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A B S T R A C T 

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 ( M stellar ) 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 Surv e y 5-yr 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 3 σ 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 M stellar , approximating existing dust models, we remo v e the mass-step from the data and find tentative ∼2 σ residual steps 
in rest-frame galaxy U − R colour. This indicates that dust modelling based on M stellar 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 ≤1 σ residual steps in M stellar and local U − R , suggesting that U − R provides different information about the 
environment of SNe Ia compared to M stellar , and moti v ating the inclusion of galaxy U − R colour in SN Ia distance bias correction. 

Key words: surv e ys – supernovae: general – distance scale – cosmology: observations. 
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 I N T RO D U C T I O N  

he impro v ed standardization of type Ia superno vae (SNe Ia) is
mportant to constrain their luminosity dispersion and gain further
nderstanding of the dark energy equation-of-state parameter, w.
y applying corrections based on empirical relationships between

heir brightness and light-curve width (the ‘brighter-slower’ relation;
ust 1974 ; Pskovskii 1977 ; Phillips 1993 ) and their brightness and
ptical colour (the ‘brighter-bluer’ relation; Riess, Press & Kirshner
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996 ; Tripp 1998 ), their luminosity dispersion can be reduced to
0.14 mag (Scolnic et al. 2018 ). After accounting for observational

ncertainties, ∼0.08–0.10 mag of ‘intrinsic dispersion’ remains (e.g.
rout et al. 2019b ). 
In addition to these traditional light-curve corrections, there are

dditional correlations between the corrected SN Ia luminosity and
arious host galaxy ‘environmental’ properties. The most well-
tudied of these is the ‘mass step’ (e.g. Kelly et al. 2010 ; Lampeitl
t al. 2010 ; Sulli v an et al. 2010 ; Gupta et al. 2011 ; Childress et al.
013 ; Johansson et al. 2013 ; Uddin et al. 2017 , 2020 ; Smith et al.
020b ; Ponder et al. 2021 ; Popovic et al. 2021b ), in which SNe Ia
n more massive galaxies are more luminous after corrections than
heir counterparts occurring in galaxies with lower stellar masses.
© The Author(s) 2022. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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his step is typically measured through differing average Hubble 
esiduals 1 on either side of some division in environmental property, 
.g. high and low stellar mass. The astrophysical reasons for this
isparity are unclear, ho we ver it is known that the stellar mass
 M stellar ) of a galaxy correlates with the stellar ages, gas-phase, and
tellar metallicities, and dust content (Tremonti et al. 2004 ; Gallazzi 
t al. 2005 ; Garn & Best 2010 ; Bra v o & Badenes 2011 ; Zahid et al.
013 ), suggesting that the trends between corrected SN Ia brightness
nd host stellar mass could be due to differences in intrinsic SN
rogenitor properties (e.g. age or metallicity; Timmes, Brown & 

ruran 2003 ; R ̈opke & Hillebrandt 2004 ; Kasen, R ̈opke & Woosley
009 ; Bra v o et al. 2010 ) or dust (e.g. Brout & Scolnic 2021 ), or both.
he physical nature of the dominant underlying effect remains an 
pen question. 
In addition to looking at the M stellar of the galaxy, some studies

e.g. Lampeitl et al. 2010 ; Sulli v an et al. 2010 ; D’Andrea et al. 2011 ;
hildress et al. 2013 ; Pan et al. 2014 ; Wolf et al. 2016 ; Uddin et al.
017 ; Kim, Kang & Lee 2019 ; Kelsey et al. 2021 ) also consider
ther environmental properties such as the star formation rate (SFR), 
pecific star formation rate (sSFR; SFR per unit M stellar ), or rest-
rame colour (e.g. U − R ). These properties are correlated with 
 stellar ; the most massive galaxies tend to be redder, more passive,
ith the lowest sSFR, whilst the lower mass galaxies tend to have
ore recent or ongoing star formation. These parameters provide 

ther complementary ways to probe the stellar populations of the 
N host galaxies, and may also provide insight into potential ages 
f the host stellar populations. Similarly sized SN luminosity steps 
ave been found for global host galaxy sSFR, with > 3 σ evidence
hat SNe Ia in low sSFR galaxies are brighter on average than those
n higher sSFR galaxies after corrections. The most accurate tracer 
o determine the relationship between magnitude and environmental 
roperty for use in cosmology remains unclear (Briday et al. 2022 ). 
Alongside the host galaxy correlations, a wealth of studies (Rigault 

t al. 2013 , 2015 , 2020 ; Jones, Riess & Scolnic 2015 ; Moreno-Raya
t al. 2016a , b ; Galbany et al. 2018 ; Jones et al. 2018 ; Kim et al.
018 ; Roman et al. 2018 ; Kim et al. 2019 ; Rose, Garnavich &
erg 2019 ; Kelsey et al. 2021 ) have shown that looking at the

ocal region around the SN, rather than the global properties of
he entire host galaxy, can provide a better understanding of the 
N progenitor environment. Global galaxy properties are weighted 
y surface brightness, meaning that global measurements are most 
epresentative of the properties of the brightest galactic regions, 
nd thus may not accurately describe the true environment of the 
rogenitor and resulting SN (Rigault et al. 2013 ). F or e xample,
n SN Ia may be located within a locally passiv e re gion within
 globally star-forming galaxy, or vice versa (although local star- 
orming regions in globally passive galaxies are uncommon, e.g. 
igault et al. 2013 ). Rose et al. ( 2021 ) suggest that combining
orrections based on host galaxy stellar mass and local stellar age 
rovides the best improvement to SN Ia standardization at > 3 σ ,
educing the unexplained scatter by ∼10 per cent. 

Recent analyses (Brout et al. 2019b ; Smith et al. 2020b ; Brout &
colnic 2021 ; Kelsey et al. 2021 ) have shown that the magnitude of

his step in average luminosity or Hubble residual with environmental 
roperty changes when considering SNe of dif ferent colours. K elsey 
t al. ( 2021 , hereafter K21 ) found a significant ( ∼3 σ ) difference
etween the step sizes for subsamples comprised of ‘red’ and ‘blue’ 
 Hubble residual: the difference between the measured distance modulus 
 μobs ) to each SN and the distance modulus calculated from the best-fitting 
osmology ( μcosmo ). 
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Ne Ia, with bluer SNe (defined as having a SALT2 (Guy et al. 2007 ,
010 ) colour c of c < 0) being more homogeneous and displaying
o significant step, whilst the redder ( c > 0) SNe have a higher
ispersion and larger step sizes. 
Analyses of the underlying relationships between SN Ia colour 

 and the properties of their host galaxy environments have grown
 v er the past year, with suggestion that the differing average Hubble
esiduals in low and high mass galaxies are caused by differences
n dust properties for SNe with different c (Brout & Scolnic 2021 ;
opovic et al. 2021b , a ). Bluer SNe ( c < 0) will suffer less dust
xtinction (Jha, Riess & Kirshner 2007 ) and therefore less scatter
rom e vent-to-e vent than red ( c > 0) SNe. The presence of dust along
he line of sight reddens the SN by differing amounts dependent on
he properties of the dust, and therefore may not be the same for all
Ne Ia (Gonz ́alez-Gait ́an et al. 2021 ; Thorp et al. 2021 ). There is
no wn v ariation in the total-to-selecti v e e xtinction ratio ( R V ) along
ifferent lines of sight in the Milky Way (e.g. Schlafly et al. 2016 ),
o logically R V should vary between, and even within, different SNe
ost galaxies. This is considered in Chen et al. ( 2022 ) for a sample
f DES SNe Ia in redMaGiC galaxies, and Rose et al. ( 2022 ) for a
ample of Pantheon + SNe Ia (Scolnic et al. 2022 ; Brout et al. 2022 ).

eldorf et al. ( 2022 ) suggest that a correlation between host- R V and
Ne Ia properties indicate that intrinsic scatter is driven by R V . 
An alternate explanation is that red and blue SNe Ia represent

iffering progenitor paths (e.g. Milne et al. 2013 ; Stritzinger et al.
018 ; Gonz ́alez-Gait ́an et al. 2021 ; Kelsey et al. 2021 ). Blue objects
re considered to be comprised of one distinct set of progenitors
hence displaying no significant step in Hubble residual across hosts 
f differing masses), whilst red objects are likely a combination of
ifferent progenitors or explosion mechanisms (including the blue 
Ne that have been reddened by dust), causing a step in Hubble
esidual between different mass hosts to be observed. Environmental 
tudies may find evidence for this by analysis of the stellar population
ge of the region surrounding the SNe. 

Regardless of the cause of the Hubble residual step, such studies
ndicate that blue SNe Ia, particularly those in bluer/low-mass 
nvironments, are more homogeneous and thus are better for use in
osmology (Graur, Bianco & Modjaz 2015 ; Gonz ́alez-Gait ́an et al.
021 ; Kelsey et al. 2021 ). In this study, we further examine the idea
hat blue SNe Ia are more homogeneous by studying the differences
n Hubble residual for subsets of SNe Ia divided by SN colour, using
hotometrically confirmed SNe Ia from the Dark Energy Surv e y
DES) SN programme (DES-SN) five-year cosmological sample. 

Our paper is structured in the following way. In Section 2 , we
escribe the DES-SN SN Ia sample that was used in this analysis
nd present the method to obtain environmental properties from 

hotometric data. We discuss the results of our study in Section 3 and
ection 4 , and additional analysis in Section 5 . Finally, in Section 6
e summarize and conclude. 

 DATA  A N D  M E T H O D S  

e begin by describing the SN Ia sample used in our analysis,
nd the methods used to obtain information about their galactic 
nvironments. 

.1 The DES-SN photometric SN Ia sample 

ES is an optical imaging surv e y that uses four independent
strophysical probes to measure the properties of dark energy (Dark 
nergy Surv e y Collaboration 2016 ). Here we use a sample of SNe

a disco v ered by the dedicated SN programme in DES, DES-SN
MNRAS 519, 3046–3063 (2023) 
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Abbott et al. 2019 ), comprised of SNe Ia disco v ered in imaging data
cquired by the Dark Energy Camera (DECam; Flaugher et al. 2015 ),
ounted on the Blanco 4-m telescope at the Cerro Tololo Inter-
merican Observatory. The DES-SN programme was optimized

or the detection of SNe Ia o v er the redshift range 0.2 < z < 1.2
Bernstein et al. 2012 ; Smith et al. 2020a ) for use in cosmology,
bserving ten 3-deg 2 fields with an average cadence of 7 d in four
lters ( griz ). Our sample is taken from the full five years of the
urv e y. 

This sample differs from the DES-SN three-year (DES-SN3YR)
ample used in K21 : it includes data from the full five years of the
urv e y instead of only the first three years (Brout et al. 2019a ), and
t includes both spectroscopically confirmed and photometrically
lassified SNe Ia where the redshift for each SN is determined
y a spectroscopic redshift measurement of its host galaxy. The
hotometry is obtained using diffimg (Kessler et al. 2015 ). DES
hotometric classification is outlined in Vincenzi et al. ( 2021 ) and
 ̈oller et al. ( 2022 ), with host association details in Wiseman et al.

 2020 ). As detailed in Vincenzi et al. ( 2021 ), sample contamination
rom core-collapse SNe and peculiar SNe Ia ranges from 0.8 to
.5 per cent in DES, meaning that it has a negligible effect and is not
 limiting uncertainty in DES cosmological analyses, such as this. 

.1.1 SN Ia light-curve parameters 

e use the SALT2 SN Ia light-curve model (Guy et al. 2007 ,
010 ) to fit the SN Ia light curves and obtain estimates of their
stretch’ ( x 1 ), ‘colour’ ( c ), and m B ( −2.5log ( x 0 ), where x 0 is the fitted
mplitude). SALT2 is trained with the JLA compilation SN sample,
nd implemented in the SN AN A software package (Kessler et al.
009 ). In this analysis, we use 1D BBC bias corrections (Kessler &
colnic 2017 ) to correct for selection bias with a Guy et al. ( 2010 )

ntrinsic scatter model (consistent with S20 and K21 ). We do not
mploy BEAMS, instead setting each P(Ia) = 1. The light-curve
arameters are used to calculate Hubble residuals: 

μ = μobs − μcosmo , (1) 

here μcosmo is the fixed distance modulus calculated from a
eference cosmology (flat � CDM with w = −1), and μobs is the
easured distance modulus (e.g. Tripp 1998 ; Astier et al. 2006 ): 

obs = m B − M 0 + αx 1 − βc + μbias , (2) 

ith α, β, and M 0 as nuisance parameters describing the SN
opulation in the BBC fit. 
The μbias represents a correction that is applied to each SN to

ccount for surv e y selection effects. This correction is typically either
 ‘1D correction’ as a function of redshift, or a ‘5D correction’ as
 function of { z, x 1 , c , α, β} (Kessler & Scolnic 2017 ). The 1D
orrection does not account for the c -dependent selection bias (bluer
Ne are brighter and easier to observe), which results in a trend of
μ versus c for blue SNe. A discussion of the differences between

D and 5D corrections with regards to host galaxy correlations in the
ES-SN3YR sample can be found in Smith et al. ( 2020b , hereafter
20 ). We consider a 5D bias correction in Appendix A , finding no
ignificant difference in our results. 

In cosmological analyses, there is an additional host galaxy
 stellar correction added to equation ( 2 ), γ G host , where the nuisance

arameter γ is analogous to α and β, and G host is a step function
ypically located at log ( M stellar / M �) = 10. We do not use this
dditional correction in our analysis, as we want to study the o v erall
ause of the additional dispersion and determine if it can be explained
ith this simple correction. 
NRAS 519, 3046–3063 (2023) 
We assume a spatially flat � CDM model, with a matter density
M 

= 0.3 and Hubble constant H 0 = 70 km s −1 Mpc −1 as a reference
osmology for the calculation of �μ. 

.2 SN host galaxy photometry 

ere we briefly describe the DES-SN image stacking procedure and
ethods used to obtain photometry of each SN Ia host galaxy and

egion local to the SN event. The method is identical to that used in
21 , and details can be found therein. 
Host galaxies are assigned using the directional light radius
ethod (DLR; Sulli v an et al. 2006 ; Gupta et al. 2016 ) and are

atalogued in Wiseman et al. ( 2020 ). The DLR is a measure of
he separation distance between the SN and each galaxy, normalized
y the apparent size of the galaxy light profile being considered (ob-
ained from high-quality depth-optimized coadded images; Wiseman
t al. 2020 ), in terms of the elliptical radius along a line connecting
he SN to the host centre. 

The majority of host galaxy spectroscopic redshifts for the DES
hotometric sample were provided by the OzDES programme (Yuan
t al. 2015 ; Childress et al. 2017 ; Lidman et al. 2020 ) using the Anglo-
ustralian Telescope (AAT). A subset of host galaxy redshifts were
btained from external catalogues of prior surveys that overlapped
ith the DES-SN fields. Details of host galaxy association and

edshifts can be found in Vincenzi et al. ( 2021 ), M ̈oller et al. ( 2022 ).
We use the ‘seeing-optimized’ DES image stacks described in K21

created following Wiseman et al. 2020 ). Single-epoch exposures are
dded to the stack if they pass given quality cuts; for this analysis we
se exposures with a τ (ratio between ef fecti ve exposure time and true
xposure time) of > 0.02 and a point spread function (PSF) full-width
alf-maximum (FWHM) < 1.3 arcsec in all filters. This provides a
alance between seeing and redshift co v erage for our analysis. 
Following K21 , photometry for the host galaxy (‘global’ photome-

ry) is measured using SOURCE EXTRACTOR (Bertin & Arnouts 1996 )
n the stacked griz images. 
We also measure local photometry at the SN position using a

 kpc aperture radius following K21 , based on the quality of our
tacked images. Local aperture photometry is measured using APER-
URE PHOTOMETRY from the PHOTUTILS Python module (Bradley
t al. 2019 ), and photometric uncertainties are calculated (also using
his tool) using the root-mean-square of the background-subtracted
tacked images as an error map. 

All our measured griz fluxes are corrected for Milky Way dust
xtinction using colour excess E ( B − V ) values from Schlegel,
inkbeiner & Davis ( 1998 ) and multiplicative coefficients for the
ES filters of R g = 3.186, R r = 2.140, R i = 1.569, and R z = 1.196

Abbott et al. 2018 ), calculated using a Fitzpatrick reddening law
Fitzpatrick 1999 ). 

.3 SN host galaxy SED fitting 

s per Smith et al. ( 2020b ), Wiseman et al. ( 2020 ), Kelsey et al.
 2021 ), we use spectral energy distribution (SED) fitting and
emplates based on the P ́EGASE spectral evolution code (Fioc &
occa-Volmerange 1997 , 2019 ) assuming a Kroupa ( 2001 ) initial
ass function (IMF) and a series of nine smooth exponentially

eclining star-formation histories, each with 102 time steps, in order
o estimate the physical parameters from the photometry. Synthetic
ES photometry is generated for each SED template and, using
2 minimization, is matched with the measured photometry for each

egion (e.g. Wiseman et al. 2020 ). We apply a foreground dust screen
ith E ( B − V ) = 0 to 0.3 mag in steps of 0.05 to account for dust



Concerning colour 3049 

e
u

 

a
F  

a
1  

p
 

C  

e
m
t
m

 

t
o
i  

t  

(
(  

a  

p  

p
i
m
a
g
a
(

2

F
I  

a  

t  

0
w
t
s  

(  

a  

(  

c
m  

W  

a
R  

i  

l
l  

W
p  

g
m
i  

0

2

a

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( M stellar ) < 1 3 695 
( M stellar ) global ≥ ( M stellar ) local 675 

Notes. 1 Cosmology refers to the JLA-like requirements on colour and 
stretch, i.e.: | c | < 0.3, σ c < 0.1, | x 1 | < 3, and σx 1 < 1. We also require 
| �μ| / σμ < 4 which remo v es 4 σ 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 photometry, 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. 
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xtinction, and only consider solutions younger than the age of the 
niverse for each SN redshift. 
From this SED fitting we obtain the stellar mass ( M stellar , in M �)

nd the rest-frame UBVR magnitudes for all global and local regions. 
or each set of photometry we additionally use a Monte Carlo process
djusting the observed photometry according to its uncertainties, with 
000 iterations in order to estimate the uncertainties in the abo v e
arameters. Full details of this process can be found in S20 . 
As described in K21 , we apply a ‘mangling’ (Hsiao et al. 2007 ;

onley et al. 2008 ) correction, adjusting the best-fitting SED for
ach host galaxy or region using a wavelength-dependent spline 
ultiplicative function to ensure that the SED exactly reproduces 

he observed photometry. This procedure allows rest-frame UBVR 

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

his colour because it spans the greatest wavelength range in our 
bserver-frame ( griz ) photometry (above our redshift cut, discussed 
n Section 2.4 , we lose rest-frame R band), it is an approximate
racer 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 ; Strate v a et al. 2001 ; Lintott et al. 2008 ). By
ssuming that the difference in SN luminosities is due to local stellar
opulation age, rest-frame U − R has been shown to be the best
hotometric tracer of this parameter (Briday et al. 2022 ), making 
t highly suitable for high redshift cosmology, where spectroscopy 
ay not be obtained of each SN environment. Furthermore, recent 

nalyses suggest that combining environmental corrections such as 
lobal host galaxy stellar mass, and local age (potentially with colour 
s a proxy) may provide the best standardization for SNe cosmology 
Rose et al. 2019 , 2021 ; Rigault et al. 2020 ). 

.4 SN selection r equir ements 

rom the SuperNNova classifier, we require each candidate SN 

a to have a probability of being an SN Ia of P(Ia) > 0.5. 2 We
pply a redshift cut of z < 0.6, which ensures that at all redshifts
he aperture size is larger than the smallest useful aperture ( σ ) of
.55 arcsec for a maximum full-width half-maximum of 1.3 arcsec 
hen approximating to a Gaussian following K21 . Additionally, 

his redshift cut minimizes selection biases, particularly in the 
hallo w fields (K essler et al. 2019 ). We apply a typical ‘JLA-like’
Betoule et al. 2014 ) light-curve selection in x 1 and c , and their
ssociated uncertainties. Based on the sample defined by M ̈oller et al.
 2022 ), 787 SNe Ia pass these classification, redshift, and JLA-like
osmological cuts, including our additional constraint of σ c < 0.1 to 
atch Brout & Scolnic ( 2021 ), and pass BBC 1D bias corrections.
e apply a selection cut on σ ( U − R ) < 1 mag for both the global

nd local measurements to have well-constrained rest-frame U −
 colours. This cut also remo v es objects with large uncertainties

n M stellar and SFR. We also require viable SED fits for global and
ocal environments, finding that some local environments have too 
ow signal-to-noise to be able to adequately fit a model to the SED.

e further require that the uncertainties in derived environmental 
arameters were small ( σ ( U − R ) < 1 and σ( M stellar ) < 1), and that the
lobal mass obtained for an environment was greater than the local 
ass. A summary of the selection requirements applied is presented 

n Table 1 . Using a BBC fit (Section 2.1.1 ), we obtain values of α =
.158 ± 0.007 and β = 2.88 ± 0.07 for these data. 
 See Appendix B for a discussion of the use of different classifiers, templates, 
nd P ( Ia ) selection cuts. 

 

−
 

s
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We present the global and local photometry and derived environ- 
ental properties for the 675 SNe Ia used in this analysis in the online

upplementary material. Light curves and associated environmental 
ata for the full DES5YR sample will be released online with the
osmology data release. 

 G L O BA L  A N D  L O C A L  E N V I RO N M E N T S  

.1 Envir onmental pr operties and colour 

e study the relationships between SN Ia colour and the SN Ia
nvironmental properties M stellar and rest-frame U − R colour, both 
lobally for the host galaxy, and for the ‘local’ 4 kpc radius regions.
rom Fig. 1 , trends in environmental properties with c are shown,
ith more massive, redder galaxies and environmental regions 
osting redder SNe Ia, consistent with prior (but weak) observed 
rends (Sulli v an et al. 2010 ; Childress et al. 2013 ; Brout & Scolnic
021 ; Kelse y et al. 2021 ; Popo vic et al. 2021b ). As in K21 , we observ e
n absence of red SNe Ia in low-mass galaxies and, to a lesser extent,
n bluer U − R regions. This is not unexpected: the distribution of SN
eddening is similar in low- and high-mass galaxies (Popovic et al.
021a ), but the number of SNe in low mass galaxies (particularly
elow log ( M / M �) < 9.5 where the effect is noticeable) is smaller,
o the red tail of the distribution is simply not well sampled. 

.2 Envir onmental pr operty steps in Hubble r esidual 

e now turn to investigating the relationships between SN Ia Hubble
esiduals with M stellar and rest-frame U − R colour, both globally and
ocally, for our DES5YR sample. We plot the Hubble residual versus
he chosen environmental property split into two bins at a chosen
ivision point in Fig. 2 , and measure the mean and dispersion in
ubble residual either side of this division. The magnitude of the

step’ is simply the difference between the two means, provided with
he statistical significance ( N σ ) of the difference. The resulting steps
re presented in Table 2 . We present the step values calculated with
he following step locations (division points): 

(i) log ( M stellar / M �) global = 10.0 (e.g. Sulli v an et al. 2010 ) 
(ii) log ( M stellar / M �) local = 9.4 (this value represents the median

ocal M stellar for this DES5YR sample) 
(iii) ( U − R ) global = 1.0 ( K21 ) 
(iv) ( U − R ) local = 1.1 (this value represents the median local U
R of this DES5YR sample, which is redder than that for K21 ) 

K21 found that the majority (56 per cent) of SNe in the DES3YR
pectroscopically confirmed sample were located in local regions 
MNRAS 519, 3046–3063 (2023) 
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Figure 1. SN colour c as a function of both global and local environmental properties: M stellar (upper panels) and rest-frame U − R (lower panels). The orange 
points show the binned weighted mean colours. The histograms show the distributions of c and the environmental properties. 
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hat were bluer than their host galaxy average, with a median local U
R = 0.95. Using this larger sample of DES5YR photometrically

lassified SNe we find a different result, 62 per cent of SNe are
ocated in regions that are locally redder than their host galaxy. This
elationship is not redshift dependent, so is likely a feature of types
f galaxies that are found to host SNe Ia in a photometric surv e y. F or
xample, DES5YR has more SNe in high mass hosts than DES3YR,
nd contains many more SNe with particularly low DLR measure-
ents. For DES3YR, which was spectroscopically confirmed, SN

pectra were required, which are more difficult to obtain for SNe
ear the centre of their host galaxies. For DES5YR, which was
hotometrically identified, spectra from the SNe themselves were
ot needed, which remo v es a potential bias against SNe closer to the
entre of their hosts. 

By comparing the local U − R to the DLR for DES5YR, the
ajority of SNe Ia that are in locally redder regions than their host

alaxy average are located closer to the centre of their host galaxy.
his is likely due to the colour gradients in galaxies in which elliptical
nd spiral galaxies are redder in the centre, getting progressively
luer outwards (e.g. Tortora et al. 2010 ). This is an age ef fect, kno wn
s the ‘inside-out scenario’ (e.g. P ́erez et al. 2013 ). Star formation
appens close to the galaxy centre, and o v er time is triggered towards
he outskirts, generating an age gradient. This physical age gradient
s observed in our data as a colour gradient. This colour gradient
eans that the average colour of a galaxy may be bluer than the

olour of the central region. Without SN spectra in DES5YR, more
NRAS 519, 3046–3063 (2023) 

w  
Ne Ia in the centres of galaxies are present in the sample as shown
n Fig. 3 , meaning that the effect of this colour gradient is more
oticeable than for DES3YR. This in turn means that the median
ocal U − R is redder than for K21 , and the median local M stellar is
igher, moti v ating our choice of division point locations for local
roperties. 

.2.1 M stellar 

ocusing first on global M stellar , as presented in Table 2 , the Hubble
esidual step of 0.065 ± 0.013 mag (4.9 σ ) agrees with prior analyses
e.g. Sulli v an et al. 2010 ; Childress et al. 2013 ; Smith et al. 2020b ).
or local M stellar , the Hubble residual step is smaller (0.046 ± 0.013)

n magnitude, but is still 3.7 σ in significance. For both global and
ocal M stellar , the r.m.s. values are lower for lower mass regions than
or higher masses, consistent with K21 . 

.2.2 U − R 

oving to U − R , Table 2 shows that all the steps, for both local and
lobal, are slightly smaller than, but consistent with the findings of
oman et al. ( 2018 ), Rigault et al. ( 2020 ) and K21 . The global colour

tep (0.071 ± 0.012 mag; 5.7 σ ) is larger than the stellar mass steps,
ut the local U − R (0.063 ± 0.012 mag; 5.1 σ ) is consistent with
he global mass. Overall, the U − R colour steps are fairly similar
hether measured globally or locally, in agreement with K21 and

art/stac3711_f1.eps
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Figure 2. Hubble residual plots for DES5YR as a function of (from top to bottom and left to right): global M stellar , local M stellar within the 4 kpc radius aperture, 
global rest-frame U − R colour and local rest-frame U − R colour. The orange dashed line is the split location, and the orange markers represent the bin means, 
displaying the steps in Hubble residual. 

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 < DP c > DP 

Global mass a 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 

Notes. a Mass in log ( M stellar / M �) 
b Significance is quadrature sum. 
c DP refers to the ‘Division Point’ location of the environmental property step. F or e xample, ‘ < DP’ indicates the 
lower mass or bluer environments. 
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oman et al. ( 2018 ) (for U − V ), likely due to the strong correlations
etween global and local colour. As in K21 and as for the stellar
asses, the r.m.s. values are lower in bluer environments. 
We note that there appear to be potential outliers with particularly 

ow or high Hubble residual values of | μobs − μcosmo | > 0.4, which
ay indicate potential core-collapse contamination. To investigate 

his, we remo v e those objects and recalculate our environmental 
roperty steps in Table 2 , finding reductions in magnitudes of < 0.01
ag (therefore less than the uncertainties). This also reduces the 

alues of the r.m.s. on each side of the division points, but the
 v erall trends remain consistent with lower scatter for the lower
ass or bluer regions, agreeing with our results and those of K21 .
o a v oid unwanted selection bias, we lea ve these objects in our 
ample. 
MNRAS 519, 3046–3063 (2023) 
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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 centre. 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-hand corner. 
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.3 Refitting α and β

n K21 , a tentative ∼2 σ difference in optimal α and β values on
ach side of the environmental property division point was found.
o compare with DES5YR, we refit α and β for subsamples split
y M stellar and rest-frame U − R . This comparison could unco v er
hether the steps in luminosity are driven by underlying relationships
etween x 1 / c and environmental properties. 

As can be seen in Table 3 , the differences in β between subsamples
ith different environmental properties are the most pronounced, on

he order of 3 σ for all properties, with lower β values for high mass
r redder regions. This difference agrees with Sullivan et al. ( 2011 ),
rout & Scolnic ( 2021 ), Kelsey et al. ( 2021 ), clearly indicating
ifferent colour–luminosity relationships for different environments.
n the other hand, unlike K21 , differences in α are only potentially

ignificant for local properties, being strongest for local M stellar 

 ∼3 σ ). There is a known correlation between x 1 and age (Howell
t al. 2009 ; Neill et al. 2009 ; Johansson et al. 2013 ; Childress, Wolf &
ahid 2014 ; Wiseman et al. 2021 ), which is often better probed by

ocal tracers (Rigault et al. 2020 ; Nicolas et al. 2021 ). A different α
n different local environments therefore indicates that the strength
f the stretch–luminosity relationship could be dependent on the age
f the local stellar population. On the other hand, if both x 1 and
he luminosity step are correlated with age, then α can absorb some
f the step in the fitting process (Dixon 2021 ; Rose et al. 2021 ;
iseman et al. 2022 ), and any difference here is a consequence of

hat de generac y. 

 H O S T  EN V IRO NMENTS  A N D  

O L O U R - D E P E N D E N T  DISTANCE  

EA SUREM ENTS  

.1 Splitting the sample based on colour 

oti v ated by our findings from Section 3.3 , and K21 , BS21, Popovic
t al. ( 2021b, a ) which suggest that the environmental ‘steps’ in SN
uminosity may be driven by underlying relationships between SN c
nd galaxy properties, we split the SN Ia sample into two based on
he SN colour ( c ≤ 0 and c > 0), and analyse the relations between
NRAS 519, 3046–3063 (2023) 
μ and environmental property for each subsample. We examine
hese relationships for both global and local host galaxy properties. 

The resulting steps for local and global M stellar and rest-frame U
R for the different c subsamples are displayed in Fig. 4 , with

umerical values given in Table 4 . 
In all cases, the step size is larger in red SNe Ia than in blue SNe

a, but to v arying le vels of significance. There is a 3 σ difference
etween Hubble residual step sizes for global M stellar , as also seen in
21 . This difference indicates that M stellar has a strong relationship
ith c , pointing to the link between host galaxy mass and dust. This

s also consistent with the 3 σ difference in step size for local U − R .
he differences are not significant ( ∼2 σ ) for the other environmental
roperties, indicating a weaker link between those properties and SN
 . This result is different compared to K21 , where all environmental
roperty steps have differences of > 2 σ when split into subsamples
y c . 
As in K21 and BS21, the r.m.s. values, presented in Table 5 , for

Ne Ia with c < 0 are considerably smaller than those for SNe
a with c > 0, with the smallest values found for c < 0 in low
tellar mass or blue environments ( ∼0.14). This lends more weight
o the argument posed in Gonz ́alez-Gait ́an et al. ( 2021 ) and K21
hat SNe Ia in the lower mass, higher star-forming, bluer regions are
 more homogeneous sample that may be better standard candles.
ur sample of blue SNe Ia in blue or low M stellar environments also
ave lower r.m.s. scatter than those obtained for an NIR sample
Jones et al. 2022 ), potentially raising questions about the necessity
f space-based observations for SNe Ia cosmology. 
The relationships with c and Hubble residuals are presented

n a different form in Fig. 5 , using hexbinned heatmaps in the
arameter space of environmental property and SN c , with bins
haded according to the mean Hubble residual of events in that bin.
hese plots show that the most homogeneous SN Ia sample with
lose to zero Hubble residual is in the lower left-hand quadrants,
ndicating bluer SNe and low M stellar and/or blue U − R regions. 

.2 Comparison to Brout & Scolnic ( 2021 ) 

S21 suggest that the dominant component of SN Ia intrinsic scatter
s caused by variation in the total-to-selective extension ratio R V 

istribution as a function of host galaxy properties. They found
hat the Hubble residual trends with host M stellar were modelled
ell by considering the SNe c distribution to be a two-component

ombination consisting of an intrinsic Gaussian distribution, and an
 xtrinsic e xponential E ( B − V ) dust distribution. This e xtrinsic dust
istribution is host galaxy M stellar dependent, with a Gaussian R V 

istribution, where mean R V = 2.75 in low mass host galaxies and
ean R V = 1.5 in high mass hosts. The different R V values result

n different effective colour–luminosity relationships either side of
he mass step division point. BS21 suggest that the mass step is
herefore primarily caused by a difference in dust properties for SNe
a with different c . This interpretation is consistent with the finding
n K21 – it is physics that affects the SN colour that is driving the
ubble residual host galaxy correlations. To compare our analysis
ith BS21, we extend the study of SN c for different host properties,
y comparing the Hubble residuals with a finer binning of SN colour,
ather than simply red ( c > 0) or blue ( c < 0). This follows BS21
ig. 6 . 

.2.1 Global M stellar 

irst, we present the results with host galaxy M stellar (Fig. 6 ).
verplotted is the SN Ia sample used in BS21 (a mostly inde-

art/stac3711_f3.eps
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Table 3. Differences in best-fitting α and β when splitting the sample based on environmental properties. 

Property α β

< DP b > DP Difference ( σ ) c < DP > DP Difference ( σ ) 

Global mass a 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 

Notes. a Mass in log ( M stellar / 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. 
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endent publicly available, spectroscopically classified, photometric 
ight-curve sample consisting of a combination of data from the 
oundation, PS1, SNLS, SDSS, CSP, CfA surveys, 3 and DES3YR) 
ith a redshift cut of z < 0.6 applied for consistency with our

nalysis. The two data sets – DES5YR and BS21 – generally 
ollow similar trends, and thus we expect that the predictions of
he BS21 model will adequately model the relationships between 
nvironmental properties and c for our DES5YR sample. Fig. 6 (a), 
s in BS21 Fig. 6 , shows little difference between the r.m.s. values for
amples in high and low M stellar for the bluer SNe, but this difference
ncreases for the red SNe, also mirrored in the larger step sizes in
he red bins. This increase in r.m.s. scatter and host M stellar step size
owards the redder (right-hand panel) end of the plot suggests that 
he o v erall M stellar step is driv en by the red SNe. 

A polynomial is used to fit the Hubble residual versus c relation for
oth high- and low-mass galaxies separately, minimizing the χ2 in 
ach case. These curves are then subtracted to remove the mass step
rom the data, enabling underlying environmental relationships to be 
nco v ered. Similarly lo w χ2 v alues were found when fitting quadratic
urves and when fitting two separate linear relations for positive and 
e gativ e c , for both low and high M stellar . These linear fits resulted in
imilar remaining relationships once their trends were remo v ed from
he data. Ho we ver, we proceed with the quadratic fits, due to the fact
hat they are smooth, continuous functions. There is no clear reason 
hy the colour–luminosity relation would change dramatically at any 
articular c v alue, intuiti vely it is more likely to be a continuous rela-
ionship, meaning that combining linear functions for different c bins 
ay not be as realistic. As illustrated in Fig. 6 (b), these quadratic fits

enerate simple functions for the M stellar c -dependent Hubble residual 
elationships. By subtracting these curves from the Hubble residual 
f each SN in our sample, we correct for these observed c -dependent
 stellar trends. As shown in Table 6 , this simple approximation of

he BS21 dust model remo v es the global host galaxy mass step from
ur data (0 . 001 ± 0 . 013 mag ; 0 . 1 σ ), ho we ver we find remaining
est-frame U − R steps of 0 . 025 ± 0 . 012 mag ; 2 . 1 σ for global and
 . 023 ± 0 . 012 mag ; 1 . 9 σ for local when the c - dependent M stellar 

elation is remo v ed, perhaps suggesting that the M stellar dust model
s not the full picture, and should include or be fully based on the U

R tracer instead (see Section 4.2.2 ). 
Whilst the remaining U − R steps are small in our analysis, Roman

t al. ( 2018 ) found a significant (5 σ ) remaining U − V step when
 F oundation: F ole y et al. ( 2018 ), P an-STARRS1 (PS1): Rest et al. ( 2014 ), 
colnic et al. ( 2018 ), SuperNova Legacy Survey (SNLS): Betoule et al. 
 2014 ), Sloan Digital Sky Survey (SDSS): Sako et al. ( 2011 ), Carnegie 
upernova Project (CSP): Stritzinger et al. ( 2010 ), Harvard-Smithsonian 
enter for Astrophysics (CfA3 + 4): Hicken et al. ( 2009a ), Hicken et al. 
 2009b ), Hicken et al. ( 2012 ). 

t  

b  

o  

f  

c  

s  

t  

l

6 February 2023
orrecting first for the o v erall global mass step in their analysis
not dependent on c ), suggesting that additional information can be
rovided by local properties when combined with global properties. 
ur results also agree with Galbany et al. ( 2022 ), where > 2 σ steps in

SFR and H α equi v alent width remain once the mass step has been
orrected for, whilst a < 2 σ step in M stellar remains once the reverse
s done. This suggests that sSFH and H α equi v alent width (both
elated to the age of the stellar population) are better than M stellar at
mproving SN Ia standardization. 

.2.2 Global U − R 

e repeated the abo v e analysis, but starting with and fitting for the
elationship between global rest-frame U − R and c , instead of fitting
or the global M stellar - c dependent Hubble residual relationship. We
plit into ‘low’ and ‘high’ by splitting at U − R = 1, as moti v ated
y K21 . Again, quadratic functions fit the data best through a χ2 

inimization, which we subtracted from the Hubble residual for each 
N to correct for U − R - c dependent Hubble residual relationships,
s shown in panels (c) and (d) of Fig. 6 . 

As shown in Table 6 , this approximate correction remo v es the
lobal U − R step from the data, and we find remaining mass
teps of only 0 . 012 ± 0 . 013 mag (1 σ ) for global M stellar and 0 . 010 ±
 . 012 mag (0 . 8 σ ) for local. These post-correction steps are smaller
han the remaining U − R steps after the global c - M stellar relation
as remo v ed, suggesting that a U − R correction encompasses more
f the o v erall Hubble residual v ersus host environment relationship
han the M stellar correction; as seen in K21 . 

.2.3 Local corrections 

e repeat the corrections of Sections 4.2.1 and 4.2.2 , but for local
roperties instead of global, again presenting our results in Table 6 . 
The ≥3 σ steps that remain in both local and global U − R and in

lobal M stellar when fitting for local M stellar are particularly interesting. 
onsiderable remaining steps remain once the trend with c has been

emo v ed, suggesting that local mass may not be remo ving an y trends
r perhaps is less correlated with the other parameters than expected, 
o we ver this disagrees with the trends shown in K21 that local and
lobal mass are correlated (albeit with scatter). This finding suggests 
hat local mass may not be linked to dust in the same way as suggested
y BS21 for global mass. We note in particular that local mass is the
nly parameter with a < 1 σ step for c < 0 (Table 4 ), so may not
ollow the same trends with c as the other parameters. Local mass
an be understood as a stellar density, tracing the population of old
tars in the region, so may be linked to age. Further investigation of
his finding is needed in future study, and may require better resolved
ocal properties than those available using DES. Higher resolution 
MNRAS 519, 3046–3063 (2023) 
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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 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 mass a 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 

Notes. a Mass in log ( M stellar / 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 < DP b > DP < DP > DP 

Global mass a 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 

Notes. a Mass in log ( M stellar / M �) 
b DP refers to the ‘Division Point’ location of the environmental property step. F or e xample, ‘ < DP’ indicates the lower mass or bluer 
environments. 
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ay help us to determine the location of dust in the host galaxy,
ither contained in the local circumstellar region around an SNe, or
ore dispersed throughout the global host galaxy. 
For local U − R , after fitting for the c dependent relationship, steps

f < 2 σ remained in all other properties. This is likely reflective of
he key result for host U − R , that a U − R correction encompasses

ore of the dispersion than an M stellar correction. Within a 4 kpc
adius, local U − R may not be truly ‘local’ enough to see a clear
ifference compared to global U − R . 

 DISCUSSION  

imilarly to S20 , BS21 and K21 , we find a ∼3 σ significant difference
etween global M stellar step sizes when splitting into subsamples 
ased on SN c . The data agrees well with the dust explanation of BS21
nd thus it is likely that the M stellar Hubble residual step differences
or c subsamples are due to the role of dust. 

Ho we ver, with the larger sample afforded by the DES5YR photo-
etric sample, we see a different result to K21 with regards to global
 − R steps when splitting based on c . K21 found ∼3 σ differences

n step sizes in global U − R between red and blue SNe, as opposed
o the smaller ∼2 σ difference seen with this DES5YR sample. 

As the observed trend with colour is consistent with the BS21
ust model, we can remo v e the effect of the mass step from the
ata by fitting for such a c -dependent global host M stellar Hubble
esidual relationship, and subtracting it from the Hubble residuals. 
uch a method has been introduced as a ‘4D’ bias correction in
opovic et al. ( 2021b ), and has been shown to result in a σw sys ∼
.005 (Popovic et al. 2021a ). Ho we ver, in this analysis we found
n intriguing 2 σ remaining global and local U − R steps once the
ass step has been remo v ed, indicating that, whilst M stellar -based

ust modelling may explain the mass step (BS21), it may not fully
xplain the SN luminosity dispersion. Further investigation of this 
entative result is needed. 

Despite M stellar and U − R being highly correlated, our analysis 
hows that the most Hubble residual dispersion across environmental 
roperties was remo v ed when correcting for a c -dependent global U
R relation. As U − R is connected to stellar age, this is expected
iven an older stellar population is one in which a larger fraction of
he hotter stars have had time to explode and create dust. This result

oti v ates further work into integrating mass and age simultaneously
nto scatter models and bias correction, with initial investigations 
resented in Wiseman et al. ( 2022 ). 

.1 Impact on cosmology 

ased on this analysis, our suggestion for future cosmology analyses 
s to correct for a global c -dependent U − R effect as this step is largest
nd remo v es the most remaining dispersion of the local and global
 − R and M stellar environmental properties measured. Alternatively, 

orrections could be combined to remo v e more dispersion than one
orrection alone. To reduce potential bias in the standardization, these 
hould be simultaneously fit with the other light-curve standardiza- 
ion parameters (Dixon 2021 ; Rose et al. 2021 ). 

Ho we ver, gi ven the homogeneity of blue ( c < 0) supernovae
n low mass or locally blue environments (as shown in Table 5
nd Fig. 5 ), it may be simplest and of most immediate value to
se these SNe in cosmology (Gonz ́alez-Gait ́an et al. 2021 ; Kelsey
t al. 2021 ), mitigating the need for environment correction. This
s not a new suggestion, and there is a wealth of information
ointing to the benefits of such a cut. For example, Rigault et al.
 2013 ) postulate that SNe Ia from locally passive environments are
he cause of the biases the y observ ed due to their higher scatter,
nd they suggest adding a selection cut to only include those in
ocally star forming (i.e. blue) environments for cosmology. This is 
mphasized by Childress et al. ( 2014 ), Kelly et al. ( 2015 ), Henne
t al. ( 2017 ), and Kim et al. ( 2018 ) who all find consistent results,
nd make the same conclusions about selecting star forming galaxies. 
raur et al. ( 2015 ) and Kim et al. ( 2018 ) both suggest that the

catter is further constrained by limiting to low-mass ( ≤10 10 M �)
lobally star-forming host galaxies. In another test, through the 
nalysis of ejecta velocities, Wang et al. ( 2009 ), F ole y & Kasen
 2011 ), and Siebert et al. ( 2020 ) all find that the SN scatter can be
educed by using lower velocity, bluer supernovae. By combining 
MNRAS 519, 3046–3063 (2023) 



3056 L. Kelsey et al. 

M

Figure 5. Hexbinned heatmaps, showing the relationships between rest-frame U − R or M stellar and c as a function of mean Hubble residual. The 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-hand panels) and local (left-hand 
panels) M stellar (upper panels) and rest-frame U − R galaxy colour (lower panels). 
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ll of this knowledge from previous analyses, and the confirmations
rom K21 , Gonz ́alez-Gait ́an et al. ( 2021 ) and this study, we should
se a subset of blue ( c < 0) SNe in low mass/blue/star-forming
nvironments to provide the most homogeneous sample for future 
osmology. 

Reducing the size of an SN Ia sample by 75 per cent to obtain a
ample of blue events in blue environments would roughly double the
ize of the statistical uncertainties, all things being equal. Ho we ver,
his loss of precision is offset by both the 30 per cent reduction
n Hubble residual scatter for these SNe Ia, as well as additional
eductions in systematic uncertainties, such as removing the need
o correct for the luminosity step and its associated astrophysical
ncertainties. In an analysis such as the Time Domain Extragalactic
urv e y (TiDES; Swann et al. 2019 ) where the sample size will be tens
f thousands of SNe Ia, the statistical uncertainty will be below the
evel of the systematic uncertainty (Frohmaier et al., in preparation),
o such a selection to reduce scatter and other systematics offers clear
dvantages for cosmology. 
NRAS 519, 3046–3063 (2023) 
 SUMMARY  

y expanding the findings of our previous study into the relationship
etween SNIa host environment and c ( K21 ) to a larger sample
onsisting of SNIa from DES5YR, we have provided more weight
o suggestions for future cosmological analyses, and have added our
oint of view to the historic mass versus age debate. 
From our analysis our key findings are as follows: 

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

(ii) When splitting our data into subsamples based on c , the largest,
nd most statistically significant, differences in Hubble residual
step’ are associated with host M stellar and local U − R , agreeing
ith K21 . 

art/stac3711_f5.eps
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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 M stellar (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 M stellar (b) and host galaxy rest-frame U − R (d). The o v erplotted quadratic 
fits minimize the χ2 . Data used in BS21 shown for M stellar in (a) and (b) in transparent colours. BS21 do not consider U − R , hence is not displayed in (c) and (d). 

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 

Remaining step in: Host mass 0.001 ± 0.013 0.039 ± 0.013 0.012 ± 0.013 0.023 ± 0.013 
0.1 σ 3.0 σ 1.0 σ 1.8 σ

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

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

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

Notes. All steps given in mag. 
Step division points as described in Section 4.1 . 
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(iii) As in K21 and Gonz ́alez-Gait ́an et al. ( 2021 ), we ob-

erve the lowest rms scatter, and thus highest homogeneity 
or blue ( c < 0) supernovae in low mass or blue environ-
ents. This suggests that such a subsample of supernovae 
ay provide the best sample for use in future cosmological 
nalyses. 

(iv) Despite removing the mass step, intriguing 2 σ steps in global 
nd local U − R remain after fitting for a simple approximation of
MNRAS 519, 3046–3063 (2023) 
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he BS21 dust model. This suggests that current dust modelling may
ot fully explain the dispersion in SN luminosity. 
(v) The remaining dispersion is minimized considering a c -

ependent global U − R relation (i.e. leaves the lowest significance
esidual steps in the other parameters), implying that U − R provides
ifferent information about the environment of SNe Ia than M stellar . 

This analysis has important cosmological implications, which
hould be taken into account in the next generation of cosmological
nalyses. On one hand, the homogeneity of blue SNe in low mass or
lue environments provides more weight to the argument that they
re the best subsample to use for precision cosmology, so it may
imply be easiest to just use those. On the other hand, to gain insight
nto the true astrophysical cause of the SNe Ia dispersion, combining
nvironmental corrections or studying the impact of dust on galaxy
 − R may provide the answers for the true relationships between
Ne Ia and their environments. 

C K N OW L E D G E M E N T S  

his work was supported by the Science and Technology Facil-
ties Council [grant number ST/P006760/1] through the DISC-
et Centre for Doctoral Training. LK thanks the UKRI Future
eaders Fellowship for support through the grant MR/T01881X/1.
S acknowledges from EU/FP7-ERC grant 615929, and PW ac-

nowledges support from STFC grant ST/R000506/1. LG acknowl-
dges financial support from the Spanish Ministerio de Ciencia e
nnovaci ́on (MCIN), the Agencia Estatal de Investigaci ́on (AEI)
0.13039/501100011033, and the European Social Fund (ESF)
Investing in your future’ under the 2019 Ram ́on y Cajal pro-
ram RYC2019-027683-I and the PID2020-115253GA-I00 HOST-
LOWS project, from Centro Superior de Investigaciones Cient ́ıficas
CSIC) under the PIE project 20215AT016, and the program Unidad
e Excelencia Mar ́ıa de Maeztu CEX2020-001058-M. 
This research made use of ASTROPY , 4 a community-developed

ore Python package for Astronomy (Astropy Collaboration 2013 ;
rice-Whelan et al. 2018 ). This research made use of PHOTUTILS ,
n Astropy package for detection and photometry of astronomical
ources (Bradley et al. 2019 ). 

Funding for the DES Projects has been provided by the U.S.
epartment of Energy, the U.S. National Science Foundation, the
inistry of Science and Education of Spain, the Science and Technol-

gy Facilities Council of the United Kingdom, the Higher Education
unding Council for England, the National Center for Supercomput-

ng Applications at the University of Illinois at Urbana-Champaign,
he Kavli Institute of Cosmological Physics at the University of
hicago, the Center for Cosmology and Astro-Particle Physics at the
hio State University, the Mitchell Institute for Fundamental Physics

nd Astronomy at Te xas A&M Univ ersity, Financiadora de Estudos
 Projetos, Funda c ¸ ˜ ao Carlos Chagas Filho de Amparo ̀a Pesquisa do
stado do Rio de Janeiro, Conselho Nacional de Desenvolvimento
ient ́ıfico e Tecnol ́ogico and the Minist ́erio da Ci ̂ encia, Tecnologia
 Inova c ¸ ˜ ao, the Deutsche Forschungsgemeinschaft and the Collabo-
ating Institutions in the Dark Energy Surv e y. 

The Collaborating Institutions are Argonne National Laboratory,
he University of California at Santa Cruz, the University of Cam-
ridge, Centro de Investigaciones Energ ́eticas, Medioambientales y
ecnol ́ogicas-Madrid, the University of Chicago, University College
ondon, the DES-Brazil Consortium, the University of Edinburgh,
NRAS 519, 3046–3063 (2023) 

 http://www .astropy .org 

B
B
B
B

3

he Eidgen ̈ossische Technische Hochschule (ETH) Z ̈urich, Fermi
ational Accelerator Laboratory, the University of Illinois at Urbana-
hampaign, the Institut de Ci ̀encies de l’Espai (IEEC/CSIC), the

nstitut de F ́ısica d’Altes Energies, Lawrence Berkeley National
aboratory, the Ludwig-Maximilians Universit ̈at M ̈unchen and the
ssociated Excellence Cluster Universe, the University of Michigan,
he National Optical Astronomy Observatory, the University of
ottingham, The Ohio State University, the University of Penn-

ylv ania, the Uni versity of Portsmouth, SLAC National Accelerator
aboratory , Stanford University , the University of Sussex, Texas
&M University, and the OzDES Membership Consortium. 
Based in part on observations at Cerro Tololo Inter-American

bservatory, National Optical Astronomy Observatory, which is op-
rated by the Association of Universities for Research in Astronomy
AURA) under a cooperative agreement with the National Science
oundation. 
The DES data management system is supported by the Na-

ional Science Foundation under Grant Numbers AST-1138766
nd AST-1536171. The DES participants from Spanish institu-
ions are partially supported by MINECO under grants AYA2015-
1825, ESP2015-66861, FPA2015-68048, SEV -2016-0588, SEV -
016-0597, and MDM-2015-0509, some of which include ERDF
unds from the European Union. IFAE is partially funded by the
ERCA program of the Generalitat de Catalunya. Research leading

o these results has received funding from the European Research
ouncil under the European Union’s Se venth Frame work Program

FP7/2007-2013) including ERC grant agreements 240672, 291329,
nd 306478. We acknowledge support from the Brazilian Instituto
acional de Ci ̂ encia e Tecnologia (INCT) e-Universe (CNPq grant
65376/2014-2). 
This manuscript has been authored by Fermi Research Alliance,

LC under Contract No. DE-AC02-07CH11359 with the U.S.
epartment of Energy, Office of Science, Office of High Energy
hysics. 

ATA  AVAI LABI LI TY  

he global and local photometry and derived environmental proper-
ies for the 675 SNe presented in this analysis are available in the
nline supplementary material. The light curves for the full DES-SN
hotometric SN Ia catalogue and associated host galaxy data will be
ade available as part of the DES5YR SN cosmology analysis at

ttps:// des.ncsa.illinois.edu/ releases/sn . 

EFERENCES  

bbott T. M. C. et al., 2018, ApJS , 239, 18 
bbott T. M. C. et al., 2019, ApJ , 872, L30 
stier P. et al., 2006, A&A , 447, 31 
stropy Collaboration 2013, A&A , 558, A33 
ernstein J. P. et al., 2012, ApJ , 753, 152 
ertin E., Arnouts S., 1996, A&AS , 117, 393 
etoule M. et al., 2014, A&A , 568, A22 
radley L. et al., 2019, astropy/photutils: v0.6, Available at: https://doi.org/

10.5281/zenodo.2533376 
ra v o E., Badenes C., 2011, MNRAS , 414, 1592 
ra v o E., Dom ́ınguez I., Badenes C., Piersanti L., Straniero O., 2010, ApJ ,

711, L66 
riday M. et al., 2022, A&A , 657, A22 
rout D., Scolnic D., 2021, ApJ , 909, 26 
rout D. et al., 2019a, ApJ , 874, 106 
rout D. et al., 2019b, ApJ , 874, 150 
rout D. et al., 2022, ApJ , 938, 110 

http://www.astropy.org
https://des.ncsa.illinois.edu/releases/sn
http://dx.doi.org/10.3847/1538-4365/aae9f0
http://dx.doi.org/10.3847/2041-8213/ab04fa
http://dx.doi.org/10.1051/0004-6361:20054185
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.1088/0004-637X/753/2/152
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.1051/0004-6361/201423413
https://doi.org/10.5281/zenodo.2533376
http://dx.doi.org/10.1111/j.1365-2966.2011.18498.x
http://dx.doi.org/10.1088/2041-8205/711/2/L66
http://dx.doi.org/10.1051/0004-6361/202141160
http://dx.doi.org/10.3847/1538-4357/abd69b
http://dx.doi.org/10.3847/1538-4357/ab06c1
http://dx.doi.org/10.3847/1538-4357/ab08a0
http://dx.doi.org/ 10.3847/1538-4357/ac8e04


Concerning colour 3059 

C
C
C
C
C
D
D
D
D
F
F
F
F
F
F
G
G
G  

G
G  

G
G
G
G
G
H
H
H  

H
H
H  

J
J
J
J
J
J
K
K  

K  

K
K
K
K
K
K
K
K
L
L
L
M
M  

M
M
M  

M  

N
N

P
P
P
P  

P  

P
P
P
R
R
R
R
R
R
R
R
R
R
R
S
S
S
S
S
S  

S
S
S
S
S
S
S
S
S
T  

T
T  

T  

T
T
U  

U
V  

V
W
W
W
W
W
Y
Z

S

S

s

P  

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/3046/6939845 by Southam
pton O

ceanography C
entre N

ational O
ceanographic Library user on 16 February 2023
hen R. et al., 2022, ApJ , 938, 62 
hildress M. et al., 2013, ApJ , 770, 108 
hildress M. J., Wolf C., Zahid H. J., 2014, MNRAS , 445, 1898 
hildress M. J. et al., 2017, MNRAS , 472, 273 
onley A. et al., 2008, ApJ , 681, 482 
’Andrea C. B. et al., 2011, ApJ , 743, 172 
ai M., Kuhlmann S., Wang Y., Kovacs E., 2018, MNRAS , 477, 4142 
ark Energy Surv e y Collaboration, 2016, MNRAS , 460, 1270 
ixon S., 2021, PASP , 133, 054501 
ioc M., Rocca-Volmerange B., 1997, A&A, 500, 507 
ioc M., Rocca-Volmerange B., 2019, A&A , 623, A143 
itzpatrick E. L., 1999, PASP , 111, 63 
laugher B. et al., 2015, AJ , 150, 150 
 ole y R. J., Kasen D., 2011, ApJ , 729, 55 
 ole y R. J. et al., 2018, MNRAS , 475, 193 
albany L. et al., 2018, ApJ , 855, 107 
albany L. et al., 2022, A&A , 659, A89 
allazzi A., Charlot S., Brinchmann J., White S. D. M., Tremonti C. A., 2005,

MNRAS , 362, 41 
arn T., Best P. N., 2010, MNRAS , 409, 421 
onz ́alez-Gait ́an S., de Jaeger T., Galbany L., Mour ̃ ao A., Paulino-Afonso

A., Filippenko A. V., 2021, MNRAS , 508, 4656 
raur O., Bianco F. B., Modjaz M., 2015, MNRAS , 450, 905 
upta R. R. et al., 2011, ApJ , 740, 92 
upta R. R. et al., 2016, AJ , 152, 154 
uy J. et al., 2007, A&A , 466, 11 
uy J. et al., 2010, A&A , 523, A7 
enne V. et al., 2017, New Astron. , 51, 43 
icken M. et al., 2009a, ApJ , 700, 331 
icken M., Wood-Vasey W. M., Blondin S., Challis P., Jha S., Kelly P. L.,

Rest A., Kirshner R. P., 2009b, ApJ , 700, 1097 
icken M. et al., 2012, ApJS , 200, 12 
owell D. A. et al., 2009, ApJ , 691, 661 
siao E. Y., Conley A., Howell D. A., Sulli v an M., Pritchet C. J., Carlberg

R. G., Nugent P. E., Phillips M. M., 2007, ApJ , 663, 1187 
ha S., Riess A. G., Kirshner R. P., 2007, ApJ , 659, 122 
ohansson J. et al., 2013, MNRAS , 435, 1680 
ones D. O., Riess A. G., Scolnic D. M., 2015, ApJ , 812, 31 
ones D. O. et al., 2017, ApJ , 843, 6 
ones D. O. et al., 2018, ApJ , 867, 108 
ones D. O. et al., 2022, ApJ , 933, 172 
asen D., R ̈opke F. K., Woosley S. E., 2009, Nature , 460, 869 
elly P. L., Hicken M., Burke D. L., Mandel K. S., Kirshner R. P., 2010, ApJ ,

715, 743 
elly P. L., Filippenko A. V., Burke D. L., Hicken M., Ganeshalingam M.,

Zheng W., 2015, Science , 347, 1459 
elsey L. et al., 2021, MNRAS , 501, 4861 (K21) 
essler R., Scolnic D., 2017, ApJ , 836, 56 
essler R. et al., 2009, PASP , 121, 1028 
essler R. et al., 2015, AJ , 150, 172 
essler R. et al., 2019, MNRAS , 485, 1171 
im Y.-L., Smith M., Sulli v an M., Lee Y.-W., 2018, ApJ , 854, 24 
im Y.-L., Kang Y., Lee Y.-W., 2019, J. Korean Astron. Soc. , 52, 181 
roupa P., 2001, MNRAS , 322, 231 
ampeitl H. et al., 2010, ApJ , 722, 566 
idman C. et al., 2020, MNRAS , 496, 19 
intott C. J. et al., 2008, MNRAS , 389, 1179 
eldorf C. et al., 2023, MNRAS , 518, 1985 
ilne P. A., Brown P. J., Roming P. W. A., Bufano F., Gehrels N., 2013, ApJ ,

779, 23 
 ̈oller A., de Boissi ̀ere T., 2020, MNRAS , 491, 4277 
 ̈oller A. et al., 2022, MNRAS , 514, 5159 
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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 < DP c > DP 

Global mass a 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 

Notes. a Mass in log ( M stellar / M �) 
b Significance is quadrature sum. 
c DP refers to the ‘Division Point’ location of the environmental property step. F or e xample, ‘<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 mass a 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 

Notes. a Mass in log ( M stellar / 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 < DP 

b > DP < DP > DP 

Global mass a 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 

Notes. a Mass in log ( M stellar / M �) 
b DP refers to the ‘Division Point’ location of the environmental property step. For example, ‘<DP’ indicates the 
lower mass or bluer environments. 
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PPENDIX  A :  B B C 5 D  

n this analysis, we have focused on using a BBC1D bias correction,
o we ver for completeness and consistency with K21 , here we discuss
he differences in results when using a BBC5D bias correction. When
sing BBC5D, three fewer SNe Ia pass our quality cuts, resulting in
 sample of 672. Using SALT2 (Section 2.1.1 ), we obtain values of
= 0.164 ± 0.009 and β = 3.36 ± 0.07 for this sample. 
F or the o v erall environmental property steps, as presented in

able A1 , there is little difference in magnitude or significance, with
nly a slight decrease ( ∼0.01 mag) for BBC5D. The Hubble residual
.m.s. values decrease for all properties and for each side of the
ivision point, but more so on the right-hand side (higher M stellar 

r redder). This results in smaller differences in the r.m.s. values
ither side of the steps for BBC5D than for BBC1D, indicating
hat the additional corrections of BBC5D are absorbing some of the
ispersion. 
As presented in Table A2 , when splitting the data based on c , we

nd that our three lost SNe all had c > 0. Interestingly, the step sizes
NRAS 519, 3046–3063 (2023) 

v  
emain fairly consistent for the c < 0 SNe Ia, but BBC5D exhibits
oticeably smaller step sizes for c > 0 than BBC1D. This results in
lightly less significant differences between red and blue SNe using
BC5D. 
As abo v e, the r.m.s. values across the board decreased using

BC5D (indicative of the increased scatter when only applying a
edshift correction as in BBC1D), shown in Table A3 . As with the
tep sizes, the r.m.s. values for c > 0 decrease more, resulting in an
maller difference between the r.m.s. values between red and blue
Ne using BBC5D. This is particularly noticeable when comparing

he blue SNe in low M stellar or blue environments with those that are
ot, and is clear to see in Fig. A1 . 
As in Section 4.2 , we fit for trends between the observed en-

ironmental property c dependent Hubble residual relationships.
he resulting trends for global M stellar and U − R are presented

n Fig. A2 . As can be seen, the relationships are not identical
o those using BBC1D, but they do follow the same general
rends. 

Presented in Table A4 are the remaining environmental property
ubble residual steps when these c -dependent trends have been

orrected for using the BBC5D bias correction. These remaining step
alues are fairly consistent with BBC1D, suggesting that our findings
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Figure A1. As Fig. 5 , but using a BBC5D bias correction. 
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Figure A2. As Fig. 6 , 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 

Remaining step in: Host mass 0.002 ± 0.012 0.036 ± 0.012 0.013 ± 0.012 0.021 ± 0.012 
0.1 σ 3.0 σ 1.1 σ 1.7 σ

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

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

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

Notes. All steps given in mag. 
Step division points as described in Section 4.1 . 
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re not a result of the bias correction used. This agrees with Section 3 ,
hat a c -dependent global U − R correction achieves the greatest
eduction of remaining Hubble residual dispersion. Correcting for a
 - global M stellar still results in an intriguing 2 σ remaining U − R
tep. 
NRAS 519, 3046–3063 (2023) 
PPENDI X  B:  DI FFERENT  CLASSIFIERS  A N D  

R A I N I N G  SETS  

or this analysis, we have focused on using the SUPERNNOVA (SNN)
M ̈oller & de Boissi ̀ere 2020 ) photometric classifier trained on core-
ollapse templates from Vincenzi et al. ( 2019 ), requiring P ( Ia ) > 0.5
s this is currently the preferred choice for the final DES5YR sample
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ithin the DES-SN collaboration. Ho we ver, we repeated this analysis 
sing various combinations of classifier, templates, and probability 
uts. 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 (in preparation) templates, 

 ( Ia ) > 0.5 
(vi) Supernova Identification with Random Forest (SNIRF; an 

xtension of Dai et al. 2018 ) trained on Vincenzi et al. ( 2019 )
emplates, P ( Ia ) > 0.5 

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

The o v erwhelming majority of candidate objects have a high 
robability of being an SNe Ia of P ( Ia ) > 0.95. When the different
 ( Ia ) samples undergo the additional quality cuts that are specific to

his analysis, the final sample sizes were comparable (only changing 
y a few objects), and there was no clear difference in results for each
ample. In other words, the objects that had a low P ( Ia ) typically also
ad the largest uncertainties in x 1 , c , and environmental properties,
eaning that they were removed in each case. As investigated in 
incenzi et al. ( 2021 ) for DES, core-collapse contamination using
ach of the abo v e training sets with SNN is low, with a maximum of
.5 per cent of the sample consisting of potential core-collapse SNe. 

 Institute of Cosmology and Gravitation, University of Portsmouth, 
ortsmouth PO1 3FX, UK 

 School of Physics and Astronomy, University of Southampton, Southampton 
O17 1BJ, UK 

 The Research School of Astronomy and Astrophysics, Australian National 
niversity, ACT 2601, Australia 
 Department of Physics, Duke University Durham, NC 27708, USA 

 Center for Astrophysics, Harvard and Smithsonian, 60 Garden Street, 
ambridg e , MA 02138, USA 

 School of Mathematics and Physics, University of Queensland, Brisbane, 
LD 4072, Australia 
 Centre for Astrophysics and Supercomputing, Swinburne University of 
echnology, VIC 3122, Australia 
 Institut d’Estudis Espacials de Catalunya (IEEC), E-08034 Barcelona, Spain 
 Institute of Space Sciences (ICE, CSIC), Campus UAB, Carrer de Can
agrans, s/n, E-08193 Barcelona, Spain 

0 Department of Astronomy and Astrophysics, University of Chicago, 
hicago, IL 60637, USA 

1 Kavli Institute for Cosmolo gical Physics, Univer sity of Chica go, Chica go,
L 60637, USA 

2 Centre for Gravitational Astrophysics, College of Science, The Australian 
ational University, ACT 2601, Australia 

3 Univ Lyon, Univ Claude Bernard Lyon 1, CNRS, IP2I Lyon / IN2P3, IMR
822, F-69622 Villeurbanne, France 
4 Cerro Tololo Inter-American Observatory, NSF’s National Optical-Infrared 
stronomy Research Laboratory, Casilla 603, La Serena, Chile 

5 Laborat ́orio Interinstitucional de e-Astronomia - LIneA, Rua Gal. Jos ́e 
ristino 77, Rio de Janeiro, RJ - 20921-400, Brazil 

6 Fermi National Accelerator Laboratory, P. O. Box 500, Batavia, IL 60510,
SA 

7 Department of Physics, University of Michigan, Ann Arbor, MI 48109, USA 

8 CNRS, UMR 7095, Institut d’Astrophysique de Paris, F-75014 Paris, France 
9 Sorbonne Universit ́es, UPMC Univ Paris 06, UMR 7095, Institut 
’Astrophysique de Paris, F-75014 Paris, France 
0 University Observatory, Faculty of Physics, Ludwig-Maximilians- 
niver sit ̈at, Scheiner str. 1, D-81679 Munich, Germany 
MNRAS 519, 3046–3063 (2023) 

3


	1 INTRODUCTION
	2 DATA AND METHODS
	3 GLOBAL AND LOCAL ENVIRONMENTS
	4 HOST ENVIRONMENTS AND COLOUR-DEPENDENT DISTANCE MEASUREMENTS
	5 DISCUSSION
	6 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION
	APPENDIX A: BBC5D
	APPENDIX B: DIFFERENT CLASSIFIERS AND TRAINING SETS

