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ABSTRACT

Aims. The purpose of the present study is to relate the optical attenuation inferred by the Balmer decrement, Aygp, and by the spectral
energy distribution (SED) fitting, Aysgp, to the dust distribution and gas surface density throughout the disc of galaxies, down to
scales smaller than 0.5 kpc.

Methods. We investigated five nearby Herschel-detected star-forming spiral galaxies with available far-ultraviolet to sub-millimetre
observations, along with atomic and molecular gas surface density maps and optical integral-field spectroscopic data. We used the
CIGALE SED-fitting code to map the dust mass surface density (X4u5) and Aysgp of different stellar populations. For each pixel, we
independently estimated the attenuation from the Balmer decrement.

Results. We find that both X4, and Aypp are better at tracing the molecular and total gas mass surface density than the atomic
gas. Since regions sampled in this study have high molecular fractions, atomic gas surface densities, indicative of molecular gas
shielding layers, decrease as the mean dust-to-gas ratio increases from galaxy to galaxy. The fitted attenuation towards the young
stellar population, A} ¢ie, is in good agreement with Aygp. It can then be used to trace the attenuation in star-forming galaxies for
which integral-field observations are not available. We estimate the ratio of Aypp over the total stellar Aysgp and find it slightly larger
than what has been found in previous studies. Finally, we investigate which dust distribution better reproduces the estimated Aygp and
Avysep. We find that the attenuation towards old stars is consistent with the expectations for a standard galactic disc, where the stellar

and dust distributions are mixed, while Aypp and A} L%
configuration.

are between the values expected for a foreground dust screen and the mixed
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1. Introduction

Dust is a crucial component of the interstellar medium (ISM)
and plays a significant role in regulating the rate at which stars
are formed, and hence galaxy evolution. Dust grains catalyse the
transformation of atomic gas into molecular gas, which can cool
and fragment forming stars under the power of gravity. Radiation
from massive stars heats the gas but it is also absorbed by dust
both locally, and in the diffuse ISM. The ultimate goal of under-
standing what drives star formation across a variety of galaxy
discs, and consequently their evolution, can thus be achieved
only by understanding the complex interplay among the various
galaxy building blocks, such as cold, warm and hot ISM phases,
interstellar dust, and stellar populations.

However, tracing the three main components of the ISM
(atomic gas, molecules, and dust) is not a simple task. The 21 cm
line traces the atomic hydrogen gas well but it is challenging
to detect individual galaxies at z > 0.3 with current facili-
ties (Catinella et al. 2008; Verheijen et al. 2010). In contrast, CO
lines can be observed up to intermediate redshifts, but they do
not trace the dominant component of the molecular gas (H;) and
a conversion factor between the two is needed. Direct estimates
of total gas mass of unresolved high-z galaxies are often not

* Corresponding author: evangelos.paspaliaris@inaf.it,
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available or limited to the bright ones, because millimetre/radio
spectroscopy is more time-consuming than optical spectroscopy.
To overcome this limitation, optical spectra have been used to
estimate gas masses (Brinchmann et al. 2013). Furthermore, the
far-infrared (FIR) dust emission or the optical attenuation (Ay)
inferred from SED fitting (Aysgp) or from the Balmer decre-
ment (BD, the ratio F'y,/Fup, usually converted to a dust attenu-
ation Aypp), have been used to trace the gas mass. A few studies
have specifically explored how HI and CO line emission corre-
late with dust and Ay, and how dust emission correlates with Ay.

The literature does not yet provide a consistent picture
of which gas phase shows a stronger correlation with dust.
Despite it being clearer that the atomic gas has a loose cor-
relation with the dust, it is still uncertain if dust traces the
molecular gas or the total gas better. Those relations have
been examined for various galaxy samples, on both global (e.g.
Corbelli et al. 2012; Grossi et al. 2016; Orellana et al. 2017;
Casasola et al. 2020; Salvestrini et al. 2025) and resolved scales
(e.g. Abdurro’uf et al. 2022; Casasola et al. 2022). Corbelli et al.
(2012) studied 35 metal-rich galaxies in the Virgo Cluster
and found that the dust mass correlates better with the total
gas mass surface density (Zg,) than with the atomic (Zgp)
or molecular surface density (Zyp). The latter result is con-
firmed by Orellana et al. (2017), for 1630 (z < 0.1) galaxies,
and Casasola et al. (2020), for a sample of 252 DustPedia late-
type galaxies. For resolved galaxies such as NGC 5236 and
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Table 1. Galaxies in our sample and their integrated properties.

D RA Dec Type Das D pw i PA M M SFR Miar Must
[h:min:sec] [o::] [arcmin]  [Mpc]  [kpc] [o] [e]  [10°Me] [10°Mo]  [Meyr'] [10° Mo ] [107 Mo]
(1) () (3) “ (5) (6) @) (®) ©) (10) (D (12) (13) (14)
NGC 0628  01:36:41.745  +15:47:1.11 Sc 10.00 9.84 029 198 20 3.8 1.0 2.4+0.5 14.1+0.2 3.8+1.2
NGC 3351  10:43:57.700  +11:42:13.70  SBb 7.24 9.96 029 546 192 1.2 1.0 1.1£0.2 27.4+0.6 0.8+0.1
NGC 3627  11:20:14.964  +12:59:29.54  SABb 10.23 1132 033 675 173 0.82 1.3 3.0£1.0  67.0+11.7 28202
NGC 4254  12:18:49.604  +14:24:59.43 Sc 5.01 1310 038 201 68 4.4 26.3 5.2+0.5 13.4+0.2 2.2+0.1
NGC 4321  12:22:54.831  +15:49:18.54  SABb 6.17 1521 044 234 30 29 20.9 6.0+1.2 49.5+1.1 3.7+0.4

Notes. (1) NGC number; (2) and (3) J2000 right ascension and declination; (4) Hubble type; (5) major axis of the optical 25 mag arcsec™2 isophote;
(6) distance (Anand et al. 2021); (7) pixel width in physical scale; (8) inclination; (9) Position Angle (Walter et al. 2008; Chung et al. 2009); (10)
total atomic gas mass (Walter et al. 2008; Chung et al. 2009); (11) total molecular gas mass (Leroy et al. 2008; Draine et al. 2007); (12) global
SFR; (13) total stellar mass; (14) total dust mass. When no reference is indicated, data is from the DustPedia archive.

NGC 0891, Foyle et al. (2012) and Hughes et al. (2014) found
a weak correlation between Xq,y and gy, and a similarly tight
relation between Zgus—Zp2 and Zgug—2gas- This picture is con-
firmed by Casasola et al. (2022), for a sample of 18 DustPe-
dia galaxies at resolved (kiloparsec and sub-kiloparsec) scales.
Also, Abdurro’uf et al. (2022) for a sample of ten nearby galax-
ies (including four out of the five galaxies studied in this work)
recover a tighter and more significant correlation for Zgs—2gas.
rather than for Zg,5—2n2, While for the 4,4~y relation the scat-
ter increases and the correlation is moderate.

With respect to the relationship between the gas and Ay, for
a sample of 222 local unresolved star-forming galaxies from the
xCold GASS survey, Concas & Popesso (2019) find that the BD
can be a powerful proxy of the molecular gas with a scatter of
~0.3 dex, after correcting for disc inclination. They also find that
the BD is not correlated with the HI gas, while its correlation
with the total gas is modest. The use of integrated quantities lim-
its our understanding of what drives the correlation, however,
and leaves open the question of the role of the HI gas, which
is more extended than the star-forming disc and hard to esti-
mate within the area traced by the BD if galaxies are unresolved.
Barrera-Ballesteros et al. (2020) find a tight correlation of the
BD with the X, though they only use a low universal value for
1. In that study they also find that although the scatter increases
as smaller scales are sampled, the overall Zy,—ZXg, relation does
not significantly depend on the scale. However, the question of
whether the correlation of the BD with HI or total gas is tighter
than with the CO alone remains uncertain. On kiloparsec scales,
Concas et al. (in preparation) analyse ALMAQUEST data and
find a clear correlation between Aypp and Xy, (derived from
CO(1-0) observations), with a significantly smaller dispersion
than the one found by Barrera-Ballesteros et al. (2020). Using
the Apyv, for a sample of 4 resolved and 27 unresolved galaxies,
Boquien et al. (2013) found little correlation of the attenuation
with the Zyy, and a good correlation with Xy, and Zgy.

Regarding the correlation between X4, and the BD,
Farley et al. (2025) examine how it varies on global scales,
assuming several dust geometries and using a large sample from
the Galaxy and Mass Assembly (GAMA) survey. In a study
based on eight spatially resolved nearby galaxies, Kreckel et al.
(2013) found a correlation between X4, and Aypp; however,
they cautioned against using the BD to infer dust properties glob-
ally.

In the current study, for the first time, we make a full compar-
ison of the dust surface density, X4, the surface density of all
gas components, Xy, Zpp, and Zg,, and the optical attenuation
derived from both BD, Aypp, and SED fitting, Ay,sgp, relative
to a sample of five nearby spiral galaxies observed with good
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spatial resolution. To achieve this, we perform a pixel-by-pixel
SED-fitting analysis to derive their physical properties (€.g. Zqust
and Aysgp) in the lowest possible resolved scale. We create maps
of the Aypp and X, extracted from Hy, Hg and CO, HI maps,
respectively. In Section 2 we present the data, the data processing
steps, and our methodology. Results are discussed in Section 3.
Finally, our findings are summarised in Section 4. In Appendix A
we show spatially resolved maps of several physical quantities
used or derived for each galaxy in the sample. In Appendix B
we discuss possible variations in the CO-to-H, conversion fac-
tor and of the '>CO J =2-1/J = 1-0 line ratio. In Appendix C we
present how attenuations are computed for simple geometries.

2. Sample, data, and processing

The main aim of our project is to examine a sample of large
and well-resolved local spiral galaxies with atomic and molec-
ular gas maps, integral-field optical spectra, and dust emission
data, available throughout the star-forming disc. We selected
all the nearby galaxies with the aforementioned observational
data, which also have low or moderate inclinations (i < 70°)
to avoid overestimating the Ay (Concas & Popesso 2019). The
five selected galaxies are NGC 0628, NGC 3351, NGC 3627,
NGC 4254, and NGC 4321. Detailed information about the inte-
grated properties of our targets are shown in Table 1.

We used data from the DustPedia research project' which
includes far-ultraviolet (FUV) to sub-millimetre observations
of 875 nearby galaxies that lie within 40 Mpc distance and
have an optical diameter larger than 1arcmin. All DustPe-
dia galaxies are observed by the Herschel Space Observatory
(Pilbratt et al. 2010), which helps constrain their dust content.
For more information on the DustPedia project, we refer the
reader to Davies et al. (2019) and Clark et al. (2018).

2.1. The data

To perform a spatially resolved analysis of the relation between
the dust attenuation and the gas surface density, down to a sub-
kiloparsec physical scale (which corresponds to the pixel size of
SPIRE-250 um image), we processed the data following specific
steps in order to create a homogeneous dataset with common
resolution and pixel scale across all wavebands. The pixel width
of each galaxy, in physical units, is listed in Table 1. The multi-
wavelength data used in the current study are listed in Table 2.
Below we describe the data processing.

' http://dustpedia.astro.noa.gr
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Table 2. Summary of the multi-wavelength observational data used in
the current analysis with their references.

Survey/Telescope Band name (effective wavelength; 1)
VLT-MUSE¢ Hp (4861 A)
VLI-MUSE“ H, (6562 A)

GALEX? FUV (153 nm), NUV (227 nm)
SDSS¢ u (353 nm), g (475 nm), r (622 nm),

i (763 nm), z (905 nm)
2MASS? J (1.24 um), H (1.66 um), Ks (2.16 um)
WISE® W1 (3.4 um), W2 (4.6 um), W3 (12 um), W4 (22 um)
SPITZER/ IRACY (3.6 um, 4.5 um, 8.0 um, 12 um),

MIPS" (24 um)
HERSCHEL' PACS/ (70 um, 100 pm, 160 um),
SPIREX (250 um)
HERACLES’ 2Co@2-1) (1.3 mm)
THINGS"/VIVA" HI (21 cm)

Notes. “Emsellem et al. (2022); “Martin et al. (2005), Morrissey et al.
(2007); “York et al. (2000), Eisenstein et al. (2011); Skrutskie et al.
(2006); “Wrightetal. (2010); Werneretal. (2004); 9Fazio et al.
(2004); ’Rieke et al. (2004); ‘Pilbratt et al. (2010); /Poglitsch et al.
(2010); “Griffin et al. (2010); ‘Leroy et al. (2009); "Walter et al. (2008);
"Chung et al. (2009).

2.1.1. Galaxy images from FUV to FIR bands

We selected DustPedia images from FUV to 250 um emission
and processed them following the steps described hereafter.

(i) We first removed foreground stars in the field of view of
images up to the NIR, using the Cutri et al. (2003) 2MASS
all-sky catalogue of point sources. To optimally remove a
foreground star, we assumed that the area to be removed
depends on the brightness of the star and on the spatial res-
olution (FWHM) of the image.

Fluxes in bands shorter than 10 um were corrected for fore-
ground galactic extinction, following the same methodol-
ogy presented in Clark et al. (2018). We assume Ry = 3.1
with a Cardelli et al. (1989) extinction curve. The A; over
E(B — V) ratio is taken from Gil de Paz et al. (2007) for
the FUV and NUV bands and from Schlafly & Finkbeiner
(2011) for the other bands (see the IRSA Dust Extinction
Service?).

We convolved the data to the point spread function (PSF) of
the band with the poorest resolution, which is the SPIRE-
250 um band (18”). We used the Aniano et al. (2011) set
of convolution kernels to degrade the resolution of all the
shorter bands to the SPIRE-250 um PSF. In Sect. 2.3 we
comment on the impact of neglecting the longest wave-
length (and poorest resolution) SPIRE bands.

After convolving the images, we used IRAF (Tody 1986,
1993) to create a reference frame for each band, centred on
the coordinates of the galaxy centre in the SPIRE-250 um
image. We also selected the pixel size of the reference frame
to be equal to the pixel size of SPIRE-250 um band (6”)
and the creation of the reference frame was done with the
MKPATTERN package. Using the WREGISTER package, we
registered all images on the reference frame and we ended
up having aligned images from different telescopes with a
common PSF and pixel scale.

Once we had all images on the same grid, we sub-
tracted the background noise. To successfully subtract inho-
mogeneities of the background, such as moiré patterns

(ii)

(iii)

(iv)

)

2 https://irsa.ipac.caltech.edu/applications/DUST/
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(GALEX, SDSS), foreground emission (e.g. sky bright-
ness in NIR, Galactic cirrus in MIR and FIR), instrumental
gradient (common in GALEX and Spitzer bands), which
could affect our results, we modelled the complex sky with
the Background2D class of the Photutils package in
AstroPy.

Finally, pixels with low signal-to-noise ratio (S/N), which
consequently do not have a clear physical connection with
the galaxy, were discarded by applying a 3-o0 cut to the
images. After applying the pixel filtering, we took into con-
sideration in our SED-fitting analysis only those pixels fea-
turing at least 11 bands above 3-0, providing that SPIRE-
250 um and at least one more Herschel band are included.
The flux uncertainty of each pixel is estimated as the quadrature
sum of the standard deviation of the flux in an annulus around the
galaxy and the photometric calibration uncertainty of each band.
The calibration uncertainties are taken from Clark et al. (2018).
We manually added an additional source of error, equal to 10%
of the flux, to account for uncertainties in the models used in the
SED-fitting modelling as well as for unknown systematic errors
in the photometry, as suggested by Noll et al. (2009) and as it is
typically done in previous analyses (e.g. Nersesian et al. 2019;
Paspaliaris et al. 2021, 2023, among others).

(vi)

2.1.2. Gas mass surface density maps

To trace the atomic and molecular gas content of the galax-
ies, we used HI 21cm and '2CO(2-1) line emission maps,
respectively. The 21 cm line emission maps (“moment 0”; in
Jy beam™! ms!) are drawn from “The HI Nearby Galaxy Sur-
vey” (THINGS; Walter et al. 2008) for NGC 0628, NGC 3351
and NGC 3627, and the “VLA Imaging of Virgo in Atomic
Gas” (VIVA; Chungetal. 2009) survey for NGC 4254 and
NGC 4321. THINGS is undertaken at Very Large Array (VLA)
of the National Radio Astronomy Observatory program that
performed 21 cm HI observations of 34 nearby galaxies. We
used the ROBUST dataset, providing a close to uniform syn-
thesised beam with FWHM =~ 6" across the image. VIVA is an
HI imaging survey of 53 late-type Virgo cluster galaxies, at a
resolution of 15”. The '>CO(2-1) line integrated intensity maps
(in Kkms™') are taken from “The HERA CO-Line Extragalac-
tic Survey” (HERACLES; Leroy et al. 2009). HERACLES pro-
vides '2CO(2-1) emission maps of 48 nearby galaxies, observed
with the IRAM-30 m telescope, at a resolution of 13.4”.

The PHANGS-ALMA survey (Leroy et al. 2021) provides
high-quality CO(2-1) maps of 90 nearby galaxies, including the
ones that we study in the current work. However, due to the lim-
ited field-of-view for each galaxy, we prefer to use the HERA-
CLES maps. It has been reported that the HERACLES CO(2-
1) map of NGC 3627 might suffer from calibration issues (see,
den Brok et al. 2021; Leroy et al. 2021). In a recent study, how-
ever, Kovacic et al. (2025) compare this map with a more recent
ALMA map and find only minor differences, of the order of
0.06*07¢ dex.

The integrated HI and CO maps were convolved, re-gridded,
and 3-0 filtered (see, Walter et al. 2008; Chung et al. 2009;
Leroy et al. 2009, or detailed information on the data process-
ing of THINGS, VIVA and HERACLES data, respectively). We
assumed that their original PSF is a Gaussian of the correspond-
ing size. To perform the 3-o filtering, in THINGS maps we used
the robust noise in one channel map, provided in Table 2 of
Walter et al. (2008), while a flux calibration uncertainty of the
order of 5% dominates the measurements of the flux densities. In
the case of VIVA maps, we adopted the root mean square (rms)
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values measured by Chung et al. (2009) (see their Table 2) using
the areas outside of the HI emission. For the HERACLES maps
of NGC 0628 and NGC 3351, we used the rms intensity level
provided by Leroy et al. (2009) (see their Table 3). For the other
galaxies we estimated the rms using the areas outside the CO
emission in the convolved and re-gridded moment-zero error-
maps. We then used the 3-o filtered maps to derive gas mass
surface density maps.

The atomic gas mass surface density, Xy, was calculated
under the assumption of optically thin emission using the HI
21 cm line intensity maps as

ey

where the HI column density has been multiplied by a factor
1.36 to account for heavy elements (Leroy et al. 2012). The maps
were converted from units of [Jy beam™' ms~'] to antenna tem-
perature [Kkm s using Eq. (1) of Walter et al. (2008) and the
synthesised beam size given in their Table 2 for THINGS galax-
ies, and in Table 2 of Chung et al. (2009) for VIVA galaxies.

The surface density of the molecular gas mass, Xy, was
derived using the '>?CO(2-1) line brightness, via the following
equation (Leroy et al. 2012):

Tt [Mo pe?] = 0.020 Iy e [Kkms™'],

2

which assumes a CO(2-1)-to-CO(1-0) line ratio Ry; = 0.7
(see e.g. Leroy et al. 2009; Schruba et al. 2011) and a Milky
Way (MW) CO-to-H, conversion factor of aco = 4.4 Mg pc™
(Kkms™")~! (Bolatto et al. 2013) that corresponds to Xco =
2x 10 cm™ (Kkm s~')~! and includes the correction for heavy
elements. The assumed oco is an intermediate value among
those determined by various studies (e.g. Strong & Mattox 1996;
Dame et al. 2001; Abdo et al. 2010; Shetty et al. 2011). This
specific aco value is found to be optimal when investigat-
ing nearby spiral galaxies with metallicities close to solar (e.g.
Wong & Blitz 2002; Leroy et al. 2008), such as our targets. Both
R and oo are assumed to be constant throughout galaxy discs
unless stated differently. Possible variations in aco and R,; are
discussed in Appendix B. The total gas mass surface density,
Zgas, 18 the sum of Zgy and Zp,.

Tz [Mo pe?] = 6.3 Ico [Kkms™'],

2.2. Dust-attenuation maps from Balmer decrement

With the aim of estimating the dust absorption from the BD,
we used data from the PHANGS-MUSE survey (Emsellem et al.
2022). PHANGS-MUSE used the MUSE integral field spectro-
graph at the VLT to map 19 star-forming disc galaxies, at a
resolution lower than 1”. For each galaxy, spectral cubes were
created by mosaicking several pointings (up to 15) and convolv-
ing the final frames to a common angular resolution (~1’") across
all wavelengths.

Emsellem et al. (2022) processed the PHANGS-MUSE
spectral cubes and provide, among several data products, the
maps of emission in the H, and Hg lines. We took those maps
and convolved and re-gridded them to match the resolution of
the rest of our data (18”). Pixels with NaN values were treated
with interpolation during the convolution. However, if those pix-
els are at the edge of the map there are not enough nearby values
and the interpolation might be unsuccessful. Such pixels are not
considered in our analysis. We finally estimated the BD from
the ratio of the convolved and re-gridded emission line maps.
The approach of estimating the BD after smoothing the maps at
the desired spatial resolution is physically accurate and in addi-
tion helps to recover the signal in some pixels of the Hg maps.
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Since this line is less bright than H,, by smoothing the maps we
enhanced its S/N and obtained better coverage of the BD map.
The BD is usually converted into a V-band attenuation using

2.5[10g,o(Fita/ Fiip) = 10g,0(Fuia/ Fug)o ]
k(HP) — k(Ha) ’

3

Aypp =

where the term at the numerator is the difference between
the attenuations in the two Balmer lines, Aygpp — AHa,BD, S
derived from the observed BD and its intrinsic (i.e. unatten-
uated) value, (Fra/Fmup)o: that at the denominator is the dif-
ference between the attenuation laws (normalised to the V
band). We used (Fyo/Fup)o = 2.86 as given by the assump-
tion of a Case B recombination with a typical electron den-
sity of 107*cm™ and a temperature of 10000K, as for HII
regions (Hummer & Storey 1987; Osterbrock & Ferland 2006),
similarly to what has been done in previous studies (e.g.
Kreckel et al. 2013; Momcheva et al. 2013; Piotrowska et al.
2020). We also used k(Ha) = 0.77 and k(HP) = 1.18 from
Kreckel et al. (2013), which are very close to the values for the
average (Ry = 3.1) MW extinction law of Fitzpatrick (1999).

2.3. Spectral energy distribution modelling

We used the CIGALE SED-fitting code (see Boquien et al. 2019,
and references therein) to model the SEDs of each pixel of the
galaxies in our sample and retrieve maps of physical properties,
such as the stellar mass (M, ), dust mass (Mg, ), star forma-
tion rate (SFR), and Ay. Having defined a grid of values for
the parameters of the various modules for the stellar, gas, and
dust components and taking into account the dust attenuation,
CIGALE creates a library of model SEDs which compares to
the multi-wavelength observations in order to select the model
SED that best fits the data, through Bayesian inference. CIGALE
includes all the different components in such a way that the
amount of energy absorbed and re-emitted by the dust grains is
fully conserved (Noll et al. 2009; Roehlly et al. 2014).

Since we aim to investigate properties of a subset of galax-
ies that belong to the DustPedia sample, our parameter space
is based on the parameter grid used in the reference DustPedia
sample introduced by Nersesian et al. (2019, see their Table 1),
which has also been applied successfully to other samples of
local galaxies (see e.g. Paspaliaris et al. 2021, 2023). A flex-
ible SFH is used, allowing for a late instantaneous burst or
quenching episode 200 Myr before the current moment (i.e.
module ‘sfhdelayedbq’; Ciesla et al. 2015). The stellar pop-
ulation is thus separated in two components, an old one with
age >200Myr and a young population with age <200 Myr. We
assume an initial mass function, as given by Salpeter (1955),
of between 0.1 and 100 M, and use the Bruzual & Charlot
(2003) stellar population model. In addition to the typical stellar
metallicity value of Z = 0.02 often used, (e.g. Boquien et al.
2019; Nersesian et al. 2019; Paspaliaris et al. 2021, 2023), we
also considered Z = 0.008, and allowed the fitting algo-
rithm to determine the optimal stellar metallicity values between
the two options. To model the gas metallicity, we used the
radial metallicity gradients from O/H abundances, as derived
by Brazzini et al. (2024) with the reliable direct method based
on electron temperature measurements. These gradients for our
sample are rather flat with central metallicities reaching the solar
value. For each galaxy we have the sampled radial variations
in the gas metallicity across the star-forming disc and, depend-
ing on its gradient, we have established from one (flat gradi-
ent) up to three possible values of gas metallicities. These are
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all within the two metallicity values considered for the stellar
population. The emission from the stellar components as well
as from the ionised gas surrounding massive stars (i.e. nebu-
lar emission) are attenuated using the same power-law-modified
starburst attenuation curve (i.e. module ‘dustatt_calzleit’;
Calzetti et al. 2000, for 150 nm < A <2200 nm; Leitherer et al.
2002, for 91.2nm < A < 150 nm). The power-law slope is a free
parameter modifying the attenuation curve for each fit. Follow-
ing previous studies (e.g. Noll et al. 2009; Boquien et al. 2012,
2016; Nersesian et al. 2019) the amplitude of the UV bump is
set to be zero. The UV emission in our sample is covered by
just the two GALEX bands. To better constrain the bump, addi-
tional data and preferably NUV spectra (Buat et al. 2012) are
required, currently not available for our sample. However, we
investigated how a non-zero UV bump amplitude might affect
our results by running also CIGALE after setting the UV bump
amplitude to the highest value suggested by Battisti et al. (2025)
(that uses Swift/UVOT NUV data). We did not find sensible
variations in the CIGALE results. The attenuation of each stel-
lar population can be estimated separately and depends on two
additional free parameters, the colour excess of the young stars
and the attenuation-reduction factor for the old stars. The atten-
uation of the young stars is derived by their estimated colour
excess, which is allowed to take 15 possible values varying
between zero and one. The attenuation of the light from the old
stellar population can be inferred through the reduction factor,
which is multiplied to the attenuation of the young stars and is
allowed to take three possible values (i.e. 0.25, 0.50, 0.75). The
THEMIS model (Jones et al. 2017) is used to account for dust
emission.

Separate runs were performed for each galaxy in our sample.
The number of free parameters used in the current analysis is
11 and the parameter space does not change from pixel to pixel
within a galaxy. As was discussed above, the only parameter
whose range might vary from galaxy to galaxy is the gas metal-
licity. The total number of models produced for each galaxy
varies depending on the number of possible values we set for
each free parameter, ranging from 99792000 to 299 376 000.
We would like to stress that in order to keep the maximum num-
ber of models at a tolerable level for our available computational
power, in favour of setting metallicity as a free parameter, we
reduced the possible values of some parameters, such as (i) the
galaxy’s e-folding time (Tmain [Myr]) by removing two, 1700 and
3900, out of ten values, (ii) the fraction of small hydrocarbon
solids (ghac) by removing one (0.28) out of 11 values, and (iii) the
minimum interstellar radiation field (U, [Habing]), for which
we use 12 instead of 14 values, by removing 0.15 and by substi-
tuting 0.5, 0.8 by 0.6 and 1.2 by 1.0. The rest of the parameter
grid is shown in detail in Table 1 of Nersesian et al. (2019).

To exclude unreliable estimates of the properties, we used
a criterion that is based on the comparison of the best-model
value (best) and the likelihood-weighted mean value (bayes)
estimated by CIGALE, for each pixel. This has been also adopted
in other recent studies (e.g. Buat et al. 2021; Mountrichas et al.
2022; Koutoulidis et al. 2022; Chakraborty et al. 2025). Specif-

ically, we consider in our analysis only pixels where 1 <

5
fae;ets < 5, for the SED-fitting-derived properties. The bayes

value weights all models allowed by the parameter grid, with the
best-fit model having the heaviest weight (Boquien et al. 2019).
The weight is based on the likelihood, e™"/2, associated with
each model. A large difference between the two values (i.e.
best, bayes) indicates that the fitting did not achieve a reli-
able estimation of the corresponding parameter. From this crite-

rion, only 24 pixels (1%) were rejected from NGC 0628, 58 pix-
els (2.7%) from NGC 3351, 13 pixels (1.5%) from NGC 3627,
3 pixels (0.6%) from NGC 4254 and 57 pixels (3.5%) were
rejected from NGC 4321.

As is described in Sect. 2.1.1, we discarded the SPIRE
350 um and 500 um bands in order to conduct the analysis at
higher spatial resolution. However, the choice has minimal con-
sequence on the estimation of the dust luminosity and mass, as
we found by performing three independent SED-fitting analy-
ses for one of our targets, NGC 0628. Each time, we used dif-
ferent spectral coverage (i.e. up to 500 um, up to 350 wm, and
up to 250 um) and resolution (i.e. 36", 25”, and 18", respec-
tively) and created the radial profiles of X4,y using bin-widths
equal to the resolution of each case. For all cases, we retrieved
the same radial profile with the data lying within the uncertain-
ties. We observed a mild overestimation of X4, when we omit-
ted the 500 um band, or both 500 wum and 350 um bands, at a
maximum of less than a factor of two, towards the very cen-
tral part of the galaxy. In a recent study, Chastenet et al. (2024)
also shows that the trends and parameter values are well repro-
duced without considering the two longer wavelength SPIRE
bands.

A suite of maps of several parameters for NGC 4321 are
shown in Fig. 1, as an example. In the top left panel, we show
the convolved and re-gridded SDSS r band for a visual inspec-
tion of the morphological structure of the galaxy. The rest pan-
els in the top row show maps of SED-fitting-derived properties
(log;o Zstar> 1080 Zskr, 108, Zdust» Av,sep, from left to right). The
bottom panels consist of maps of Zpr, Zm2, 108 Zgas, Zdust/Zgas
and Aypp, from left to right. The corresponding maps of all
galaxies in our sample can be found in Appendix A.

2.4. Data analysis: Geometries and statistical methods

When comparing dust and gas surface densities, we considered
face-on values, applying inclination corrections to each galaxy,
under the assumption that the ISM is distributed in a thin disc.
Attenuations may or may not be inclination-dependent accord-
ing to the geometrical distribution of the medium providing the
attenuation in the case of the Ay;gp, or to how dust is distributed
with respect to the stellar component if we refer to the attenuated
stellar light. For the attenuation inferred by the BD, in the molec-
ular phase for example, inclination corrections are less mean-
ingful because molecular clouds have nearly spherical geome-
try. Consequently, in plotting the attenuation versus dust surface
densities we refer to line of sight values (denoted by the LOS
suffix) whether we consider dust mixed with the stars or dis-
tributed in a shell around star-forming regions (as also done by
Boquien et al. 2013; Kreckel et al. 2013). For completeness, we
briefly discuss the correlation coefficients for face-on values as
well.

To estimate the scaling relations, we performed fitting
through Bayesian inference using the Python UltraNest package
(Buchner 2021). UltraNest derives posterior probability distribu-
tions and the Bayesian evidence with the nested sampling Monte
Carlo algorithm MLFriends (Buchner 2016, 2019). This method
provides a robust estimate of the scaling relations between
two quantities incorporating the uncertainties of both quantities
directly into the fitting process, leading to more reliable esti-
mations of the fitted parameters (i.e. slope and intercept) and
their uncertainties. For each correlation we also provide the cor-
responding statistical coefficients that indicate its significance,
i.e. Pearson’s (pp) and Spearman’s (pg) coeflicients.
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Fig. 1. Maps of observed and derived properties of NGC 4321. Top: Convolved and re-gridded SDSS r band, logarithms of stellar mass surface
density (X4, ), SFR surface density (Xsgr ), dust mass surface density (Za,s), as well as SED-fitting-derived attenuation in the V band (Aysgp), from
left to right. Bottom: Surface density of atomic gas mass (Xy;), surface density of molecular gas mass (Xy»), logarithm of the total gas mass surface
density (Zg,), dust-to-gas ratio and attenuation in the V band as derived by the BD (Aygp), from left to right. All maps are at a resolution of 18".
Grey points correspond to pixels that are rejected because they do not have a sufficient number of data points in the FIR regime (see Sect. 2.1.1) or
because they are unreliable (see Sect. 2.3 for more details). The Xy; and i, maps extend up to their corresponding 3o limit. In the Xy, Xy, and
Aypp maps pixels that correspond to the areas that are excluded by the SED-fitting analysis are plotted with smaller dots. In the log;, Z,,; map,
pixels excluded by the SED-fitting analysis and having both HI and CO detection are depicted by smaller squares, while pixels with only HI and
not CO are plotted with dots. In the dust-to-gas ratio maps, we limit the colour-coding to the 5th-95th percentile range for illustrative purposes.
Contours are taken from the log,, Zqus [Mo pc™2] maps with a lowest contour at —1.5 and linear spacing with the highest at 0.

3. Results and discussion

The availability of a wide range of multiwavelength data for our
galaxies allows us to examine the relation of dust in emission
(Zqust) With atomic gas traced by HI (Zyy), molecular gas traced
by CO(2-1) (Zu2) and the total gas (Z,y), as well as the cor-
relation of optical attenuation derived from the BD (Aygp) and
the stellar light attenuation inferred by SED fitting (Aysgp), with
Ygas and Zque. Based on the Ay—Zq,q relation, we investigate the
dust spatial distribution using also predictions from simple radia-
tive transfer models. Moreover, we compare Aypp to Aysgp. The
correlations among these physical properties are explored in a
resolved scale (346 pc, on average; see the pixel size of each
galaxy in Table 1).

The necessity of using only high-S/N pixels for the derivation
of the physical properties through the SED-fitting analysis, limits
our study to the main part of the star-forming disc. Moreover, in
the discussed correlations that include the Aygp, we are slightly
more limited to the inner part of the disc observed by MUSE. Thus,
all the following correlations discussed here do not refer to the
outskirts of the galaxies where the ISM is mostly atomic.

3.1. Dust mass surface densities as gas tracers

We examine here which gas phase establishes the best correla-
tion with dust. In Fig. 2 we present the relations between the
dust and the gas mass surface densities for galaxies in our sam-
ple. More specifically, in the left panel we show the log;, Zqus—
log,o Zur relation, in the middle panel the relation between
log o Zaust and log,, Z2, while the correlation of the log;y Zgust
with the total gas, log, s, is displayed in the right panel.
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Although on average galaxies with higher X4,y have also
higher Xy, the left panel of Fig. 2 shows that these two quantities
have a moderate correlation (op = 0.55; ps = 0.53 in the log-log
plane) because inside each galaxy Xy, is not often dependent
on Xy;. The average fitted slope is 0.63 +0.01 and a significant
scatter of 0.25+0.002 is present. An exception is NGC 3627
for which a moderate correlation is found on a resolved scale of
330 pc (pp = 0.67; ps = 0.66; slope: 0.94 +0.04, scatter: 0.11).

The middle panel of Fig. 2 shows instead that log;, Zqust
strongly correlates with log;, Xn, having pp = 0.91 and pg =
0.90. The slope of the linear correlation is 0.67 +0.004 with a
scatter of only 0.09 +0.001. The correlation holds also for indi-
vidual galaxies for which slopes are similar to the global one.
An increase in the scatter in the low Xy, regime, is a conse-
quence of higher X4, variations in galaxy’s outskirts and in
addition here the use of a constant aco might not be totally
appropriate (see discussion in Appendix B). The sublinear slope
between log Zqust and log;, X2 simply states that dust distribu-
tions have shallower radial gradients than molecular gas distri-
butions. Assuming that gas and dust can be described by radially
exponential discs, it is straightforward to show that the corre-
lation between Xy, and Xy is the inverse of their scale-length
ratios. From the slope of the linear fit in the log;, Zqus—l0g; o Zm2
relation, the dust scale-length is thus ~1.5 times larger (on aver-
age) than the molecular gas scale-length. This is compatible with
other results in the literature: for instance, Casasola et al. (2017)
fit radial exponential profiles to Xy, and X4y and find that,
for their sample, the radial scale-length of the dust disc is on
average about twice that of the molecular gas disc. We remind
here that we have assumed constant values for the CO-to-H,
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Fig. 2. Resolved scaling relations of dust mass surface density with the atomic (left panel), molecular (middle panel) and total gas (right panel)
surface density. Each galaxy is represented by a different colour. The median uncertainties for each galaxy are shown in the lower right or lower
left corner of the panels. The solid lines are the best linear fits to the full sample, while the shaded grey area indicates the fit uncertainty. The slope,
intercept, and scatter of each fit are also given along with the correlation coefficients. In the right panel open circles show pixels where only HI is

detected.

conversion factors. If instead there are radial variations in dco
(and/or R;;), the gradient of the molecular gas might be differ-
ent from that inferred from the CO distribution. Several stud-
ies have found that oo increases radially (see e.g. Bolatto et al.
2013; Chiang et al. 2024, and Appendix B). A radially increas-
ing aco would give a flatter radial profile of Zy,, closer to the
Zaust gradient (in this case the slope of the Xy, and Xy, corre-
lation increases). For instance, using one of the radial dependent
aco recipes suggested by Chiang et al. (2024), we found that
the average slope of the correlation increases, from 0.67 to 0.77
(i.e. the dust scalelength is 1.3x that of molecular gas); however,
there is no significant improvement in the correlation strength or
in the scatter (see Fig. B.2).

A similar correlation, but with a steeper slope (0.76 + 0.005),
is found between log, Zqust and log; Zgas, as shown in the right
panel of Fig. 2. Here pp = 0.89, ps = 0.89, and a scatter of
0.12+£0.001 are found, larger than for the log;, Zqusc—10g Zn2
relation. The correlation parameters remain unchanged if we
omit pixels where only atomic gas is detected (open circles).
The strength of the correlation between logy Zquse and log g Zgas
(Fig. 2, right panel), is almost the same as that with the molecular
gas only. This reflects the fact that the gas in the regions examined
has a large contribution by the molecular phase. The steeper slope
of the correlation is due to the increased contribution of atomic gas
at large galactocentric distances. As for the relationship with the
molecular gas only, the log;y Zaus—10g; Zgas correlation seems
to depend marginally on the properties of the sampled galaxies.
This is in agreement with the findings of Abdurro’uf et al. (2022)
that find no significant galaxy-by-galaxy variations in Zg,q—2
and X g,—2gas relations. By estimating the best-fit parameters for
each galaxy individually, we notice that only the Virgo galax-
ies (NGC 4254, NGC 4321) have a steeper correlation (slope:
1.04 +£0.01,0.84 + 0.01, respectively) than the mean slope. These
findings hold also when we adopt a radially dependent oco.

3.2. Molecular gas shielding layers and the dust-to-gas ratio

In the left panel of Fig. 2 we notice that every galaxy has a
narrow range of Xpyy; these vary only by a factor 2-3 across
the disc extent we are examining, with the mean value for
each galaxy that changes by about 0.8 dex across the sam-
ple. What drives the changes of the mean HI column den-

sity from one galaxy to another? One possibility is that vari-
ations in the mean Xp; from galaxy to galaxy are related
to molecular shielding. Variations in the shielding HI surface
densities might be connected to variations in the dissociating
radiation field, of volume gas densities or of the dust-to-gas
mass ratio (DGR =ZXgyus/Zeas). For the DGR we expect Xy
to increase as the DGR decreases. The average DGRs found
in the sampled regions are 0.0033 +0.0005, 0.0041 +0.001,
0.0048 +0.0010, 0.0054 +£0.0013 and 0.0069 +0.0020, for
NGC 4254, NGC 0628, NGC 4321, NGC 3627 and NGC 3351,
respectively. NGC 4254 is the richest galaxy in gas content and
it shows the lowest DGR. Because of this low DGR, the galaxy
needs the largest Xy of the sample to shield the molecular phase.
On the contrary, NGC 3351 has a low gas content and the highest
DGR of our sample. Molecules in this case are shielded using a
much lower HI column density than for NGC 4254.

The increase in the mean Xy, within the Xy range for each
galaxy might indicate an increase in Zg;, i.€. an increase in the
molecular fraction. To verify this in Fig. 3 we plot the log; o Zqust
as a function of log,, X, colour coded with atomic gas frac-
tion (fur = Mu1/Mg,s) in the top panel and with log;y X, in
the bottom panel. For each galaxy fy; decreases going towards
regions with higher dust, indicating an increase in the total gas
column density, with the gas becoming more molecular. The bot-
tom panel of Fig. 3 underlines in fact that regions with higher
Yquse are places where also Xy, is higher, i.e. the gas layer has
higher densities being more compressed by the local stellar grav-
ity, and the formation of molecules is enhanced.

We finally examine in Fig. 4 how the molecular gas frac-
tion (fa2 = Mu2/Mg,s) varies as a function of the DGR for each
galaxy. We find that Sc galaxies (NGC 0628, NGC 4254) have a
marginal positive trend with higher fi, where the DGR is higher,
while Sb galaxies hosting a bar (NGC 3351, NGC 3627) have a
negative trend on average. A peculiar case is NGC 4321 (SABb)
where a transition is observed with pixels having fi» < 0.8
(outer disc) exhibiting no correlation (or a positive correlation
for fin < 0.6), while pixels with higher fi, (central area) having
a negative correlation with the DGR. By visually inspecting the
DGR map in Fig. 1 we notice the low values in the central area
and the rather inhomogeneous distribution in the rest of the disc.
The scatter is generally large as in NGC 3351. Here, mainly the
central pixels show some correlation with the DGR.
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Fig. 3. Dust mass surface density as a function of atomic gas mass sur-
face density, colour-coded with atomic gas mass fraction (top panel)
and stellar mass surface density (bottom panel) for the whole sample.
In both panels, crosses refer to pixels where only HI gas is detected.

Our findings might indicate a morphological evolution
between Sc and Sb galaxies, possibly related to the presence of
a bar. The bar might drag material (dust and gas) towards the cen-
tre of the galaxies; during this process, a significant part of the dust
can be destroyed by the intense stellar radiation field in that area.
This might explain why the DGR remains constant or decreases,
while the molecular gas fraction can still increase towards the cen-
tre. This is apparent also in the DGR maps (see the corresponding
maps in Fig. 1 and Appendix A), where all barred galaxies exhibit
adust-poor centre. Another possibility is that central regions have
alower oo or ahigher R, as we discuss in detail in Appendix B.
For the rest of the discs, given the relatively flat metallicity gradi-
ents estimated by Brazzini et al. (2024), with central metallicities
of the order of solar, we do not expect strong variations in ocq.
Although oo and R21 variations might give a somewhat differ-
ent relation between fy, and the DGR, our analysis in Appendix B
confirm the trends shown in Fig. 4.

3.3. The relations between Aygp and gas mass surface
densities

Here we examine the relation between the V-band attenuation as
derived by the BD, Aypp, with cold gas in the ISM. Our results
are shown in Fig. 5, where log,, Aygp is plotted against log,, Zur
(left panel), log,, Zp2 (middle panel) and log, Zg,s (right panel).
The relations have similar scatter and flatter slopes (indicated in
each panel) than those found between Zg,s and Zy,s. Similarly
to what we find for the log,, Zqus—10g;¢ Zur relation, in the left
panel of Fig. 5 we see that galaxies which have higher Xy have
also on average higher Aygp, but locally, in each galaxy, there
is no correlation. The global correlation is moderate (op = 0.60;
ps = 0.69).

For log,, Ayvep—log,, Z relation, the positive correlation is
clear both for individual galaxies and globally for the whole sam-
ple. The correlation is moderate if we rely on the correlation
coefficients pp = 0.62, but the value of the Spearman coefli-
cient ps = 0.78 indicates a stronger correlation of Aygp with
the molecular gas surface density than with the atomic gas. The
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log,y Avpp has a similar correlation with the log;, X4, than with
the log ;o Zm2 (pp = 0.66; ps = 0.82).

If we correct to face-on values both Ay pp and gas surface den-
sities, the above correlations weaken, the slopes are flatter and
the scatter increases. As mentioned in Section 2.4, corrections to
face-on values are linked to the geometrical distribution of physi-
cal quantities which are not known a priori for the dust providing
the attenuation. The stronger correlations we find for line-of-sight
values compared to face-on values suggest that the geometric dis-
tribution of the absorbing medium is close to spherical. In this
case also the attenuation linked to the atomic gas might be driven
by HI envelopes around the star formation regimes rather than by
the whole atomic gas disc layer. The correlations found between
face-on cold gas mass surface densities and Aypp are also weaker
than between the same gas surface densities and X4y, and under-
line that only part of the gas and dust mix, present in a galaxy, is
responsible for the attenuation of stellar light.

We note that the fitting properties in the log,q Aysp—10g o Zgas
relations do not change if we exclude pixels detected only in
HI (open symbols). To ensure a robust estimation of the cor-
relation, Barrera-Ballesteros et al. (2020) omit cases exhibiting
Ay[mag] < 0.2 thus excluding regions where CO emission likely
drops rapidly due to the photo-dissociation of the CO molecules
(van Dishoeck & Black 1988). The exclusion of such pixels does
not affect our findings concerning the estimated fitting parame-
ters. In addition, motivated by the fact that we trace slightly dif-
ferent physical scales for galaxies in our sample, we examined the
variation in the scatter with respect to the pixel width, but we find
no trend. We underline that when we use a radially dependent o.co
conversion as suggested by the Chiang et al. (2024) recipe, there
is a marginal increase in the strength of the corresponding corre-
lations, but the scatter remains similar (see Fig. B.2).

For NGC 3627 we find the highest Aypp values among
all the regions studied in our sample (confirmed also by the
Avysep). Having this galaxy the highest inclination of all galax-
ies examined in this paper (i = 67.5°) this finding is con-
sistent with what Concas & Popesso (2019) have also found,
namely higher BDs in more inclined galaxies. However, some
caution is needed for NGC 3627 because the high Ay val-
ues are found mainly in the western arm, where an extended
polarised radio ridge is, likely caused by ram-pressure com-
pression (Wezgowiec et al. 2012). Ram pressure compression
is able to increase locally gas and dust column densities, with
a consequent increase in Ay (see e.g. Abramson et al. 2011).
Nonetheless, excluding NGC 3627 we find similar correlation
coeflicients for the line-of-sight log,, Avpp—log,, Zu2 relation
(op = 0.62; ps = 0.76) and again stronger correlation between
log,y Avep and log;) Xess (pp = 0.66; ps = 0.82), as well as
slopes and scatters similar to the ones found for the full sample.

3.4. Comparison of Aygp and Aysep

A visual inspection of the Ay maps displayed in Fig. 1 and
Appendix A shows that the attenuations computed via BD and
SED fitting have a similar pattern across the discs, although
Aygp is systematically higher than the Aysgp. This is also shown
in the left panel of Fig. 6, where the Ay derived from the two
independent methods are compared. If we focus on the star-
forming regions with Xgpr [Mg Gyr*1 pc‘z] > 100 (white data
points) the dispersion is reduced. By performing a linear best-
fitting analysis on the star-forming regions we find that

AV,SED = (059 + O'OS)AV,BD'

The slope of our best-fitted linear relation, shown with a dashed
line, is slightly higher than the value found for the relation
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Fig. 5. Attenuation on the V band, derived from the BD, as a function of the line-of-sight surface density of the atomic (left panel), molecular
(middle panel) and total gas (right panel) mass. Each galaxy is represented by a different colour. The median uncertainties for each galaxy are
shown in the top or the lower right corner of the panels. The solid lines are the best linear fits to the full sample, while a shaded area indicates the
fit uncertainty. The slope, intercept, and scatter of each fit are also given along with the correlation coefficients.

between emission line and stellar continuum Ay by Calzetti et al.
(2000) (dash-dotted line, slope 0.44) and Kreckel et al. (2013)
(dotted line, slope 0.47). We underline that this result is sensitive
to the selected attenuation law (i.e. the k(Ha), and k(H) val-
ues used in Eq. (3)). In principle, the attenuation law found for
each pixel by our SED-fitting analysis, under the assumption of
a modified power-law starburst attenuation curve (see Sect. 2.3),
might result in a different conversion factor between Fu,/Fup
and Aypp. Nevertheless, we found that, when averaging over all
pixels, the factor is very close to that adopted by Kreckel et al.
(2013) and thus we use a uniform conversion factor.

The selected SFH and attenuation modules used in our SED-
fitting analysis allow us to estimate separately the attenuation on
the emission of the old and the young stars. In Fig. 6 middle and
right panels, we compare AVBD with the attenuation on the old

(A“’,{gED) and young stars (A’ SED) respectively. We find that the

total attenuation estimated by CIGALE is dominated by A“’}‘S‘ED,
which is expected, since the bulk of the total stellar content in
spiral galaxies is dominated by old stars (see e.g. Nersesian et al.

2019; Paspaliaris et al. 2023). The A5 though, despite the

larger uncertainties, is in a quite good agreement with the Aypp,
with the bulk of the data points following the one-to-one relation
and 88.6% of them lying within 0.5 dex (dashed grey lines). This
indicates that CIGALE is able to estimate the attenuation in star-
forming regions on resolved scales, using broadband photomet-
ric data only (see also the comparison of the BD-inferred atten-
uation and SED-fitting-derived attenuation of the birth clouds,
in global scales, by Kouroumpatzakis et al. 2021). In a future

study, it would be interesting to investigate if the scatter and
the uncertainties might decrease by enriching the relative free
parameters in the SED fitting with more values and/or by includ-
ing also narrowband photometric data (e.g. H, maps) that are
available for all the galaxies in our sample. A plateau found at
Aypp ~ 1.3 mag, might be attributed to the fact that Aypp and
A?,"Sugg trace different environments with different optical depths
at high attenuation values (see also Sect. 3.5 where, at high atten-
uations, Ay gie is more closely connected with a dust screen con-
figuration than the Aypp).

3.5. The correlation of dust in absorption and dust in
emission

A visual comparison of the spatial distribution of Zus, Avep
and Aysgp across galaxies® discs can be done using the maps
of Fig. 1 and Appendix A, where contours of Xy, are over-
plotted in all three maps. The pixel-by-pixel relation for each

galaxy is shown in Fig. 7 using the Aypp (left panel), the A(\)/}(SlED

(middle panel) and the A}<5 (right panel). The number of data
points is smaller in the first panel because of the restricted extent
of MUSE data, compared to the CIGALE SED-fitted area. We

observe an increasing trend of Zqus With Aygp and A%,O;E]g), rather

than A‘{,‘gED that increases milder as a function of Z4,. This sug-
gests that nebular lines and young stars are more sensitive trac-
ers of the dust mass surface density in our sample. Our finding
is in agreement with the results of Mufioz-Mateos et al. (2009)
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Fig. 6. Correlation between the V-band attenuation derived by BD and SED fitting (total, old, and young stars, in the left, middle, and right
panels, respectively). Each galaxy is represented by a different colour. A solid line stands for the one-to-one relation. Left panel: Aygp versus
the total attenuation estimated by CIGALE (Aysgp). Points with Xger [Mg Gyr‘1 pc’z] > 100 are shown in white. The best-linear fit to the latter
points, assuming a zero intercept, is plotted with a dashed line and its uncertainty is indicated by the shaded grey area. A dash-dotted and a dotted
line represent the corresponding results from Calzetti et al. (2000) and Kreckel et al. (2013). Middle panel: Ayp versus the attenuation of the

old

old stellar component as estimated by CIGALE (Ay g,

). Right panel: Aypp versus the attenuation of the young stellar component as estimated by

CIGALE (A}%:5). The plus-minus 0.5 dex area is defined by the dashed grey lines.

V,SE

who used the total IR-to-UV ratio, tracing intermediate age stars,
to measure the attenuation, and Spifzer imaging to estimate the
radial dust properties of nearby galaxies. We also find our results
in agreement with those of Kreckel et al. (2013) whose method
of analysis is more similar to that adopted in the current study.
The quantity Ay is proportional to the dust surface density
only when dust is distributed in a ‘screen’ in front of the sources.
2 qust can be directly converted into Ay after assuming a DGR (see
Eq. (4) in Kreckel et al. 2013). This foreground screen model is
shown in Fig. 7, where we use the DGR of the THEMIS model,
equal to 0.0074. For the same surface density, lower extinctions
can be obtained if dust and stars are distributed in the same layer
(the ‘slab’ model; Disney et al. 1989; Calzetti et al. 1994); and
even lower if the dust layer is internal to the stellar one (the ‘sand-
wich’ model; Disney et al. 1989), as emerges from radiative trans-
fer analyses of edge-on galaxies (Xilouris et al. 1999; Bianchi
2007; De Geyter et al. 2013). Results from the slab and sand-
wich models are shown in Fig. 7. Rather than the analytical solu-
tion for a non-scattering medium (Disney et al. 1989) or approx-
imations to include scattering (Calzetti et al. 1994; Kreckel et al.
2013; Boquien et al. 2013) we made a full radiative transfer cal-
culation using the TRADING code (Bianchi 2008), assuming that
the thickness of the dust layer is the same (for the slab) or half
(for the sandwich) that of stars, and adopting the average proper-
ties of the THEMIS model (see Appendix C for details). Aypp for
the slab and sandwich models, derived using Eq. (3), are shown by
the dotted and dash-dotted lines of Fig. 7 (left panel), respectively.
It is worth noting that Aypp is not a direct measure of Ay and in
particular the two quantities diverge for high dust column densi-
ties (optical depths). We plot Ay for our models in the central and
right panel of Fig. 7. The difference is due to the fact that Eq. (3)
is formally correct only when the effective attenuations driving
the difference between the observed and intrinsic Fyq/Fyg fol-
low the same attenuation law, described by the k(Ha) and k(HP)
values used in the formula. Instead, constant values are used in
Eq. (3), while the true attenuation laws change with dust column
density because of radiative transfer effects. This is true not only
for the models shown in the figure, but also for simpler cases with
no scattering (see Appendix C). However, for the surface density
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range shared by most pixels, Ay and Aygp have similar trends and
can be considered as lower limits to the V-band attenuation for our
pixels. We also derived attenuations for an exponential model with
parameters similar to those derived by fits of edge-on galaxies, but
found little differences with the sandwich model (not shown here).

The left panel of Fig. 7 shows that Aypp is close to the
screen model for low g, pixels, while it lies between the screen
and the slab at higher surface densities. This suggests that the
dust that obscures the emitters in the star-forming areas are dis-
tributed in a mixed dust and emitting material, as well as a fore-
ground screen dust component. Kreckel et al. (2013) reached
similar conclusions, though their best fit to the Aypp — Zqust
correlation (dashed line) tend to be shifted towards higher sur-
face densities; beside differences in the sample and analysis, this
could be in part due to different dust emission templates used to
derive Xy, (they use those of Draine et al. 2007, which results
in dust masses larger by about 50% with respect to those derived
using THEMIS; see Nersesian et al. 2019). Our findings are also
in accordance with a recent study, in global scales, using GAMA
data (i.e. BD and Z4), by Farley et al. (2025). In that paper
it is found that in the case of low dust content, the foreground
screen and the mixed geometry (described as ‘distributed’ in
their study) both fall in the low BD region, as neither is able
to provide enough attenuation to explain the high BD measure-
ments. Furthermore, they report two distinct cases in which, for
high dust content, the dust in the screen model is optically thick
and prevents emission lines from escaping, leading to a lack of
measurements in that regime. In the case of the mixed geome-
try, lines originating from stars deeply embedded in dust clouds
escape less (i.e. are more attenuated) than the ones in the outer
regions, allowing for low BD measurements despite the high
Zaust in these regions.

As was also shown in the previous section, A} 5 (right
panel of Fig. 7) follows a trend similar to that of AV,B’D- Despite
the large uncertainties, the attenuation estimated for young stars
is consistent with that estimated from the BD. Instead, A“}ESED
more closely follows the models in which stars and dust are
mixed (middle panel; slab and sandwich are very close for low
column densities), suggesting that the radiation from the old
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stars is being obscured mainly by the diffuse star-dust geometry
of a galactic disc. A(\)/{(SiED also shows that the attenuation does not
tend to zero at the lowest column densities, but is biased towards
a non-null value. Boquien et al. (2013) noted a similar trend,
with non-null attenuation at the lowest gas surface densities, and
imputed it to the fact that attenuation is a luminosity-weighted
quantity while surface densities are mass-weighted means over
the finite extent of a resolution element. It is unclear whether
this consideration applies also for our case, given the fact that
the Xqu is derived from SED fits to FIR luminosity, unless the
biasing due to luminosity weighting acts in different ways on the
determination of A“QSED and Zg,4. Investigating this issue would
require a multi-wavelength modelling of a galaxy and the fitting
of its SED at different resolutions, which is beyond the scope of
the present study.

However, correlations between X4y and Aysgp derived by
the SED fitting should be interpreted with some caution. The two
properties are estimated by the same SED-fitting run and under
the assumption of energy balance. Although, despite they are
expected to be coupled, they are not tightly constrained by each
other alone. For instance, a certain IR luminosity can be pro-
duced by different amounts of dust mass, under different heating
conditions, which are not tightly constrained by the UV-optical
data used to fit the attenuation curve. Alternatively, higher Uy,
(i.e. higher dust temperature) can reduce the need for a high dust
mass to explain the IR flux, while still producing a similar atten-
uation. Indeed, despite the caveat on energy balance our findings
regarding the correlations between A“’,{gED, A?,?Sugl% and g are in
accordance with the picture derived by the RT models.

4. Summary and conclusions

We have investigated the relation between the dust mass surface
density (Zqust), the gas mass surface density (Zur, 2, Zgas), and
the optical attenuation (Aysp, Avsep). throughout the disc of a
sample of five nearby spiral galaxies, down to sub-kiloparsec
scales. Our main results are summarised as follows:

— In the regions sampled in this study, which have molecular-
fraction fi, 2 0.3, we find that 24, and Aypp are better at
tracing the molecular and total gas content rather than the
atomic gas. The correlations of Xy, with Xy or with Zg,

have the strongest significance and hold for individual galax-
ies as well as for the whole sample.

The scaling relations are marginally dependent on galaxy
properties. The mean dust-to-gas mass ratio varies across
our sample with each galaxy showing local enhancements.
Molecular fractions increase as gy and X, increase.

The atomic gas mass surface density for each galaxy is in
a restricted range that varies from galaxy to galaxy and is
related to the column density that the gas needs to shield
the molecular phase. Galaxies with a higher dust-to-gas mass
ratio need a lower column density of HI to provide the shield-
ing, with local variations related to the Zgx,.

The Aypp and the A S that we estimated through SED
fitting are in very good agreement, with 88.6% of our data
points differing by less than 0.5dex. A} inferred by
CIGALE could serve as a tracer of the attenuation in larger
samples, where IFU observations might be more expensive
and time-consuming.

We estimate the ratio of the Aypp over the total stellar Aysgp,
for star-forming regions, to be equal to 0.59 + 0.05, slightly
larger than the one found in previous studies.

Both Aygp and Az,f’sugg are affected by a combination of a
screen dust component and a mixture of dust and emitting
material. On the contrary, A)S. as a function of the Zgus
follows the models where sources and dust are mixed (either
the slab or the sandwich model).

Data availability

The maps of the derived properties that were used for
the main results (see Figs. 2, 4, 5, 6, 7) are available at
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cat/J/A+A/702/A264
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Appendix A: Maps of galaxies’ properties

In this Appendix we show maps of the resolved properties of galaxies in our sample, at a resolution of 18".
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Fig. A.1. Maps of observed and derived properties of NGC 0628. Top: Convolved and re-gridded SDSS r band, log, Zgar, 108, Zser, 1080 Zdusts
as well as SED-fitting-derived V-band attenuation (Aysgp), from left to right. Bottom: Ty, Zyp, 10gy Zees, DGR and V-band attenuation derived
by the BD (Aygp), from left to right. Grey points correspond to pixels that are rejected (see Sec. 2.1.1, 2.3 for more details). The Zy; and Zy»
maps extend up to their corresponding 30 limit. For Xy, 2y, and Aygp maps pixels that correspond to areas excluded by the SED-fitting analysis
are plotted with smaller dots. In log,, X4, map, pixels excluded by the SED-fitting analysis and having both HI and CO detection are depicted by
smaller squares, while pixels with only HI and not CO are plotted with dots. Contours plotted in some map are from log,, Zqus [Mo pc™] maps
with a lowest contour at -1.3 and linear spacing with the highest at -0.9. Dots in each map indicate areas excluded fro the SED fitting routine.
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Fig. A.2. Same as Fig. A.1, but for NGC 3351. Contours are taken from the log,, Zqust [Mo pc’z] maps with a lowest contour at -1.5 and linear
spacing with the highest at 0.
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Fig. A.3. Same as Fig. A.1, but for NGC 3627. Contours are taken from the 10g,, Z4ust [Mo pc™2] maps with a lowest contour at -1.5 and linear
spacing with the highest at -0.7.

SDSS r-band log;o Zsar [Mo pc?] log;y Zsrr [Mo Gyr~! pc2] log;o Zaust Mo pc?] Ay sep [mag]

NGC4254

i w

24

Dec (12000)
S

23"

1m0 Inss S04 [ e e
RA (12000) k . i : } 125 100 075 —050 025 03 04 05 06 07
2
1 [Mg pe™] Zgust/Zgas Ay,p [mag]
-
=" ¥ -
" E
il
0 5 10 15 50 100 150 0.5 10 15 20 0.0025 0.0030 0.0035

Fig. A.4. Same as Fig. A.1, but for NGC 4254. Contours are taken from the log,, Zqus [Mo pc™2] maps with a lowest contour at -1.1 and linear
spacing with the highest at -0.5.
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Fig. A.5. Same as Fig. A.1, but for NGC 4321. Contours are taken from the log,, Zqus: [Mo pc™2] maps with a lowest contour at -1.5 and linear
spacing with the highest at 0.

Appendix B: CO-to-H; conversion factor aco and CO(2-1)-to-CO(1-0) line ratio R»;

In this appendix, we discuss our assumptions to infer the molecular gas surface density from '2CO J=2-1 line maps and possi-
ble dependencies of our results from these assumptions. As stated in the main paper we used a MW-disc CO-to-H, conversion
factor aco= 4.4 Mg pc‘2 (K km s™H~! (Bolatto et al. 2013) and an intrinsic line ratio Ry1=Icoe-1/Icoa-0=0.7 (e.g. Leroy et al.
2009; Schruba et al. 2011). Although these values have been widely used by previous studies of the ISM in nearby galaxies (e.g.
Casasola et al. 2017), variations in these two parameters are possible due to variations in local ISM conditions in clouds, such as
metallicity, temperature, mass surface density, velocity dispersion, and optical thickness. The metallicity dependencies of aco have
been studied by many authors (e.g. Amorin et al. 2016) but for our sample metallicities are very close to solar (Brazzini et al. 2024)
and we do not expect significant deviations from the assumed value across the bright discs we investigate. Other studies have found
aco to deviate from the typical MW in galaxy’s central regions (e.g. Israel 2020; Teng et al. 2022).

Dedicated surveys for accurate determination of oco often include galaxies of our sample, such as the CO-isotopologue inves-
tigation by Cormier et al. (2018) or the dust based studies by Sandstrom et al. (2013) and Chiang et al. (2024). The usage of CO
isotopologues as tracers of molecular mass primarily traces dense gas, leading to underestimation of the total molecular mass, given
the presence of diffuse molecular gas in the ISM. Sandstrom et al. (2013) used the dust as gas tracer and the gas-to-dust ratio to infer
aco in kiloparsec-scale regions. They found an average oo radial profile that is generally flat, with a depression towards the centre,
particularly evident for NGC 3351, NGC 3627 and NGC 4321 (R < 0.1Rys). In the same area, the aco was found significantly
increased in NGC 4254. They provided average Ico-weighted values for each galaxy and as optimal average aco for the whole
sample, 3.1 Mg pc’2 (Kkms™H™. Chiang et al. (2024) using a similar method, studies the variation in aco as a function of several
physical quantities, and find negative anti-correlations with SFR, radiation field intensity, CO intensity and galactocentric distance.

Galaxies in our sample have also been targets for Rp; investigations. Although these are also discussed by Sandstrom et al.
(2013), we use the data of more recent and dedicated surveys, which give resulting values more consistent between each other and
with our assumed ratio (den Brok et al. 2021; Yajima et al. 2021; Leroy et al. 2022). These works find R, in the range of 0.45 —
0.83 as average values across the disc of galaxies in our sample. The mean of the three values (two only for NGC 3351) reported for
each galaxy by den Brok et al. (2021), Yajima et al. (2021) and by Leroy et al. (2022) are 0.56, 0.67, 0.50, 0.69, 0.72 for NGC 0628,
NGC 3351, NGC 3627, NGC 4254, and NGC 4321, respectively. These are within 30% of our assumed R;; ratio, with NGC 4254
and NGC 4321 fully consistent with our assumed R»; ratio. There are no significant radial variations measured for the region of
interest in galaxies of our sample. Only for NGC 3627 and NGC 4321 the ALMA observations analysed by den Brok et al. (2021)
show a positive radial gradient or a factor 1.5 enhancement in the centre, respectively. These radial variations are not however
confirmed by other observations such as HERACLES (IRAM-30m) data. We notice that for NGC 3627 and NGC 4321 results of
different analyses give somewhat different mean values. Because of these discrepancies we have considered a uniform Ry; = 0.7
ratio in the present study.

With the aim to verify if our results are significantly affected by variations in aco and Rp; with respect to the assumed values, in
Fig. B.1 we plot the fi; as a function of the DGR for four different cases. In the top row, we assume the typical aco = 4.4 Mg pc™2 (K
km s~!)~! as in the rest of the paper (same as Fig. 4 but with a common x-axis range for all galaxies); in the second row, the average
aco values found by Sandstrom et al. (2013) for each galaxy with a constant R,; has been used; in the third row, we set aco =
4.4 Mg pc™? (K km s71)~! and use Ry; =0.56, 0.67, 0.50, 0.69, 0.72 for NGC 0628, NGC 3351, NGC 3627, NGC 4254, and
NGC 4321, respectively. In addition, for NGC 3351, NGC 3627, and NGC 4321 we use a 1.5 enhancement factor in R,; and a factor
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Fig. B.1. Molecular gas mass fraction as a function dust-to-gas mass ratio, for each galaxy in the sample. The molecular gas is estimated assuming

a constant MW aco = 4.4 Mg pc? (K km s71)~! (Bolatto et al. 2013 and R»;=0.7 (top panels), a radially constant aco which varies from galaxy

to galaxy as found by Sandstrom et al. (2013) (middle-top panels), a constant aco = 4.4 My pc™? (K km s7!)~! throughout the galaxies except

in the central areas, and a radially constant R,; value varying from galaxy to galaxy (den Brok et al. 2021; Yajima et al. 2021; Leroy et al. 2022,

middle-bottom panels), and a radially varying ocoe-1) as found by Chiang et al. (2024, bottom panels). The oo and R values used for each panel

are shown in the lower right corners. Pixels within the inner 0.15 Rys area are plotted with open symbols. Uncertainties are shown with grey error
bars.

2 decrease in aco for the central region; finally, in the bottom row, we use the correlation found by Chiang et al. (2024) between
aco-1y and galactocentric distance (with no need to correct for R;). The pixels that lie in the R < 0.15R,5 areas are plotted with
open symbols.

The main conclusion of our investigation in this Appendix is that by changing our assumptions on R;; and on acop we recover
similar DGR trends across the galaxies and from one galaxy to another. Although molecular fractions change, these always increase
with the DGR for NGC 0628 and NGC 4254. If we exclude the central area, for which the CO-to-H, conversion factor can be lower
than what has been shown in Fig. B.1, NGC 3351 and NGC 4321 have no correlation between the molecular fraction and the DGR
where the molecular phase dominates, while NGC 3627 shows a decreasing DGR as the molecular fraction increases. NGC 4321
shows a decrease in the dust abundance on the outskirts, under all assumptions apart from the case of the radially dependent oo
by Chiang et al. (2024). In this case the main part of the disc shows a mild positive correlation, with some deviation for outskirts
and centre. In an increasing order we list the average DGRs found in the sampled regions: 0.0033 + 0.0005, 0.0041 + 0.001,
0.0048 + 0.0010, 0.0054 + 0.0013 and 0.0069 + 0.0020, for NGC 4254, NGC 0628, NGC 4321, NGC 3627, and NGC 3351,
respectively, using the standard values as in the main paper. These values increase by decreasing aco but the sequence is unchanged;
also when using the Chiang et al. 2024 aco prescription, with the only exception of NGC 4321 which in this case has a DGR equal
to 0.0039 + 0.001 and is second in increasing order, instead of being third (see Sec. 3.2).

We have also estimated the best-fit parameters and the correlation coefficients for the log,, Zausi—10g,o Zn2 and log Zgusi—
logy Zgas relations for various aco and Ry; and we do not find significant differences. For instance, if we use the Chiang et al.
(2024) prescription where aco changes with galactocentric distance, the correlations of log;, Zaus With logq Zpo and log o Zeas,
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Fig. B.2. Top panels, same as in Fig. 2 and bottom panels same as in Fig. 5, but with using the Chiang et al. (2024) prescription for a radially
varying dco (see text for details.)

as well as log;, Ayep with log,, Zu2 and log; Xg,, have similar slopes, scatter and correlation significance to those found using a
constant aco (see Fig. B.2). We prefer to use the constant aco values in the main paper to avoid any possible influence of circular
reasoning: in fact the Chiang et al. (2024) prescription is found assuming that the total gas surface density is traced by the dust
surface density given a constant gas-to-metal ratio. Thus we would study the correlation of X4, with a quantity that has been
derived using X4, (though assuming a different dust model than ours, as in Chiang et al. 2024). Nevertheless, similar correlations
(not shown here) are found also using the Bolatto et al. (2013) formula that accounts for a decrease in oco in denser regions (see
their Eq. 31). This is recovered using several methodologies and not only using dust as a proxy of gas. In any case, the acq variations
mostly affect central areas, which are only a small portion of the discs we investigate, and do not affect our main conclusions.

Appendix C: Attenuations for simple geometries

For a homogeneously mixed thin layer of dust and sources, of optical depth 7, perpendicular to the layer, the radiative transfer
solution can be derived analytically in the absence of scattering: it is the slab model (Disney et al. 1989) and the corresponding
attenuation can be written as

I l—e™
A/l = _2.5 loglo E = _2.5 10g10 T—/l, (C.l)

where, for simplicity, we consider only the line of sight perpendicular to the layer (face-on view). For 7, — 0, Eq. C.1 can be
written using series expansion as

A= 1.086%. (C2)
Instead, for T — oo, it is

Ay =25logyTa (C.3)
Using these limits, 7, = k(1)7y with k(1) the (V-band normalised) extinction law, and Eq. 3, rewritten as

An, — An,

k(HP) — k(Ha) (C4

Aypp =
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we can easily find that Ay gp tends to Ay for low optical depths, and to the constant value 2.5 log,,(k(HB)/k(Ha))/(k(HB) — k(Ha))
at high optical depths. This is shown in Fig. C.1, where we plot Ay gp Vs Ay for a slab using the extinction law of the THEMIS dust
model (k(Ha) = 0.81, k(HB) = 1.14).

| —— Slabno scattering
| —— Sandwich no scattering
| --=- Slab full RT

--#-- Sandwich full RT

Av BD

0.1F

0.01r

Fig. C.1. Ay gp vs Ay for the models discussed in the text. The dotted line shows the 1-to-1 relation.
For the sandwich model, it is

1
A, =-25log, A
0

hal—e™
=-2.51log, (h—d c

Ly e, Ly
+2(1 hs)e +2(1 hS) , (C.5)
where A, is the thickness of the source layer and hy; < h; is that of a dust layer internal to the source one and sharing the same
mid-plane: the solution is the combination of a slab model, of the dust-free portion of sources on the side opposite to the viewer
attenuated by the dust screen, and of the unattenuated symmetric portion on the side of the viewer (the first, second and third terms
of the logarithm in Eq. C.5, respectively; the sandwich is equivalent to the slab for h; = h). As for the slab, Ay pp is the same as
Ay in the optically thin limit. Instead, it goes to zero as 1/7y at high Ay. The case for h; = h,/2 is shown in Fig. C.1.

For the slab and sandwich models we also made full radiative transfer calculation including scattering: we used the TRADING
code (Bianchi 2008), assuming h,; = hy/2 and albedos from the THEMIS model [w(Ha) = 0.56, w(HP) = 0.52]; and strong forward
scattering, with an asymmetry parameter characteristic for MW dust, g = 0.7, at both wavelengths (Hensley & Draine 2021). We
run 19 models with face-on optical depth 7y between 0.1 and 20.

Results from radiative transfer calculations are also shown in Fig. C.1. The trends are qualitatively similar to the no-scattering
cases, but with differences between Ay gp and Ay also in the optically thin limit. The full radiative transfer results for the slab and
sandwich models are also discussed in Sect. 3.5 and plotted in Fig. 7.
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