclusion, this work shows that the PNLF is not a reliable
method to estimate the distance of NGC 253, because of its high
dust content and its peculiar distribution. In general, it shows
that dust should not be ignored in the PNLF analysis, especially
when working on galaxies characterised by high inclination and
dust content, and that we need more galaxies with a well sampled
PNLF to better characterise these effects.

Data availability

Datacubes and DAP products are available in the CADC
(https://www.canfar.net/storage/vault/list/
phangs/RELEASES /PHANGS-MUSE-NGC253) and ESO Phase 3
archive (TBD).
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Appendix A: DAOFIND based PNLF
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Fig. A.1. PNLF and cumulative luminosity function for NGC 253 us-
ing the sample of PNe recovered by DAOFIND. Panels, markers and
colours as in Fig. 6.

In this section we repeat the selection of the PNe candi-
dates using the well-known point source detection algorithm
DAOFIND (Stetson 1987). We apply the algorithm in the version
included in the photutils package on the [O m]A5007 emis-
sion line map. We used default arguments for the detection and
assume a PSF size of 1 arcsec. This detection approach returns a
catalogue of 10635 PNe candidates. We then processed the cat-
alogue of PNe candidates following the procedures described in
Sec. 3 to measure the FHWM of each source, the line fluxes,
and to remove contaminants from the sample. The final num-
ber of confirmed PNe is 5494, a rather high number compared
to what identified in the emission line maps with the detection
method described in Sec. 3.1. In fact, a visual inspection of the
new candidates reveals that the vast majority of them are proba-
bly false detections. However, if we consider only sources with
mionmn < 25.5 mag, the number decreases to 343, quite compara-
ble to the 319 PNe that result from visual inspection. Matching
the two catalogues, we see that 309 of the 320 confirmed PNe
brighter than 25.5 mag are included in the clean sample of bright
PNe from DAOFIND.

We used this clean sample of bright PNe to fit the PNLF
(see Fig. A.1). As expected, given the similarity between the two
samples, we obtain very similar results. In particular, we obtain

a distance modulus of 28.07*0'9> mag, which corresponds to a
distance of 4.12*3-07 Mpc. Although the final results of the two
detection methods are similar, the large number of false detec-
tions that are classified as PNe when using the DAOFIND cata-
logue made us decide to rely on visual identification for the main

analysis of the paper.

Appendix B: Additional tables.
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Table B.1. Summary of the observations.

Congiu et al.: NGC 253 PNLF

OB Name Date Program Airmass Seeing Exptime FWHMI1 FWHM2
WFM-NGC-253-NW 2019-07-29 0102.B-0078(A) 1.06 0.80 1960.0 0.70 -4
WFM-NGC-253-SE 2018-11-07 0102.B-0078(A) 1.07 0.85 1960.0 0.72 -4
WFM-NGC253_Pri0Ol 2021-11-27 108.2289.001 1.21 0.58 844.8 0.74 0.79
WEFM-NGC253_Pri02 2021-11-30 108.2289.001 1.09 0.55 844.8 0.85 0.82
WFM-NGC253_Pri03 2021-12-07 108.2289.001 1.32 0.84 844.8 0.99 1.15
WFM-NGC253_Pri04 2021-12-28 108.2289.001 1.23 0.51 844.8 0.68 0.76
WFM-NGC253_Pri05 2021-12-29 108.2289.001 1.22 0.77 844.8 0.91 0.78
WEFM-NGC253_Pri06 2022-06-29 108.2289.001 1.17 0.49 844.8 0.69 0.84
WFM-NGC253_Pri07 2022-07-02 108.2289.001 1.33 0.57 844.8 b 0.50
WFM-NGC253_Pri08 2022-07-02 108.2289.001 1.13 0.53 844.8 0.63 0.64
WFM-NGC253_Pri09 2022-07-04 108.2289.001 1.04 0.83 844.8 0.84 0.72
WFM-NGC253_Pril0 2022-08-20 108.2289.001 1.04 0.55 844.8 0.71 0.62
WFM-NGC253_Prill 2022-08-27 108.2289.001 1.11 0.42 844.8 0.57 0.60
WFM-NGC253_Pril2 2022-08-27 108.2289.001 1.02 0.85 844.8 0.70 0.86
WFM-NGC253_Pril3 2022-08-27 108.2289.001 1.11 0.83 844.8 0.62 0.69
WFM-NGC253_Pril4 2022-09-03 108.2289.001 1.04 0.82 844.8 0.76 0.81
WEFM-NGC253_Pril5 2022-09-03 108.2289.001 1.03 0.65 844.8 0.70 0.60
WFM-NGC253_Pril6 2022-09-05 108.2289.001 1.08 0.73 844.8 0.64 0.99
WFM-NGC253_Pril7 2022-09-05 108.2289.001 1.24 0.93 844.8 0.69 0.89
WFM-NGC253_Pril8 2022-09-06 108.2289.001 1.22 0.74 844.8 0.67 1.50
WFM-NGC253_Pril8 2023-01-16 108.2289.001 1.53 0.52 844.8 0.72 0.74
WFM-NGC253_Pril9 2022-09-19 108.2289.001 1.03 1.04 844.8 1.32 1.15
WEFM-NGC253_Pri20 2022-09-19 108.2289.001 1.12 1.03 844.8 1.01 0.90
WFM-NGC253_Pri2l 2022-09-19 108.2289.001 1.30 1.00 844.8 0.95 =
WEFM-NGC253_Pri22 2022-09-20 108.2289.001 1.03 1.07 844.8 1.25 1.04
WEM-NGC253_Pri23 2022-09-20 108.2289.001 1.02 1.63 844.8 1.31 1.61
WFM-NGC253_Pri24 2022-09-21 108.2289.001 1.10 0.60 844.8 0.67 0.85
WEM-NGC253_Pri25 2022-09-22 108.2289.001 1.17 0.78 844.8 1.01 0.96
WFM-NGC253_Pri26 2022-09-22 108.2289.001 1.09 0.74 844.8 b 0.96
WFM-NGC253_Pri27 2022-09-23 108.2289.001 1.33 0.98 844.8 0.84 1.13
WEFM-NGC253_Pri28 2022-09-23 108.2289.001 1.13 0.85 844.8 0.90 1.16
WFM-NGC253_Pri29 2022-09-23 108.2289.001 1.03 0.94 844.8 1.11 0.88
WFM-NGC253_Pri30 2022-09-23 108.2289.001 1.03 0.95 844.8 0.78 0.73
WFM-NGC253_Pri31 2022-09-24 108.2289.001 1.23 1.24 844.8 1.18 0.58
WFM-NGC253_Pri32 2022-09-24 108.2289.001 1.07 0.71 844.8 0.63 0.66
WFM-NGC253_Pri33 2022-09-24 108.2289.001 1.21 0.60 844.8 0.56 0.64
WEFM-NGC253_Pri34 2022-09-25 108.2289.001 1.08 1.03 844.8 1.13 0.82
WEFM-NGC253_Pri35 2022-09-25 108.2289.001 1.03 0.58 844.8 0.51 0.65
WFM-NGC253_Pri36 2022-09-26 108.2289.001 1.16 0.82 844.8 0.88 0.84
WEM-NGC253_Pri37 2022-09-26 108.2289.001 1.04 0.98 844.8 0.98 0.79
WFM-NGC253_Pri38 2022-09-26 108.2289.001 1.05 0.70 844.8 0.59 0.76
WFM-NGC253_Pri39 2022-09-29 108.2289.001 1.03 0.73 844.8 0.64 0.65
WEM-NGC253_Pri40 2022-09-30 108.2289.001 1.13 0.68 844.8 0.71 0.72
WFM-NGC253_Pri41 2022-09-30 108.2289.001 1.03 0.80 844.8 0.61 0.87
WFM-NGC253_Pri42 2022-09-30 108.2289.001 1.02 1.03 844.8 0.89 0.83
WEM-NGC253_Pri43 2022-10-28 108.2289.001 1.05 0.70 844.8 0.68 0.70
WFM-NGC253_Prid4 2022-08-26 108.2289.001 1.04 0.47 844.8 0.49 0.58
WFM-NGC253_Pri45 2022-01-04 108.2289.001 1.34 0.74 844.8 0.84 0.71
WEFM-NGC253_Pri46 2022-10-28 108.2289.001 1.24 0.57 844.8 0.69 0.76
WFM-NGC253_Prid7 2022-10-30 108.2289.001 1.03 0.57 844.8 0.81 0.74
WFM-NGC253_Pri48 2022-10-30 108.2289.001 1.04 0.41 844.8 0.58 0.60
WEFM-NGC253_Pri49 2022-10-30 108.2289.001 1.14 0.52 844.8 0.66 0.63
WFM-NGC253_Pri51 2023-05-30 108.2289.001 1.39 0.79 844.8 0.84 -4

Notes. We report the name of the OB, the date of observation, the program ID, the average airmass of the observations, the average seeing
estimated from the Paranal DIMM, the exposure time, and the average full width at half maximum (FWHM) of the point spread function (PSF)
for each pointing observed in the OB as derived from the PNe in Sec. 3.2. All OBs except for WFM-NGC-253-NW, WFM-NGC-253-SE, and
WFM-NGC253_Pri51, include two separate pointings (see Sec 2). The exposure time refers to the single pointing. > These OBs include only a
single pointing. ® No PNe in the field of view of these pointings.
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Table B.2. Summary of the information included in the PNe catalogue.

Position and Morphology

ID Identification number

RA Right ascension of the nebula

DEC Declination of the nebula

deproj_dist Deprojected distance from the nucleus of the galaxy (in arcsec)
deproj_phi Deprojected position angle (in degrees)

FWHM FWHM of the nebula from the Moffat fit (in arcsec)

Spectral properties

lineid should be replaced with HEII4686, HB4861, HA6562, HEI5875¢ , OIII5006, N116583, SII b

lineid FLUX Background subtracted line flux‘in 107’ ergcm™2 57!

lineid_FLUX_ERR  Line flux errorin 1072’ ergcm=2s7!
lineid_FLUX_BACK Background flux in 1072’ ergcm™2s~!

lineid_SNR S/N of the line
m5007 Msop7 in magnitudes
dm5007 Error on msgo7 in magnitudes

Notes. ” The He 1 15875 line is masked by the MUSE notch filter in the two central pointings observed with AO. ¢’ The [S 1]116717, 6731 fluxes
were recovered from a single moment map, given the vicinity of the two lines. ) Line fluxes are corrected for Milky Way extinction and aperture

size, as described in Sec. 3.3

Table B.3. Wavelengths and ionisation potential of the relevant ion for each emission line.

Line name Wavelength  String ID  Ionisation potential

Fixed ratio

(air) [A] [eV]
Hydrogen Balmer lines

Hp 4861.35 HB4861 13.60 no
Ha 6562.79 HA6562 13.60 no

Low ionisation lines
[N n]a5197 5197.90 NI5197 — no
[N m]5200 5200.26 NI5200 — no
[N uJA5754 5754.59 NII5754 14.53 no
[N m]26548 6548.05 NII6548 14.53 0.34 [N uJ16584
[N m]26584 6583.45 NII6583 14.53 no
[S u]A6717 6716.44 SII6716 10.36 no
[S m]A6731 6730.82 SII6730 10.36 no

High ionization lines
He 114686 4685.70 HEII4865 24.58 no
[O m] 14959 4958.91 0III4958 35.12 0.35 [O m]A5007
[O m]A5007 5006.84 OIII5006 35.12 no
He 115876 5875.61 HEI5875 — no
[S m]A6312 6312.06 SIII6312 23.34 no

Notes. Wavelengths are taken from the National Institute of Standards and Technology (NIST; https://physics.nist.gov/PhysRefData/
ASD/lines_form.html), and are Ritz wavelengths in air except for the H Balmer lines, in which case we use the ‘observed * wavelength in air as
reported in NIST. The DAP string name is used to identify the correct extension in the MAPS files or in the moment maps. Ionisation potentials are
taken from Draine (2011). The [O 1] lines at 6300 and 6363 A are not included in this list because they are heavily contaminated by sky emission.
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Table B.4. List of FITS extensions included in the MAPS file

Extension name

Description

Binning

FLUX
SNR
SNRBIN
BIN_ID

white-light image

continuum S/N ratio for individual spaxels

continuum S/N for each Voronoi bin

unique ID for each Voronoi bin, unbinned spectra have bin IDs of —1

Stellar kinematics

HN*_STARS = higher order Gauss-Hermite velocity moment, if available (e.g., H3_STARS, H4_STARS)

V_STARS
FORM_ERR_V_STARS
SIGMA_STARS
FORM_ERR_SIGMA_STARS
ERR_SIGMA_STARS
HN*_STARS
FORM_ERR_HN*_STARS
ERR_HN"_STARS

stellar velocity [km s~!], after subtracting the systemic velocity
formal velocity error [km s™']

stellar velocity dispersion [km s~']

formal sigma error [km s71]

MCMC-calculated error for sigma (if available) [km s
higher order moments of the stellar LOSVD (when available)
formal errors in the high-order moments

MCMC errors for higher order moments (not yet available)

Stellar populations

STELLAR_MASS_DENSITY
STELLAR_MASS_DENSITY_ERR
AGE_MW

AGE_MW_ERR

Z_MW

Z_MW_ERR

AGE_LW

AGE_LW_ERR

Z_LW

Z_LW_ERR

EBV_STARS

stellar mass surface density [My, pc~2]

error in the above [Mg, pc?2]

log(Age/yr), where the Age is mass-weighted
error in the above quantity

mass-weighted [Z/H]

error in the above quantity

log(Age/yr), where the Age is luminosity-weighted (V-band)
error in the above

luminosity-weighted (V-band) [Z/H]

error in the above quantity

E(B — V) of the stellar component [mag]

Emission lines

*emline = emission line string id listed in Table B.3

BIN_ID_LINES
CHI2_TOT
*emline_FLUX
*emline_FLUX_ERR
*emline_VEL
*emline_VEL_ERR
*emline_SIGMA
*emline_SIGMA_ERR
*emline_SIGMA_CORR
*emline_MOMO
*emline_MOMO_ERR
*emline_MOM1
*emline_MOMI1_ERR
*emline_MOM2
*emline_MOM2_ERR

unique bin for emission lines, these are individual spaxels in the current DR2
The 2 over the full fitted wavelength range.

emission line flux [1072° erg s™' cm™2 spaxel™']

emission line flux error [1072° ergs~!cm™2 spaxel ]

emission line velocity [km s71]

emission line velocity error [km s71]

emission line velocity dispersion [km s™']

emission line velocity dispersion error [km s™']

instrumental velocity dispersion at the position of the line [km s™!]
emission line moment 0 [107%° erg s™' cm™2 spaxel™']

emission line moment 0 error [1072° ergs~!cm~2 spaxel ']
emission moment 1 [km s~!]

emission moment 1 error [km s™']

emission moment 2 [km s~!]

emission moment 2 error [km s~!]

Notes. Each extension is a two-dimensional map on the same WCS as the mosaic datacube. We list the extension names, and a brief description
of the map associated with that extension. All lines maps produced are corrected for the Milky Way foreground contribution. Moment-zero maps
are not.
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