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ABSTRACT

Type Ia Supernovae (SNe Ia) are a critical tool in measuring the accelerating expansion of the universe. Recent efforts to improve
these standard candles have focused on incorporating the effects of dust on distance measurements with SNe Ia. In this paper, we
use the state-of-the-art Dark Energy Survey 5 year sample to evaluate two different families of dust models: empirical extinction
models derived from SNe Ia data, and physical attenuation models from the spectra of galaxies. Among the SNe la-derived
models, we find that a logistic function of the total-to-selective extinction Ry best recreates the correlations between supernova
distance measurements and host galaxy properties, though an additional 0.02 magnitudes of grey scatter are needed to fully
explain the scatter in SNIa brightness in all cases. These empirically-derived extinction distributions are highly incompatible with
the physical attenuation models from galactic spectral measurements. From these results, we conclude that SNe Ia must either
preferentially select extreme ends of galactic dust distributions, or that the characterisation of dust along the SNe Ia line-of-sight
is incompatible with that of galactic dust distributions.

Key words: cosmology:distance scale — supernovae:general — ISM: dust, extinction

1 INTRODUCTION based on measurements of the SN colours. This colour is likely to
be a combination of an intrinsic SN colour and an extrinsic red-
dening due to dust along the line of sight to the SN. Some early
SN Ia standardisation approaches attempted to separate the intrinsic
colour and dust effects (Riess et al. 1996; Jha et al. 2007), assuming
a phase-dependent intrinsic colour and an exponential distribution of
dust reddening. Some modern methods also attempt the same sepa-
ration (e.g. Mandel et al. 2017; Burns et al. 2011; Thorp et al. 2021;
Ward et al. 2023), but the commonly used SALT light curve model
(Guy et al. 2005, 2007) does not differentiate between the different
astrophysical sources that affect the SN colour. Using the SALT stan-
dardisation framework to measure distances with SNe la assumes that
intrinsic colour and extrinsic dust share the same colour—luminosity
standardisation relationship (hereafter ).

Type Ia supernovae (SNe Ia) have been critical tools in the measure-
ment of the accelerating expansion of the universe (Riess et al. 1998;
Perlmutter et al. 1999). This accelerating expansion may be driven
by ‘dark energy’, parameterised by an equation-of-state w. Despite
more than two decades of investigation, the nature of dark energy
remains a cosmological mystery.

To measure the accelerating expansion, the brightness of SNe Ia
must be standardised in order to measure the distance to the SN
(e.g., Phillips 1993; Tripp 1998). The largest standardisation correc-
tion accounts for the observation that redder SNe Ia are fainter and
bluer SNe Ia are brighter (the ‘colour-luminosity’ relation), and is
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by a common Ry — the ratio of total to selective extinction caused
by dust Ay = Ry X Eqys— across all galaxy types and environments,
and therefore the standardisation assumption of a universal § may
not be valid (Gonzalez-Gaitan et al. 2021). Instead, a variation in
Ry will cause a different amount of extinction for the same amount
of reddening, resulting in a different effective value of S. If these
Ry differences are indeed host galaxy dependent, they may explain
a number of otherwise puzzling observational effects in SN Ia data.
These include i) the so-called ‘mass step’, the observation that SN
Ia standardised brightnesses are 0.05-0.15 mag fainter in low mass
galaxies than in high-mass galaxies (Kelly et al. 2010; Sullivan et al.
2010; Lampeitl et al. 2010), ii) the observation that 8 decreases with
increasing stellar mass (Sullivan et al. 2011), and iii) the observation
that the scatter in SN Ia Hubble residuals increases in SNe Ia with
redder colours (Brout & Scolnic 2021).

Measuring the Ry of any host-galaxy line-of-sight is difficult be-
cause of the degeneracy with the intrinsic spectral energy distribution
(SED) of background sources. To mitigate the difficulty of directly
inferring Ry from SN Ia light curves, Popovic et al. (2023b) de-
veloped a Markov Chain Monte-Carlo technique to infer the Ry of
SN Ia populations and found a ARy ~ —1 between low and high
mass galaxies is required to explain the Hubble residual versus SN
colour trend. Vincenzi et al. (2024) implement this technique on
the Dark Energy Survey 5-year sample of SNe Ia and find a simi-
lar ARy as well as a residual mass step of 0.04 mag across all SN
colours. Wiseman et al. (2022) implemented a forward-modelling of
the relationship between SNe Ia and their host galaxies, tracing SN
Ia progenitors through a toy model of galaxy evolution through star
formation history and stellar mass. They found similar ARy, values
to Popovic et al. (2023b), regardless of whether the Ry varies as a
function of stellar mass or mass-weighted galaxy age.

These results, and the Brout & Scolnic (2021) model, find that a
smaller Ry is needed in high-mass galaxies (Popovic et al. 2021,
2023b), or in galaxies with older stellar populations (Wiseman et al.
2022, 2023). In addition, the offsets between the Ry of SNe Ia in
low- and high-mass galaxies are large and assumed to be a step func-
tion. Independent observational evidence for such Ry variation is
scant, with most studies demonstrating any Ry, variation to be in
the opposite sense. For example, Salim et al. (2018, hereafter S18)
measured dust attenuation in a large sample of star-forming and qui-
escent galaxies and found that amongst star-forming galaxies, the
slope of the dust extinction law (Ry) increases as a function of
stellar mass, the opposite sense to that inferred from the SN dis-
tance measurements. With specific star-formation rate (sSFR) there
is a strong bimodality: low-sSFR, passive galaxies show Ry =~ 2.6
whereas the mean for star-forming galaxies is 3.15, close to the av-
erage Milky Way value. This ARy of ~ 0.5 is significantly smaller
than the ~ 1 inferred from SN distance residuals by Brout & Scolnic
(2021); Popovic et al. (2023b); Wiseman et al. (2022).

However, these Ry, values measured by S18 and within the Milky
Way may not be directly comparable to the Ry, values derived from
supernova measurements. Attenuation is not the same as extinction:
it is the integrated effect of absorption and scattering both into and
out of the line of sight to an unresolved ensemble of stars, whereas
the extinction affecting an SN is purely a property of the line of sight
to that SN (see Duarte et al. 2022, for an investigation into the affects
of attenuation on SN hosts).

Using the BayeSN lightcurve fitter, which leverages near-infrared
(NIR) data to help constrain intrinsic colour and dust extinction in
individual or ensembles of SN Ia light curves, Mandel et al. (2022);
Grayling et al. (2024); Thorp et al. (2021); Ward et al. (2023) find
conflicting evidence for a different Ry, between the populations of
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Cut Total SNe
SALTS3 fit converged and z > 0.025 3621
[x1] <3 &]c] <0.3 2687
ox <1, Ot < 2 2155
FITPROB> 0.001 2056
Host Spec-z 1775
P, > 0.5 1650
Final 1650

Table 1. SNe and Quality Cuts

SNe in low- and high-mass galaxies. An additional complication is
the question of whether Ry variation can capture the full diversity of
the observational trends. Recent works such as Rigault et al. (2018),
Rose et al. (2019), Briday et al. (2022), Kelsey et al. (2022) and
Wiseman et al. (2023), have shown that properties related to the
age of the stellar population local to the SN explosion site show the
largest difference in SN Hubble residuals.

In this paper we attempt to reconcile the ARy between SN Ia sight
lines in low and high-mass galaxies inferred from the cosmological
measurements to those measured in galaxy samples. We address the
non-physical “step" nature of the Ry difference, and demonstrate
that Ry variations cannot account for the full intrinsic scatter of SN
Ia distance moduli.

In Section 2 we present the Dark Energy Survey and low-redshift
supernova and host galaxy data used in this paper, followed by a
review of dust models and the light-curve fitter in Section 3. The
dust models that we review are presented in Section 4 and results are
given in Section 5. Finally, the conclusions and discussion can be
found in Section 6.

2 DATA

In this paper we use the ‘5-year’ data release from the Dark En-
ergy Survey (DES; Flaugher et al. 2015) SN programme (DES-SN,
Sanchez et al. in prep). This release provides 1500 likely DES SNe
Ia over 0.1 < z < 1.13 with griz light curves. Host galaxies are
retrieved from deep co-added images (Wiseman et al. 2020), and
properties such as stellar mass and rest-frame colour are derived by
fitting their spectral energy distributions with population synthesis
templates (Smith et al. 2020; Kelsey et al. 2022). Each DES SN has a
spectroscopic (host-galaxy) redshift from the Australian DES survey
(OzDES) using the Anglo-Australian Telescope (Yuan et al., 2015,
Childress et al., 2017, Lidman et al. 2020), coupled with a photo-
metric classification using the SuperNNova program (Mdéller & de
Boissiere 2020).

The DES-SN sample is complemented with external low redshift
samples; CfA3 (Hicken et al. 2009), CfA4 (Hicken et al. 2012), CSP
(Krisciunas et al. 2017) (DR3) and the Foundation SN sample (Foley
et al. 2018). These samples comprise a range of 0.025 < z < 0.1.
Table 1 shows a breakdown of the SNe Ia after quality cuts and
light-curve fitting. A more thorough review of this selection is found
in Vincenzi et al. (2024); Moller et al. (2024). Of note, we do not
include bias corrections on the SNIa distance modulus, as we are
aiming to understand the underlying astrophysical relationships.

3 ANALYSIS METHODS

The framework for the simulations presented in this paper has been
developed primarily around the sNANA simulation software (Kessler
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Figure 1. Plots of the metrics used to measure goodness-of-fit. Histogram of ¢, pres as a function of ¢, and o yres as a function of ¢ are shown left to right. For
the ¢ vs. pires and ¢ Vs. O pres plots, we split on the host galaxy mass M. high mass and low mass data are represented in closed and open circles respectively,
and simulations are shown in dash-dotted and dashed line for high and low mass simulations. The ¢ vs pes plot is colour coded by the Hubble scatter in each
colour bin, this is elucidated in the rightmost figure. Here we present the DES5YR data and their nominal simulation.

etal. 2009, 2019), with the host galaxy forward model and parameter
inference supplied by Wiseman et al. (2022, 2023) and Popovic et al.
(2021, 2023b) respectively. We briefly outline each of the procedures
below.

3.1 Simulations

We use simulations to test our models; these simulations are gener-
ated with SNANA. sNANA broadly works in three steps: fluxes gener-
ated from a source model, addition of noise, and detection based on
a characterisation of survey construction.

Our base source model is the newest version of the Spectral Adap-
tive Light-curve Template (SALT3, Kenworthy et al. 2021) model,
an update from SALT2 Guy et al. (2007). SALT3 models the flux of
an SN Ia as

F(SN,p, ) =x¢ x [Mo(p, ) +x M (p, ) +...]

x exp[cCL(A)], M

where x is the amplitude of the light curve, x| is the fitted light-curve
stretch, and c is the SN Ia colour parameter, similar to an E(B — V)
reddening. The My, M1, and CL(A) parameters are determined for
the trained model; each SN Ia has a fitted x, ¢, and x;.

Distances are inferred from SALT3 via the Tripp estimator (Tripp
1998). The distance modulus is given as

H=mp+asartX| — BsaLTe — My 2

where mp = —2.5logy(x¢) and c¢ and x| are defined above. The
asarT and BsarT are sample-dependent nuisance parameters, fol-
lowing Kenworthy et al. (2021). M, is the absolute magnitude in the
B-band of an SN Ia with ¢ = x; = 0. We fit for asarT and BsarT
when testing each of our models.

3.2 Review of treatment of dust in simulations of SN Ia
populations

The aim of this paper is to test the efficacy of dust models; therefore
here we will briefly review the dust model methodology introduced
in Brout & Scolnic (2021) and updated in Popovic et al. (2023b).

Dust models for SNe Ia attribute the distribution of SN Ia colours
to an intrinsic, dust-free colour component cjy, that is reddened by
a dust component. The observed SN Ia colour (¢ in Eq. 2) is then
modeled as

¢ = Cint + Equst + €noise (3)

where Eg,q is the dust component and where €,ise 1S Otherwise
unaccounted-for measurement noise.

The component E g, from Eq. 3 is interpreted as E (B — V), such
that the V—band extinction is given by

Ay = Ry X Eqyst )

where Ry is total-to-selective extinction ratio and Eg,g = E(B-V).
The change in observed brightness due to colour, i.e. what is fit as
Bsartc (from Eq. 2 can be decomposed into

Amp = BsNCint + (Ry + 1) Equst + €noise- (©)

where Bgy is the intrinsic colour-luminosity relationship, and extinc-
tion acts as Rg = Ry + 1 in the B-band.

Further review can be found in Brout & Scolnic (2021) and Popovic
et al. (2023b).

3.3 Host Galaxies

Host galaxies are simulated using the physically-motivated empiri-
cal model of Wiseman et al. (2022) using the updated prescription
of Wiseman et al. (2023). A full description of the simulations can
be found in those works. Briefly, seed galaxies evolve following
empirical relations that govern their build up of stellar mass (i.e. star-
formation history) following the method of Childress et al. (2014).
SNe are associated with galaxies following a probability distribution
governed by realistic rates of SNe, themselves driven by the convo-
lution of the SFH of each galaxy and the delay-time distribution of
SNe. SNe are designated “young” (from stellar populations with ages
< 1 Gyr) or “old” (t > 1 Gyr). The relative number of young and old
SNe matches observations well, assuming that SN stretch is driven
by this age distribution (Nicolas et al. 2020; Wiseman et al. 2022).

MNRAS 000, 1-12 (2024)
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4 HOST GALAXY DUST RELATIONSHIPS

Here we outline the models that we test in this paper, which are
broadly split into two families. With the exception of the S18 model,
our models of dust extinction are derived from empirical measure-
ments of SNe Ia lightcurves, and are likely tracers of the line-of-sight
extinction; this is in contrast to S18, which provides measurements
of the attenuation of light due to dust.

In each of the following sections we lay out a different approach
for testing distributions of Ry and E(B — V) and how they relate
to host galaxy properties. The four remaining ‘dust-free’ parameters
that characterise the intrinsic properties of the SN Ia scatter model
are the mean and standard deviation for the Gaussian distribution of
cint and Bgn. Here we make note that S is not the same as the one
from the BsarT in Eq. 2: BsarT from Eq. 2 is fit from the data, and
is a convolution of BgN and other dust effects.

We fix the intrinsic colour and intrinsic SgN by using a single
population that follows a Gaussian distribution for each; we use
the values from Vincenzi et al. (2024): u. = -0.7, o = 0.053;
ug =2.07, og = 0.22. The only exception is for the WH23 model,
which is further described later. If SNe actually belong to two intrinsic
colour distributions, this could explain some or all of the mass step
instead of different Ry or 8 populations. However, the DES5YR data
are entirely consistent with a single colour population (Vincenzi et al.
2024). We thus focus here on dust properties and defer the testing of
multiple colour populations to future analyses.

4.1 Baseline model: DES

Our baseline simulation model uses the model parameters from the
DES 5-year cosmological results (Vincenzi et al. 2024). These pa-
rameters, which describe distributions for ¢y, Ry, Equst> and BsN,
are simultaneously fit using the Dust2Dust program from Popovic
et al. (2023b), providing two populations of Ry (NRVhigh = 1.60,
URV+low = 3.25) that are split on the host galaxy stellar mass, specif-
ically at log(M,) = 10. The data used for the Dust2Dust training
process have a cut on the photometric classification probability that
the light curve is a SN Ia, P, > 0.5, applied, but the resulting param-
eters in Vincenzi et al. (2024) are compared to the full cosmological
data set in that work. Here, we have re-instituted the Py, > 0.5 cut,
as we wish to similarly avoid non-Ia contamination in the testing of
our model parameters.

4.2 Linear Ry and E(B - V) (P24c)

Popovic et al. (in prep, hereafter P24c) compiles a volume-limited
sample of SNe Ia from DES, the Zwicky Transient Facility, the Sloan
Digital Sky Survey, and Pan-STARRS photometric SN Ia samples.
To this collected sample, they fit a Gaussian intrinsic colour and an
exponential E(B — V) dust tail, described by the parameter 7, to
their SN Ia colour distribution as a function of host galaxy mass and
redshift. This provides a statistical probability of the mean reddening,
7, given a redshift and host galaxy mass for each supernova. Here,
we use their exponential reddening values (7).

Furthermore, P24c¢ similarly splits their data into uniform bins of
host galaxy stellar mass, starting at log(M.) = 8 to log(M,) = 12, in
steps of log(M,) = 0.5. In each of these bins, they fit a Sgar 2 value
to the data, providing a measurement of a mass-varying Ssar 2. We
use these Bsa T2 fits to describe the relationship of Ry, to host galaxy
mass, assuming SsarT = Ry + 1 to correspond to the B-band.

The P24c model, therefore, uses a linear Sj,; distribution and a

MNRAS 000, 1-12 (2024)
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Figure 2. An illustration of the input Ry, values for our SNIa inferred models.
The fiducial DES model in dark grey assumes two Gaussian distributions split
onlog(M./Mgy)= 10, as opposed to the continuously-varying P24c (turqoise)
and Logistic (dark green) models. The light blue WH23 model does not vary
with the host galaxy stellar mass.

finer-binned 7 distribution, compared to the two Gaussian Ry and
two exponential 7 distributions of the fiducial DES model.

4.3 Logistic Ry curve (Logistic)

It is unphysical to assume Ry to be governed by a simple step func-
tion, whether with stellar mass or any other continuous host galaxy
property. Here we model the Ry distribution of our sample as a
function of host galaxy mass M, using a logistic function:

~ 1.5 .
V= 1 s2(log(M)=10)

where L = 1.5 and k = 2.

We choose the logistic curve as a smoothly varying Ry that
spans the range of Ry = 3.5 in the extreme low host galaxy
mass (log(M.) < 8) to 2.0 in the extreme high host galaxy mass
(log(M,) > 12). We add a Gaussian error with o = 0.5 to the Ry
values. Our choice of an Ry threshold of 2 is motivated to avoid the
Ry = 1.2 Rayleigh scattering threshold, while maintaining a smooth
function. The L = 1.5 and k = 2 values were chosen to mimic the
ARy = 1.5 range and transition from other dust models, and are
shown in Figure 2. We use the same 7 values from P24c to describe
the exponential reddening for this and subsequent tests.

R 2 (6)

4.4 Salim et al. 2018 (S18)

We obtain the specific Star Formation Rate / Host Galaxy Mass /
Ry contours from Salim et al. (2018) (S18) and include the Ry
information in our host library. S18 performs an SED fit on 230,000
galaxies using photometry from GALEX, SDSS, and WISE. This SED
fitting across multiple bands allows them to constrain star formation
and Ry across a range of galaxies from quiescent to star forming
systems. We specifically use the data from the "Slope (all galaxies)"



contour in Figure 3 in S18. We use the E(B — V) distribution from
P24c for this test.

4.5 WH23

Wojtak et al. 2023 (WH23) performs a novel Bayesian Hierarchical
model of SNe Ia parameters from the SuperCal sample (Scolnic
et al. 2015). In contrasts to other works, they find evidence for no
variation in dust populations between host galaxies, instead finding
two distinct intrinsic populations of x| and c. Additionally, even for
a single-population model, WH23 infers a consistent Gaussian Ry
population centered at Ry = 2.96 across host galaxy properties, and
a novel two-tailed E (B — V) distribution:

p(E(B-V)) =x"""exp-x/t )

where y = 3.13 and t = 0.035. Here we test their ‘single population’
model, with model parameters from Table 2 of WH23, with an eye
towards the efficacy of the gamma distribution. Of note, their model
requires a change in the intrinsic colour and g values: we reproduce
those changes in this paper by setting ¢j, = —0.1 and g = 3.19.

4.6 Logistic and S18 with Intrinsic Step (+Step)

Here we repeat the previous two models in Sections 4.3 (Logistic)
and 4.4 (S18), but with the addition of a luminosity step as a function
of SN Ia age. We place our "age step” at logo(SN age/1 Gyr) = 1,
following Wiseman et al. (2022) and Wiseman et al. in prep.

Additionally, we test the effects of an increasing age step on our
Logistic Ry model, with particular focus on how this luminosity step
affects our Hubble Residual scatter. We increase the age step in steps
of 0.08 magnitudes, from 0 to 0.32 mags.

Works such as Rigault et al. (2018); Kelsey et al. (2022); Briday
et al. (2022); Wiseman et al. (2022, 2023) suggest that a luminosity
step may be driven by properties other than the host galaxy stellar
mass; we adopt this assumption in order to test not only the recovery
of the mass step, but also the hypothesis that there may be a luminosity
step that is driven by processes for which the host galaxy stellar mass
acts as a biased tracer. Other works, such as Gonzalez-Gaitdn et al.
(2021), suggest that the luminosity step may arise from two separate
populations of intrinsic colour. This model is incompatible with the
baseline simulations from DES and would require a simultaneous fit
of the two intrinsic populations and the dust distributions, which will
be left to another paper.

4.7 Ry Variation

Here we investigate the impact of increasing scatter in the Ry dis-
tribution on our dust models. We again use the Logistic Ry curve
as a starting point and add a Gaussian scatter to the Ry values in
our host galaxy library. The first test begins with O scatter in the Ry
distribution, and we increase the o'g,, in each test by steps of 0.2, up
to a maximum value of 0.8.

5 RESULTS

To determine the efficacy of our models, we follow the criteria and
method provided by Popovic et al. (2023b). While detailed further in
that paper, we briefly detail the three criteria here, whereby the x>
are computed between simulations and data:

. X%i Comparison of the SN Ia ¢ distribution, with Poisson errors.

Dustin SNe la 5

. )(flres: The c vs. Hubble Residual zres (tres = 4—[model) CUTVES,
split on high and low mass (split at 10M.), with ey, . = o/ VN, where
o is the standard deviation of the Hubble Residuals.

. XIZQMS: The scatter in Hubble Residuals as a function of ¢, split
on high and low mass (split at 10M..). We measure the scatter with
the median absolute deviation, and egps = o/ V2N.

Of note, we use a finer colour binning than Popovic et al. (2023b)
and report the reduced X2 )(%, for v = 10 degrees of freedom, for
the ten uniform colour bins. The baseline model that we use, from
Vincenzi et al. (2024), is presented in Figure 1 alongside our three
metrics.

The x2 values for all of our tested models are given in Table 2, and
we go over in further depth here. From here, we report our reduced
XZ /v values without the v denominator for visual clarity.

5.1 Baseline

Despite some changes in the data between this analysis and Vincenzi
et al. (2024), notably Py, > 0.5 and z < 0.7 cuts, we find good
agreement between our baseline model from DES and the data.

5.2 Popovic et al. 2024b (P24c)

We find relatively good agreement between the P24¢ simulations and
data. While P24c does contain DES data, the DES data only accounts
for ~ 1/3 of the P24c training set. The overall performance of P24c
is comparable to the baseline DES, and neither models the high mass
Hubble Residual scatter well.

5.3 Logistic Ry Curve (Logistic)

We find that the Logistic Ry performs well in replicating the data.
The logistic curve improves on both the presand Hubble Residual
scatter curves. Logistic Ry does not replicate s vs. ¢ as well as
the DES5YR baseline in the red ¢ > 0 regime but performs better in
the blue ¢ < 0 where it reproduces roughly half of the mass step.

5.4 Salim et al. 2018 (S18)

Overall, S18 performs comparably to our base model. However, S18
performs worse in modeling fires. Current dust models attribute the
mass step to differences in the mean of the Ry distribution when
split on mass: S18 does not produce a large difference: ARy =~ 0.5.
Therefore, S18 does not well reproduce the mass step, unlike other
models.

5.5 WH23

The WH23 does not well-match the data. For the moment, we set
aside the discussion of the X;21 res» as we do not use the two-population
model. The choice of a two-tailed dust distribution fails to replicate
the observed colour distribution, even with the adjustment to the
intrinsic colour distribution: ¢j, = —0.1. The increased average dust
re§ult§ in a significantly worse (X2) match to the high mass XIZQMS
criteria.

MNRAS 000, 1-12 (2024)
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Figure 3. The B vs host galaxy mass relationship for the DES data (black
points) and each of our tested models (coloured lines). On the right, the
conventional Tripp 3, which is marginalised over mass, is presented for each
model.

5.6 Logistic and S18 with Intrinsic Step (+Step)

We find that the addition of an intrinsic luminosity step that is depen-
dent on the age of the SN Ia presents a small but overall improvement
to our models. Table 4 shows the Hubble Residual scatter XlzzMS and
total y2 for our tested magnitudes of the age step. In our coarse search,
we find that a step size y = 0.16 returns the best X2 value, and that
the majority of this improvement in modeling the XZ comes from
improved matches in the Hubble Residual scatter. We emphasise that
we have modelled this additional step as an intrinsic difference in M
but it could equally well come from two intrinsic colour populations,
or a combination of both. The source of this step is not addressed
further in this work.

5.7 Ry Variation

We test the impact of increased scatter of Ry values on our data, by
adding increasing amounts of Gaussian scatter onto the Logistical
Ry function. Table 3 shows the impact of the o Ry choice on our
logistic Ry model. There is not a strong correlation between o Ry
and the total y2; higher oRy such as oRy > 0.8, are ruled out by
the increased y2. In contrast to the y, the Hubble Residual scatter
X121Ms is largely static below oRy < 0.5. We find that our best-fit
o Ry = 0.5, though again stress that this is still a coarse fit.

5.8 Recovery of Bsar T2

Figure 3 shows that the DES data display the same relationship
between BsarT and host stellar mass as P24c: beta decreases with
increasing host stellar mass. The recovered Tripp S for each of our
models is well-matched to the data. In contrast, none of our models
are able to entirely recover the range of the observed £ vs. host galaxy
mass relationship seen in the data, though each model is well-able to
replicate the 8 value when marginalising over the host galaxy stellar
mass.

6 DISCUSSION AND CONCLUSIONS

In this paper we have reviewed a number of different methods to
model dust distributions and properties for use in standardisation
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of SNe Ia, and evaluated their efficacy. We have included an age-
dependent luminosity step that is independent of the dust of the
host galaxy to test alongside these methods, and compared them to
dust-only methods. Here we will discuss our results.

6.1 SN Ia Hubble Residual Scatter

The single largest y2 contribution across all models we have tested
is the high mass Hubble Residual scatter, o,rvms- We do see slight
improvements to the high mass o,rMms Xz/v values when including
an age-based luminosity step, up to a XZ/ v reduction of ~ 2 in the
case of y = 0.16. Higher values are ruled out by an increasing XIZQMS’
putting an upper limit on this value.

The o Ry, variation, on the other hand, does not present a strong
constraint on our models. Firstly, this would indicate that variations
in Ry are not responsible for the observed Hubble residual scatter, as
we would expect to see improved fits to the Hubble residual scatter
with a greater Ry variation. Instead, we find that any o Ry < 0.4 is
equally supported by the data; likely a sign of a detection threshold
in the data, that we cannot detect a variation in o Ry below 0.4.

Overall, all of our tested models noticeably underestimate the
scatter seen in SNe Ia. The addition of a colour/mass-independent
scatter floor of ~ 0.02 improves our o,rRMS x? values by a factor
of approximately two. This can be compensated by an age step,
indicating that dust is not the only element at play in the observed
SN Ia scatter.

6.2 SN Ia Dust Distributions

The logistic Ry distribution provides an improved model for dust to
be the sole contributor to SN Ia scatter and the mass step. Nonethe-
less, the model is unable to replicate the necessary level of Hubble
Residual scatter, and unable to recreate the mass step.

Approaching from the alternative direction of galaxy observations,
we find that SNe Ia with host galaxy dust properties drawn from the
global galaxy population do not well-match either of our Hubble
Residual or scatter metrics, failing to recreate the mass step. This is
because after mapping the SN Ia host galaxy stellar mass function
onto the S18 galaxy Ry values, there is an increase in Ry with the
host galaxy stellar mass, contrary to the predictions of contemporary
dust models (including our Logistic function), which require lower
Ry in more massive hosts.

The S18 results indicate that sSSFR, rather than stellar mass, does
show a change of Ry in the sense required by the SN Ia distances:
a galaxy at fixed stellar mass will have a lower Ry if it has a lower
sSFR. Nevertheless, this trend works against the trend of increasing
Ry with stellar mass in the star-forming galaxies, such that the low
mass star-forming galaxies and high mass passive galaxies have com-
parable Ry values. We illustrate this in Fig. 4, which shows the Ry
verus stellar mass relationship for simulated SNe Ia, colour coded
by the log(sSFR) value of the galaxy. Even excluding all high-mass
star-forming galaxies, the largest ARy between low and high mass
galaxies is ~ 0.3, less than the values needed to recreate the mass
step with Ry alone: ARy =~ 1. The presence of star-forming galax-
ies will serve only to increase the median Ry value in high-mass
galaxies.

6.3 Dark dust

Instead of an intrinsic luminosity difference causing the unexplained
step in SNe of all colours, an offset could be introduced by so-called
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Model Vincenzi et al. (2024) (DES, base)  P24c  Logistic Ry (Logistic) ~ S18  Logistic+Step ~ S18+Step  WH23
x2 3.0 2.9 2.5 2.5 2.5 2.5 13.2
High Mass x2 . 3.7 42 33 6.4 2.7 5.7 9.43
Low Mass xjre 2.0 3.7 1.5 8.6 1.0 6.3 8.51
High Mass x2y;s 12.6 14 12 13 11 12 27.62
Low Mass ¥z 4.0 1.0 3.0 5.0 3.0 5.0 3.84
Total > 25.3 25.8 22.3 35.5 20.2 31.5 62.5
Table 2. x2/v values for the dust models presented in this work, where v = 27.
2 2
Model Xgms ~ Total y 45 -
o Ry = 0.5 (reference) 15.3 22.7
oRy =0 19.6 27.1 4.0 i ‘ -
oRy =0.2 19.2 27.0
oRy =04 19.8 27.3 3.5 I .
oRy =0.6 16.7 25
oRy =0.8 22.3 30.7 3.0 | | 105 ~
Table 3. x2 results for increasing values of o"Ry/, tested with the Logistic g e E
Ry distribution. £ 2.5 -.11.0 %
“9 E
5 5 2.0 o
Model XRMS Total y --11.5 23
¥ = 0 (reference) 15.3 22.7 1.5
¥ =0.08 12.6 18.9 --12.0
vy =0.16 10.5 16.4 1.0
vy=0.24 25.4 33.6 --12.5
vy =0.32 76.8 88.8 05
Table 4. /\(2 results for increasing values of 7y, tested with the Logistic Ry | | | | | --13.0
distribution. 8 9 10 11 12

‘dark dust’. Dark dust (e.g. Siebenmorgen 2023) is not selective in
its extinction, such that all wavelengths are equally extinguished. If
there were systematically more dark dust along sight lines to SNe Ia
in young star-forming environments than those in older passive envi-
ronments, then those SNe would be systematically fainter regardless
of their colour. There is tentative evidence for such a trend based on
the emission from cold dust grains in passive galaxies (Kriigel et al.
1998; Siebenmorgen et al. 1999).

We conclude that if a varying Ry is responsible for the SN Ia mass
step and its evolution with SN colour, then the extinction along SN
Ia lines of sight, and its relationship with the host galaxy properties,
is not well reproduced by the corresponding global attenuation of
SN Ia host galaxies. There are four possible explanations for this
behaviour:

e the attenuation measured from integrated galaxy observations,
and how it relates to global galaxy properties, is not representative
of how line-of-sight extinction varies with these properties, and/or

e SNe Ia are preferentially observed along lines of sight at the
extreme ends of dust distributions, and/or

e (Galaxies contain significant quantities of dark dust, and there is
systematically more in low-mass, star-forming environments, and/or

e There is an intrinsic brightness difference in SNe Ia that evolves
with SN colour but is not caused by dust, such as two populations of
My or Cint-

The inability of our dust-only models from the literature to recreate
the mass step appears to match with near-infrared measurements of
SNe Ia, particularly Thorp et al. (2021) and Ward et al. (2023), both
analyses of SNe Ia with the BayeSN light curve fitter. These studies
do not find a significant ARy between high and low mass galaxies.
We conclude that a portion of the observed mass step is likely

Host Galaxy Stellar Log(Mass)

Figure 4. The simulated Ry versus host galaxy stellar mass relationship
colour coded by Log(sSFR), based on the galaxy data from S18. The trend of
increasing Ry with host galaxy stellar mass is opposite to that predicted by
contemporary SN Ia dust-based scatter models, which are shown in shades
of red. The high-mass Ry values for the contemporary SN Ia dust models
overlap strongly.

caused by an intrinsic brightness difference closely related to the age
of the SN progenitor and its local environment, and that an especially
large ARy (> 1) is not supported by galactic Ry distributions. This
may be due to SNe la preferentially selecting the extremes of an Ry
distribution, but it is more likely that the method of measuring Ry
and E(B — V) for SNe and galaxies are incompatible. Measuring
the dust of a supernova involves a single line of sight and can be
described as extinction, whereas a non-point source measurement
across a galaxy requires accounting for attenuation and scattering;
this is described further in Chevallard et al. (2013); Narayanan et al.
(2018); Duarte et al. (2022).

6.4 Conclusions

The discrepancy between the SN Ia extinction and galactic attenua-
tion presents a new difficulty for using the host galaxy properties of
an SN Ia to standardise its distance, and further work must be done
to determine a way to connect the host galaxy dust properties to the
dust that is along the line of sight to the supernova. It appears that ini-
tial attempts to directly provide a one-to-one correlation between the
properties of the host galaxy and its supernova will need continuing
research.

The introduction of an age step partially ameliorates the need of an

MNRAS 000, 1-12 (2024)
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otherwise quite large ARy between high and low mass galaxies, but
this benefit primarily occurs in our modeling of the Hubble Residual
scatter, rather than the mass step itself. That the size of the age
step does not make a large impact on the mass step is explained by
Wiseman et al., in prep, but points to further work on disentangling
different tracers of anomalous luminosity offsets.

In the shorter term, incorporating dust into SN Ia standardisation
has provided benefits beyond modeling the mass step, and there are
clear benefits to their continued use (Brout & Scolnic 2021; Brout
et al. 2022; Popovic et al. 2021, 2023a). We provide an improve-
ment to the Ry step used in previous literature (e.g. Brout & Scolnic
(2021); Wiseman et al. (2022); Popovic et al. (2023b)) via the use
of a smoothly varying logistic function that performs better than a
linearly-varying Ry distribution. Here we have not rigorously opti-
mised the logistic Ry nor the age step size; such work ought to be
incorporated into pipelines such as UNITY (Rubin et al. 2015) or
Dust2Dust (Popovic et al. 2023b).
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Figure 5. Goodness-of-fit Criteria for the baseline DES model. Top panel
is the colour distribution, with data in grey bars and simulation in solid
histogram. Middle panel is the ¢ vs Hubble Residuals relationship, split on
the host galaxy stellar mass. High mass mass data is presented in filled circle,
low mass data in open circle. High mass simulations are shown in dashed line,
low mass simulations in dash-dotted line. Bottom panel shows the scatter in
the Hubble Residuals, with the same presentation as the middle panel.
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Figure 10. Goodness-of-fit Criteria for the S18+Step model. Top panel is the
colour distribution, with data in grey bars and simulation in solid histogram.
Middle panel is the ¢ vs Hubble Residuals relationship, split on the host
galaxy stellar mass. High mass mass data is presented in filled circle, low
mass data in open circle. High mass simulations are shown in dashed line,
low mass simulations in dash-dotted line. Bottom panel shows the scatter in
the Hubble Residuals, with the same presentation as the middle panel.

4T Centro de Investigaciones Energéticas, Medioambientales y
Tecnolégicas (CIEMAT), Madrid, Spain

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

49 Computer Science and Mathematics Division, Oak Ridge
National Laboratory, Oak Ridge, TN 37831

50 Department of Astronomy, University of California, Berkeley,
501 Campbell Hall, Berkeley, CA 94720, USA

51 Lawrence Berkeley National Laboratory, 1 Cyclotron Road,
Berkeley, CA 94720, USA

MNRAS 000, 1-12 (2024)



12 B. Popovic

-0.3 —0 2 —O 1
SNla colourc

Count

0.3
. o Low Mass Data
w \ = = Low Mass Sim
g o e High Mass Data
o 02 | == High Mass Sim
& d
[}
o
o 01 o o
re) e. O
Q
=] o ? o o
I o
L oo . o
]
L]
3 -01 *
| L 4
3
-0.2: | I I i i
-0.2 -0.1 0.0 0.1 0.2 0.3
Supernova Colour ¢
0.45
o Low Mass Data °
0.40 —— Low MassSim
e High Mass Data
035 High Mass Sim
L]
0.30
w ©
$0.25 .
3 0.
9 L}
0.20 ?
-] ] L4
L T ‘
0.15 o b
0.10
0.05: | i i i .
-0.2 -0.1 0.0 0.1 0.2 0.3

Supernova Colour ¢
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colour distribution, with data in grey bars and simulation in solid histogram.
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low mass simulations in dash-dotted line. Bottom panel shows the scatter in
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