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ABSTRACT

Aims. We perform a homogeneous analysis of an unprecedented set of spatially resolved scaling relations (SRs) between interstellar
medium (ISM) components, that is to say dust, gas, and gas-phase metallicity, and other galaxy properties, such as stellar mass (Mstar),
total baryonic content, and star-formation rate (SFR), in a range of physical scales between 0.3 and 3.4 kpc. We also study some ratios
between galaxy components: dust-to-stellar, dust-to-gas, and dust-to-metal ratios.
Methods. We use a sample of 18 large, spiral, face-on DustPedia galaxies. The sample consists of galaxies with spatially resolved dust
maps corresponding to 15 Herschel-SPIRE 500 µm resolution elements across the optical radius, with the morphological stage spanning
from T = 2 to 8, Mstar from 2 × 109 to 1 × 1011 M�, SFR from 0.2 to 13 M� yr−1, and oxygen abundance from 12 + log(O/H) = 8.3 to
8.8.
Results. All the SRs are moderate or strong correlations except the dust-Hi SR that does not exist or is weak for most galaxies. The
SRs do not have a universal form but each galaxy is characterized by distinct correlations, affected by local processes and galaxy
peculiarities. The SRs hold, on average, starting from the scale of 0.3 kpc, and if a breaking down scale exists it is below 0.3 kpc. By
evaluating all galaxies together at the common scale of 3.4 kpc, differences due to peculiarities of individual galaxies are cancelled out
and the corresponding SRs are consistent with those of whole galaxies. By comparing subgalactic and global scales, the most striking
result emerges from the SRs involving ISM components: the dust-total gas SR is a good correlation at all scales, while the dust-H2
and dust-Hi SRs are good correlations at subkiloparsec/kiloparsec and total scales, respectively. For the other explored SRs, there is a
good agreement between small and global scales and this may support the picture where the main physical processes regulating the
properties and evolution of galaxies occur locally. In this scenario, our results are consistent with the hypothesis of self-regulation of
the star-formation process. The analysis of subgalactic ratios between galaxy components shows that they are consistent with those
derived for whole galaxies, from low to high redshift, supporting the idea that also these ratios could be set by local processes.
Conclusions. Our results highlight the heterogeneity of galaxy properties and the importance of resolved studies on local galaxies in
the context of galaxy evolution. They also provide fundamental observational constraints to theoretical models and updated references
for high-redshift studies.

Key words. galaxies: ISM, galaxies: evolution, ISM: dust, extinction, ISM: atoms, ISM: molecules, ISM: abundances

? DustPedia is a project funded by the European Union under the
heading “Exploitation of space science and exploration data”. It has the
primary goal of exploiting existing data in the Herschel Space Observa-
tory and Planck Telescope databases.

1. Introduction

The scaling relations (SRs) between main global galaxy proper-
ties are largely used tools to study the internal physics of different
galaxy populations and their formation and evolutionary histo-
ries. Among the first studied relationships, there has been the
Tully-Fisher relation for spiral galaxies (Tully & Fisher 1977),
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an empirical relation between the mass or intrinsic luminosity
of a galaxy, and its asymptotic rotation velocity or emission line
width. Another deeply studied correlation is the fundamental
plane for elliptical galaxies (Djorgovski & Davis 1987; Jorgensen
et al. 1996), a set of bivariate correlations connecting some of
the galaxy properties such as the effective radius, average surface
brightness, and central velocity dispersion. Since the early 2000s,
several efforts have been devoted to characterize the correlation
between the stellar mass (Mstar) and star-formation rate (SFR)
in galaxies, the so-called star-forming main sequence (SFMS or
MS, e.g., Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al.
2007; Santini et al. 2009, 2017; Peng et al. 2010; Rodighiero et al.
2014; Schreiber et al. 2015; Tomczak et al. 2016). In the mean-
time, other correlations have been found between Mstar and the
average oxygen abundance, the mass-metallicity (MZ) relation
(e.g., Lequeux et al. 1979; Garnett & Shields 1987; Vila-Costas
& Edmunds 1992; Tremonti et al. 2004; Erb et al. 2006), and
between the SFR and the surface density of cold gas in disks, the
Kennicutt-Schmidt (KS) star formation (SF) relation (Schmidt
1959, 1963; Kennicutt 1998a,b). Variations of these correlations
have been largely explored, in particular changing the method of
derivation of galaxy properties involved in the studied SRs. In
the recent years, the number of works dedicated to the interstellar
medium (ISM) SRs has also grown, with an increasing level of
refinement such as separating the different components of the
ISM (e.g., Saintonge et al. 2011a; Corbelli et al. 2012; Boselli et
al. 2014; Cortese et al. 2016; Catinella et al. 2018; Lamperti et
al. 2019; Lisenfeld et al. 2019; Casasola et al. 2020; De Looze et
al. 2020; Ginolfi et al. 2020; Hunt et al. 2020; Dunne et al. 2022;
Saintonge & Catinella 2022). Some of the explored SRs (e.g., MS
and MZ) have also been confirmed at various redshifts, showing
a dependence on the cosmological time and thus allowing us to
trace the evolution of galaxy properties with time (e.g., Davé et
al. 2011).

To intimately understand the fundamental physics underlying
the global SRs, it is necessary to look at small spatial scales,
approaching the intrinsic scale of the SF process, that is the size
of the giant molecular clouds (GMCs, from a few parsecs to a
few hundred parsecs, Solomon et al. 1987). The GMCs, that is
the major reservoirs of molecular gas, are indeed the sites of most
SF in our Galaxy and other galaxies, and their properties set the
initial conditions for protostellar collapse. Due to the explosion
in multiwavelength resolved data, made possible with surveys
on large samples of nearby galaxies with instruments covering
different spectral bands (e.g., UV: GUViCS, Boselli et al. 2011;
Optical: MaNGA, Bundy et al. 2015; SAMI, Croom et. al. 2012;
VESTIGE, Boselli et al. 2018; NIR: S4G, Sheth et al. 2010;
FIR: KINGFISH, Kennicutt et al. 2011; Boselli et. al. 2010;
CO: HERACLES-IRAM 30 m, Leroy et al. 2009; ALLSMOG:
Cicone et al. 2017; COMING, Sorai et al. 2019; Hi: VLA
THINGS survey, Walter et al. 2008; xGASS Catinella et al. 2018)
and the detailed work of homogenization of preexistent data to
collect large amounts of coherent observations (e.g., DustPedia,
Davies et al. 2017), it is now possible to investigate the main
SRs also on the subgalactic scale. In the literature one refers to
such subgalactic SRs, typically at kiloparsec scales, as resolved
SRs (e.g., Viaene et al. 2014; Roychowdhury et al. 2015; Barrera-
Ballesteros et al. 2016, 2021; Cano-Díaz et al. 2016; Hsieh et
al. 2017; Pan et al. 2018; Cano-Díaz et al. 2019; Lin et al. 2019;
Vulcani et al. 2019; Enia et al. 2020; Morselli et al. 2020; Ellison
et al. 2021; Sánchez et al. 2021; Abdurro’uf et al. 2022; Baker et
al. 2022). Most of these works focused on the SF relations, that
is those between stellar mass surface density (Σstar), molecular
gas mass surface density (ΣH2), and SFR surface density (ΣSFR).

In this paper, we study an unprecedented set of resolved SRs
involving molecular, atomic and total gas, dust, gas-phase metal-
licity, stars, total baryonic content, SFR, and some ratios of these
quantities in the sample of 18 nearby, face-on, spiral galaxies
presented by Casasola et al. (2017, hereafter C17) and extracted
from the DustPedia1 sample (we refer to Davies et al. 2017, for a
detailed description of the DustPedia project and sample). In C17
we have characterized the radial distribution of dust, stars, gas,
and SFR of the sample, and the main result was that, on average,
the dust-mass surface-density exponential scale length is about
1.8 times higher than the stellar scale length. Here we study a
collection of SRs for individual galaxies in the range of physical
scales from 0.3 to 3.4 kpc and for all the sample galaxies evalu-
ated together at the common scale of 3.4 kpc, providing useful
information for those who want to study a given galaxy of our
sample and/or need mean trends at subgalactic scales. The galaxy
sample offers the possibility to study SRs at different resolved
physical scales searching for the definition of universal calibra-
tions and/or of breakdown scales, if any. The aim of this paper
is therefore to give a view that is as complete as possible of the
resolved SRs in spiral galaxies of the local Universe. The paper is
organized as follows. In Sect. 2 we outline the sample selection,
in Sect. 3 we describe the data used in this work, and in Sect. 4
their treatment is provided. We present the results in Sects. 5 and
6, and we discuss them in Sect. 7. In Sect. 8 we summarize the
entire work. The paper also includes Appendices A, B, and C
with additional matter.

2. The galaxy sample

We use the galaxy sample of C17 consisting of 18 DustPedia
nearby, large, spiral galaxies with a small (or moderate) disk
inclination. These galaxies have a diameter D25 ≥ 7′.8 2 and a
Hubble stage T ranging from 2 to 8. They have been imaged over
their whole extent with both PACS and SPIRE in Herschel and
they have a submillimeter diameter Dsubmm ≥ 9′, corresponding
at least to 15 spatial resolution elements in the SPIRE 500 µm
maps (FWHM = 36′′). For this latter reason, we define these
galaxies as resolved in dust emission. Sample galaxies have
Mstar from 2 × 109 to 1 × 1011 M�, SFR from 0.2 to 13 M� yr−1,
and oxygen abundance from 12 + log(O/H) = 8.3 to 8.8. The
sample includes galaxies characterized by different peculiarities,
such as the presence of bars, of signatures of interaction with
companions, and/or of an active galactic nucleus (AGN). Tables 1
and 2 summarize the main properties and global masses and
SFR of galaxies, respectively. Galaxies are sorted in increasing
distance order. We refer to C17 for further details on the galaxy
sample and its selection.

3. The dataset

In this section we present the set of maps used for this study.
Most of these maps come from the dataset of C17 and, when
available, new gas maps have been added. We use mass surface
density maps of various galactic components (dust, molecular,
atomic and total gas, stars, and total baryonic content) and of the
SFR. All maps are corrected for inclination i (see Table 1). We
focus on the region within the optical disk (r ≤ r25) for all maps
of all galaxies. This represents a sort of normalization parameter,

1 http://dustpedia.astro.noa.gr/
2 D25 is the major axis isophote at which the optical surface brightness
falls beneath 25 mag arcsec−2 (we also use r25 = D25/2).
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Table 2: Global masses and SFR of galaxies.

Galaxy log(Mstar)(1) log(MH2)(2) log(MHI)(3) log(Mdust)(1) SFR(1)

[M�] [M�] [M�] [M�] [M� yr−1]
NGC 300 9.34 ± 0.18 – 9.28 ± 0.03 6.70 ± 0.18 0.20 ± 0.03
IC 342 10.31 ± 0.09 9.70 ± 0.14 10.02 7.35 ± 0.04 4.03 ± 0.26
NGC 2403 9.47 ± 0.07 8.25 ± 0.14 9.41 ± 0.02 6.64 ± 0.04 0.73 ± 0.05
NGC 3031 (M 81) 10.65 ± 0.06 8.12 ± 0.13 9.55 ± 0.02 7.02 ± 0.07 0.35 ± 0.13
NGC 7793 9.29 ± 0.13 8.10 ± 0.15 8.91 ± 0.02 6.56 ± 0.04 0.46 ± 0.03
NGC 4736 (M 94) 10.39 ± 0.07 8.61 ± 0.14 8.55 ± 0.02 6.39 ± 0.03 0.55 ± 0.19
NGC 6946 10.43 ± 0.14 9.94 ± 0.14 9.73 ± 0.02 7.48 ± 0.08 7.07 ± 0.56
NGC 5236 (M 83) 10.50 ± 0.11 9.85 ± 0.14 9.31 ± 0.02 7.30 ± 0.12 6.66 ± 1.09
NGC 3621 10.31 ± 0.12 8.34 ± 0.13(5) 9.86 ± 0.02 7.03 ± 0.05 1.42 ± 0.23
NGC 5457 (M 101) 10.15 ± 0.06 9.55 ± 0.13 10.12 ± 0.02 7.67 ± 0.05 4.75 ± 0.24
NGC 5194 (M 51) –(4) 9.55 ± 0.13(5) 9.55 –(4) –(4)

NGC 5055 (M 63) 10.77 ± 0.08 9.62 ± 0.14 9.86 ± 0.02 7.65 ± 0.08 2.46 ± 0.74
NGC 925 9.73 ± 0.12 < 8.14 9.72 ± 0.00 6.97 ± 0.04 1.15 ± 0.07
NGC 628 (M 74) 10.15 ± 0.07 8.91 ± 0.14 10.01 ± 0.00 7.58 ± 0.14 2.41 ± 0.45
NGC 3521 10.93 ± 0.08 9.53 ± 0.15 9.93 ± 0.00 7.73 ± 0.03 3.15 ± 1.26
NGC 4725 10.87 ± 0.07 8.74 ± 0.51 9.60 ± 0.00 7.39 ± 0.05 0.93 ± 0.11
NGC 1365 10.92 ± 0.14 10.00 ± 0.13 9.98 ± 0.03 8.00 ± 0.15 12.97 ± 4.97
NGC 1097 10.99 ± 0.11 9.79 ± 0.13 9.91 ± 0.07 7.57 ± 0.10 6.56 ± 1.05

Notes. (1) Mstar, Mdust, and SFR values from Bianchi et al. (2018) and Nersesian et al. (2019) obtained through the modeling of the galaxy SED with
CIGALE code (Boquien et al. 2019). (2) MH2 values from C20 derived within r25 under the assumption of a constant XCO (Bolatto et al. 2013). (3)

MHI values from De Vis et al. (2019). (4) NGC 5194 lacks Mstar, Mdust, and SFR values because it has not been fitted by CIGALE. (5) MH2 values
derived from maps used in this work under the same assumptions of C20.

already used in the literature (e.g., Casasola et al. 2020; Morselli
et al. 2020).

3.1. The dust and stellar mass and SFR maps

We use dust mass, stellar mass and SFR surface density maps
produced for the analysis performed in C17. Details on the
derivation of these maps are given in C17. Here we recall their
main steps. The dust mass surface density has been derived
by comparing a modeled SED, convolved with the Herschel
filter response functions, with the observed data at each position
within a galaxy. We adopted the optical properties and grain size
distributions of the THEMIS3 dust model, as described in Jones
et al. (2013) and its updates (Köhler et al. 2014; Ysard et al. 2015;
Jones et al. 2017).

We use the maps of the stellar mass surface density derived
by means of the Spitzer-IRAC 3.6 and 4.5 µm images and follow-
ing the prescription of Querejeta et al. (2015). This method has
the advantage of isolating the old stellar light from contaminant
emission (e.g., hot dust and the 3.3 µm polycyclic aromatic hy-
drocarbon feature) in the 3.6 and 4.5 µm bands, that is able to
significantly contribute to the 3.6 µm flux (see Meidt et al. 2012).

We use the SFR surface density maps derived from GALEX-
FUV emission corrected for dust extinction using WISE 22 µm
emission according to the calibration of Bigiel et al. (2008),
by replacing the 24 µm intensity with the 22 µm emission.
This calibration is based on the stellar initial mass function of
Calzetti et al. (2007), consisting of two power laws, with slope
of −1.3 in the range 0.1 − 0.5 M� and slope of −2.3 in the range
0.5 − 120 M � (see also Leitherer et al. 1999). This combined
(GALEX-FUV + WISE 22 µm) SFR calibration is widely used

3 The Heterogeneous Evolution Model for Interstellar Solids,
http://www.ias.u-psud.fr/themis/index.html

in the literature (e.g., Cortese 2012; Huang & Kauffmann 2015;
Muraoka et al. 2019; Yajima et al. 2021).

The maps of dust and stellar mass surface density and of SFR
surface density are available for the entire sample. The uncertain-
ties on these maps take into account uncertainties associated with
the methods used for their derivation.

3.2. The gas mass maps

We use molecular (H2) and atomic (Hi) gas mass surface den-
sity maps from C17 with some updates. Table 3 collects the
gas dataset used in this work. The ΣH2 maps have been de-
rived by both 12CO(1–0) and 12CO(2–1) emission line observa-
tions, based on available data, under the assumption of optically
thick 12CO emission. The derived ΣH2 maps do not take into
account the contribution of helium. We adopt both a constant
value for the CO-to-H2 conversion factor (XCO = N(H2)/ICO,
where N(H2) is the molecular gas column density in cm−2 and
ICO is the CO line intensity in K km s−1) and a metallicity-
dependent conversion factor. We aim at exploring the effect
of these two assumptions on XCO, which provide a conserva-
tive range of molecular gas mass estimations, on the spatially
resolved SRs. We adopt the constant value of XCO = 2.0 × 1020

cm−2 (K km s−1)−1 with ±30% uncertainty (e.g., Bolatto et al.
2013), corresponding to a CO-to-H2 conversion factor expressed
in terms of αCO (αCO = M(H2)/LCO, where M(H2) is the H2
mass in M� and LCO the CO line luminosity in K km s−1 pc2)
of αCO = 3.2 M� pc−2 (K km s−1)−1 (Narayanan et al. 2012).
We assume the calibration for the metallicity-dependent XCO by
Amorín et al. (2016): log(αCO) = 0.68−1.45[12+log(O/H−8.7)],
corresponding to XCO ∝ (Z/Z�)−1.5. This calibration provides a
value of αCO including the contribution of helium, so we correct
the relation of Amorín et al. (2016) to be consistent with our mea-
surements of H2 mass. The calibration of Amorín et al. (2016) is
derived combining low-metallicity starburst galaxies with more
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Table 3: Gas maps used in this work.

Galaxy Ref. 12CO Instrument 12CO (FWHM) 12CO line Ref. Hi Instrument Hi (FWHM) Total gas maps
NGC 300 – – – – –
IC 342 C17 NRO 45m (15′′) (1–0) C17 VLA (38′′) X
NGC 2403 C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 3031 (M 81) C17 (1) BIMA (6′′) (1–0) C17 VLA (6′′) (6)

NGC 7793 – – – C17 VLA (6′′)
NGC 4736 (M 94) C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 6946 C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 5236 (M 83) This work (2) NRO 45m (15′′) (1–0) C17 VLA (6′′) X
NGC 3621 This work (3) ALMA (15′′) (2–1) C17 VLA (6′′) X
NGC 5457 (M 101) C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 5194 (M 51) C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 5055 (M 63) C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 925 C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 628 (M 74) C17 IRAM 30 m (11′′) (2–1) C17 VLA (6′′) X
NGC 3521 This work (4) NRO 45m (15′′) (1–0) C17 VLA (6′′) X
NGC 4725 C17 IRAM 30 m (11′′) (2–1) C17 WSRT (13′′.22) X
NGC 1365 This work (5) ALMA (16′′.5×8′′.1) (1–0) – –
NGC 1097 C17 ATFN Mopra 22 m (30′′) (1–0) – –

Notes. (1) NGC 3031 has been observed but not detected (see C17 and the main text of this paper for details). (2) 12CO(1–0) map of NGC 5236 from
the Nobeyama CO Atlas of Nearby Spiral Galaxies survey (Kuno et al. 2007). (3) 12CO(2–1) map of NGC 3621 from the PHANGS (Physics at High
Angular Resolution in Nearby GalaxieS) survey (Leroy et al. 2021b). (4) 12CO(1–0) map of NGC 3521 from the COMING survey (Sorai et al. 2019).
(5) 12CO(1–0) map of NGC 1365 from the ALMA Science Archive. (6) Total gas map of NGC 3031 has been not produced (see note (1) of this table).

metal-rich galaxy objects, including the Milky Way and Local
Volume galaxies from Leroy et al. (2011), and is in agreement
with other observational determinations (e.g., Genzel et al. 2012;
Schruba et al. 2012) and model predictions (e.g., Wolfire et al.
2010). The calibration of Amorín et al. (2016) is also consistent
with the more recent determination by Hunt et al. (2020) of a
XCO ∝ (Z/Z�)−1.55 in local star-forming galaxies. The adopted
calibrations of XCO by Bolatto et al. (2013) and Amorín et al.
(2016) are the same ones used in the study of the global ISM
SRs for DustPedia late-type galaxies of Casasola et al. (2020,
hereafter C20), allowing therefore a consistent comparison of
the SRs between small and global scales. In the case of the
use of 12CO(2–1) observations, we assumed a 12CO line ratio
R21 = ICO(2−1)/ICO(1−0) = 0.7, a typical value for nearby spiral
galaxies (e.g., Schruba et al. 2011; Leroy et al. 2013; Casasola et
al. 2015; Yajima et al. 2021). This value of R21 is also consistent
within the errors with that recently determined by den Brok et al.
(2021), R21 = 0.64 ± 0.09.

With respect to the CO data used in C17, we added the
following: i) the 12CO(1–0) map of NGC 5236 obtained with
the Nobeyama 45-m radio telescope and available thanks to the
Nobeyama CO Atlas of Nearby Spiral Galaxies survey (Kuno
et al. 2007); ii) the 12CO(2–1) map of NGC 3621 obtained with
ALMA and available thanks to the PHANGS survey4 (Leroy
et al. 2021b); iii) the 12CO(1–0) map of NGC 3521 obtained
with the Nobeyama 45-m radio telescope and available thanks
to the COMING survey (Sorai et al. 2019); iv) the 12CO(1–0)
map for NGC 1365 obtained with ALMA and available in the
ALMA Science Archive5. In particular, we replace the IRAM–
30m 12CO(2–1) map of NGC 3521 used in C17 with 12CO(1–0)
observations mentioned above. This substitution is dictated by
the fact that the use of the 12CO(1–0) emission line eliminates the
uncertainty on the R21 line ratio in the H2 mass derivation and the
COMING map, differently by that used in C17, covers the entire
optical radius of NGC 3521. As regards NGC 3621, we point out
that the PHANGS survey provides 12CO(2–1) maps convolved
to angular resolutions of 2′′, 7′′.5, 11′′, and 15′′, in addition to

4 https://sites.google.com/view/phangs/home
5 https://almascience.eso.org/asax/

the native resolution of ∼1′′. Since we compare maps at 36′′
resolution, we use the 12CO(2–1) PHANGS map of NGC 3621
at 15′′ resolution. We use the integrated intensity map obtained
by the high completeness “broad” masking scheme, optimized to
include all emission from the galaxy (for details on PHANGS-
ALMA Data Processing and Pipeline see Leroy et al. 2021a,b).
The new 12CO data adopted in this work are treated following the
same prescriptions described above and in C17 in order to derive
ΣH2 maps. Combining all 12CO data, ΣH2 maps are available for
15/18 sample galaxies (they would be 16/18 but NGC 3031 is not
detected in CO, see Table 3). The uncertainties on ΣH2 maps are
calculated as the quadrature sum of the uncertainty on the 12CO
flux and on the XCO conversion factor. Under the assumption of
the metallicity-dependent XCO, uncertainties in ΣH2 take also into
account uncertainties on the metallicity maps (see Sect. 3.4) and
on the calibration of XCO with the metallicity.

We use maps of the atomic gas mass surface density (ΣHI)
from C17, derived from Hi 21 cm line intensity images under the
assumption of optically thin Hi emission. The produced ΣHI maps
do not take into account the contribution of the helium. The ΣHI
maps are available for 15/18 sample galaxies. The uncertainties
on ΣHI maps take into account uncertainties associated to Hi
observations.

Combining available data on molecular and atomic gas, we
have produced total gas-mass surface-density maps summing
atomic and molecular gas masses and correcting this sum for
the helium contribution by multiplying by a factor of 1.36 (see
Schruba et al. 2011), Σtot gas = 1.36 × (ΣHI + ΣH2). The Σtot gas
maps are available for 13/18 sample galaxies.

3.3. The total baryonic content maps

We produce total baryonic content maps summing stellar, total
gas, and dust masses, Σbar = Σstar + Σtot gas + Σdust. We stress how
complete estimations of Σbar such as the ones presented here have
rarely been attempted in the similar studies. Taking into account
the analysis of all galaxies evaluated together at 3.4 kpc scale, for
the almost totality of the ≥3σ pixels Σstar > Σtot gas and all ≥3σ
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pixels have a mean value Σstar/Σtot gas = 11.74 ± 0.62. The Σbar
maps are available for 13/18 sample galaxies.

3.4. The gas-phase metallicity maps

We use the oxygen abundance, 12 + log(O/H), to trace the gas-
phase metallicity in our sample of galaxies. We adopt a solar
oxygen abundance of 12 + log(O/H) = 8.69 ± 0.05 from Asplund
et al. (2009). Among the various gas-phase metallicity determina-
tions for DustPedia galaxies provided in De Vis et al. (2019), we
select the empirical calibration N2 from Pettini & Pagel (2004),
based on the ratio of [Nii] λ6584Å and Hα, since it is available
for all sample galaxies, except for NGC 4725 (see Table 1). The
N2 metallicities at the galactocentric distance r = 0.4r25 of our
galaxy sample span from 12 + log(O/H)N2 = 8.3 to 8.8 and the
metallicity gradients from 0.0 to −0.5 dex r−1

25 . Azimuthally aver-
aged metallicity maps were derived from these values, and from
the galaxy inclinations and position angles used by De Vis et al.
(2019).

We decide to discard the values of metallicity gradients de-
rived from the N2 calibration of NGC 5194 and NGC 1097 be-
cause they are unreliable and quite unusual for typical nearby spi-
ral galaxies (e.g., Magrini et al. 2011, 2016; Sánchez et al. 2014;
Belfiore et al. 2017; Maiolino & Mannucci 2019; Yates et al.
2021). We have checked the values of the slopes and intercepts of
the metallicity gradients of these two DustPedia galaxies provided
by other calibrations (e.g., O3N2–Pettini & Pagel et al. 2004,
KK04–Kobulnicky & Kewley et al. 2004, PG16S–Pilyugin &
Grebel et al. 2016) and collected in De Vis et al. (2019). The
galaxies NGC 5194 and NGC 1097 have negative, positive, or
flat metallicity gradients, depending on the adopted strong line
ratio and relative calibration. We refer to De Vis et al. (2019) for
the discussion on the comparison between different metallicity
calibrations for DustPedia galaxies (see also e.g., Maiolino &
Mannucci 2019; Yates et al. 2021, for similar comparisons). For-
tunately, Croxall et al. (2015) detected the temperature-sensitive
auroral lines [O iii] λ4363Å, [N ii] λ5755Å and [S iii] λ6312Å
for 28 Hii regions of NGC 5194, permitting the derivation of the
oxygen abundance from the so-called direct method, as part of
the CHemical Abundances of Spirals project (CHAOS, Berg et al.
2015). Croxall et al. (2015) found that the central O/H abundance
of NGC 5194 is roughly solar or possibly slightly super-solar by
10% − 30%, depending on the adopted solar oxygen abundance,
and this galaxy has a relatively flat metallicity gradient with a
slope of −0.30 dex r−1

25 (or −0.023 dex kpc−1), consistent with
the findings of Bresolin et al. (2004). Since the mean O/H abun-
dance of NGC 5194 derived from the N2 calibration is consistent
with the values derived from direct measures (see Table 1), we
adopt the O/H gradient found by Croxall et al. (2015, see their
Eq. (3)). To our knowledge, a direct measurement of the oxygen
abundance for NGC 1097 is instead not available. For this galaxy,
we prefer to use the estimate of the mean metallicity.

Although the use of the metallicity gradient instead of the
mean metallicity should contribute to refine the results, we have
to remind the readers of one main caveat in our approach. We
use metallicity maps derived from metallicity gradients instead
of “real” and complete metallicity maps. In this way we have ne-
glected the azimuthal variations that may be present at each galac-
tocentric radius or local chemical inhomogeneities as present,
for example, in Hii regions (e.g., Rosolowsky & Simon 2008;
Sanders et al. 2012; Clark et al. 2019). However, it is also worth
mentioning that in massive spiral galaxies the metallicity vari-
ation is dominated by the radial gradient while the azimuthal

scatter is marginal (e.g., Berg et al. 2015; Croxall et al. 2016;
Kreckel et al. 2019). Therefore, our approach is legitimate and it
is expected to give a good approximation of the real map.

The metallicity maps are available for 17/18 sample galaxies.
The uncertainties on the metallicity maps are calculated as the
quadrature sum of the uncertainties on the mean metallicity and
on the metallicity gradient.

4. Treatment of data

4.1. Image convolution and resizing

All images are convolved at the resolution of 36′′, the same
of the Σdust maps. This resolution is that of the Herschel-SPIRE
500 µm maps used in the spectral energy distribution (SED) fitting
procedures in C17. All maps are resampled to a pixel size equal to
the adopted dust resolution, 36′′, that is one pixel per beam (see,
e.g., Viaene et al. 2014; Vutisalchavakul et al. 2014; Casasola et al.
2015; Saikia et al. 2020, for a similar treatment of images). This
choice differs from that adopted in C17 where the maps have been
resampled to a pixel size equal to 12′′(1/3 × FWHM). Studying
pixel-by-pixel SRs, we prefer to assume the pixel size equivalent
to the spatial resolution so that the pixels can be considered
as roughly statistically independent, and there should be little
correlation among them. In other words, each pixel is treated as a
single datapoint.

We also produced an additional set of maps regridded to the
common 3.4 kpc scale, that is the physical scale corresponding
to 36′′ for the most distant galaxy in the sample (NGC 1097).
Consistent with what is discussed above, also in this case the pixel
size of all maps is resampled to the angular scale corresponding to
3.4 kpc for each galaxy. The galaxies NGC 3621 and NGC 4736
are excluded from the analysis at 3.4 kpc because the convolution
at this resolution produces maps of only 4 pixels size.

With all collected and properly treated maps, we explore
several resolved (pixel-by-pixel) SRs. These procedures were
performed using CASA6 (versions from 5.1.1 to 5.1.5), IDL7,
IRAM/GILDAS8, and IRAF9 software packages.

4.2. Fitting method

After eliminating possible corrupted pixels and pixels with nega-
tive values, we use those with ≥3σ significance within r25 of all
galaxy maps in order to study the pixel-by-pixel SRs. We stress
that the ≥3σ pixels represent ∼97–100% of the pixels within the
optical radius of the explored galaxies. Given the low number
of nondetections within r25, their exclusion has no systematic
impact on the inferred slopes as a function of the spatial scale,
contrary to what may happen when exploring the entire galactic
extension (e.g., Pessa et al. 2021).

For a given SR, we fit the data in logarithmic space as follows:

log(Σy) = q + m × log(Σx), (1)

where Σx and Σy can be ΣHI, ΣH2, Σtot gas, Σdust, Σstars, and Σbar

in units of M� pc−2 and ΣSFR in units of M� yr−1 kpc−2, m is

6 Common Astronomy Software Applications, McMullin et al. (2007).
7 http://idlastro.gsfc.nasa.gov/, Landsman (1993).
8 http://www.iram.fr/IRAMFR/GILDAS/, Guilloteau & Lucas (2000).
9 IRAF is the Image Reduction and Analysis Facility. IRAF is written
and supported by the National Optical Astronomy Observatories (NOAO)
in Tucson, Arizona. NOAO is operated by the Association of Universities
for Research in Astronomy (AURA), Inc. under cooperative agreement
with the National Science Foundation.
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the slope and q the intercept of the linear fit. For each linear
fit we also provide the Pearson correlation coefficient R, the
standard deviation of residuals (dispersion) σ, and the number of
datapoints taken into account.

5. The resolved scaling relations

In this section we present the results obtained from the study
of the pixel-by-pixel SRs for our galaxy sample. We explore
the following SRs: Σdust–ΣH2, Σdust–ΣHI, Σdust–Σtot gas (these three
together hereafter called ISM SRs), Σstar–ΣH2, Σstar–Σdust, Σstar–
Σtot gas, Σstar–ΣSFR, ΣH2–ΣSFR, Σtot gas–ΣSFR, Σbar–ΣSFR. When the
molecular gas is involved, two prescriptions on XCO are explored.

5.1. Results for individual galaxies

Figure 1 shows the example of the SRs derived for NGC 6946 at
the resolution of 1 kpc. For this galaxy, all components are, on
average, moderately or strongly correlated10 within the optical
disk, under both assumptions on XCO when the molecular gas
is involved in a given SR. Only, the Σdust–ΣHI SR is a weak or
moderate correlation.

In Appendix A, Fig. A.1 displays the SRs for the entire sample
and Table A.1 collects properties of the corresponding linear fits
to the data. The analysis of the full sample shows that each galaxy
is characterized by distinct, in terms of slope and R (and σ), SRs
on scales between 0.3 and 3.4 kpc. Nevertheless, we identify
some recurrent behaviors for each SR: for instance, the Σdust–ΣH2
SR has a superlinear slope for most galaxies. Details on galaxies
deviating from recurrent trends are provided in Appendix B. All
the explored SRs are moderate or strong correlations except the
Σdust–ΣHI SR that does not exist or is a weak relationship for most
galaxies.

The results found by assuming the metallicity-dependent XCO
are similar, in terms of slopes and R, to those under the prescrip-
tion of the constant XCO. However, there is evidence, for each
galaxy, that the slopes and R values change a little bit as a func-
tion of the prescription on XCO. For example, the slopes and R
values of the SRs with ΣH2 in the y−axis (e.g., Σdust–ΣH2) under
the metallicity-dependent XCO prescription are lower than those
under the constant one. In this type of SRs, the values of slopes
typically get lower for steeper gas-phase metallicity gradients
(e.g., NGC 628), for significantly lower mean metallicities than
that of solar (e.g., NGC 925), or for the combination of the two
conditions (e.g., NGC 5457).

We have tested two other prescriptions on XCO, one from
Bolatto et al. (2013) and the other one from Madden et al. (2020).
Since these tests do no give extremely different results from those
obtained under the adopted prescriptions, we do not show them
for the entire sample. Details on these tests are described in
Appendix C.

Since we have also all maps convolved at the common scale
of 3.4 kpc we are able to check the existence of possible de-
pendencies of SRs as a function of scale (see Table A.1). The
slopes turn out to be approximately independent on the physical
scale, in the range of scales we explore. In particular, for a given
galaxy the slope of a SR at the scale imposed by the dust map
and that at 3.4 kpc are almost always consistent within a factor of
(1 − 3) times the uncertainties. Overall, there is no evidence of a
dependence of R of all SRs on the scale.

10 Typically, if 0 < |R| < 0.3 the correlation is defined weak, if
0.3 < |R| < 0.7 the correlation is defined moderate, if |R| > 0.7 the corre-
lation is defined strong.

5.2. Results for the sample

Figure 2 shows the results obtained from the study of the pixel-
by-pixel SRs for all sample galaxies evaluated together at 3.4 kpc.
The parameters of these correlations are collected in Table A.1.

In general, all the explored SRs are strong correlations and
the Σbar–ΣSFR SR is the strongest one. The most striking results
concern the ISM SRs. The Σdust–ΣHI SR is a weak correlation
also for all galaxies evaluated together at 3.4 kpc. These results
differ from those found from the global study of DustPedia late-
type galaxies (C20), where both dust–Hi and dust–total gas are
better correlated than dust–H2. In particular, comparing the ISM
SRs studied for individual galaxies at subkiloparsec/kiloparsec
(subkpc/kpc) scales (Sect. 5.1), those for all galaxies at 3.4 kpc
(this section), and those at global scales (C20), it emerges that the
Σdust–Σtot gas SR is a good correlation at all (from small to global)
scales, and the strength of the Σdust–ΣH2 and Σdust–ΣHI SRs vary
as a function of the sampled scale. The atomic gas is globally a
very good tracer of dust within the optical disk of spiral galaxies,
while Hi is almost always unrelated with dust at scales between
0.3 and 3.4 kpc. The molecular gas is globally a good tracer of
dust within the optical disk of spiral galaxies, but the Σdust–ΣH2
SR strengthens at subkpc/kpc scales. For the other SRs there is a
good agreement, in terms of slopes and R, between small-scale
SRs we explore and integrated SRs present in the literature (see
Sect. 1 for some references), supporting a scenario where the
main physical processes regulating the properties and evolution
of galaxies may locally occur.

A short summary of the main results presented in this section
is shown in Figs. 3 and 4. They refer to the dust-total gas and
SFMS SRs as an example and the emerging considerations can
be extended to all SRs. Figure 3 shows the nonuniversality of
the resolved SRs of sample galaxies individually evaluated at the
scale imposed by the dust map, from 0.3 to 3.4 kpc. Figure 4
displays that also when the slopes of a given SR are evaluated
at the common scale of 3.4 kpc there is a variety of results but
the slope of all galaxies at 3.4 kpc (gray star) is consistent with
their median slope (light blue band). In this figure, transparent
symbols represent the slopes at the scale imposed by the dust
map and the comparison with the slopes at 3.4 kpc shows the
approximate independence, for a given galaxy, of the slope of a
SR on the physical scale (see Sect. 5.1). Table A.1 collects the
median slopes of the SRs at 3.4 kpc.

6. Resolved ratios in the local Universe

In this section we study some ratios focusing on ISM compo-
nents: dust-to-stellar, dust-to-gas, and dust-to-metal ratios. We
explore the behavior of these ratios as a function of various galaxy
physical quantities typically used as tracers of the evolutionary
stage (especially in global analyses). In particular, we study the
ratios against 12 + log(O/H), Σstar, specific SFR (the SFR per
unit stellar mass) surface density (ΣSSFR), and gas fraction ( fgas =
Σtot gas/(Σtot gas + Σstar)). We present the results taking into account
all galaxies evaluated together at 3.4 kpc. Table 4 collects mean
values of the ratios and Table 5 the properties of the fits to data.

6.1. Dust-to-stellar mass ratio

We explore the dust-to-stellar mass ratio, Σdust/Σstar, also called the
specific dust mass. The mean value of Σdust/Σstar for our resolved
sample is log(Σdust/Σstar) = −3.12 ± 0.39, broadly consistent with
the dust-to-stellar mass ratio of Herschel Reference Survey (HRS,
Boselli et al. 2010) galaxies at stellar mass Mstar & 109 M� (De
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Fig. 1: Resolved SRs for the galaxy NGC 6946 within r25 at the resolution of 1 kpc, in logarithmic scale. From left to right: Σdust–ΣH2,
Σdust–ΣHI, Σdust–Σtot gas, Σstar–ΣH2, Σstar–Σdust, Σstar–Σtot gas, Σstar–ΣSFR, ΣH2–ΣSFR, Σtot gas–ΣSFR, Σbar–ΣSFR. Two sets of data are shown
when the H2 gas is involved according to the two assumptions on XCO (see the legends). The lines are the linear fits to the data:
continuum line for the constant XCO (Bolatto et al. 2013), dashed line for the metallicity-dependent XCO (Amorín et al. 2016). Fit
parameters are also given in the figures.

Vis et al. 2017a)11. Comparisons with the literature require to
pay attention to derivation method of the involved quantities and
this is particularly important for the dust mass whose values
are strongly dependent on adopted SED fitting and dust model
(see, e.g., Relaño et al. 2022). However, De Vis et al. (2019)
found that dust masses used in De Vis et al. (2017a) derived with
MAGPHYS (da Cunha et al. 2008) and the DustPedia ones (see
Sect. 3) are very similar.

Dust is formed by condensation of metals in the atmospheres
of evolved stars (seed grains formation in supernova (SN) ejecta
and AGB stars) and can grow its mass in the dense ISM (where
the accretion of metals on grains is balanced by SN shock-wave
destruction). Because of this, relations are expected between the
dust content, the stellar mass and SF activity, and the gas-phase
metallicity. Figure 5 shows the trend of Σdust/Σstar as a function
of Σstar (left panel) and ΣSSFR (right panel). As expected, there
is a strong anticorrelation between Σdust/Σstar and Σstar, which is
already known in the literature both at subkpc scales for, for ex-
ample, M 31 (Viaene et al. 2014) and at global scales for samples
of galaxies (e.g., Cortese 2012; Clemens et al. 2013; Clark et
al. 2015; Calura et al. 2017; De Vis et al. 2017a; Orellana et al.
2017; Casasola et al. 2020; De Looze et al. 2020), and it has been
reproduced by both chemical evolutionary models (e.g., Cortese
2012; Calura et al. 2017; De Vis et al. 2017a) and cosmological
hydro simulations (e.g., Camps et al. 2016). The anticorrelation
between Σdust/Σstar and Σstar indicates that galaxy regions with a
lower stellar mass have higher dust-to-stellar mass ratios with
respect to stellar mass than their more massive counterparts. In
C20, where we have defined the global Mstar–Mdust/Mstar SR for
432 DustPedia late-type galaxies, we have proposed the following
interpretation: although both stars and dust are products of SF,
stellar mass grows with time as the galaxy evolves whereas the
amount of dust can decrease as due to astration and destruction
(see, e.g., Calura et al. 2008). This explanation can be also applied
to individual galaxy regions. This trend could be seen as a local
version of the downsizing of galaxies (e.g., Cowie et al. 1996;
Fontanot et al. 2009), where massive galaxies have already con-

11 Our range of Σdust/Σstar values is consistent with that of De Vis et al.
(2017a).

sumed most of their gas converting it into stars and most of dust
mass was produced during these SF episodes. The correlation be-
tween Σdust/Σstar and ΣSSFR is moderate: Σdust/Σstar increases with
increasing ΣSSFR, according to global analyses (e.g., da Cunha et
al. 2010; De Looze et al. 2020). This relation provides indica-
tions on the role of recent SF activity in the determination of dust
content.

Figure 6 shows Σdust/Σstar vs 12 + log (O/H): we find a de-
crease by a factor of ∼3, from ≈0.001 at 12 + log(O/H) ∼8.3 to
≈0.0004 at 12 + log(O/H) ∼ 8.8. A similar trend is also found
by Vílchez et al. (2019), although characterized by a decreas-
ing by an order of magnitude. The anticorrelation of Σdust/Σstar
with metallicity might simply reflect that with the stellar mass,
since both quantities are well known to correlate: the dust mass
is consumed in more evolved, high-metallicity and high-mass,
galaxies.

6.2. Dust-to-total gas mass ratio

We study the dust-to-total gas mass ratio (DGR = Σdust/Σtot gas).
The mean values of DGR for our resolved sample are log(DGR) =
−2.20 ± 0.04 and −2.23 ± 0.21 for constant and metallicity-
dependent XCO, respectively. They are consistent within errors
with the global values found for DustPedia late-type galaxies
(C20) and other samples (e.g., KINGFISH, Aniano et al. 2020).

Figure 7 shows DGR as a function of Σstar (left panel) and
ΣSSFR (right panel). DGR shows a strong correlation with Σstar,
while it is not correlated (or is very weakly correlated) with ΣSSFR.
Strong relations of the DGR with both stellar mass and SSFR are
usually found for global values; they are generally interpreted by
saying that less massive galaxies are vigorously forming stars,
while most of their metals have not been locked up in dust grains
(see, e.g., De Looze et al. 2020). In our study, where DGR
is computed also using information on the molecular gas, we
still find a strong correlation with the stellar mass. Instead, we
do not see any correlation with the resolved SSFR. Thus, the
anticorrelation between DGR and ΣSSFR is valid only if averaged
over considerable areas (& kpc or global scales). This agrees
with the recent resolved analysis performed by Abdurro’uf et al.
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Fig. 2: Same as Fig. 1 for all sample galaxies evaluated together at the common scale of 3.4 kpc. Only data referring to the assumption
of the constant XCO are shown, while the drawn lines refer to the fits under the two assumptions on XCO. Different symbols (and
colors) represent different galaxies according to the legend shown in the panel displaying the Σdust–ΣHI SR.

Fig. 3: Linear fits of the dust-total gas (left panel) and SFMS (right panel) SRs of sample galaxies individually evaluated at the
physical scale imposed by the dust map resolution (36′′), from 0.3 to 3.4 kpc (see Sect. 5.1). Each colored fit corresponds to a galaxy
according to the legend shown in the left panel. The total gas refers to the assumption of the constant XCO (Bolatto et al. 2013).

(2022) finding no significant anticorrelation between dust and
SSFR for ten nearby galaxies (some in common with our sample).

Figure 8 shows the trend of DGR vs 12 + log (O/H) (left
panel) and fgas (right panel). We find an increasing DGR with
increasing metallicity. The DGR depends on metallicity as
DGR ∝ (O/H)1.2 and DGR ∝ (O/H)1.3, assuming constant and
metallicity-dependent XCO, respectively. Our results are consis-
tent with several observational works finding that the DGR is
well represented by a power law with a slope of about 1 or higher
at high metallicity (12 + log (O/H) & 8.3, e.g., James et al. 2002;
Draine et al. 2007; Leroy et al. 2011; Galliano et al. 2008; Sand-
strom et al. 2013; Giannetti et al. 2017), and with theoretical
expectations including dust grain growth (e.g., Asano et al. 2013;
Zhukovska 2014; Feldmann 2015; Aoyama et al. 2017; De Vis
et al. 2017b; McKinnon et al. 2018). We stress that the single
power law with superlinear slope provides the best description
of the DGR-metallicity relation for the full DustPedia late-type
galaxy sample, testing different metallicity calibrations (De Vis et
al. 2019). A superlinear slope indicates that the stellar dust alone
cannot explain the resulting DGR-metallicity relation. Some spa-

tially resolved studies instead found a DGR-metallicity relation
showing a two slopes behavior, with a break at a critical metal-
licity (e.g., Relaño et al. 2018; Vílchez et al. 2019), consistently
with the results of Rémy-Ruyer et al. (2014) based on the global
analysis of nearby galaxies covering a 2 dex metallicity range
(from 12+log(O/H) = 7.1 to 9.1). Below this critical metallicity,
the DGR-metallicity relation becomes steeper with respect to
higher metallicities. The existence of a critical metallicity able to
explain the change of slope in the DGR-metallicity relation has
been theoretically predicted by Asano et al. (2013, see also Pop-
ping et al. 2017). It defines the two regimes dominated by stellar
dust production and grain growth in the ISM, and its existence
is invoked when stardust production equals grain grown. In this
regard, very recently Galliano (2022) defined a critical metallicity
regime that is in the range from 12 + log(O/H) ∼8 to ∼8.3 for
nearby galaxies (see also Galliano et al. 2018). We recall that our
sample has metallicity values ranging from 12 + log(O/H) = 8.3
to 8.8 (∼20% have metallicities lower than 8.4). DGR increases
with decreasing fgas (right panel of Fig. 8) following a strong
relation. This anticorrelation says that galaxy regions with lower
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Fig. 4: Slopes of the dust-total gas (left panel) and SFMS (right panel) SRs of sample galaxies individually evaluated at 3.4 kpc (see
Sect. 5.2). Each colored dot corresponds to a galaxy. The transparent symbols represent the corresponding slopes at the resolution
imposed by the dust map (see Sect. 5.1). The light blue band is the median slope with error and the gray star the slope of all galaxies
at 3.4 kpc (see Table A.1). The total gas refers to the assumption of the constant XCO (Bolatto et al. 2013).

Fig. 5: Logarithm of dust-to-stellar mass ratio as a function of logarithm of stellar mass (left panel) and SSFR surface density (right
panel). The continuum line is the linear fit to the data (see Table 5). Symbols are same as Fig. 2.

fgas, which implies that they are more evolved and more quiescent
having converted most of their gas reservoir into stars, tend to
have higher DGR.

We also explore DGR as a function of ΣH2/Σtot gas and ΣH2/ΣHI
following Vílchez et al. (2019) and C20, respectively. Asano et
al. (2013) predicted that the accretion time for grain growth is
proportional to the inverse of the fraction of the cold component
of the ISM, and ΣH2/Σtot gas is a proxy of this fraction. The left
panel of Fig. 9 shows DGR vs ΣH2/Σtot gas across sample galaxies
(with constant XCO). The DGR tends to increase with increasing
ΣH2/Σtot gas for ΣH2/Σtot gas & 0.1, while it vertically drops down for
lower molecular gas fractions. This suggests a nondependence of
low DGR (log(DGR) . −2.3) on the grain growth. It is consistent
with the results of Vílchez et al. (2019) and supports the idea
that the trend of DGR as a function of ΣH2/Σtot gas is associated to
the grain growth that should occur when the DGR is sufficiently
high (see also, e.g., Chiang et al. 2018). The right panel of
Fig. 9 displays the trend of DGR as a function of ΣH2/ΣHI: in
general, DGR tends to increase with increasing ΣH2/ΣHI. We

also note a sort of plateau or the beginning of a decreasing of
DGR at ΣH2/ΣHI ≈ 1. With our dataset, we are not able to draw
this trend up to ΣH2/ΣHI ∼ 10 and higher, but the behavior of
DGR at ΣH2/ΣHI ≈ 1 seems to be consistent with the hill-like
shape published in C20. The increasing part of the trend shown
in the right panel of Fig. 9 corresponds to galaxy regions where
Hi dominates and dust is yet in small quantities with respect to
the total gas, and it is predicted from theoretical models (e.g.,
Krumholz et al. 2009; Magrini et al. 2012; Wong et al. 2013).
An increasing ΣH2/ΣHI indeed implies that the atomic gas is
transformed into molecular gas and then into stars, and these
latter in turn produce an increase of the hydrostatic pressure in
the disk, triggering the formation of dense molecular clouds. The
central and right-hand parts of the plot are instead unexpected,
and no simulations or theoretical models, to our knowledge, make
predictions on them. In C20 we proposed some explanations for
this decreasing trend invoking dust destroyed by events (e.g.,
shocks, collisional sputtering) and/or reduced due to differential
consumption of dust and gas, different emission efficiency of dust
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Fig. 6: Same as Fig. 5, but as a function of gas-phase metallicity.

grains producing an underestimation of dust mass, or the use
of the same XCO for different H2-dominated regions of different
galaxies.

6.3. Dust-to-metal ratio

We explore the ratio between the dust mass and the total amount
of metals, the dust-to-metal ratio (DTM). Following De Vis et
al. (2019), the DTM is defined as DTM = Σdust/ΣZ(gas+dust), where
ΣZ(gas+dust) = fZ × Σgas + Σdust with fZ fraction of metals by mass
calculated using fZ = 27.36 × 10(12+log(O/H)−12). The DTM is a
measure of the fraction of metals locked up in the interstellar dust
grains, and its behavior provides information on the efficiency of
dust production and destruction mechanisms. By simplifying the
general theoretical framework (e.g., Asano et al. 2013), the DTM
is expected to remain constant if the dust is mainly produced
by stellar sources, to increase as galaxies evolve enriching the
ISM with metals, or to decrease if the dust is destroyed via SN
shocks. The mean values of DTM ratios for our resolved sample
are log(DTM) = −0.43 ± 0.10 and −0.46 ± 0.10 for constant
and metallicity-dependent XCO, respectively. These values are
consistent within errors with the high end of DTM ratios of
nearby galaxies12 corresponding, for instance, to non-Hi-deficient
galaxies of the HRS sample (see De Vis et al. 2017a, for the
definition of non-Hi-deficient galaxies).

Figures 10 and 11 show DTM against Σstar, ΣSSFR,
12 + log (O/H), and fgas. The trends as a function of Σstar, ΣSSFR,
and fgas are broadly similar to those found for DGR but with flat-
ter slopes and lower correlation coefficients (see Table 5). This
suggests that DGR and DTM are quite interchangeable quantities
with respect to Σstar, ΣSSFR, and fgas, and we can reasonable as-
sume that the underlying physics is approximatively the same (see
Sect. 6.2). DTM against 12 + log (O/H) (left panel of Fig. 11) in-
stead reveals no clear trend, with DTM remaining approximately
constant across the metallicity range. This might indicate that the
critical metallicity threshold above which grain growth becomes
efficient in the dust production is not important in the explored
range of metallicity (see Sect. 6.2). The absence of a clear trend
of DTM vs 12 + log (O/H) also characterizes global analyses of

12 For nearby galaxies typically −0.90 . log(DTM) . −0.40 (e.g., De
Looze et al. 2020).

Table 4: Mean values of dust-to-stellar, dust-to-gas, and dust-to-
metal ratios for the galaxy sample at 3.4 kpc.

Ratio Value
log(Σdust)/log(Σstar) −3.12 ± 0.39
log(DGR), Const. XCO −2.20 ± 0.04
log(DGR), Z–dep. XCO −2.23 ± 0.21
log(DTM), Const. XCO −0.43 ± 0.10
log(DTM), Z–dep. XCO −0.46 ± 0.10

galaxy samples with or without few low-metallicity systems (e.g.,
De Vis et al. 2019; De Looze et al. 2020).

7. Discussion

7.1. The nonuniversality of resolved scaling relations

All the studied SRs show moderate or strong correlations except
the Σdust–ΣHI SR that does not exist for most galaxies. Since
mass radial profiles of many quantities (e.g., dust, stars, gas) in
spiral galaxies have been drawn and generally characterized with
an exponential decline of their surface density with radius (e.g.,
Alton et al. 1998; Xilouris et al. 1999; Bianchi 2007; Leroy et al.
2008, 2009; Muñoz-Mateos et al. 2009; Schruba et al. 2011; De
Geyter et al. 2014; Hunt et al. 2015; Smith et al. 2016; Casasola
et al. 2017), a positive correlation between these properties is
expected within individual galaxies. We find that each galaxy is
characterized by distinct SRs on the explored scales. The studied
SRs are therefore, on average, strong correlations though not
universal. These variations found for individual galaxies, not
being driven by the sampled scale, seem to be affected by local
processes and galaxy peculiarities (e.g., an overabundance of Hi).
The nonuniversality of the SRs at subkpc/kpc scales has been
already found by other authors referred to a restricted set of SRs,
the SF relations (e.g., Vulcani et al. 2019; Ellison et al. 2021;
Thorp et al. 2022). We extend the nonuniversality to other SRs
involving dust, Hi, and total baryonic content.

Leroy et al. (2013) cautioned that the KS relation tends to
show a uniform behavior when the studied sample is dominated
by star-forming disk galaxies. However, our sample shows a wide
range of behaviors in terms of SRs although it consists of galaxies
belonging to the same subclass of objects (that is, large, face-on,
spiral galaxies) and all the derived quantities have been treated
with the same methodology. The nonuniversal KS relation we find
is consistent with a KS relation varying significantly from cloud to
cloud in the Milky Way found by some authors (e.g., Gutermuth
et al. 2011; Lada et al. 2013; Willis et al. 2015; Pokhrel et al.
2020, 2021). However, Pokhrel et al. (2021) found a tight, linear
correlation between Σgas and ΣSFR normalized by the gas free-fall
time (t f f ) for 12 Galactic nearby (<1.5 kpc) molecular clouds.
This relation is the same in all studied molecular clouds spanning
a huge range of properties (e.g., clouds without massive stars or
massive stellar feedback, clouds being sites of ongoing massive
SF, large complexes comparable to those observed in nearby
galaxies). Most theoretical models predicting the existence of a
KS relation for single clouds also predict a dependence on the gas
t f f (e.g., Krumholz & McKee 2005; Federrath & Klessen 2012;
Padoan et al. 2012; Krumholz et al. 2019), which in turn depends
on the volume density. The finding of a universal intercloud KS
relation, which link SFR to the volume density, supports models
in which SF is regulated by local processes (e.g., turbulence,
stellar feedback, protostellar outflows), while disfavors models
in which SF is driven only by galaxy properties or phenomena
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Fig. 7: Logarithm of dust-to-gas mass ratio as a function of logarithm of Σstar (left panel) and ΣSSFR (right panel). Data points refer to
the assumption of the constant XCO, fit lines to both prescriptions on XCO (see legend). Symbols are same as Fig. 2.

Fig. 8: Same as Fig. 7, but as a function of 12 + log (O/H) (left panel) and logarithm of fgas (right panel).

Fig. 9: Same as Fig. 7, but as a function of ΣH2/Σtot gas (left panel) and logarithm of ΣH2/ΣHI (right panel). In the left panel, the drawn
black line is the fit to the data and it only helps to follow the trend (the corresponding equation is not provided).
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Fig. 10: Logarithm of dust-to-metal ratio as a function of logarithm of Σstar (left panel) and of ΣSSFR (right panel). Data points refer to
constant XCO, fit lines to both assumptions on XCO (see legend in Fig. 7 and Table 5). Symbols are same as Fig. 2.

Fig. 11: Same as Fig. 10, but as a function of 12 + log (O/H) (left panel) and logarithmic of fgas (right panel).

on galactic scales (e.g., SN feedback). The dependence on local
processes is in line with our results showing different SRs (not
only the KS one) found for individual galaxies at subkpc/kpc
scales.

All SRs involving only H2 gas mass are potentially affected by
the assumptions on XCO. On the contrary, SRs involving total (H2
+ Hi) gas are, on average, less dependent on these assumptions,
suggesting that adding Hi tends to cancel out or mitigate the
variations observed in the SRs as a function of XCO.

It is well known that the H2 gas typically dominates in the
central regions of the optical disk of galaxies while Hi outside
of it, extending, on average, far away beyond r25, by a factor
between 2 and 4 (rHI = 2 − 4r25, e.g., Wong & Blitz 2002; Bigiel
et al. 2008; Casasola et al. 2017). This is the most frequently
observed trend in galaxies and can explain the very weak or absent
correlation between dust (present within the disk of galaxies)
and Hi gas at subkpc/kpc scales. However, we have to mention
that a variety of ISM morphologies has been found (Dib et al.
2021), including a central gaseous hole, both in CO and Hi,
as, for instance, in the Milky Way (Misiriotis et al. 2006) and
NGC 3031 (Casasola et al. 2007, present in our sample). The
idea that recently emerged is that the role of Hi in regulating

SF may have been down-played so far (see, e.g., the discussion
in Ellison et al. 2021). Bacchini et al. (2019a, 2019b) defined
a tight correlation between volume densities of Hi and SFR in
disk galaxies, including the Milky Way, and both Saintonge et
al. (2016) and Morselli et al. (2020) found that the MS can be
explained by their cold gas reservoir as observed in the Hi line,
both globally and with spatially resolved measurements. More
recently, Morselli et al. (2021) estimated the redshift evolution of
the H2/Hi mass ratio within galaxies finding that Hi should not
be neglected at high redshift, as commonly done, but rather we
should reevaluate its role (see also Roychowdhury et al. 2015).

7.2. The resolved vs global scaling relations

The SRs studied in this paper hold starting from the scale of
0.3 kpc, with some exceptions (see Appendix B). If a breaking
down scale for these SRs exists, it is below 0.3 kpc. When all
galaxies are evaluated together at the common scale of 3.4 kpc,
differences due to peculiarities of individual galaxies, such as
an abundant Hi content (e.g., NGC 7793) and/or an anomalous
dust mass/distribution (e.g., NGC 300), are cancelled out. The
resulting SRs are consistent with those typically characterizing
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Table 5: Main properties of the linear fits to data shown in Figs. 5–11.

Scaling relation (x − y)(1) m(2) q(2) R (σ, n. pts)(2) XCO
(3)

log(Σstar) – log(Σdust)/log(Σstar) −0.56 ± 0.02 −2.19 ± 0.04 −0.82 (0.22, 303) –
log(ΣSSFR) – log(Σdust)/log(Σstar) 0.63 ± 0.06 3.30 ± 0.62 0.52 (0.32, 299) –
log(12 + log(O/H) – log(Σdust)/log(Σstar) −0.80 ± 0.09 3.64 ± 0.75 −0.56 (0.17, 181) –
log(Σstar) – log(DGR) 0.37 ± 0.02 −2.92 ± 0.04 0.80 (0.14, 202) Const.
log(Σstar) – log(DGR) 0.37 ± 0.02 −2.97 ± 0.04 0.81 (0.14, 181) Z–dep.
log(ΣSSFR) – log(DGR) −0.18 ± 0.07 −4.09 ± 0.69 −0.18 (0.23, 202) const.
log(ΣSSFR) – log(DGR) −0.29 ± 0.10 −5.24 ± 0.98 −0.22 (0.24, 181) Z–dep.
12 + log(O/H) – log(DGR) 1.17 ± 0.09 −12.28 ± 0.73 0.72 (0.09, 181) Const.
12 + log(O/H) – log(DGR) 1.28 ± 0.08 −13.23 ± 0.67 0.77 (0.17, 181) Z–dep.
fgas – log(DGR) −0.63 ± 0.02 −2.88 ± 0.02 0.89 (0.11, 202) Const.
fgas – log(DGR) −0.66 ± 0.02 −2.92 ± 0.02 0.90 (0.10, 181) Z–dep.
log(Σstar) – log(DTM) 0.11 ± 0.01 −0.65 ± 0.03 0.51 (0.10, 181) Const.
log(Σstar) – log(DTM) 0.12 ± 0.01 −0.68 ± 0.02 0.57 (0.09, 181) Z–dep.
log(ΣSSFR) – log(DTM) −0.19 ± 0.04 −2.43 ± 0.43 −0.32 (0.11, 181) Const.
log(ΣSSFR) – log(DTM) −0.17 ± 0.04 −2.20 ± 0.43 −0.29 (0.11, 181) Z–dep.
12 + log(O/H) – log(DTM) 0.15 ± 0.06 −1.71 ± 0.49 0.19 (0.11, 181) Const.
12 + log(O/H) – log(DTM) 0.22 ± 0.05 −2.36 ± 0.47 0.29 (0.11, 181) Z–dep.
fgas – log(DTM) −0.22 ± 0.02 −0.66 ± 0.02 −0.66 (0.09, 181) Const.
fgas – log(DTM) −0.22 ± 0.05 −0.68 ± 0.02 −0.68 (0.08, 181) Z–dep.

Notes. (1) Explored scaling relation. (2) Slope m, intercept q, Pearson correlation coefficient R, dispersion σ, and number of pixels. (3) The two
assumptions on XCO: “Const.” corresponds to constant XCO, “Z–dep.” to metallicity-dependent XCO (see Sect. 3.2).

whole galaxies. The scale of 3.4 kpc therefore provides a view of
the behavior of SRs at global scales.

The good match between subgalactic and global SRs should
be in line with a scenario where main physical processes regulat-
ing the properties and evolution of galaxies occur at subkpc/kpc
scales and drive the behavior of galaxies as a whole. In par-
ticular, the agreement between the SF relationships studied at
different scales has been recently discussed in the hypothesis
of self-regulation of the SF process (e.g., Zaragoza-Cardiel et
al. 2019, 2020; Barrera-Ballesteros et al. 2021; Sánchez et al.
2021). This scenario could be applied to all SRs we explore.
The hypothesis of self-regulation of the SF process assumes that
since stars impact their environment, the rate at which gas can
collapse to make new stars is also affected by the previous gener-
ation of SF. The molecular clouds, once collapsed, follow, both
individually and locally, the KS relation. The different slopes
of this relation present in the literature would be explained by
the fact that this relationship is “smoothed” at subkpc/kpc scales
including different galaxy regions, that is those actively forming
stars, those not forming stars, and those with stars formed by the
previous generations of clouds. Timescales also play a role in the
scenario of self-regulation of the SF process. Many works found
that the KS relation holds when it is averaged on timescales of
∼30–100 Myr (e.g., Silk 1997; Ostriker et al. 2010; Kruijssen
et al. 2019), much larger than those of the SF process (for in-
stance, a typical mean density within GMCs of nH = 100 cm−3

implies a typical t f f ∼2 − 4 × 106 yr, see, e.g., Li et al. 2019b).
Kruijssen et al. (2019) inferred that the decorrelation between the
molecular gas and high-mass SF on the spatial scale of GMCs in
NGC 300 implies rapid evolutionary cycling between clouds, SF,
and feedback. They demonstrated that SF is regulated by efficient
stellar feedback arising from radiation and stellar winds, before
SN explosions can occur.

If small-scale processes drive the SF and a large set of SRs at
different scales, this does not mean that also global processes and
global galaxy properties do not play a role (see, e.g., Abdurro’uf
et al. 2022). Galaxies with strong bars, interactions between

galaxies and with the environment, mergers, gas inflows/outflows,
and/or the presence of an AGN can affect the gas fraction and
therefore the SF of the entire galaxy (e.g., Casasola et al. 2004;
Poggianti et al. 2017; Sánchez et al. 2018; Sánchez 2020; Man-
cillas et al. 2019). However, as pointed out by Sánchez et al.
(2021), they influence the whole galaxy in an indirect way, via
the physical processes that affect the SF.

7.3. Ratios and their evolution

The mean values and evolution of specific dust mass, DGR, and
DTM for nearby galaxies at subgalactic scales are consistent with
those derived for whole galaxies. In particular, their evolution is
in agreement with what is globally observed both for nearby and
high-redshift galaxies (e.g., Rémy-Ruyer et al. 2014; Calura et al.
2017; Casasola et al. 2020; Popping & Péroux 2022). Popping
& Péroux (2022) especially found little to no evolution in the
observed trends between DGR and DTM and gas-phase metal-
licity from z = 0 to 5. They concluded that this is indicative of
a balance between the formation and destruction of dust already
at z = 5, when the Universe was 1.2-Gyr old. These observa-
tional results are consistent with the predictions of the model of
Li et al. (2019a) finding a little evolution in the DGR-metallicity
relationship in the redshift range z = 0 − 6.

At subgalactic scales the specific dust mass is primarily cor-
related with Σstar, while DGR and DTM are better correlated
with fgas though correlations with 12 + log(O/H) and Σstar are
nonnegligible and very weak or absent correlations are found
for DGR and DTM with ΣSSFR. Global analyses of galaxies at
different redshifts show instead that DGR and DTM depend most
sensitively on the gas-phase metallicity, and there are important
secondary relationships between these ratios and Σstar and fgas
and moderate correlations with ΣSSFR (e.g., Rémy-Ruyer et al.
2014; Li et al. 2019a). The explored ratios, all involving the dust
content, therefore would seem to be set and governed by sub-
galactic evolutionary processes that then would drive the galaxy
evolution as a whole.
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8. Conclusions

From the analysis of an unprecedented set of ten pixel-by-pixel
SRs between dust, H2, Hi, total gas, stars, total baryonic content,
SFR, and some ratios of these quantities for 18 dust-resolved Dust-
Pedia galaxies at scales between 0.3 and 3.4 kpc, studied within
the optical disk and exploring both constant and metallicity-
dependent XCO, we draw the following conclusions.

– All the explored SRs are moderate or strong correlations ex-
cept the Σdust–ΣHI SR that is negligible or very weak for most
galaxies. We do not define universal SRs at scales below
3.4 kpc, in the range 0.3–3.4 kpc, because each galaxy is
characterized by distinct SRs, affected by local processes and
galaxy peculiarities. For a given galaxy, the slopes and corre-
lation coefficients of the SRs are approximately independent
on scale, in the range 0.3–3.4 kpc. The SRs hold, on average,
starting from 0.3 kpc, and, if a breaking down scale exists, it
is below 0.3 kpc.

– By studying all galaxies together at the scale of 3.4 kpc, differ-
ences due to peculiarities of individual galaxies are cancelled
out and the corresponding SRs are compatible with those of
whole galaxies. The consistency between subgalactic and
global SRs may be compatible with a picture where the main
physical processes regulating the properties and evolution of
galaxies locally occur. In this perspective, our results are in
line with the scenario of self-regulation of the SF.

– The most striking result emerges from the ISM SRs. The
Σdust–Σtot gas SR is a good correlation at all scales, while the
Σdust–ΣH2 and Σdust–ΣHI SRs have different behaviors based
on scale. The atomic gas is globally a very good tracer of dust
within the disk of spiral galaxies, while it is almost always
not correlated with dust at subkpc/kpc scales. The H2 gas is
globally a good tracer of dust within the disk of spiral galaxies,
and the dust–H2 correlation improves further at subkpc/kpc
scales.

– All SRs involving only H2 mass are potentially affected by the
assumption on XCO, however the results found under different
assumptions are similar, in terms of slopes and strength. SRs
involving (H2 + Hi) gas are less dependent on the prescription
on XCO.

– The mean values and the evolution of specific dust mass,
DGR, and DTM for nearby galaxies at subgalactic scales
are consistent with those derived for whole galaxies from
z = 0 to 5, suggesting that also these ratios are mainly set by
local processes. We find that DGR depends on metallicity
as DGR ∝ (O/H)1.2−1.3 and this is consistent with theoreti-
cal expectations including dust grain growth. DGR against
ΣH2/Σtot gas shows that low DGR values do not depend on the
grain growth, and DTM against 12 + log (O/H) that the criti-
cal metallicity threshold above which grain growth becomes
efficient in the dust production is not crucial in the explored
range of metallicity.

Our results underline the importance of focusing on resolved
local galaxies in the general picture of galaxy evolution. In this
respect, the DustPedia collaboration is planning a set of studies
at finer resolution (e.g., Casasola et al., in prep.; Salvestrini et
al. in prep.). The newly rediscovered important of HI in the
SF process is particularly pertinent with current and incoming
facilities devoted also to trace Hi emission in galaxies, such as
the operative MeerKAT and the future ngVLA and SKA. In one
of these incoming papers, we will present the Hi properties in
nearby galaxies with new high-resolution and high-sensitivity
MeerKAT observations. These works provide both new observa-
tional constraints for theoretical models on structure, formation,

and evolution of galaxies and an updated local benchmark for
high-redshift studies.
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Appendix A: Additional figures – Scaling relations

In this section, we collect figures showing SRs for the entire
galaxy sample as done in Fig. 1 for NGC 6946. Main parameters
of the linear fits are collected in Table A.1.
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Fig. A.1: SRs for the entire sample, except for the galaxy NGC 6946 already shown in Fig. 1.
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Figure A.1 continued
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Figure A.1 continued
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Figure A.1 continued
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Appendix B: Peculiar galaxies in scaling relations

In this section we provide details on galaxies showing different
behaviors from most galaxies in terms of SRs. We present these
galaxies based on the studied SRs.

Appendix B.1: Σdust–ΣH2

NGC 925 and NGC 1097 present the Σdust–ΣH2 SR with linear
and sublinear slope, respectively. NGC 925 has a dust-to-H2
mass ratio within r25 approximately consistent within 1σ with
the mean value computed for galaxies of the same morphological
stage (T = 7, C20). The dust-to-H2 mass ratio of NGC 925
is not therefore able to explain the lower (linear) slope of the
Σdust–ΣH2 SR, that is close to the lower limit of the slopes of the
other sample galaxies. NGC 1097 has instead a very much lower
dust-to-H2 mass ratio than the mean ratio of galaxies of the same
morphological stage (T = 3, C20), and this could explain the
sublinear slope in the Σdust–ΣH2 SR of NGC 1097.

Appendix B.2: Σdust–ΣHI

The Σdust–ΣHI SR is strong for NGC 7793 and NGC 4736 and
moderate for NGC 5194, NGC 5055, NGC 3521, and NGC 4725.
These galaxies have dust-to-Hi mass ratios a factor ∼0.3–0.6
times lower than mean ratios for galaxies of the same morpholog-
ical stages (C20). This could indicate a peculiar overabundance
of Hi, with respect to dust, that correlates well with the dust
itself, within r25. The pixel-by-pixel SR between dust and Hi
in NGC 7793 has been recently studied by Saikia et al. (2020)
finding a weaker correlation than ours. This discrepancy could be
due to a mixture of different factors. Saikia et al. (2020) studied
the dust-Hi correlation at the angular resolution imposed by the
Hi map of 15′′.6 ×10′′.8 (∼0.3 kpc × 0.2 kpc), higher than ours,
and they used different, individually treated, IR tracers of dust
(emissions at 8, 24, 70, 100, 160 µm) and not an estimation of
the dust mass. They found a trend in the variation of dust-Hi
SRs with individual IR bands, and this is particularly evident for
NGC 7793 where the values of the correlation coefficient increase
drastically with an increase in IR emission wavelength.

Appendix B.3: Σstar–ΣH2

NGC 925 and NGC 1365 are two outlier cases in the Σstar–ΣH2 SR
with slope sublinear and superlinear, respectively. For NGC 925
this SR breaks down under the assumption of metallicity-
dependent XCO. We note that NGC 925 is an outlier case also in
the Σdust–ΣH2 SR. This galaxy has a star-to-H2 mass ratio within
r25 a factor 1.5 times higher than (although consistent within
1σ with) the corresponding mean value for galaxies of the same
morphological stage (T = 7, data from DustPedia database). This
could explain the particularly low slope of the Σstar–ΣH2 SR in
NGC 925. Also, the particularly high slope of NGC 1365 is likely
explainable by its star-to-H2 mass ratio, an order of magnitude
lower than the corresponding mean value for galaxies of the same
morphological stage (T = 3, data from DustPedia database).

Appendix B.4: Σstar–Σdust

For NGC 300 the Σstar–Σdust SR could break down for different
reasons such as i) the physical scale under analysis, ii) an anoma-
lous distribution of dust mass, iii) a low dust-to-star mass ratio.
The physical scale of 0.3 kpc (the smallest of the sample) at
which NGC 300 is studied could be too small to observe a spatial

correlation between Σstar and Σdust. However, Viaene et al. (2014)
found a strong correlation between star and dust, expressed in
terms of the relationship between Mdust/Mstar and the stellar mass
surface density (indicated with µstar in that paper), for the very
nearby (D = 785 kpc) Andromeda galaxy (M 31) at the 0.1 kpc
scale. It is also well known that dust is generally distributed in
a disk with an exponential decline as a function of radius (see
references in Sect. 7), however in C17 we found that Σdust in
NGC 300 is flat and it can not be fitted with an exponential curve
(this happens only for NGC 300 in the studied sample, see Ta-
ble 6 and Fig. A.2 in C17). Finally, the dust-to-star mass ratio of
NGC 300 is a factor 2 times higher than the corresponding mean
value for galaxies of the same morphological stage (T = 7, data
from DustPedia database and Table 7 of C20). The reason of a
low dust-to-star mass ratio is not therefore viable to explain the
breaking down of the Σstar–Σdust SR in NGC 300. All these con-
siderations seem to suggest that Σstar and Σdust are not correlated
in NGC 300 because of the anomalous dust mass distribution.

For NGC 3031 studied at 0.6 kpc the weak Σstar–Σdust SR
could be explained by its dust-to-star mass ratio, a factor 2 times
lower than the corresponding mean value for galaxies of the same
morphological stage (T = 2, data from DustPedia database and
Table 7 of C20). We recall that NGC 3031 is a kind of prototype
of CO-poor galaxies (e.g., Solomon & de Zafra 1975; Combes et
al. 1977; Brouillet et al. 1991; Sage & Westpfahl 1991; Sakamoto
et al. 2001; Helfer et al. 2003; Knapen et al. 2006; Casasola et
al. 2007; Sánchez-Gallego et al. 2011). Since the formation of
H2 molecules takes place on the surface of dust grains (Gould &
Salpeter 1963), a connection between dust and molecular gas is
expected and observed. Therefore, the poor content of molecular
gas characterizing NGC 3031 can also explain, at least partially,
its low dust content.

Appendix B.5: Σstar–Σtot gas

For NGC 2403 and NGC 925 the Σstar–Σtot gas SR is weak. Since
Σstar and ΣH2 are well correlated in NGC 2403, it is Hi gas that
produces the breaking down of the Σstar–Σtot gas SR. NGC 2403
is indeed defined as an Hi-dominated galaxy (see Bigiel et al.
2008) with a H2-to-Hi mass ratio a factor ∼7 times lower than the
corresponding mean value for galaxies of the same morphological
stage (T = 6, data from DustPedia database and Table 4 of C20).
This overabundance of Hi could be due to environmental effects.
NGC 2403 is an outlying member of the M 81 Group and it is
classified as an interacting galaxy (Casasola et al. 2004). It is
known that interactions between galaxies and environment play
an important role in determining galaxy structure and properties,
and the distribution of gas is expected to reflect the effects of the
interaction more strongly than that of stars (e.g., Combes et al.
1994; Casasola et al. 2004; Thorp et al. 2022). Also NGC 925
is an Hi-dominated galaxy (see Bigiel et al. 2008) with H2-to-Hi
mass ratio a factor ∼20 times lower than the corresponding mean
value for galaxies of the same morphological stage (T = 7, data
from DustPedia database and Table 4 of C20). This should ex-
plain why the profile of Σtot gas as a function of radius in NGC 925
is flat and it cannot be fitted with an exponential curve (see Ta-
ble 6 and Fig. A.2 in C17). In addition, NGC 925 has, together
with NGC 2403, the lowest mean metallicity in the sample (see
Table 1). These peculiar properties characterizing NGC 925 can-
not be attributed to the environment since it is an isolated galaxy
(Bettoni et al. 2003). Maybe the presence of the bar in the centre
of NGC 925 could have played a role in defining of properties
of this galaxy. NGC 925 has been the target of many multiwave-
length observational campaigns, with a particular focus on its bar
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(e.g., Elmegreen et al. 1998; Pisano et al. 1998, 2000). These
observations showed that NGC 925 is a galaxy fraught with asym-
metries and that the centre of its bar is offset from the dynamical
centre of the galaxy by ∼1 kpc. Pisano et al. (2000) suggested
that the asymmetries observed in NGC 925 could be related to
the presence of Hi clouds interacting with the main galaxy. An
off-centre bar and asymmetries are typical properties of barred
Magellanic galaxies (de Vaucouleurs & Freeman 1972, see in
particular the Large Magellanic Cloud) that do not suddenly ap-
pear but are long-lasting processes occurring during the life of
a galaxy (e.g., Levine & Sparke 1998; Noordermeer et al. 2001;
Kruk et al. 2017).

Appendix B.6: Σtot gas–ΣSFR

The moderate Σtot gas–ΣSFR SR found for NGC 2403 is likely
due to its Hi-dominated nature, while the high slope found for
NGC 628 and NGC 3521 does not seem linked to peculiar galaxy
properties.

Appendix C: Other calibrations of XCO

In this section we show the results obtained by adopting other two
calibrations of XCO. One calibration is proposed by Bolatto et al.
(2013) and is based on models and observations. It provides a
metallicity and surface density dependent XCO (see their Eq. (31))
which can be written as:

XCO =
XMW

CO

e0.4 × exp
(

0.4
Z/Z�

)
×

(
Σstar+gas

100 M� pc−2

)−γ
, (C.1)

where XMW
CO is the conversion factor for the Milky Way (2.0×1020

cm−2 (K km s−1)−1), Σstar+gas is the total (star+gas) surface density
in units of M� pc−2, and γ ≈ 0.5 for Σstar+gas > 100 M� pc−2 and
γ = 0 otherwise (see Bolatto et al. 2013, for details). The other
calibration of XCO is presented from Madden et al. (2020) and is
based on Cloudy models (Ferland et al. 2017) and observations.
It provides a CO-to-H2 conversion factor including both the CO-
dark and the CO-bright gas and as a function of metallicity (see
their Eq. (6)). It can be written as:

XCO = 2.4 × 1020 × (Z/Z�)−3.39 . (C.2)

This calibration is based on star-forming low-metallicity galax-
ies of the Herschel Dwarf Galaxy Survey (Madden et al. 2013)
consisting of 50 galaxies ranging from very low metallicity
(12 + log(O/H) ∼ 7.1) to moderate metallicity (∼8.4).

Figure C.1 shows the Σdust–ΣH2 SR for NGC 6946 with fits
to the data obtained adopting these other two calibrations of
XCO. The prescription of Bolatto et al. (2013) depending on
Σstar+gas and metallicity provides similar slopes to (or slightly
lower than) those found with the assumption of Amorín et al.
(2016), while that of Madden et al. (2020) always gives lower
slopes maybe due to the lower metallicities characterizing their
sample (only partially overlap with the metallicity range of our
sample). These other two assumptions of XCO provide slightly
lower R (and higher σ) than those obtained under the adopted
prescriptions. Since these other two recipes of XCO do no show
extremely different results, we have decided not to show them for
the all SRs involving molecular gas.

Fig. C.1: Σdust–ΣH2 SR for NGC 6946 shown in Fig. 1 with
fits to the data obtained adopting the prescription of a Σstar+gas
and metallicity-dependent XCO by Bolatto et al. (2013) (dotted
black line) and the prescription of a metallicity-dependent XCO
by Madden et al. (2020) (dash-dot blue line). Equations of these
fits are also given in figure.
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