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ABSTRACT

Using the Dark Energy Survey 5-yr sample, we determine the properties of type Ia supernova (SN Ia) host galaxies across a wide
multiwavelength range — from the optical to far-infrared — including data from the Herschel and Spitzer space telescopes. We
categorize the SNe la into three distinct groups according to the distribution of their host galaxies on the star formation rate (SFR)
— stellar mass (M, ) plane. Each region comprises host galaxies at distinct stages in their evolutionary pathways: Region 1 — low-
mass hosts; Region 2 — high-mass, star-forming hosts and Region 3 — high-mass, passive hosts. We find SNe Ia in host galaxies
located in Region 1 have the steepest slope (quantified by f) between their colours and luminosities, with g, = 3.51 £ 0.16.
This differs at the ~60 significance level to SNe Ia in Region 3, which have the shallowest colour—luminosity slope with
Pr, = 2.12 £ 0.16. After correcting SNe Ia in each subsample by their respective §, events in Region 3 (high-mass, passive
hosts) are 0.07 — 0.12 mag (> 30) brighter, post-standardization. We conclude that future cosmological analyses should apply
standardization relations to SNe Ia based upon the region in which the SN host galaxy lies in the SFR—M, plane. Alternatively,

cosmological analyses should restrict the SN Ia sample to events whose host galaxies occupy a single region of this plane.

Key words: supernovae: general —method: data analysis —cosmology: observations —dust, extinction.

1 INTRODUCTION

Owing to the discovery of the standardizable nature of type Ia
supernovae (SNe Ia), today, they stand among the best distance
indicators, with estimates to within a ~7 per cent accuracy (=~ 0.14
mag; Scolnic et al. 2018), out to redshifts, z ~ 1. In the decades
following the first detection of the accelerating expansion of the
Universe (Riess et al. 1998; Perlmutter et al. 1999), the use of
SNe Ia as cosmological tracers has motivated the launch of new
and more powerful time-domain surveys, to observe and follow-up
increasing numbers of transients. On account of the growing sample
size of well-observed SNe Ia, and the increasingly precise statistical
constraints they provide on dark energy, we now enter an era where
the accuracy of any future cosmological analyses is governed by
systematic sources of error (e.g. Astier et al. 2006; Hicken et al.
2009; Kessler et al. 2009; Conley et al. 2011; Sullivan et al. 2011;
Betoule et al. 2014). Historically, the leading systematic in analyses
of SNe Ia has been photometric calibration. More recently, studies
(e.g. Brout et al. 2019, 2022; Vincenzi et al. 2024) have begun to
indicate that understanding the intrinsic scatter that remains after
the standardization of SN Ia luminosities constitutes a source of
systematic uncertainty of comparable scale.

Current efforts to standardize SN Ia luminosities are conducted
on a purely empirical basis and are built upon a two-parameter
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correction. The first is to the light-curve decline rate (hereafter
‘stretch’): where SNe with slower declining, broader light curves are
brighter and those with more rapidly evolving, narrower light curves
are fainter (Rust 1974; Pskovskii 1977; Phillips 1993). This relation
is believed to be the result of the mass of °Ni synthesized in the
explosion (Arnett 1982). The second parameter is colour (e.g. Riess,
Press & Kirshner 1996; Tripp 1998; Wang et al. 2003) with brighter
SNe being bluer and their fainter counterparts, redder. The origin of
this variation in colour is poorly understood but is believed to result
from a combination of the intrinsic SN colour and intervening dust
along the line of sight. When combined, accounting for these two
relations reduces the observed dispersion in SN peak magnitudes
from ~0.35 to ~0.14 mag (Scolnic et al. 2018). As for the ‘intrinsic
scatter’ that remains (after accounting for observational errors), its
origin, while yet unknown, may arise from uncertainties attributed to
a number of sources e.g. explosion physics, progenitor configuration
— both of which link to the focus of this work, the host galaxies of
SNe Ia.

It is well established that the observed properties of SNe Ia
are influenced by the physical characteristics of their host galaxy
environments. Much of the earlier work, driven by the observation
that SNe Ia are discovered in all types of galaxies, has focused on
relations between SN properties and their host morphologies. For
instance, the optical light curves of SNe Ia in elliptical galaxies
exhibit a narrower dispersion in their decline rate (Filippenko 1989;
Hamuy et al. 1996). SNe Ia in morphologically early-type ellipticals
(and/or passive environments) are also fainter and possess more
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rapidly declining light curves than systems with active, ongoing
star formation, such as spiral galaxies; which preferentially host the
longest lived, brightest SNe Ia (Riess et al. 1999; Hamuy et al. 2000;
Howell 2001; Sullivan et al. 2006).

Studies concerning the link between SN Ia properties and host
galaxy types remain an ongoing area of research. More recent
efforts in the field, however, have begun shifting their focus to
attempting to understand the relation between SN luminosities post-
standardization and their host properties. Of the most notable (or
at least, most widely discussed) is the correlation with galaxy
stellar mass (Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al.
2010), where colour- and stretch-corrected SNe Ia in high-mass
(> 10'° M) galaxies are observed to be ~0.06 — 0.15 mag brighter,
on average, than those in low-mass galaxies. It has therefore become
commonplace in cosmological analyses to apply a third ad-hoc
correction during the standardization of SN Ia luminosities. This is
usually modelled via a step function, where SNe in galaxies on either
side of this 10'° M, threshold are corrected by different values (aptly
named the ‘mass step’). Note, that whilst stellar mass is the preferred
host galaxy parameter used when standardizing SN Ia luminosities,
trends have also been identified with global and local' specific star
formation rate (sSFR, Sullivan et al. 2010; Rigault et al. 2020), galaxy
colour (Roman et al. 2018; Kelsey et al. 2021, 2023), average stellar
population age (Gupta et al. 2011; Rose, Garnavich & Berg 2019)
and gas-phase metallicity (D’Andrea et al. 2011; Childress et al.
2013), to name only a few.

The physical underpinnings for the aforementioned trends remain,
as yet, largely unknown. For the ‘mass step’ in particular, various
hypotheses have been considered in the literature. Some studies
suggest it may arise due to the metallicity of the underlying stellar
populations (Sullivan et al. 2010). The metallicity (both gas-phase
and stellar) of a galaxy is contingent upon the depth of its gravitational
potential well: higher mass galaxies are able to hold onto a larger
proportion of the metals they synthesize, due to having deeper
potential wells, whereas the shallower potential wells of low-mass
galaxies means they are more susceptible to losing metals via
mechanisms such as galactic winds and outflows (Tremonti et al.
2004; Gallazzi et al. 2005; Garn & Best 2010). Others explore the
origin of the step in relation to the effects of progenitor age; which
may correlate with the cumulative age of the stellar population and
therefore, galaxy mass (Childress et al. 2013; Rigault et al. 2013). A
third possibility that has inspired more recent works (e.g. Brout &
Scolnic 2021) is that the mass step is a consequence of variations
in the average dust properties between low- and high-mass galaxies.
This is partly motivated from the observation that galaxies exhibit a
large range of dust extinction laws, which are usually parametrized
by the total-to-selective extinction parameter, Ry = Ay /(Ap — Ay),
where Ay and Ajg are the attenuation® in the V and B bands,
respectively (Ag — Ay is commonly referred to as ‘reddening’ and
represented by E(B — V) in the literature). For example, studies of
galaxies in the local group have been measured to have values in
the range of Ry ~ 2 — 5 (Gao et al. 2013; Yanchulova Merica-Jones
etal. 2017), implying the presence of dust grains which differ in grain
size and composition. It is worth noting that metallicity, age and dust
are all correlated and that the mass step may be a consequence of all

L“Global’ refers to entire galaxy measurements and ‘local’ refers to measure-
ments in ~ 1 — 4 kpc radius regions centred on the SN location.
2<Extinction’ and ‘attenuation’ are often used interchangeably in the literature
and the same applies in this paper. In sections where the conceptual differences
between the two terms become important, we note this explicitly.
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three effects. Disentangling the contribution from each is a non-trivial
task.

Using a sample of SNe Ia from the Dark Energy Survey (DES),
Meldorf et al. (2022) model the spectral energy distributions (SED)
of SN Ia host galaxies, using optical and near-infrared (NIR) data,
with the aim of constraining parameters that characterize dust (Ay
and Ry, to be exact). They find a large distribution of Ry ~ 1 — 6
across their host sample and that, on average, the Ry values exhibited
by high stellar mass hosts are ~ 0.7 lower than their low-mass
counterparts. The authors continue by exploring correlations between
their global dust parameter constraints and SN properties, revisiting
the concept of the ‘mass step’. According to their findings, applying
host galaxy dust attenuation (Ay) corrections to SN Ia luminosities
greatly reduces the significance of the step size to ~1.4 0. Meldorf
et al. (2022) interpret these results on the grounds of previous studies
(Salim & Narayanan 2020) that investigate correlations between dust
and stellar mass. They suggest that not only are these indications that
the origin of the mass step is partly due to dust but that accounting
for host galaxy dust has the potential to reduce the intrinsic scatter
that remains post-standardization. A key limitation of the analysis
by Meldorf et al. (2022), however, is the attempt to constrain host
galaxy dust parameters using only optical and NIR data.

The SED of a galaxy is the sum total of all its individual
components e.g. stars, dust, gas etc. At optical and NIR wavelengths
(A £ 5 um), galaxy spectra are characterized by emission coming
mainly from stellar photospheres. At longer wavelengths, contri-
butions from nebular emission, as a result of reprocessed starlight,
and the dust emission curve begin to dominate (see Conroy 2013
for an excellent review). Therefore, studies that aim to understand
the properties of dust in galaxies (in general, not limited to SN
hosts) but use only optical/NIR data are probing the part of the
SED that is dominated by stellar light, as opposed to dust-dominated
wavelengths. In this regime (to reiterate, at A < 5 pm), dust affects
observations in two ways: it acts to both dim and redden spectral light.
Therefore, much of the existing literature is based on the premise
that the amount of reddening observed at these wavelengths provides
an accurate measure of the level of dust obscuration affecting a
galaxy’s light. To a limited degree, this holds true; however, there
are additional parameters characterizing a galaxy’s SED that make it
subject to degeneracies in the optical/NIR. Other factors can mimic
the role that dust has of reddening a spectrum such as, the age
of the stellar population or metallicity effects (the so-called, ‘age—
metallicity—dust degeneracy’; Worthey 1994; Papovich, Dickinson &
Ferguson 2001) e.g. arelatively low-attenuation galaxy with old (red)
stars may be indistinguishable from a dusty galaxy comprising of a
younger, bluer stellar population. This then begs the question of the
validity of dust parameter constraints obtained from analyses using
limited range, short-wavelength (A < 5 um) data and brings us to
the focus of this work.

In this paper, we aim to constrain dust properties of SN Ia host
galaxies by incorporating mid- to far-IR data obtained from the
Spitzer and Herschel space telescope missions (spanning A ~ 3.6 —
500 pm), in addition to optical and NIR observations. This allows
us to study the impact of adding longer wavelength photometric
data, not only on dust parameters e.g. Ay, but also on other galaxy
properties i.e. stellar mass and SFR. Using Ay estimates derived
when considering the full breadth of the galaxy SED, we explore
potential correlations between global host dust attenuation and SN Ia
properties. Finally, we use our robust host galaxy parameter estimates
to investigate subsamples of SNe Ia, split according to the region their
host galaxies occupy on the SFR—stellar mass plane.

The structure of this paper is as follows. In Section 2, we present
the subset of DES from which our SNe Ia originate. In Section 3,
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we introduce the multiwavelength host galaxy imaging catalogues
used in our analysis. We step through the various methods used
to obtain photometric measurements in the specific wavebands in
Section 4, along with details pertaining to the compilation of the final
catalogues used in this work. We describe our SED fitting framework
in Section 5. The results of this analysis are given in Sections 6-8,
followed by a discussion in Section 9. We present our conclusions in
Section 10.

Throughout the paper, where relevant, we assume a flat ACDM
cosmological model with Qy = 0.315, 2, = 0.685 and Hy = 70
km s~! Mpc~! (following Planck Collaboration VI 2020).

2 DARK ENERGY SURVEY SUPERNOVA
SAMPLE

DES is an optical imaging survey that ran for a period of six years
and covered ~5100 deg? of the Southern hemisphere using the
Dark Energy Camera (Flaugher et al. 2015) on the Blanco 4-m
telescope at the Cerro Tololo Inter-American Observatory. DES was
designed with the purpose of constraining the properties of dark
energy using four complementary probes: galaxy clusters, weak
gravitational lensing, large-scale structure and SNe Ia. The DES
Supernova Programme (DES-SN) was the time-domain component
of DES designed to detect thousands of cosmologically useful SN
Ia light curves over a redshift range 0.05 < z < 1.2 (Bernstein et al.
2012).

DES-SN monitored ten 2.7-deg? fields in griz in the Southern
hemisphere over a period of five years. Eight were ‘shallow’ fields
with a depth on each epoch of ~23.5 mag and two were ‘deep’ fields,
with a depth of ~24.5 mag. The locations of the DES-SN fields
were chosen to coincide with four well-studied extragalactic legacy
fields (Smith et al. 2020) containing pre-existing (and forthcoming)
ancillary multiwavelength data sets. The regions that the DES-SN
footprint overlapped with (and from which the prefix for each DES
field name is sourced) were: Chandra Deep Field-South (CDFS;
‘C1” and ‘C2’ shallow fields, and the ‘C3’ deep field), ELAIS-S1
(ES1; ‘E1” and ‘E2’ shallow fields), Stripe 82 (‘S1° and ‘S2’ shallow
fields) and XMM-Large Scale Structure (XMM-LSS; ‘X1’ and ‘X2’
shallow fields, and the ‘X3’ deep field).

DES-SN surveyed each field with a typical ~7-d cadence and
discovered over ~30000 SN candidates with a small fraction fol-
lowed up spectroscopically (e.g. Smith et al. 2020). Photometrically
classified SNe Ia from the full five years of DES, for which
spectroscopic redshifts from the host galaxies are available, form the
‘DES-SN5YR’ sample (Sanchez et al. 2024). Recent cosmological
analyses (DES Collaboration 2024) using DES-SN5YR have helped
place one of the tightest constraints on the dark energy equation of
state parameter, w, especially in combination with baryonic acoustic
oscillation data from the Dark Energy Spectroscopic Instrument
(Adame et al. 2025). In this paper we use data from DES-SNSYR.
After applying the selection cuts described below, our final sample
consists of 1685 SNe Ia. This includes SNe Ia across all 10 DES
fields. Additional sample cuts are made at later stages in the
analysis based on the availability of multiwavelength host galaxy
data (Section 3).

2.1 Sample selection

To select likely SNe Ia from the photometrically identified DES-SN
candidates, we follow the baseline approach adopted in the DES-
SN5YR cosmological analysis (Vincenzi et al. 2024). Using prob-
abilities determined with the photometric classifier SuperNNova
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(Moller & de Boissiere 2020), we select events with probability of
being a SN Ia, Py,, larger than 0.5.

The same light-curve quality cuts are applied as in Vincenzi et al.
(2024), with the following exception. We do not apply any cut on the
SN colour (typically —0.3 < ¢ < 0.3) and consider the full range of
SN colour allowed within the SALT3 framework ([—0.5, 0.5]), thus
including in our analysis very blue and red SNe.

2.2 SN Ia distance estimation

SN Ia distance moduli, peps are estimated using (e.g. Tripp 1998;
Astier et al. 20006),

Mobs = My + 00X _IBC_M_A/'Lbiam (D

where m,, x; and c are the SN Ia light-curve parameters as defined
in the SALT3 model framework (Guy et al. 2007; Kenworthy et al.
2021), representing the light-curve amplitude, stretch and colour,
respectively. The light-curve fit parameters used in this analysis
come from the DES-SN5YR data release® (Sdnchez et al. 2024).
The nuisance parameters « and 8 parametrize the stretch—luminosity
and colour—luminosity relations, respectively, and M is the absolute
magnitude of a SN Ia with x; = 0 and ¢ = 0. Biases arising from
various selection effects and choices in analysis are accounted for
using the Appi,s term. Standard cosmological analyses include an
additional term that accounts for any residual dependencies between
standardized (i.e. colour- and stretch-corrected) SN Ia luminosities
and their host galaxy properties. This is typically denoted by y Gpost
and defined as a step function of the form,

+V/2 P > Pslepv

—y/2 otherwise, 2)

yGhosl = {
where y is the residual ‘step’ size, P is a chosen property of the SN
host galaxy and Py, is the threshold value defining the step. It is
usual in cosmological analyses of SNe Ia to take the stellar mass as
the host galaxy property, with the step measured on either side of a
10'° M, threshold (i.e. the ‘mass step’). In the interest of studying
correlations between SNe la and their host galaxies, we do not use
this term in our analysis.

2.3 Sample selection effects and corrections

Like most high-z SN surveys, DES is magnitude-limited. As a result,
the DES-SN sample is incomplete at higher redshifts and biased
toward the brightest SNe due to the Malmquist bias. Furthermore, the
requirement for each DES SN to have a spectroscopic redshift from its
host introduces additional selection biases, favouring SNe in brighter
host galaxies. DES SN selection biases have been characterized and
described in detail (Kessler et al. 2019; Vincenzi et al. 2021, 2024).
From these analyses, we can estimate that the DES SN sample is
approximately complete up to z ~ 0.4 in the shallow fields and z ~
0.65 in the deep fields.

We correct for sample selection biases using the ‘BEAMS with
Bias Corrections’ (BBC: Kessler & Scolnic 2017) framework.
The BBC framework has been used in many recent cosmological
analyses, including the DES-SN5YR cosmological analysis, and is
implemented to estimate both corrections for selection effects (A ftpias
in equation 1) and the best-fitting SN standardization parameters (o,
B and y in equation 1).

3https:/github.com/des-science/DES-SN5YR
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Figure 1. Galaxy SED model superimposed with photometric filters used in this work, with a total of 21 filters. The wavebands span from the u band to
Herschel SPIRE data at 500 um. We exclude the VST ugri bands from this figure as they are complementary to the CFHT u and HSC gri bands. The grey
shaded region indicates the limited range in wavelengths used in many current studies of SN hosts; probing only the part of the SED that is dominated by stellar

light (A < 5 pm).

With BBC, model selection biases are modelled using large simu-
lations of the DES-SN sample. We use the DES-SN5YR simulations
described in Vincenzi et al. (2021). These simulations incorporate
DES observational noise and, most importantly, galaxy-dependent
selection effects due to the requirement of a SN host spectroscopic
redshift. In this analysis, we model selection bias corrections A fipjas
as a function of SN redshift only (the so-called BBC ‘1D’ approach).

SN standardization parameters are usually estimated as the set
of parameters that minimize the scatter in the ‘Hubble residuals’,
i.€. Mobs — Mcosmos Where [eosmo are the SN Ia distances expected
from some reference cosmology. In BBC, we can remove any
dependence on the arbitrary chosen reference cosmology by fitting
for additional global redshift-dependent offsets (this approach was
first introduced by Marriner et al. 2011). BBC performs the fitting
using the minimization code MINUIT.

In order to test the robustness of our results after selection effects,
in our analysis we use both the full DES-SN sample (up to z ~
1.2) and apply a redshift cut of z < 0.6 (50 percent of the full
sample) since, in this redshift range, selection effects are expected to
be significantly smaller.

3 HOST GALAXY DATASETS

This section provides a summary of the multiwavelength host galaxy
catalogues that overlap with the DES-SN regions, including the
surveys and instruments from which they are derived. We note that
nominal DES analyses of SN Ia hosts have been performed with
deep-stacked DES griz photometry using all available SN survey
epochs, minus those in a given year to avoid SN light contaminating
the hosts (Wiseman et al. 2020, hereafter W20). This photometry
was supplemented by DES u and VISTA (Visible and Infrared
Survey Telescope for Astronomy) JHK; (Hartley et al. 2022), where
available, and presented for SN hosts by Kelsey et al. (2023). Here,
we aim for the best and largest multiwavelength spectral coverage
and thus only consider SN hosts located across CDFS and XMM
because, subject to availability, data across these fields allow us to
probe the maximum extent of a galaxy’s SED. Therefore, this work
only includes four of the eight DES SN shallow fields (‘C1°, ‘C2’,
‘X1’ and ‘X2’) and both deep fields (‘C3* and ‘X3’). Future work

may extend to include ELAIS-S1, when similar quality optical data
has been collated and combined into a consistent matched catalogue.
In the following subsections, we present the combination u band
through to far-IR data in these fields that we use for our host galaxy
SED modelling.

3.1 Optical

3.1.1 Canada—France-Hawaii Telescope (CFHT) — u*

The 3.6-m Canada-France-Hawaii Telescope (CFHT) is an optical/IR
telescope located near the summit of Mauna Kea, Hawaii. The CFHT
Legacy Survey (CFHT-LS; Cuillandre et al. 2012) was a Large
Program that ran between 2003-2009. It used the 1-deg> MegaCam
imager, with its 0.18 arcsec pixel ™! resolution, (Boulade et al. 2003)
installed at the prime focus MegaPrime environment on the CFHT.
More than 450 nights of telescope time were allocated to CFHT-LS,
which comprised three survey components: the ‘Deep’, “Wide’” and
‘Very Wide’, with observations taken in the u*g’'r'i’z’ bands. We
take CFHT-u* band data over XMM-LSS from the K,-band selected
version of the catalogues used in Adams et al. (2023). For information
on field coverage and filter depths, see Adams et al. (2023), Fig. 1
and Table 1. CFHT-LS did not cover CDFS. Whilst ancillary data
from the CFHT instrument exists over this field, we instead opt for
u-band data from the VST VOICE [VST (VLT survey telescope)
Optical Imaging of the CDFS and Elais-S1] survey covering CDFS.

3.1.2 VLT Survey Telescope VOICE — u,g,1;i

The VOICE (Vaccari et al. 2016) survey was carried out using
the OmegaCAM wide-field imager, with its 0.216 arcsec pixel ™!
resolution, on ESO Paranal’s 2.6-m VLT Survey Telescope. VOICE
covers two extragalactic regions of the Southern hemisphere, with
8 deg? split equally between CDFS and ES1. Of the 4 deg? VOICE
coverage of CDFS, 3.89 deg? also contains overlapping data from
VISTA and HSC (Hyper Suprime-Cam). We take VOICE ugri band
data from catalogues created by Varadaraj et al. (2023, hereafter
V23), for which the 5o limiting magnitudes are 25.5, 26.0, 26.0 and
24.7 mag in each of the respective bands. The VOICE data are used
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Table 1. Number of DES-SN galaxies for which data are available (in at least a single band) across the different
surveys. These numbers are indicative of host galaxy data that comes from a combination of catalogue data and

photometric measurements.

Field (total number of DES-SN host galaxiesT)

CDFS (271) XMM (230)
Survey/wavelength

Optical CFHT-LS, u* - 263
HSC-SSP, grizy 274 269

VST VOICE, ugri 280 -
Near-infrared VISTA VIDEO, YJHK 280 269
Mid-infrared Spitzer SERVS, 3.6, 4.5 pum 339 319
Spitzer SWIRE, MIPS 24 pm 445 369
Far-infrared Herschel PACS, 100,160 pm 453 521
Herschel SPIRE, 250,350,500 pm 534 523

Note. T In brackets next to each respective field are the total number of DES SN Ia host galaxies that have data across
all bands and thus, form the final ‘gold’ sample for this analysis i.e. a subtotal of 501 galaxies.

to complement the HSC imaging across CDFS. The reasons for this
are described in V23, Section 2.2 but, in short, both HSC-/ and -Z
are affected by poor seeing due to a range of observing conditions,
whilst HSC-R has limited coverage across the field.

3.1.3 Subaru Hyper Suprime-Cam—Subaru Strategic Program —
&rizy

HSC is an optical imaging camera, with a wide field of view (1.5 deg
diameter), mounted on the Subaru 8.2-m telescope at Mauna Kea,
Hawaii. The HSC-Subaru Strategic Program (HSC-SSP; Aihara et al.
2018) began in 2014 and was awarded 330 nights to conduct a three-
layered (wide, deep and ultradeep) survey using a multitude of broad
(grizy) and narrow-band filters. The HSC-SSP observing footprint
includes four pointings in XMM-LSS, of which three are ‘deep’,
with 5o limiting magnitudes of 27.1, 26.5,26.2, 25.9 and 24.7 mag in
grizy, respectively. The fourth pointing is ‘ultradeep’, collected using
longer telescope integration times, with 5o limiting magnitudes of
27.6, 27.1, 26.9, 26.5 and 25.6 mag in the same bands mentioned
above. We use optical data from the V23 catalogues who take grizy
photometry from HSC-SSP Data Release 3 (Aihara et al. 2022).
The area over XMM-LSS for which HSC optical data is available
totals 4.33 deg?; determined by the regions that contain overlapping
NIR data (specifically from the VISTA telescope), in mind of our
goal of performing a multiwavelength study of SN Ia host galaxies.
The typical seeing is ~ 0.8 arcsec. The survey did not cover CDFS;
therefore, the HSC catalogue for this field is derived from archival
HSC data (Ni et al. 2019) obtained from four pointings across the
field (except for HSC-R, which constituted a single central pointing
in CDFS; see V23, Fig. 1). The seeing is slightly poorer in this
field, due to the relatively low-elevation on the sky as observed from
Hawaii, and varies by ~ 0.1 arcsec across the field (see V23 for
details). However, as we use total magnitudes for our work, this has
little effect on our results.

3.2 Near-infrared
3.2.1 Visible and Infrared Survey Telescope for Astronomy-VIDEO
- YJHK;

The VISTA Deep Extragalactic Observations (VIDEO) survey
(Jarvis et al. 2013) is a NIR survey conducted on the VISTA
telescope, a 4.1-m wide field telescope located at the Paranal
Observatory, Chile. Observations were taken in the Z, Y, J, H, and
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K bands, with a maximum seeing of 0.9 arcsec, and covered ~
12 deg? over three legacy fields: ES1, CDFS and XMM-LSS. For the
fields relevant to this work (the latter two), VISTA pointings are split
into three tiles of 1.5 deg? each (totalling ~ 4.5 deg?), over which
our data, as for the optical, came from the V23 catalogues. Only
the Y, J, H and K, bands are considered in this work, for which the
average 5o limiting magnitudes across both fields are: ~ 25.2, 24.7,
24.2 and 23.8, respectively. The exact depths for each tile in CDFS
and XMM can be found in V23 (Table 1). The reason for excluding
VISTA Z-band data is due to incomplete survey coverage over our
fields. Instead, this is supplemented by HSC-Z, which also probed
to greater depths.

3.3 Mid-infrared

3.3.1 Spitzer SERVS — 3.6, 4.5 um

NASA'’s Spitzer Space Telescope, operational between 2003-2020,
was an IR observatory designed to study cool and dusty regions of
the Universe that are obscured at optical wavelengths. Of the three
on-board instruments, probing the shorter wavelength regime of the
spectral range (A ~ 3 — 160 wm), was the Infrared Array Camera
(IRAC), a four-channel detector that comprised of filters centred at
3.6, 4.5, 5.8 and 8.0 wm, with an angular resolution of ~2 arcsec.
We use IRAC data* from the Spitzer Extragalactic Representative
Volume Survey (SERVS; Mauduit et al. 2012). SERVS is a medium-
deep survey that imaged 18 deg? over five legacy fields: CDFS,
ES1, Elais-N1 (EN1), Lockman Hole and XMM-LSS, to a depth of
~2 uly. SERVS was conducted during the ‘warm mission’ phase
of Spitzer’s operation, which began once the instrument ran out of
liquid helium coolant. Only IRAC channels 1 (3.6 um) and 2 (4.5
pnm) continued to operate at peak performance during this period and
thus, are the only two bands for which SERVS data are available.
Whilst archival Spirzer data are available at 5.8 and 8.0 um over
our studied fields, we do not include these channels in this analysis
as the data are at a shallower depth and do not provide significant
improvements on any host galaxy parameter constraints.

4SERVS catalogues obtained from the NASA/IPAC Infrared sci-
ence archive: https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=
Select&projshort = SPITZER


https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select\&projshort=SPITZER

3.3.2 Spitzer SWIRE — MIPS 24 um

The Spitzer Wide-area InfraRed Extragalactic (SWIRE; Lonsdale
et al. 2003) survey is one of the largest programs undertaken during
the early stages of the telescopes operation. Designed with the aim
of observing galaxies to an extended area and depth, SWIRE imaged
~49 deg2 across six legacy fields: CDFS, ES1, EN1, ELAIS-N2,
Lockman Hole and XMM-LSS. SWIRE data was collected using
IRAC and the Multiband Imaging Photometer (MIPS) that operated
at wavelengths of 24, 70 and 160 um. The angular resolutions for
each of these wavebands are ~ 6, 18 and 40 arcsec, respectively.
In this work, we only use MIPS 24 um data obtained from the
Herschel Extragalactic Legacy Project (HELP; Shirley et al. 2021)
database’®. The 70 um channel is excluded due to its poor sensitivity
and incomplete survey coverage in our fields. At 160 pm, we use
deeper Herschel observations in the corresponding band.

3.4 Far-infrared

3.4.1 Herschel PACS — 100, 160 um

The Herschel Space Observatory, built by the European Space
Agency and equipped with a 3.5-m diameter mirror, was the largest
IR mission of its generation ever launched. Mapping the cosmos
from the far-IR to sub-mm domain, Herschel was designed with the
intention of studying cold and dusty regions of space, from stellar
nurseries to the evolution of objects on galactic scales. One of the
on-board instruments was the Photoconductor Array Camera and
Spectrometer (PACS) instrument — an imaging camera with filters
centred at 70, 100 and 160 um. The typical full width at half
maximum (FWHM) for each of these wavebands are 5.5, 6.7 and 11
arcsec, respectively. In mind of our goal of probing the dust emission
curve of galaxy spectra, we include PACS 100 and 160 pm data from
the HELP? database. As such, our final catalogues are derived from
a combination Herschel surveys, namely, the Herschel Multi-tiered
Extragalactic Survey (HERMES; Oliver et al. 2012) and the PACS
Evolutionary Probe (Lutz et al. 2011). The previously mentioned
reasons for excluding Spitzer 70 pm also apply here.

3.4.2 Herschel SPIRE — 250, 350, 500 um

To sample the full dust emission curve, complementary to PACS,
the Herschel Spectral and Photometric Imaging REceiver (SPIRE)
instrument covered the 250, 350 and 500 pm spectral bands. The
angular resolutions for each band are 18.2, 24.9 and 36.3 arcsec,
respectively. All channels are included in our analysis and are, as
above, obtained from HELP catalogues, derived from HERMES. To
summarize, all photometric wavebands and the part of a galaxy SED
they probe are illustrated in Fig. 1.

4 PHOTOMETRY AND FINAL CATALOGUE
COMPILATION

4.1 Herschel and Spitzer photometric measurements

In this section, we detail the methods used to obtain photometry from
the mid- to far-IR data for objects that have non-detections at these
wavelengths. The catalogues outlined in Section 3 only include host
galaxy photometry for objects ‘detected’ by Herschel and Spitzer.

Shttps://herschel.sussex.ac.uk
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Therefore, including and performing SED fitting only on galaxies
that only have significant detections in these bands introduces a
bias toward studying dusty (likely star-forming, SF) environments.
To prevent this bias, and mitigate against degeneracies encountered
when using optical data alone, we measure photometry for objects
that are not detected at the longer wavelengths and use these fluxes (in
conjunction with the catalogues) to help constrain the dust emission.

For the Spitzer IRAC channels 1 and 2, we use SEXTRACTOR
(Bertin & Arnouts 1996), in dual-image mode, using 3.6 um as
the detection image and measuring from the 4.5 um filter. Running
SEXTRACTOR in dual-image mode reduces the chance of there being
aperture mismatches between galaxies as the same FLUX-AUTO
aperture is used for any given source imaged across the different
wavebands. In addition, a run of SEXTRACTOR in single-image mode
(i.e. on IRAC channels 1 and 2 separately) results in a handful of
objects (~ 6 per cent of the total sample) detected at 3.6 pm but not at
4.5 um; as expected for hosts situated in the lower luminosity and/or
higher redshift region of the parameter space. Dual-image mode
avoids this, ensuring a more complete and unbiased sample that
includes low-signal-to-noise measurements. The parameter values
in the input file for SEXTRACTOR are chosen following Lacy et al.
(2005) and Mauduit et al. (2012) and are listed in Appendix A.

At wavelengths A 2> 8 um, the flux is spread over a much larger
area due to the poorer resolution. Therefore, to extract fluxes in the
Spitzer MIPS 24 pum band, 7 arcsec diameter apertures are used,
with aperture corrections applied following guidelines found in the
MIPS instrument handbook (MIPS Instrument and MIPS Instrument
Support Teams 2011°). For PACS 100 and 160 um, aperture sizes
are chosen to be similar to the point spread function (PSF) FWHM,
with diameters of 7 and 12 arcsec, respectively. The exact aperture
corrections are derived using the PSF image for each band®, assuming
the galaxies are unresolved.

Far-IR Herschel photometry at 250, 350 and 500 pm is performed
on SPIRE point source maps, which are calibrated in units of
Jybeam™!. We extract fluxes by measuring the pixel value at the
coordinates of the DES-SN host galaxies, which represent the peak
flux density of a point source positioned at the centre of that pixel.
The corresponding errors are derived via a two-step process. First, a
background distribution is determined by measuring the values in the
nearest 300 pixels (an arbitrary choice) to each source position. Due
to the problem of source confusion at these wavelengths, from the
presence and blending of multiple unresolved galaxies within a single
SPIRE beam, the background histogram resembles a skewed normal
distribution; with an excess of positive source counts. Therefore, the
second step in determining the error on the SPIRE fluxes is to fit the
distribution with an asymmetric Gaussian. We conservatively take
the right-hand side (i.e. larger) standard deviation as our error term,
to account for the issue of source confusion.

4.2 Catalogue creation

The final catalogues for each field are assembled via cross-matching
each of the aforementioned multiwavelength galaxy data sets to the
DES-SN host coordinates (from the W20 catalogue). Optical and
near- to mid-IR data are positionally cross-matched to DES using a
1 arcsec matching radius. Following Davies et al. (2021), data for
wavelengths at and above MIPS 24 pm are matched with a 5 arcsec

®The MIPS instrument handbook can be found here: https:
/firsa.ipac.caltech.edu/data/SPITZER/docs/mips/mipsinstrumenthandbook/
MIPS _Instrument_Handbook.pdf
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Table 2. Input global parameters and priors for BAGPIPES SED modelling. All priors are uniform unless explicitly stated otherwise. Dust model component-

specific parameters are associated via colour coding.

Component Symbol Description Prior
Global b4 Redshift Zspec
SFH; lognormal tmax (Gyr) Age of Universe at peak star formation (0.1, 15)
FWHM (Gyr) Full width at half maximum of star formation (0.1, 20)
logio(M,/Mgp) Total stellar mass formed (1, 15)
Z.]Zo Stellar metallicity 0, 3)
Nebular logioU Tonization parameter (—4, -2)
Dust Type Cardelli; Calzetti; Charlot & Fall; Salim -
Ay (mag) Absolute V-band attenuation (0, 6)
€ Multiplicative constant on Ay for stars in birth clouds (tgc < 10 Myr) 1.0
OpAH Polycyclic aromatic hydrocarbon (PAH) mass fraction (0.1, 4.58)
Unin Minimum starlight intensity that dust is exposed to (0.1, 25.)
Ye Fraction of starlight at Upin (0.0005, 1.)
n Slope of the dust attenuation law 0.3, 1.2)
$ Deviation of the slope of the dust law from the Calzetti law (—0.7,0.3)
B 2175 A bump strength 0, 5)

radius, using nearest neighbour association to account for the poorer
positional accuracy.

Having compiled the catalogues, next we correct the fluxes in
each filter for dust extinction due to the Milky Way. The reddening,
E(B — V), is calculated for each DES galaxy sightline using the dust
maps presented in Schlafly & Finkbeiner (2011). The extinction in
each photometric band is then estimated and corrected for using the
Fitzpatrick (1999) dust law, with Ry = 3.1, the Milky Way average.
As a last step, we impose a 5 per cent error floor for measurement
uncertainties that fall below this threshold. This is to account for the
fact that (i) uncertainties in the zero-point for broad-band imaging,
which is dependent on the colour of objects; and (ii) when performing
SED fitting, the template set does not contain a perfect model for the
SEDs of real galaxies. The final sample of SN host galaxies for which
data are available at each wavelength is summarized in Table 1. We
note that the variations in SN host numbers with data in each band
is due to different area coverage of the DES fields by the various
telescopes and not due to sensitivity differences. Of this sample, a
total of 501 hosts have data at every wavelength and we designate
these galaxies our ‘gold’ sample.

5 GALAXY SPECTRAL MODELLING WITH
BAGPIPES

BAGPIPES (Bayesian Analysis of Galaxies for Physical Inference
and Parameter EStimation; Carnall et al. 2018) is a galaxy SED-
fitting PYTHON code that uses Bayesian techniques to fit models to
photometric and spectroscopic data spanning from the ultraviolet
(UV) to microwave regime. At the foundational level, BAGPIPES
constructs galaxy SEDs using the updated 2016 Bruzual & Charlot
(2003) stellar population synthesis models, with a Kroupa (2001)
initial mass function. In addition, there are user-specified parameters
pertaining to components such as star formation histories (SFH),
nebular emission, and dust attenuation that can be used to fine-
tune the complexity of the model. We use BAGPIPES with the
nested-sampling algorithm MULTINEST with a configuration of 1000
live points. The outputs are checked to ensure the posteriors are
reasonable and the sampling has converged. An example of a galaxy
SED fit and posterior distribution output from BAGPIPES is presented
in Appendix B.

We assume a lognormal SFH, as also used in Meldorf et al.
(2022), which requires a smooth rise and fall of star formation over
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cosmic history, as opposed to a more rapidly quenching system.
This choice is made following Gladders et al. (2013) who, based
on the observation that the global SFH of all galaxies follows a
shape evolution in time that is well fitted by a lognormal distribution,
suggest the same may apply to individual sources. Diemer et al.
(2017) investigate this further and find that this parametric form
produces successful fits to cosmological simulations. As we are
primarily interested in the constraints on galaxy dust parameters
that are output via SED fitting, we restrict the SFH (and all other
relevant inputs) to a single functional form throughout all BAGPIPES
runs; the priors on which are summarized in Table 2. The redshift
of each galaxy is fixed to the spectroscopic host redshift from the
DES-SN5YR data release’.

Regarding dust extinction and/or attenuation curves, they are
typically expressed in terms of two parameters: (i) A;, the total atten-
uation at areference wavelength, A, which acts as the normalization of
the curve. It is common practice to take the attenuation in the V band,
Ay (A ~ 5500A). (i) A parameter that characterizes the slope of the
dust law, usually represented by the total-to-selective ratio, Ry. The
value of Ry is dependent upon the size of the dust particles. Smaller
values of Ry correspond to steeper dust curves. This indicates the
presence of smaller dust grains, resulting in a more wavelength-
dependent extinction of light, i.e. greater reddening of light due to
dust. In contrast, larger values of Ry, which yield shallower dust
curves, coincide with larger dust grains and result in light being
extinguished with a lower dependence on wavelength.

The analysis presented here uses the Charlot & Fall (2000,
hereafter CF00) dust attenuation law with a variable slope. The CF00
model adopts a two-component form, whereby different amounts of
attenuation are applied on account of stellar population age. Young
(< 10 Myr) stars are doubly attenuated, both by dust in their natal
clouds and the interstellar medium, whereas older stellar populations
are only attenuated by the latter. Mathematically, the CFOO dust law
is defined in BAGPIPES as,

k) _ (A/5500A)™", 3)
Ry

where n is the slope of the dust law. Our priors on n (Table 2) are
chosen by comparing the different values of n to known values of
Ry found from studies of the Milky Way.

In addition to our fiducial BAGPIPES run using the CF0O dust model,
we test several other parametric dust models currently supported in



BAGPIPES. The first is the Cardelli et al. (1989) Milky Way dust law,
modelled from studies of interstellar extinction in the local Universe.
This is the simplest dust law in the sense that it only accounts for the
effects of dust absorption and scattering of light. The second Calzetti
et al. (2000) dust law implementation introduces a further degree of
complexity, such that it accounts for the effects of dust attenuation
i.e. the scattering of light back into the line of sight and star-dust
geometry. The Calzetti law is commonly applied in the analyses of
SF galaxies.

The Cardelli et al. (1989) and Calzetti et al. (2000) dust laws are
both often characterized by a single degree of freedom, allowing
the normalization Ay to vary but keeping the slope of the dust law
fixed (with values in the literature typically assumed to be Ry = 3.10
and 4.05, respectively). There is evidence however that the slope of
the dust attenuation curve varies across different galaxies as well
as for different lines of sight within a single galaxy (Gao et al.
2013; Schlafly et al. 2016; Yanchulova Merica-Jones et al. 2017;
Salim, Boquien & Lee 2018). There are dust models implemented
in BAGPIPES (in addition to CF00) that account for this variation and
allow for greater flexibility in fitting. The Salim et al. (2018) dust
law, for example, is a modification of the Calzetti et al. (2000) curve
in two aspects. The first allows the slope to deviate from the Calzetti
et al. (2000) model through the introduction of a power-law term
with exponent § (note, setting 8 = 0 reproduces the Calzetti et al.
2000, dust parametrization). A second modification introduces a UV
‘bump’ centred at 2175 A.

6 RESULTS I: HOST GALAXY PARAMETERS
DETERMINED WITH HERSCHEL AND SPITZER

In this section, we investigate the impact that adding Herschel and
Spitzer data has on a selection of host galaxy parameters.

6.1 Dust parameter constraints

6.1.1 Dust attenuation, Ay

We estimate the best-fitting host galaxy dust attenuation values
obtained when including Herschel and Spitzer data (AYS; ‘HS’ stands
for ‘Herschel and Spitzer’) and excluding it (AY1S; ‘NHS’ stands for
‘No Herschel and Spitzer’) and compare the two measurements.
The comparisons are shown in Fig. 2 as a function of both A!S
(which serves as a more reliable proxy for the intrinsic host galaxy
Ay as it is derived using all available photometric wavebands) and
stellar mass. For the residuals as a function of AES (top), the largest
discrepancies occur for objects that have low attenuation when
using the long-wavelength data (A < 0.4 mag). Colour-coding
the data as a function of measured host galaxy rest-frame u — r
colour reveals that objects in this low-A!S regime are intrinsically
the reddest host galaxies (u —r > 1). This observed trend arises
as a consequence of the degeneracy between age, metallicity and
dust, as all three factors can act to redden the colour of a galaxy.
Therefore, when performing SED fitting on intrinsically red galaxies
(i.e. predominantly redder not because of dust but likely because of
the presence of an older stellar population or metallicity effects), the
Ay values can be overestimated in the absence of far-IR data, in
order for the fitted SED model to best reproduce the observed galaxy
colours. Ay discrepancies decrease for high AYS galaxies as, despite
still requiring higher dust attenuation when excluding Herschel and
Spitzer, the red galaxy colours are now predominantly due to dust,
so predictions here are more likely to coincide with the intrinsic host
Ay.
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For the same reasons outlined above, the largest Ay residual dif-
ferences are observed for high-mass host galaxies (log,,(M,/Mg) >
10), as seen in the bottom panel of Fig. 2. Massive galaxies are
comprised of primarily older stellar populations, which emit most
of their light at redder wavelengths. Therefore, the values of Ay for
more massive, redder hosts can be overestimated as the absence of
far-IR data makes it challenging to break the age-metallicity—dust
degeneracy.

6.1.2 Dust law slope

To check that the results of our analysis are not affected by the choice
of dust law, we replace our fiducial choice of the CF00 law with all
other parametric forms implemented in BAGPIPES. We highlight that
the main results of our analysis are not affected by the choice of dust
law. A second reason that motivates this is that it informs us (when
including Herschel and Spitzer) how well we are able to constrain
parameters characterizing the slope of the dust attenuation law. To
do so, we perform a Bayesian model comparison of the different dust
models available in BAGPIPES, with and without the additional dust-
slope free parameters (as well as Cardelli versus Calzetti for which
the slope is fixed for completeness). Using the Jeffrey’s scale on
the Bayesian evidences for each galaxy and dust law choice, strong
preference for any given dust law is defined as log;o(B; ) > 5 (and
its reciprocal), where B ; is the Bayes factor. We present the results
in Table. 3. Across all dust models, we find that our data show no
preference for an additional dust-slope-free parameter and that Ry, n
and 6 remain largely unconstrained, even when utilizing the extensive
multiwavelength data set that we have. This finding is supported by
the fact that when running the same dust law but changing whether
the slope of the dust law is free or fixed, most galaxies in our sample
show no preference for either choice. Invoking Occam’s Razor, the
model with the fewest number of free parameters should be preferred
i.e. dust models that fix the slope of the dust law. We therefore urge
caution when fitting more free parameters for the dust attenuation
models than the data can justifiably constrain.

6.2 Stellar mass constraints

In Fig. 3, we show a comparison of stellar mass estimates, measured
using the long-wavelength data (log(M,/Mg)"S) versus when we
exclude it (log(M, /Mg)NS). We find that, unlike for dust, stellar
mass values derived using just the optical/NIR (ugrizyYJHK) are
consistent with those derived when including longer wavebands.
Stellar mass is strongly correlated with the NIR because the bulk of a
galaxy’s mass is comprised of older (redder) stellar populations that
emit primarily at these wavelengths; where the effects of dust are also
minimal (particularly filters probing the far end of the NIR which,
in our sample, is VISTA Kj). The scatter increases toward the high
stellar mass end, with the stellar masses being higher when excluding
Herschel and Spitzer data. We find this happens for a combination
of reasons. First, a greater proportion of high-mass objects are at
higher redshifts (z > 0.5). An increase in redshift means that the
light emitted from the stars responsible for the bulk of the stellar mass
begins to be redshifted out of the NIR filters, resulting in less robust
mass estimates. Whereas, the inclusion of Spitzer data mitigates this
effect. Secondly, without far-IR data, the amount of galactic dust
attenuation tends to be overestimated (Fig. 2). This means that there
are greater degrees of freedom in the SED model posterior for higher
stellar masses, as a more dust obscured galaxy can imply a more
massive galaxy, just with a greater fraction of extinguished light.
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Figure 2. Residuals in Ay showing the effect of including and excluding Herschel and Spitzer data as a function of Ay determined using Herschel and Spitzer
(top) and stellar mass (bottom). ‘HS’ refers to ‘Herschel and Spitzer’ and refers to when all wavebands are used to obtain host galaxy parameter constraints.
‘NHS’ refers to ‘No Herschel and Spitzer’ for the cases when far-IR data are excluded. If neither of these two superscripts are used (such is the case for the
x-axis label on the bottom plot in this figure), this implies all wavebands are used in obtaining the relevant host galaxy constraint. The samples are colour-coded
as a function of host galaxy rest-frame u—r colour. We note that the axis is truncated to omit a single data point that lies at AIJS > 3 in order to better highlight

the main result displayed in this figure.

6.3 Star formation rate constraints

The residuals in SFR obtained with (SFRYS) and without (SFRNHS)
Herschel and Spitzer, are shown in Fig. 4 as a function of SFRHS,
The largest SFR differences occur for objects that have little ongoing
star formation, SFRHS < 10 Mg, yr™!, indicative of passive galaxies

MNRAS 543, 2180-2203 (2025)

that have perhaps undergone quenching. Galaxies in this part of the
parameter space are also the reddest (u — r > 1). This observed trend
is again a subsequent effect of the age—metallicity—dust degeneracy,
where passive galaxies are mistaken for dust-obscured, actively SF
galaxies, thus leading to an overprediction of SFR (and, in few cases,
vice versa).
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Table 3. Number of objects preferring each dust law or showing no preference. These numbers are determined using
Jeffrey’s scale on the Bayesian evidences for each galaxy and dust law choice. Strong preference for any given dust
law is defined as logjo(B1,2) > 5 (and its reciprocal), where B > is the Bayes factor.

Dust law 2 preferred No preference

Comparison Dust law 1 preferred
Cardelli versus Calzetti 35 (Car)
CFO0 fixed n versus free n 1 (fixed)
Salim fixed § versus free § 2 (fixed)

18 (Cal) 448
4 (free) 496
52 (free) 447

11.0 A

9.0 1

9.5 10.0 10.5 11.0 11.5
log (M, /M)FS

Figure 3. Comparison of host galaxy stellar masses constrained when
including (‘HS’) and excluding (‘NHS’) Herschel and Spitzer data.

— -
_ 1 1.75
0.5 4
1.50
0.0 4
X .
= 1.25
5 —0.5 4
= & 1 u.
" s Lo T ."i dut Lop =
E 104 RN i =
£ AT S LR 3
7] 15 to . il b L 8 > 0.75 ‘3
wo —1.5
¥ — . f ES e A z
o'
n 2 g 050 &
= —2.04 T —Te % Ll o
= S
@ . % T
w95 e A 0.25
] i -
EYRI=| 1 0.00
E ‘
b —0.25
T T ;

T T . T
-5 -lL0 —05 00 0.5 1.0 1.5 2.0
log SERH® (M /yr)

Figure 4. Residuals in log(SFR) showing the effect of including and
excluding Herschel and Spitzer data as a function of log(SFR™S). To reiterate,
‘HS’ refers to ‘Herschel and Spitzer’ and is used when all wavebands are used
to obtain host galaxy parameter constraints. ‘NHS’ refers to ‘No Herschel and
Spitzer’ for the cases when far-IR data are excluded. The samples are colour-
coded as a function of host galaxy u—r colour. Objects with log(SFRHS) <
—1.7 are set to limits at this value. The axis is truncated for visualization
purposes to remove objects with residuals Alog(SFR) > 0.8 and Alog(SFR)
< —3.6.

7 RESULTS II: CORRELATIONS BETWEEN SN
IA COLOUR AND HOST GALAXY DUST

In the context of reconciling SN Ia properties with their host galaxy
environments, we investigate the link between SN colour, ¢ and host
galaxy dust. In addition to global dust attenuation, AHS, we introduce
the quantity ‘specific dust mass’. This is defined as the galaxy dust
mass, My, normalized by total stellar mass, M,. We estimate the
galaxy dust mass, Mgy, as

FD} L,
K, By(Ta) — A4mic, By(Ty)’

where F, (L,) is the flux (luminosity) density at frequency, v,
measured from the best-fitting SED models using BAGPIPES, Dy is
the luminosity distance of the source, k, is the dust mass opacity
coefficient and B, is the Planck function. We take v = 3.53 x 10'!
Hz (850 pm) and characteristic dust temperature, 7y = 30 K. «, is
set to 0.077 m? kg~! for consistency with Dunne et al. (2000) and
Dunne & Eales (2001), who choose this value as it is intermediate to
values found for graphites and silicates (Draine & Lee 1984; Hughes
et al. 1993).

The distributions of SN colour as a function of both the afore-
mentioned dust parameters are displayed in Fig. 5. We note that
the reddest SNe Ia are hosted by galaxies that are characterized by
higher levels of dust attenuation and specific dust masses. Perhaps
unsurprisingly as, for a globally dusty galaxy, the probability of a
SN lying along a line of sight that coincides with a pocket of dust
increases and the presence of dust preferentially acts to redden the
light from a source.

Mapping both samples as a function of sSFR shows that there
exists a positive correlation with both dust parameters i.e. higher
sSFR galaxies are also the dustiest. A strong positive correlation
between SFR, Ay and mass (or some pairwise combination of the
three) has also been found in various literature for samples of SF
galaxies (e.g. Genzel et al. 1998; Kennicutt 1998; Calzetti et al.
2000; Dunne & Eales 2001; Garn & Best 2010; Zahid et al. 2013).
In the context of sSFR, SNe Ia appear to separate into two distinct
populations in Fig. 5: (i) those in low sSFR galaxies, which are
generally bluer (i.e. with fewer red SNe) and span the full specific
dust mass range; and (ii) those in high sSFR galaxies, which are
invariably associated with high specific dust masses, with SNe that
span the full — and even broader — colour range.

To gauge whether it is dust attenuation or specific dust mass
that is more strongly correlated with SN colour, we perform a two-
sample statistical test to assess whether SN colour distributions differ
for ‘low-’ versus ‘high-attenuation/specific dust mass’ galaxies. We
split our ‘gold” sample of (501) galaxies at A!S = 0.31 mag and,
separately, at Ma./M, = 107*3. These values are chosen from
minimizing the p-value returned from a two-sample Kolmogorov—
Smirnov (KS) test. The SALT3 c distributions are displayed in Fig. 6.
A KS test indicates that it is highly statistically significant that the
SALT3 c distributions for SNe split by both dust parameters are
sampled from different parent populations, with p = 8.4 x 1073

Mgy = (4)

MNRAS 543, 2180-2203 (2025)



2190  S. Ramaiya et al.
—8.0
.
. P “ae
e Tegtt L% e - —8.5
o J et o2t st
10" PR Vor 2y T
S g00EE £3L .
- e W&FL ,,,,,,, e 9.0
O "" - . * &
T e T T
10-! .\.' :. n‘ 9.5
o . = .._‘. LI - .
= A 100k
0 teoap et i ~ G
& . ®
= 1024 L &{.. = .
. 10.5
¥
¥
¥
-11.0
103 4
—11.5
.
T T T T T -12.0
—0.4 —0.2 0.0 0.2 0.4

SN Colour ()

1072 4 -8.5
10
1074 4

() W
10.0 &
10-7 4

log (Maust/M.)

—10.5

10~% 4
—11.0

0-7 4
1 —11.5

10-8

T ' T
0.4 0.2 0.0 0.2 0.4
SN Colour ()

Figure 5. SN colour, c, as a function of global host galaxy dust attenuation, AI{}S, (left) and specific dust mass, Mqust/M, (right). The samples are both
colour-coded as a function of sSFR. The horizontal dashed lines indicate the value of Ay and/or My, that minimize the KS-test p—value.

0 AYS < 0.31 (187 SN hosts)
AY® > 0.31 (314 SN hosts)

| Kolmogorov-Smirnov,
| p=84x107*

Probability Density

0.0 "— T T T = T
—0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

SN colour (c)

4.0 4 0 My /M, < 1075 (129 hosts)

ﬂ 0 Myye /M, > 10743 (372 hosts)
3.5 1 Kolmogorov-Smirnov, A\
p=23x10""
3.0 1 [

[~
@
1

Probability Density
(3]
=

T -~ T
0.0 0.2 0.4 0.6
SN colour (c)

Figure 6. Left: SN SALT3 colour, ¢ distributions for SNe in ‘low-attenuation’ (AvS < 0.31) and ‘high-attenuation’ (A]"}S > 0.31) host galaxies. Right: as left,

but for specific dust mass split at Mayst/ M, = 10743,

and 2.3 x 107> for low- and high-attenuation and specific dust
mass hosts, respectively. The split on specific dust mass is the
most significant, suggesting that this has a larger contribution than
global host galaxy dust attenuation on SN colour variations. Again,
unsurprising as a higher specific dust mass indicates a larger fraction
of the total galaxy mass is comprised of dust, thus increasing the
chance of SN light passing through a dusty sightline. However, we
emphasize that the difference in SN colour is small.

It is worth commenting that the KS test difference for a split on
Ay is due to a broader red tail for SN Ia colours in high-Ay hosts.
Whereas for the split on specific dust mass, the difference is due to
a shift in the entire distribution of SN Ia colours to redder values for
SNe in high specific dust mass hosts.

8 RESULTS III: SPLITTING THE SN IA
SAMPLE BY HOST GALAXY PROPERTY -
STAR-FORMING MAIN SEQUENCE

At the core of galaxy evolution studies is the effort to understand
the formation and assembly of stellar mass (M,) content across
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cosmic time. In mind of this goal, coupled with the acquisition
of statistically significant samples of data, one avenue of research
has focused on exploring how galaxies occupy the SFR—M, plane.
This representation into the evolutionary state of a galaxy reveals
that, in the most basic sense, galaxies can be categorized into two
distinct populations: actively SF versus quiescent, passive systems.
Of the fraction that are SF, a tight correlation is observed in the
context of this plane — a relation now commonly designated the
main sequence (MS) of SF galaxies (SF-MS; Brinchmann et al.
2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007).
The SF-MS exists across a range of redshifts (0 < z < 4) and is
usually characterized as having a slope of approximately unity, with
little dispersion (~ 0.2 — 0.3 dex) around the MS (though refer to
the literature for a more extensive discussion). Under a mathematical
formalism, the SF-MS can be modelled as a second-order polynomial
of the form (as defined in Whitaker et al. 2012),

logo[SFR(2)] = a(2)[logio(M.,) — 10.5] + B(2) &)



where a(z) and B(z)” parametrize the slope and normalization of the
SE-MS, respectively, and are given by,

a(z) = o) +anz
B(@) = Bi + Pz + B3z”

with fit parameters: a4, o2, B, B and B3. We take the median values
presented in table 3 in Johnston et al. (2015), who also use Herschel
and Spitzer data, in addition to optical and NIR wavelength coverage
comparable to that used in this work.

In the interest of studying correlations between SN Ia properties
and their host galaxy environments, we use the parametric form
of the SF-MS (equation 5) to split the SFR-M, plane into three
regions, each of which is comprised of a population of hosts that
share common characteristics. The first region consists of SNe Ia
located in low-mass host galaxies, which we arbitrarily define as a
stellar mass cut that is coincident with the position of the ‘mass step’
i.e. < 10'° Mg,. We do not explore other mass cuts in this analysis and
note that the significance of our results is expected to differ based on
the split point used (refer to Sullivan et al. 2010, table 5). Next, we
use SFR as a proxy to classify the high-mass hosts (> 10'° M) into
two populations. We split host galaxies into those on and off the main
sequence by cutting those more than three times the scatter from the
SF-MS. In brief, the second region is defined by a cut Alog;o(SFR)
< 30, isolating host galaxies that lie on the SF-MS (note this applies
only to galaxies 30 below the SF-MS, not above it). We take o = 0.3
dex following Johnston et al. 2015 (hence 30 = 0.9 dex). The third
and final region, with Alog;o(SFR) > 30, encompasses SN host
galaxies that have evolved off and lie below the SF-MS and are
thus, characterized by low SFRs i.e. a passive, quenched population.
The choice to separate high-mass SF and high-mass passive hosts
by whether they lie within a 30 confidence interval around the SF-
MS is quite conservative, ensuring that we minimize the number of
SF galaxies in the region that we aim to limit to passive galaxies.
We explore adopting other o —cuts when splitting our sample in
this context but retain a 3o cut as the basis for our main analysis.
This choice is made prior to examining the effects of alternative
o —cuts, which we include in this work solely for comparison, and
is not guided by any attempt to present the most optimal results. The
distribution of SN host galaxies in the triply divided SFR— M, plane
is presented in Fig. 7. In the following, we explore various properties
and nuisance parameter constraints for SNe Ia in each of the three
aforementioned regions.

8.1 Nuisance parameter constraints

In this section, we investigate the SN nuisance parameters (¢, §)
that are used to correct for variations in SN luminosities. These
parameters are measured using BBC (see Section 2.3). We obtain
these for both our total ‘gold’ sample and for the subsamples of
SNe Ia in each division of the SFR—-M, plane to check the level
of consistency when splitting on host galaxy properties. We also
explore the absolute magnitude of SNe la (M in equation 1). We
note, however, that without an absolute calibrated distance scale, M
is degenerate with Hj. Instead, cosmological fits marginalize over a
single parameter, M = M + log,,(c/Hp) + 25, that combines these
terms. Therefore, we do not present our results in terms of M, which
requires an assumption for the value of Hy. Instead, we report our
findings in terms of AM, the relative value of M with respect to

"These o and B parameters are not to be confused with those used to
characterize the SN stretch- and colour—luminosity relation.

The host galaxies of SNe la 2191

our ‘gold’ sample constraint. This choice does not impact our results
in any way. We present our results in Table 4 and our findings are as
follows,

(i) The values of « in each of the three subregions are consistent,
with the largest difference at the ~0.50 level (between regions 1 and
3).

(i1) SNe lain low-mass hosts (region 1) are characterized by higher
values of B than those in high-mass hosts. The largest difference
(~6.10) exists between regions 1 and 3 (passive hosts). Smaller
differences in B are seen between regions 1 and 2 (high mass,
MYS), significant at the ~1.90 level. These differences persist even
amongst high-mass hosts (regions 2 and 3), with passive hosts
displaying the smallest 8 values (~5.30 difference). We plot the
Hubble residuals, excluding the colour-dependent correction (—fSc)
term, versus SALT3 SN colour in Fig. 8 (top panel), and overlay the
best-fitting lines whose slopes are given by our measured values of 8
for each region. For completeness, Hubble residuals with the colour
correction included are plotted in the bottom panel of Fig. 8. The
observed trend of positive residuals for blue SN colours is expected
and arises due to parameter migration effects (see Scolnic & Kessler
2016 for a detailed explanation).

(iii) When restricting our sample to z ~ 0.6 to mitigate the effects
of selection biases, the difference in B values between the three
regions is still significant and follow the same trend observed for the
full sample (region 1 has the highest 8, while region 3 the lowest).
We note that this redshift cut results in a ~ 1o increase in 8, on
average, across all best fits. This is not surprising as selection effects
primarily affect highly reddened (hence faintest) SNe, thus result-
ing in a flattening of the colour—luminosity relation parametrized
by B.

(iv) We test different sigma cuts (Fig. 9) from the SF-MS when
defining regions 2 and 3 and measure how this impacts the value of
B in the two regions. When applying a higher sigma cut, region 3 is
representative of a ‘purer’ sample of passive hosts and the measured
value of B is consistently lower (with the largest difference between
regions up to a ~6¢ significance level). Only for a 1o cut does the
significance of the B difference between regions 2 and 3 decrease
below 3o. This is likely due to region 3 being contaminated by SF-
MS galaxies. The g value for region 2 is consistent for different
sigma cuts.

(v) Consistent with previous works (Kelly et al. 2010; Lampeitl
et al. 2010; Sullivan et al. 2010), we find SNe Ia in high-mass hosts
(regions 2 and 3) are, on average, brighter (negative AM) post-
standardization than those in low-mass hosts. This well-known trend
is referred to as the ‘mass step’ and has been confirmed in previous
cosmological analyses that fit the full SN Ia sample. The mass step
is usually defined as the difference between the average Hubble
residuals for low- and high-mass galaxies. As we are minimizing the
residuals for each region separately, we instead look at differences
in the SN absolute rest-frame magnitude across the three regions.
The most significant brightness differences (~ 0.121 mag) are seen
between SNe in low-mass (region 1) and high-mass, passive (region
3) hosts, at a ~5.8¢ significance level. The smallest differences in
brightness (~ 0.055 mag) are between SNe in low-mass and high-
mass, MS (region 2) hosts (~2.60 ). Amongst both high-mass regions
(2 and 3), differences persist at a ~3.70 significance level. We
highlight that these differences in AM and/or M come after having
applied a separate, optimized B correction to each subsample.

(vi) SNe Ia in high-mass hosts display smaller rms scatter in the
Hubble residuals than low-mass hosts. The rms scatter amongst SNe
in both high-mass regions are similar. For the z-cut sample, which
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Figure 7. The distribution of SN Ia host galaxies across the SFR—M, plane. The plane is divided into three regions (coded by marker type) to isolate galaxies
that are characterized by similar properties. Low-mass galaxies are indicated by stars, where we apply an arbitrary cut on mass at the location of the ‘mass step’
ie. < 10'°Mg. High-mass galaxies (> 10'© M) are then split into two populations based on whether they lie within a 30 interval of the SE-MS (equation
5), which is highlighted by the blue shaded region. To aid the interpretation of our nuisance parameter constraints for different o cuts, which are presented in
Table 4, we also plot the 1o (green shaded region) and 20 (orange shaded region) intervals. High-mass, high SFR galaxies are shown as squares and conversely,
high-mass, low SFR (passive) galaxies are shown as triangles. Galaxies with SFR values below 0.01 Mg, yr~! are set as upper limits to this value and are indicated
by downward arrows for illustration purposes. The points are colour-mapped by host galaxy dust attenuation, AES, constrained when including Herschel and
Spitzer data. The dynamic range on the colour bar is altered to limit the upper bound on Ags to 2 mag, to emphasize differences between host attenuation across
the SFR—M, plane. Luminous Red Galaxies (LRGs) in the REDMAGIC sample from Chen et al. 2022 (see Section 9.1.3) that overlap with our ‘gold’ sample are

displayed by red hexagonal contours. Refer to Table 4 for the full summary of cosmological SN nuisance parameter constraints.

is a more ‘complete’ sample that is less affected by selection biases,
the rms decreases when moving in order from regions 1-3 (which is
the same trend seen as for the nominal sample except the differences
are more significant). Region 3, which has the lowest rms of 0.151 £
0.025, is also characterized by the lowest value of §. This may be
suggestive of SNe in passive hosts forming the most homogeneous
sample due to having a combination of both the lowest 8 and lowest
rms.

8.2 Distribution of SN Ia properties

8.2.1 SN colour

Here, we explore the distribution of SN Ia properties in each region
of the SFR—M, plane. Fig. 10 (left) shows the colour distributions of
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SNe Ia in each of the three regions. We do not find any strong trends
between SN colours in low- and high-mass stellar hosts, nor have
any been found to date in the literature. The mean of SN colours in
region 2 (high mass, MS) display a shift toward redder colours. This
aligns with the A estimates associated with this region. Fig. 7 (or,
alternatively, mapping the plane by specific dust mass in Fig. C1)
shows that these host galaxies are more affected by dust attenuation
(as expected for highly SF systems), which may redden the SNe (see
Section 7, Fig. 6).

The most statistically significant difference between SN colour
distributions is between regions 2 and 3, with a KS test returning
p = 3.4 x 107*, Perhaps unsurprisingly as galaxies in these regions
display the biggest differences in dust attenuation and specific dust
masses. Ginolin et al. (2025a) also find higher mass galaxies to host
redder SNe, with a return to bluer SN colours in the most massive
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Table 4. Nuisance parameter values constrained using BBC for SNe Ia in host galaxies that occupy three distinct regions of the SFR—M, plane. ‘Nominal’
indicates we use all SNe in a given subregion without applying any redshift cuts, while ‘z < 0.6’ indicates the redshift cut we apply to minimize the effect of
survey selection biases on our sample (see Section 2.3). Moreover, ‘2o-cut’ and ‘4o -cut’ indicate the different cuts applied to select passive versus SF-MS
hosts. In reference to the nominal results for regions 2 and 3, we use a 3o -cut.

SF-MS region Selection cuts ~ Ngn™ a B AMD rms
Gold sample Nominal 495 0.157£0.009  3.1140.08 - 0.2574+0.016
(z <0.6) 238 0.166£0.011  3.30£0.09  0.005+£0.012  0.182+0.017
Region 1: low-mass, SE-MS (< 10'°M) Nominal 116 0.1854+0.023  3.51+£0.16  0.055£0.019  0.27740.037
(z <0.6) 70 0.182+0.023  3.64£0.15  0.062+0.019  0.180+0.031
Region 2: high-mass (> 10'°M), SF-MS (Alogjo(SFR)<30) Nominal 197 0.180£0.019  3.15£0.11  0.000£0.015  0.238+0.024
(z <0.6) 92 0.208+0.024  3.30+0.13  —0.017+0.018  0.165+0.024
(20 -cut) 181 0.178+£0.019  3.14£0.12  0.000+£0.015  0.241+£0.025
(40 -cut) 217 0.1844+0.018  3.09+0.11  —0.005+0.014  0.24240.023
Region 3: high-mass (> 10'° M), passive (Alog;o(SFR)>30) Nominal 182 0.1724+0.013  2.124£0.16  —0.066+0.014  0.207+0.022
(z < 0.6) 76 0.181£0.017  2.36+£0.21 —0.052+0.018 0.151+£0.025
(20 -cut) 198 0.171£0.014  2.31£0.15 —0.055+£0.014  0.21540.022
(40 -cut) 162 0.170£0.013  2.15£0.17 —0.066+0.015 0.211+£0.024

Notes. ® The number of SNe Ia included in the BBC fit include a 4o outlier rejection. For this reason, the BBC fit of the ‘gold’ sample (501 SNe, see Table 1),
for example, only includes 495 SNe.

() AM is the difference in absolute brightness compared to the full ‘gold’ sample defined in this work, with the errors given in quadrature. The quoted
uncertainties on AM should be regarded as a conservative upper bound as the assumption of statistical independence — which underlies the quadrature
addition of uncertainties — is not strictly valid in this case (each region sample is a subset of the gold sample which means the error on M for the gold sample
and any region subsample are correlated). The true uncertainty on AM is expected to be lower.

® Sample (or subsample) Hubble residuals rms scatter.
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Figure 8. SN SALT3 colour versus SN standardized brightness (see equation 1) calculated both excluding (top panel) and including (bottom panel) colour-
dependent corrections (— B¢ term), and subtracting Planck-like cosmology (f4cosmo) i-€. Hubble residuals. We present the best-fitting 8 values for four different
samples (from left to right): the gold sample and the regions 1, 2 and 3 subsamples (see Section 8). 8 slopes of 2 and 4, which are the extremes of values found
in the literature, are overplotted to guide the eye.

hosts (i.e. our region 3) noted by both Kelsey et al. (2023) and Popovic in Table 5. There are no significant changes to the resultant colour
et al. (2025). We note that in our analysis, we constrain the global distributions.

host galaxy Ay and, as aresult, the role that circumstellar dust and/or
line of sight attenuation has on producing the observed SN colour
distribution remains unclear. The colour distributions in Fig. 10 are
produced using a 3o —cut to separate regions 2 and 3 (high-mass, SF-
MS versus high-mass, passive). As an additional test, we reproduce Correlations between SN stretch and host galaxy properties are
our results using other o —cuts, the percentiles for which are given amongst the more well documented in the literature (Hamuy et al.

8.2.2 SN stretch
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Figure 9. Best-fitting S using SNe in region 2 (blue) and region 3 (red),
shown as a function of o-cut used to select SF-MS versus passive host
galaxies. We test a range of o-cuts, from the least conservative selection
of passive hosts (hosts that are 10 away from SF-MS are considered to be
passive, i.e. assigned to region 3) to the strictest selection of passive hosts
(only hosts that are at least 5o away from SF-MS are considered to be passive,
i.e. assigned to region 3). For reference, the nominal B values (measured using
a 3o cut) are shown as horizontal dashed lines for the two regions. Next to
each data point we display the number of SNe in each regions o -cut sample.

1996, 2000; Riess et al. 1999; Sullivan et al. 2006). In Fig. 10 (right),
we show the distributions of SN stretch in the regions 1, 2 and 3
and confirm the observed trends that early-type passive galaxies (i.e.
region 3 in our analysis) primarily host low-stretch SNe. In a similar
vein, the mean stretch of SNe in galaxies with active star formation is
shifted toward higher values, with a relative lack of low-stretch events
(regions 1 and 2). Paraphrasing in terms of host galaxy stellar mass,
low-mass galaxies (region 1) tend to have an absence of low-stretch
events (e.g. Sullivan et al. 2010). As our host galaxy measurements
allow us to split high-mass galaxies into two regions (2 and 3), it
appears that the SNe in passive hosts drive the stretch distribution to
lower values of x;. The shift of stretch distributions between regions
aligns well with the model of Nicolas et al. (2021) and Ginolin et al.
(2025b). In this context, region 1 comprises only SNe from the ‘high-
stretch” mode; region 2, with a combination of young and old stellar
populations, is a mixture of low- and high-stretch mode SNe and

1.0 1 |
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Table 5. Percentiles of SN colour as a function of SF-MS region and selection
cuts. ‘Nominal’ refers to the baseline 30 cut. Region 1 is only a cut on
mass and is unaffected by o —cuts. We include the region 1 percentiles for
completeness.

SE-MS region Selection cuts 16th 50th 84th
Region 1 Nominal —-0.07 0.01 0.16
Region 2 Nominal —0.08 0.03 0.16
20 -cut —0.06 0.03 0.16
4o -cut —0.08 0.03 0.15
Region 3 Nominal —0.12 —0.01 0.07
20 -cut —0.12 —0.01 0.08
4o -cut —0.12 —0.02 0.07

Table 6. As Table 5 but for SN stretch.

SF-MS region Selection cuts 16th 50th 84th
Region 1 Nominal —0.40 0.30 1.08
Region 2 Nominal —-0.93 —0.14 0.80
20 -cut —0.91 —0.14 0.84
4o -cut —0.96 —0.16 0.76
Region 3 Nominal —1.76 —0.59 0.44
20 -cut —1.76 —0.54 0.44
4o -cut —1.82 —0.62 0.45

region 3, with a pure old stellar population, has a higher fraction of
‘low-stretch” mode SNe. The apparent negative shift of the entire
distribution from region 1 to region 3 is also predicted in the Nicolas
et al. (2021) and Ginolin et al. (2025b) model. As with the SN colour
distributions, we test the effect of other o —cuts on our results. The
percentiles are presented in Table 6, where we observe no significant
differences in the SN stretch distributions.

9 DISCUSSION

9.1 The slope of the SN colour-luminosity relation

Cosmological analyses that use the full SN Ia sample (i.e. not split
by host properties) to measure the slope of the colour—luminosity
relation generally recover values of B ~ 3. The recent DES-
SNS5YR results (Vincenzi et al. 2024) find 8 = 3.14 4 0.03, which
is consistent with our total ‘gold’ sample results, where we measure
B =3.11+£0.08.

Region 1: Low mass, SF-MS
[ Region 2: High mass, SF-MS

0.4 4 Region 3: High mass, passive

0.3
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Figure 10. Distribution of SN colour, ¢ (left) and SN stretch, x; (right) in each of the three regions of the SFR—M, plane.
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Figure 11. Global dust attenuation, Ay (left) and specific dust mass (right) distributions for host galaxies in each region of the triply divided SFR—M, plane.
We note that axis is truncated solely for visualization purposes to exclude a single host galaxy in region 1 with Ay > 3 mag.

As for the underlying scientific justification, the favoured hy-
pothesis for what drives higher values of B is a combination of
intrinsic SN variations and dust. To gain further insight, we map
each region on the SFR—M, plane by both global host galaxy dust
attenuation A (Fig. 7) and specific dust mass (Fig. C1). We remind
the reader that host galaxy Ry is not well constrained, even with
our extensive multiwavelength data (Section 6). The distributions
of host galaxy dust attenuation and specific dust mass by region
are presented in Fig. 11. We find that region 3 (high-mass, passive)
hosts are characterized by the lowest values of dust attenuation and
specific dust masses. SNe Ia in this region also yield the lowest value
of B = 2.12 £ 0.16. The measured B for SNe Ia in SF host galaxies
is higher, with 8 = 3.51 £0.16 and 3.15 £ 0.11 for regions 1 and
2, respectively. Host galaxies in these regions are also subject to
higher levels of dust attenuation and have higher specific dust masses
(Fig. 11).

One possible interpretation of these findings may be that 8 for SNe
Ia in region 3, where galaxies are the least globally dusty, is closer to
the intrinsic SN B. In a similar vein, as host galaxies in regions 1 and
2 are globally dustier, the higher g values for SNe Ia in these regions
may be due to the effects of dust. Whilst a reasonable hypothesis,
we refrain from making any conclusive remarks regarding the driver
of SN B variations in different host galaxy environments. This is
because our dust parameter measurements are a global property
of the galaxy, instead of locally to the position of the SN. Many
works suggest that it is line-of-sight and/or circumstellar dust around
the SN itself that drive variations in their luminosities (e.g. Wang
2005; Folatelli et al. 2010). At present, our current analysis lacks the
necessary constraints to validate or disprove this theory.

We now step through and compare our findings with the relevant
literature. Specifically, previous works that have split the SN Ia
sample by a selected property of the host galaxy in order to study the
impact on the SN colour—luminosity relation. To aid interpretation,
a comparison of 8 from the various analyses listed in the remainder
of this subsection are summarized in Fig. 12.

9.1.1 Splitting by stellar mass

It has been commonplace in past research (Kelly et al. 2010; Sullivan
et al. 2010) to use stellar mass as a proxy when studying correlations
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Figure 12. A comparison of values of 8 constrained from select analyses in
the literature and this work (at 3o significance).

between SNe Ia and their host environments. The reason being
that it is the most accessible host property for which estimates
from SED fitting are robust (Fig. 3). Using the Supernova Legacy
Survey sample, Sullivan et al. (2010) explore differences in SN
Ia properties when splitting their sample by host mass, testing
different thresholds when defining their low- and high-mass galaxy
subsamples. When splitting at log(M, /M) = 10 and determining
cosmological nuisance parameters on either side of the split, they find
B =3.71£0.17 and 3.16 & 0.16 for low- and high-mass galaxies,
respectively. Their low-mass value for g is consistent with our region
1, which applies the same cut on mass. Regarding their high-mass
subsample, this is likely to include both SF and passive hosts. Here,
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their measurement of 8 can be understood in the context of Fig. 9,
where B for region 2 remains consistent with ~3.15 even as the o -
cut that is used to divide massive hosts is increased. At the 5o —cut
extreme, it is highly probable that there is contamination from passive
hosts in the SF sample. Yet, we do not see a significant reduction
in the measured B, suggesting the SF host galaxies have a larger
effect on the value of 8. This is likely due to the larger variation in
SN colour in SF host galaxies, meaning that the more extreme SN
colours dictate the slope of the correlation, e.g. Fig. 8. The analysis
by Sullivan et al. (2010) has since been replicated on much larger and
statistically robust data sets, with many consistently recovering the
trend of a decreasing 8 with increasing stellar mass (e.g. Gonzalez-
Gaitan et al. 2021; Kelsey et al. 2021; Popovic et al. 2025; Ginolin
et al. 2025a).

9.1.2 Splitting by sSFR

In order to more definitively separate galaxies comprised of young
and old stellar populations, Sullivan et al. (2010) also explore the
approach of splitting the sample at different thresholds of sSFR.
They observe a significant difference in 8 values between low- and
high-sSFR galaxies (8 = 2.88 £ 0.16 and 3.73 + 0.16, respectively,
when splitting at log(sSFR/yr~!) = —9.30). In estimating host
galaxy parameters prior to creating these subsamples, Sullivan et al.
(2010) use optical and NIR photometry, specifically the ugriz/HK;
bands on the CFHT. However, the absence of mid- and far-IR data
when fitting a model to a galaxy SED can significantly affect SFR
(Section 6); any systematic errors on which naturally propagate to
errors in sSSFR. When mapping galaxies on the SFR—M, plane, this
can lead to the region they occupy to vary drastically. To illustrate
this, we recreate Fig. 7 but in the absence of Herschel and Spitzer
when deriving host galaxy parameter estimates; we present this in
Fig. C2. This highlights the misclassification of passive galaxies
as actively SF hosts (and vice versa) — a consequence of the age—
metallicity—dust degeneracy. Therefore, it is highly probable that
the division of galaxies by sSFR in Sullivan et al. (2010) is not
resulting in the ‘purest’ samples and instead, the low- and high-sSFR
groups contain a combination of both passive and SF hosts. This
has the potential to impact the measurement of S, as well as other
cosmological parameters, potentially increasing contributions to the
cosmological systematic error budget.

We note that the trend we find that is consistent with Sullivan
et al. (2010, and other similar works that subsample SNe by the
star formation activity of their hosts e.g. Lampeitl et al. 2010; Chen
et al. 2022) is that SNe in passive galaxies show a preference for
lower values of 8 than those in actively SF hosts. As a final point, we
mention that Sullivan et al. (2010) use a split at a single value of sSSFR.
We suggest a more robust way to divide galaxies into populations
characterized by their star formation activity is as done in this paper.
That is, a division based on where a galaxy lies with respect to the
SF-MS (equation 5).

9.1.3 Splitting by host galaxy type

A distinct alternative to property-based subdivisions (e.g. sSFR or
stellar mass) is to construct sub-samples of SNe Ia according to
host galaxy type. This approach comes with certain advantages.
For example, selecting galaxies of the same mass/age/metallicity
irrespective of redshift acts to dilute the effect of any evolutionary
trends in host properties across cosmic time. This in turn results in
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a sample that is less influenced by various empirical correlations
between SN light-curve parameters and their galaxy environments.

Chen et al. (2022) conduct a study of a sample of DES SNe
Ia that are located exclusively in luminous red galaxies (LRGs; see
Eisenstein et al. 2001), which they identify using the the red-sequence
Matched-filter Galaxy (REDMAGIC; Rozo et al. 2016) algorithm
(hereafter referred to as the ‘REDMAGIC’ sample). One aspect of
their analysis focuses on the SN colour—luminosity relation, for
which the redMaGiC sample yields g = 2.068 £ 0.210 — a value
that is significantly lower than those reported in the literature for
the full SN Ia sample, i.e. without subdivision by galaxy type. The
authors propose that this low g (or, alternatively, a weaker correlation
between SN colour and luminosity) is indicative of a population
that is more standardizable and thus, better optimized for use in
a cosmological context (particularly when lacking spectroscopic
coverage).

With our improved host galaxy parameter constraints and an
updated catalogue from Chen et al. (2022) consisting of 212 LRG
SN hosts (44 of which we have host galaxy photometry for across
CDFS and XMM), we look at what portion of the SFR—M, plane
is occupied by LRGs. Overplotting the REDMAGIC sample hosts on
Fig. 7, which we highlight using red contours, we find that LRGs
are mainly associated with region 3. For this region, we measure
B =2.12 £ 0.16, a value consistent with that obtained by Chen et al.
(2022). In addition, we present the Ay and SFR distributions of
the REDMAGIC LRGs in Fig. 13, both with and without Herschel
and Spitzer data. The results of interest inform us that LRGs are
characterized by little amounts of dust attenuation, with the majority
of the sample having Ay < 0.3 mag, and SF, as expected of early-
type galaxies that are comprised of old, passive stellar populations.

Finally, we note that the REDMAGIC algorithm used to obtain a
sample of LRGs in Chen et al. (2022) only returns a fraction of the
objects that populate Fig. 7, region 3. We thereby suggest that, as
done here, future analyses use SED fitting of multiwavelength data to
derive a larger and more complete sample of hosts, where possible.

9.2 Mass step

Traditionally in SN Ia cosmological analyses, the ‘mass step’ is de-
fined as the difference in the average Hubble residuals between low-
and high-mass galaxies, when a single set of nuisance parameters
(e.g. a, B, etc.) are fit to the full SN Ia sample. In this analysis, we
first split our SN Ia sample into three subsamples based on the region
of the SFR—M, plane their host galaxies occupy. We then minimize
the residuals and constrain nuisance parameters («, 8, M) for each
subsample separately. Therefore, we are unable to investigate the
size of the ‘step’ as has been done previously, as each subsample
has different nuisance parameter constraints. Instead we investigate
differences in the SN Ia rest-frame absolute magnitude across each
region, which can be thought of as analogous to the traditional ‘mass
step’. Our findings (Table 4) are in line with previous works where we
find SNe in more massive galaxies are brighter, post-standardization,
compared to less massive galaxies. Amongst both our high-mass
regions (SF-MS versus passive hosts), we find the brightest SNe are
in passive galaxies (region 3).

As for the origin of the ‘mass step’, the model presented by Brout &
Scolnic (2021) implies that it is an artefact of different 8 in hosts of
different mass and that by accounting for a different slope of the dust
extinction law Ry, and thus effectively correcting SNe by different 8,
the step can be removed. However, other works have found a residual
mass step even after accounting for independent fitting of g and M
in different hosts (Sullivan et al. 2010, 2011), as well as specifically
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modelling Ry-like effects (Wiseman et al. 2022; Kelsey et al. 2023).
The DES-SN5YR analysis was performed allowing for maximal Ry
variation between low- and high-mass galaxies, following Popovic
etal. (2021), but found a 0.04 mag residual mass step (Vincenzi et al.
2024). Our results are similar: we find that even when correcting SNe
in each subsample for their ‘best’ constrained nuisance parameters,
the differences in their luminosities persist.

We highlight that g appears to decrease when moving from young,
actively SF environments, along the main-sequence and then even-
tually dropping off it, tracking an evolution in the average progenitor
age. The ‘mass step’ (or, perhaps rather, ‘region step’) that remains
may thus simply be reflective of intrinsic differences between SN Ia
progenitors as a function of age. This is endorsed by a growing body
of literature that explores the effects of galaxy/progenitor age on SN
Ia standardization (e.g. Rigault et al. 2013; Kim et al. 2018; Roman
et al. 2018; Rose et al. 2019; Rigault et al. 2020; Kelsey et al. 2021;
Briday et al. 2022; Wiseman et al. 2022, 2023; Popovic et al. 2024).
Using simulations, Wiseman et al. (2022) find that a combination of
galaxy-age-driven dust and an intrinsic SN progenitor age luminosity
step best reproduce the observed Hubble residual — SN colour trends.
Rigault et al. (2020) split their SN Ia sample by the local sSFR
(IsSFR), which they derive from Ho flux within a projected 1 kpc
radius around each SN location. They find the significance of the step
is greater for IsSFR, which is a better proxy for progenitor age than
stellar mass, with an amplitude of 0.163 = 0.029 mag (5.7¢). Briday
et al. (2022) also show that the step size directly correlates with the
ability of a host galaxy parameter to trace the stellar population
age local to the SN. In light of this evidence, we recommend that
understanding the influence of progenitor age on SN Ia luminosities
remain central to future investigations.

10 CONCLUSIONS
The principle findings from our investigation are as follows,

(i) The inclusion of mid- and far-IR data from the Herschel and
Spitzer space telescopes in SED fitting can result in host galaxy
parameter estimates of dust attenuation and SFR that differ signif-

icantly when longer wavelength data are excluded. Mass estimates
using only optical/NIR data are generally robust.

(ii) Host galaxy Ry is largely unconstrained even by our extensive
multiwavelength data set.

(iii) The slope of the SN colour—luminosity relation (8) is de-
pendent upon the region of the SFR—M, occupied by their host
galaxies. SNe in high-mass, passive galaxies yield the lowest value
of $=2.12+0.16 (> 60 difference compared to region 1), and
show a smaller rms scatter in the Hubble residuals.

(iv) SNe Ia in high-mass, passive galaxies are 0.07 — 0.12 mag
(> 30) brighter post-standardization than their low-mass and high-
mass, SF counterparts. This finding comes after applying separate
corrections to SN stretch and colour based on where their host
galaxies lie on the SFR—M, plane (as opposed to a global correction,
as is usually done in cosmological analyses).

(v) We recover previous trends that high-mass galaxies host SNe
Ia with narrower light-curve widths (‘stretch’), with passive hosts
driving stretch distributions to lower values of x;. No significant
differences are observed in SN colours based on their host galaxy
environments. The mean of the colour distribution displays a slight
shift toward redder values for SNe in high-mass, SF hosts.

(vi) Going forward, cosmological analyses using SNe Ia should
identify where on the SFR—M, plane the host galaxies of all SNe
lie. This will enable subsamples of SNe Ia to be isolated for use in
a cosmological context, where the relevant corrections to SN colour
and stretch are applied, depending on their host galaxy environments.

(vii) Alternatively, in the interest of higher number statistics,
cosmological analyses may wish to use the full SN Ia sample.
In this case, the intuitive approach would be to correct SNe in
each of the three regions by their respective nuisance parameters,
before combining them onto a single Hubble diagram to allow
for cosmological parameter constraints. This approach, however,
introduces additional nuisance parameters in the cosmological anal-
ysis framework (e.g. three separate 8 corrections). Therefore, prior
to making any conclusive remarks, a thorough model comparison
analysis would first have to be done — using metrics such as the
Akaike/Bayesian information criterion, for example — to assess
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whether the increased degrees of freedom significantly improve
constraints on cosmological parameters e.g. w, )y, to justify their
use. This should form the basis of future work.

This work highlights the importance of including mid- to far-IR
data, specifically from the Herschel and Spitzer space telescopes, in
breaking degeneracies when deriving select galaxy parameters. With
future time domain surveys, such as the Rubin Observatory Legacy
Survey of Space and Time (LSST; Ivezi¢ et al. 2019), set to bring
in observations of SNe Ia on orders of magnitudes larger, we must
now consider the feasibility of performing such an analysis on much
more extensive host galaxy datasets. LSST, in particular, will map
~18 000 deg? of the Southern hemisphere in six broad-band optical
filters (ugrizy). Therefore, for studies of (but not limited to) SN
hosts, it will be necessary to supplement the optical data with longer
wavelength ancillary datasets from other sky surveys. Of the total
LSST observing footprint, deep Herschel and Spitzer data is only
available over the Deep Drilling Fields — smaller regions (~ 100 deg?
total) of sky that are set to be sampled to increased cadence and depth,
although data from the Wide-field Infrared Explorer (Wright et al.
2010) may allow some work to be done to mid-IR wavelengths at
lower redshift over larger areas. This naturally raises the question, for
regions of the sky covered by the LSST (or any future time domain
survey) observing footprint that do not have complementary mid-
and far-IR data (not necessarily from Herschel and Spitzer), will we
be able to obtain robust constraints and break degeneracies between
various host galaxy parameters? This will be of vital importance
going forward as the ability to standardize SNe la for precision
cosmology rests on knowing what region of the SFR-M, plane
their host galaxies occupy, so that the appropriate corrections can
be applied to their colour and stretch.
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APPENDIX A: SEXTRACTOR PARAMETERS USED FOR SPITZER IRAC CATALOGUE CREATION

Table Al. SEXTRACTOR input parameters for Spitzer IRAC channels 1 and

2.

Parameter Value
DETECT_MINAREA 3
DETECT_.THRESH 14
ANALYSIS_THRESH 14
FILTER N
DEBLEND_NTHRESH 64
DEBLEND_MINCONT 0.001
SEEING_FWHM 1.8
BACK_SIZE 32
BACK_FILTERSIZE 5
BACKPHOTO_TYPE LOCAL
WEIGHT-TYPE MAP_WEIGHT

Notes. TCoverage maps are used as inverse variance weight maps.

APPENDIX B: BAGPIPES SED FITS AND POSTERIOR DISTRIBUTIONS
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Figure B1. BAGPIPES SED model fits to DES SN host galaxy (CID 1313284) photometry and galaxy parameter posterior distributions.
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APPENDIX C: ALTERNATIVE REPRESENTATIONS OF THE SFR-M, PLANE

SFR - M,
T
3
10 ] * Region 1: Low mass. SF-MS =15
] = Region 2: High mass, SF-MS
v  Region 3: High mass, passive
redMaGiC LRGs (Chen et al. 2022) -2.0
102 =
. —2.5
5
=
g 103 3
9 -3.0 =
© =
a: 2
.g E‘i
g 100 - -3.5 ED
£ <4
T
n
—4.0
1071 -
' ' _4-5
] b v
v
A AN 0 v o s o
: -5.0
) T T 1 T 1
8.5 9.0 9.5 10.0 10.5 11.0 11.5

log (A'{*/ ﬂ'{@)

Figure C1. As Fig. 7 (i.e. host galaxy parameter constraints are derived using Herschel and Spitzer) but colour-mapped by log specific dust mass. The blue
shaded region represents a 3o interval with respect to the SF-MS. The dynamic range on the colour bar is altered to limit the lower bound on log(Mgyst/ M,) to
—35, to emphasize differences between specific dust mass across the SFR—M, plane.
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Figure C2. As Fig. 7 but for host galaxy parameters derived when excluding Herschel and Spitzer. The blue shaded region represents a 3o interval with respect
to the SF-MS. The galaxies are mapped as a function of dust attenuation estimates obtained in the absence of Herschel and Spitzer data, AﬁHs. Colour-mapping
by A‘I‘}HS illustrates the findings in Fig. 2, with the dust attenuation incorrectly estimated for a large fraction of the population.
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