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ABSTRACT

Using 1533 type Ia supernovae (SNe Ia) from the five-year sample of the Dark Energy Survey (DES), we investigate the effects
of projected galactocentric separation between the SNe and their host galaxies on their light curves and standardization. We
show, for the first time, that the difference in SN Ia post-standardization brightnesses between high and low-mass hosts reduces
from 0.078 + 0.011 mag in the full sample to 0.036 + 0.018 mag for SNe Ia located in the outer regions of their host galaxies,
while increasing to 0.100 + 0.014 mag for SNe in the inner regions. In these inner regions, the step can be reduced (but not
removed) using a model where the Ry of dust along the line-of-sight to the SN changes as a function of galaxy properties. To
explain the remaining difference, we use the distributions of the SN Ia stretch parameter to test whether the inferred age of SN
progenitors are more varied in the inner regions of galaxies. We find that the proportion of high-stretch SNe Ia in red (older)
environments is more prominent in outer regions and that the outer regions stretch distributions are overall more homogeneous
compared to inner regions, but conclude that this effect cannot explain the reduction in significance of any Hubble residual step
in outer regions. We conclude that the standardized distances of SNe Ia located in the outer regions of galaxies are less affected
by their global host galaxy properties than those in the inner regions.

Key words: transients: supernovae — supernovae: general — cosmology: observations — distance scale

1 INTRODUCTION younger stellar populations (Hamuy et al. 2000). For cosmological
applications, such large scale environmental effects can be removed
after the application of standardization relations between SN Ia lumi-
nosity and SN light-curve width (Phillips 1993), and SN Ia luminosity

and SN optical colour (Riess et al. 1996; Tripp 1998).

More concerning for cosmological measurements is the observa-
tion that, even after such standardization, the brightnesses of SNe Ia
(and thus the distances inferred to them) have a residual dependence
on the properties of the galaxy in which they exploded. SNe Ia in

Type Ia supernovae (SNe Ia) are a mature cosmological probe. The
industrialisation of their discovery, measurement and analysis pro-
vides a ‘standardizable candle’ giving unparalleled insight into the
Universe’s expansion history, particularly in the redshift z < 0.6
Universe where dark energy dominates. However, despite the estab-
lished consensus of an exploding carbon-oxygen white dwarf star
with a light curve powered by the radioactive decay of S6Nji, there

remain open questions over the details of the configuration of the
progenitor systems, their explosion physics, and the effect of dust on
their light curves and luminosities.

It is well known that SN Ia photometric properties have depen-
dencies on the environment in which the SNe explode. For example,
intrinsically brighter and slower evolving SNe Ia tend to explode in
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massive, passive, older galaxies are brighter post standardization,
and those in low-mass, younger, star-forming galaxies are fainter.
Simplistically, this manifests as a step in SN Ia post-standardization
luminosity at a host galaxy stellar mass close to 1010M® (Kelly
etal. 2010; Sullivan et al. 2010; Lampeitl et al. 2010). This so-called
‘mass step’ is observed or routinely modelled in all large SN Ia sur-
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veys or compilations of datasets (e.g., Betoule et al. 2014; Brout
et al. 2022; DES Collaboration et al. 2024; Ginolin et al. 2024a) and
has a typical size of about 0.06—0.15 mag (or three to seven per cent
in distance) depending on the details of the sample. Similar trends
are seen when replacing host stellar mass with other global host
galaxy properties such as star-formation rate (SFR; Rigault et al.
2013), rest-frame colours (Roman et al. 2018; Jones et al. 2018b)
or gas-phase/stellar metallicity (Childress et al. 2013; Moreno-Raya
et al. 2016; Millan-Irigoyen et al. 2022), and when considering these
properties measured locally in a small aperture at the SN position
(Rigault et al. 2013; Roman et al. 2018; Kelsey et al. 2021).

The origin of the mass step is controversial and has implications
that extend beyond SN Ia cosmology. Explanations include changing
properties of the progenitor star, e.g., age (Rose et al. 2019; Rigault
et al. 2020) or metallicity (Hayden et al. 2013), differing progenitor
systems themselves, or dust properties that change with galaxy stellar
mass (Brout & Scolnic 2021, hereafter BS21). This latter explanation,
where the ratio of total-to-selective extinction Ry is different in low
and high-mass galaxies, also provides an explanation for the variation
of the step size with SN colour, with redder SNe appearing to show a
larger step (Brout & Scolnic 2021). At the time of writing, no single
astrophysical origin for the mass step appears to explain all of the
SN Ia observations (Thorp & Mandel 2022; Wiseman et al. 2023;
Popovic et al. 2024a).

In this paper, we explore whether the position of a SN Ia in its host
galaxy can provide additional information on the mass step puzzle,
in particular the projected separation of a SN from its host galaxy (or
galactocentric distance). There are strong astrophysical motivations
for examining this in more detail: it has long been known that galaxies
often show radial gradients in metallicity, age and dust content (e.g.,
Searle 1971; Pagel & Edmunds 1981; Kormendy & Djorgovski 1989;
Maiolino & Mannucci 2019; Parikh et al. 2021). These may act as a
proxy for the SN Ia progenitor star and its environment. For example,
stellar populations in late-type galaxies are typically younger in the
outer regions with a lower scatter in the ages measured (Goddard
et al. 2017; Parikh et al. 2021), whereas stellar populations in early-
type galaxies may be older in the outer regions (Baes et al. 2007;
Goddard et al. 2017) or exhibit little overall gradient. Similarly, both
star-forming (Simpson et al. 1995; Sanchez et al. 2014) and early-type
galaxies (Kormendy & Djorgovski 1989) show negative gradients in
their metal abundances (Gonzdlez Delgado et al. 2014, 2015), with
inner galactic regions being more metal rich than the outer regions.

Work using various samples of SNe Ia of order 100 events showed
no clear trends between SN Ia light-curve width and their projected
galactocentric distance (Ivanov et al. 2000; Jha et al. 2007; Hicken
et al. 2009; Yasuda & Fukugita 2010). Using a larger sample of
~ 1000 events from the Dark Energy Survey five-year sample, Toy
et al. (2023) showed a deficit of brighter and more slowly evolving
(high ‘stretch’) SNe Ia in the centres of galaxies. This is unlikely
to originate from an observational bias: the well-known increased
difficulty of finding SNe Ia in galactic centres due to the increased
surface brightness would not bias towards detecting the faster, fainter
SNe that appear preferentially hosted in these regions.

In terms of SN Ia colour (or extinction), there is some evidence
that extincted (red) SNe Ia are not found at large galactocentric dis-
tances (Jha et al. 2007; Hicken et al. 2009) and are instead found more
centrally in spiral or star-forming galaxies (Galbany et al. 2012; An-
derson et al. 2015). Using 302 SNe Ia from the SDSS SN survey
(Sako et al. 2018), Hill et al. (2018) showed a statistically signifi-
cant difference in the observed SN Ia colour distributions between
events that are nearer (redder SNe) and further (bluer SNe) from their
host galaxy centres, confirmed in the recent release of ~1000 low-
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redshift SNe Ia from the Zwicky Transient Facility (ZTF; Ginolin
et al. 2024b).

Studies into the cosmological effects of galactocentric distances on
SN Ia distance determination have been limited. No clear results were
found in the low-redshift sample of Hicken et al. (2009). However,
Hill et al. (2018) and Uddin et al. (2020) report a smaller residual
scatter in SN Ia Hubble residuals at larger galactocentric distances.
There is also some evidence that galactic position may influence
other SN Ia properties. ‘High velocity’ SNe Ia, defined as those SNe
Ia with silicon velocities measured from their spectra in excess of
12,000kms™1, are found preferentially in the centres of their host
galaxies (Wang et al. 2013; Pan et al. 2015; Nugent et al. 2023).

We use the Dark Energy Survey (DES) SN programme five-year
dataset (Sdnchez et al. 2024) to examine the effect of galactocen-
tric distance on SN Ia standardization. The DES-SN5YR dataset is
a well-calibrated and understood high-redshift SN Ia cosmological
dataset, with deep imaging data available for the SN Ia host galaxies
(Wiseman et al. 2020). Throughout, where relevant we assume a ref-
erence cosmology of a flat ACDM universe with Qmager = 0.3, and
with a Hubble constant of Hy = 70 km s! Mpc‘l.

2 DATA

In this section we introduce the dataset that we use in this paper: the
‘five-year’ SN Ia sample (Moller et al. 2022; Sdnchez et al. 2024)
from the DES SN programme (DES-SN5YR). We use 1533 SNe Ia
from the ‘cosmological sample’ of Vincenzi et al. (2024) selected
from all DES-SN5YR SNe Ia based on the quality of the SN light
curves and their light-curve fits (see their table 4). All events are
photometrically-identified as SNe Ia (Moller & de Boissiere 2020)
with P, > 0.5, where Py, is the probability of the event being a SN
Ia. All the SNe Ia have a spectroscopic redshift of their host galaxy
typically from the follow-up OzDES survey (Lidman et al. 2020).
This number differs from the 1541 reported in Vincenzi et al. (2024)
due to an extra requirement in the bias correction stage (Section 2.1).

The host galaxies themselves were identified from a catalogue
generated from deep, stacked griz images from DES free of SN light
(Wiseman et al. 2020), using the Source Extractor software (Bertin
& Arnouts 1996) to measure host positions, structural parameters
and photometry. SNe were matched to candidate host galaxies using
the directional light radius (DLR) method (Sullivan et al. 2006;
Gupta et al. 2016; Sako et al. 2018). The host galaxy photometry has
been fit with a series of galaxy spectral energy distribution (SED)
templates to estimate host stellar masses (M), SFRs and U — R
rest-frame colours following Sullivan et al. (2006) and Kelsey et al.
(2021) as implemented in DES-SNS5YR (Smith et al. 2020). Galaxy
rest-frame colours are reported in Bessell (1990) passbands and in
the Vega magnitude system (Johnson & Morgan 1953). These rest-
frame colours are calculated using the method outlined in Kelsey
et al. (2021), where the best-fitting host galaxy SED for each SN is
adjusted with a wavelength-dependent multiplicative function such
that the SED exactly reproduces the observed DES griz photometry
(often referred to as ‘mangling’ Hsiao et al. 2007; Conley et al. 2008).

2.1 SN Ia distances and bias corrections

The SN Ia light curves have been fit with the SALT3 light-curve
model (Guy et al. 2007; Kenworthy et al. 2021; Taylor et al. 2023) to
estimate various light curve parameters. Of particular relevance are
X1, a ‘stretch’-like parameter (Perlmutter et al. 1997) that measures
the width of each SN light curve relative to a template, and ¢, a
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Figure 1. Montage of a selection of DES SN Ia host galaxies with the SN position marked as a red cross, together with the elliptical apertures defined by
dprr =1 (green) and dprr = 4 (white). Both the DES SN name and the DES search pipeline candidate ID (CID) are shown. Each image is 20 arcseconds on

each side.

colour parameter that is similar to the rest-frame B — V colour of a
SN. Distances to the SNe, pops, are then estimated using (e.g., Tripp
1998; Astier et al. 2006)

Hobs = Mx + axy — fc — M — lipjas, (D

where m, x| and c are the SALT3 SN light-curve parameters, o and 8
are global nuisance parameters parametrizing the stretch—luminosity
and colour—luminosity relations, and M is the absolute magnitude of
a SN Ia with x; = 0 and ¢ = 0. ppj,s is the bias term that corrects for
various observational and astrophysical selection effects.

Hubble residuals Ay are then defined as

Ap = fobs — Hmodels 2

where 1 is defined in equation 1 and g0 4e iS the distance modulus
in a reference cosmology. The Hubble residuals indicate whether a
given SN Ia is brighter or fainter than expected in the reference
cosmology; negative residuals indicate a brighter event.

In our analysis we differ from the main DES-SN5YR analysis in
three ways. Firstly, we do not include a “yGpog’ term in equation 1.
When used, such a term is designed to encapsulate any residual de-
pendencies between SN Ia luminosities and their host galaxy prop-
erties (such as a stellar mass step) that are not corrected for in the

light-curve fitting or bias correction steps. As a goal of our paper is to
investigate such host galaxy effects, we do not apply this correction.

The second difference is in our use of bias corrections (ip;,s). The
bias corrections account for selection biases in the DES SN Ia sample,
for example as a function of redshift, SN light curve parameters, or
host galaxy properties. The corrections are generally estimated using
a Monte Carlo approach modelling the survey detection efficiency
and other potential selection effects given assumptions about the
underlying SN Ia populations (Kessler et al. 2009; Perrett et al. 2010;
Betoule et al. 2014). Early use of simulations modelled distance
bias corrections as a function of redshift only (Kessler et al. 2009;
Jones et al. 2018a) but other approaches have included effects due to
stretch and colour (Scolnic & Kessler 2016) and incorporated models
relating SN properties and their host galaxies (Popovic et al. 2023).

The DES-SN5YR analysis uses the approach of Popovic et al.
(2021), with bias corrections modelled as a function of z, x{, ¢, and
log(M.,) using the ‘Beams with Bias Corrections’ method (BBC;
Kessler & Scolnic 2017). We refer to this approach as ‘BBC 4D’
(see discussion in Vincenzi et al. 2024). This framework includes
an underlying model that makes assumptions about how SNe Ia
and dust vary by host properties, which is part of the motivation
for this paper. Therefore, we use as our main analysis a simpler

MNRAS 000, 1-17 (2024)
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‘1D’ approach, which implements bias corrections only as a function
of redshift, accounting for Malmquist-like biases (Malmquist 1922,
1925) but making no reference to host galaxies in the bias corrections.
However, we also include a comparison with the BBC 4D results
where relevant. In the BBC framework, SNe that do not achieve a
valid bias correction are removed from the analysis. Throughout this
work we use the sample of SNe that pass both the 1D and the 4D
bias corrections, leaving us with 1533 SNe.

The third difference is that the main DES-SN5YR analysis uses a
low-z sample in order to anchor the Hubble diagram, which is impor-
tant when measuring cosmological parameters. Here, we investigate
only the DES-SN5YR SNe Ia and do not include a low-z sample
(and hence, we use a reference cosmology for all Hubble residual
calculations).

In estimating our distances using BBC 1D, we recover nuisance
parameter values of & = 0.159 + 0.009 and 8 = 2.73 £ 0.05. These
differ from those reported in table 5 of Vincenzi et al. (2024), as
those values were estimated using the BBC 4D bias corrections, but
are similar to other estimates of « and 8 found for the DES-SNSYR
sample using 1D corrections (e.g., Kelsey et al. 2023).

2.2 SN-host separations

SN celestial coordinates (xsy, ysn) were measured by DES us-
ing point-spread function (PSF) fitting photometry (Kessler et al.
2015), with the coordinates computed using the weighted-average
from each measurement during an observing ‘season’. Host galaxies
were detected and measured in the DES image stacks by (Wiseman
et al. 2020) using Source Extractor. We use the celestial coordinates
(image centroids) of the Source Extractor detections (Xpost> Yhost)
measured from images with the same world coordinate system as the
images on which xgy, ysn are determined. These then define the an-
gular separation (or projected galactocentric distance), A, between
the SN and the centre of the host galaxy, i.e.,

A0 = \/(XSN - xhost)z +(ysN = yhost)z- (3)

The DES host galaxies cover a broad range of sizes, stellar masses,
inclinations and redshifts; even if converted to physical units (e.g.,
kpc), the galactocentric distances are not fairly comparable between
events if the apparent size of the host galaxy itself varies. Normalising
the galactocentric distances using an effective radius or scale length
does help, but does not account for inclination effects. We therefore
use the DLR as our normalisation of the galactocentric distances,
which accounts for the apparent size of a host galaxy in the direction
of a SN.

To measure DLRs, we use the Source Extractor basic shape pa-
rameters A (semi-major axis) and B (semi-minor axis) that define the
elliptical shape of the detected galaxy. The scales of A and B are set
by the second-order moments (variance) of the galaxy’s profile along
the A and B axes (e.g., Stobie 1980).

The DLR is then defined as!

DLR = A8 , “4)
V(Asin ¢)2 + (B cos ¢)?

where ¢ is the angle between the semi-major axis and the vector

of interest, in our case a vector connecting the centre of the galaxy

to the SN position. The DLR host-matching algorithm chooses the

galaxy with the smallest dpj g, which is defined as the ratio between

' The definition in Sullivan et al. (2006) is in terms of Source Extractor CXX,
CYY, and CXY ellipse parameters, but is mathematically equivalent.
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A6 and the DLR in the direction of the SN. In other words, dpir
measurements are SN-host separations normalised to the size of the
host galaxy being compared in the direction to the SN. An upper
limit of dprr = 4 is used; Qu et al. (2024) show that < 2 per cent
of our SNe are likely to be associated with the wrong host galaxy.
We show a montage of representative host galaxies and their SN
positions in Fig. 1, with the dpir = 1 and dp r = 4 elliptical
apertures overplotted. The dppr values for all DES-SN5YR SNe la
can be found in the Sanchez et al. (2024) data release.

The distribution of dpy R in our sample is shown in Fig. 2, together
with the variation of dpyr with redshift (see also Qu et al. 2024).
We see no redshift-dependent trends.

Seeing effects are important in our host galaxy sample: the num-
ber of resolution elements for each of our host galaxies is small
given the typical image quality (PSF FWHM) in our image stacks of
~ 1.3” (Kelsey et al. 2021). A useful characteristic of dpyR is that
it is purely empirical and reproducible. There is no model depen-
dency, i.e., fitting a Sérsic (1963) profile or sophisticated bulge/disc
decomposition is not required. This is important in our high-redshift
sample where we have very little (if any) morphological information
and complicated model fits can become unconstrained.

A useful rule of thumb for physically interpreting DLR is that, for
a galaxy with a 2D Gaussian profile, the elliptical shape defining the
galaxy detection of radius DLR (on average around 6 kpc for our
sample) for any ¢ will contain = 68 per cent of the galaxy light. A
DLR of three for any ¢ typically represents the isophotal limit of a
galaxy’s detection in that direction, and the commonly-used galaxy
effective radius (or half light radius) is ~ 0.67 DLR.

3 SN IA PROPERTIES AS A FUNCTION OF
GALACTOCENTRIC DISTANCE

In this section we examine how SN Ia properties depend on their
galactocentric distance. We begin with the simple photometric prop-
erties of light-curve width and colour, and then investigate their
Hubble residuals.

3.1 Light curve properties

The SALT3 SN x; and ¢ distributions as a function of dppr are
shown in Fig. 3. We give the mean values of the SALT3 x| and ¢
parameters for both inner and outer regions, using different dpp g
values to define these, in Table 1. As expected, on average SNe la
located within the innermost regions (dprr < 0.5) of the host galaxy
have a smaller x| than those located at dpy g > 0.5 (Toy et al. 2023).
This means that, on average, SNe within the centres of galaxies are
faster evolving than SNe at higher galactic radii. This not surprising:
these are likely to be the oldest stellar populations in galaxies, and
there are known correlations between light-curve shape and stellar
population age (e.g., Hamuy et al. 2000).

In SN colour there are no strong trends, but SNe laat dpy r < 1 are
slightly redder (higher ¢) than those at dprr > 1, and at dpir > 1.5
the SNe appear bluer on average than those closer to the galaxy
centres with a smaller scatter in ¢. There are no red SNe Ia (¢ > 0.2)
at high dpy R, consistent with the earlier results of Hill et al. (2018)
and Ginolin et al. (2024b). As redder and faster SNe Ia are fainter, it
is difficult to imagine a selection effect that would bias in favour of
these events in the bright inner regions of galaxies.
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Table 1. Weighted mean values of SN Ia light curve properties x|

and ¢ and Hubble residuals in different dpy r ranges.

dpl R range Number X1 ¢ Mean Au
of SNe Ia

dpir < 0.5 607 -0.24 £0.04 0.009 +£0.004 -0.012+0.010
dpir > 0.5 926 —-0.05+0.03 0.001 + 0.003 0.008 + 0.007
dpir < 1.0 1028 -0.16 £ 0.03 0.008 + 0.003 0.001 +0.007
dpir > 1.0 505 -0.07+£0.05 -0.002+0.005 -0.002+0.009
dpir < 1.5 1294 -0.12+0.03 0.010 + 0.003 0.002 + 0.006
dpir > 1.5 239 -0.14+£0.07 -0.023+£0.006 —0.009 +0.014
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dprr = 0.5, there is a small step of 0.033 + 0.011 mag.

3.2 Hubble residuals

We next examine the SN Ia Hubble residuals, shown versus host
galaxy stellar mass in Fig. 4. We remind the reader that we are using
Hubble residuals corrected using 1D bias corrections (i.e., correcting
for redshift biases only) as opposed to the nominal values presented in
Vincenzi et al. (2024) that use the BBC 4D method. This is because
we are aiming to understand the causes of Hubble residual-host
galaxy correlations, which the 4D approach attempts to model.

As expected based on previous studies of the DES data (e.g.,
Kelsey et al. 2023), the SN Ia luminosity step in host galaxy stellar
mass (‘mass step’) is clearly seen in the DES-SN5YR sample with a
size of 0.072 + 0.012 mag (~ 6 o). The size of this step is consistent
with earlier studies.

3.2.1 Hubble residuals as a function of dpi R

In the right hand panel of Fig. 4 we show the variation in Hubble resid-
ual with dpyr. While previous studies with smaller samples have
generally shown null results in similar tests (e.g., Hicken et al. 2009;
Galbany et al. 2012), here we see a mild trend: when splitting the
sample at dpy r = 0.5, SNe Ia have more negative Hubble residuals
in the inner regions of galaxies. The step is small: 0.020 +0.012 mag
(Table 1), which increases to 0.033 + 0.011 mag when only consid-
ering events within dpp r < 1. However, if we split at dpy r = 1, we
find no difference between the mean Hubble residuals.

The trend itself is not unexpected given the known relationships
between Hubble residual and stellar mass (e.g., left panel of Fig. 4):
regions within dpy g < 0.5 are likely to be similar to the old, passive
stellar environments of massive galaxies, and the outer regions sim-
ilar to those in younger lower mass galaxies. A logical next step is to
test how the Hubble residual-dpy R trend relates to the well-known
stellar mass and host galaxy colour steps.
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3.2.2 Host stellar mass step and dpy R

We show the host galaxy stellar mass step separately for SNe Ia in
bins of dprr and find that the size of the stellar mass step does
depend on the galactocentric distance (Fig. 5). Step sizes and their
significance are reported in Table 2. The greatest disparity occurs
at dppLr = 1: within that radius, SNe have a mass step of 0.100 +
0.014 mag (6.9 o), whereas for dppr > 1 the step is consistent with
zero (0.036+£0.018 mag; 2.0 o). Recall that we have made no attempt
in our bias correction methodology to model the host mass step: the
step is simply not present in our sample with dppr > 1.

We additionally calculate the root-mean-square deviation (r.m.s),
Orms. in the Hubble residuals for SNe Ia in host galaxies on either side
of the mass step. The orms for outer region SNe Ia is 0.02-0.03 mag
smaller in both lower and higher mass host galaxies than for SNe Ia
in the inner regions (Table 2). This modest reduction may indicate a
more robust standardization for SNe in the outer regions compared
to the inner regions, consistent with results in the literature (e.g., Hill
et al. 2018; Uddin et al. 2020).

We verity the robustness of the change in mass step sizes at
dprr < 1 and dprr > 1 by bootstrap resampling. We select (with
replacement) the same number of SNe as in the outer regions (505)
randomly from the full sample of 1533 events. We weight this selec-
tion so that the resampled SNe have the same colour distribution as
those truly in the outer regions. We then calculate the size and sig-
nificance of any host mass step in each resample. The results for 103
draws (resamples) are shown in Fig. 6. On average, the step size in
resamples is consistent with the full sample, although less significant
given the smaller sample size (G = 4.7 + 0.75 versus o =~ 6). We
conclude that the reduced mass step in SNe Ia located in the outer
regions is unlikely to be due to random chance.

To determine if the observed difference in mass step size between
inner and outer regions is best fit by a single step at dpir = 1, we
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Figure 5. The SN Ia mass step (Fig. 4, left), but limited to SNe Ia with dpy r < 1 (left) and dprr > 1 (right). The mass step sizes are 0.100 + 0.014 mag (left)
and 0.036 = 0.018 mag (right), i.e., the size of the mass step is reduced when restricting to SNe Ia located in the outer regions of their host galaxies.

Table 2. Statistics related to the steps in SN Ia luminosity as a function of stellar mass (the mass step) in our samples.

Sampl Number Mean Ap in Mean Ay in Size of the Significance r.m.s in r.m.s in
ample (LM hosts, HM hosts) low-mass hosts high-mass hosts mass step of step low-mass hosts high-mass hosts
Full Sample 1533 (472, 1061) 0.051 + 0.009 —-0.028 + 0.007 0.078 +£0.011 6.80 0.199 0.226
dprr <1 1028 (310, 718) 0.065 +0.012 —-0.035 +0.009 0.100 £ 0.014 6.90 0.205 0.232
dprr > 1 505 (162, 343) 0.023 +0.014 -0.014 £ 0.011 0.036 +0.018 2.00 0.180 0.212
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Figure 6. Bootstrap resampling test of the significance of the reduction of the mass step observed in SNe Ia in the outer regions of their host galaxies (dprr < 1).
SNe are selected with replacement from the full sample to match the size and colour distribution of the true sample of SNe Ia in the outer regions. We perform
10% such resamples and show histograms of the results. Left: The distribution of host mass step size in the 10° resamples. The distribution of the mass step in
the resampled SNe is centred on a step size of 0.08 mag, consistent with the host mass step observed in our full sample. Right: The distribution of host mass step
significance. On average, a statistically significant step is found for our resampled SNe. The dashed vertical lines show the actual values measured in the real
data for SNe in the outer regions.
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use smaller dpp r bins, each with a similar number of SNe Ia. We
also fit a straight line to the data. The results are shown in Fig. 7. The
figure shows a clear difference in step size between dppr < 1 and
dpLRr > 1, i.e., the result in Fig. 5 is not dependent on the choice of
dprr =1 to divide the sample.

3.2.3 Host colour steps and dpp R

Complementary to stellar mass, host galaxy colour also correlates
strongly with Hubble residual with at least equal (if not greater)
significance than stellar mass (Roman et al. 2018; Kelsey et al. 2023;
Briday et al. 2022; Wiseman et al. 2022, 2023). Galaxy colours trace
a combination of the age of the stellar population and to a lesser
extent the integrated dust extinction, and the correlations between
Hubble residual and galaxy colour are often interpreted as the age
of the SN progenitor system (or a combination of the progenitor and
its surrounding environment such as dust along the line of sight) as
being the driver of the step.

We show the host galaxy rest-frame U — R colour versus Hubble
residuals in Fig. 8. We split the SN Ia sample at host U — R =1
following Kelsey et al. (2021, 2023). The step sizes are similar to
those for stellar mass: SNe Ia within dpyr < 1 have a strong Hubble
residual step between red and blue hosts, while the step between SNe
in red and blue hosts at dppr > 1 is reduced to ~ 2 0.

The global galaxy colour traces the galaxy-integrated properties.
To understand better whether the observed dpy R effects are driven by
stellar population age, we measure colours for inner and outer regions
separately. We follow the method of Kelsey et al. (2021) and Kelsey
et al. (2023), but use an elliptical aperture defined by DLR = 1 and
an annulus with 1 < DLR < 4. Splitting on the colour of the region
the SN occurred in (i.e., inner colour for SNe with dpir < 1 and
outer colour for SNe with dprr > 1) makes negligible difference to
the size of the step compared to the global colour.

To assess whether the Hubble residual step at dpy g = 0.5 is caused
by the transition between older and younger stellar populations, we
also plot Hubble residual versus dppr for SNe in blue regions and
red regions. We compare this to the trend between the mass step and
dDLR in Fig. 7.

3.3 Inclination effects

Our dpp R measurements give a projected normalised galactocentric
SN distance, and therefore present a lower limit to the true (depro-
jected) galactocentric distance. This means that while SNe at high
dprR are likely to truly be located in the outer regions, SNe with
lower dpy R can be more ambiguous. If galactocentric distance does
influence the SN Ia Hubble residual, this effect may be diluted due
to our (unavoidable) use of projected separation.

We investigate this effect by calculating the apparent eccentricity,
egy1, of each host galaxy as

B2
egal=\/1—ﬁ. (5)

We then identify a sample with egy < 0.5 that has smaller inclina-
tions (i.e., that are more face on galaxies), and limit our inner region
sample to only those host galaxies.

The magnitude of the host mass step in this sample remains con-
sistent at 0.095 +£0.023 mag, while the significance decreases to 4.00
due to the smaller sample size. We conclude that there is no evidence
that inclination is affecting the dpy R results.
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4 DISCUSSION

We have uncovered a relationship between the Hubble residuals of
SNe Ia and the projected, normalized galactocentric distance of the
SN from its host galaxy. After standardization for stretch and colour,
SNe Ia in the inner regions of their host galaxies (dprLr < 0.5) have
more negative Hubble residuals (i.e., appear brighter) than those at
moderate (0.5 < dppr < 1) galactocentric distances (Fig. 4). More
significantly, we have found that the magnitude of the step in Hubble
residuals that occurs at stellar masses around 1010 Mg, is dependent
upon the galactocentric distance: the step is large for SNe Ia with
dprr < 1 but negligible for SNe Ia with dpy g > 1 (Fig. 5).

Two leading astrophysical explanations for the host mass step are
dust along the line of sight to the SN, and SN Ia progenitor age
(or a combination of both). Here we discuss the implications of our
findings for each model.

4.1 Dust

Previous studies have proposed an explanation of the host mass step
in the form of a change in the ratio of total-to-selective extinction
of the dust (Ry) in low and high-mass galaxies (Brout & Scolnic
2021). A key motivation for the introduction of the Brout & Scolnic
(2021) model is that it can naturally explain the observation that
the size of the mass step increases for redder SNe Ia. This trend
between mass step size and SN colour is present (before the BBC
4D bias correction) in DES-SN5YR data (Vincenzi et al. 2024), as
well as the Pantheon+ (Brout et al. 2022) and Amalgame (Popovic
et al. 2024b) compilations, although the trend is not significant in the
low-z ZTF sample (Ginolin et al. 2024b).

Ry determines the amount of dimming at a given wavelength for
a total amount of reddening. Consider two populations of SNe with
different dust screens: the two populations can experience the same
distribution of reddening (i.e., the 7 for each dust screen is identical)
while experiencing different amounts of (for example) rest-frame B-
band extinction if the average Ry is different. This difference in the
extinction experienced in the rest-frame B-band (Amp) is quantified
by

Ampg = (Ry + )E(B-V). (6)

If the Ry distributions are different for the two populations, the size of
the difference in m g, and thus Hubble residuals through equation 1,
increases with increasingly red SN colours. Note that to explain the
step, the extinction Ry must be larger in high-mass galaxies (opposite
to trends observed in star-forming galaxies (Salim et al. 2018)) and
passive galaxies (which follows the trend observed in that paper).
Thorough investigations of the relationships between extinction Ry
and attenuation Ry in the context of SN Ia cosmology can be found
in Duarte et al. (2023) and Popovic et al. (2024a).

The difference between the observed mass step in inner and outer
regions could be due to either a complete lack of dust in the outer
regions of galaxies (i.e., there are no SNe with sufficiently large
E(B - V) to be affected by a difference in Ry) and/or a lack of evo-
lution of the dust laws in the outskirts as galaxies transition from low
to high mass (i.e, the Ry distribution is consistent in the outskirts of
all galaxies). The signature of the former would be a deficiency of
red SNe from the overall SN colour distribution in the outer regions
compared to the inner regions. The latter would show up when plot-
ting Hubble residual, split between high and low-mass hosts, against
SN colour: inner regions would show diverging Hubble residuals for
redder SNe, while outer regions would show no difference in the size
of step as a function of SN colour. An evolution of the dust law may
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also present as a difference in the best-fitting 8 values from Eq. 1
between the high and low-mass samples in our two regions, because
of the contribution of Eq. 6 to the overall colour—luminosity relation
B. We next investigate these possibilities.

4.1.1 SN colour distributions

We perform two-sample statistical tests to determine whether the
colour distributions are different. The SALT3 c¢ distributions for SNe
in inner (dprr < 1) and outer (dprr > 1) regions (Fig. 9) are

consistent with being sampled from the same parent distribution:
the two-sided Kolmogorov—Smirnov (KS) test statistic is 0.05 with
a p = 0.29, while a Mann—Whitney U test results in p = 0.12.
However, when splitting instead at dppr = 1.5, we find with high
significance that the samples come from different populations (KS
p =5.6x10~%, Mann—Whitey U p = 1.9 x 1073).

To test whether this effect is caused by selection effects, we define
a ‘colour test’” sample. We limit the redshift to z < 0.6 to retain
higher quality light-curves, while relaxing the SN colour selection
of the cosmological sample and allowing the reddest SNe Ia up to

MNRAS 000, 1-17 (2024)
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Table 3. Best-fitting parameters for the intrinsic + dust colour model. DES-SN5YR is the nominal sample (no redshift selection, but with x; and c restricted as
in Vincenzi et al. (2024). In the middle section we loosen the ¢ selection from —0.3 < ¢ < 0.3 to —0.5 < ¢ < 0.5, and select SNe Ia with z < 0.6. The lower

section shows the Ginolin et al. (2024b) ZTF results.

Selection He O TE

DES-SN5YR; nominal —0.057 £0.003  0.038 £0.003  0.093 + 0.004
dpir <1 —0.056 £0.003  0.038 £0.003  0.100 + 0.005
dpir > 1 —0.056 £0.004  0.034 +£0.003  0.093 +0.007
dpir < 1.5 —-0.054 £0.003  0.037 £0.003  0.100 + 0.005
dpir > 1.5 —0.062 £0.004  0.030 +£0.003 0.070 + 0.007
DES-SN5YR; z < 0.6, |c| < 0.5 —-0.048 £0.003  0.034 +£0.003 0.127 +0.006
dpir <1 —0.047 £0.003  0.036 £0.003  0.132 +0.007
dpir > 1 —-0.050 £0.004  0.035+0.004 0.115+0.009
dpir < 1.5 —0.046 £ 0.003  0.037+0.003 0.131 +0.007
dpir > 1.5 —-0.056 £0.004  0.030 +£0.004  0.093 +0.009
ZTF Ginolin et al. (2024b) Full sample -0.086 £0.004  0.029 +£0.005 0.157 +0.007
ZTF Ginolin et al. (2024b) Dustless sample -0.092+£0.008 0.032+0.008 0.099 +0.011
ZTF Ginolin et al. (2024b) Non dustless sample ~ —0.081 +£0.005  0.029 £0.006  0.168 + 0.008

BN Data, dpig > 1 B Data, dpig > 1.5
-== Model, dpig > 1 -== Model, dpig > 15
BN Data, dpig < 1 B Data, dpig < 15

—-— Model, dprr < 1 —-= Model, dpir < 15

Kolmogorov-Smirnov
p=0.12
Mann-Whitney U
p=015

Kolmogorov-Smirnov
p=0.02
Mann-Whitney U
p=10.010

Probability Density

0.0 0.2
SN colour (c)

SN colour (c)

Figure 9. Left: SALT3 colour (c¢) distributions for SNe in inner (dprr < 1,
grey) and outer (dpLr > 1, purple) regions, for a ‘colour test’ sample with
z < 0.6and SN ¢ < 0.5. The overplotted models are the best-fitting intrinsic
distributions, broadened by a uniform smear equal to the average uncertainty
in the data. We find there is no significant difference between the samples.
Right: As left, but when splitting at dpp r = 1.5. In this case there is a strong
difference between the two colour distributions.

¢ < 0.5 to probe the full reddening tail. This gives 1268 SNe Ia. We
repeat the tests, and the results are similar after having made this
selection.

Interestingly, if instead we split the samples at dpy g = 1.5, we find
that the samples are significantly different, both in the nominal DES-
SN5YR and the ‘colour test’ selections. This result indicates that SNe
Ia at dpir > 1.5 are less affected by reddening, and is consistent
with the findings of Ginolin et al. (2024b)2, but does not explain why
dprr = 1 is the point at which there is the most significant difference
in mass steps.

To further investigate these results we fit our data with the com-
monly used functional form as in Jha et al. (2007), Mandel et al.
(2011), and Brout & Scolnic (2021), where the intrinsic colour dis-
tribution is modelled by a Gaussian (mean y., width o), with red-

2 Note that DLR is defined differently between ZTF and DES, with ZTF
defining DLR=1 as the half-light radius, which is roughly DLR=0.68 in DES;
thus the ZTF choice of dprr > 1.5 for dustless SNe Ia is consistent with our
split of dprr = 1.

MNRAS 000, 1-17 (2024)

dening introducing an exponential tail of scale 7. This exponential
follows the expected distribution of reddening within the disk of
late-type galaxies (Hatano et al. 1998; Commins 2004; Riello &
Patat 2005). We follow Ginolin et al. (2024b) in fitting the model
directly to the data (without binning and fitting to a histogram), by
evaluating the likelihood of each colour observation given the model
and the uncertainty of the colour measurements, and minimizing
the sum of the negative log-likelihood (equation 1 in Ginolin et al.
2024b).

The results are presented in Table 3, and the example of the model
fitted to the ‘colour test’ sample is shown in Fig. 9. As above, when
splitting the DES-SN5YR sample at dp r = 1 we find y., o and
TE are consistent between SNe Ia in the inner and outer regions,
inconsistent with the results from Ginolin et al. (2024b) where g
is reduced by ~ 30 per cent in the outer regions. We find consistent
parameters even when limiting to the ‘colour test’ sample. Once
more, if we split at dpr = 1.5 we find 7 is significantly larger in
outer regions, with the difference between inner and outer regions
enhanced in the ‘colour test’” sample. No matter our selection, the
DES data are not fit by as large a 7g as the low-z ZTF Ginolin
et al. (2024b) sample, due to selection effects, choice of light curve
fitter, and possible redshift evolution. Therefore direct comparisons
between the colour distributions are not meaningful.

4.1.2 Hubble residuals as a function of SN Ia colour

Given the consistency of the SN Ia colour distributions between SNe
Ia in inner and outer regions (Section 4.1.1), we now consider the
slope of the dust extinction laws as a possible reason for the difference
in step size.

The Hubble residuals are plotted against SN Ia colour for inner and
outer regions in the left and right hand panels of Fig. 10 respectively.
In inner regions, the mass step for all colours redder than ¢ = —0.1
is clear, and increases with increasing colour: this is consistent with
what was seen in the full DES-SN5YR sample (Kelsey et al. 2023;
Vincenzi et al. 2024). The step in blue SNe Ia is not explained well
by differing Ry distributions and has been attributed to SNe Ia from
differing ages of stellar population (Kelsey et al. 2023; Wiseman et al.
2022; Popovic et al. 2024a). The step in blue SNe Ia in inner regions,
but not in outer regions, may be explained by a more diverse stellar
(and SN progenitor) population in the inner regions of galaxies, while



Table 4. Strength of the SN Ia colour—luminosity relation 8 (equation 1) for
SNe Ia in different host galaxy environments.

Sample B
Full Sample 2.72+0.05
dpir <1 2.72 £0.08
dpir > 1 2.73 +£0.07
log(M./Mg) <10 2.96 +£0.09
log(M./Mg) > 10 2.66 +0.05
dpir <1
log(M./Mgp) <10  2.94+0.11
log(M./Mg) > 10  2.67+0.06
dprr > 1
log(M./Mg) <10 2.89+0.16
log(M./Mg) > 10  2.69+0.09

the outer regions host a homogeneous population of SNe la regardless
of the host mass. We can invoke a similar description for dust: inner
regions evolve such that their average dust laws are different for host
galaxies of different mass, while outer regions retain the same dust
properties throughout the evolution of the galaxy as a whole.

We additionally calculate the slope of the colour-luminosity re-
lation (B) for each of our subsamples (split at dppr = 1), shown
in Fig. 11 and Table. 4. There is no overall difference between S in
inner and outer regions, but a significant difference (A8 = 0.3;2.8 o)
between low and high-mass galaxies in general (Sullivan et al. 2010;
Brout & Scolnic 2021; Chen et al. 2022). This difference is weakened
(AB =0.27; 2.2 o) in inner regions, and the significance is reduced
further in outer regions (A8 = 0.2; 1.1 o) as the sample size is much
smaller. We find that SNe within the inner regions of their host are
best fit with different S values between high and low-mass hosts.
Within the outer regions however, there is no significant difference
between high and low-mass 8.

In Fig. 12 we show the standardized Hubble residuals after per-
forming a BBC 4D bias correction which assumes a different Ry
distribution for low and high-mass galaxies. In inner regions, the
characteristic curve of Hubble residual from blue to red SNe is re-
moved, as is the differential difference between low and high-mass
galaxies. However, a difference of ~ 0.04 mag between low and high-
mass hosts remains at all colours, as discussed in Vincenzi et al.
(2024). In outer regions, the curve is also removed but no significant
residual difference exists at any SN colour.

4.2 Populations of SN Ia progenitors

A difference in the effects of dust extinction between inner and outer
regions does not seem to be the cause of the difference in host galaxy
steps between those regions. A different explanation could be that
the SN explosions themselves occur in multiple progenitors, with
a different average standardized peak brightness. These populations
are then present in differing proportions between the inner regions of
low-mass/blue/young and high-mass/red/old galaxies, but the outer
regions of all galaxies only host a single population.

These progenitors are often assumed to relate to the ‘delay time’
from an initial burst of star formation to the SN Ia explosion. For the
SN Ia population as a whole, the distribution of these delay times —
the delay time distribution (DTD) — is well described by a declining
power law (Maoz & Gal-Yam 2004; Totani et al. 2008; Maoz et al.
2010, 2014; Graur et al. 2015; Castrillo et al. 2021; Wiseman et al.
2021). When such a DTD is convolved with the stellar age distribution
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of stars across different galaxy types, a bimodal distribution for the
age of SN progenitors at the time of explosion is observed (Mannucci
et al. 2005; Scannapieco & Bildsten 2005; Mannucci et al. 2006;
Sullivan et al. 2006; Smith et al. 2012; Childress et al. 2014; Wiseman
et al. 2021): so-called ‘prompt’ and ‘delayed * components.

Rigault et al. (2013) and Childress et al. (2014) proposed that if
a difference in average peak brightness of the prompt and delayed
populations is the cause of the step, then the step size should change
as a function of redshift. Evidence for such an evolution is limited,
although we note the step observed in the high-z DES-SN5YR sam-
ple (before dust-like bias corrections) is somewhat smaller than that
seen in the low-z ZTF sample (Ginolin et al. 2024b). There is, how-
ever, strong evidence that these populations do have different light
curve characteristics. Their stretch distributions are different, with
faster declining light curves (lower x|) occurring more frequently
in environments with older, more passive stellar populations (e.g.,
Hamuy et al. 1995; Sullivan et al. 2006).

Recent analyses observe two distinct ‘modes’ of SN stretch: a
low-stretch mode which is observed only in passive environments,
and a high-stretch mode observed in both star-forming and passive
environments (e.g., Rigault et al. 2020). Nicolas et al. (2021) showed
that the relative abundance of these modes in an observed population
of SNe Ia evolves as a function of redshift, which can be explained
if the modes relate to the prompt and delayed modes of the SN Ia
DTD. What is not clear is whether the two modes have different
standardized peak brightnesses, or require different standardization
parameters a and 3.

We test whether there is a difference in the SN Ia populations
between the inner and outer regions by modelling the x| distributions
according to the Nicolas et al. (2021) model. By using the annulus
colour as a proxy for the age of the stellar population, we fix their
y! parameter, which is the probability that the progenitor is young,
according to

1 1, (U - R) lus < 1
1 annulus
= . 7
Y {0, (U_ R)annulus >1 ( )
The model for the x; distribution is then
N(,ul,xl s a'l,xl)v (U = R)annulus < 1
px1) ~ JaN(p1,x 01,x)+ (®)

(1- a)N(ﬂZ,xl » 02, x; )s (U= R)annuus > 1

The parameter a determines the fraction of high-stretch mode SNe
occurring in the delayed stellar population.

We fit the full dataset with this model by minimizing the negative
log-likelihood, and show the data and best-fitting model in Fig 13. We
find uy x, =0.22+0.03, 0 x, =0.67£0.03, up , = -0.86+0.17,
02,5, =0.80£0.07, and @ = 0.37 0.1 which are broadly consistent
with the results of Nicolas et al. (2021) and Ginolin et al. (2024a)
except for a which is significantly smaller than found in those works
but consistent with the value for DES-SNSYR modelled in Wiseman
et al. (2022). This small a could be caused by our fixing of y’ based
on the galaxy colours: it is known that no galaxy observable perfectly
traces the underlying properties, and even locally measured colours
experience contamination whereby young SNe occur in populations
measured to be old (Briday et al. 2022). If instead we fix the proba-
bility that any given SN is young to the average for our mean redshift
according to the Rigault et al. (2020) drift model, §(z = 0.53) = 0.67,
we find py x, = 0.06, o1 , = 0.70, pp , = —1.65, 0 , = 0.45,
and a = 0.58. Note that these mean values are slightly more negative
than the low-z values from Nicolas et al. (2021) and Ginolin et al.
(2024a) — this could be genuine redshift evolution or an effect of the
use of SALT? rather than SALT3 light curve fits in those works.
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Next, we fit the inner and outer SNe separately, fixing the model
parameters to those found using the aperture/annulus colour as a
proxy for stellar population age, except for a which we leave free. We
find a = 0.32 £ 0.05 in inner regions and a = 0.42 + 0.04 in outer
regions, which means there is a larger fraction of high-stretch mode
SNe in red outer annuli compared to red central regions.
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The results of this test indicate that inner regions are more strongly
split between the high-stretch SN mode in young and blue stellar
populations and the low-stretch SN mode in old and red stellar pop-
ulations. The outer regions have a more mixed population of low
and high-stretch modes in their old and red stellar populations. If
the Hubble residual step is caused by differences between these two
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modes, then this difference could be a tangible explanation. In par-
ticular, Wiseman et al. (2022) noted that the inferred strength of the
width-luminosity relation « is degenerate with a Hubble residual step
that is related to the stellar age of the SN progenitor. If @ is being
mis-measured because it actually has a different strength for the two
modes, this could introduce an artificial Hubble residual dependence
that is related to the stellar population age.

However, Ginolin et al. (2024a) modelled their SN distances, stan-
dardized for colour but not stretch, with a two-component ‘broken’ o
and found that while the standardization is improved, the host mass or
host colour Hubble residual step increases. Furthermore, the differ-
ence between the Hubble residuals in inner and outer regions appears
more driven by the low-mass and blue environments whose Hubble

residuals become more negative in outer regions, while the high-
mass and red environments are relatively unchanged. That is, the
difference in Hubble residuals is insensitive to the relative fraction
of low/high-stretch SNe in red/high-mass hosts.

4.3 Implications for cosmological measurements

Distance measurements using SNe Ia are at the forefront of cosmol-
ogy due to an increase in sample sizes combined with an improved
handling of systematics. In DES-SN5YR, the systematic uncertainty
on the dark energy equation of state parameter w is smaller than
the statistical uncertainty (Vincenzi et al. 2024). Nevertheless, the
largest component of this systematic uncertainty is the colour-and-
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host dependent scatter model and associated bias corrections. Given
that the values used for the BBC-4D bias correction are conditioned
on the full dataset, it could be that the corrections are underestimated
in inner regions, and overestimated in outer regions. A full analysis
of the impact of this effect is beyond the scope of this work. Here
we note that for the effect to propagate through to a bias on w, it
would require the distribution of dppr to evolve with redshift. In-
stead the dpy R distribution remains constant as a function of redshift
in DES-SN5YR.

5 SUMMARY

Using the DES five-year sample of photometrically-classified SNe Ia,
we have analysed the effects of projected and normalized host galaxy
separation on the light-curve properties and inferred cosmological
distance measurements. Using the directional light radius (DLR)
method as our normalisation of the galactocentric distances (dprRr),
our main findings are:

e We confirm previous findings of Toy et al. (2023) that the inner-
most regions of galaxies (dpLr< 1) host faster-declining SNe than
the outer regions.

e We show, for the first time, that the difference in SN Ia post-
standardization brightnesses between high and low-mass hosts re-
duces from 0.078 £0.011 mag in the full sample to 0.036+0.018 mag
for SNe Ia located in the outer regions of their host galaxies
(dprr > 1), while increasing to 0.100 + 0.014 mag for SNe in the
inner regions (dpyr < 1). The effect remains when splitting SNe Ia
by their global galaxy U — R colour, or by the U — R colour in the
inner aperture/outer annulus in which the SN occurred.

e We find that the decrease in magnitude of this mass step as a
function of dpy R is well fit by either a step function, split at dpy g of
1, or a linear function with dppRr.

e We show that using different Ry values for dust along the line
of sight to SNe that varies between low and high-mass host galaxies,
can reduce but not remove the step for SNe Ia in the inner regions.

e There is no evidence that the outer regions of galaxies have dust
laws that change as a function of stellar mass. Similarly, there is no
evidence for an intrinsic luminosity difference between SNe Ia in the
outer regions of low and high-mass galaxies.

e We find a slight difference between the strength of the high-
stretch mode of SN Ia x| in red inner and red outer regions, but
consider this effect unlikely to be the cause of the Hubble residual
effect.

Calculating dpy R is an algorithmically straight forward task, and
selecting SNe Ia based on dpy R reduces the need to account for host
galaxy properties to standardize SN Ia brightnesses across differ-
ent galaxies, without much computational effort. While we have not
identified the underlying astrophysics that such projected galactocen-
tric distances are tracing in the DES five-year SN Ia sample, we have
shown that the standardized distance measurements from SNe Ia in
the outer regions of galaxies have little dependence on their global
host galaxy properties.

Restricting a cosmological analysis to SNe Ia in the outer regions
of their host galaxies reduces the sample size to around a third.
This will increase the statistical uncertainties. However, the reduc-
tion in the astrophysical systematic uncertainties (and complications)
gained from using such a sample, coupled with the very large sample
sizes expected in future experiments such as the Rubin Observatory’s
Legacy Survey of Space and Time (LSST) (Ivezic¢ et al. 2019), means
that such a selection is likely to be beneficial.
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