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ABSTRACT

We use stacked spectra of the host galaxies of photometrically identified type Ia supernovae (SNe Ia) from the
Dark Energy Survey (DES) to search for correlations between Hubble diagram residuals and the spectral properties
of the host galaxies. Utilising full spectrum fitting techniques on stacked spectra binned by Hubble residual, we find
no evidence for trends between Hubble residuals and properties of the host galaxies that rely on spectral absorption
features (< 1.3σ), such as stellar population age, metallicity, and mass-to-light ratio. However, we find significant
trends between the Hubble residuals and the strengths of [OII] (4.4σ) and the Balmer emission lines (3σ). These
trends are weaker than the well known trend between Hubble residuals and host galaxy stellar mass (7.2σ) that is
derived from broad band photometry. After light curve corrections, we see fainter SNe Ia residing in galaxies with
larger line strengths. We also find a trend (3σ) between Hubble residual and the Balmer decrement (a measure of
reddening by dust) using Hβ and Hγ. The trend, quantified by correlation coefficients, is slightly more significant
in the redder SNe Ia, suggesting that bluer SNe Ia are relatively unaffected by dust in the interstellar medium of
the host and that dust contributes to current Hubble diagram scatter impacting the measurement of cosmological
parameters.
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1 INTRODUCTION

Standardised Type Ia supernovae (SNe Ia) are important dis-
tance indicators used to probe the expansion history of the
universe (Riess et al. 1998; Perlmutter et al. 1999) and mea-
sure the local Hubble constant (H0) (Dhawan et al. 2020;
Khetan et al. 2021; Freedman 2021; Riess et al. 2021). SNe
Ia are extremely bright stellar explosions with a peak magni-
tude in the B-band of ∼ −19.5 mag (Childress et al. 2017).
They are standardised through light curve corrections that
account for the relationship between the peak magnitude and
the stretch or width of the SN Ia light curve (Phillips 1993)

and the relationship between the peak magnitude and SN Ia
colour (Tripp 1998).

Many studies over the last two decades have further im-
proved the standardisation of SNe Ia by making use of broad
band photometry and spectroscopy of host galaxies to correct
for trends between the colour and stretch corrected luminosi-
ties of SNe Ia and the properties of the host. These include
gas phase metallicity (D’Andrea et al. 2011; Pan et al. 2014),
stellar age (Childress et al. 2013; Rose et al. 2019), specific
star-formation rate (Lampeitl et al. 2010; D’Andrea et al.
2011; Childress et al. 2013; Rigault et al. 2020) and rest-
frame colour (Roman et al. 2018; Kelsey et al. 2021; Kelsey
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et al. 2022). The most commonly used correction is with the
stellar mass of the host galaxy. The correction is applied as a
step function around 1010M⊙, and is referred to in the liter-
ature as the "mass step" where SNe Ia in high mass galaxies
(> 1010M⊙) are more luminous after correction than SNe Ia
in low mass galaxies (Kelly et al. 2010; Sullivan et al. 2010;
Guy et al. 2010; Childress et al. 2013; Uddin et al. 2017;
Smith et al. 2020b; Kelsey et al. 2021).
The mass step has been found with varying significance. A

mass step of 0.039±0.016 mag was uncovered using the Pan-
theon sample (Scolnic et al. 2018), while Brout et al. (2019b)
found no evidence of a mass step (0.009± 0.018 mag), when
using SNe Ia from the Dark Energy Survey (DES). How-
ever, Smith et al. (2020b) observed a significant mass step
of 0.040 ± 0.019 mag when utilising the same sample, and
showed that the magnitude of the mass step was affected
by the way survey selection biases were computed. The size
of the mass step also depends on the method used to stan-
dardise SN Ia luminosities. Boone et al. (2021) find a mass
step of 0.092 ± 0.026 mag using their SN Ia sample and the
SALT2 standardisation method (Betoule et al. 2014), and a
reduced step of 0.040± 0.020 mag when using an alternative
standardisation method (Twin Embedding Model).
The relationship between SN color and peak brightness is

modelled with a single term in the Tripp equation (Tripp
1998). However, it is likely that there are a least two mech-
anisms at play: an intrinsic relation between luminosity and
color and reddening and attenuation by dust. There is no
reason why these two mechanisms should follow the same re-
lationship. Attenuation by dust is wavelength dependent and
is defined by an attenuation law. The law depends on the
dust grain size and composition, and varies within the Milky
Way and from galaxy to galaxy. It has been found to cor-
relate with host galaxy properties. For example, high mass
galaxies tend to have greater attenuation in the V-band and
shallower attenuation laws1, when compared with low mass
galaxies (Salim et al. 2018).
In a recent work, Brout & Scolnic (2021) found that the

mass step could be reproduced in a model that allowed the
attenuation law and the amount of attenuation to vary with
host galaxy mass. Furthermore, the observed trends in Hub-
ble residuals and SN color were well captured by a model
(hereafter referred to as the BS21 model) which combined
an intrinsic SN colour-magnitude relation with attenuation
laws that depended on host galaxy mass. Independently, Jo-
hansson et al. (2021) recovered a significant mass step when
assuming a fixed attenuation law with RV = 2. However,
when utilising an individual best fit value of RV for each SN
Ia, the mass step vanished. Additionally, Meldorf et al. (2022)
find agreement between the fitted colour slope from the SN Ia
photometry and fitted host galaxy RV from host photometry
when splitting the sample on galaxy population.
The goal of our work is to search for correlations between

Hubble residuals and SN Ia host galaxy properties. Instead of
deriving host galaxy properties from broad band photometry
as most studies have done (e.g. Sullivan et al. 2010; Rigault
et al. 2013; Uddin et al. 2017; Rose et al. 2019; Smith et al.

1 Attenuation laws are often parameterised with RV , the total to
selective extinction ratio. Shallower attenuation laws have higher
RV values.

2020b; Kelsey et al. 2021; Johansson et al. 2021), we use spec-
tra. Spectra offer the possibility of capturing trends that can-
not be extracted using photometry. Using spectra from the
Sloan Digital Sky Survey (SDSS), Johansson et al. (2013) find
no significant trends between properties measured from spec-
tra and Hubble residuals. Using a larger sample of SDSS SNe
Ia, Campbell et al. (2016) find a weak trend between Hubble
residuals and galaxy metallicity, while Galbany et al. (2022)
recently found trends between Hubble residuals with metal-
licity, specific-star formation rate and the equivalent width of
Hα.
The sections of this paper consist of the following: In Sec-

tion 2, we describe the SN Ia sample used in the analysis.
In Section 3, we describe the spectral fitting technique that
is used to extract galaxy properties from stacked host galaxy
spectra. Then, in Section 4 we search for trends between Hub-
ble residuals and these properties. Section 5 discusses the re-
sults.

2 SURVEYS AND DATA SELECTION

2.1 The Dark Energy Survey (DES)

The Dark Energy Survey (DES) was designed to constrain the
properties of dark energy using four probes: galaxy clusters,
weak lensing, Baryon Acoustic Oscillations, and SNe Ia (DES
Collaboration et al. 2016). Running for six observing seasons,
from 2013 to 2019, and using the 570 megapixel Dark Energy
Camera (DECam; Flaugher et al. 2015) mounted on the 4-m
Victor M. Blanco Telescope (DES Collaboration et al. 2016),
DES consists of two surveys: a wide survey covering 5100
square degrees; and a 27 square degree time domain survey
covering 10 deep fields with weekly cadence in the griz bands.
DES has catalogued hundreds of millions of galaxies and has
discovered thousands of supernovae (Hartley et al. 2022). The
data is passed through the DES Image Processing Pipeline
(Morganson et al. 2018), where transients are identified using
a difference imaging pipeline (Brout et al. 2019a).

2.2 The Australian Dark Energy Survey (OzDES)

The Australian Dark Energy Survey (OzDES) was under-
taken over the same six observing seasons as DES (Yuan
et al. 2015; Childress et al. 2017; Lidman et al. 2020). Obser-
vations were performed on the 3.9-m Anglo-Australian Tele-
scope (AAT) at Siding Spring Observatory and utilised the
AAOmega spectrograph with the 2dF field positioner (Yuan
et al. 2015) to target the 10 deep fields that are a part of the
DES time domain survey. The 2dF fibre positioner can place
up to 8 guide fibres and 392 science fibres within a 2.1 degree
field, matching the field of view of the DECam imager. Its pri-
mary aims were measuring redshifts of SN hosts, confirming
the spectral type of SNe, and monitoring AGNs over a wide
range of redshift (Hoormann et al. 2019). OzDES spectra
have previously been used in a number of studies (Wiseman
et al. 2020b; Pursiainen et al. 2020; Smith et al. 2020a). The
faintest objects have an apparent magnitude r ≈ 24 mag and
the wavelength coverage is between 3700 and 8800Å. The sec-
ond OzDES data release includes 375,000 spectra of 39,000
objects. A full description of the data can be found in Lidman
et al. (2020).

MNRAS 000, 1–15 (2022)
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Table 1. The size of the sample after each cut is applied.

Cut Number of SNe Ia

SN Ia Photometric Sample 1484
Matching SN transient with a host galaxy
with an OzDES observation 1181
Redshift reliability > 95% 874
OzDES spectra not contaminated
by SN light 625

2.3 Type Ia Supernovae Sample

We utilise the DES5YR-SN photometric sample described
in Möller et al. (2022). The SNe Ia were classified with the
SuperNNova (SNN) classifier (Möller & de Boissière 2020).
SNN identifies SNe Ia with high accuracy and high purity.
The sample contains 1484 photometrically classified SNe Ia,
and includes light curve quality cuts for the colour (c) and
stretch (x1): −0.3 < c < 0.3,−3 < x1 < 3 (Betoule et al.
2014).
We then implement specific cuts (Table 1). For each DES

transient, the host is identified as the galaxy with the small-
est directional light radius (DLR; Gupta et al. 2016) from
the deep image stacks described in Wiseman et al. (2020a).
We then match the host with objects in the OzDES redshift
catalogue (Lidman et al. 2020), and a cut is made regarding
the quality of the spectroscopic redshift. The OzDES red-
shift reliability criterion is determined by the quality of the
matched spectroscopic features. A flag = 3 redshift is based
on identifying a single strong spectroscopic feature or multi-
ple weak features, and is likely to be correct more than 95%
of the time. Redshifts with a flag = 4 are based on multiple
strong features and are likely to be correct more than 99% of
the time. We require the quality flag ≥ 3 in our analysis, and
omit any galaxies without a spectroscopic redshift.
We also only use spectra of the hosts that are not contam-

inated by supernova light. For this reason we select OzDES
host galaxies that were observed two months before or five
months after the SN Ia peak luminosity occurred. Around
maximum brightness, light from the SN can contaminate and
potentially bias the spectrum of the host. These cuts reduce
the number of SNe Ia in our sample from 1484 to 625.

3 METHODOLOGY

3.1 Hubble Residuals

Hubble residuals (∆µ) are the deviation between the inferred
distance modulus (µobs) and the expected value at a given
redshift and cosmological model (µtheory(z)):

∆µ = µobs − µtheory(z). (1)

A positive (negative) Hubble residual implies that the SN is
fainter (brighter) than the model. Each SN Ia light curve is
fit using the SALT2 light curve model (Guy et al. 2010) that
was trained for the Joint Light Curve Analysis (Betoule et al.
2014). This fit gives a colour (c), stretch (x1), and apparent
magnitude at peak brightness in the B-band (mB). These
parameters are then used to estimate the distance modulus
(µobs), by applying the modified Tripp formula (Tripp 1998):

0.2 0.4 0.6 0.8 1.0
Redshift

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

Before light curve correction
Scatter: 0.86 mag
After light curve correction
Scatter: 0.23 mag

Figure 1. Hubble residual diagram for the OzDES SN Ia host
galaxy sample containing 625 SNe Ia. The red points are the resid-
uals before light curve correction and the blue points have been
corrected for colour, stretch and survey selection biases. The me-
dian redshift of the sample is z ∼ 0.55. Mean scatter of the residuals
split into redshift bins are shown as the orange points.

µobs = mB + αx1 − βc+M0 + γGhost + µbias. (2)

The nuisance parameters (α, β) are set to α = 0.156± 0.012
and β = 3.201± 0.131 (Smith et al. 2020b) and the absolute
magnitude is set to M0 = −19.5. The bias correction term,
µbias, is obtained from simulations using BBC (Kessler &
Scolnic 2017) and takes into account survey selection effects.
The term γGhost is the correction for the mass step and is

usually formulated as:

Ghost =

{
+1/2 for M∗ > Mstep

−1/2 otherwise,
(3)

where M∗ is the stellar mass of the SN host galaxy, and γ
is the size of the mass step. The division point (Mstep) is
generally taken as 1010 M⊙.
We exclude the mass step term (γGhost) and use a 1D bias

correction (Smith et al. 2020b) in our analysis. This allows
us to investigate the significance of any dependencies between
Hubble residuals and host galaxy properties in our sample.
Figure 1 shows the Hubble residual diagram with the 625

SNe Ia remaining after the cuts to the DES5YR photomet-
rically selected SN Ia sample. For each SN Ia we plot ∆µ
and then apply the light curve and 1D bias corrections. The
scatter reduces from 0.86 to 0.23 mag after these corrections.
Figure 2 shows the trend between host stellar mass and

Hubble residual. We make use of masses obtained using the
method described in Smith et al. (2020b), which were esti-
mated using broadband photometry of the host galaxies in
the deep image stacks of the DES-SN fields (Wiseman et al.
2020a). The trend is fitted with a straight line, and as seen
in other large SN surveys, the more luminous SNe Ia after
light curve correction (negative residuals) reside in galaxies

MNRAS 000, 1–15 (2022)
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Figure 2. The DES5YR photometrically selected SN Ia sample
after selection cuts (Table 1), standard light curve corrections
(α = 0.156 and β = 3.201) and 1D bias corrections, showing Hub-
ble residual against host galaxy stellar mass. The black line corre-
sponds to a linear fit and the red stars are the average Hubble resid-
ual either side of 1010M⊙. The linear fit has a slope −0.087±0.014

and the mass step between the averaged points is 0.087 ± 0.011,
which is comparable to that found for DES3YR SN Ia sample.
(Smith et al. 2020b).

with higher stellar masses. The median stellar mass of the
host galaxies is 1010.34M⊙, so there are more galaxies with
masses above 1010M⊙, the canonical mass used for the mass
step, than below it.

3.2 Coadding and Stacking OzDES Host Galaxy
Spectra

In this work we use the term coadding when combining spec-
tra of the same object and stacking when combining spectra
of different objects.

3.2.1 Coadded OzDES Spectra

The SN host galaxies in our sample cover a broad range
of apparent magnitude, between 18 < r < 24. Integration
times for the faintest hosts were very long (up to 100 hours
in some cases), and most targets were observed over several
nights. During this time, the seeing and transparency can
vary greatly, which results in large fluctuations in the amount
of light entering the fibres. Consequently, the throughput var-
ied by an order of magnitude. To overcome this variability,
the OzDES data reduction pipeline scales the data with the
inverse of the median flux of the extracted spectrum.2 The

2 In detail, the pipeline scales each spectrum with either the me-
dian of the flux or 0.1 times the square root of the median variance,
whichever is greater. The scaling is computed from data obtained
in the red arm of AAOmega and is applied to both the red and
blue arms.

variance spectrum is scaled by the square of this scaling fac-
tor. The coadded spectrum is the variance weighted average
of the scaled spectra. By design, the continuum of the red
half of the coadded spectrum has a median that is close to
one.

3.2.2 Stacking OzDES Spectra

Due to the low signal-to-noise ratio (S/N) of coadded spectra,
we split the SN Ia host galaxies into stacks based on the size
of the Hubble residual and compute the variance-weighted
average spectrum for each stack. The first step is to deredshift
each spectrum. This is done using linear interpolation to a
common wavelength grid.
The spectra are stacked using the same procedure as that

used for the individual spectra. Again, the stacked spectra
have a median that is close to one, as can be seen in Figure
3.
To understand how uncertainties affect our analysis, we im-

plement two approaches. We capture the formal variance by
perturbing each point in the averaged spectrum. The mag-
nitude of the perturbation is drawn from a Gaussian that
has a mean of zero and a variance that is determined from
the variance spectrum. This is repeated 1000 times. However,
the formal variance does not capture the intrinsic variability
of the individual spectra. To capture the intrinsic scatter we
perform 1000 bootstrap samples of the spectra used in the
stack.
The method of coadding and stacking spectra has a num-

ber of consequences. The integrated line fluxes are scaled rel-
ative to the continuum between 5700Å and 8600Å, so line
fluxes are not absolute. Instead, they can be better described
as continuum normalised fluxes, which we simply refer to as
line strengths throughout this paper. Line flux ratios are un-
changed as the same scaling is applied to all lines. Equivalent
widths are also unchanged as the same scaling is applied to
both the continuum and the line.

3.2.3 Systematic uncertainties in the calibration of OzDES
data

The conversion from counts measured on the detector to
spectral flux densities requires two sensitivity curves, one for
each arm of the AAOmega spectrograph. To determine these
curves, OzDES allocated 8 to 12 fibres to F stars in every
configuration. These stars were observed at the same time as
the galaxies. In principle, OzDES could have produced sensi-
tivity curves for every observation, but chose instead to use
curves that were determined using data obtained during the
first two OzDES observing seasons.
When done in this way, the spectral flux densities are rel-

ative and not absolute, as flux losses caused by the finite
area of the fibres are not taken into account. Additionally,
other errors can lead to chromatic warping of the spectra.
These errors include field and wavelength dependent aber-
rations from the 2dF corrector, errors in the positioning of
the fibres, and variations in the natural seeing. As demon-
strated in Hoormann et al. (2019), the warping of the spectra
can be removed by applying a second order polynomial that
is derived from the comparison of broad band photometry
of the objects with synthetic photometry derived from the

MNRAS 000, 1–15 (2022)
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Figure 3. An example of running pPXF on a OzDES host galaxy stack (76 objects with z ≤ 0.35). The blue line represents the input
spectrum, the black line is the best fit, the red and green lines (the latter shifted up 0.1 for clarity) are the stellar and emission line
components, respectively, and the purple line is the residual flux. Note how the Balmer emission lines fill in the absorption lines from the
stars.

Table 2. pPXF output for each of the stacked spectra, where the uncertainties were obtained using bootstrap resampling.

∆µ log Stellar Age (yrs) Mass-to-light ratio Metallicity [M/H] Equivalent Width [OII] (Å) log Stellar Mass M⊙
−0.37 9.68 ± 0.07 2.12 ± 0.22 −0.13 ± 0.02 −5.81 ± 0.73 10.46 ± 0.09

−0.23 9.79 ± 0.07 2.47 ± 0.35 −0.2 ± 0.04 −6.26 ± 1.03 10.53 ± 0.06

−0.17 9.8 ± 0.07 2.53 ± 0.36 −0.2 ± 0.04 −5.78 ± 1.23 10.40 ± 0.09
−0.12 9.88 ± 0.09 2.95 ± 0.65 −0.24 ± 0.07 −6.69 ± 2.38 10.31 ± 0.09

−0.06 9.83 ± 0.05 2.35 ± 0.24 −0.51 ± 0.12 −8.46 ± 1.24 10.26 ± 0.09

−0.01 9.73 ± 0.09 2.10 ± 0.30 −0.23 ± 0.06 −7.2 ± 1.35 10.27 ± 0.09
0.02 9.87 ± 0.05 2.87 ± 0.39 −0.21 ± 0.03 −8.7 ± 1.74 10.35 ± 0.09

0.06 9.81 ± 0.08 2.13 ± 0.32 −0.47 ± 0.17 −14.38 ± 1.5 10.09 ± 0.08

0.10 9.48 ± 0.18 1.45 ± 0.34 −0.13 ± 0.09 −10.53 ± 1.84 10.02 ± 0.10
0.16 9.68 ± 0.11 1.88 ± 0.50 −0.42 ± 0.2 −9.21 ± 2.72 10.12 ± 0.11

0.23 9.89 ± 0.05 2.79 ± 0.34 −0.33 ± 0.15 −9.38 ± 2.29 10.09 ± 0.10
0.39 9.81 ± 0.05 2.47 ± 0.28 −0.18 ± 0.02 −10.66 ± 2.11 10.02 ± 0.09

flux calibrated spectra. This works well for relatively bright
sources, but works less well for sources considered here, many
of which are considerably fainter than the sky. For such ob-
jects, a small error in the subtraction of sky can lead to a big
impact on the continuum and to an erroneous estimate of the
amount of warping required.

Hence, the spectra used in this work are stacked without
warping. The systematic error associated with neglecting the
correction is small and can be estimated from the F stars
themselves. As noted above, about a dozen F stars are allo-
cated fibres and observed at the same time as the supernovae
host galaxies. Over the 6 years OzDES ran, nearly 10,000 F
star spectra were obtained. We use these spectra to estimate
how much tilt needs to be applied so that the observed and
modeled spectra of the the F stars agree. We find a scatter of
24% per 100 nm for the tilt in the blue arm and a scatter of
7% per 100 nm for the tilt in the red arm. The scatter is for
a single observation. The stacked host galaxy spectra consist
of spectra from around 100 host galaxies that are randomly
distributed across the 2dF field. Under the assumption that
the tilts are also randomly distributed, the tilt in the stacked
spectra will be lower, by approximately the tilt in the spec-
trum of a single galaxy divided by the square root of the

number of galaxies. The tilt in the combined spectra is ex-
pected to be of the order of a few percent per 100 nm. It
is considerably smaller than the statistical uncertainties and
hence is not included in our analysis.

3.3 Spectral Fitting

Penalized Pixel-Fitting (pPXF) is used to extract informa-
tion on the stellar population from our stacked galaxy spec-
tra. pPXF is a full spectrum fitting technique which utilises a
penalised maximum-likelihood approach (Cappellari & Em-
sellem 2004). pPXF is one option that is widely used and
trusted in its full spectral fitting implementation. While other
useful tools such as Prospector (Johnson et al. 2021) could
be utilised, we find the excellence of the fit provided by
pPXF sufficient for our approach in deriving host properties
to search for trends with Hubble residual.
A single stellar population (SSP) model consists of groups

of stars with the same metallicity, a given IMF and all formed
at the same time. A general stellar population is then a linear
combination of SSPs. The MILES spectral library is used to
build the synthetic spectrum, ranging in age from 0.63 to
17.8 Gyr and metallicity from −2.32 to 0.22 [M/H] with a

MNRAS 000, 1–15 (2022)
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Figure 5. Left to right: Trends between host galaxy properties and Hubble residuals. The first four plots are derived using spectra, while
the last plot is derived using photometry. The outer green errorbars are computed by bootstrap resampling and the inner black errorbars
are obtained from the formal variance. We show a linear fit for each property, with 1σ confidence intervals. m represents the slope. The
trend between host stellar mass and Hubble residual is the most significant and has the highest Pearson correlation coefficient, r.
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Figure 6. A plot comparing the EWs of [OII] and Hβ. Note how
the EWs of both lines correlate with Hubble residual. Hosts with
the strongest emission lines (more negative EWs) also tend to host
SN Ia with positive Hubble residuals (colour bar).

unimodal IMF with a slope of 1.30 (Vazdekis et al. 2010).
They were obtained at the 2.5-m Isaac Newton Telescope
(INT) in Spain over the wavelength range 3525-7500 Å at a
resolution of 2.5 Å, which is well suited to the wavelength
range covered by the OzDES spectra. The full approach is
described by Cappellari (2017).
We run the stacked spectra through pPXF to extract in-

formation about the stellar population. Figure 3 shows the
resulting high quality fit obtained using pPXF on an exam-
ple OzDES stack. The output consists of the relative flux of
the input spectrum, the best fit from the stellar templates,

gas emission lines, and fit residuals. We also obtain weighted
ages, metallicities and mean mass-to-light ratios of the best fit
stellar population. We note that an individual OzDES spec-
trum is not suited for using full spectrum fitting due to the
low S/N of individual spectra.

4 RESULTS

4.1 Trends between Hubble residual and host
properties

Here we explore trends between Hubble residuals and the
properties of the hosts derived from DES photometry and
OzDES spectroscopy. We apply a redshift cut (z ≤ 0.8), and
then split the sample into 12 bins between −0.50 < ∆µ <
0.50, with a similar number of objects per bin. The bin size
is chosen so that the S/N of the stacked spectra is sufficient
for a reliable pPXF fit (Figure 4).
pPXF fits for both the continuum that comes from stars

and nebula emission lines from the ISM. As the spectra are
normalised by the continuum before stacking, the line fluxes
cannot be transformed into star formation rates. Instead, the
line fluxes are more closely related to the specific star forma-
tion rate (sSFR); see Section 3.2 for a discussion on how the
OzDES data are scaled before coadding and stacking.
In Figure 5, we plot each of the host galaxy properties ob-

tained from pPXF fits to the stacked spectra against Hubble
residuals. We also show the average stellar mass for each stack
obtained from the photometry. The outer errorbars for each
point were obtained from bootstrap resampling, with the 1σ
confidence intervals reported in Table 2. Given that these er-
rors are small (. 0.01 mag), they can be safely ignored. We
fit a linear relation to each property instead of a step function
to better capture the trends in our data, the results of which
are summarized in Table 3.
The host stellar mass trend is the most significant, although

interestingly no trend is present in the mass-to-light ratio,
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Table 3. For each of the galaxy properties we show the slope of the best straight line fit, significance and the Pearson correlation
coefficient, to give an indication of the strength of any trend. The most significant trend is between stellar mass and Hubble residual. The
trend between the strength of the [OII] line and Hubble residual is the next most significant. The remaining properties show no obvious
trends.

Host Property Slope Significance (σ) Correlation

log Stellar Age (yrs) −0.10 ± 0.10 0.99 0.03
Mass-to-light ratio −0.25 ± 0.35 0.95 0.06
Metallicity [M/H] −0.044 ± 0.033 1.33 −0.23

Equivalent Width [OII] (Å) −8.96 ± 2.02 4.44 −0.68
log Stellar Mass M⊙ −0.86 ± 0.12 7.2 −0.88
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Figure 7. Top: The ratio of emission line strengths for the low redshift sample, z ≤ 0.35, with the blue line corresponding to the theoretical
Balmer ratio in each case. The Balmer lines tend to be stronger for the fainter SNe Ia. The red/blue stars show the mean line strengths
for the positive/negative Hubble residuals. Bottom: Balmer ratio against Hubble residual for the same sample of SN Ia hosts. We see a
possible trend between Hubble residual and Hα/Hβ with a slope of −2.59 ± 1.66 and r = −0.72−0.15

+0.22 and no trend for Hγ/Hβ with a
slope of −0.00 ± 0.40, and r = 0.04+0.37

−0.34.

suggesting the correlation may not be heavily influenced by
the stellar populations themselves. Rather than a sharp tran-
sition at a single mass, we see a gradual trend.

From the OzDES galaxy spectra, [OII] shows the clearest
trend, with the positive residuals residing in galaxies with
larger [OII] line fluxes and therefore with higher sSFRs. As
noted above, the spectra are normalised by the continuum
before stacking, so line fluxes are more closely related to the
specific star formation rate (sSFR) than the absolute SFR.

In Figure 6, we plot the EW of [OII] against the EW of Hβ,
finding a clear correlation between the two lines. As both lines
are sensitive to star formation, the EWs are a measure of the
sSFR, and the correlation between the two EWs is expected.
Note how the EWs of both lines correlate with Hubble resid-
ual. Hosts with large EWs and therefore larger specific star
formation rates also tend to host SN Ia with more positive
Hubble residuals.

The trend between Hubble residual and the sSFR has been
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Table 4. Similar to Table 2, containing the mean values and re-
sulting errorbars from Figure 8.

∆µ Hγ Hβ Balmer Ratio (Hγ/Hβ)

−0.37 0.76 ± 0.12 1.36 ± 0.18 0.56 ± 0.07

−0.23 0.63 ± 0.17 1.19 ± 0.31 0.53 ± 0.07

−0.17 0.50 ± 0.15 1.10 ± 0.26 0.45 ± 0.07
−0.12 0.51 ± 0.21 1.03 ± 0.52 0.52 ± 0.12

−0.06 0.87 ± 0.24 1.86 ± 0.34 0.47 ± 0.08

−0.01 0.90 ± 0.20 1.63 ± 0.36 0.56 ± 0.07
0.02 0.60 ± 0.16 1.38 ± 0.45 0.45 ± 0.07

0.06 1.29 ± 0.21 3.15 ± 0.71 0.42 ± 0.06

0.10 1.45 ± 0.17 2.68 ± 0.28 0.54 ± 0.04
0.16 0.58 ± 0.25 1.42 ± 0.58 0.41 ± 0.10

0.23 0.67 ± 0.27 1.76 ± 0.64 0.37 ± 0.07
0.39 0.70 ± 0.28 1.88 ± 0.59 0.37 ± 0.08

seen in previous studies (Sullivan et al. 2010; Galbany et al.
2022) and found to be the strongest step when using local
sSFR (Rigault et al. 2020; Briday et al. 2022). Lastly we find
no trend with stellar population age and only a weak trend
with metallicity (Campbell et al. 2016), where metal poor
host galaxies contain more positive residuals (Childress et al.
2013).

4.2 Dust

To further investigate these trends, we also probe the effect
that extrinsic factors such as dust may have on the luminosity
of SNe Ia after standard corrections have been applied.
A diagnostic measure of reddening due to dust is the

Balmer decrement, representing the ratio between hydrogen
nebular emission lines (Hα, Hβ and Hγ, etc) (Domínguez
et al. 2013). For Case B recombination Hα/Hβ = 2.86 and
Hγ/Hβ = 0.468 (Osterbrock 1989). Interstellar dust attenua-
tion significantly impacts ultraviolet and visible wavelengths
more than longer wavelengths. The amount of reddening can
be determined by comparing the observed and theoretical
Balmer decrements and any deviation will give an indication
of the amount of reddening and, given an attenuation law,
the amount of attenuation due to dust.

4.2.1 The Balmer Decrement

The most common Balmer line ratio used to probe reddening
due to dust is Hα/Hβ, where values above the theoretical
ratio 2.86 indicate the degree of reddening. However, we need
to limit our selection to z ≤ 0.35 (which we define as the low
redshift sample) due to Hα becoming redshifted out of the
wavelength range of our spectra. This impacts the sample
size of each stack, with a small number of objects to stack
resulting in a lower S/N in comparison to the larger sample.
Measuring the emission line for Hγ, we can also make use
of the second Balmer line ratio Hγ/Hβ, where values below
0.468 give an indication of the degree of reddening.
In Figure 7, we plot the strength of the Hα line against

the strength of Hβ, and make a similar plot for Hγ and Hβ.
In both plots, fainter SNe Ia tend to appear in galaxies with
larger line strengths. This is similar to the trend seen in Fig-
ure 6. Galaxies with larger line strengths, and therefore high
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Figure 8. Top: The ratio of emission lines (Hβ and Hγ) for the
sample described in Section 4, where z ≤ 0.80. The blue line repre-
sents the expected Balmer decrement for Case B recombination of
0.468 for Hγ/Hβ. The mean line strengths for positive and negative
Hubble residuals are shown as red/blue stars respectively. Below:
The average Hubble residual against Balmer ratio. Similarly, the
blue line corresponds to the expected value, and we observe that
the hosts with more positive (fainter) Hubble residual have lower
Hγ/Hβ ratios, indicating more reddening in these stacks. Fitting
the data we obtain a slope of−0.176±0.074, where r = −0.52−0.12

+0.14.

specific star formation rates3. Hence the line strengths are a
measure of the sSFR and not the SFR, are collectively dim-
mer.
In the lower panels, we plot the Hubble residual versus line

ratio. If reddening is not present, then all points will lie on
the vertical blue lines. We see a very weak trend with low
significance between Hubble residual and the ratio of Hα and
Hβ, and no trend for Hγ and Hβ. The weak trend seen using
Hα and Hβ is opposite to what one expects, if dust affects
both the SN Ia luminosities and the Balmer line ratio.
The Hγ and Hβ line ratio provides access to a larger sam-

ple. The increased sample size gives a more significant result.
In Figure 8, the averaged trend across the stacks is that the
fainter SNe Ia tend to have smaller ratios, which is consistent
with the notion of attenuation and reddening by dust.
We also see the same trend between residual and line

strength. Sources with more positive residuals have stronger
lines and this trend is evident for all three lines. This is consis-

3 When processing the OzDES data, the spectra are normalised
to 1 over the observer-frame wavelength range 5800Å to 8600Å
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Figure 9. Host galaxy sample for blue SNe Ia (c < −0.025) and
then binned by Hubble residual. Fitting the data we obtain a slope
of 0.254 ± 0.369, where r = 0.20+0.30

−0.33. The blue line represents
the theoretical Balmer ratio (Osterbrock 1989), while the average
Balmer ratio, shown as the red line, is 0.43 ± 0.052. Similar to
previous figures, mean line strengths for positive/negative Hubble
residuals are shown as red/blue stars in the top panel.

tent with the trend between the strength of [OII] and Hubble
residual shown in Figure 5, as the strengths of all four lines
are related to the specific star formation rate.
We note that our observed Balmer ratio correlation with

Hubble residual does not offer a reddening correction for each
individual object.

4.2.2 SN Colour and Reddening

We next split our sample by SN Ia colour and then bin by
Hubble residual to examine if the trends noted in the previous
section depend on SN Ia colour. A cut is made at c = −0.025,
using the same dividing line as Brout & Scolnic (2021). The
results are shown in Figures 9 and 10.
There are two noteworthy trends. Firstly, the redder SNe

Ia tend to reside in galaxies that have stronger line strengths
compared with the bluer SNe Ia, indicating higher specific
star formation rates in galaxies that host red SNe Ia. The
mean line fluxes of SN Ia hosts for the blue/red samples are
(0.59, 0.88) for Hγ and (1.36, 1.83) for Hβ.
Secondly, the trend between line ratios and Hubble resid-

uals disappears for the blue SNe Ia and remains, albeit very
weakly for red SNe Ia.
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Figure 10. Host galaxy sample split into redder SNe Ia (c >
−0.025) and then binned by Hubble residual. Fitting the data we
obtain a slope −0.180± 0.11, where r = −0.77−0.11

+0.19. The blue line
represents the theoretical Balmer ratio (Osterbrock 1989), while
the average Balmer ratio, shown as the red line, is 0.50±0.022. Sim-
ilar to previous figures, mean line strengths for positive/negative
Hubble residual are shown as red/blue stars in the top panel.

5 DISCUSSION

5.1 Trends with emission line strengths

We find that there are trends between Hubble residual and
the strengths of [OII], Hγ, Hβ and Hα emission lines of
the host galaxies. We also find trends between the EWs of
[OII] and Hβ with Hubble residual. SNe Ia are fainter in host
galaxies that have stronger emission lines and larger EWs
after the standard corrections for colour and light curve width
have been applied to the SNe Ia.
The EWs of the [OII] and Hβ emission lines depend on

the specific star formation rate (sSFR). Although other fac-
tors, e.g. metallicity, can affect the EW of [OII], generally
speaking, galaxies with larger EWs have higher sSFRs and
are more actively forming stars. The line strengths of [OII]
and the Balmer emission lines in the OzDES spectra also de-
pend on the sSFR, as the OzDES spectra are normalized by
the continuum before coadding and stacking.
The trend between Hubble residual and the sSFR of the

host galaxy has been noted by a number of other studies
(Sullivan et al. 2010; Lampeitl et al. 2010; D’Andrea et al.
2011; Childress et al. 2013; Rigault et al. 2020). It has been
detected using broad band photometry and spectroscopy.
Using broad band photometry of SNe Ia from the Super-
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nova Legacy Survey, Sullivan et al. (2010) find that SNe Ia
in galaxies with low sSFRs are brighter after light curve cor-
rection than galaxies with high sSFRs. When modelled as a
step at log(sSFR) = −9.7, the step is ∼ 0.05 mag. Using
spectroscopy of SNe Ia from the Sloan Digital Sky Survey,
D’Andrea et al. (2011) also find that SNe Ia are brighter in
galaxies that have low sSFRs.
Due to the nature of the observations and the redshifts of

the hosts, these earlier works were not sensitive to the prop-
erties of the hosts in the region immediately surrounding the
SN. This also applies to the OzDES data analysed in this
paper. Most OzDES galaxies subtend an angular size of an
arc-second, which is smaller than the 2 arc-second diameter of
the 2dF fibres. Hence OzDES spectra are not sensitive to the
properties of the hosts in the region immediately surround-
ing the SN. Instead, OzDES and these earlier works measure
global properties of the hosts.
Rigault et al. (2020), using IFU spectroscopy of the hosts

of nearby SNe Ia, found a trend between Hubble residuals
and the properties of host galaxies in a projected 1 kpc re-
gion surrounding the site of SNe. When modelled as a step
function with the step located at log(LsSFR) = −9.7, where
LsSFR is the local sSFR, they found a step of 0.163 ± 0.29
mag. This is larger than the step that is measured using host
galaxy mass and is the largest step measured to date.
We do not see evidence for a trend between Hubble resid-

uals and galaxy age. As younger galaxies tend to have higher
sSFRs, the lack of a trend is surprising.
As one goes to higher redshifts, the global sSFR increases,

leading to a potential evolution in the SN population. At
higher redshifts, there will be a higher fraction of SNe Ia
in galaxies that have sSFRs above the step. This naturally
leads to the question of how this may bias the estimation of
cosmological parameters, such as the Hubble constant and
the dark energy equation of state parameter, a question that
others have examined (Childress et al. 2013; Rigault et al.
2020; Brout et al. 2022) and a topic that we will come back
to in section 5.4.

5.2 Evidence for dust

We find no evidence for a trend between the properties of
the host measured from the continuum of the spectra and
Hubble residuals. This includes age, which is surprising, as
line strengths and EWs are a measure of the sSFR which
is an indicator of age. Galaxies with high sSFR are younger
than galaxies with low sSFR. Could the trend be driven by
another property related to the sSFR?
The amount of dust and the properties of the dust also

correlate with host galaxy properties. More massive galaxies
tend to be more attenuated by dust and have shallower atten-
uation laws (Salim et al. 2018). Dust properties also correlate
with sSFR (Orellana et al. 2017; Triani et al. 2021). Galaxies
with higher sSFR have higher dust-to-stellar mass ratios.
We used the Balmer line ratios in the stacked spectra as

a measure of the reddening by dust and searched for corre-
lations between the Balmer line ratios and Hubble residuals.
There is some evidence that the Hγ/Hβ line ratio correlates
with Hubble residual, but the trend is not very significant.
Fainter SNe Ia tend to lie in galaxies that have smaller Hγ/Hβ
line ratios, consistent with the idea that the galaxies that
hosted these SNe Ia are more affected by dust. The trend

appears to be driven by the redder SNe Ia. When the sample
is split by SN Ia colour, the evidence for a trend persists for
the red SNe Ia (defined here as those with c ≥ −0.025), but
is absent for the blue SNe Ia.
As noted at the beginning of this section, we also found

a clear trend between the strength of the emission lines and
Hubble residuals. When we split the sample according to SN
Ia color, we find that red SNe Ia - defined again as those
with c ≥ −0.025 - occur in galaxies with stronger emission
lines. These galaxies have higher sSFRs, which have been
shown to correlate with dust-to-stellar mass ratios (Orellana
et al. 2017; Triani et al. 2021). Similar trends have been found
between global/local (U - R) colour and DES5YR Hubble
residuals (Kelsey et al. 2022).
Overall, there are hints that dust is playing a role, but the

trends are not very significant. Yet, dust is a key part of the
BS21 model.
In the BS21 model, the amount of attenuation and the

attenuation law, as parameterised by RV , depends on host
galaxy mass. More massive galaxies have shallower attenua-
tion laws but more dust. The model successfully explains the
relationships between Hubble scatter and Hubble residuals
with SN Ia colour and explains the mass step as a result of
the correlation between the galaxy mass and the properties
of the dust. The model is consistent with other observations
Salim et al. (2018).
The lack of a very significant trend between the amount of

reddening inferred from the spectra and Hubble residual is in
part due to the limitations of the approach. The reddening
inferred from the spectra, which applies to the whole galaxy,
may only be weakly correlated to the amount of reddening
affecting the supernova.

5.3 Limitations of this analysis and future work

While a number of trends have been shown to exist on stacked
spectra, it is unclear how strong they are on individual spec-
tra. This is a limitation of our work. Having higher S/N spec-
tra would allow full spectrum fitting of individual hosts. This
is only possible for a small fraction of the host galaxies ob-
served by OzDES and the numbers are too small for clear
trends to emerge.
Future surveys, such as TIDES (Swann et al. 2019) on the

VISTA telescope at the Paranal Observatory in Chile will
obtain spectra of tens of thousands of galaxies that host SNe
Ia discovered by the Legacy Survey of Space and Time. This
is two orders of magnitude more hosts than analysed here,
and the number will be sufficient to see if the trends seen
in the stacked spectra are also present when the hosts are
analysed individually.
Furthermore, as the seeing is at least a factor of two better

than the seeing at Siding Spring, where the AAT is located,
and the fibre diamater smaller, the data will probe smaller
regions of the host galaxy. For nearby galaxies, it will be
possible to measure local properties of the host, as done in
Galbany et al. (2018) and Rigault et al. (2020).
Another limitation of our work is the weighting we apply

when stacking spectra. More weight is given to brighter ob-
jects. We repeated the analysis without weighting and found
that the trends remain although with reduced significance.
We also note the insensitivity of the results when α and β

are allowed to vary within their uncertainties.
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5.4 Impact on Cosmology

5.4.1 The impact on dark energy equation of state

SNe Ia constrain the dark energy equation of state parameter,
w, by comparing the luminosity of nearby SNe Ia to distant
SNe Ia. In the Pantheon+ SN sample (Brout et al. 2022),
distant SNe Ia extend up to z ∼ 2, which corresponds to
a lookback time of ∼ 10 Gyr. Over that time, galaxies have
evolved significantly. Compared to galaxies today, galaxies 10
Gyr ago were much less massive, less metal rich, bluer, and
much more actively forming stars. All of these properties have
been shown to correlate with SN Ia Hubble residuals after the
standard corrections for light curve width and colour have
been applied.
Furthermore, the mean dust attenuation law and the

amount of attenuation from dust are also expected to change
with increasing look-back time. In high-redshift galaxy
analogs (galaxies that sit above the star formation mains se-
quence), the dust attenuation law is steeper that the law in
the Milky Way (Salim et al. 2018). In this paper, we found
a marginal trend between Hubble residuals and the Balmer
decrement, an indicator of reddening by dust.
While it is not yet clear what drives these trends, left un-

corrected, these trends will result in a bias in w. For example,
if the age of the progenitor is driving these trends then Chil-
dress et al. (2013) find that distant SNe Ia at z ∼ 1 could
be as much as 0.04 mag fainter after light curve and colour
correction, corresponding to a change w that is double the
current statistical uncertainty in w.
A change in w also results from changes in how the scat-

ter in SNe Ia luminosities after standardisation are modelled.
The scatter results in some SNe Ia being preferentially se-
lected over others, which results in a bias that depends, to
first order, on redshift. The magnitude of the bias is mod-
elled through detailed simulations (Scolnic & Kessler 2016)
and is applied to the distance modulus (see Eq. 2). Over the
past decade, the scatter has been modelled phenomenolog-
ically with achromatic and chromatic terms contributing to
the scatter. The two most common models are the G10 model
(Guy et al. 2010), where 80% of the scatter is achromatic and
the C11 model (Chotard et al. 2011) where 20% of the scatter
is achromatic.
BS21 provide a more physically motivated model for the

scatter. The BS21 model allows for an intrinsic relation be-
tween SN Ia colour and luminosity and the effects of dust in
the host galaxy. In this model, the dust attenuation law, as
described by RV , and the amount of attenuation are allowed
to vary and are described by distributions that depend on
the properties of the hosts. BS21 find that the mass step is
a natural result of the different properties of dust in low and
high mass galaxies. BS21 find biases as large as 4% in w be-
tween their treatment of the scatter and the treatment of the
scatter in the G10 and C11 models. The difference is similar
to the statistical uncertainty in w (Brout et al. 2022).

5.4.2 The impact on H0

For H0, the absolute brightness of SNe Ia is required. The
brightness is calibrated in galaxies that have hosted SNe Ia
and are near enough for the distances to be measured in-
dependently from the SNe Ia using, for example, Cepheids
(Riess et al. 2021), or the tip of the red-giant branch (TRGB)

(Freedman 2021). The SNe Ia that are used to measure the
H0 differ from the ones that are used to calibrate the abso-
lute SN Ia brightness. As the SNe Ia between the two samples
differ, so too will the hosts. There is therefore the potential
for host-dependent luminosity variations to bias H0.
Additional H0 calibrator galaxies will provide improve-

ments in the zero-point calibration of SNe Ia used in deter-
mining H0. However, the number of future candidates will be
limited due to the low rate of SN Ia explosions we can detect
in nearby galaxies which also contain Cepheids, currently at
a rate of ∼1/year. Recently, an increased sample size of 42
H0 calibrator galaxies was utilised in the Cepheid approach
of calibrating SNe Ia and this reduced each individual error
contribution to below 1% (Riess et al. 2021). Cepheids are
known to reside in late-type galaxies and this could intro-
duce a bias in the calibration of SNe Ia when comparing to a
range of galaxy types at higher redshift which do not contain
Cepheids. However, Riess et al. (2016) found that by using
a homogeneous sample of late-type galaxies into the Hubble
flow, there was no significant change to the uncertainty in
measuring H0. This is due to the much larger Hubble flow
sample in comparison to the calibrator galaxies. Recent work
on SN Ia sample selection also suggests the benefit of a SNe
Ia sample containing bluer SNe Ia as they are less affected
by dust and may be more suited for measuring cosmological
parameters (Kelsey et al. 2021; González-Gaitán et al. 2021;
Meldorf et al. 2022).
As galaxies evolve with redshift, this means the stellar

populations of galaxies into the Hubble flow will differ from
nearby H0 calibrator galaxies. As discussed earlier, the sSFR
is the most significant Hubble residual step found to date
after standard light curve corrections have been applied
(Rigault et al. 2020). Recently, Brout et al. (2022) found
a sSFR step of 0.031 ± 0.011 in the Pantheon+ SN sam-
ple, which then reduced to 0.008± 0.011 after applying dust
and mass bias corrections (BS21). This suggests that the link
between host galaxy mass and dust properties accounts for
correlations with host galaxy properties such as the sSFR.
Riess et al. (2021) suggest that while SNe Ia derived dis-

tances will be improved by uncovering host galaxy correla-
tions after standardisation of SNe Ia, increasing the size and
cross calibrating the calibrator and Hubble flows samples will
help mitigate these potential uncertainties in measuring H0.

5.4.3 Modifying the Tripp equation

Modifying the Tripp equation (Eq. 2) to include the effects
of dust explicitly for each SN Ia may be difficult to do in
practice with current SN Ia samples. In addition to the de-
termining the SN Ia colour law and the coefficient that relates
the strength of correlation between intrinsic colour and lumi-
nosity, one needs to determine the dust attenuation law, as
parameterised by RV or some other parameterisation, and
the amount of attenuation. Most SNe Ia are observed over
a limited wavelength range and in a handful of broadband
filters, so it may not be possible to provide meaningful con-
straints on all the parameters. Most SNe Ia lack observations
in the rest frame near-IR, where the impact of dust is smallest
and where it is possible, once combined with data in the rest-
frame optical, to provide meaningful constraints (Johansson
et al. 2021).
A less challenging approach may be to use the host mass
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to set RV and the amount of attenuation to their median
values both in the training of the SALT2 light curve model
and the fitting of the SN Ia light curves. However, detailed
simulations will still be needed to correct for biases in the
Hubble diagram.

6 CONCLUSION

Multiple studies have demonstrated that the scatter in the SN
Ia Hubble diagram can be reduced by incorporating proper-
ties of the host galaxy, such as host galaxy mass, sSFR, and
metallicity. Most of these studies have used broad band pho-
tometry to infer host properties.
Using a sample 625 SN Ia host galaxies from the DES 5-

year photometrically confirmed sample, we search for trends
between Hubble residuals and the properties of host galaxies
inferred from stacked spectra. We see a clear trend between
the strength of the emissions lines (an indicator of the sSFR)
and Hubble residual, but find no significant trends between
properties inferred from the stellar continuum, such as metal-
licty, mass-to-light ratio, and age.
We further examine the stacked spectra, searching for a

trend between the Balmer decrement (an indicator of red-
dening by dust) and Hubble residual. We find a marginally
significant trend between the Hγ/Hβ line ratio and Hubble
residual. The trend is only present in the redder SNe Ia. This
is consistent with the notion that redder SNe Ia are more af-
fected by dust. However, the trends are marginal and a larger
sample of SN Ia hosts is required to confirm them.
In the near future, 4MOST will obtain the spectra of tens

of thousands of SN Ia host galaxies and will be able to ex-
amine the trends detected here with much greater statistical
significance.
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