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ABSTRACT

Recent analyses have found intriguing correlations between the colour (𝑐) of type Ia supernovae (SNe Ia) and the size of
their ‘mass-step’, the relationship between SN Ia host galaxy stellar mass (𝑀stellar) and SN Ia Hubble residual, and suggest
that the cause of this relationship is dust. Using 675 photometrically-classified SNe Ia from the Dark Energy Survey 5-year
sample, we study the differences in Hubble residual for a variety of global host galaxy and local environmental properties for
SN Ia subsamples split by their colour. We find a 3𝜎 difference in the mass-step when comparing blue (𝑐 < 0) and red (𝑐 > 0)
SNe. We observe the lowest r.m.s. scatter (∼ 0.14 mag) in the Hubble residual for blue SNe in low mass/blue environments,
suggesting that this is the most homogeneous sample for cosmological analyses. By fitting for 𝑐-dependent relationships between
Hubble residuals and 𝑀stellar, approximating existing dust models, we remove the mass-step from the data and find tentative
∼ 2𝜎 residual steps in rest-frame galaxy 𝑈 − 𝑅 colour. This indicates that dust modelling based on 𝑀stellar may not fully explain
the remaining dispersion in SN Ia luminosity. Instead, accounting for a 𝑐-dependent relationship between Hubble residuals and
global 𝑈 − 𝑅, results in ≤ 1𝜎 residual steps in 𝑀stellar and local 𝑈 − 𝑅, suggesting that 𝑈 − 𝑅 provides different information
about the environment of SNe Ia compared to 𝑀stellar, and motivating the inclusion of galaxy 𝑈 − 𝑅 colour in SN Ia distance
bias correction.
Key words: cosmology: observations – distance scale – supernovae: general – surveys

1 INTRODUCTION

The improved standardisation of type Ia supernovae (SNe Ia) is im-
portant to constrain their luminosity dispersion and gain further un-
derstanding of the dark energy equation-of-state parameter, 𝑤. By
applying corrections based on empirical relationships between their
brightness and light-curve width (the ‘brighter-slower’ relation; Rust
1974; Pskovskii 1977; Phillips 1993) and their brightness and op-
tical colour (the ‘brighter-bluer’ relation; Riess et al. 1996; Tripp
1998), their luminosity dispersion can be reduced to ∼ 0.14 mag
(Scolnic et al. 2018). After accounting for observational uncertain-

ties, ∼ 0.08–0.10 mag of ‘intrinsic dispersion’ remains (e.g. Brout
et al. 2019b).

In addition to these traditional light-curve corrections, there are ad-
ditional correlations between the corrected SN Ia luminosity and var-
ious host galaxy ‘environmental’ properties. The most well-studied
of these is the ‘mass step’ (e.g. Sullivan et al. 2010; Kelly et al. 2010;
Lampeitl et al. 2010; Gupta et al. 2011; Johansson et al. 2013; Chil-
dress et al. 2013; Uddin et al. 2017, 2020; Smith et al. 2020b; Ponder
et al. 2021; Popovic et al. 2021b), in which SNe Ia in more massive
galaxies are more luminous after corrections than their counterparts
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2 L. Kelsey et al.

occurring in galaxies with lower stellar masses. This step is typically
measured through differing average Hubble residuals1 on either side
of some division in environmental property, e.g. high and low stellar
mass. The astrophysical reasons for this disparity are unclear, how-
ever it is known that the stellar mass (𝑀stellar) of a galaxy correlates
with the stellar ages, gas-phase and stellar metallicities, and dust con-
tent (Tremonti et al. 2004; Gallazzi et al. 2005; Garn & Best 2010;
Bravo & Badenes 2011; Zahid et al. 2013), suggesting that the trends
between corrected SN Ia brightness and host stellar mass could be
due to differences in intrinsic SN progenitor properties (e.g., age or
metallicity; Timmes et al. 2003; Röpke & Hillebrandt 2004; Kasen
et al. 2009; Bravo et al. 2010) or dust (e.g., Brout & Scolnic 2021), or
both. The physical nature of the dominant underlying effect remains
an open question.

In addition to looking at the 𝑀stellar of the galaxy, some studies
(e.g. Lampeitl et al. 2010; Sullivan et al. 2010; D’Andrea et al.
2011; Childress et al. 2013; Pan et al. 2014; Wolf et al. 2016; Uddin
et al. 2017; Kim et al. 2019; Kelsey et al. 2021) also consider other
environmental properties such as the star formation rate (SFR), spe-
cific star formation rate (sSFR; SFR per unit 𝑀stellar) or rest-frame
colour (e.g. 𝑈 − 𝑅). These properties are correlated with 𝑀stellar;
the most massive galaxies tend to be redder, more passive, with the
lowest sSFR, whilst the lower mass galaxies tend to have more recent
or ongoing star formation. These parameters provide other comple-
mentary ways to probe the stellar populations of the SN host galaxies,
and may also provide insight into potential ages of the host stellar
populations. Similarly sized SN luminosity steps have been found
for global host galaxy sSFR, with > 3𝜎 evidence that SNe Ia in low
sSFR galaxies are brighter on average than those in higher sSFR
galaxies after corrections. The most accurate tracer to determine the
relationship between magnitude and environmental property for use
in cosmology remains unclear (Briday et al. 2022).

Alongside the host galaxy correlations, a wealth of studies (Rigault
et al. 2013, 2015, 2020; Jones et al. 2015, 2018; Moreno-Raya et al.
2016a,b; Roman et al. 2018; Galbany et al. 2018; Rose et al. 2019;
Kim et al. 2018, 2019; Kelsey et al. 2021) have shown that looking
at the local region around the SN, rather than the global properties of
the entire host galaxy, can provide a better understanding of the SN
progenitor environment. Global galaxy properties are weighted by
surface brightness, meaning that global measurements are most rep-
resentative of the properties of the brightest galactic regions, and thus
may not accurately describe the true environment of the progenitor
and resulting SN (Rigault et al. 2013). For example, a SN Ia may be
located within a locally passive region within a globally star-forming
galaxy, or vice versa (although local star-forming regions in globally
passive galaxies are uncommon, e.g., Rigault et al. 2013). Rose et al.
(2021) suggest that combining corrections based on host galaxy stel-
lar mass and local stellar age provides the best improvement to SN
Ia standardisation at > 3𝜎, reducing the unexplained scatter by ∼ 10
per cent..

Recent analyses (Brout et al. 2019b; Smith et al. 2020b; Brout &
Scolnic 2021; Kelsey et al. 2021) have shown that the magnitude of
this step in average luminosity or Hubble residual with environmental
property changes when considering SNe of different colours. Kelsey
et al. (2021, hereafter K21) found a significant (∼ 3𝜎) difference
between the step sizes for subsamples comprised of ‘red’ and ‘blue’
SNe Ia, with bluer SNe (defined as having a SALT2 (Guy et al. 2007,

1 Hubble residual: the difference between the measured distance modulus
(`obs) to each SN and the distance modulus calculated from the best-fit
cosmology (`cosmo).

2010) colour 𝑐 of 𝑐 < 0) being more homogeneous and displaying
no significant step, whilst the redder (𝑐 > 0) SNe have a higher
dispersion and larger step sizes.

Analyses of the underlying relationships between SN Ia colour 𝑐
and the properties of their host galaxy environments have grown over
the past year, with suggestion that the differing average Hubble resid-
uals in low and high mass galaxies are caused by differences in dust
properties for SNe with different 𝑐 (Brout & Scolnic 2021; Popovic
et al. 2021b,a). Bluer SNe (𝑐 < 0) will suffer less dust extinction
(Jha et al. 2007) and therefore less scatter from event-to-event than
red (𝑐 > 0) SNe. The presence of dust along the line of sight reddens
the SN by differing amounts dependent on the properties of the dust,
and therefore may not be the same for all SNe Ia (González-Gaitán
et al. 2021; Thorp et al. 2021). There is known variation in the total-
to-selective extinction ratio (𝑅𝑉 ) along different lines of sight in the
Milky Way (e.g. Schlafly et al. 2016), so logically 𝑅𝑉 should vary
between, and even within, different SNe host galaxies. This is consid-
ered in Chen et al. (2022) for a sample of DES SNe Ia in redMaGiC
galaxies, and Rose et al. (2022) for a sample of Pantheon+ SNe Ia
(Scolnic et al. 2022; Brout et al. 2022). Meldorf et al. (2022) suggest
that a correlation between host-𝑅𝑉 and SNe Ia properties indicate
that intrinsic scatter is driven by 𝑅𝑉 .

An alternate explanation is that red and blue SNe Ia represent
differing progenitor paths (e.g. Milne et al. 2013; Stritzinger et al.
2018; González-Gaitán et al. 2021; Kelsey et al. 2021). Blue objects
are considered to be comprised of one distinct set of progenitors
(hence displaying no significant step in Hubble residual across hosts
of differing masses), whilst red objects are likely a combination of
different progenitors or explosion mechanisms (including the blue
SNe that have been reddened by dust), causing a step in Hubble
residual between different mass hosts to be observed. Environmental
studies may find evidence for this by analysis of the stellar population
age of the region surrounding the SNe.

Regardless of the cause of the Hubble residual step, such studies
indicate that blue SNe Ia, particularly those in bluer/low-mass en-
vironments, are more homogeneous and thus are better for use in
cosmology (Graur et al. 2015; González-Gaitán et al. 2021; Kelsey
et al. 2021). In this study, we further examine the idea that blue SNe Ia
are more homogeneous by studying the differences in Hubble residual
for subsets of SNe Ia divided by SN colour, using photometrically-
confirmed SNe Ia from the Dark Energy Survey (DES) SN pro-
gramme (DES-SN) five-year cosmological sample.

Our paper is structured in the following way. In Section 2, we
describe the DES-SN SN Ia sample that was used in this analysis
and present the method to obtain environmental properties from
photometric data. We discuss the results of our study in Section 3 and
Section 4, and additional analysis in Section 5. Finally, in Section 6
we summarise and conclude.

2 DATA AND METHODS

We begin by describing the SN Ia sample used in our analysis, and
the methods used to obtain information about their galactic environ-
ments.

2.1 The DES-SN photometric SN Ia sample

DES is an optical imaging survey that uses four independent as-
trophysical probes to measure the properties of dark energy (Dark
Energy Survey Collaboration et al. 2016). Here we use a sample of
SNe Ia discovered by the dedicated SN programme in DES, DES-SN
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(Abbott et al. 2019), comprised of SNe Ia discovered in imaging data
acquired by the Dark Energy Camera (DECam; Flaugher et al. 2015),
mounted on the Blanco 4-m telescope at the Cerro Tololo Inter-
American Observatory. The DES-SN programme was optimised for
the detection of SNe Ia over the redshift range 0.2 < 𝑧 < 1.2 (Bern-
stein et al. 2012; Smith et al. 2020a) for use in cosmology, observing
ten 3-deg2 fields with an average cadence of 7 days in four filters
(𝑔𝑟𝑖𝑧). Our sample is taken from the full five years of the survey.

This sample differs from the DES-SN three-year (DES-SN3YR)
sample used in K21: it includes data from the full five years of the
survey instead of only the first three years (Brout et al. 2019a), and
it includes both spectroscopically-confirmed and photometrically-
classified SNe Ia where the redshift for each SN is determined by a
spectroscopic redshift measurement of its host galaxy. The photome-
try is obtained using diffimg (Kessler et al. 2015). DES photometric
classification is outlined in Vincenzi et al. (2021) and Möller et al.
(2022), with host association details in Wiseman et al. (2020). As
detailed in Vincenzi et al. (2021), sample contamination from core-
collapse SNe and peculiar SNe Ia ranges from 0.8–3.5 per cent in
DES, meaning that it has a negligible effect and is not a limiting
uncertainty in DES cosmological analyses, such as this.

2.1.1 SN Ia light-curve parameters

We use the SALT2 SN Ia light-curve model (Guy et al. 2007, 2010)
to fit the SN Ia light curves and obtain estimates of their ‘stretch’ (𝑥1),
‘colour’ (𝑐) and 𝑚𝐵 (−2.5 log(𝑥0), where 𝑥0 is the fitted amplitude).
SALT2 is trained with the JLA compilation SN sample, and imple-
mented in the snana software package (Kessler et al. 2009). In this
analysis, we use 1D BBC bias corrections (Kessler & Scolnic 2017)
to correct for selection bias with a Guy et al. (2010) intrinsic scatter
model (consistent with S20 and K21). We do not employ BEAMS,
instead setting each P(Ia) = 1. The light curve parameters are used to
calculate Hubble residuals:

Δ` = `obs − `cosmo, (1)

where `cosmo is the fixed distance modulus calculated from a refer-
ence cosmology (flatΛ𝐶𝐷𝑀 with𝑤 = −1), and `obs is the measured
distance modulus (e.g., Tripp 1998; Astier et al. 2006):

`obs = 𝑚𝐵 − 𝑀0 + 𝛼𝑥1 − 𝛽𝑐 + `bias, (2)

with 𝛼, 𝛽 and 𝑀0 as nuisance parameters describing the SN popula-
tion in the BBC fit.

The `bias represents a correction that is applied to each SN to
account for survey selection effects. This correction is typically either
a ‘1D correction’ as a function of redshift, or a ‘5D correction’
as a function of {𝑧, 𝑥1, 𝑐, 𝛼, 𝛽} (Kessler & Scolnic 2017). The 1D
correction does not account for the 𝑐-dependent selection bias (bluer
SNe are brighter and easier to observe), which results in a trend of
Δ` vs 𝑐 for blue SNe. A discussion of the differences between 1D
and 5D corrections with regards to host galaxy correlations in the
DES-SN3YR sample can be found in Smith et al. (2020b, hereafter
S20). We consider a 5D bias correction in Appendix A, finding no
significant difference in our results.

In cosmological analyses, there is an additional host galaxy 𝑀stellar
correction added to Eq. 2, 𝛾𝐺host, where the nuisance parameter 𝛾 is
analogous to 𝛼 and 𝛽, and 𝐺host is a step function typically located at
log(𝑀stellar/𝑀�) = 10. We do not use this additional correction in
our analysis, as we want to study the overall cause of the additional
dispersion and determine if it can be explained with this simple
correction.

We assume a spatially-flat ΛCDM model, with a matter density

Ω𝑀 = 0.3 and Hubble constant 𝐻0 = 70 km s−1 Mpc−1 as a refer-
ence cosmology for the calculation of Δ`.

2.2 SN host galaxy photometry

Here we briefly describe the DES-SN image stacking procedure and
methods used to obtain photometry of each SN Ia host galaxy and
region local to the SN event. The method is identical to that used in
K21, and details can be found therein.

Host galaxies are assigned using the directional light radius method
(DLR; Sullivan et al. 2006; Gupta et al. 2016) and are catalogued
in Wiseman et al. (2020). The DLR is a measure of the separation
distance between the SN and each galaxy, normalised by the apparent
size of the galaxy light profile being considered (obtained from high-
quality depth-optimised coadded images; Wiseman et al. 2020), in
terms of the elliptical radius along a line connecting the SN to the
host center.

The majority of host galaxy spectroscopic redshifts for the DES
photometric sample were provided by the OzDES programme (Yuan
et al. 2015; Childress et al. 2017; Lidman et al. 2020) using the
Anglo-Australian Telescope (AAT). A subset of host galaxy red-
shifts were obtained from external catalogues of prior surveys that
overlapped with the DES-SN fields. Details of host galaxy associa-
tion and redshifts can be found in Vincenzi et al. (2021); Möller et al.
(2022).

We use the ‘seeing-optimised’ DES image stacks described in K21
(created following Wiseman et al. 2020). Single-epoch exposures are
added to the stack if they pass given quality cuts; for this analysis we
use exposures with a 𝜏 (ratio between effective exposure time and
true exposure time) of > 0.02 and a point spread function (PSF) full-
width half-maximum (FWHM) < 1.3′′ in all filters. This provides a
balance between seeing and redshift coverage for our analysis.

Following K21, photometry for the host galaxy (‘global’ photome-
try) is measured using Source Extractor (Bertin & Arnouts 1996)
on the stacked 𝑔𝑟𝑖𝑧 images.

We also measure local photometry at the SN position using a
4 kpc aperture radius following K21, based on the quality of our
stacked images. Local aperture photometry is measured using aper-
ture_photometry from the photutils Python module (Bradley
et al. 2019), and photometric uncertainties are calculated (also using
this tool) using the root-mean-square of the background-subtracted
stacked images as an error map.

All our measured 𝑔𝑟𝑖𝑧 fluxes are corrected for Milky Way dust
extinction using colour excess 𝐸 (𝐵 − 𝑉) values from Schlegel et al.
(1998) and multiplicative coefficients for the DES filters of 𝑅𝑔 =

3.186, 𝑅𝑟 = 2.140, 𝑅𝑖 = 1.569 and 𝑅𝑧 = 1.196 (Abbott et al. 2018),
calculated using a Fitzpatrick reddening law (Fitzpatrick 1999).

2.3 SN host galaxy SED fitting

As per Smith et al. (2020b); Wiseman et al. (2020); Kelsey et al.
(2021), we use spectral energy distribution (SED) fitting and tem-
plates based on the pégase spectral evolution code (Fioc & Rocca-
Volmerange 1997, 2019) assuming a Kroupa (2001) initial mass
function (IMF) and a series of 9 smooth exponentially-declining
star-formation histories, each with 102 time steps, in order to esti-
mate the physical parameters from the photometry. Synthetic DES
photometry is generated for each SED template and, using 𝜒2 min-
imisation, is matched with the measured photometry for each region
(e.g., Wiseman et al. 2020). We apply a foreground dust screen with
𝐸 (𝐵 − 𝑉) = 0 to 0.3 mag in steps of 0.05 to account for dust extinc-

MNRAS 000, 1–19 (2022)



4 L. Kelsey et al.

tion, and only consider solutions younger than the age of the universe
for each SN redshift.

From this SED fitting we obtain the stellar mass (𝑀stellar, in M�)
and the rest-frame𝑈𝐵𝑉𝑅 magnitudes for all global and local regions.
For each set of photometry we additionally use a Monte Carlo process
adjusting the observed photometry according to its uncertainties,
with 1000 iterations in order to estimate the uncertainties in the
above parameters. Full details of this process can be found in S20.

As described in K21, we apply a ‘mangling’ (Hsiao et al. 2007;
Conley et al. 2008) correction, adjusting the best-fitting SED for
each host galaxy or region using a wavelength-dependent spline
multiplicative function to ensure that the SED exactly reproduces
the observed photometry. This procedure allows rest-frame 𝑈𝐵𝑉𝑅

magnitudes to be accurately calculated.
As in K21, we focus our analysis on rest-frame 𝑈 − 𝑅. We choose

this colour because it spans the greatest wavelength range in our
observer-frame (𝑔𝑟𝑖𝑧) photometry (above our redshift cut, discussed
in Section 2.4, we lose rest-frame 𝑅 band), it is an approximate
tracer of the SFR, it carries some age information of the galaxy
(Trayford et al. 2016), and it correlates with galaxy morphology
(correlation with 𝑢 − 𝑟; Strateva et al. 2001; Lintott et al. 2008).
By assuming that the difference in SN luminosities is due to local
stellar population age, rest-frame 𝑈 − 𝑅 has been shown to be the
best photometric tracer of this parameter (Briday et al. 2022), making
it highly suitable for high redshift cosmology, where spectroscopy
may not be obtained of each SN environment. Furthermore, recent
analyses suggest that combining environmental corrections such as
global host galaxy stellar mass, and local age (potentially with colour
as a proxy) may provide the best standardisation for SNe cosmology
(Rose et al. 2019, 2021; Rigault et al. 2020).

2.4 SN selection requirements

From the SuperNNova classifier, we require each candidate SN Ia
to have a probability of being a SN Ia of P(Ia) > 0.5.2 We apply a
redshift cut of 𝑧 < 0.6, which ensures that at all redshifts the aperture
size is larger than the smallest useful aperture (𝜎) of 0.55′′ for a
maximum full-width half-maximum of 1.3′′ when approximating to
a Gaussian following K21. Additionally, this redshift cut minimises
selection biases, particularly in the shallow fields (Kessler et al.
2019). We apply a typical ‘JLA-like’ (Betoule et al. 2014) light-
curve selection in 𝑥1 and 𝑐, and their associated uncertainties. Based
on the sample defined by Möller et al. (2022), 787 SNe Ia pass these
classification, redshift, and JLA-like cosmological cuts, including
our additional constraint of 𝜎𝑐 < 0.1 to match Brout & Scolnic
(2021), and pass BBC 1D bias corrections. We apply a selection cut
on 𝜎(𝑈−𝑅) < 1 mag for both the global and local measurements
to have well-constrained rest-frame 𝑈 − 𝑅 colours. This cut also
removes objects with large uncertainties in 𝑀stellar and SFR. We also
require viable SED-fits for global and local environments, finding
that some local environments have too low signal-to-noise to be
able to adequately fit a model to the SED. We further require that
the uncertainties in derived environmental parameters were small
(𝜎(𝑈−𝑅) < 1 and 𝜎(𝑀stellar) < 1), and that the global mass obtained
for an environment was greater than the local mass. A summary of
the selection requirements applied is presented in Table 1. Using a
BBC fit (Section 2.1.1), we obtain values of 𝛼 = 0.158 ± 0.007 and
𝛽 = 2.88 ± 0.07 for these data.

2 See Appendix B for a discussion of the use of different classifiers, templates
and 𝑃 (𝐼 𝑎) selection cuts.

Table 1. SN Ia sample selection.

Cut Number of SNe Ia
Cosmology 1& 𝑧 < 0.6 & P(Ia)> 0.5 787
Local photometry SNR cut 2 705
𝜎(𝑈−𝑅) < 1 and 𝜎(𝑀stellar ) < 1 3 695
(𝑀stellar)global ≥ (𝑀stellar)local 675
1 Cosmology refers to the JLA-like requirements on colour and

stretch, i.e.: |𝑐 | < 0.3, 𝜎𝑐 < 0.1, |𝑥1 | < 3, and 𝜎𝑥1 < 1.
We also require |Δ` |/𝜎` < 4 which removes 4𝜎 outliers
in the Hubble residual, and for the SNe to pass 1D BBC bias
corrections.

2 This encompasses those lost due to poor quality local pho-
tometry, in which there was not enough signal-to-noise for
the SED to obtain a suitable fit.

3 These restrictions hold for both global and local properties.

We present the global and local photometry and derived environ-
mental properties for the 675 SNe Ia used in this analysis in the online
supplementary material. Light curves and associated environmental
data for the full DES5YR sample will be released online with the
cosmology data release.

3 GLOBAL AND LOCAL ENVIRONMENTS

3.1 Environmental properties and colour

We study the relationships between SN Ia colour and the SN Ia en-
vironmental properties 𝑀stellar and rest-frame 𝑈 − 𝑅 colour, both
globally for the host galaxy, and for the ‘local’ 4 kpc radius regions.
From Fig. 1, trends in environmental properties with 𝑐 are shown,
with more massive, redder galaxies and environmental regions host-
ing redder SNe Ia, consistent with prior (but weak) observed trends
(Sullivan et al. 2010; Childress et al. 2013; Kelsey et al. 2021; Brout
& Scolnic 2021; Popovic et al. 2021b). As in K21, we observe an
absence of red SNe Ia in low-mass galaxies and, to a lesser extent, in
bluer 𝑈 − 𝑅 regions. This is not unexpected: the distribution of SN
reddening is similar in low- and high-mass galaxies (Popovic et al.
2021a), but the number of SNe in low mass galaxies (particularly
below log(𝑀/𝑀�) < 9.5 where the effect is noticeable) is smaller,
so the red tail of the distribution is simply not well sampled.

3.2 Environmental Property steps in Hubble residual

We now turn to investigating the relationships between SN Ia Hubble
residuals with 𝑀stellar and rest-frame𝑈−𝑅 colour, both globally and
locally, for our DES5YR sample. We plot the Hubble residual vs.
the chosen environmental property split into two bins at a chosen
division point in Figure 2, and measure the mean and dispersion in
Hubble residual either side of this division. The magnitude of the
‘step’ is simply the difference between the two means, provided with
the statistical significance (𝑁𝜎) of the difference. The resulting steps
are presented in Table 2. We present the step values calculated with
the following step locations (division points):

• log(𝑀stellar/𝑀�)global = 10.0 (e.g., Sullivan et al. 2010)
• log(𝑀stellar/𝑀�)local = 9.4 (this value represents the median

local 𝑀stellar for this DES5YR sample)
• (𝑈 − 𝑅)global = 1.0 (K21)
• (𝑈 − 𝑅)local = 1.1 (this value represents the median local𝑈 − 𝑅

of this DES5YR sample, which is redder than that for K21)

MNRAS 000, 1–19 (2022)



Concerning Colour 5

7 8 9 10 11 12
log(M/M )global

0.3

0.2

0.1

0.0

0.1

0.2

0.3
SN

 c
ol

ou
r 

(c
)

6 7 8 9 10 11
log(M/M )local

0.3

0.2

0.1

0.0

0.1

0.2

0.3

SN
 c

ol
ou

r 
(c

)

1 0 1 2 3
(U R)global

0.3

0.2

0.1

0.0

0.1

0.2

0.3

SN
 c

ol
ou

r 
(c

)

1 0 1 2 3
(U R)local

0.3

0.2

0.1

0.0

0.1

0.2

0.3

SN
 c

ol
ou

r 
(c

)

Figure 1. SN colour 𝑐 as a function of both global and local environmental properties: 𝑀stellar (upper panels) and rest-frame𝑈 − 𝑅 (lower panels). The orange
points show the binned weighted mean colours. The histograms show the distributions of 𝑐 and the environmental properties.

Table 2. Hubble residual steps, and r.m.s. scatter in Hubble residual, across both stellar mass and 𝑈 − 𝑅 for our DES5YR sample using a 1D bias correction.

Property Hubble Residual Step Hubble Residual r.m.s.
Name Division Point Magnitude Sig. (𝜎)b < DPc > DP

Global Massa 10.0 0.065±0.013 4.91 0.186±0.017 0.194±0.013
Local Mass 9.4 0.046±0.013 3.67 0.177±0.013 0.205±0.016
Global U-R 1.0 0.071±0.012 5.72 0.181±0.015 0.199±0.015
Local U-R 1.1 0.063±0.012 5.10 0.183±0.014 0.198±0.015

a Mass in log(𝑀stellar/𝑀�)
b Significance is quadrature sum.
c DP refers to the ‘Division Point’ location of the environmental property step. For example,

‘<DP’ indicates the lower mass or bluer environments.

K21 found that the majority (56%) of SNe in the DES3YR
spectroscopically-confirmed sample were located in local regions
that were bluer than their host galaxy average, with a median local
𝑈−𝑅 = 0.95. Using this larger sample of DES5YR photometrically-
classified SNe we find a different result, 62% of SNe are located in
regions that are locally redder than their host galaxy. This relationship
is not redshift dependent, so is likely a feature of types of galaxies
that are found to host SNe Ia in a photometric survey. For example,
DES5YR has more SNe in high mass hosts than DES3YR, and con-
tains many more SNe with particularly low DLR measurements. For
DES3YR, which was spectroscopically-confirmed, SN spectra were
required, which are more difficult to obtain for SNe near the centre
of their host galaxies. For DES5YR, which was photometrically-

identified, spectra from the SNe themselves were not needed, which
removes a potential bias against SNe closer to the centre of their
hosts.

By comparing the local 𝑈 − 𝑅 to the DLR for DES5YR, the
majority of SNe Ia that are in locally redder regions than their host
galaxy average are located closer to the centre of their host galaxy.
This is likely due to the colour gradients in galaxies in which elliptical
and spiral galaxies are redder in the centre, getting progressively bluer
outwards (e.g. Tortora et al. 2010). This is an age effect, known as the
‘inside-out scenario’(e.g. Pérez et al. 2013). Star formation happens
close to the galaxy centre, and over time is triggered towards the
outskirts, generating an age gradient. This physical age gradient is
observed in our data as a colour gradient. This colour gradient means
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Figure 2. Hubble residual plots for DES5YR as a function of (from top to bottom and left to right): global 𝑀stellar, local 𝑀stellar within the 4 kpc radius aperture,
global rest-frame𝑈 − 𝑅 colour and local rest-frame𝑈 − 𝑅 colour. The orange dashed line is the split location, and the orange markers represent the bin means,
displaying the steps in Hubble residual.

that the average colour of a galaxy may be bluer than the colour of
the central region. Without SN spectra in DES5YR, more SNe Ia in
the centres of galaxies are present in the sample as shown in Figure 3,
meaning that the effect of this colour gradient is more noticeable than
for DES3YR. This in turn means that the median local𝑈−𝑅 is redder
than for K21, and the median local 𝑀stellar is higher, motivating our
choice of division point locations for local properties.

3.2.1 𝑀stellar

Focusing first on global 𝑀stellar, as presented in Table 2, the Hubble
residual step of 0.065± 0.013 mag (4.9𝜎) agrees with prior analyses
(e.g. Sullivan et al. 2010; Childress et al. 2013; Smith et al. 2020b).
For local 𝑀stellar, the Hubble residual step is smaller (0.046±0.013)
in magnitude, but is still 3.7𝜎 in significance. For both global and
local 𝑀stellar, the r.m.s. values are lower for lower mass regions than
for higher masses, consistent with K21.

3.2.2 𝑈 − 𝑅

Moving to 𝑈 − 𝑅, Table 2 shows that all the steps, for both local and
global, are slightly smaller than, but consistent with the findings of

Roman et al. (2018), Rigault et al. (2020) and K21. The global colour
step (0.071 ± 0.012 mag; 5.7𝜎) is larger than the stellar mass steps,
but the local 𝑈 − 𝑅 (0.063 ± 0.012 mag; 5.1𝜎) is consistent with
the global mass. Overall, the 𝑈 − 𝑅 colour steps are fairly similar
whether measured globally or locally, in agreement with K21 and
Roman et al. (2018) (for 𝑈 −𝑉), likely due to the strong correlations
between global and local colour. As in K21 and as for the stellar
masses, the r.m.s. values are lower in bluer environments.

We note that there appear to be potential outliers with particularly
low or high Hubble residual values of |`obs − `cosmo | > 0.4, which
may indicate potential core-collapse contamination. To investigate
this, we remove those objects and recalculate our environmental
property steps in Table 2, finding reductions in magnitudes of < 0.01
mag (therefore less than the uncertainties). This also reduces the
values of the r.m.s. on each side of the division points, but the overall
trends remain consistent with lower scatter for the lower mass or
bluer regions, agreeing with our results and those of K21. To avoid
unwanted selection bias, we leave these objects in our sample.
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Figure 3. Distribution of DLR values for DES3YR and DES5YR, given as a
percentage of individual sample sizes (DES3YR = 164, DES5YR = 675 SNe
Ia), showing that a greater percentage of SNe in DES5YR are closer to the
center. The mean DLR for DES3YR = 0.96, and for DES5yr = 0.86. P-value
(𝑝) = 0.09 from KS testing is displayed in the top right corner.

3.3 Refitting 𝛼 and 𝛽

In K21, a tentative ∼ 2𝜎 difference in optimal 𝛼 and 𝛽 values on
each side of the environmental property division point was found.
To compare with DES5YR, we refit 𝛼 and 𝛽 for subsamples split by
𝑀stellar and rest-frame𝑈−𝑅. This comparison could uncover whether
the steps in luminosity are driven by underlying relationships between
𝑥1/𝑐 and environmental properties.

As can be seen in Table 3, the differences in 𝛽 between subsamples
with different environmental properties are the most pronounced, on
the order of 3𝜎 for all properties, with lower 𝛽 values for high mass
or redder regions. This difference agrees with Sullivan et al. (2011);
Brout & Scolnic (2021); Kelsey et al. (2021), clearly indicating dif-
ferent colour-luminosity relationships for different environments. On
the other hand, unlike K21, differences in 𝛼 are only potentially sig-
nificant for local properties, being strongest for local 𝑀stellar (∼ 3𝜎).
There is a known correlation between 𝑥1 and age (Howell et al.
2009; Neill et al. 2009; Johansson et al. 2013; Childress et al. 2014;
Wiseman et al. 2021), which is often better probed by local tracers
(Rigault et al. 2020; Nicolas et al. 2021). A different 𝛼 in different
local environments therefore indicates that the strength of the stretch-
luminosity relationship could be dependent on the age of the local
stellar population. On the other hand, if both 𝑥1 and the luminosity
step are correlated with age, then 𝛼 can absorb some of the step in the
fitting process (Dixon 2021; Rose et al. 2021; Wiseman et al. 2022),
and any difference here is a consequence of that degeneracy.

4 HOST ENVIRONMENTS AND COLOUR-DEPENDENT
DISTANCE MEASUREMENTS

4.1 Splitting the sample based on colour

Motivated by our findings from Section 3.3, and K21; BS21, Popovic
et al. (2021b,a) which suggest that the environmental ‘steps’ in SN
luminosity may be driven by underlying relationships between SN 𝑐

and galaxy properties, we split the SN Ia sample into two based on
the SN colour (𝑐 ≤ 0 and 𝑐 > 0), and analyse the relations between

Δ` and environmental property for each subsample. We examine
these relationships for both global and local host galaxy properties.

The resulting steps for local and global 𝑀stellar and rest-frame
𝑈 − 𝑅 for the different 𝑐 subsamples are displayed in Figure 4, with
numerical values given in Table 4.

In all cases, the step size is larger in red SNe Ia than in blue SNe
Ia, but to varying levels of significance. There is a 3𝜎 difference
between Hubble residual step sizes for global 𝑀stellar, as also seen in
K21. This difference indicates that 𝑀stellar has a strong relationship
with 𝑐, pointing to the link between host galaxy mass and dust. This
is also consistent with the 3𝜎 difference in step size for local 𝑈 − 𝑅.
The differences are not significant (∼ 2𝜎) for the other environmental
properties, indicating a weaker link between those properties and SN
𝑐. This result is different compared to K21, where all environmental
property steps have differences of > 2𝜎 when split into subsamples
by 𝑐.

As in K21 and BS21, the r.m.s. values, presented in Table 5, for
SNe Ia with 𝑐 < 0 are considerably smaller than those for SNe
Ia with 𝑐 > 0, with the smallest values found for 𝑐 < 0 in low
stellar mass or blue environments (∼ 0.14). This lends more weight
to the argument posed in González-Gaitán et al. (2021) and K21
that SNe Ia in the lower mass, higher star-forming, bluer regions are
a more homogeneous sample that may be better standard candles.
Our sample of blue SNe Ia in blue or low 𝑀stellar environments
also have lower r.m.s. scatter than those obtained for a NIR sample
(Jones et al. 2022), potentially raising questions about the necessity
of space-based observations for SNe Ia cosmology.

The relationships with 𝑐 and Hubble residuals are presented in a
different form in Figure 5, using hexbinned heatmaps in the param-
eter space of environmental property and SN 𝑐, with bins shaded
according to the mean Hubble residual of events in that bin. These
plots show that the most homogeneous SN Ia sample with close to
zero Hubble residual is in the lower left quadrants, indicating bluer
SNe and low 𝑀stellar and/or blue 𝑈 − 𝑅 regions.

4.2 Comparison to Brout & Scolnic (2021)

BS21 suggest that the dominant component of SN Ia intrinsic scat-
ter is caused by variation in the total-to-selective extension ratio
𝑅𝑉 distribution as a function of host galaxy properties. They found
that the Hubble residual trends with host 𝑀stellar were modelled
well by considering the SNe 𝑐 distribution to be a two-component
combination consisting of an intrinsic Gaussian distribution, and an
extrinsic exponential 𝐸 (𝐵 −𝑉) dust distribution. This extrinsic dust
distribution is host galaxy 𝑀stellar dependent, with a Gaussian 𝑅𝑉
distribution, where mean 𝑅𝑉 = 2.75 in low mass host galaxies and
mean 𝑅𝑉 = 1.5 in high mass hosts. The different 𝑅𝑉 values result in
different effective colour-luminosity relationships either side of the
mass step division point. BS21 suggest that the mass step is therefore
primarily caused by a difference in dust properties for SNe Ia with
different 𝑐. This interpretation is consistent with the finding in K21
- it is physics that affects the SN colour that is driving the Hub-
ble residual host galaxy correlations. To compare our analysis with
BS21, we extend the study of SN 𝑐 for different host properties, by
comparing the Hubble residuals with a finer binning of SN colour,
rather than simply red (𝑐 > 0) or blue (𝑐 < 0). This follows BS21
Fig. 6.

4.2.1 Global 𝑀stellar

First, we present the results with host galaxy 𝑀stellar (Figure 6). Over-
plotted is the SN Ia sample used in BS21 (a mostly independent pub-
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Figure 4. Hubble residuals as a function of environmental properties for subsamples split by 𝑐. The dashed lines represent the split point for each sample
indicated in Table 4, defined as our location of the step, corresponding with the cross bin mean markers, displaying the steps in Hubble residual. These figures
clearly show the differences in step size for red and blue SNe. Numerical values for these steps are displayed in Table 4 with r.m.s. values in Table 5.
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Table 3. Differences in best-fit 𝛼 and 𝛽 when splitting the sample based on environmental properties.

Property 𝛼 𝛽

< DPb > DP Difference (𝜎)c < DP > DP Difference (𝜎)
Global Massa 0.16 ± 0.02 0.18 ± 0.01 0.9 3.50 ± 0.13 2.93 ± 0.09 3.6
Local Mass 0.16 ± 0.01 0.20 ± 0.01 2.8 3.38 ± 0.11 2.88 ± 0.11 3.2
Global U-R 0.17 ± 0.01 0.19 ± 0.01 1.4 3.29 ± 0.11 2.92 ± 0.10 2.5
Local U-R 0.16 ± 0.01 0.19 ± 0.01 2.1 3.43 ± 0.11 2.81 ± 0.10 3.4

a Mass in log(𝑀stellar/𝑀�)
b DP refers to the ‘Division Point’ location of the environmental property step. For example, ‘<DP’ indicates the

lower mass or bluer environments.
c Difference is the quadrature sum difference in 𝛼 or 𝛽 between subsamples.

Table 4. Subsample Hubble residual steps when splitting the sample based on 𝑐 using a BBC1D correction.

Property 𝑐 < 0 Hubble Residual Step 𝑐 > 0 Hubble Residual Step
Name Division Point Magnitude Sig. (𝜎)b Magnitude Sig. (𝜎) Difference (𝜎)c

Number of Supernovae 306 369
Global Massa 10.0 0.026 ± 0.016 1.6 0.102 ± 0.020 5.0 3.0
Local Mass 9.4 0.013 ± 0.016 0.8 0.075 ± 0.019 4.0 2.5
Global U-R 1.0 0.045 ± 0.016 2.9 0.094 ± 0.019 5.1 2.0
Local U-R 1.1 0.026 ± 0.016 1.6 0.098 ± 0.018 5.3 3.0

a Mass in log(𝑀stellar/𝑀�)
b Significance is quadrature sum.
c Difference is the quadrature sum difference in Hubble residual step magnitudes between red and blue subsamples.

Table 5. Subsample Hubble residual r.m.s scatter when splitting the sample based on 𝑐 using a BBC1D correction.

Property 𝑐 < 0 Hubble Residual r.m.s 𝑐 > 0 Hubble Residual r.m.s
Name Division Point < DPb > DP < DP > DP

Global Massa 10.0 0.142 ± 0.019 0.174 ± 0.017 0.216 ± 0.027 0.208 ± 0.019
Local Mass 9.4 0.142 ± 0.016 0.185 ± 0.022 0.204 ± 0.021 0.218 ± 0.023
Global U-R 1.0 0.146 ± 0.018 0.176 ± 0.019 0.205 ± 0.022 0.216 ± 0.022
Local U-R 1.1 0.141 ± 0.016 0.182 ± 0.020 0.210 ± 0.022 0.212 ± 0.022

a Mass in log(𝑀stellar/𝑀�)
b DP refers to the ‘Division Point’ location of the environmental property step. For example, ‘<DP’

indicates the lower mass or bluer environments.

licly available, spectroscopically classified, photometric light-curve
sample consisting of a combination of data from the Foundation,
PS1, SNLS, SDSS, CSP, CfA surveys3, and DES3YR) with a red-
shift cut of 𝑧 < 0.6 applied for consistency with our analysis. The
two data sets – DES5YR and BS21 – generally follow similar trends,
and thus we expect that the predictions of the BS21 model will ad-
equately model the relationships between environmental properties
and 𝑐 for our DES5YR sample. Figure 6(a), as in BS21 Fig. 6, shows
little difference between the r.m.s. values for samples in high and
low 𝑀stellar for the bluer SNe, but this difference increases for the
red SNe, also mirrored in the larger step sizes in the red bins. This
increase in r.m.s. scatter and host 𝑀stellar step size towards the redder
(right hand) end of the plot suggests that the overall 𝑀stellar step is
driven by the red SNe.

A polynomial is used to fit the Hubble residual versus 𝑐 relation for
both high- and low-mass galaxies separately, minimising the 𝜒2 in
each case. These curves are then subtracted to remove the mass step

3 Foundation: Foley et al. (2018), Pan-STARRS1 (PS1): Rest et al. (2014);
Scolnic et al. (2018), SuperNova Legacy Survey (SNLS): Betoule et al. (2014),
Sloan Digital Sky Survey (SDSS): Sako et al. (2011), Carnegie Supernova
Project (CSP): Stritzinger et al. (2010), Harvard-Smithsonian Center for As-
trophysics (CfA3+4): Hicken et al. (2009a,b, 2012).

from the data, enabling underlying environmental relationships to be
uncovered. Similarly low 𝜒2 values were found when fitting quadratic
curves and when fitting two separate linear relations for positive and
negative 𝑐, for both low and high 𝑀stellar. These linear fits resulted in
similar remaining relationships once their trends were removed from
the data. However, we proceed with the quadratic fits, due to the fact
that they are smooth, continuous functions. There is no clear reason
why the colour-luminosity relation would change dramatically at any
particular 𝑐 value, intuitively it is more likely to be a continuous rela-
tionship, meaning that combining linear functions for different 𝑐 bins
may not be as realistic. As illustrated in Figure 6(b), these quadratic
fits generate simple functions for the 𝑀stellar - 𝑐 dependent Hubble
residual relationships. By subtracting these curves from the Hubble
residual of each SN in our sample, we correct for these observed
𝑐 - dependent 𝑀stellar trends. As shown in Table 6, this simple ap-
proximation of the BS21 dust model removes the global host galaxy
mass step from our data (0.001±0.013 mag; 0.1𝜎), however we find
remaining rest-frame 𝑈 − 𝑅 steps of 0.025 ± 0.012 mag; 2.1𝜎 for
global and 0.023±0.012 mag; 1.9𝜎 for local when the 𝑐 - dependent
𝑀stellar relation is removed, perhaps suggesting that the 𝑀stellar dust
model is not the full picture, and should include or be fully based on
the 𝑈 − 𝑅 tracer instead (see Section 4.2.2).

Whilst the remaining𝑈−𝑅 steps are small in our analysis, Roman
et al. (2018) found a significant (5𝜎) remaining 𝑈 − 𝑉 step when
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Figure 5. Hexbinned heatmaps, showing the relationships between rest-frame 𝑈 − 𝑅 or 𝑀stellar and 𝑐 as a function of mean Hubble residual. Vertical and
horizontal lines show the splits into low and high environmental property, and blue (𝑐 ≤ 0) and red (𝑐 > 0) colour SNe. The numbers in each quadrant are the
r.m.s. values for the SN Ia Hubble residual scatter for events in that quadrant (also in Table 5). Shown for both global (right panels) and local (left panels) 𝑀stellar
(upper panels) and rest-frame 𝑈 − 𝑅 galaxy colour (lower panels).

Table 6. Magnitudes and significances of remaining environmental property steps when fitting for relationships between 𝑐 and environmental properties using
a BBC1D bias correction.

Fitting For:
Host Mass Local Mass Host U-R Local U-R

Re
m

ai
ni

ng
St

ep
In

: Host Mass 0.001±0.013 0.039 ± 0.013 0.012 ± 0.013 0.023 ± 0.013
0.1𝜎 3.0𝜎 1.0𝜎 1.8𝜎

Local Mass 0.011 ± 0.012 0.001 ± 0.012 0.010 ± 0.012 0.009 ± 0.012
0.9𝜎 0.1𝜎 0.8𝜎 0.7𝜎

Host U-R 0.025 ± 0.012 0.047 ± 0.012 0.001 ± 0.012 0.019 ± 0.012
2.1𝜎 3.8𝜎 0.1𝜎 1.6𝜎

Local U-R 0.023 ± 0.012 0.037 ± 0.012 0.006 ± 0.012 0.001 ± 0.012
1.9𝜎 3.0𝜎 0.5𝜎 0.1𝜎

All steps given in mag.
Step division points as described in Section 4.1.
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Figure 6. a) and c) (Upper panels) Hubble diagram r.m.s. in bins of SALT2 colour 𝑐, for SNe Ia in galaxies with high and low 𝑀stellar a), or with high and low
rest-frame 𝑈 − 𝑅 colour c). Colour scheme corresponds with b) and d). (Lower panels) Calculated values for the size of the environmental property step as a
function of 𝑐. b) and d) Binned Hubble residuals as a function of 𝑐 split by host galaxy 𝑀stellar b) and host galaxy rest-frame𝑈 −𝑅 d). The overplotted quadratic
fits minimise the 𝜒2. Data used in BS21 shown for 𝑀stellar in a) and b) in transparent colours. BS21 do not consider 𝑈 − 𝑅, hence is not displayed in c) and d).

correcting first for the overall global mass step in their analysis (not
dependent on 𝑐), suggesting that additional information can be pro-
vided by local properties when combined with global properties. Our
results also agree with Galbany et al. (2022), where > 2𝜎 steps in
sSFR and H𝛼 equivalent width remain once the mass step has been
corrected for, whilst a < 2𝜎 step in 𝑀stellar remains once the reverse
is done. This suggests that sSFH and H𝛼 equivalent width (both re-
lated to the age of the stellar population) are better than 𝑀stellar at
improving SN Ia standardisation.

4.2.2 Global 𝑈 − 𝑅

We repeated the above analysis, but starting with and fitting for the
relationship between global rest-frame𝑈 − 𝑅 and 𝑐, instead of fitting
for the global 𝑀stellar - 𝑐 dependent Hubble residual relationship. We
split into ‘low’ and ‘high’ by splitting at 𝑈 − 𝑅 = 1, as motivated
by K21. Again, quadratic functions fit the data best through a 𝜒2

minimisation, which we subtracted from the Hubble residual for each

SN to correct for 𝑈 − 𝑅 - 𝑐 dependent Hubble residual relationships,
as shown in panels (c) and (d) of Figure 6.

As shown in Table 6, this approximate correction removes
the global 𝑈 − 𝑅 step from the data, and we find remaining
mass steps of only 0.012 ± 0.013 mag(1𝜎) for global 𝑀stellar and
0.010 ± 0.012 mag(0.8𝜎) for local. These post-correction steps are
smaller than the remaining 𝑈 − 𝑅 steps after the global 𝑐-𝑀stellar re-
lation was removed, suggesting that a𝑈 − 𝑅 correction encompasses
more of the overall Hubble residual vs host environment relationship
than the 𝑀stellar correction; as seen in K21.

4.2.3 Local corrections

We repeat the corrections of Section 4.2.1 and Section 4.2.2, but
for local properties instead of global, again presenting our results in
Table 6.

The ≥ 3𝜎 steps that remain in both local and global 𝑈 − 𝑅 and in
global 𝑀stellar when fitting for local 𝑀stellar are particularly interest-
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ing. Considerable remaining steps remain once the trend with 𝑐 has
been removed, suggesting that local mass may not be removing any
trends or perhaps is less correlated with the other parameters than
expected, however this disagrees with the trends shown in K21 that
local and global mass are correlated (albeit with scatter). This finding
suggests that local mass may not be linked to dust in the same way as
suggested by BS21 for global mass. We note in particular that local
mass is the only parameter with a < 1𝜎 step for 𝑐 < 0 (Table 4), so
may not follow the same trends with 𝑐 as the other parameters. Local
mass can be understood as a stellar density, tracing the population
of old stars in the region, so may be linked to age. Further investiga-
tion of this finding is needed in future study, and may require better
resolved local properties than those available using DES. Higher res-
olution may help to determine the location of dust in the host galaxy,
either contained in the local circumstellar region around a SNe, or
more dispersed throughout the global host galaxy.

For local𝑈−𝑅, after fitting for the 𝑐 dependent relationship, steps
of < 2𝜎 remained in all other properties. This is likely reflective of
the key result for host 𝑈 − 𝑅, that a 𝑈 − 𝑅 correction encompasses
more of the dispersion than an 𝑀stellar correction. Within a 4kpc
radius, local 𝑈 − 𝑅 may not be truly ‘local’ enough to see a clear
difference compared to global 𝑈 − 𝑅.

5 DISCUSSION

Similarly to S20, BS21 and K21, we find a∼ 3𝜎 significant difference
between global 𝑀stellar step sizes when splitting into subsamples
based on SN 𝑐. The data agrees well with the dust explanation of BS21
and thus it is likely that the 𝑀stellar Hubble residual step differences
for 𝑐 subsamples are due to the role of dust.

However, with the larger sample afforded by the DES5YR photo-
metric sample, we see a different result to K21 with regards to global
𝑈 − 𝑅 steps when splitting based on 𝑐. K21 found ∼ 3𝜎 differences
in step sizes in global 𝑈 − 𝑅 between red and blue SNe, as opposed
to the smaller ∼ 2𝜎 difference seen with this DES5YR sample.

As the observed trend with colour is consistent with the BS21 dust
model, we can remove the effect of the mass step from the data by
fitting for such a 𝑐-dependent global host 𝑀stellar Hubble residual
relationship, and subtracting it from the Hubble residuals. Such a
method has been introduced as a ‘4D’ bias correction in Popovic et al.
(2021b), and has been shown to result in a 𝜎𝑤sys ∼ 0.005 (Popovic
et al. 2021a). However, in this analysis we found an intriguing 2𝜎
remaining global and local 𝑈 − 𝑅 steps once the mass step has
been removed, indicating that, whilst 𝑀stellar-based dust modelling
may explain the mass step (BS21), it may not fully explain the SN
luminosity dispersion. Further investigation of this tentative result is
needed.

Despite 𝑀stellar and 𝑈 − 𝑅 being highly correlated, our analysis
shows that the most Hubble residual dispersion across environmental
properties was removed when correcting for a 𝑐-dependent global
𝑈 − 𝑅 relation. As 𝑈 − 𝑅 is connected to stellar age, this is expected
given an older stellar population is one in which a larger fraction of
the hotter stars have had time to explode and create dust. This result
motivates further work into integrating mass and age simultaneously
into scatter models and bias correction, with initial investigations
presented in Wiseman et al. (2022).

5.1 Impact on Cosmology

Based on this analysis, our suggestion for future cosmology analyses
is to correct for a global 𝑐-dependent 𝑈 − 𝑅 effect as this step is

largest and removes the most remaining dispersion of the local and
global 𝑈 − 𝑅 and 𝑀stellar environmental properties measured. Alter-
natively, corrections could be combined to remove more dispersion
than one correction alone. To reduce potential bias in the standardi-
sation, these should be simultaneously fit with the other light-curve
standardisation parameters (Rose et al. 2021; Dixon 2021).

However, given the homogeneity of blue (𝑐 < 0) supernovae in
low mass or locally blue environments (as shown in Table 5 and
Figure 5), it may be simplest and of most immediate value to use
these SNe in cosmology (Kelsey et al. 2021; González-Gaitán et al.
2021), mitigating the need for environment correction. This is not
a new suggestion, and there is a wealth of information pointing
to the benefits of such a cut. For example, Rigault et al. (2013)
postulate that SNe Ia from locally passive environments are the cause
of the biases they observed due to their higher scatter, and they
suggest adding a selection cut to only include those in locally star
forming (i.e. blue) environments for cosmology. This is emphasised
by Childress et al. (2014), Kelly et al. (2015), Henne et al. (2017)
and Kim et al. (2018) who all find consistent results, and make
the same conclusions about selecting star forming galaxies. Graur
et al. (2015) and Kim et al. (2018) both suggest that the scatter is
further constrained by limiting to low-mass (≤ 1010𝑀�) globally
star-forming host galaxies. In another test, through the analysis of
ejecta velocities, Wang et al. (2009), Foley & Kasen (2011) and
Siebert et al. (2020) all find that the SN scatter can be reduced
by using lower-velocity, bluer supernovae. By combining all of this
knowledge from previous analyses, and the confirmations from K21,
González-Gaitán et al. (2021) and this study, we should use a subset
of blue (𝑐 < 0) SNe in low mass/blue/star-forming environments to
provide the most homogeneous sample for future cosmology.

Reducing the size of a SN Ia sample by 75 per cent to obtain a
sample of blue events in blue environments would roughly double the
size of the statistical uncertainties, all things being equal. However,
this loss of precision is offset by both the 30 per cent reduction
in Hubble residual scatter for these SNe Ia, as well as additional
reductions in systematic uncertainties, such as removing the need
to correct for the luminosity step and its associated astrophysical
uncertainties. In an analysis such as the Time Domain Extragalactic
Survey (TiDES; Swann et al. 2019) where the sample size will be
tens of thousands of SNe Ia, the statistical uncertainty will be below
the level of the systematic uncertainty (Frohmaier et al. in prep), so
such a selection to reduce scatter and other systematics offers clear
advantages for cosmology.

6 SUMMARY

By expanding the findings of our previous study into the relationship
between SNIa host environment and 𝑐 (K21) to a larger sample
consisting of SNIa from DES5YR, we have provided more weight
to suggestions for future cosmological analyses, and have added our
point of view to the historic mass vs age debate.

From our analysis our key findings are as follows:

(i) Hubble residual steps in environmental properties are consis-
tent with prior analyses, with values of ∼ 5𝜎 for global 𝑀stellar, and
for global and local rest-frame 𝑈 − 𝑅. The local mass step is slightly
smaller at ∼ 4𝜎.

(ii) When splitting our data into subsamples based on 𝑐, the
largest, and most statistically significant, differences in Hubble resid-
ual ‘step’ are associated with host 𝑀stellar and local 𝑈 − 𝑅, agreeing
with K21.
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(iii) As in K21 and González-Gaitán et al. (2021), we observe the
lowest rms scatter, and thus highest homogeneity for blue (𝑐 < 0)
supernovae in low mass or blue environments. This suggests that
such a subsample of supernovae may provide the best sample for use
in future cosmological analyses.

(iv) Despite removing the mass step, intriguing 2𝜎 steps in global
and local 𝑈 − 𝑅 remain after fitting for a simple approximation of
the BS21 dust model. This suggests that current dust modelling may
not fully explain the dispersion in SN luminosity.

(v) The remaining dispersion is minimised considering a 𝑐-
dependent global 𝑈 − 𝑅 relation (i.e. leaves the lowest-significance
residual steps in the other parameters), implying that𝑈 − 𝑅 provides
different information about the environment of SNe Ia than 𝑀stellar.

This analysis has important cosmological implications, which
should be taken into account in the next generation of cosmolog-
ical analyses. On one hand, the homogeneity of blue SNe in low
mass or blue environments provides more weight to the argument
that they are the best subsample to use for precision cosmology, so
it may simply be easiest to just use those. On the other hand, to gain
insight into the true astrophysical cause of the SNe Ia dispersion,
combining environmental corrections or studying the impact of dust
on galaxy 𝑈 − 𝑅 may provide the answers for the true relationships
between SNe Ia and their environments.
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Table A1. Hubble residual steps for stellar mass and 𝑈 − 𝑅 for the DES5YR data using a 5D bias correction.

Property Hubble Residual Step Hubble Residual r.m.s.
Name Division Point Magnitude Sig. (𝜎)b < DPc > DP

Global Massa 10.0 0.057±0.012 4.67 0.174±0.016 0.171±0.012
Local Mass 9.4 0.037±0.012 3.17 0.161±0.012 0.183±0.014
Global U-R 1.0 0.061±0.011 5.40 0.170±0.014 0.173±0.013
Local U-R 1.1 0.053±0.011 4.70 0.170±0.013 0.173±0.013

a Mass in log(𝑀stellar/𝑀�)
b Significance is quadrature sum.
c DP refers to the ‘Division Point’ location of the environmental property step. For example,

‘<DP’ indicates the lower mass or bluer environments.

Table A2. Subsample data when splitting the sample based on 𝑐 using a 5D bias correction.

Property 𝑐 < 0 Hubble Residual Step 𝑐 > 0 Hubble Residual Step
Name Division Point Magnitude Sig. (𝜎)b Magnitude Sig. (𝜎) Difference (𝜎)c

Number of Supernovae 306 366
Global Massa 10.0 0.026 ± 0.016 1.7 0.088 ± 0.018 4.8 2.6
Local Mass 9.4 0.010 ± 0.015 0.7 0.061 ± 0.017 3.6 2.2
Global U-R 1.0 0.041 ± 0.015 2.8 0.081 ± 0.017 4.8 1.8
Local U-R 1.1 0.026 ± 0.015 1.7 0.080 ± 0.017 4.8 2.4

a Mass in log(𝑀stellar/𝑀�)
b Significance is quadrature sum.
c Difference is the quadrature sum difference in Hubble residual step magnitudes between red and blue subsamples.

Table A3. Subsample r.m.s when splitting the sample based on 𝑐 using a 5D bias correction.

Property 𝑐 < 0 Hubble Residual r.m.s. 𝑐 > 0 Hubble Residual r.m.s.
Name Division Point < 𝐷𝑃b > 𝐷𝑃 < 𝐷𝑃 > 𝐷𝑃

Global Massa 10.0 0.138 ± 0.019 0.160 ± 0.016 0.199 ± 0.025 0.179 ± 0.016
Local Mass 9.4 0.133 ± 0.015 0.174 ± 0.021 0.184 ± 0.019 0.189 ± 0.020
Global U-R 1.0 0.135 ± 0.016 0.165 ± 0.018 0.193 ± 0.021 0.180 ± 0.018
Local U-R 1.1 0.133 ± 0.016 0.168 ± 0.019 0.195 ± 0.020 0.177 ± 0.019

a Mass in log(𝑀stellar/𝑀�)
b DP refers to the ‘Division Point’ location of the environmental property step. For example, ‘<DP’

indicates the lower mass or bluer environments.

APPENDIX A: BBC5D

In this analysis, we have focused on using a BBC1D bias correction, however for completeness and consistency with K21, here we discuss
the differences in results when using a BBC5D bias correction. When using BBC5D, three fewer SNe Ia pass our quality cuts, resulting in a
sample of 672. Using SALT2 (Section 2.1.1), we obtain values of 𝛼 = 0.164 ± 0.009 and 𝛽 = 3.36 ± 0.07 for this sample.

For the overall environmental property steps, as presented in Table A1, there is little difference in magnitude or significance, with only a
slight decrease (∼ 0.01 mag) for BBC5D. The Hubble residual r.m.s. values decrease for all properties and for each side of the division point,
but more so on the right hand side (higher 𝑀stellar or redder). This results in smaller differences in the r.m.s. values either side of the steps for
BBC5D than for BBC1D, indicating that the additional corrections of BBC5D are absorbing some of the dispersion.

As presented in Table A2, when splitting the data based on 𝑐, we find that our three lost SNe all had 𝑐 > 0. Interestingly, the step sizes
remain fairly consistent for the 𝑐 < 0 SNe Ia, but BBC5D exhibits noticeably smaller step sizes for 𝑐 > 0 than BBC1D. This results in slightly
less significant differences between red and blue SNe using BBC5D.

As above, the r.m.s. values across the board decreased using BBC5D (indicative of the increased scatter when only applying a redshift
correction as in BBC1D), shown in Table A3. As with the step sizes, the r.m.s. values for 𝑐 > 0 decrease more, resulting in an smaller difference
between the r.m.s. values between red and blue SNe using BBC5D. This is particularly noticeable when comparing the blue SNe in low 𝑀stellar
or blue environments with those that are not, and is clear to see in Figure A1.

As in Section 4.2, we fit for trends between the observed environmental property 𝑐 dependent Hubble residual relationships. The resulting
trends for global 𝑀stellar and 𝑈 − 𝑅 are presented in Figure A2. As can be seen, the relationships are not identical to those using BBC1D, but
they do follow the same general trends.

Presented in Table A4 are the remaining environmental property Hubble residual steps when these 𝑐-dependent trends have been corrected
for using the BBC5D bias correction. These remaining step values are fairly consistent with BBC1D, suggesting that our findings are not a
result of the bias correction used. This agrees with Section 3, that a 𝑐-dependent global 𝑈 − 𝑅 correction achieves the greatest reduction of
remaining Hubble residual dispersion. Correcting for a 𝑐 - global 𝑀stellar still results in an intriguing 2𝜎 remaining 𝑈 − 𝑅 step.
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Figure A1. As Figure 5, but using a BBC5D bias correction.

Table A4. Magnitudes and significances of remaining environmental property steps when fitting for relationships between 𝑐 and environmental properties, using
a 5D bias correction.

Fitting For:
Host Mass Local Mass Host U-R Local U-R

Re
m

ai
ni

ng
St

ep
In

: Host Mass 0.002±0.012 0.036 ± 0.012 0.013±0.012 0.021±0.012
0.1𝜎 3.0𝜎 1.1𝜎 1.7𝜎

Local Mass 0.007 ± 0.011 0.000 ± 0.011 0.005 ± 0.011 0.004 ± 0.011
0.6𝜎 0.0𝜎 0.4𝜎 0.4𝜎

Host U-R 0.023±0.011 0.041 ± 0.011 0.001±0.011 0.017±0.011
2.0𝜎 3.7𝜎 0.1𝜎 1.5𝜎

Local U-R 0.018±0.011 0.032 ± 0.011 0.005±0.011 0.001±0.011
1.6𝜎 2.8𝜎 0.4𝜎 0.1𝜎

All steps given in mag.
Step division points as described in Section 4.1.
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Figure A2. As Figure 6, but using a BBC5D bias correction.

APPENDIX B: DIFFERENT CLASSIFIERS AND TRAINING SETS

For this analysis, we have focused on using the SuperNNova (SNN) (Möller & de Boissière 2020) photometric classifier trained on core-
collapse templates from Vincenzi et al. (2019), requiring 𝑃(𝐼𝑎) > 0.5 as this is currently the preferred choice for the final DES5YR sample
within the DES-SN collaboration. However, we repeated this analysis using various combinations of classifier, templates and probability cuts.
These are defined as follows:

(i) SNN trained on Vincenzi et al. (2019) templates, 𝑃(𝐼𝑎) > 0.5
(ii) SNN trained on Vincenzi et al. (2019) templates, 𝑃(𝐼𝑎) > 0.8
(iii) SNN trained on Vincenzi et al. (2019) templates, 𝑃(𝐼𝑎) > 0.95
(iv) SNN trained on Jones et al. (2017) templates, 𝑃(𝐼𝑎) > 0.5
(v) SNN trained on Hounsell & Sako (2022) templates, 𝑃(𝐼𝑎) > 0.5
(vi) Supernova Identification with Random Forest (SNIRF; an extension of Dai et al. 2018) trained on Vincenzi et al. (2019) templates,

𝑃(𝐼𝑎) > 0.5
(vii) SNIRF trained on Jones et al. (2017) templates, 𝑃(𝐼𝑎) > 0.5

The overwhelming majority of candidate objects have a high probability of being a SNe Ia of 𝑃(𝐼𝑎) > 0.95. When the different 𝑃(𝐼𝑎)
samples undergo the additional quality cuts that are specific to this analysis, the final sample sizes were comparable (only changing by a few
objects), and there was no clear difference in results for each sample. In other words, the objects that had a low 𝑃(𝐼𝑎) typically also had the
largest uncertainties in 𝑥1, 𝑐, and environmental properties, meaning that they were removed in each case. As investigated in Vincenzi et al.
(2021) for DES, core-collapse contamination using each of the above training sets with SNN is low, with a maximum of 3.5 per cent of the
sample consisting of potential core-collapse SNe.
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