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ABSTRACT

The interstellar medium (ISM) has a number of tracers such as the Na1D A4 5890, 5896 absorption lines that are evident in the spectra
of galaxies but also in those of individual astrophysical sources such as stars, novae, or quasars. Here, we investigate narrow absorption
features in the spectra of nearby supernovae (SNe) and compare them to local (<0.5 kpc) and global host galaxy properties. With a
large and heterogeneous sample of spectra, we are able to recover the known relations of ISM with galaxy properties: larger columns of
ISM gas are found in environments that are more massive, more actively star-forming, younger, and viewed from a more inclined angle.
Most trends are stronger for local properties than global properties, and we find that the ISM column density decreases exponentially
with the offset from the host galaxy centre, as expected for a gas distribution following an exponential radial profile. We also confirm
trends for the velocity of galactic outflows increasing with radius. The current study demonstrates the capability of individual light

sources to serve as ubiquitous tracers of ISM properties across various environments and galaxies.

Key words. supernovae: general — dust, extinction — ISM: lines and bands

1. Introduction

The interstellar medium (ISM) of galaxies plays a crucial role
in providing the constituents for forming new stars, the reservoir
for dying stars, and other galactic processes such as feedback
and fuelling of active galactic nuclei. The ISM thus regulates the
galactic chemical enrichment and the star formation history of
galaxies. The cold ISM responsible for star formation represents
approximately 10-20% of the total baryon content (gas and stars)
of a late-type galaxy similar to the Milky Way (Draine 2011).
Most of this cold ISM (~75%) consists of atomic gas, essentially
hydrogen, with the rest in molecular form. Dust, responsible for
the absorption and scattering of light bluewards of the optical
regime and re-emission redwards of the infrared, constitutes 1%
of the gas mass, but is an excellent tracer of the atomic and
molecular ISM. For early-type galaxies, the ISM content is rather
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low at ~3% of the total baryonic mass (Saintonge & Catinella
2022).

Heavier elements are also mixed together with the atomic
hydrogen and absorb the light of background sources at charac-
teristic wavelengths. Therefore, it is possible to study the ISM
gas content and its kinematics with absorption-line spectroscopy
of atomic ions. The sodium doublet lines (Na1D 115890, 5896)
are among the strongest absorption lines in galaxy spectra. Other
atomic lines include ionised calcium (CanlH & K A4 3970,
3935) and neutral potassium (K114 7665, 7669). The strength
of these lines, particularly sodium, strongly correlates with gas
phase and dust attenuation, together with galaxy inclination,
stellar mass, and star formation rate (Chen et al. 2010). The
kinematics of the lines, on the other hand, can reveal important
information on galactic outflows and their relation to galactic
properties (Rupke et al. 2005b; Chen et al. 2010; Park et al. 2015;
Cazzoli et al. 2022).

Studies of ISM absorption lines have traditionally relied on
galaxy spectra with the galaxy continuum as the background
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source of light. This leads to the complication of having a con-
tribution of stellar atmospheres in the absorption lines. Such
contamination can even reach ~80% in cool stars (Chen et al.
2010). There are mechanisms to correct for the stellar compo-
nent, for example through the correlation of stellar sodium with
magnesium lines (Mg I triplet A4 5167, 5173, 5184) only present
in stars (Martin 2005; Rupke et al. 2005a) or through stellar
population fits to the continuum to obtain the stellar part (Chen
et al. 2010). However, both methods have drawbacks and large
uncertainties.

Absorption lines of the atomic ISM are also present in the
spectra of other background sources such as resolved single
stars in molecular clouds (e.g. Pascucci et al. 2015), novae (e.g.
Jack & Schroder 2019), or quasars (e.g. Boissé et al. 2015;
Kacprzak et al. 2015). Supernovae (SNe), bright stellar explo-
sions, are particularly suitable lighthouses, as they occur in
various environments and are so bright that they may outshine
their neighbourhood or even their entire host galaxy. Their spec-
tra are known to present absorption lines from the ISM, notably
sodium, but also potassium, calcium, and diffuse interstellar
bands (DIBs; e.g. Sollerman et al. 2005; Gutiérrez et al. 2016),
which have been used as tracers of gas and as proxies of dust
extinction (e.g. Welty et al. 2014; Ritchey et al. 2015), even in
extreme environments (e.g. tidal tails; Ferretti et al. 2017). There-
fore, absorption lines in SN spectra can serve as probes of the
local ISM content at individual sight lines with the advantage
that there is a negligible contribution from stellar populations
in their spectra (although see Kangas et al. 2016). Furthermore,
the ISM lines are narrow and easily distinguishable from the
intrinsic SN ejecta component, which has a characteristic broad
P Cygni profile. Nevertheless, care should be taken when using
low-resolution spectroscopy as this broad profile may affect the
measurement of the ISM lines (Gonzalez-Gaitan et al. 2024,
hereafter Paper I).

A disadvantage of using SNe to study the ISM is the influ-
ence on the lines of very nearby circumstellar material (CSM)
ejected by the progenitor system before the explosion, which is
not representative of the ISM. CSM signatures are clearly seen in
the strength and evolution of Balmer emission lines in interacting
SNe, particularly He (e.g. Chugai & Danziger 1994; Chevalier
& Fransson 1994; Fransson et al. 2002; Dessart et al. 2023),
and also in the absorption line strengths of gas atoms such as
sodium in intermediate-luminosity red transients (Byrne et al.
2023). However, for most SNe these lines are essentially constant
throughout their evolution (Paper I). A handful of well-studied
exceptions show variation (Patat et al. 2007; Blondin et al. 2009;
Simon et al. 2009; Graham et al. 2015; Ferretti et al. 2016),
and there is a fraction of SNe with excess sodium absorption
strength that is also blueshifted (Sternberg et al. 2011; Phillips
et al. 2013; Maguire et al. 2013; Hachinger et al. 2017). This
may indicate outflows from the progenitor system or nearby ISM
clouds accelerated by the SN radiation (Hoang et al. 2019; Bulla
et al. 2018).

In Paper I, we developed a robust automated technique to
measure the narrow lines of ISM tracers from SN spectra of
various resolutions, showing the limitations of low-resolution
spectra and how to circumvent these constraints. We also applied
the methodology to a large sample of SNe to investigate the
evolution of the lines throughout the SN lifetime, and found no
statistically significant change in those lines. For this paper, we
used the same large heterogeneous sample presented in Paper I
of nearby SNe occurring at multiple locations and in differ-
ent galaxy types to study the spectroscopic absorption lines of
ISM tracers as a function of various galaxy properties. To our
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Table 1. Number of SNe used in this study.

Type Ntotal Nglobal Nlocal
SNela 701 357 167
SNe II 214 113 84

SE-SNe 233 107 83
SNe-int 98 36 26
Total 1246 613 357

Notes. Number of SNe with at least one spectrum passing the con-
tinuum and S/N cuts of Paper I for the Na1D line. Left, centre, and
right columns indicate the total number, the number of SNe with global
galaxy parameters, and the number of SNe with local galaxy parame-
ters (see Sect. 2.2). We note that numbers may change for each spectral
line.

knowledge, this is the first time that individual point sources
have been used as possible generic large-scale tracers of resolved
ISM properties within galaxies and across multiple galaxies of
different types and characteristics. We aim to gauge if SNe can
truly be used as universal tracers of ISM properties. The paper
is organised as follows. Section 2 describes our methodology.
The analysis and results are presented in Section 3 and discussed
in Section 4, while our conclusions are presented in Section 5.
In a companion paper (Paper III), we put constraints on the
nature of the progenitor systems of the different SN types by
using the known galaxy relations on the ISM gas composition,
distribution, and kinematics.

2. Methodology

This section outlines the methodology and analysis and intro-
duces the data used for this study. A detailed description of the
data and SN measurements can be found in Paper I.

2.1. SN EW measurements

The public SN sample used in the present study consists of a
large heterogeneous nearby spectroscopic dataset obtained by
multiple surveys. It initially consisted of thousands of spectra
of nearly 1300 SNe of different types. Table 1 summarises the
number of SNe used. For a full list of the sample, see Table A.1
of Paper L.

To characterise the narrow interstellar absorption lines
observed in SNe spectra, we measured their equivalent widths
(EWs) and velocities (VELs). The algorithm to measure the EW
first finds the continuum by smoothing the flux with a cosine ker-
nel; then, the EW is obtained by calculating the area under/over
the continuum within a given window. The velocity is deter-
mined from the weighted average wavelength shift from the
rest frame according to the area under/over the continuum. In
the case of multiple spectra for a given SN, a stacked flux-to-
continuum spectrum is obtained from which the EW and VEL
are measured, and a bootstrap of 100 realisations gives the sta-
tistical uncertainty. We made sure that the signal-to-noise (S/N)
of the individual spectra is large enough (S/N > 15) and that the
continuum slope is not too steep to avoid the underlying P Cygni
profile of the SN ejecta affecting the narrow line. We refer to
Paper I for more details. In Appendix A, we compare the differ-
ent lines to each other, whereas in Appendix B, the EW and VEL
of the lines are compared.



Gonzalez-Gaitan, S., et al.: A&A, 700, A119 (2025)

n=985

—
o
<

BT

Number of galaxies

cE E E' S0~ S0° S0¥S0/a Sa Sab Sb Sbe Sc Sed Sd Sdm Sm Im
Galaxy type

Fig. 1. Galaxy type distribution of our SN sample. n = 985 is the num-
ber of SN host galaxies.

2.2. Galaxy properties

The host galaxies of the SN sample are nearby (z < 0.2) and
have abundant public information. We obtained the spectro-
scopic redshift, the right ascension and declination, the mor-
phological type and the semi-major/minor axes, a and b, from
the NASA/IPAC Extragalactic Database (NED) database'. The
galaxy type was complemented with the Asiago catalogue? infor-
mation (Barbon et al. 2010) and transformed to a T-type (de
Vaucouleurs 1959) number between —6 and 10. Figure 1 shows
the galaxy T-type distribution for our sample. Our SNe cover
a large diversity of environments, going from passive to star-
forming galaxies. The peak of the distribution is around the Sb
type, corresponding to the T-type of 3.

From the SN and host galaxy (GAL) co-ordinates, we
obtained the angular offset

Aa(®) = VARa? + ADec?, (1)
with

ARa = (Ragny — Ragar) cos [O.S(DGCSN + Decgar)]
ADec = Decgn — DecgaL.

We define the unit-less normalised offset, A, by dividing
the angular offset by the semi-major axis (a) of the galaxy (see
Fig. 2). This normalisation considers the galaxy’s size, but also
reduces the effect of the distance of the galaxy:

— _ Aa(®)
Aa = OR 2)

A more accurate normalisation of the angular separation
takes into account the host ellipse axis size in the direction of
the SN, the so-called directional light radius, dprr (Sullivan et al.
2006; Gupta et al. 2016; Gagliano et al. 2021) given by

a

V@/b-sinB)y + (cos )’

3)

dpLr =

I https://ned.ipac.caltech.edu/
2 http://graspa.oapd.inaf.it/asnc/

Fig. 2. Sketch of a spiral galaxy® with the SN (blue star) indicating as
a blue line the angular offset with the host centre Aa, in red the semi-
major axis a of the ellipse, and in purple the directional light radius
dDLR-

where a and b are the semi-major and semi-minor axes, while (3,
the angle subtended between the galaxy semi-major axis and the
line connecting the SN to the galactic centre, is given by

ADec
ARa |’

B:(])—tan_l(

with ¢ being the angular tilt of the ellipse with respect to the
celestial north. The final normalised separation is
Aa(®)

dprr(®)’

The inclination of spiral galaxies is estimated following

Hubble (1926), and assuming that the disk is circular when
viewed face-on and with a finite thickness:

“

Aaprr =

22
i(°) = arccos 20 . %)
1- a5

Here g = b/a is the ratio of the semi-minor to semi-major axes
and gy is the intrinsic axis ratio when viewed edge-on (Fouque
et al. 1990). We assume a universal gy = 0.2 (Holmberg 1946;
Ho et al. 2011; Noordermeer & van der Hulst 2007) although it
has been shown to vary with galaxy type, mass and luminosity
(Heidmann et al. 1972; Bottinelli et al. 1983; Yuan & Zhu 2004;
Rodriguez & Padilla 2013).

As explained in the next sections, we also considered stel-
lar parameters derived from stellar populations that fit local
and global photometry. Table 2 lists all the galaxy properties
considered in this study.

2.2.1. Galaxy photometry

The SNe in our sample occurred in nearby galaxies (0.004 <
z < 0.2), for which there is extensive literature photometry. We
used public optical images either from the Dark Energy Sur-
vey (DES; Abbott et al. 2018; Abbott et al. 2021; Morganson
et al. 2018; Flaugher et al. 2015), Pan-STARRS1 (PSI;

3 Using OpenAl, (2025), ChatGPT (Apr version), https://chat.
openai.com
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Table 2. Galaxy properties studied.
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Property Description Reference
Type Galaxy classification NED*/Asiago
Aa(®) SN angular offset Eq. (1)

Aa SN normalised offset Eq. (2)
Aaprr SN directional offset Eq. (4)
i(°) Galaxy inclination Eq. (5)

MS Mg Global stellar mass Sect. 2.2.2
7517, Global stellar metallicity ~ Sect. 2.2.2

16(Gyr) Global age Sect. 2.2.2

7%(Gyr) Global e-folding time Sect. 2.2.2

AY Global attenuation Sect. 2.2.2

n% Global dust index Sect. 2.2.2
SFRg(MQ/yr) Global SFR Eq. (6)
sSFR§ (yr™") Global specific SFR Eq. (8)

ME/M, Local stellar mass Sect. 2.2.2
ZLZ, Local stellar metallicity Sect. 2.2.2

lr0e(GYD) Local age Sect. 2.2.2

L(Gyr) Local e-folding time Sect. 2.2.2

AL Local attenuation Sect. 2.2.2

nt Local dust index Sect. 2.2.2
SFR§(Mo/yr) Local SFR Eq. (6)
sSFRé (yr™h) Local specific SFR Eq. (8)

Notes. * We use the NED homogenised classification scheme.

Waters et al. 2020; Magnier et al. 2020; Flewelling et al. 2020)
or from the Sloan Digital Sky Survey (SDSS; Abdurro’uf et al.
2022), ultraviolet (UV) photometry from the NASA Galaxy Evo-
Iution Explorer (GALEX; Morrissey et al. 2008; Bianchi et al.
2014), near-infrared (NIR) images either from the Two Micron
All Sky Survey (2MASS; Skrutskie et al. 2006) or from the
Visible and Infrared Survey Telescope for Astronomy (VISTA;
McMahon et al. 2013; Irwin et al. 2004; Lewis et al. 2010; Cross
et al. 2012), and infrared imaging from the unblurred co-adds of
the Wide-field Infrared Survey Explorer (unWISE; Lang 2014;
Meisner et al. 2017a,b). We required one optical dataset, giving
preference to DES over PS1 over SDSS, if available, and one
NIR dataset, prioritising VISTA over 2MASS because of their
higher resolution. The list of surveys and filters used is shown in
Table 3.

To download the images and perform photometry, we used
the software HOSTPHOT* (Miiller-Bravo & Galbany 2022) tai-
lored to SN host galaxies. The images were first masked for
foreground stars cross-matched to the Gaia catalogue (Gaia
Collaboration 2016, 2023). We then obtained global photometry
in each filter image using Kron apertures (Kron 1980) defined on
the stack of the optical filters (see Figure 3).

Local photometry was performed with circular apertures of
radii of 0.5 kpc centred at the SN position (see Figure 4). The
physical apertures were obtained with the redshift, assuming a
standard cosmology (Hy = 70 km/s/Mpc and Q,, = 0.3). Since
most of the optical images we used come from the SDSS, which
has a lower resolution than DES, we set an upper redshift limit
of 0.02, corresponding to a radial aperture of 0.5 kpc with the
typical SDSS seeing of 1.2”. Higher redshifts had an aperture
below the seeing limit and were not considered. The number of

4 https://hostphot.readthedocs.io/en/latest/

A119, page 4 of 19

Table 3. Surveys and filters for SN host photometry.

Survey Filter * A (10%) *
Ultraviolet
FUV 1549
GALEX NUV 2303
Optical
u 3608
4672
SDSS r 6141
i 7458
Z 8923
9DECam 4770
'DECam 6370
DES IDECam 7774
ZDECam 9155
YDECam 9887
gps1 4810
rpsi 6156
PS1 ips1 7503
Zpsi 8668
Yps1 9614
Near-infrared
YVISTA 10 196
JVISTA 12481
VISTA - poema 16347
KSVISTA 21376
J 12350
2MASS H 16 620
Ks 21590
Infrared
7777777 W1 33526
w2 46028
unWISE w3 115608
w4 220883

Notes. *See the SVO Filter Profile Service: http://svo2.cab.
inta-csic.es/theory/fps/

SNe with global and local photometry was reduced to 613 and
357, respectively (see Table 1).

2.2.2. Spectral energy distribution fitting

We used PROSPECTOR? (Johnson et al. 2021; Leja et al. 2017) to
fit stellar populations to the non-zero fluxes of the available fil-
ters of our local and global host galaxy photometry obtained with
HOSTPHOT. The composite stellar populations were built with
FSPS (Conroy & Gunn 2010; Conroy et al. 2009) using the MIST
isochrones (Dotter 2016; Choi et al. 2016; Paxton et al. 2015,
2013, 2011) and the MILES spectral library (Falcén-Barroso et al.
2011), with a Kroupa initial mass function (Kroupa 2001) and a
delayed-t star formation history given by a star formation rate
(SFR) as a function of lookback time, ¢,

SFR(f) o (fage — e =™/7 0 < t < tge, (6)

where 7,5, and 7 are the age and the characteristic e-folding time
in Gyr of the star-forming episode, both free parameters of the

5 https://prospect.readthedocs.io/en/latest/
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Fig. 3. Representative HOSTPHOT images of SN 2001ed with the filters: FUV (GALEX) and W2 (unWISE). Masked sources are shown in grey,
and the global Kron apertures are shown as red ellipses. The galaxy centre is shown as a purple cross, whereas the SN position is a cyan star.
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Fig. 4. Representative HOSTPHOT images of SN 2001el with the filters: zpgcam (DES) and Jyista (VISTA). Masked sources are shown in grey, and
the local circular apertures for » = 0.5 kpc are shown as red lines. The cyan star denotes the SN position. We note that the images have different

orientations and resolutions.

fit along with the stellar metallicity (Z./Zs), and the stellar mass
of existing stars and stellar remnants (M./Mg). Although this
treatment of the star formation history is simplistic and may fail
to reproduce the extremes of galaxy populations (Simha et al.
2014), the relative differences among populations — our main
focus — are overall maintained. We used a diffuse dust attenua-
tion given by Noll et al. (2009) with two free parameters, the total
dust attenuation 7y or ‘dust2’, related to the optical depth and Ay,
and the dust attenuation index n which controls the wavelength
dependence,

_ v AY
W= g [kwww]( /lv) , (7)

where k(A) is the attenuation curve of Calzetti et al. (2000), with
Ry = 4.05, and D(2) accounts for the UV-bump Drude profile.

We thus have six free parameters: fy, 7, Z,, M,, 7y and n.
Additionally, the recent star formation rate (SFRy), averaged over
the last 100 Myr, can be directly obtained from Eq. (6). Thus, the
recent specific star formation rate (sSSFR() was defined as
sSFRy = SFRy/M... 8)

The parameter space was sampled with a Markov chain
Monte Carlo (Foreman-Mackey et al. 2013) of 2512 iterations
and 128 walkers. The starting point is given by a distribution
around the best-fit parameters of ten initial optimisations. A
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burn-in of 852 steps ensures the parameters have converged in
most cases, but we do a visual check and extend the burn-in
and iterations when necessary. If the fits are still visually unsat-
isfactory, these SNe are removed from the analysis (6% of the
sample). The best-fit spectral energy distribution (SED) for two
representative galaxies and their corresponding corner plots are
presented in Figures 5 and 6, respectively. As seen in Figure 5,
the reddest WISE filters, particularly W4 (22 um), tend to show
higher fluxes than the models, perhaps due to a contribution from
dust emission that is not modelled here. Also, as seen in Figure 6,
given its large uncertainties, the e-folding time 7 was not always
well constrained.

2.2.3. Sample comparison

The final stellar mass M., SFR and sSFR parameters of our sam-
ple obtained from global photometry are shown in Figure 7.
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For comparison, we show the distributions of the SDSS galax-
ies from the MPA/JHU catalogue®. The SDSS stellar masses
were obtained from photometric fits (following Kauffmann et al.
2003; Salim et al. 2007)7, and they covered a similar range to
our sample (left panel). The SFR (middle panel) and sSFR (right
panel) values, on the other hand, were obtained with spectral
line diagnostics (Brinchmann et al. 2004); therefore, a direct
comparison with our stellar fits is more difficult. With that
in mind, we see clear differences towards more strongly star-
forming galaxies in our low-z sample. This could be due in part
to known overestimates in the SFR integrated over short time
periods of 100 Myr (Boquien et al. 2014). On the other hand,
our nearby targeted sample is likely comprised of larger, brighter
star-forming galaxies. For the purpose of our study, absolute

6 http://www.mpa-garching.mpg.de/SDSS/DR7
7 They used a Kroupa IMF as in the current work.
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Fig. 7. Stellar mass (left), SFR (middle), and sSFR (right) distributions of our sample (blue) compared with the SDSS measurements (grey) from
the MPA/JHU catalogue. The vertical dashed lines mark the median values for each distribution.

shifts are irrelevant since we care only about relative differences
within the sample.

3. Analysis and results

In this section, we compare the EW and VEL distributions of
the narrow interstellar Na1D line measured for the SN sample
presented in Section 2.1 and their corresponding galaxy proper-
ties obtained in Section 2.2. To this end, we generate cumulative
distributions to test whether two samples, divided based on a
given galaxy property, originate from the same parent EW/VEL
distribution using the Kolmogorov-Smirnov (K-S) statistic
(Kolmogorov 1933; Smirnov 1939)3. If the K-S test has a p-
value pgs < 0.05 (pgs < 0.01), then the null hypothesis that
the two populations are drawn from the same distribution can
be marginally (strongly) rejected. To test the robustness of these
tests against outliers in the sample, we also do a bootstrap, gen-
erating 1000 random sub-samples from which we calculate the
probability that the K-S test p-value is less than 0.05. Since
our sample is incomplete, we also ensure that the redshift dis-
tributions of the two samples are consistent in each bootstrap
iteration. This is done first by obtaining the optimal redshift bins
(via Bayesian Blocks, see Scargle et al. 2013) and drawing from
each of these bins several SNe in one sample that are within the
Poisson error of the other sample. We call this a “z-matched”
bootstrap K-S test. Moreover, since the division of the two sam-
ples can be rather arbitrary, instead of using only the median of
the galaxy property to obtain the two samples to be tested, we
do a sweep of 10 different dividing values around the median
(from 40 to 60% percentile of the distribution). For each divi-
sion point, we do the z-matched bootstrap so that at the end,
we have 10 x 1000 = 10000 realisations of the K-S test. The
final value we quote is the median of all these iterations and the
corresponding probability of the p-value being less than 0.05.
Although using the minimum K-S test instead of the median (see
Forster et al. 2013) would provide the best division at which the
samples are most different from each other, our approach is more
robust to statistical fluctuations. In Appendix C, we also show the
K-S tests based on the lower and upper quartiles of each distribu-
tion, as well as considering the look-elsewhere effect. Finally, to
be certain that any differences between samples are not coming

8 We also tried the Anderson-Darling test (Anderson & Darling 1952)
with consistent results.

from measurement biases, we always check the K-S test obtained
by measuring the same lines but at the wavelengths correspond-
ing to the redshift of the Milky Way (MW), for which we expect
the populations to be fully consistent.

We start by dividing each galaxy property into two samples
based on its median and then comparing the two samples’ EW
(or VEL) distributions. We also analyse if the EW (or VEL) cor-
relates with each property via the non-parametric Spearman’s
rank coefficient, r; (Spearman 1904). The K-S statistics and
correlations for Na1D EW distributions divided according to
galaxy properties are presented in Table 4 and Figure 9. Many of
the properties present strong K-S test statistics, as highlighted in
bold, according to their z-matched bootstrap probability of being
drawn from different parent populations, i.e. probability higher
than 50% of a K-S p-value less than 0.05: P(pyc < 0.05) > 50%.
The strongest K-S rejections are found for the offset of the SN
from the host galaxy centre, especially when normalised by the
semi-major axis of the galaxy. In this case, the median bootstrap
K-S p-value is ~107%° or a 100% MC probability that the two
Na1DEW distributions of low and high normalised offset are
not drawn from the same distribution. Since the relation is so
strong, we further divide the sample into four equal offset bins
as shown in the left Figure 8: all four samples are statistically
different according to the K-S tests. This can be further seen in
the right scatter plot, where clearly the EW values inside 25%
of the galaxy’s major axis cover a wider range, extending to val-
ues as high as 4-5 A. At high separations from the centre, the
lines are, on average, weaker. We caution that the offset range
seen in Figure 8 may seem shifted to low values (the majority

of values are below the semi-major axis, i.e. Ao < 1) com-
pared with separations in the literature. This is due to the large
semi-major axes from NED as compared to those from Kron
apertures, for example, used to normalise the angular offsets (see
Appendix D). Although the K-S tests still show significant differ-
ences between the samples for the angular offset (~1077) and the
DLR offset (~107%), they are weaker than the normalised off-
set. The normalised offset is normalised by the semi-major axis
and washes out any distance uncertainties, as well as different
galactic sizes. The DLR also normalises by the ellipse axis into
the SN direction and has shown to be the most robust parameter
for SN host galaxy association (Gupta et al. 2016); however, all
our tests with narrow lines are stronger for the normalised offset.
This is likely because the DLR partly washes out the galactic
inclination, as explained in the following paragraph. For this
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Table 4. K-S statistics and correlations for Na1D EW divided according to galaxy properties.

HOST MW
Property Nr  <DEV> < phW > P(p'f/,‘z < 0.05)* rEVo < DRV S < pBW s P(pf)g < 0.05)* rEW
General properties
Aa(®) 697 0.25 23x 1077 100 % -0.22 0.13 0.10 24% 0.19
Aa 667 0.39 6.0x 10720 100 % -0.44 0.09 0.36 6% 0.00
AapLr 662 0.33 25x 10714 100 % -0.36 0.08 0.45 3% -0.01
T-type' 660 0.34 2.6x10°° 100 % 0.07 0.13 0.39 6% -0.13
i(®) 666 0.18 2.8x 107 98 % 0.18 0.09 0.29 7% -0.09
Local properties
ML/ Mg 357® 0.31 1.2%x107° 100 % 0.32 0.13 0.25 11% -0.02
SFROL Molyr) 357 0.36 3.7x107° 100 % 0.39 0.11 0.46 3% -0.09
sSFRé yr'h 357 0.30 3.3x 107 99% 0.25 0.13 0.22 13% -0.16
AL 357 0.36 3.0x 107 100 % 0.35 0.12 0.32 7% -0.02
nZ 357 0.22 9.8x10™* 84 % 0.18 0.14 0.15 17% -0.16
tL . (Gyr) 357 0.22 9.4x 107 94 % -0.21 0.11 0.44 5% 0.08
75(Gyr) 357 0.13 0.16 17% —-0.09 0.13 0.24 9% 0.07
ZL1Zs 357 0.11 0.31 7% 0.05 0.11 0.45 4% -0.01
Global properties

M¢/M, 613 0.12 0.045 40% 0.07 0.11 0.21 15% 0.14
SFRg Mplyr) 613 0.07 0.52 2% 0.03 0.09 0.41 6% 0.07
sSFRg (yr ™1 613 0.08 0.41 5% 0.00 0.09 0.43 3% -0.01
Ag 613 0.11 0.12 21% 0.07 0.09 0.38 5% -0.02

n% 613 0.08 0.34 5% 0.01 0.10 0.29 9% 0.03
taGge(Gyr) 613 0.08 0.34 7% -0.01 0.08 0.46 5% 0.09
7%(Gyr) 613 0.09 0.24 12% 0.06 0.09 0.42 4% 0.00
75817, 613 0.09 0.23 13% -0.07 0.14 0.19 12% 0.11

Notes. The null hypothesis of the K-S test is that the Na1D EW of two samples divided according to a value between the 40 and 60% percentile of
the galaxy property indicated in the leftmost column comes from the same parent population. The K-S statistic, D, the p-value, the probability P of
the p-value being lower than 0.05 according to a bootstrap (see Sect. 3), and the correlation r, are shown for the host and MW. Significant rejections
of the hypothesis (P > 50%) are highlighted in bold. * This probability is obtained from the median of 1000 bootstrap “z-matched” simulations
on the two samples recalculating the K-S statistic at each iteration and additionally dividing the sample in two at 10 different positions around the
median (40-60% percentile). T The T-type samples are divided between spirals and ellipticals (at a fixed T-type = 0) instead of the range around
the median (<T-type>~ 2). ® The number of SN hosts with local properties is smaller than for global because of the upper redshift limit of 0.02

(see Sect. 2.2.1).

reason, we focus only on the normalised offset in the remainder
of the paper.

In addition to the offset location from the galaxy, we
find strong evidence for a difference between the EW of
the Na1D doublet among morphological galaxy types, with a
median K-S p-value of 107 (or 100% probability of being dif-
ferent), passive galaxies host SNe with less sodium absorption.
In comparison, younger spirals tend to have stronger absorption.
The inclination of the galaxy also plays a substantial role in dif-
ferentiating the column density of sodium gas: as expected in
highly inclined galaxies (viewed edge-on), the column density is
significantly higher than in less inclined hosts (viewed face-on)
as given by a K-S p-value of ~10™* (Py;c = 98%). As the DLR
considers both semi-major and semi-minor axes to get the vector
distance to the SN position, it includes the inclination of the host
galaxy partly. By normalising through the DLR, we subtract part
of this influence, and that is why the normalised offset is indeed
a better tracer of EW. If we do a K-S test for only face-on galax-
ies with inclinations larger than 70°, we find that the DLR is
indeed stronger (D = 0.37, p-value= 4.1 x 10~* and Py;c = 95%)
than the normalised offset (D = 0.34, p-value= 1.8 x 1073 and
Pyc = 89%), showing that the inclination plays an important
role in the EW of SNe.
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Regarding the stellar and dust parameters obtained from the
local (r = 0.5 kpc) SED fits, we find strong differences (Py¢c >
80%) in EW distribution for the recent (<100 Myr) star forma-
tion rate SFR{, the stellar mass MZ, the dust attenuation A{, and

dust slope n, the stellar age tfge and the specific star formation
rate sSFRS. Higher EWs of NaiDare found in star-forming,
more massive, younger and dustier (more attenuated) environ-
ments. An example for the local SFR is shown in Figure 10, and
local stellar mass is shown in Figure 11.

For the global stellar and dust properties, none of the param-
eters show strong significance. This clearly suggests that the SN
narrow line characteristics are indicators of the local galactic
environment rather than the global properties of the hosts. Inter-
estingly, of the fitted global properties, the stellar mass seems to
be the best indicator of the ISM (P, = 40%), even more than
the dust attenuation (Py,c = 21%).

In Table 5, we also show the results for the K-S tests and cor-
relations of the most significant Na1D VEL distributions. We
note that the velocities of very weak lines (i.e. EW< 10.3|A) are
very hard to measure and thus not considered in these statistics
(see Appendix B). We see that the normalised offset again has
the lowest p-value of the K-S test, which can also be seen in
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Fig. 9. K-S test p-values (log) of Na1D EW divided according to galaxy
properties: normalised offset, T-type, inclination, and local stellar and
dust properties.

Figure 12: high- and low-offset SNe are generally more blue- and
redshifted, respectively, with respect to the SN systemic velocity.
However, there is a large dispersion, and the correlation between
both parameters is weak. In fact, the blueshift is driven mainly
by fewer SNe at high offsets. The VEL distributions, divided
according to other galaxy properties as well as to the EW, are
not significantly different from each other.

Lastly, we confirm some of the trends found with Na1D
EW with absorption lines from other species, in particular for
Ca11 H&K, the DIB-5780 and K1 divided according to the nor-
malised offset, local SFR and age, and a few other properties
shown in Table 6. Interestingly, we find that the distributions of
the EW of DIB-5780, divided according to global stellar mass
and age, are significantly different. We note that the more signif-
icant relations are seen for the lines that are generally stronger
(see Table A.1). However, they are generally weaker than Na1D
and, in low-resolution spectra, harder to measure.

4. Discussion

We now move to the discussion of the results found in the pre-
vious section. We analyse the results of all SNe together as a

Table 5. Significant K-S statistics and correlations for Na1D VEL
divided according to galaxy properties.

Property Nr < Dﬁ% > < pyicL > P pVEL
Aa 462 0.16 0.011 71% -0.08

Notes. Similar to Table 4 for the Na1D VEL (for SNe with EW> [0.3|A)
only for galaxy properties with low K-S p-values (P > 35%) and signif-
icantly low p-values highlighted in bold (P > 50%). Values for the MW
lines are not shown, but are consistent with being drawn from the same
parent population.

function of galaxy properties in Section 4.1, trying to find the
most relevant relations in Section 4.2. In Section 4.3, we com-
ment on the influence of non-ISM, SN-related physics in the
obtained EW and VEL distributions.

4.1. Compatrison to previous galaxy studies

This work confirms the findings of multiple ISM characteristics
and galaxy properties. Firstly, we find that the column density
of ISM lines decreases sharply with galactic radius. Despite the
heterogeneous distribution of the ISM structured in gas clouds,
H1 regions, voids and filaments, the ISM in spiral galaxies
is, on average, distributed in a disk with an exponential profile
decreasing with a radius similar to the distribution of stars (e.g.
Bianchi 2007; Mufioz-Mateos et al. 2011; Casasola et al. 2017).
We also see a qualitative decrease of Na1D EW with radius, as
seen in Figure 8, despite the numerous different galaxy types
and viewing angles that are showcased. Although the disper-
sion is too large to allow for a quantitative fit to all SNe, we
can perform an exponential fit to the median values, finding a
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relation: EW(r) = Aexp(-r/ry), with r being the normalised
offset, r = Aa. We find A = 2.1 + 0.2 A and a scale length of
ro = 0.13 + 0.02. Taking the average size of ~28.3 kpc for disc
galaxies (Goodwin et al. 1998), we obtain an average ISM scale
length of 3.7 kpc, which is of the order of the average stellar disc
scale length of 3.8 kpc (Fathi et al. 2010). It is worth mention-
ing that the K11 line and DIB-5780 also show significant K-S
tests when divided by the offset. Moreover, a relation of sodium
EW strength and offset was also previously reported for SNe Ia
(Clark et al. 2021).
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A second set of galaxy properties that show strong dif-
ferences in ISM abundance are related to the stars: the star
formation rate and stellar age. It is well documented that star-
forming regions have a higher gas content from which stars form
(e.g. Frerking et al. 1982; Orellana et al. 2017), thus explaining
the higher EW of Na1D in star-forming regions (see Figure 10).
A power-law behaviour also seems to represent the median of
the data well: EW = ¢ x SFR” with ¢ = 0.19 + 0.03 A and
v = 1.64 + 0.14. Interestingly, Feldmann (2020) finds a power-
law relation for the H, gas mass following a power-law relation
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with SFR of y = 0.76 for star-forming galaxies. If we remove
elliptical galaxies from the fit, we obtain a consistent value with
the full sample of y = 1.74 + 0.15. Likewise, stellar age also
relates to column density (e.g. Lin et al. 2020) because younger
stars have had less time to move away from their birthplace
in gas- and dust-abundant star-forming regions, which in turn
disperse their surroundings after a short timescale of <30 Myr
(Chevance et al. 2020). This could partly explain why, according
to our K-S tests, the age is a poorer tracer of the ISM than the
recent SFR.

Galaxy morphology is also known to relate to gas fraction
(Roberts & Haynes 1994; Namiki et al. 2021), and it is inter-
esting to see that the galaxy T-type is a much cleaner tracer of
its abundance than are global characteristics such as star forma-
tion or the age of the galaxy. The T-type is, in fact, the strongest
global property found in this study, perhaps indicating a hint that
morphological type is more representative of the ISM proper-
ties (Davies et al. 2019). However, stellar population parameters
from SEDs can be highly degenerate (e.g. Bell & de Jong 2001;
Walcher et al. 2011), whereas the morphology of nearby galaxies
is quite robust.

The stellar mass of the galaxy is known to strongly corre-
late with the dust mass (Garn & Best 2010) and gas fraction
(Morokuma-Matsui & Baba 2015), an observation that we con-
firm here locally with the EW of the Na1D absorption lines.
The local dust attenuation is not a stronger tracer than stellar
mass, possibly because of systematic effects in dust attenuation
estimates (Qin et al. 2022) arising partly from scattering effects
in integrated light (Duarte et al. 2025). We note that Feldmann
(2020) finds that the gas mass also relates to stellar mass with a
power-law relation of y,, = 0.28. We fit a power-law to the EW
with stellar mass, EW= ¢y xM", obtaining: c,; = 0.25 + 0.04 A
and yy; = 0.004 + 0.003. When restricting to SF galaxies, we
obtain yy; = 0.006 £ 0.005 (see Figure 11). We note that the local
dust slope index also shows a trend with EW, which is expected
as it has a strong correlation with the attenuation, Ay (Qin et al.
2022; Duarte et al. 2023).

The inclination of the galaxy with respect to the observer
also plays an important role: galaxies viewed edge-on have a
higher column density of dust and gas than face-on galaxies (e.g.

Holmberg 1975; Tuffs et al. 2004; Yuan et al. 2021). Although
this effect is quite noticeable in our dataset with very low p-
values in their K-S tests, it is less dominant than the T-type and
the local SFR, stellar mass and dust attenuation.

It is noteworthy that the inferred stellar metallicity does
not show signs of relation with the Na1D abundance. Gas-
phase and stellar metallicities are closely related (Gallazzi et al.
2005; Fraser-McKelvie et al. 2022), and previous studies have
shown that their distribution in galaxies also follows an expo-
nential decline with some deviations (Sdnchez-Menguiano et al.
2018; Bresolin 2019; Easeman et al. 2022). We attribute this
lack of correlation to the poor stellar metallicity estimates from
PROSPECTOR, as shown also in Duarte et al. (2023, see their
appendix B)°.

The fact that the integrated stellar mass is a stronger tracer
of the EW than the global dust attenuation reflects the diffi-
culty in obtaining dust properties from stellar population fits
(Duarte et al. 2025), and perhaps indicates how mass carries out
important dust information, as also found with the “mass-step”
in SN Ia cosmology standardisation (e.g. Brout & Scolnic 2021;
Gonzalez-Gaitan et al. 2021).

Lastly, galactic gas outflows originate from ISM gas clouds
that are accelerated outwards to speeds of 10°—10% km/s by ini-
tially tenuous, fast winds (from stellar winds and SNe); their
velocities have been shown to strongly correlate with SFR, with
more star-forming galaxies showing more blueshifted absorp-
tion (Rupke et al. 2005b; Martin 2005). We find no evidence
for such a relation in our data. On the other hand, we find that
Na1D outflow velocities become slightly more significant (more
blueshifted) at large distances from the galaxy centre, a trend
that has also been both observed (Xu et al. 2023) and theoreti-
cally predicted (Fielding & Bryan 2022). However, as previously
stated, in our case this is mainly driven by few SNe at the
extremes of the population.

The trends in the literature mentioned above that we con-
firm with our SN line indicators were obtained independently
by the respective authors using other ISM tracers different from

9 1In fact, we do not recover the mass-metallicity relation neither for our
local nor global stellar fits.
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Table 6. Significant K-S statistics and correlations for the EW and
VEL of narrow lines (other than Na1D) divided according to galaxy
properties.

Property Nr < Dmc> < pmc> P T
,,,,,,,,,,, Host CanHEW
Aa 226 0.29 6.6x10™* 92% —0.27
ML 137 0.29 0.014 62% 0.19
SFRS 137 0.30 97x103 70% 0.28
sSFRé 137 0.28 0.022 54 % 0.27
tgge 137 0.29 0.013 60% -0.21
Host Cali K EW
Aa 170 0.25 0.024 58% -0.26
SFRg 106 0.36 7.0x 1073 77% 0.16
sSFRé 106 0.32 0.031 49% 0.21
tgge 106 0.34 0.010 609% -0.24
Host Can1 K VEL
i) 113 030 0.038  43% 020
Host K11 EW
Aa 437 0.21 39x107% 96% -0.22
ML 281 0.20 0.019 58% 0.16
SFRg 281 0.24 20x 1073 85% 0.18
,,,,,,,,,, Host DIBS780 EW
Aa 488 0.20 62x107% 92% —0.12
ML 303 0.18 0.032 47%  0.16
A%, 303 0.17 0.046 40%  0.17
M6 466 0.16 0.015 62% 0.16
tfge 466 0.16 0.012 58%  0.08
Host DIB 5780 VEL
S ME 113 029 0039 40% 025
Ag 208 0.22 0.034 47%  —0.09
Host DIB 6283 EW
"T-type 560 021  0.040  49% 011
tﬁge 342 0.17 0.041 41% —0.12
nt 342 0.18 0.020 58 % 0.14

Notes. Similar to Table 4 for CallH & K, K11 & 2 and the DIB 5780,
4428 and 6283 lines only for galaxy properties with low K-S p-values
(P > 40%) and significantly low p-values (P > 50%) highlighted in
bold. Values for the MW lines are not shown, but are consistent with
being drawn from the same parent population.

ours. Only a few works have also used Na1D absorption lines
consistent with our study. Chen et al. (2010) analysed a large
sample of stacked star-forming galaxy spectra from SDSS to
show how the strength of the narrow NalD interstellar line
from the galaxies themselves depends on galaxy physical prop-
erties and to look for evidence of galactic winds. They measured
the velocity and EW of the outflow component and the EW of
the galaxy systemic velocity. They found that the EW of the
outflow component is smaller at higher inclinations, whereas
the opposite behaviour was observed for the systemic EW. For
inclinations higher than 60°, they found that the velocity drops
abruptly. Regarding the physical properties of the galaxy, they
found that Na1D EW of the systemic and outflow components
increase strongly and nearly linearly with SFR, M, and Ay.

In contrast to Chen et al. (2010), we cannot divide the lines
into different components due to the low spectral resolution.
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Nonetheless, although our sample shows a trend between the EW
and the galaxy inclination (but with a much weaker correlation),
it does not show a trend with VEL. For the galaxy properties,
we find very low p-values but weak correlations (p ~ 1078,
rs = 0.35) between Na1D EW and M. as well as with Ay (p ~
1077, ry = 0.26) and a very significant low p-value and moderate
correlation with SFR (p ~ 107!1, r; = 0.45)'°. Although our cor-
relations are not as strong as those found by Chen et al. (2010),
they follow the same trend (low Na1D EWs at low SFR, M,
and Ay). Surprisingly, Chen et al. (2010) did not find a correla-
tion between Na1D EW and the sSFR, while we find that these
two parameters weakly correlate (ry = 0.27). If we consider only
star-forming galaxies (T-type > 0), we find stronger correlations
between NaID EWs and Ay (r; = 0.38) and M., (r; = 0.42).
For SFR, the correlation is weaker (r; = 0.39). Our correlations
are weaker, probably because we have data for individual sight
lines, whereas Chen et al. (2010) use the integrated light of entire
galaxies, which averages out local variations.

4.2. Importance of each galaxy parameter

As shown in the K-S tests of Table 4, several galactic parame-
ters strongly influence the Na1D EW. The causality of each of
these variables in the column density of the ISM gas is diffi-
cult to trace as many galaxy properties are actually correlated
with each other; for example, star-forming environments that are
more massive are simultaneously more metal-rich, have more
dust content, and form stars more actively than less massive ones.
We perform several statistical and machine learning tests on our
dataset to infer the driving galactic properties and to what extent
they can predict the EW.

— Key driver analysis: We use a key driver analysis (KDA;
Tonidandel & LeBreton 2015)'! which quantifies the rela-
tive importance of a set of variables, here the environmental
properties, in predicting a target quantity, in this case the
EW of Na1D. The results are shown in Table 7 for three
cases: all galactic properties, only local properties, and only
global properties. We show the five most relevant properties
in each case. As expected, local properties, particularly the
normalised offset and the local star formation rate, are gen-
erally more important, although the galaxy T-type plays a
substantial role in the EW. It is interesting to note that the
absolute score of the KDA given by R?, i.e. the proportion of
variance explained, using both local and global information,
is still substantially better than using only local information.
This means there is some information in the galaxy T-type
(third most important) and the galaxy inclination (sixth most
important) that is not present uniquely in the local properties
inferred in this study. Additionally, it is worth mentioning
that even the highest R? score (0.36) is far from the opti-
mal fully predictable scenario, meaning that it is difficult to
recover the EW solely from the properties considered here.
To compare, the following six most relevant features accord-
ing to a gradient-boosting tree algorithm confirm our KDA

findings: A, ML, SFRE, T-type, AL and L.

As for the velocity of Na1D, we find a low R? of 0.073
driven mainly by inclination (26%), normalised offset (23%)

10 For the significance of the correlation, we use the same ranges as
those presented in Gutiérrez et al. (2017).

II' Key driver analysis is also referred to as Importance Analysis or Rel-
ative Importance Analysis and it uses Johnson’s Relative Weights, a
combination of principal component analysis on the predictor variables
and least square regression to predict the target quantity.
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Table 7. Key driver analysis of the relative importance of galaxy
properties for the NaiD EW.

Normalised
relative
importance (%)

Relative

Feature .
importance

_All properties - R? score = 0.36

Aa 0.079 30.7
SFR} 0.043 16.8
T-type 0.034 13.2

AL 0.032 12.5

tﬁge 0.018 6.9

Local properties - R? score = 0.24

Aa 0.081 40.4

AL 0.043 214
SFR} 0.039 19.4

taLge 0.020 9.9

nt 0.009 4.2

Global properties - R? score = 0.11
T-type 0.029 45.0

i(®) 0.018 27.3

AY 0.004 6.8
SFRg 0.004 6.2

z¢ 0.003 54

Notes. We show only the five most relevant environmental properties
in predicting the Na1D EW for three cases: (a) all properties, (b) local
properties and (c) global properties. Of the offset parameters, we only
used the normalised offset as input.

and global dust (13%). According to the KDA, the EW
contributes less than 10% in importance to the VEL.

— Symbolic regression: Symbolic Regression (see e.g. Angelis
et al. 2023) is a machine learning tool to find a mathematical
expression relating input features, here the galaxy proper-
ties that optimise the prediction of a target, here the EW of
Na1D, with the least possible mathematical complexity. The
algorithm'? searches for combinations of mathematical oper-
ators (e.g. addition, +, or power, A), analytical functions (e.g.
cos or log) and constants relating the input galaxy properties
to minimise a loss function: LOSS= W(EWeq — EWops)?,
with the weights given by: w = l/O'%W. We find that all

the recovered expressions have an RMS larger than 0.7 A,
showing that it is difficult to accurately predict the full diver-
sity of Na1D EW from our galactic properties. On the other
hand, the equation with the best score is only dependent
on the normalised offset and is an exponential decreasing
relation as expected for a typical ISM radial distribution
(see previous section): EW(r) = exp (-r/0.31) (see orange
line in Figure 8) with a larger ISM scale length than when
doing a fit, and larger than the disc scale length, as found
in Casasola et al. (2017). If we remove the offset from the
input properties, we recover a power-law relation with SFR,
i.e. EW=SFR” with y = 0.10, shown in Figure 10. Similarly,
after removing both offset and SFR, we find a power-law
relation with log stellar mass, EW= (log M,)%> — 3.6 shown

12 This is a multi-population evolutionary algorithm which applies
behaviours of biological organisms such as reproduction, mutation,
and recombination and follows a natural selection process to solve an
optimisation problem.

in orange in Figure 11. Thus, we confirm with symbolic
regression all trends found in the literature and that we pre-
viously fitted, although the relations are shallower, as can be
seen in the orange lines of the Figures. Regressions relating
the EW to a combination of more of these parameters are not
preferred by the algorithm.

Regarding the VEL prediction with Symbolic Regres-
sion, we find that it is even more difficult to obtain than the
EW. The heterogeneous equations involve different variables
such as the normalised offset, the local SFR or age, but the
RMS is larger than 150 km/s, making any prediction very
unreliable.

4.3. Non-ISM contamination

It has been previously reported that the narrow absorption lines
of SNe can be related to the intrinsic properties of the explosions
and their progenitors. Evolving Na1D lines in SN Ia spectra are
associated with CSM (e.g. Ferretti et al. 2016) or to the interac-
tion of the SN radiation with very nearby ISM (e.g. Hoang et al.
2019). In either case, the EW measurement will be dependent
on the SN and thus not a trustworthy tracer of the ISM. Other
lines, such as K1 or even DIBs, have also shown evolution dur-
ing SN lifetimes (Graham et al. 2015; Milisavljevic et al. 2014).
Although statistically, the evolution of intervening SN lines in
our sample seems rather absent (see Paper I), the strength of the
EW could be affected by SN-interacted nearby material. Phillips
et al. (2013) and Maguire et al. (2013) find that there is an excess
absorption for possible candidates of SNe with CSM. Regarding
the velocity, blueshifted emission lines have been used as indi-
cators of expelled material from the progenitor in various SNe,
notably in interacting SNe (e.g. Fransson et al. 2002) but also in
narrow absorption lines of SNe Ia (e.g. Sternberg et al. 2013).
This material could potentially influence conclusions on galactic
gas outflows if it is present.

Moreover, most of the relations found here are heavily driven
by SNe Ia, which appear in larger numbers than core-collapse
(CC) SNe but, more importantly, occur in a variety of environ-
ments and are thus more representative of the ISM extent. To
test for possible biases from the SN type, we divide the sample
into two different main groups, SNe Ia and CC SNe, and repeat
the study carried out for the full sample. We recover the trends
with galaxy properties (although with fewer statistics and less
significant p-values), as shown in Table 8. However, we also find
variations among the different types, notably for the age: SNe Ia
show strong differences in EW when dividing the sample into
age populations, and CC SNe do not. This is most likely due to
the fact that SNe Ia span a much wider range of ages (~Gyr)
than CC SNe (~Myr), and in the simple SFH treatment of Equa-
tion (6), subtle age differences are less evident. Other smaller
variations, as for the inclination, can be explained as SNe Ia
include elliptical galaxies where orientation plays a weaker role.
The findings divided by each SN type, and the implications for
progenitors will be investigated further in a forthcoming study.
The unequivocal galaxy trends found in this work clearly show
that SN narrow lines are statistically robust tracers of the local
ISM, but care should be taken with small samples.

5. Conclusions

We conducted the first statistical study of ISM properties using
the narrow absorption lines in SN spectra. With the advantage
of being bright and occurring in many environments, SNe are
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Table 8. K-S statistics and correlations for the EW of Na1D divided according to representative galaxy properties for only SNe Ia and only CC SNe.

Ia CC

Property Nr  <DEV >  <pEW> P Vo N <DEV > < pEW > P rEW
Aa 349 0.45 1.8x 10713 100% -0.46 296 0.34 1.4x10° 100% -0.37

i(°) 349 0.18 0.017 54% 0.15 295 0.20 0.015 65% 0.22

ML/ Mg 167 0.34 82x10™* 89% 0.8 190 0.29 1.9%x1073  949% 0.36
SFRé Mgplyr) 167 0.42 1.1x10 100% 0.45 190 0.36 58x107  96% 0.32
SSFRS (yr'h) 167 0.34 9.7x10™*  92% 0.36 190 0.28 35x107°  88% 0.16
AL 167 0.30 30x107°  82% 0.29 190 0.38 1.6x10™° 100%  0.40

nX 167 0.25 0.031 46% 0.21 190 0.22 0.045 37% 0.16
t‘,fge(Gyr) 167 0.35 55x10*  96% —0.35 190 0.20 0.077 30% —-0.10

Notes. The split between samples is done according to the 40-60% of each sub-sample.

probes of individual sight lines and, consequently, of very local
ISM properties. Most notably, with the strength of the EW of
Na1D we confirm the literature findings of relations between
gas abundance and the distance from the galaxy centre, and with
local (0.5 kpc) properties such as the star formation rate, the stel-
lar mass, the dust attenuation, and the stellar age. We also recover
the dependence of the gas abundance with global properties such
as the galaxy T-type and the inclination of the galaxy.

According to our statistical K-S tests and machine learn-
ing approaches, the most important parameters determining the
Na1D EW are the normalised offset from the galaxy centre, the
local star formation rate and the local stellar mass. However,
the other parameters also contribute to the diversity of values.
We find, both by fitting and through a symbolic regression, that
the EW a) decreases exponentially with the distance from the
galactic centre and b) increases as a power-law with the star for-
mation rate and the stellar mass of the local environment. These
findings agree well with previous studies based on other ISM
tracers.

We conclude that narrow absorption lines within SN spectra
are appropriate for statistically investigating the ISM proper-
ties of galaxies. At the same time, in a companion paper, we
show that they also trace very nearby material in the immediate
vicinity of the explosion, contaminating the results of individual
events or of smaller samples. In the future, with more statistics,
it will be possible to increase the S/N by stacking spectra of dif-
ferent SNe per environmental bin, similarly to galaxy spectra, to
obtain more accurate results.
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Table A.1. Median and median absolute deviations of EW and VEL
distributions for various lines.

Line <EW> (A) | <VEL> (km/s)
Na1D 0.35 + 0.50 -3+123
DIB-5780 | 0.11 +0.23 —4+124
CannH 0.23 +£0.46 -39 + 168
CankK | 021+033 —60 + 185
K11 0.03 +0.34 —40 + 165
K12 —0.06 + 0.33 10 + 159
DIB-4428 | 0.06 +0.24 24175
DIB-6283 | 0.02+0.24 —1+ 146

Appendix A: Relation among different lines

In this section, we compare the EW and VEL measured from
different narrow lines in SN spectra. We consider the following
lines: Na1D, CaliH & K, K11 & 2, and DIBs 5780, 4428 and
6283. An example of the relation between Na1D and DIB-5780
is shown in Figure A.l including a Markov chain Monte Carlo
(MCMQ) linear fit to the data that includes both errors in x and
y (Kelly 2007). Despite the high dispersion and weak correla-
tion (p = 0.30), these two tracers have a significantly positive
EW slope (0.126 + 0.015). As can be seen for these two lines
but also in the comparison with other lines, the sodium lines are
stronger and more distinguishable than the rest, especially with
low-resolution spectra. Nonetheless, other lines such as the DIB-
5780 appear quite clearly in SNe with high extinction. Table A.1
confirms that the median EW values are largest for the Na1D
lines.

The correlation between every pair of lines for both EW and
VEL is shown in Figure A.2. It can be seen that the correla-
tion between the EW lines is generally weak and for the VEL it
is rather absent. The negative correlations in EW are driven by
low-number statistics whereas the linear fits for these cases give
significantly positive slopes. It is interesting that the EW slopes
between potassium lines and DIBs are close to one while they
differ with lines of ionised calcium and sodium, in agreement
with previous findings (Galazutdinov et al. 2004).

Appendix B: Relation between EW and VEL

We present here the relation between EW and VEL of the nar-
row lines. In Figure B.1 we show the case of Na1D. The VEL
values are spread across +500 km/s around zero and there is no
correlation with EW (o = 0.07). A linear fit to the data results
in a slope of —0.08 + 5.8, fully consistent with zero. Obtaining
accurate velocity measurements when the line is weak or absent
is very difficult or impossible. This is reflected in the large VEL
dispersion seen at values between +0.3A.. Therefore, we do not
take SNe in this region into account when doing tests of VEL
with galaxy properties in section 3. For the other lines, which
are weaker, this cut eliminates a higher fraction of SNe. We con-
firm that we do not find any strong relation between EW and
VEL for any of the ISM tracers considered here.

Appendix C: Robustness of the K-S tests

The K-S tests performed in this study are very dependent on
the location of the split of the two samples being compared.
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Fig. A.1. Comparison of Na1D lines with DIB-5780 for EW (top) and
VEL (bottom). The median linear fit is shown in red while in pink are
various realisations of the MCMC. The correlation is p = 0.30 for the

EW and p = —0.01 for the VEL, while the median slope is 0.127+0913,
8.40 above zero, for EW, and —0.914+1% for VEL, fully consistent with

1.87
Z€ro.

Although in Section 3 we do a sweep changing the split between
40% and 60% of the distribution, and perform a bootstrap
simulation, here we do some additional tests. For the global
sample, we also take the median split of the MPA/JHU sam-
ple (see Figure 7), which lies outside the 40-60% of our sample
and find consistent results for the global mass but somewhat
lower p-values for SFR (p = 0.035, P = 43%) and sSFR
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Fig. A.2. Spearman correlation coefficients for the EW (left) and the VEL (right) of various combinations of ISM tracers in SN spectra.
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Fig. B.1. Comparison of Na1D EW and VEL. The red line portrays the
rolling median and the vertical cyan region between +0.3A represents
the values for which the line is very weak and the uncertainty in VEL is
rather large.

(p = 0.10, P = 24%). Moreover, in Table C.1, we perform K-
S tests comparing the EW of the lower and upper quartiles of
each galaxy parameter distribution. We confirm all the signifi-
cant p-values found in Table 4 and also slightly more significant
p-values for SFR and sSFR. Finally, although no significant p-
values were found for the same sample using the MW lines,
we also consider here the look-elsewhere effect (LEE), in which
the probability of finding significant differences between popula-
tions increases with the number of multiple parameters searched
in a given dataset (Miller 1981). The LEE can be compensated
by testing each individual hypothesis at a significance corrected
by the number of parameters tested (Bonferroni 1936). So, in
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Table C.1, we include an extra column to the right, in which we
recalculate the probabilities of Table 4 for a limiting p-value now
of 0.05/N = 0.005, where N = 10 is the number of parameters
searched: normalised offset, T-type, inclination and the seven
stellar/dust parameters from SED fits (local or global). We leave
out other highly correlated parameters (e.g. angular offset). We
find that the probabilities still provide significantly high values
for all parameters except for the dust index and the local age.

Appendix D: Semi-major axes

We compare here the semi-major axes obtained from the
homogenised NED database and those extracted from the Kron
apertures of HOSTPHOT. Figure D.1 shows that the NED val-
ues are at least twice as high (with a slope of 0.42 or a median
ratio difference of 0.44). This explains why in Figure 8, the
range of normalised offsets is mostly below 1, i.e. at smaller
distances than the semi-major axis, whereas other studies show
the normalised offset or DLR for SNe below and above 1 (e.g.
Toy et al. 2025). Since our results are more significant when
using NED values (both for offset and inclination), perhaps due
to an increased number of objects, we focus our work on the
normalisation with NED semi-major axes.



Table C.1. K-S quartile statistics for Na1D EW divided according

to galaxy properties.

Gonzalez-Gaitan, S., et al.: A&A, 700, A119 (2025)

Property ‘ Nr ‘ < DEY > < pEV > P Pieg
General properties
CRe | 34| 0390 61x107 100%  100%
T-type | 330 0.19 50x107%  95% 92%
i(°) 333 0.20 1.7x107% 86% 96 %
Local properties
oM 179 032 17x10¢ 98% 999
SFR{ 179 0.35 40x107° 100% 100%
sSFR{ 179 0.30 73x107%  94% 91%
AL 179 0.34 6.0x107°  99% 100%
nt 179 0.25 58x 107 74% 24%
taLge 179 0.27 32x107°  77% 46%
7t 179 0.17 0.14 16% 2%
zt 179 0.13 0.44 4% 1%
Global properties
oM 307 | o018 o019 a4 4%
SFRY 307 0.14 0.092 21% 0%
sSFR§ | 307 0.15 0.069 26% 0%
AY 307 0.14 0.087 21% 2%
n¢ 307 0.11 0.32 6% 0%
15 307 0.10 0.42 5% 1%
7 307 0.11 0.38 5% 1%
z8 307 0.12 0.25 9% 1%

Notes. Similar to Table 4 with the two samples corresponding to
the lower and upper quartiles of the galaxy property. The last
column is the regular K-S test (with division in 40-60%) with
the probability of the look-elsewhere-effect p-value being smaller

than 0.005.

3.0

o
o
I

HOSTPHOT semi-major axis

8 10

NED semi-major axis

Fig. D.1. Comparison of semi-major axes from NED and HOSTPHOT.
The black dashed line is a 1:1 relation, whereas the red dot-dashed line
shows a fit between the two.
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