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A B S T R A C T 

Type Ia supernovae (SNe Ia) are explosions of white dwarf stars that facilitate exquisite measurements of cosmological expansion 

history, but impro v ements in accuracy and precision are hindered by observational biases. Of particular concern is the apparent 
difference in the corrected brightnesses of SNe Ia in different host galaxy environments. SNe Ia in more massi ve, passi ve, 
older environments appear brighter after having been standardized by their light-curve properties. The luminosity difference 
commonly takes the form of a step function. Recent works imply that environmental characteristics that trace the age of the 
stellar population in the vicinity of SNe show the largest steps. Here, we use simulations of SN Ia populations to test the 
impact of using different tracers and investigate promising new models of the step. We test models with a total-to-selective 
dust extinction ratio R V 

that changes between young and old SN Ia host galaxies, as well as an intrinsic luminosity difference 
between SNe from young and old progenitors. The data are well replicated by a model driven by a galaxy-age varying R V 

and 

no intrinsic SN luminosity difference, and we find that specific star formation rate measured locally to the SN is a relatively pure 
tracer of this galaxy-age difference. We cannot rule out an intrinsic difference causing part of the observed step and show that 
if luminosity differences are caused by multiple drivers then no single environmental measurement is able to accurately trace 
them. We encourage the use of multiple tracers in luminosity corrections to negate this issue. 

K ey words: supernov ae: general – dust extinction – distance scale – cosmology: observations. 
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 I N T RO D U C T I O N  

ype Ia supernovae (SNe Ia) are routinely used as standardizable
andles to directly probe the expansion history of the Universe,
 technique that led to the disco v ery of the accelerated cosmic
xpansion (Riess et al. 1998 ; Perlmutter et al. 1999 ). These measure-
ents are facilitated by empirical relationships between the optical

rightness of an SN Ia and its decline rate (commonly known as
stretch’; Phillips 1993 ) and an SN Ia brightness and its colour (Riess,
ress & Kirshner 1996 ; Tripp 1998 ). When combined, these two
elationships can reduce the dispersion in SN Ia distances to 7 per cent
 � 0.15 mag), enabling modern analyses to measure the dark energy
quation-of-state parameter to a precision of 2 per cent (Scolnic et al.
018 ; Abbott et al. 2019 ; Brout et al. 2022 ). Key to achieving an
ccuracy that matches this precision is the comprehensive modelling
f both SN Ia selection biases in large surv e ys (e.g. Kessler et al. 2009 ,
019 ; Perrett et al. 2010 ; Betoule et al. 2014 ; Vincenzi et al. 2021 )
nd astrophysical processes affecting the observed SN Ia properties.

In the latter case, significant effort has been dedicated to explaining
nd accounting for the observed relationships between the standard-
zed (i.e. stretch- and colour-corrected) SN Ia luminosities and their
ost galaxy parameters, such as stellar mass (Kelly et al. 2010 ;
 E-mail: p.s.wiseman@soton.ac.uk 1

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
ampeitl et al. 2010 ; Sulli v an et al. 2010 ), star formation rate (SFR;
ulli v an et al. 2010 ), morphology (Sulli v an et al. 2003 ; Hakobyan
t al. 2020 ), stellar age (Rose, Garnavich & Berg 2019 ; Rose et al.
021 ; Mill ́an-Irigoyen et al. 2022 ), metallicity (Gallagher et al. 2008 ;
hildress et al. 2013 ; Moreno-Raya et al. 2016 ; Mill ́an-Irigoyen et al.
022 ), or galaxy rest-frame colour (Jones et al. 2018 ; Roman et al.
018 ; Kelsey et al. 2021 , 2022 ). The relationships usually take the
orm of a ‘step’, where the mean standardized luminosities of SNe
a on different sides of a threshold in a given host galaxy parameter
e.g. a stellar mass of log( M ∗/M �) = 10] differ by a fixed amount. 

SN Ia stretch also correlates with various global (i.e. measurements
f the entire galaxy) host galaxy parameters (e.g. Hamuy et al.
995 ; Sulli v an et al. 2006 ) and in particular those that trace stellar
opulation age. Rigault et al. ( 2013 , 2020 ) and Nicolas et al. ( 2021 )
ho w e vidence that there are at least two modes of SN stretch, one
f which is dominant for young white dwarfs and the other in older
rogenitor systems. There is also evidence that the luminosity step is
ore significant when computed for a ‘locally’ measured 1 property

Roman et al. 2018 ; Rose et al. 2019 ; Rigault et al. 2020 ; Kelsey
t al. 2021 , 2022 ), particularly properties linked to age, suggesting
hat SNe Ia belonging to each stretch population may also have
iffering mean intrinsic luminosities. Briday et al. ( 2022 , hereafter
 Measured in a small aperture centred at the SN location. 
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22 ) showed that the magnitude of the step is directly related to the
bility of a given host galaxy measurement to trace the age of the
tellar population near the SN: locally measured specific SFR (sSFR; 
he SFR normalized by stellar mass; Guzm ́an et al. 1997 ) displays
he largest step, while the step in global galaxy morphology (which 
as a far less direct connection to the stellar population age at the
N Ia position) is smallest. B22 propose that there should be a linear
elationship between the step size and how directly the host galaxy 
arameter traces local sSFR, and their observed data agree with the 
rediction. 
An alternative explanation is that the stellar mass step is a result of

ifferent average dust properties in low- and high-mass galaxies 
Brout & Scolnic 2020 ), e.g. a difference in the mean total-to-
electiv e e xtinction ratio ( R V ) such that mean R V = 2.0 in low-mass
alaxies and R V = 3.0 in high-mass galaxies can reduce the mass
tep to ∼0.02 mag (Popovic et al. 2021a ). Such a difference in R V can
xplain the observed difference in the colour–luminosity coefficient 

between SNe Ia in low- and high-mass host galaxies (Sulli v an
t al. 2011 ; Gonz ́alez-Gait ́an et al. 2021 ; Chen et al. 2022 ; Kelsey
t al. 2022 ) and also account for the observed increase in the step
ize as a function of SN colour (Brout & Scolnic 2020 ; Popovic
t al. 2021a ; Kelsey et al. 2022 ) as well as the increase in SN Ia
uminosity dispersion as a function of SN colour (Brout & Scolnic 
020 ; Popovic et al. 2021a ). 
Wiseman et al. ( 2022 , hereafter W22 ) explored variations of

he Brout & Scolnic ( 2020 ) model by simulating the stellar age
istributions of galaxies and the delay-time distributions (DTDs) 
f SNe Ia. The DTD is the probability distribution describing the 
delay’ between the star formation event in which the SN progenitor 
as formed and the epoch when the SN progenitor explodes. This

s commonly modelled as a power law of form t λ (e.g. Maoz, Man-
ucci & Nelemans 2014 ), 2 with λ ∼ −1 fa v oured by observations.
y incorporating the DTD with the evolution of stellar ages within 

imulated galaxies, W22 trace the connection between the intrinsic 
roperties of stellar age and SN Ia progenitor age, with measurable 
alaxy properties such as stellar mass, SFR, and rest-frame colour, 
nd how these link to SN Ia distance measurements. 

W22 find that model with a mean R V of an SN Ia population
 R V ) that changes with galaxy age (rather than stellar mass) best
eproduces the observed step and its evolution with SN colours –
n particular when this model is compared to observations of both 
ost galaxy stellar mass and host galaxy colour. This is a complex,
ultidimensional parameter space and several permutations of the 
odel can explain the broad trends in the data equally well, although

o model is able to reproduce the data in both host parameters
imultaneously. In particular, models with and without an intrinsic 
N Ia luminosity step perform equally well, with different observed 

uminosity step sizes accounted for by v arying dif ferences in the R V 

opulation means. A model where R V changes with respect to the 
ge of the SN Ia progenitor itself (e.g. the extinction is caused by
ircumstellar material that is affected by the astrophysics of the white 
warf and its companion) does not provide good fits to the data. 
Other analyses have found conflicting results. By measuring R V 

or individual SNe Ia using a hierarchical Bayesian model, Thorp 
t al. ( 2021 ) and Thorp & Mandel ( 2022 ) found no significant
ifference in the R V population means between SNe in low- and 
igh-mass galaxies. There is also some evidence that the step remains 
hen measuring distances using near-infrared (NIR) light curves, 
 Usually, the power-la w inde x is represented by β. Here, we use λ to a v oid 
onfusion with the SN colour–luminosity relation. 

(  

T  

t  

s

here the effects of dust should have a smaller impact (Uddin et al.
020 ; Ponder et al. 2021 ; Jones et al. 2022 ), although, by contrast,
ohansson et al. ( 2021 ) found that the step was remo v ed in both the
IR and when fitting each SN Ia for its R V . 
Evidence for a large difference between the dust laws in the general 

opulation of old/massive galaxies and young/low-mass galaxies is 
lso limited, hindered by the difficulty in measuring dust laws for
arge samples of galaxies typically only observed with optical and 
ometimes NIR photometry. Salim, Boquien & Lee ( 2018 ) showed
hat the R V values for star-forming galaxies increase with stellar 

ass, opposite to the inference of the Brout & Scolnic ( 2020 ) model.
his increase corresponds to an increase in the dispersion of the R V 

arameter and an increase in the optical depth (which correlates with
tellar mass). Ho we ver, Salim et al. ( 2018 ) also sho w that the R V 

alue of passive galaxies is ∼0.5–1 smaller than that of star-forming
alaxies, indicating that the dust is dependent on age/star formation 
istory in the direction matching the W22 model. A similar effect
as been observed in SN Ia host galaxies by Meldorf et al. ( 2022 )
nd Duarte et al. ( 2022 ). The increasing fraction of passive galaxies
and also of passive SN Ia hosts) with stellar mass may thus explain
he inferred decrease in R V with stellar mass inferred by Brout &
colnic ( 2020 ), Popovic et al. ( 2021b ), and W22 . 
Overall, dust-based models can explain the optical SN Ia data, 

ut it is unclear which host galaxy parameter is the key driver of a
hanging dust law and whether dust can account for the full step.
he tests conducted by B22 provide a framework to disentangle 

he problem: a successful model must reproduce both the trend of
uminosity step as a function of SN Ia colour and the relationship
etween step magnitude and tracer contamination. 

In this work, we test the dust-based models explored in W22
n the framework of B22 , which we outline in Section 2 . Using a
imulated sample of SNe Ia, we assume each potential astrophysical 
river of a changing dust law as a ‘truth’ and assess the resulting
elationship between step size and contamination between the two 
N Ia populations traced by each host galaxy property, which we
resent in Section 3 . In Sections 4 and 5 , we assess and re vie w
he implications of our findings. Where appropriate, we assume a 
eference cosmology described by a spatially flat Lambda cold dark 
atter model with H 0 = 70 km s −1 Mpc −1 and �M 

= 0.3. 

 M E T H O D  

n W22 , a framework was introduced for tracing the effects of galaxy-
cale astrophysical effects through to SN Ia distance measurements 
n a simulation. The simulation comprises two core components 
escribed in detail in previous works and summarized in this section:
rst, we generate a library of potential host galaxies (Wiseman et al.
021 ), and then we generate samples of SN Ia light-curve parameters
ssociated with those galaxies ( W22 ). The simulations are optimized
o best reproduce SN samples from the Dark Energy Surv e y SN
rogramme (DES-SN; Bernstein et al. 2012 ), but in principle they
an be adapted to mimic any SN survey. Unless otherwise stated, we
se identical model parameters to W22 , shown in Table 1 . 

.1 Galaxy models 

o track stellar populations through the evolution of galaxies, we 
se the galaxy mass assembly prescriptions of Wiseman et al. 
 2021 ) based on the work of Childress, Wolf & Zahid ( 2014 ).
hese simulations begin with seed galaxies at a range of look-back

imes and follow them as they evolve along the star-forming main
equence according to an empirical relation between stellar mass, 
MNRAS 520, 6214–6222 (2023) 
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M

Table 1. SN Ia luminosity models tested. Y is the environmental property on which R V varies between R V , 1 and R V , 2 . X is the astrophysical 
driver of additional luminosity steps that have magnitude γ X . 

Model name Y R V , 1 R V , 2 X γ X 

SN step only – 2.5 2.5 SN progenitor age 0.2 
Age R V Host stellar age 1.5 3.0 – 0.0 
Age R V + SN step Host stellar age 1.75 2.5 SN progenitor age 0.15 
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FR, and redshift. The simulations also include the quenching of
tar formation. Here, we follow the updated prescription of W22 ,
here each seed galaxy is replicated 100 times, with the time of
uenching onset drawn from a probability distribution. Small bursts
f star formation happening at random times are drawn in a similar
ashion. The output of the simulation is a representative library of
alaxies across a large range of stellar mass and redshift, for which
he full stellar age distribution is known at a resolution of 0.5 Myr.
his star formation history for each galaxy is convolved with an SN

a DTD to produce a probability distribution for the age of SN Ia
rogenitors at the time of explosion. We use the power-law DTD
rom Wiseman et al. ( 2021 ) with λ = −1.13. 

.2 Superno v a models 

Ne Ia in the simulation are represented by their light-curve
arameters and corresponding uncertainties. We parametrize light
urves in the Spectral Adaptive Light curve Template for Type Ia
upernovae (SALT2) framework (Guy et al. 2007 ), with SN colour
epresented by the parameter c and SN stretch by the parameter x 1 .

e assign intrinsic c and x 1 to each SN by drawing from probability
istributions that relate to their host galaxy or their progenitor age.
n this work, we use the two-component colour distribution of
rout & Scolnic ( 2020 ), with an intrinsic component following a
aussian distribution and an external reddening component drawn

rom an exponential distribution. We draw x 1 from a Gaussian
ixture introduced by Nicolas et al. ( 2021 ), with the component
eights determined by SN progenitor age, using identical parameters

o W22 . 
In cosmological SN Ia samples, SN absolute magnitudes show

catter around their mean. Various models have been introduced in
rder to account for this scatter, which are summarized in Brout &
colnic ( 2020 ) and Popovic et al. ( 2021b ). In the Brout & Scolnic
 2020 ) framework used in this work, the intrinsic scatter is caused
y SN-to-SN variation in the intrinsic colour–luminosity coefficient
SN and dust extinction R V . In our simulations, the SN Ia intrinsic

uminosity M B is fixed to −19.365 mag. This intrinsic brightness is
odified according to the intrinsic stretch using a linear relationship
ith a coefficient fixed to αSN = 0.15, and by the intrinsic colour–

uminosity relationship drawing the coefficient βSN from a Gaussian
istribution with a mean of 2.0 and a standard deviation of 0.35,
hich were the best-fitting values for the scatter model in Brout &
colnic ( 2020 ). This adjusted absolute magnitude is then converted to
n apparent magnitude m B using a distance modulus computed from
 fixed reference cosmology. The brightness is reduced by � m B ,
hich is determined according to the extinction via 

m B = ( R V + 1) × E( B − V ) , (1) 

here R V is the total-to-selective extinction ratio and reddening E ( B
V ) is drawn from an exponential distribution. 
The W22 models draw the R V value for a given SN Ia from

ne of two Gaussian distributions with different means but identical
NRAS 520, 6214–6222 (2023) 
tandard deviations, with the means depending on a given host galaxy
arameter Y : those SNe Ia hosted in galaxies abo v e a specific value of
 are drawn from a distribution with a different mean than those SNe
a hosted in galaxies below that value of Y . In this work, we focus
nly on using the host galaxy stellar-mass-weighted mean stellar age
which we refer to simply as stellar age) for Y as that was the best-
atching parameter in W22 . Additionally, we allow for an intrinsic

uminosity step driven by different host properties/progenitor ages
hat is not related to R V differences: this luminosity step γ X , sim 

is
dded or subtracted to the distance modulus of the SNe Ia directly,
ather than as a modification to the peak brightness m B . Here, we use
he SN progenitor age for X . A summary of the models we test is
resented in Table 1 . 
We simulate 2000 SNe Ia in the redshift range of 0 ≤ z ≤ 1.2.

o mimic the effect of observational surv e y selection effects, we
pply efficiency corrections following the DES host galaxy redshift
etection efficiency as modelled by Vincenzi et al. ( 2021 ), such that
Ne in fainter host galaxies are less likely to be included in the final
ample. We add Gaussian noise to each of m B , c , and x 1 according to
he SN Ia brightness and redshift using empirical relations measured
rom the DES-SN data ( W22 ). 

.3 Superno v a distances and residual steps 

sing the ‘observed’ parameters modelled in the previous section,
istance moduli μobs of the simulated SNe are computed using a
orm of the Tripp estimator: 

obs = m B − M B + αx 1 − βc + γX, obs 	 X , (2) 

here α, β, 3 γ X ,obs , and M B are nuisance parameters, and 	 X 

epresents the step for some environmental property X : 

 X = 

{
0 . 5 , X < X split 

−0 . 5 , X ≥ X split 
, (3) 

here X split is the location of the step for that property. To find the
alues of the nuisance parameters α, β, and γ X , we minimize the χ2 

tatistic for the observed distance moduli μobs compared to the fixed
osmological model μmod , given the distance uncertainties and their
ovariance. 

.4 Step dri v ers, tracers, and contamination 

o measure the accuracy of environmental tracers of SN Ia luminosity
 ariations, we follo w the method of B22 . This prescription is based
n the assumption that SNe Ia are divided into two populations ( a
nd b ) that have a dependence on some physical property that we
enote the driver . Different environmental measurements, tracers ,
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ap to those populations with differing levels of accuracy: a tracer 
hat is closely related to the true driver of the population split will
ccurately divide the populations, while a tracer less closely linked to 
he SN populations will not split the populations well. The degree of
ccuracy with which an environmental tracer reco v ers the true driver
f the population split is parametrized by contamination ( C ), which
s defined as the fraction of SNe Ia that are classified as belonging to
opulation a , but truly belong to b , plus the opposite: SNe classified
s b but truly a , which we define briefly below. 

For a given tracer, N a represents objects that truly belong to the
lass a , while N 

a is the number of objects classified as a . Thus, the
ontamination can be defined as the fraction of objects classified as
elonging to a that truly belong to b : C 

a ≡ N 

a 
b /N 

a . Similarly, there is
ontamination C b : objects classified as b but truly a : C 

b ≡ N 

b 
a /N 

b .
otal contamination C is then defined as C ≡ C 

a + C 

b . A tracer
hat perfectly separates the two SN populations has C = 0, while a
andom tracer carrying no information about the SN populations has 
 = 100 per cent. 
The framework presented in B22 predicts that there is a direct 

elationship between the measured step size and contamination: a 
racer with no contamination has the largest step, while that with 
00 per cent contamination has no step. Observations should lie 
irectly on the line that connects these points but are dispersed by
bservational noise. We call this line the B22 step–contamination 
elation . While the true driver is not known astrophysically, B22
efine a r efer ence tracer to split the SNe, for which the contamination
s defined to be zero. Hypothesizing that the SN Ia populations are
eparated by their progenitor age, they use spectroscopic local sSFR 

s a reference tracer, against which all other tracers display some 
ontamination. Local sSFR itself may be – and probably is – an 
mperfect tracer; therefore, against the perfect reference tracer, local 
SFR will also show some contamination. 

In this analysis, there are two key differences to the work of
22 . First, for each simulation, we know the driver(s) of the SN Ia

uminosity steps in that simulation. For simulations where these steps 
re caused by a single driver, we can use that driver as a reference
racer knowing it has zero contamination, but also test other reference 
racers to simulate the real-world effects of choosing an incorrect 
eference tracer. 

Secondly, not only can we use observable properties such as 
tellar mass, galaxy colours, and sSFR as tracers, but we can also
se intrinsic properties such as SN Ia progenitor age and galaxy 
ge, which cannot be observed directly. Thus, by simulating SN Ia 
amples with luminosity steps driven by SN Ia progenitor age and 
alaxy age, measuring their steps and contamination from observable 
roperties, and comparing to the model of B22 , we can break
he degeneracies between the models of W22 . In our analysis, we
nvestigate the following tracers: global host galaxy rest-frame U 

R colour, global host galaxy sSFR (as would be measured by 
 photometric spectral energy distribution fitting method), and the 
lobal host galaxy stellar mass. Note that our simulations are not 
esolved; i.e. our simulations cannot estimate local tracers (e.g. local 
SFR). 

To compare step sizes measured in data to those in our simulation,
e include the data used by B22 . Our simulations do not provide the
easurements of local sSFR that B22 use as a reference tracer in the

ata, so we calibrate the contamination measurements by fixing the 
easured contamination of global stellar mass from B22 to be the 

ame as in our simulation, and use the relative differences between 
he contamination of stellar mass and the other tracers used by B22
o include in our analysis. The B22 contaminations and steps were 
easured on data, and so the relative differences are only valid given
he true underlying model. Ho we ver, we sho w them against all of our
imulations: the agreement between our simulated and the measured 
ontamination and steps for each tracer and in each model provides
dditional information on which model is most realistic. 

 RESULTS  

22 demonstrated that, under the assumption that SNe Ia can be
plit into two populations with different mean luminosities, there is 
 linear relationship between the ability of an environmental tracer 
o divide the SNe between those two populations and the size of
he reco v ered luminosity step. In that analysis, low-redshift samples
f SNe Ia followed the step–contamination relationship when using 
ocal sSFR as a reference tracer. Any model of SN Ia populations that
eeks to explain the luminosity step should display a similar trend
o that observed in the data. We validate this method by testing a
imulation with a simple luminosity step on SN Ia age (Section 3.1 ).
e then construct step–contamination relationships for the two best- 
atching models to the step versus SN Ia colour relationships from
22 in Section 3.2 . 

.1 SN Ia progenitor age step only 

e begin with a simulation with fixed R V and a 0.2 mag step in
he intrinsic SN Ia luminosity at a progenitor age of 0.75 Gyr. We
hen use the progenitor age as a reference tracer – in the simulation
his is the true driver, so it has a true contamination of zero. The
ontamination and step measurements measured for the other tracers 
re shown in the left-hand panel of Fig. 1 . The 0.2 mag step is almost
ully reco v ered when fitting for γ SNage – a slight reduction in the
tep is caused by SN Ia progenitor age affecting both γ and x 1 
imultaneously. 

The other environmental tracers are found at higher contam- 
nations and lower step sizes, as expected from the B22 step–
ontamination relationship (shown as a solid line). We show a 
east-squares regression line between the points (the dashed line 
nd shaded uncertainty), forcing the line through the point of [100
er cent contamination, zero step]. The small uncertainty in this best-
tting line illustrates the validity of using progenitor age as the ref-
rence tracer given this SN model, and the B22 measurements lying
lose to the predicted step–contamination line provide reassurance 
hat our ad hoc connection between the simulated and observed 

easurements is reasonable. The exception is stellar mass, which 
hows a large discrepancy between the observed and simulated step 
ize. For the correct model, the recovered contamination and step 
ize should be consistent between observations and the simulation. 
he implication is thus that an SN progenitor-age–luminosity step 
oes not explain the full observed effect. Indications that this model
s not a full description of the effect are also apparent in step size
ersus SN colour relationships analysed by Kelsey et al. ( 2022 ) and
22 . 
Our second test is to incorrectly use galaxy age as a reference

racer for the simulation that is driven by an SN Ia progenitor age
tep (Fig. 1 , right). As expected, the agreement is worse than when
sing SN Ia progenitor age as the reference tracer. SN progenitor
ge has the largest contamination (60 per cent) but (as expected)
he largest step. The points all lie abo v e the B22 step–contamination
elationship, indicating that the chosen reference tracer is not the true
river: the actual contamination of that tracer should be non-zero, 
hich would increase the gradient of the step–contamination line and 

llow it to be more consistent with the other points. The observed
ocal measurements of spectroscopic sSFR and u − r colour show 
MNRAS 520, 6214–6222 (2023) 
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M

Figure 1. The measured SN Ia luminosity step γ (Section 2.3 ) as a function of the contamination of environmental tracers, using two different reference 
tracers. The simulations have a constant R V and a 0.2 mag luminosity step on SN progenitor age. The solid line (the ‘model’) illustrates a direct relationship 
between the true step at zero contamination and a zero step at 100 per cent contamination. Circles correspond to the simulation from this work, and diamonds are 
observational measurements taken from B22 . Open circles are intrinsic galaxy properties taken from the simulation, while filled markers are galaxy properties 
estimated from spectral energy distribution fitting (either of data or of simulations outputs). Simulated properties are shown without uncertainties since in the 
simulation they are known exactly. The dashed line and shaded region show a least-squares fit to the simulated steps (forced through the point [100 per cent, 0]) 
and 1 σ uncertainties, respectively. Left : contamination computed assuming SN progenitor age as the reference tracer; right : contamination computed incorrectly 
assuming galaxy age as the reference tracer. 
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ess contamination here than when SN progenitor age is used as a
eference tracer. These lower contamination measurements, along
ith the high contamination for SN progenitor age, imply that local

pectroscopic sSFR and local u − r are more closely related to galaxy
ge than they are to SN progenitor age. This is a consequence of the
N Ia DTD that decouples the observed stellar population age with

hat of SN progenitors: roughly half of SNe Ia e xplode o v er 1 Gyr
ince the star formation event that formed the progenitor star. 

There are some notable discrepancies between the observed and
imulated contaminations, whichever reference tracer is used. A clear
xample is that the contamination for galaxy colour is much larger in
he simulations than in the observations. Part of this difference can be
ttributed to the simulations only tracing global galaxy colour, while
he observations are measured locally to the SN: the inability of our
imulations to predict locally measured properties is a limitation that
ill be rectified with future developments. 
A second discrepancy is the relative lack of dynamic range in the

ontamination of simulated tracers, whereas the contaminations of
bserved tracers show greater dispersion. For example, using SN
rogenitor age as the reference tracer, the other simulated tracers
how a range of 55–70 per cent contamination; using galaxy age as
he reference tracer, the other simulated tracers co v er a 40–60 per cent
ange. A specific example is that both stellar mass and U − R colour
both routinely used in the literature) are ∼60 per cent contaminated
ith SN progenitor age as the reference tracer, and approximately
0 per cent contaminated with galaxy age as the reference tracer. This
esults from the strong covariance between SNe in calculating the
ontamination of these tracers. For example, when using galaxy age
s a reference tracer, 89 per cent of the SNe misclassified by stellar
ass are also misclassified by U − R colour. This strong correlation

etween the simulated tracers may indicate o v ersimplifications in
he galaxy evolution model, such as the nature of starbursts, the
uenching of star formation, ultraviolet ionizing continuum, dust
ttenuation, or active galactic nucleus activity. 
NRAS 520, 6214–6222 (2023) 
.2 Galaxy age, dust, and SN progenitor age steps 

aving introduced the method using a single driver (a fixed lumi-
osity step driven by SN Ia progenitor age), we next investigate
odels that have previously been shown to best reproduce the

ariation of SN distance moduli as a function of host and SN
roperties. W22 showed that an SN progenitor-age–luminosity step
lone cannot explain the observed trend of step size increasing with
N colour. We therefore introduce the two successful models from

hat paper that are built upon a dust law that varies with galaxy age,
s introduced in Section 2.2 . First, we use only that varying dust
aw (Section 3.2.1 ), and then we combine it with the intrinsic SN
rogenitor-age–luminosity step (Section 3.2.2 ). 

.2.1 Galaxy-a g e R V step only 

ig. 2 shows the relationships between step size and contamination
or a model with a large R V difference of 1.5 between old and young
ost galaxies and no intrinsic SN luminosity step. As expected, using
N progenitor age as a reference tracer (left-hand panel) does not
esult in a good agreement between prediction and either simulations
r data: all of the points lie abo v e the B22 step–contamination
elationship. Assuming galaxy age as the reference tracer performs
uch better (right-hand panel), the dispersion on the best-fitting line

s small and in agreement with the model prediction. 
As also expected, local spectroscopic sSFR displays the largest

tep, as found by Rigault et al. ( 2020 ) and B22 . Interestingly, SN
rogenitor age is the most contaminated and has the smallest step
f all tracers tested. As with the model with the SN progenitor
ge step only, the simulated host stellar mass step is smaller than
he observed one, meaning that the model does not account for the
ull luminosity difference observed in galaxies of different masses,
espite adequately reproducing the step sizes for the other tracers
onsidered. 
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Figure 2. The SN Ia luminosity step as a function of the contamination of environmental tracers for the model where galaxy age is the astrophysical driver: 
an R V difference of 1.5 between old and young galaxies and no intrinsic luminosity step on SN Ia progenitor age. Left : contamination computed assuming, 
incorrectly, SN Ia progenitor age as the reference tracer; right : contamination computed correctly assuming galaxy age as the reference tracer. 

Figure 3. The same as Fig. 2 , but where galaxy age and SN progenitor age are both astrophysical drivers: an R V difference of 0.75 between old and young 
galaxies and a 0.15 mag intrinsic luminosity step on SN Ia progenitor age. Left : contamination computed assuming SN Ia progenitor age as the reference tracer; 
right : contamination computed assuming galaxy age as the reference tracer. 
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.2.2 Galaxy-a g e R V step plus SN pro g enitor-a g e–luminosity step 

n Fig. 3 , we show a model where the difference between R V in young
nd old galaxies is smaller, and an additional intrinsic luminosity step 
s a function of SN progenitor age is added. With this model, neither
sing SN progenitor age nor galaxy age as reference tracers results
n good agreement between the step–contamination prediction (solid 
ine) and the data/simulations. This is because neither is the sole 
river of the step in the model and so assuming their contamination
o be zero is not valid. In fact, given that there are multiple drivers that
re related but distinct from each other, there is no one-dimensional 
pace in which the SN populations can be perfectly separated. It
ollows that for such a model, a single γ X for any tracer X can never
emo v e the full step. 
 DI SCUSSI ON  

dentifying the underlying driver of the SN Ia luminosity step is
mportant for precision cosmological measurements, as well as in the 
hysical understanding of SN Ia explosions. This driver is unlikely 
o be a direct observable (e.g. a magnitude or colour) or a simple
hysical property that can be directly inferred from observations 
e.g. global stellar mass); hence, the search for the best indirect
racer has seen increasing focus in recent work. Here, we discuss
he implications of our simulations in two aspects: first, we discuss
he contamination of tracers and their relation to physical parameters, 
nd then we discuss our work in the context of cosmological distance
MNRAS 520, 6214–6222 (2023) 
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.1 What dri v es the step and what is the best tracer of it? 

22 find that spectroscopic local sSFR is the best environmental
racer of the SN Ia luminosity step: using it as a reference tracer

inimizes the dispersion around the best-fitting step versus contam-
nation relationship. The local sSFR measurement itself is unlikely to
elate directly to SN Ia luminosities. Instead, local sSFR presumably
cts as a tracer of some fundamental underlying properties of the
ocal stellar population or SN Ia progenitor. These might include
heir respective ages, which trace relationships between galaxy
volution and feedback, dust creation and destruction, metallicity,
nd white dwarf mass, which all have differing levels of importance.
y testing purely SN Ia progenitor-age-driven models (Section 3.1 ),
alaxy-age-driven models (Section 3.2.1 ), and a combination of
he two (Section 3.2.2 ), we have been able to test both the
nderlying drivers and how well they are traced by measurable
arameters. 

.1.1 Contamination 

e first consider tracer contamination. The contamination mea-
urements presented in B22 are derived directly from observations
ut are only relative and depend on tracer choices, while those
easured in our simulations are connected directly to step drivers but

epend on the relationships built into the galaxy evolution model of
iseman et al. ( 2021 ). By comparing both observed and simulated

ontamination for given observables against our synthetic reference
racers, no tracer particularly closely follows the SN progenitor
ge (see left-hand panels of Figs 1 –3 ). Galaxy age is 55 per cent
ontaminated with reference to SN progenitor age. This is because
f the declining power-law nature of the DTD: roughly half of SNe
a explode within 1 Gyr of progenitor system formation and half
eyond 1 Gyr. This smooths out the relationship between the age of
 stellar population and the SNe Ia that explode within it. The best
racer (of all observed and simulated) of SN Ia progenitor age is
pectroscopic local sSFR, as identified in Rigault et al. ( 2020 ) and
22 . Interestingly, it is a better tracer of SN progenitor age than

he o v erall galaxy age: the fact that the measurement is local carries
ore information about the progenitor than is lost by using a tracer

sSFR) instead of knowing the property directly. 
When choosing galaxy age as a reference instead of SN progenitor

ge, the measurable properties of spectroscopic local sSFR, (local)
alaxy colours, and stellar mass are much less contaminated. This is
ecause they are more closely related to the age of the stellar popula-
ion than they are to an individual SN progenitor age. Spectroscopic
ocal sSFR can still be used to broadly trace SN progenitor age –
pectroscopic local sSFR separates the SN Ia stretch population well
Nicolas et al. 2021 ), and SN stretch is much more likely to be linked
o progenitor age than galaxy age. Nevertheless, our results show
hat neither spectroscopic local sSFR nor any other tracer should be
xpected to separate progenitor populations based on their age any
etter than with ≥30 per cent contamination. On the other hand, our
esults indicate that spectroscopic local sSFR can separate stellar
opulation ages with � 10 per cent contamination. At low redshift,
here galaxies can be more easily resolved and this tracer is therefore
easurable, we encourage observations to obtain spectroscopic

ocal sSFR in SN host galaxies in order to trace the step driver
ccurately. 

At higher redshifts where it is not currently possible to obtain
pectroscopy with 1 kpc resolution, local photometric and global
easurements are the only available tracers. In such cases, if it

s possible to measure local galaxy colour then this property traces
NRAS 520, 6214–6222 (2023) 
ither SN progenitor age or galaxy age best. At high redshift (roughly
 � 0.6 in DES, although this limit will be higher with better seeing
n the Le gac y Surv e y of Space and Time; Ivezi ́c et al. 2019 ), where
he imaging cannot resolve local regions smaller than a few kpc, local

easurements of colour and sSFR are not possible. In this case, the
pecific choice of global tracer makes little difference when tracing
N progenitor age. 
Photometric sSFR is marginally disfa v oured when tracing galaxy

ge. This result itself is slightly counter-intuitive because sSFR is
sually assumed to be a strong discriminator of galaxy SFHs and
hus ages. We find that the large contamination is due to the relatively
road range of stellar mass at which galaxy quenching can occur in
ur simulations, which was chosen to best reproduce observations of
alaxy populations. This range translates to a range of ages at which
uenching occurs, hence blurring out the correlation. 
The lack of range between the contamination of the simulated

racers compared to the much larger respective range for the observed
ata is likely a combination of two factors. First, the observations
re local measurements, while the simulation does not carry spatial
nformation, so only global measurements are possible. Future work
ill impro v e the model to include spatial dimensions in the galaxy

volution model. A second reason for the lack of range is that
he simulations suffer from o v ersimplifications that lead to missing
r washed-out relationships or a lack of diversity in the galaxy
opulation. Again, these issues will be addressed in future versions
f the simulations. 

.1.2 The true driver of the step 

o far, we have shown that measurable galaxy properties are better
racers of galaxy age than of SN progenitor age, but that does not
ecessarily mean that galaxy age is the true step driver. Instead, a
odel representing the true driver should result in a tight correlation

etween step magnitudes and contamination for each tracer. In
ection 3.2 , we find a good match between the simulated and
easured steps and tracer contamination assuming a model with
 large R V difference and no intrinsic luminosity step, using galaxy
ge as the reference tracer. Such a result indicates that a galaxy-
ge varying R V is consistent with causing the full step independent
f the choice of tracer and that there is no need for an additional
ifference in the luminosity of SNe as a function of their age. The
odel with a small R V difference plus an intrinsic luminosity step

hows a worse agreement than the no-intrinsic step model, using
ither SN progenitor age or galaxy age as reference tracers. Of these,
N progenitor age provides a better match but with all other tracers
isplaying steps larger than predicted. 
Taken at face value, this would add further weight to the argument

or a single galaxy-age R V step as the sole driver. The reality is
ess clear cut: in the model with both R V and intrinsic steps, we
now that neither SN progenitor age nor galaxy age is the sole
rue driver since the luminosity varies as a combination of the two.
hus, neither has a true contamination of zero, rendering the step–
ontamination diagram inaccurate. We thus do not rule out that
odel as being the true driver of the observed steps, but that a one-

imensional step (or two-dimensional contamination–step parameter
pace) is an inadequate discriminator for a model with multiple
rivers of luminosity variations. It has been shown in previous work
hat a combination of environmental tracers can provide a better
tandardization than a single tracer (e.g. Rose et al. 2021 ; Kelsey
t al. 2022 ). The development of a statistical discriminator between
ultidriver models is left for future work. 
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.2 Impact on cosmological measurements 

ince their disco v ery (Kelly et al. 2010 ; Lampeitl et al. 2010 ;
ulli v an et al. 2010 ), host galaxy–SN luminosity correlations have
sually been remo v ed from SN Ia distance measurements via a
ingle standardization parameter, γ (equation 2 ). In parallel, the last 
ecade has seen vast impro v ements in the methodology for correcting 
almquist-like biases, or selection biases, in SN Ia samples. From 

imple redshift-only corrections (e.g. Betoule et al. 2014 ), the 
rameworks are now in place to perform bias corrections in many 
imensions, including based on parameters of the SN light curves 
nd host galaxies (Scolnic & Kessler 2016 ; Popovic et al. 2021a ,
 ). At this point, the standardization parameters and bias correction 
outines become intricately connected. For example, correcting for 
 bias involving the light-curve stretch is also host galaxy dependent 
because of stretch–host galaxy relationships) and thus affects the 
easured value of γ (Smith et al. 2020 ). 
A recent bias correction model, ‘BBC4D’ (Popovic et al. 2021b ), 

s based directly on the R V models used in this work. BBC4D
orrects for dust-related luminosity bias by assuming different 
alues of R V in hosts below and abo v e a threshold in some tracer,
ominally stellar mass. The results of this work demonstrate that 
f galaxy age is the true driver of the R V difference, populations
plit by stellar mass are nearly 40 per cent contaminated, meaning 
hat using stellar mass as the host parameter in BBC4D may not
ully account for the bias/step. On the other hand, we show that
ther global measurements, particularly host colour, are no less 
ontaminated. We thus predict, assuming galaxy age as the driver, 
hat SN distances inferred using BBC4D may still display a residual 
uminosity step or may not have their intrinsic scatter reduced as
uch as would be achie v able with a less contaminated measurement

uch as spectroscopic local sSFR. Similar, if not worse, biases are 
xpected for an analysis not implementing R V -based bias corrections 
ut using simple γ nuisance parameters. Future work will focus on 
stimating and reducing the bias on cosmological measurements 
ntroduced by tracer contamination. 

 C O N C L U S I O N  

n this work, we have investigated the astrophysical driver of the 
N Ia environmental luminosity step, by comparing the size of steps

nferred by different environmental tracers in a simulated sample 
f SNe Ia, and how contaminated those tracers are with respect to
he driver of the step. We first validated the method by inputting a
imple SN progenitor-age–luminosity step and testing the resulting 
elationship between the measured step and contamination of each 
nvironmental tracer. We then tested a model where the entire step 
s caused by a large difference in dust extinction slope R V between
oung and old galaxies, and one where the R V difference is smaller
nd there is an additional, intrinsic step in SN luminosity as a function
f the SN progenitor age. We find the following: 

(i) In our simulation of a simple SN progenitor age step, we 
eco v er the expected linear relationship between step size and tracer
ontamination that matches the trend seen in observations. 

(ii) Modelling SNe Ia with an R V that changes with host galaxy 
ge as the sole driver of luminosity differences, and fixing galaxy 
ge as the reference tracer, results in the best correlation between 
tep size and contamination. 

(iii) Local sSFR is less contaminated when assuming galaxy age 
s a reference tracer than when SN progenitor age is the reference. 

(iv) The step versus contamination relationship is looser for a 
odel with both a galaxy-age R V step and an intrinsic SN luminosity
tep, regardless of whether the reference is SN progenitor age or
alaxy age. 

(v) The simple tracer contamination versus step parameter space 
s not adequate to constrain models with multiple parameters driving 
he step. 

(vi) The implication of point (v) is that using a single γ or a single
racer in a host-dependent bias correction will not remo v e the full
ffect of the step. 

The choice of tracer is deeply wo v en into the measurement of
osmological parameters. At face value, we confirm the result of 
22 that spectroscopic local sSFR is the closest representation of the
river and should be used to correct distances where available. At
igh redshift, where that measurement is not possible, both stellar 
ass and U − R colour are the best, non-ideal, tracers. We caution

gainst performing cosmological measurements using a simplistic γ
orrection based on a single tracer and encourage the modelling of
he step alongside selection effects. 
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