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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 0.75×R25. With an area of ∼ 20×5 arcmin2 (∼ 20×5 kpc2,
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.

Key words. Galaxies: individual: NGC 253 – Galaxies: distances and redshifts – planetary nebulae: general –ISM: dust, extinction

1. Introduction

NGC 253, also known as the Sculptor galaxy, is one of the clos-
est (D∼ 3.5 Mpc; Newman et al. 2024; Okamoto et al. 2024)
massive (Mstar ∼ 4.4 × 1010M⊙; Bailin et al. 2011; Leroy
et al. 2021) star-forming galaxies to the Milky Way. It is also
one of the largest galaxies in the sky, with an apparent size of
42×12 arcmin2 (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 M⊙ yr−1 (Jarrett et al.
2019). Almost a third of it (∼ 2 M⊙ yr−1; 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 M⊙ yr−1 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−1 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 ii 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: Sánchez 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 �ows, di� use 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 signi�cant 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 o� ering 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 far1. It covers the vast majority of the star-forming disk, with
an average resolution of 15 pc (� 0:85 arcsec 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 �nal 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 iii]� 5007 line, which can account for up to 13% of the total
energy emitted by a PN (e.g., Dopita et al. 1992; Ciardullo 2010;
Schönberner 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, [Oiii]� 5007-bright sources,
making them relatively easy to identify in early-type galax-
ies where virtually all [Oiii]� 5007 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 �rst ap-
proximation. This property, combined with the ease of identi�-
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
(3:34+0:26

� 0:38 Mpc for Rekola et al. 2005 and 5:4+0:3
� 0:6 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)

1 The absolute largest MUSE mosaic is the Large Magellanic Cloud
one published in Boyce et al. (2017) and it covers 1 deg2 with a �lling
factor of 25%. Other large mosaics of Milky Way structures are avail-
able in the MUSE archive, although they have not been published yet.

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 �tting. Section 3 focuses
on the detection, characterisation, and cleaning of the planetary
nebulae (PNe) sample, while Sec. 4 describes the �tting of the
PNLF and the comparison with the literature �ndings. 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 33.1sa

Dec � 25d 17m 18.6sa

Position Angle 52:5� a

Inclination 76� b

R25 13:5 arcmin (13:5 kpcc )

Notes. (a) From HyperLEDA (Makarov et al. 2014)(b) From Mc-
Cormick et al. (2013)(c) 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-�eld mode con�guration and with the
extended wavelength range (WFM-NOAO-E), which covers be-
tween 4600 and 9300 Å with a resolution R� 2000 at H� . The
observations were organised in blocks of 2 pointings with three
interleaved 120 s sky o� set 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 �eld by 90 degrees between each exposure to
minimise instrumental signatures in the �nal mosaic. We origi-
nally planned for 98 pointings, covering an approximate area of
20 � 5 arcmin2. However, three pointings were re-observed be-
cause of issues with their positioning, resulting in a �nal 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-�eld mode con�guration 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 (1960 s in to-
tal), with 90-degree �eld rotations and small o� sets between ex-
posures. Two 125 s sky exposures were also acquired using a
typical OSOOSO o� set pattern. The main di� erences between
these archival data and ours are the longer exposure times and a
masked spectral region between 5760 and 6010 Å, 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 Å, recovered as described in Sec. 3.2.

The �nal mosaic covers an area of� 20 � 5 arcmin2 (�
20 � 5 kpc2 at the distance of the galaxy, projected), extending
roughly out to 0:75 � R25. This corresponds to� 9 million spec-
tra and a �nal �le 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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