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ABSTRACT
Type Ia supernovae (SNe Ia) are useful distance indicators in cosmology, provided their luminosity is standardized by applying
empirical corrections based on light-curve properties. One factor behind these corrections is dust extinction, accounted for in
the color-luminosity relation of the standardization. This relation is usually assumed to be universal, which could potentially
introduce systematics into the standardization. The “mass-step” observed for SNe Ia Hubble residuals has been suggested as
one such systematic. We seek to obtain a completer view of dust attenuation properties for a sample of 162 SN Ia host galaxies
and to probe their link to the “mass-step”. We infer attenuation laws towards hosts from both global and local (4 kpc) Dark
Energy Survey photometry and Composite Stellar Population model fits. We recover a optical depth/attenuation slope relation,
best explained by differing star/dust geometry for different galaxy orientations, which is significantly different from the optical
depth/extinction slope relation observed directly for SNe. We obtain a large variation of attenuation slopes and confirm these
change with host properties, like stellar mass and age, meaning a universal SN Ia correction should ideally not be assumed.
Analyzing the cosmological standardization, we find evidence for a “mass-step” and a two dimensional “dust-step”, both more
pronounced for red SNe. Although comparable, the two steps are found no to be completely analogous. We conclude that host
galaxy dust data cannot fully account for the “mass-step”, using either an alternative SN standardization with extinction proxied
by host attenuation or a “dust-step” approach.

Key words: supernovae: dust, extinction – galaxies: general – supernovae: general – distance scale

1 INTRODUCTION

Type Ia supernovae (SNe Ia) are a set of astrophysical transients
that make for excellent distance indicators, having famously con-
tributed to the discovery of the accelerated expansion of the Uni-
verse (Riess et al. 1998; Perlmutter et al. 1999). SNe Ia data has
proven extremely important in constraining the various cosmologi-
cal parameters, such as the equation of state parameter for the dark
energy w (Scolnic et al. 2018; Abbott et al. 2019), as well as the Hub-
ble constant H0, which has recently garnered further interest due to
the large discrepancies between estimates from early and late-time
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probes of the Universe. This discrepancy is usually called Hubble
tension (e.g. Dhawan et al. 2018; Feeney et al. 2018; Riess et al.
2019), with current measurements indicating it lies at a confidence
level of ∼ 5σ (e.g. Riess et al. 2020).

Despite not being standard candles, SN Ia luminosity can be stan-
dardized by applying some empirical corrections. The first two cor-
rections are based on the shape-luminosity (Phillips 1993) and light-
curve color-luminosity relations (Tripp 1998). The color-luminosity
correction, in particular, is introduced to account for the fact that
bluer SNe Ia tend to be more luminous. Even so, after the appli-
cation of these two corrections, SNe Ia originating in higher mass
galaxies appear consistently over-luminous (e.g. Sullivan et al. 2010;
Lampeitl et al. 2010; Kelly et al. 2010), such that a “mass-step” is
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evident in the difference between their observed and predicted lu-
minosities. A third correction is often introduced to account for this
environmental dependency.

Because of the empirical nature of these corrections, the full im-
pacts of the standardization process on cosmology are still not fully
understood. Although heavily debated, two main effects seem to be
at the origin of the color-luminosity relation: intrinsic color vari-
ations among different SNe Ia and the effects of dust extinction,
namely reddening (Conley et al. 2007).

Extinction refers to the absorption of light as well as scattering
of that light out of the line of sight, which, as a result of the over-
all composition, size and orientation of the dust grains, tend to be
stronger for bluer wavelengths (Calzetti et al. 1994; Calzetti 2001;
Salim & Narayanan 2020). This both leads to a dimming and red-
dening of the observed spectrum. This reddening law is most com-
monly parameterized by the total-to-selective extinction parameter
RV = AV/E(B − V), where AV is the extinction for the V band and
E(B − V) = AB − AV is the difference between the object’s observed
and intrinsic B − V color index, referred to as the color excess.

For the purposes of SNe Ia standardization, the color-luminosity
relation is generally assumed to be the same for all SNe Ia in the
population under study (Tripp 1998). By the same token, when cor-
recting for galactic dust reddening, it is common practice to assume
a constant RV for all galaxies, such as the Milky Way average value
of RV = 3.1 (e.g. Schlafly et al. 2016; Cardelli et al. 1989a). Other
values exist, like the Calzetti et al. (2000) value of RV = 4.05 for
star-forming galaxies, and the peculiarly low values for the Magel-
lanic Clouds (e.g. Lequeux et al. 1982; Nandy et al. 1981). However,
it has been shown that dust properties, particularly RV , can vary be-
tween galaxies(e.g. Salim & Narayanan 2020; Salim et al. 2018; Za-
hid et al. 2013), and so assuming common dust laws for all galaxies
and even for different regions within the same galaxy might intro-
duce systematic errors into the recovered results (e.g. Draine 2003;
Nataf et al. 2015).

In the case of SN Ia standardization, it has been suggested that
the previously mentioned mass-step is one such systematic. Brout
& Scolnic (2021) find that the correlation between the corrected lu-
minosity and the host galaxy mass can be explained by differing
RV values between low and high mass galaxy bins, while Wiseman
et al. (2022) find that the variation of RV with galaxy age can ex-
plain almost all of the observed mass-step. Additionally, Johansson
et al. (2021) and Meldorf et al. (2022) show that the mass-step can
be eliminated using individual low-redshift SN Ia light-curve fits in
the optical/NIR range to directly determine extinction properties and
thus constrain the color-luminosity relation for each SN.

However, there is also evidence to suggest that the mass-step
cannot entirely be explained as a dust systematic. Thorp et al.
(2021) find that a mass-step is still observable even when allowing
for different RV values between high and low mass host galaxies.
González-Gaitán et al. (2021) obtain similar results when consid-
ering separate color-luminosity relations for different SNe popula-
tions. Uddin et al. (2020) and Ponder et al. (2021) interpret the con-
sistency of the “mass-steps” recovered from both optical and NIR
light-curves as evidence that dust does not play a large role in the
mass-step correlation, as the effects of dust extinction in NIR are
greatly reduced. Jones et al. (2022) also find evidence for a NIR
“mass-step” when looking at combined high and low redshift popu-
lations.

More thorough studies on the nature of the SNe Ia color-
luminosity relation are needed to better grasp the contributions of
interstellar dust to the mass-step correction. As shown by Johansson
et al. (2021) and Popovic et al. (2021), it can prove advantageous to

individually determine dust properties for each individual SN Ia or
for each individual SN Ia population in order to better constrain the
color-luminosity relation in the standardization. This allows one to
account for the varying dust properties across different lines of sight
and environments. However, it can be challenging to directly deter-
mine the extinction for SN Ia, especially at higher redshifts, which
require deep infrared photometry. The study of SN Ia host galaxies
offers an interesting opportunity, not only to tackle the problem of
dust induced systematics in SN standardization, but also to extend
our knowledge about general dust properties affecting extra-galactic
observations.

When dealing with extended objects, such as SN host galaxies,
the description of dust effects by extinction becomes too simplis-
tic, as we can no longer presume to be dealing with a single line
of sight. In these cases, we refer to the analogous concept of dust
attenuation (Calzetti et al. 1994; Calzetti 2001; Salim & Narayanan
2020). This phenomenon includes not only the above mentioned ef-
fects, but also effects arising from the spatial distribution of stars and
dust in a galaxy or stellar population, such as scattering of light back
into the line of sight, multiple dust cloud densities and light emitted
by unobscured stars. These phenomena are mostly negligible when
considering only a point source.

In this work we tackle two main questions. First, we study dust
attenuation laws for the host galaxies of a set of SNe Ia, examin-
ing how they differ from each other and how they compare to point
source literature extinctions measured directly from SNe Ia. To this
effect, we present an alternative approach to infer dust attenuation
laws towards the host galaxies for a cosmological sample of 162 SNe
Ia collected as part of the Dark Energy Survey (DES) (Abbott et al.
2016; Kelsey et al. 2021). We fit Composite Stellar Population (CSP)
models to the “deep” host photometric data in the griz filter bands1

(Smith et al. 2020; Wiseman et al. 2020), as detailed in Section 2.
To validate our approach, in Section 3 we present the recovered fit
results for a series of simulated host galaxies, comparing the best-fit
values with the “true” parameters used in the simulations. In Section
4 we analyse and characterize the recovered attenuation laws, com-
paring them to known SN extinction laws. Namely, we analyse the
viability of using our host galaxy fit results to approximate the ex-
tinction for the respective SNe. Second, we seek to ascertain whether
the mass-step for SNe Ia can be explained by host dust properties.
In Section 5 we explore the possibility of a step in luminosity linked
to the dust environment surrounding the SN and whether it can be
related to the more usual mass-step. We also explore the relation
between these Hubble residuals steps and SN color.

We assume a spatially-flat ΛCDM model (Condon & Matthews
2018), with a matter density Ωm = 0.3, a dark energy density of
ΩΛ = 0.7, a dark energy equation of state parameter w = −1 and an
Hubble constant H0 = 70km s−1 Mpc−1.

2 DATA AND METHODS

2.1 Dark Energy Survey Photometric Data

The Dark Energy Survey (DES) is an imaging survey covering ∼
5100 square degrees of the southern hemisphere using the 4-m
Blanco telescope at the Cerro Tololo Inter-American Observatory
(CTIO), equipped with the 520 megapixel wide-field Dark Energy

1 http://www.ctio.noirlab.edu/noao/content/
DECam-filter-information
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Dust Attenuation Laws for Supernova Host Galaxies 3

Camera (Flaugher et al. 2015) with a 0.263 arcsecond/pixel resolu-
tion.

In this work we look at data collected as part of the first three-
year cosmological sample of the SN survey (DES3YR)2 (Brout et al.
2019), consisting of 206 spectroscopically-confirmed SNe, as well
as their respective host galaxies (Smith et al. 2020; Wiseman et al.
2020). This data includes both global and local broadband photome-
try for the hosts in the DECam griz filter bands, originally computed
by Kelsey et al. (2021). Only the 162 hosts meeting the selection cuts
of Kelsey et al. (2021) were considered, covering a redshift range of
0.077 < z < 0.58. In addition, we use the light-curve parameters re-
covered for each of the corresponding SNe Ia by Brout et al. (2019).

As detailed in Kelsey et al. (2021), the global photometry for each
host galaxy was measured from stacked images using SExtractor
(Bertin, E. & Arnouts, S. 1996), employing Kron FLUX_AUTO
measurements (Wiseman et al. 2020). A detection image was used to
set the aperture, ensuring it is the same for the measurements in each
filter. The images were also corrected for Milky Way dust extinction
using Schlegel dust maps (Schlegel et al. 1998) and a Fitzpatrick ex-
tinction law (Fitzpatrick 1999) with standard RV = 3.1 and fiducial
coefficients Rg = 3.186, Rr = 2.140, Ri = 1.569 and Rz = 1.196
(Kelsey et al. 2021; Abbott et al. 2018).

In the case of local photometry, the aperture photometry tool from
the Photutils Python module (Bradley & et al. 2019) was used to
take measurements in a 4 kpc radius aperture around the SN location.
This value is chosen to account for the 1σ seeing of the DES seeing-
optimised stacks, which is 0.55′′ (Kelsey et al. 2021). Thus, it is
ensured that the aperture is larger than a 0.55′′ radius in our redshift
range. The resulting fluxes were corrected for Milky Way extinction
in the same way as described above. As the local aperture size is
constant, the local stellar mass obtained for this case can be thought
of as a measure of the local density.

2.2 Host Galaxy Fits

We are interested in fitting CSP models to the photometric data for
the SNe Ia host galaxies. We do this by computing the Spectral En-
ergy Distributions (SED) for each CSP and comparing with the ob-
served data. We rely on Bayesian inference methods to do so, using
the Prospector3 (Johnson et al. 2021) and emcee4 (Foreman-Mackey
et al. 2013) Python packages. The models themselves are built using
the FSPS5 (Conroy et al. 2009; Conroy & Gunn 2010) FORTRAN
code and the python-FSPS6 Python package (Foreman-Mackey et al.
2014).

Our fitting model is built using the following assumptions:

• Kroupa (2001) Initial Mass Function (IMF);
• Delayed τ-model Star Formation History (SFH), with an ex-

ponentially decreasing star formation rate SFR(t) = te−t/τ, with e-
folding time τ = 1Gyr and time t measured up to the stellar popula-
tion age tage (tage refers to the time between the start of the last burst
of star formation and the observing time of these galaxies. Thus, it
acts as an upper limit).
• Modified Calzetti attenuation law (Noll, S. et al. 2009; Kriek &

2 https://www.darkenergysurvey.org/
des-year-3-supernova-cosmology-results/
3 https://github.com/bd-j/prospector
4 https://github.com/dfm/emcee
5 https://github.com/cconroy20/fsps
6 https://github.com/dfm/python-fsps

Conroy 2013):

τ(λ) =
τV

RV,0
[k(λ) + D(λ, n)]

(
λ

λV

)n

; (1)

• Metallicity log(Z?/Z�), age tage, optical depth τV and dust index
n are model free parameters, with overall flat priors;
• Fixed stellar mass, referring to the fit values obtained by Kelsey

et al. (2021).

In Eq. 1, k(λ) describes the original Calzetti et al. (2000) attenu-
ation law with an original RV,0 = 4.05 and D(λ, n) describes a UV-
bump centered at λ0 = 2175Å (Noll, S. et al. 2009). We adopt this
attenuation law both because of its ability to describe the attenuation
for a wide range of star-forming galaxies (Noll, S. et al. 2009) and
because it allows for a finer probing of the reddening levels by offer-
ing a two parameter description. τV describes the optical depth of the
medium, such that AV ' 1.086τV , while n is introduced as a dust in-
dex parameter in order to produce different slopes without the need
to alter τV ; n is constrained between the values of −2.2 and 0.4, with
more negative values corresponding to a larger level of reddening,
for the same value of τV . The more commonly used RV parameter
can be obtained using RV =

τV
τB−τV

, such that ln(RV ) is roughly pro-
portional to n (ln (RV ) ∼ n). The average value for the Milky Way of
RV = 3.1 corresponds approximately to n = −0.3.

With regards to the model parameters, the stellar metallicity does
not vary with age in our model, as no age-metallicity relation is im-
plemented (Leja et al. 2017). In addition, the age parameter tage for
a given population is constrained such that no time-steps older than
the universe at the corresponding redshift are allowed.

The real SFH for the galaxies may be much more intricate than the
simplistic delayed τ-model we assume. However, given how few fil-
ter bands we have to work with, more complex models are not feasi-
ble in this case. The effect of the assumptions made for the SFH and
dust models on the recovered parameters will be further explored in
the next section.

The choice to fix the stellar mass in the fits is made because, al-
though Bayesian inference does not limit the number of fit parame-
ters one can use, increasing their number would increase the num-
ber of iterations necessary for convergence, making the computation
time much longer. While other parameters might exhibit some de-
generacy, the stellar mass is fairly easy to constrain, as it represents
a normalization of the SED. As such, the mass values obtained from
a 5-parameter sampling do not significantly differ from those previ-
ously obtained for these galaxies by Kelsey et al. (2021), with test
fits exhibiting a median relative difference of ∼ 4% for both global
and local measurements. A deeper look at these results can be found
in Appendix A. The differences between a 4 and 5-parameter sam-
pling on the recovered global dust parameters are also not very no-
ticeable, with test fit median relative differences of ∼ 1% and ∼ 4%
for τV and n, respectively. These differences are more pronounced
when using local measurements, with median relative differences of
∼ 8% and ∼ 60% for τV and n, respectively. These relatively high
numbers are mainly a product of convergence problems in the 5-
parameter sampling process.

As a final note, and although the posterior distributions obtained
from Bayesian Inference are very informative, a best-fit value is of-
ten useful for data analysis. For a given galaxy and a given param-
eter, we take this value to be the median of the distribution, with
the uncertainty range given by the 16th and 84th percentiles, which
define a 68% credible region around the median.

MNRAS 000, 1–20 (2022)
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3 HOST GALAXY SIMULATIONS

In order to establish the reliability of our fitting methodology, a num-
ber of tests were conducted. For each of these, a number of fits were
performed for a population of simulated host galaxies. These were
generated by drawing the values for M?, Z?, tage, τV , n, and z from
a series of random flat distributions. While this method does not
guarantee that the simulated population will resemble an actual SN
Ia host population, it is adequate for testing the performance of the
fitting method across the full parameter space.

Photometry in the griz filter bands for each of these galaxies was
generated using FSPS. A degree of Gaussian noise was also applied
to the photometric data, in accordance with a prescribed SNR of 10,
which was chosen to roughly reflect the minimum SNR of the DES
data set (Kelsey et al. 2021).

3.1 Fit Photometry Tests

With the first set of tests, we seek to ascertain whether griz photom-
etry can be used to accurately recover attenuation parameters. For
this purpose, 150 galaxies were simulated employing the same CSP
model as described in Section 2. We define this as the default simu-
lation. For these fits, both the stellar mass and the redshift were fixed
to their “true” values, following the rationale detailed in Section 2.2.
This represents the best case scenario for our fitting method. As a
term of comparison, additional photometry in the GALEX (Martin
et al. 2005) NUV/FUV and 2MASS (Skrutskie et al. 2006) JHKs
filter bands was generated for half of these galaxies and used in ad-
dition to the griz photometry in a new set of fits.

Some precision and accuracy metrics for the dust parameters re-
covered in each of the fits, including the median differences between
the simulated and fitted parameters (median ∆) and the correspond-
ing median relative error, are shown in Table 1. We find that the
additional photometry fits, do not vary greatly from their griz coun-
terparts. In particular, the values for τV and n exhibit median relative
differences of ∼ 10% and ∼ 4%, respectively. The full comparison
between the parameters recovered for both sets of fits can be found
in Fig. S3 (available online).

It is also crucial to establish that the fitting methodology does not
impart any nonphysical correlation unto the recovered parameters.
For the griz test fit, the Spearman correlation coefficient for τV and
n is found to be 0.038, meaning that no correlation is found between
these two parameters. Given that the mock galaxy set was generated
at random, without imposing any prior relation between the model
parameters, the lack of correlation found indicates that no relation is
being artificially introduced by the fitting process.

3.2 Fixed Mass Error Tests

With the second set of tests, we explore how a possible variation in
the fixed value of stellar mass affects the recovered fit parameters.
Photometry in the griz filter bands for the same simulated galaxies
used in the previous set of tests were used, with the fixed value of
the mass being varied by ±4%, according to the median difference
between Kelsey et al. (2021) and our own inferred masses, recovered
in Section 2.2. The median difference was chosen to vary the value
of the fixed mass because, as seen from Fig. S1 (available online),
the bias between our fits and those from Kelsey et al. (2021) is the
dominant source of the deviations between the two, even more so
than the scatter.

Once again, precision and accuracy metrics for the dust parame-
ters recovered in each of the fits are shown in Table 1. These results

demonstrate that the fixing of the stellar mass does not compromise
the determination of the other fit parameters.

3.3 Alternative Model Simulations Tests

For the third set of tests, new simulations were performed using dif-
ferent models from those assumed in the fitting process, to under-
stand how the methodology would cope with these variations. Six
different simulation models were tested, with 75 galaxies simulated
for each case. Each of the models used in these tests differs from the
model presented in Section 2 in the following way:

(i) Cardelli et al. (1989b) Attenuation Law, with varying RV in-
stead of n;

(ii) Delayed τ-model SFH with τ = 0.1;
(iii) Delayed τ-model SFH with τ = 10;
(iv) Delayed τ-model SFH truncated at ttrunc = 7.5 Gyr;
(v) Delayed τ-model SFH truncated at ttrunc = 5 Gyr;
(vi) Delayed τ-model SFH truncated at ttrunc = 3 Gyr;

For the truncated models, the SFR is set to 0 at the indicated age
to completely shut down star formation.

The fits were once again performed using griz photometry, with
the default fitting CSP model defined in Section 2.

Precision and accuracy metrics for the dust parameters recovered
in each of the fits are again displayed in Table 1. This final test set
shows that, for the most part, our methodology is able to cope with
variations in the model used for simulation without too much impact
on the dust parameters.

The largest changes are found, as expected, when different atten-
uation laws are introduced, which cannot be avoided due to the dif-
ferent parameterizations used. In this case, RV is the most affected
parameter, with a constant bias offset of 0.261 present in the recov-
ered fit parameters. A more detailed look at this particular case is
offered in Appendix B.

Overall, although all the simulation tests show discrepancies in
the recovered stellar age and metallicity parameters (see Appendix
B), the fits show a remarkable recovery of the original dust parame-
ters, as seen in Table 1.

Across the board, we find both relatively low values for RMS of
these parameters, as well as median relative errors of ∼ 10% or lower
when comparing to the true simulation values, suggesting a high de-
gree of accuracy. In addition, we find that the respective median fit
errors are in general conservative, as they are very close to the dis-
persion (MAD) of the fitted parameters. There are, however some
biases observed, the most significant of which is the bias of 0.263
in τV observed for the default simulation test. There is also a large
bias of 0.261 in n in the Cardelli test, which is most likely due to the
different parameterization for different attenuation laws.

Further discussion of the various tests can be found in Appendix
B.

In general, it is thus reasonable to conclude that, although our fit-
ting method might struggle to break the dust-metallicity-age degen-
eracy and accurately determine all free fit parameters, resulting in
not very robust non-dust parameters, it is sufficient to satisfactorily
infer and map dust properties for SN host galaxies. As such, we can
be fairly confident on the results presented and discussed in Section
4.

MNRAS 000, 1–20 (2022)
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Table 1. Precision and accuracy metrics for the dust parameters in the mock galaxy fits, for each of the test sets. The median fit error was calculated based on
all the error values for each of the fit parameters. As the fit error bars are asymmetric, the largest of the median values was taken in each case. The median
∆, median absolute deviation (MAD) and median relative error were calculated from the difference between the best-fit result and the “true” value for each
parameter. The percentage of outliers was calculated by assuming a normal distribution for the data and identifying the points more than 2 standard deviations
away from the mean.

Test Parameter RMS Median ∆ Median Rel. Error (%) Median Fit Error MAD Outliers (%)

Default (griz)
τV 1.332 0.263 10.1 0.695 0.739 6
n 0.552 0.006 10.3 0.262 0.386 5.33

Default (griz+UV+NIR)
τV 0.887 -0.190 7.2 0.267 0.372 8
n 0.297 -0.052 0.7 0.087 0.092 8

Default (Mass+4%)
τV 1.050 -0.014 0.3 0.737 0.640 5.33
n 0.380 −7.89 × 10−5 6.4 0.325 0.231 6.67

Default (Mass-4%)
τV 0.983 -0.019 0.6 0.720 0.624 5.33
n 0.350 -0.004 3.7 0.291 0.229 6.67

Cardelli
τV 1.221 -0.036 1.0 0.789 0.786 8
n 0.840 0.261 10.6 1.761 0.720 4

τ = 0.1
τV 1.182 0.179 6.9 0.607 0.866 5.33
n 0.532 -0.002 2.6 0.231 0.286 2.67

τ = 10
τV 0.865 -0.061 1.7 0.715 0.557 6.67
n 0.480 0.027 12.4 0.324 0.283 8

ttrunc = 7.5 Gyr
τV 1.140 0.042 3.0 0.239 0.840 10.67
n 0.388 -0.027 4.4 0.280 0.311 4

ttrunc = 5 Gyr
τV 1.038 0.054 1.4 0.645 0.537 8
n 0.539 0.031 9.4 0.220 0.224 4

ttrunc = 3 Gyr
τV 1.038 −2.10 × 10−4 0.01 0.570 0.671 8
n 0.512 -0.083 4.6 0.310 0.307 6.67

4 DES SN IA HOST GALAXIES

In this section we present and discuss the results of the CSP fits to
the DES SNe Ia host galaxies, placing particular emphasis on the
recovered attenuation laws. The fits were performed following the
methodology described in Section 2.2 and using both global and lo-
cal photometric data in the griz filter bands, originally computed by
Kelsey et al. (2021). Additionally, we compare the recovered host
attenuation laws with literature low redshift SN Ia extinction laws.

4.1 Dust Attenuation for DES Galaxies

The central aspect in the characterization of the recovered attenua-
tion laws is the correlation between the best-fit values for the τV and
n parameters, which are plotted in Fig.1. A Gaussian Process Re-
gression and respective 68% credible interval, performed using the
GauPro7 (Erickson 2021) R package, is also plotted to better illus-
trate the observed correlation. 8

Despite some scatter, there is a clear correlation between the two
quantities in both the global and local cases, with larger optical
depths corresponding to larger values of n, and thus shallower atten-
uation curves. The Spearman correlation coefficient between these
two parameters for the DES data set is found to be 0.671 for the
global measurements and 0.777 for the local measurements.

Comparing the global and local fit results offers an interesting
insight. As seen in Fig. 2, where we plot the deviations ∆τV =

τVGlobal − τVLocal and ∆n = nGlobal − nLocal as a function of the red-
shift z, the results for both fits appear fairly consistent, with median
differences of ∆τV = 0.26 and ∆n = 0.026.

There are some differences between the fits, as the results obtained
for τV tend to be larger for the global photometry. There is also a

7 https://github.com/CollinErickson/GauPro
8 It should be noted that the regression curves are not representative of the
data for τV > 2.5, due to the limited amount of data points in this region.

large level of scatter present in the plots, with standard deviations
of 0.712 for ∆τV and 0.575 for ∆n. Furthermore, the percentage of
galaxies for which the best-fit values are not within each other’s error
margins is found to be 39.8% for τV and 36.0% for n.

The consistency of the observed correlation between the two re-
sult sets indicates that an aperture of 4 kpc is not sufficiently small to
negate the geometrical effects associated with attenuation (see next
section). Likely for the same reason, Kelsey et al. (2021) observe a
similar consistency between global and local measurements, partic-
ularly when looking at U-R steps. In fact, the global and local mass
values obtained by Kelsey et al. (2021) indicate that, in some cases,
a 4 kpc aperture is actually as large as the galaxy itself. This means
one needs even smaller physical apertures to correctly estimate dust
extinction at the SN location. However, this is difficult to achieve in
practical terms due to instrument limitations. The fact the results re-
main constant as the redshift increases indicates that the diminishing
angular size of the aperture does not, in this case, play a large role
on the results obtained.

We obtained either complete or partial additional global photom-
etry in the GALEX (Martin et al. 2005) NUV/FUV and 2MASS
(Skrutskie et al. 2006) JHKs filter bands for 33 of the studied galax-
ies. Although this additional set of measurements is not enough to
draw any conclusions by itself, it is useful to confirm our previous
fit results. Combining the new photometry with the griz global data
points, a new set of fits was performed for these select galaxies. The
differences between the new fit values for τV and n and the previ-
ously discussed griz results exhibit median relative values of ∼ 0.5%
and ∼ 3%, with a standard deviation of 1.14 and 0.40, respectively.
Despite the somewhat large value of scatter for τV , these values con-
firm the reliability of the results obtained with griz measurements.

4.2 Attenuation Laws and Galaxy Orientation

For comparison, the mean relation obtained by Chevallard et al.
(2013) for the overall correlation between τV and n for a set of
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Figure 1. Best-fit values of n as a function of τV for the fitted DES galaxies with DECam global (Left panel) and local (Right panel) griz photometry. Results
for the different galaxies are shown in grey. A Gaussian Process Regression is shown in solid blue, with dashed blue lines defining a 68% credible interval. The
mean relation found for similar galaxies by Chevallard et al. (2013) is shown in dashed orange, with ±25% error margins shown in dotted orange.
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Figure 2. Differences (∆ = Global-Local) between best-fit results for the parameters obtained with global and local DECam griz photometry for the DES
galaxies, as a function of z. The left hand side shows the results for τV and the right hand side the ones for n. Results for the different galaxies are shown in
grey. Binned means for each parameter are shown in orange, with error bars given by the standard deviation in each bin.

simulated galaxies observed at different orientation angles is also
shown in Fig. 1. This relation differs slightly from our data, with the
simulated galaxies appearing in general redder. Even so, the overall
expressed tendency is the same as the one found for DES galaxies.
Additionally, the recovered tendency also matches the behaviour ob-
served by both Leja et al. (2017) and Narayanan et al. (2018), which
further suggests we are indeed recovering a physical relation. Given
the agreement with the Chevallard et al. (2013) mean relation, it is
reasonable to conclude that the overall correlation between the re-
covered dust parameters can be well explained by different galaxy
orientations, as also described by Viaene et al. (2017) and Narayanan
et al. (2018) and schematically illustrated on Fig. 3. This same trend
between τV and n is also present for elliptical galaxies, as recently
shown by Sachdeva & Nath (2022).

As stated by those works, cases with small τV , would mostly cor-
respond to galaxies that are being observed face-on. In this case, we
must consider both the photons emitted parallel and perpendicularly
to the galactic plane. Photons emitted perpendicularly to the galac-
tic plane (along the line of sight for a face-on galaxy) suffer min-
imal attenuation, independently of their wavelength. Additionally,
we must also take into account photons emitted along the equatorial
plane of a galaxy, which might be scattered away from the plane and
into the line of sight. On one hand, blue photons tend to be scattered
more forwardly, meaning they tend to remain confined to the galactic
plane, eventually being fully absorbed (Chevallard et al. 2013). On
the other hand, red photons tend to be scattered more isotropically
and have a much lower interaction cross section with dust, allow-
ing them to more consistently escape the galactic plane (Chevallard
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Figure 3. Schematic representation of dust attenuation for different galaxy orientations: Head-on (Left panel) and Edge-on (Right Panel).

et al. 2013). This means that an excess of red radiation is added to
our line of sight, leading to higher values of reddening, reflected in
more negative values for n.

The cases with a larger τV statistically correspond to an edge-
on view of the galaxies. In these cases, radiation emitted from the
deepest layers of the galaxy is greatly absorbed, independently of
wavelength. The radiation reaching an observer is thus dominated by
stars located in the outermost layers of the galaxy, unobscured stars
and light scattered into the line of sight (Narayanan et al. 2018). This
leads to an overall lower level of reddening and values of n closer to
0.

Galaxy orientation is not the only mechanism behind the corre-
lation observed in Fig. 1, being mostly relevant for spiral galaxies.
For elliptical galaxies, galaxy orientation is not an important factor.
However, due to their general elliptical shape and overall low dust
content, these particular galaxies end up exhibiting a behaviour sim-
ilar to the one observed for head-on spiral galaxies, leading to an
overall large level of reddening. Additionally, different galaxies can
have different intrinsic optical depths, which is one of the possible
reasons for the scatter observed in the figure and the relations shown
in next sections. It has also been recorded that there is some degree
of degeneracy between galaxy geometry and intrinsic dust composi-
tion, which somewhat muddles the analysis (Viaene et al. 2017).

4.3 Attenuation Laws and Stellar Mass

Another important factor to the characterization of the recovered at-
tenuation laws is the possible correlations of the dust parameters
with the stellar mass and age, which are plotted in Fig. 4. Despite
some scatter, the relation between τV and log(M?/M�) seems to
display two separate behaviours depending on the age of the corre-
sponding stellar population. For younger galaxies, there is a steady
increase of τV with log(M?/M�), which is in agreement with re-
sults obtained for star-forming galaxies by Salim et al. (2018); Garn
& Best (2010); Zahid et al. (2013), as more massive galaxies have
more gas and dust content with more active star formation. A sep-
arate tendency is observed for older galaxies, which tend to exhibit
both larger masses and smaller optical depths. This matches what
is expected for quiescent galaxies (Salim et al. 2018; Zahid et al.
2013), which have less dust and make up a large fraction of high
mass galaxies (Peng et al. 2010).

The behaviour for the two age populations is most prominent
when looking at the global mass, but it is also apparent in the lo-
cal case. This suggests a link not only with the total stellar mass of
the galaxy, but also with the local stellar density, with older galax-

ies being generally more dense. It is also interesting to notice that
a larger stellar density does not necessarily equate to a larger dust
column density, as seen from the relatively low values of τV for high
local masses.

Although the large level of scatter complicates the analysis of the
relation between n and log(M?/M�), we find that older galaxies tend
to have more negative values of n and thus steeper attenuation curve
slopes, which once again matches previous observations for quies-
cent galaxies (Salim et al. 2018; Wiseman et al. 2022).

Meldorf et al. (2022) examine the attenuation laws for a larger
sample of DES SN Ia host galaxies and recover mostly the same
trend for the relation between n and log(M?/M�). However, for the
relation between AV and log(M?/M�), they only observe the roughly
linear trend associated with star-forming galaxies and do not find a
decrease of AV for massive galaxies. As previously stated, this de-
crease is expected due to the presence of high-mass quiescent galax-
ies (e.g. Zahid et al. 2013; Salim et al. 2018) and the trend we ob-
serve in Fig. 4 follows exactly those expectations.

For the global fit we find a median RV = 2.762 (using Eq. 1) with
a standard deviation of 1.096, while for the local case we find a me-
dian RV = 2.612 with a standard deviation of 0.943. In addition,
in Table 2 we list the values of RV obtained for both low and high
galaxies, when adopting a standard step of log

(
Mstep/M�

)
= 10 for

the global case and of log
(
Mstep/M�

)
= 9 for the local case. These

step locations are based on the median masses for both sets of mea-
surements. We find that, for the global case, low mass galaxies have
a considerably larger median RV , meaning that, for the same amount
of dust, they appear to be systematically subject to a lower level of
reddening. This once again points to the presence of massive quies-
cent galaxies in our sample, as for star-forming galaxies the value of
RV is expected to increase with the stellar mass (Salim et al. 2018).

Despite having standard deviations of ∼ 1, both of the populations
exhibit low standard errors, with the difference between the median
values of RV for each of them being significant at ∼ 2.5σ. Addi-
tionally, although the values do not match exactly, this order relation
between low and high mass dust properties and the observed level of
scatter is the same as the one recovered by Brout & Scolnic (2021)
and González-Gaitán et al. (2021).

The results for the local case exhibit an opposite tendency, with
a higher median RV for the high mass population. This is probably
due to the step location considered being too low, which does not
allow the quiescent galaxies to meaningfully impact the high mass
population.
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Figure 4. Best-fit results for the dust parameters as a function of log(M?/M�) for the fitted DES galaxies with DECam global (Left panels) and local (Right
panels)griz photometry. Plots for τV are shown in the top row, while results for n are shown in the bottom row. The best-fit for the age of each galaxy is plotted
on a gradient from blue (younger) to red (older).

Table 2. Median global and local RV values, standard deviations (S T D) and standard errors (S E) for low and high mass galaxies. The thresholds for the two
populations are defined as the optimal step value recovered for the Tripp standardization. Additionally, the values for the standard thresholds of log

(
Mstep/M�

)
=

10 for the global case and of log
(
Mstep/M�

)
= 9 for the local case are also shown.

Standardization Step
Step Location Low Mass High Mass
log

(
Mstep/M�

)
RV S T D S E RV S T D S E

-
Global 10 3.092 1.155 0.128 2.670 0.966 0.109
Local 9 2.383 0.881 0.104 2.658 0.978 0.104

Tripp
Global 9.73 3.037 1.172 0.142 2.728 1.022 0.106
Local 9.405 2.625 0.958 0.094 2.552 0.907 0.121

4.4 Host Galaxy Attenuation and SN Ia Extinction

As discussed in Section 1, the phenomena governing dust extinction
differ from those governing attenuation, as the geometrical effects
related to the spatial distribution of dust and light sources cease to
be relevant for the former, and only the amount and type of dust is
important. It is thus crucial to take notice of the differences between
the extinction laws affecting SN Ia and the attenuation laws affecting
their respective host galaxies.

With this in mind, in Fig. 5 we plot the best-fit values for RV and
τV obtained for the attenuation laws for the DES host galaxies. As
a term of comparison, we look at the extinction laws obtained by
Mandel et al. (2011) for a set of SNe Ia at low redshift. We note
that Burns et al. (2014) find a similar relation to Mandel, whereas
recently Rose et al. (2022) find a flat distribution of RV for various
extinction amounts of SNe Ia.

It is clear that the extinction for SN Ia and the attenuation for host
galaxies exhibit two different tendencies. This is due to the fact that,
for a point source, the effects arising from the dust/stars geometry
and observation angle are no longer relevant.

As shown in Section 4.1, the global and local fit results are consis-
tent, indicating that a 4 kpc aperture is not small enough to eliminate
the dust/star geometry effects associated with dust attenuation.

For a more direct comparison with our sample, we can look at
the light-curve parameters recovered for each of the DES SN Ia by
Brout et al. (2019). In particular, looking at the Spearman correla-
tion coefficients between the host galaxy attenuation parameters and
the respective SN Ia light-curve parameters, shown in Table 3, it is
clear that τV and n do not meaningfully correlate with the SNe prop-
erties. In particular, there is no evident correlation with light-curve
color, which once again points to the difficulty of using environmen-
tal attenuation properties to infer SNe dust extinction. These results
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Figure 5. Best-fit values of RV as a function of τV for the fitted DES galaxies with DECam Global (Left panel) and Local (Right panel) griz photometry. Results
for the different galaxies are shown in grey. A Gaussian Process Regression is shown in solid blue, with dashed blue lines defining a 68% credible interval. The
correlation found by Mandel et al. (2011) between these two quantities for the extinction laws of a set of SN Ia is shown in orange.

Table 3. Spearman correlation coefficients between the global and local host
galaxy attenuation parameters and the respective SN Ia light-curve parame-
ters.

Light-Curve Parameter
Global Local

τV n τV n
mB 0.082 0.277 0.126 0.168
c 0.104 0.043 0.143 0.080
x1 0.041 0.288 0.169 0.191

show that there is not a one-to-one relation between SN extinction
and host galaxy attenuation, meaning it is difficult to take one as a
proxy for the other.

5 SNE IA COSMOLOGY

In this section, we will focus on the effects of SNe Ia standardization
on the Hubble residuals. In particular, we examine whether there is
evidence for a “dust-step” in the data and how it compares to the
more commonly used mass-step.

5.1 SNe Ia Standardization

For each SN Ia, the SALT2 model (Guy, J. et al. 2007; Guy et al.
2010) can be used to fit its light-curve, returning values for the light-
curve width x1, observed color at maximum c, and observed magni-
tude at maximum mB. Following the standardization formula intro-
duced by Tripp (1998) with the addition of a δµbias term, the corrected
distance modulus µ for each SN is then given by:

µ = mB − M + αx1 − βc + δµbias , (2)

where α, β and M are nuisance parameters obtained from a cos-
mological fit, describing the shape-luminosity and color-luminosity
corrections, as well as the absolute magnitude of a fiducial SN Ia
with x1 = 0 and c = 0, respectively, and δµbias is a 1D bias correc-
tion term, introduced as a function of the redshift and obtained from

survey simulations. To account for the mass-step, an additional cor-
rection term δµM , dependent on the host galaxy mass M?, is usually
added to the previous expression (e.g. Betoule et al. 2014).

For the cosmological fit, we take advantage of the fact that µ can
be expressed as a function of the luminosity distance dL which, for a
Friedmann-Robertson-Walker cosmology, only depends on the cos-
mological parameters and the redshift (Riess et al. 1998). Generally,
the model parameters H0 and Ωm are kept as free parameters along
with α, β and M. By minimizing the Hubble residuals ∆µ = µ−µmodel

these parameters could therefore be constrained via the fit. In this
work, the cosmological parameters are kept fixed to Ωm = 0.3,
ΩΛ = 0.7, w = −1 and H0 = 70km s−1 Mpc−1, as we are mainly
interested in the effects of dust and the color-luminosity correction
on the standardizations.

For the standardization fits we use the emcee package to apply a
Bayesian fitting procedure, with overall flat priors for the fit param-
eters and a likelihood function defined as:

ln (L) = −1
2

N∑
i=0

∆µ2
i

σ2
i

, (3)

where σ2 is defined as:

σ2 = σ2
mB

+ (ασx1)2 + (βσc)2 + σ2
int

− 2βσmB ,c + 2ασmB ,x1 − 2αβσx1, c.
(4)

In the previous expression, σmB , σx1 and σc are the uncertainties
associated with each of the light-curve fit parameters, σmB ,c, σmB ,x1

and σx1 ,c are their covariance terms and σint is a parameter which
accounts for possible intrinsic variations in a SN Ia’s luminosity. We
fix σint = 0.107, following the value obtained by González-Gaitán
et al. (2021)9.

It is known that the likelihood defined by Eq. 3 can introduce
biases into the recovered fit parameters (Kessler & Scolnic 2017).
However, as our main objective is a wholesale comparison between
two standardization processes using the same likelihood these biases

9 A cosmological fit with a free σint is explored in Appendix D.
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Table 4. Fit parameters for the Tripp standardization, using a likelihood de-
fined by Eq. 3. The corresponding value of RMS is also shown.

α β βint M RMS

0.157+0.011
−0.009 3.115+0.009

−0.011 - −19.397+0.009
−0.009 0.141

should not be of much relevance. This comparison is focused on the
improvement of the RMS of the Hubble residuals with respect to the
fiducial model.

The cosmological fit parameters recovered following this method
for the Tripp standardization are listed in Table. 4, with the corre-
sponding values of RMS for the residuals also shown. The light-
curve parameters recovered for each of the DES SN Ia by Brout
et al. (2019) using the SALT2 model, as well as the corresponding
1D bias corrections were used for the fits.

A separate “Fixed-Extinction” standardization, in which the ex-
tinction contribution to the color-luminosity correction can be fixed
using our prior measurements of RV and E(B−V) for the host galax-
ies from Section 4, is described in Appendix C. For this standard-
ization, an additional free intrinsic color-luminosity parameter βint

is introduced. The corresponding fit parameters for this standardiza-
tion are also displayed in Table. S1 (available online). It however
results in much worse fits, as can be seen in the large RMS.

5.2 Hubble Residuals Steps

We will now examine possible “steps” in the Hubble residuals for
the Tripp standardization, associated with both the local and global
properties of the host. We will investigate “steps” associated with
both the host mass and dust properties.

To look for a step, we divide the Hubble residuals into two popula-
tions, according to the properties of its host. By varying the threshold
values at which the population division is made, we can determine
the optimal location for the step. This can be done by optimizing
several quantities, namely the step magnitude, the step significance
and the ∆RMS with respect to the fiducial Tripp standardization.

For a description with two populations A and B, the step mag-
nitude is defined as the difference between the mean values for the
two populations, while the step significance is defined as the ratio
between the step magnitude and the step error σstep, given by:

σstep =

√
σ2

A

NA
+
σ2

B

NB
, (5)

where NA and NB are the number of data points in each of the popu-
lations and σA and σB are the STDs for each of the populations.

∆RMS is defined as the difference between the standard RMSsingle

obtained when considering the Hubble residuals as a single popula-
tion and the RMSdual obtained when considering them as two sepa-
rate populations, each with a separate mean and divided at the step
in mass or dust. Thus, the larger the value of ∆RMS, the more the
two population description is favoured.

5.2.1 The Mass-Step

When considering a mass-step, the two populations are taken to be
SNe Ia originating in either low or high mass galaxies. Following the
procedure detailed in the previous section, we look for a division in
mass between two populations that maximizes the step magnitude,
its significance and ∆RMS. The optimal step values obtained are

shown in Table 5, with the corresponding values of RMSdual also
shown. The optimal values are also plotted in Fig. 6. In addition, in
Fig. 7 the Hubble residuals for the SNe are plotted, as well as the
corresponding optimal steps and the mean values for log(M?/M�)
and ∆µ found for each mass bin.

We obtain optimal steps that are not only both significant at > 3σ,
but also correspond to the best improvement in RMS. Additionally,
both step locations and their respective significance levels roughly
match the results obtained by Kelsey et al. (2021) for this data set,
pointing to the existence of a mass-step for the Tripp standardization.

In Table 2 we present the RV values for both low and high mass
galaxy populations, as defined by the step values recovered for the
Tripp standardization. We once again find that, for the global case,
low mass galaxies have a larger median RV , with the difference be-
tween the two populations being significant at ∼ 2σ. We also find
that, as the local step location shifts to a higher mass, the same ten-
dency starts to be observed for this case. In the next section, we fur-
ther explore the discrepancy between these populations, analysing
whether it can be described by a dust-step.

5.2.2 The Dust-Step

Having established the presence of a mass-step, we will next look at
whether evidence for a step related to the dust content of a SN host
can be found in the data for the Tripp standardization.

There are some differences to the approach discussed for the
mass-step. First, while the stellar mass of a galaxy can be described
by a single parameter M?, dust attenuation is parameterized by
two parameters, τV and n. To account for this fact and ensure we
are accurately accounting for a possible dust-step, we adopt a two-
dimensional population division. One-dimensional steps in both τV

and n were attempted, but they were found not to be very significant
(∼ 2σ). Second, we consider three different population splits to fully
cover the τV −n parameter space. These are chosen to preserve a two
population division, thus making the mass and dust-steps more com-
parable. The three splits, schematically represented in Fig. 8, are:

(i) First Split: One population consisting of SNe Ia originating in
low attenuation, high reddening galaxies (Region 1 in Fig. 8) and
another consisting of the remaining SNe;

(ii) Second Split: One population consisting of SNe Ia originating
in low attenuation, low reddening galaxies (Region 2 in Fig. 8) and
another consisting of the remaining SNe;

(iii) Third Split: One population consisting of SNe Ia originating
in high attenuation, low reddening galaxies (Region 3 in Fig. 8) and
another consisting of the remaining SNe;

There is also a fourth possible split that is not considered, as the
region with high attenuation and high reddening galaxies (Region 4
in Fig. 8) is very sparsely populated.

The optimal step values for the First, Second and Third Splits are
shown in Table 6. The Second Split results in the best significance
and ∆RMS values, which means it is by far the most favourable for
a dust-step. We can further analyse this particular case by taking a
closer look at the variation of the step magnitude, significance and
∆RMS, plotted in Fig. 9. We can see that, not only are the opti-
mal step locations very narrow, but they also exhibit clear delimita-
tions for both dust parameters, suggesting we are indeed encounter-
ing a two-dimensional step. This is particularly apparent when using
global data. In the local case, there appear to be two possible step
locations. We take the optimal step to be the one which maximizes
∆RMS. The significance, magnitude and ∆RMS values obtained for
the optimal global dust-step are very close to those recovered for
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Table 5. Mass-step significance (in σ), magnitude (γM), ∆RMS and RMSdual for the Tripp and Tripp+δµD standardizations. In the latter cases, the step location
and magnitude recovered for the optimal dust step found in Section 5.2.2 are used. ∆RMS is defined as the difference between the RMSsingle obtained when
considering the Hubble residuals as a single population and the RMSdual obtained when considering them as two separate populations, each with a separate
mean and divided at the step.

Standardization Step
Step Location

Sig. (in σ) γM ∆RMS RMSdual
log

(
Mstep/M�

)
Tripp

Global 9.73 3.83 −0.079 ± 0.021 0.0055 0.1359

Local 9.405 5.39 −0.119 ± 0.022 0.0118 0.1296

Tripp+δµD
Global 9.73 2.99 −0.060 ± 0.020 0.0033 0.1310

Local 9.405 4.31 −0.092 ± 0.021 0.0075 0.1253
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Figure 6. Variation of the mass-step with step location for the Tripp standardization, for the global (Left panels) and local (Right panels) cases. The top panel
shows the significance of the step in σ, the middle panel shows the magnitude of the step in solid black, with the grey region showing the uncertainty, and the
lower panel shows ∆RMS. In these three panels, the location of the step of maximum significance is shown in blue and the median mass of the sample is shown
in orange. Inspired by Kelsey et al. (2021).

the optimal global mass-step, even though the dust-step ends up be-
ing slightly stronger. In particular, the dust-steps are significant at
> 4σ, which matches the results obtained by Meldorf et al. (2022)
for DES-SN host galaxies.

5.2.3 Mass and Dust-Step Comparison

For a more rigorous SN standardization, the steps recovered in the
previous sections can be introduced into the usual Tripp standard-
ization. In particular, we do this to ascertain whether correcting for
one of the steps eliminates the other one.

In such cases, the “mass-step" takes the form:

δµM =

− γM
2 , if log(M?/M�) > log

(
Mstep/M�

)
γM
2 , if log(M?/M�) < log

(
Mstep/M�

) , (6)

where Mstep is the optimal step location and γM the corresponding
step magnitude recovered in Section 5.2.1 and recorded in Table 5.
For the Second Split, the “dust-step" takes the form:

δµD =

 γD
2 , if τV < τVstep and n > nstep

− γD
2 , otherwise

, (7)

where τVstep and nstep are the optimal step locations and γD the cor-
responding step magnitude recovered in Section 5.2.2 and recorded
in Table 6.

It is clear from Fig. 10 that the two mass and dust populations do
not exactly align. In fact, higher mass galaxies tend to concentrate
on the inside of the τV −n curve, while less massive galaxies concen-
trate on the outside. This is particularly apparent for the local case.
This discrepancy points to the fact that the recovered dust-step is not
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Figure 7. Hubble Residuals ∆µ for the DES SN Ia as a function of the stellar mass for the respective host galaxies, plotted in grey. The optimal step locations,
as recorded in Table. 5 are shown in dashed blue. The blue dots show the mean values of log(M?/M�) and ∆µ in each bin, with the error in the x-axis given by
the standard deviation.

Table 6. Dust-step significance (in σ), magnitude (γD), ∆RMS and RMSdual for the Tripp and Tripp+δµM standardizations. In the latter case, the step location
and magnitude recovered for the optimal mass-step found in Section 5.2.1 are used. ∆RMS is defined as the difference between the RMSsingle obtained when
considering the Hubble residuals as a single population and the RMSdual obtained when considering them as two separate populations, each with a separate
mean and divided at the step. The First, Second and Third splits refer to which of the quadrants depicted in Fig. 8 is isolated from the remaining SNe population,
(1,2 and 3, respectively).

Standardization Split Step
Step Location

Sig. (in σ) γD ∆RMS RMSdual
τV n

Tripp

First
Global 0.56 -1.25 1.81 0.064 ± 0.035 0.0009 0.1405

Local 1.29 -0.105 2.89 −0.073 ± 0.025 0.0041 0.1373

Second
Global 1.785 -0.905 4.20 −0.089 ± 0.021 0.0071 0.1343

Local 1.29 -1.53 4.55 −0.101 ± 0.022 0.0086 0.1328

Third
Global 1.785 -0.82 3.45 0.085 ± 0.025 0.0047 0.1367

Local 1.29 -0.595 3.76 0.094 ± 0.025 0.0065 0.1349

Tripp+δµM Second
Global 1.785 -0.855 3.52 −0.072 ± 0.021 0.0049 0.1310

Local 1.29 -1.53 3.36 −0.070 ± 0.021 0.0045 0.1251

merely analogous to the mass-step, as might initially be presumed,
given its magnitude, significance and ∆RMS.

For a more detailed look at this discrepancy, we can add a dust
step in the form of Eq. 7 to the Hubble residuals for the Tripp stan-
dardization. To do so, we fix the values of γD, τVstep and nstep to those
previously obtained in Section 5.2.2 for the optimal dust-step, as
recorded in Table 6. Following a similar procedure as the one ap-
plied in Section 5.2.1, we once again recover the optimal mass-step,
shown in Table 5. It should be noted that, when looking for this new
mass-step, the baseline for comparison is not the case with no step,
but rather the case already corrected for the dust-step.

For the local case, the optimal mass-step location remains un-
changed. For the global case, however, there is a big change in the
maximum significance step location, which happens because the
previous optimal step significance drops slightly below the level

of the new maximum. For the sake of consistency, we keep the
same step location. Even so, the new maximum significance step,
log(M?/M�) = 10.51, has a significance of 3.20.

It is clear that the introduction of the dust-step correction low-
ers both the significance, magnitude and ∆RMS of the recovered
mass-steps. This drop in ∆RMS should not be taken to mean that the
inclusion of both steps results in an overall worse RMS when com-
pared with a single step case. Rather, it signifies that the addition of a
mass-step to a set of Hubble residuals already corrected with a dust-
step results in a lower improvement in RMS than the one seen for the
same mass-step applied to Hubble residuals with no prior step cor-
rection. In this sense, the initial dust-step correction appears to also
be partially correcting for the mass effect. However, it cannot be said
that the mass-step has been removed in either case. Thus, while of-
fering some improvement, the addition of this dust-step term in the
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Figure 8. Schematic representations of the regions singled out by each of the
proposed dust-step splits in the τV − n parameter space. The best-fit values
of n as a function of τV for the fitted DES galaxies with global griz pho-
tometry are shown for reference. The dashed lines only represent possible
division points for the populations, with the actual optimal values recorded
in in Table. 6.

standardization is not capable of fully eliminating the mass-step by
itself.

In the same way, we can look at the recovered dust-step in the
case of a Tripp+mass-step standardization, in which the mass-step
recovered in Section 5.2.1 is used. The values relating to these steps
are shown in Table 6. Once again, it is clear that the structure of
the original steps is preserved, while the significance, magnitude and
∆RMS are again found to be lower. Thus, the addition of a mass-step
term in the standardization is also not capable of fully eliminating
the dust-step by itself.

Thus, it seems reasonable to conclude that the mass and “dust-
steps” are two overlapping phenomena that nevertheless do not fully
coincide. This points to the fact that the origin of the mass-step may
not be entirely driven by host dust properties. A further exploration
of the relation between the two steps is offered in Appendix D, where
both µM and µD are treated as free parameters in the cosmological
fit. This confirms that the two steps are not analogous, as both are
significantly different from zero for the best-fit cosmological model.

Looking at a bigger sample of DES host galaxies that includes SN
Ia photometry, Meldorf et al. (2022) find that the inclusion of a dust-
step correction is sufficient to correct the mass-step. The discrepancy
between this and our results is most likely due to the different mass
to dust relations recovered from the host galaxy fits, as discussed in
Section 4.3.

5.2.4 SN Color and Hubble Residuals Steps

Although we do not find any direct relation between SN color and
the galaxy dust parameters (Section 4.4), we explore the relation be-
tween SN color and the Hubble residuals, similarly to what is done
in (e.g. Brout & Scolnic 2021). The SNe were divided into two pop-
ulations: Blue SNe (c < 0) and Red SNe (c > 0). For an easier
comparison with the previous results, the optimal locations found in
Sections 5.2.1 and 5.2.2 were preserved. These results are shown in
Tables 7 and 8, for the mass and dust-steps, respectively.

It is clear from the significance, magnitude and ∆RMS values

that both steps are much more pronounced for the red SNe, which
matches the results obtained by Kelsey et al. (2021) and Brout &
Scolnic (2021). This difference between the two populations points
once again to a relation between dust reddening and the Hubble
residuals steps, assuming most of the color variation for SNe stems
from dust. However, it has also been suggested that there is possible
indirect evidence of environmental variation of intrinsic SN color,
particularly related to ejecta velocity (e.g. Pan 2020; Wang et al.
2013; Cartier et al. 2011), which could also be playing a partial role
in this case.

Finally, similarly to what was done in Sec. 5.2.3, we examine what
happens to the mass-step if the dust-step is corrected for and vice-
versa. Depending on the population in question, we use either the
steps recovered for the blue or the red SNe. The results remain con-
sistent with what we have shown before, with neither of the steps
being able to fully account for the other, regardless of the color of
the SNe considered.

6 DISCUSSION

Several key results obtained in this work appear to support the link
between environmental dust properties and the mass-step.

First, the mass-τV and mass-n relations, shown in Fig. 4, make it
clear that different galaxy mass populations are subject to different
dust contents and dust laws. This fact is most clearly expressed in
the results displayed in Table 2, where it is shown that the RV values
for low and high mass galaxies exhibit significant differences, which
agrees with previous results (e.g. Salim et al. 2018; Brout & Scolnic
2021; González-Gaitán et al. 2021).

Second, in Section 5.2.3 we show that adding a dust-step to a
set of mass-step corrected Hubble residuals results in lower signifi-
cances, magnitudes and ∆RMS than the ones obtained for the same
step when no initial correction is present, and vice-versa. This shows
that the effects in mass and dust are at least partially related and that
correcting for one also partly corrects for the other.

Third, as shown in Section 5.2.4, both the mass and dust-steps are
found to have much higher values of significance, magnitude and
∆RMS for red SNe (c > 0), when compared to blue SNe (c < 0).
Presuming that red SNe are also the most extinguished, we have yet
another link between dust and the mass-step.

However, the color variations among SNe are not only a product
of dust extinction, but can also originate in intrinsic differences be-
tween the SNe (e.g. Conley et al. 2007). For this reason, the fact that
the mass-step is found to be more prominent for red SNe might also
indicate a relation between this effect and the SN intrinsic color (Pan
2020; Wang et al. 2013).

Another result that points against dust as the sole driver for
the mass-step is the overall lack of correlation found between SN
color and the corresponding host galaxy attenuation parameters, as
recorded in Table 3. This again suggests that the differences in the
mass-step between different color SN might actually be due to in-
trinsic factors. Another possibility is that global and local (4kpc)
environmental dust properties might perhaps be very poor proxies
of the real dust extinction at the SN site.

This last point is further strengthened by the fact that, as shown in
Fig. 5, extinction and attenuation display very different behaviours,
pointing to different physical effects. This also explains why the pro-
posed "Fixed-Extinction" Standardization, discussed in Appendix C,
gives such poor results.

Furthermore, while it true that there appears to be an overlap be-
tween the two steps, we show that accounting for one of them does
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Figure 9. Variation of the Second Split dust-step with step location (position in τV − n grid) for the Tripp standardization. Results from global measurements
are shown on the left, while those from local measurements are shown on the right. The top panel shows the significance of the step in σ, the middle panel
shows the magnitude of the step and the lower panel shows ∆RMS. This last quantity is defined as the difference between the RMSsingle obtained for a single
population mean description and the RMSdual obtained for a dual population mean description with a step.
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corresponding value of log(M?/M�) is plotted on a gradient from blue (lower mass) to red (higher mass). The optimal step for the Second Split is also shown
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Table 7. Mass-step significance (in σ), magnitude (γM), ∆RMS and RMSdual for different color populations. The top rows show the results pertaining to the
Tripp standardization, while the bottom rows show the results pertaining to the Tripp+δµD. In both cases, the same step locations obtained in Section 5.2.1
are used. ∆RMS is defined as the difference between the RMSsingle obtained when considering the Hubble residuals as a single population and the RMSdual
obtained when considering them as two separate populations, each with a separate mean and divided at the step.

Standardization SN Color Step
Step Location

Sig. (in σ) γM ∆RMS RMSdual
log

(
Mstep/M�

)

Tripp

Blue (c < 0)
Global 9.73 2.12 −0.050 ± 0.023 0.0025 0.1241

Local 9.405 2.73 −0.083 ± 0.031 0.0059 0.1207

Red (c > 0)
Global 9.73 3.34 −0.128 ± 0.038 0.0125 0.1504

Local 9.405 5.00 −0.172 ± 0.034 0.0240 0.1389

Tripp+δµD

Blue (c < 0)
Global 9.73 1.43 −0.033 ± 0.023 0.0011 0.1215

Local 9.405 2.36 −0.071 ± 0.030 0.0044 0.1183

Red (c > 0)
Global 9.73 3.19 −0.110 ± 0.034 0.0100 0.1393

Local 9.405 3.36 −0.111 ± 0.033 0.0110 0.1324

Table 8. Dust-step significance (in σ), magnitude (γD), ∆RMS and RMSdual for different color populations. The top rows show the results pertaining to the
Tripp standardization, while the bottom rows show the results pertaining to the Tripp+δµM . In both cases, the same step locations obtained in Section 5.2.2
are used. ∆RMS is defined as the difference between the RMSsingle obtained when considering the Hubble residuals as a single population and the RMSdual
obtained when considering them as two separate populations, each with a separate mean and divided at the step.

Standardization SN Color Step
Step Location

Sig. (in σ) γD ∆RMS RMSdual
τV n

Tripp

Blue (c < 0)
Global 1.785 -0.905 2.53 −0.064 ± 0.025 0.0040 0.1226

Local 1.29 -1.53 2.43 −0.065 ± 0.027 0.0039 0.1227

Red (c > 0)
Global 1.785 -0.905 3.48 −0.131 ± 0.038 0.0136 0.1493

Local 1.29 -1.53 4.36 −0.161 ± 0.037 0.0195 0.1434

Tripp+δµM

Blue (c < 0)
Global 1.785 -0.905 2.03 −0.050 ± 0.025 0.0026 0.1215

Local 1.29 -1.53 1.90 −0.049 ± 0.026 0.0025 0.1182

Red (c > 0)
Global 1.785 -0.905 3.23 −0.114 ± 0.035 0.0111 0.1393

Local 1.29 -1.53 4.01 −0.137 ± 0.034 0.0073 0.1316

not fully remove the other, suggesting that there might be other fac-
tors at play, not directly related to dust.

In general, our results seem to point to the fact that the mass-step
might not have a fully dust related origin, despite there being evi-
dence for at least a partial link between the two. As stated before, it
is possible that a partial cause of the observed effect lies instead in
intrinsic differences between SN Ia, that come about due to different
progenitors. The fact that the stellar age seems to be quite impor-
tant in the relations between the attenuation law and the mass (see
Fig. 4) shows that the situation is more complex and agrees with
other works that show the importance of age in the mass-step (e.g.
Rigault, M. et al. 2020; Rose et al. 2022; Wiseman et al. 2022). In
this sense, both the environmental mass and dust might be acting as
a imperfect proxies for the different types of progenitors, explaining
the behaviour we observe.

Finally, while dust might indeed be the origin of the mass-step, a
two-dimensional environmental dust-step might be a over simplistic
way to look at the relation between these two quantities. One might

need either direct extinction data for each supernova or a better way
to isolate the different mass/dust populations.

7 CONCLUSIONS

In this work we have explored ways to better probe the dust contents
of SNe Ia host galaxies, as well as how to better make use of this
information for SN standardization. Our major findings are:

• We have shown through simulations that DECam griz photom-
etry is mostly sufficient to recover dust parameters for simulated SNe
Ia host galaxies, while discrepancies and degeneracies among other
parameters do not significantly affect inferred dust properties. We
found that using both global and local DECam griz photometry we
can recover dust properties for host galaxies that are consistent with
literature predictions from both simulations and observations. We
find a relation for the dust attenuation slope with the dust optical
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depth, both locally and globally, that is best explained with vary-
ing star to dust geometry with galaxy orientation. Most importantly,
we show that dust properties vary greatly across different galaxies,
meaning a universal value of RV = 3.1 or a universal SNe Ia β cor-
rection are too simplistic assumptions.
• The relation between the attenuation parameters is found to be

very different from the extinction relations obtained directly for SNe
Ia, making the comparison between the two somewhat difficult. This
difference is mainly due to the effects related to star/dust geometry
that become relevant when dealing with extended objects.
• We find two different relations between a galaxy stellar mass

and its dust properties, depending on the age of the corresponding
stellar population. For younger galaxies, there is a steady increase of
τV and n with log(M?/M�), while older galaxies tend to exhibit both
larger masses and smaller optical depths. A similar behaviour for the
two age populations can be seen when considering the local mass,
pointing to an analogous relation between the results observed for
the global stellar mass and the local stellar density. This population
mix result in the observation that low mass galaxies tend to have
larger values of RV , meaning that, for the same amount of dust, these
galaxies are systematically subject to a lower level of reddening. For
both mass populations, the scatter in RV is ∼ 1. All these results
match previous literature observations.
• We conclude that an alternative SNe Ia standardization, incor-

porating both the RV and E(B−V) values obtained for the respective
host galaxies to approximate and fix SN extinction, results in a worse
cosmological fit. This is very-likely a consequence of the differences
between host galaxy attenuation and SN Ia extinction, meaning the
values for βRV and E(B−V) for the SNe Ia cannot be correctly deter-
mined. The lack of correlation between the host attenuation parame-
ters and the respective SN light-curve parameters also points to this
fact. This remains true when doing local studies (4 kpc), showing
that even smaller apertures are needed to meaningfully negate the
geometrical effects of dust attenuation.
• We show there is evidence for a two dimensional dust-step,

which, for the global case, results in roughly the same significance,
magnitude and residual RMS recovered for the mass-step, hinting
at a relation between the two. In particular, this dust-step is signif-
icant at > 4σ. Furthermore, we show that these two steps are not
completely analogous and that accounting for one of them in the SN
standardization does not necessarily fully eliminate the other.
• We find that both the mass and dust-steps are much more pro-

nounced for red SNe Ia (c > 0), which once again suggests a link
between dust reddening and the Hubble residuals steps.

Thus, we conclude that the mass-step cannot be completely elim-
inated using only the host galaxy dust data recovered in this pa-
per, either using an alternative SN standardization where the color-
luminosity relation is constrained using host attenuation to approxi-
mate extinction or a dust-step approach.
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APPENDIX A: HOST GALAXY MASS COMPARISON

In this appendix we compare the stellar mass values recovered by
Kelsey et al. (2021) for the DES-SN host galaxies with the values
obtained using our methodology, with 5-parameter sampling and no
initial minimization. Only the first 50 galaxies were tested in this
manner. The results are displayed in Fig. S1 (available online).

As previously stated, the recovered values exhibit a median rela-
tive difference of ∼ 4% in relation to the values computed by Kelsey
et al. (2021), in both the global and local cases. There is, however, a
clear bias between the two fitting methods, as the fitting methodol-
ogy discussed in this paper returns systematically higher mass val-
ues. Even so, as discussed in 3, where we purposely change the mass
values by 4%, this discrepancy does not have a noticeable impact on
the recovered dust parameters.

APPENDIX B: HOST GALAXY SIMULATIONS

In this appendix we present a more complete view of the various
simulations described in Section 3. We begin by analysing the first
test case, in which the default dust and SFH model is used for both
the simulation and the fit and which relies only on griz photometry.
We can compare the recovered best-fit values with the “true” simu-
lation values. The difference between these two quantities is plotted
in Fig. S2 (available online).

Overall, as stated before, the fit shows remarkable quality, con-
sidering only 4 photometric data points were used for each galaxy.
There are, however, some accuracy problems present in the fit, es-
pecially in the case of the metallicity, as there is a strong bias which
skews the recovered values, resulting in a median relative error of
55%. This inaccuracy is particularly noticeable for the extreme val-
ues of log(Z?/Z�). It is possible that this is a byproduct of the diffi-
culty in sourcing accurate spectra with which to build accurate CSP
models for non-solar stellar metallicities (Leja et al. 2017). However,
given that the spectra used for both the simulation and the fit are be-
ing drawn from the same library, it is unlikely this is the root of the
observed behaviour. This also means that we do not recover the ex-
pected mass-metallicity relation in our fitted sample. Although less
noticeable, there also seems to exist a slight skew for larger values of
tage. These skews are most likely linked to the degeneracy between
log(Z?/Z�) and tage.

To better perceive the quality of these results, we look next to how
they compare to the fit results obtained in the same model conditions
while using a combined griz + GALEX NUV/FUV + 2MASS JHKs
photometry. These results are displayed in Fig. S3 (available online).
Although some deviations are observed, on the whole the results ap-
pear mostly consistent, reinforcing the previously stated conclusion
that a griz photometry fit can adequately determine host dust prop-
erties.

As seen from Table 1, the largest changes to the recovered dust pa-
rameters occur when different attenuation models are considered for
the simulation and the fits. For test case where a Cardelli attenuation
law was used for the simulations, the differences between the recov-
ered best-fit values with the “true” simulation values are plotted in
Fig. S4 (available online). As previously mentioned, RV is the most
affected parameter, with a clear bias observed in the recovered val-
ues. In addition, there are large errors accompanying these results,
which come about due to the conversion between different n and RV .

One final point that should be considered is that, while we have
shown that, for the most part, a change in the simulation SFH does
not greatly impact the determination of dust properties, there might

Table B1. Spearman correlation coefficients between the simulated and fitted
stellar ages tage for the variable SFH test fits.

Test Spearman Correlation Coefficient
τ = 0.1 0.406
τ = 10 0.432

ttrunc = 7.5 Gyr 0.485
ttrunc = 5 Gyr 0.743
ttrunc = 3 Gyr 0.678

still be an impact on the age parameter, which might influence the
subsequent analysis in Section 4.

To do so, we will focus on the fits obtained from the simulations
obtained using a delayed-τ model with τ = 10. The comparison be-
tween the recovered best-fit values with the “true” simulation values
is plotted in Fig. S5.

It is clear that a discrepancy between the simulation and fit SFHs
introduces a great level of bias into the recovered age results. In par-
ticular, as the SFH used for the simulation decays more slowly than
the SFH presumed in the fitting process, there is a greater amount
of star formation for older ages than expected. As such, the fit ends
up predicting a younger age for these galaxies. If we instead con-
sider a simulation SFH that decays faster than the one presumed for
the fit, than we encounter the opposite problem, with young galaxies
appearing much older in the fit. A similar effect happens for simula-
tions with quenched SFHs.

The Spearman correlation coefficients between the simulated and
fitted stellar ages for the variable SFH test fits are shown in Table
B1. While there is a degree of correlation prevalent, it starts breaking
down as the simulation model moves further away from the default
fit model. However, while older galaxies might appear younger and
younger galaxies might appear older, an order relation appears to be
maintained in the fits. As such, while the specific tage values recov-
ered might be called into question, the broad division of the galaxies
into "young" and "old" galaxies can be preserved and relied upon.

APPENDIX C: FIXED-EXTINCTION SN IA
STANDARDIZATION

In this appendix we discuss the viability of an alternative SN Ia stan-
dardization. If the existence of the β color-luminosity relation in Eq.
(2) was entirely due to dust, then we would have (e.g. González-
Gaitán et al. 2021):

βRV = RB = RV + 1 (C1)

Using this fact, we can separate the extinction βRV and intrinsic
βint components in the β color-luminosity relation in Eq. 2, such that
(e.g. Brout & Scolnic 2021):

βc = βRV E(B − V) + βint (c − E(B − V))

= AB + βint (c − E(B − V)) ,
(C2)

leaving out a possible additional measurement noise term (e.g.
Popovic et al. 2021).

It is thus possible to introduce an alternative “Fixed-Extinction”
SNe Ia standardization in which the values of RV =

τV
τB−τV

and E(B−
V) = 1.086(τB − τV ) can be fixed using host galaxy measurements.
The new nuisance fit parameters are thus α, βint and M. We use the
values of RV and E(B − V) obtained in Section 4 from the CSP fits
of the SN host galaxies to constrain the color-luminosity relation in
the respective “Fixed-Extinction” standardization.
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The σ2 in Eq. 3 is thus given by:

σ2 = σ2
mB

+ (ασx1)2 + σ2
AB

+ β2
int(σ

2
c + σ2

E(B−V)) + σ2
int

− 2βσmB,c + 2ασmB ,x1 − 2αβσx1, c,
(C3)

where σmB , σx1 and σc are the uncertainties associated with each
of the light-curve fit parameters, σmB ,c, σmB ,x1 , σx1 ,c are their covari-
ance terms, σAB and σE(B−V) are the uncertainties associated with
the attenuation law parameters for the host galaxies and σint is a pa-
rameter which accounts for possible intrinsic variations in a SN Ia’s
luminosity. We fix σint = 0.107, following the value obtained by
González-Gaitán et al. (2021).

The cosmological fit parameters obtained for the "Fixed-
Extinction" standardization are shown in Table. S1 (available on-
line). This standardization yields RMS values of 0.515 and 0.575, in
the global and local cases, respectively. As previously hinted, both
the global and local measurements produce consistent results. How-
ever, judging from these RMS values, the “Fixed-Extinction” stan-
dardization appears to be a much worse fit of the data, invalidating
it as a replacement for the Tripp standardization, which has a RMS
value of 0.141. This is probably due to the fact that, according to
Fig. 5, host attenuation laws do not accurately describe SN extinc-
tion, meaning it is likely that the problem resides in the values used
to approximate SN extinction.

A possible source of error may come from the bias in τV observed
in Section 3, which might be skewing the standardization fit results.
We can correct for this effect by subtracting the bias level from each
τV value. For this, the largest bias value found was used, which was
of 0.263. For values below the bias threshold, we simply keep the
original value. The results obtained from a “Fixed-Extinction” bi-
ased standardization are also listed in Table. S1 (available online).
The τV bias improves the standardization, with new RMS values of
0.420 and 0.372, for the global and local cases, respectively. Even
so, the bias corrected standardization still comes short of the Tripp
values.

On the whole, the proposed “Fixed-Extinction” SNe Ia standard-
ization does not provide better fits than standard Tripp standardiza-
tion. This is most likely a consequence of the using host attenua-
tion to approximate SN Ia extinction, as already seen in Section
4.4. However, it is possible that, using extinction data directly ob-
tained for each SN and not its environment, this method might in-
deed prove to significantly improve cosmological fits and possibly
reduce or completely eliminate the mass-step.

APPENDIX D: COSMOLOGICAL FITS WITH STEPS

In this appendix, a deeper look at the relation between the mass and
dust-steps is presented. In particular, for a slightly more robust anal-
ysis of both these steps, we can directly introduce δµM and δµD terms
in the cosmological fit. In this case, we promote the respective step
magnitudes γM and γD to free parameters. In these cases, the step
locations are fixed to the values previously recovered for the Tripp
standardization in Section 5.2.

As mentioned in Section 5.1, the likelihood defined by Eq. 3 can
introduce biases into the recovered fit parameters. While this fact
is not entirely significant when comparing between two standard-
izations, it becomes important when dealing with a more rigorous
cosmological fit. For this reason, when promoting either the mass or

dust-steps to free fit parameters, it is helpful to slightly modify the
likelihood used (e.g. González-Gaitán et al. 2021):

ln (L) = −1
2

N∑
i=0

(
∆µ2

i

σ2
i

+ ln (σ2
i )
)
, (D1)

In order to study the various steps we will look at three possible
standardizations: a Tripp+mass-step standardization, in which γM is
promoted to a free fit parameter; a Tripp+dust-step standardization,
in which γD is promoted to a free fit parameter; and a Tripp+mass-
step+dust-step standardization, in which both γM and γD are pro-
moted to free fit parameters. It is also useful to re-do the standard
Tripp standardization, to establish a term of comparison for the new
likelihood.

For an even more rigorous fit, we can also promote the σint term
to a free parameter. Additionally, in the cases where a step is consid-
ered, we can assign different σint values to each population. Taking
into account both the high and low mass populations and the regions
defined by Fig. 8, we have:

• Tripp (1 population): Full sample (σint1 );
• Tripp + mass-step (2 populations): Low mass (σint1 ), and high

mass (σint2 );
• Tripp + dust-step (2 populations): Region 2 (σint1 ), and Regions

1,3,4 (σint2 );
• Tripp + mass-step + dust-step (4 populations): Low mass +

region 2 (σint1 ), low mass + regions 1,3,4 (σint2 ), high mass + region
2 (σint3 ), and high mass + regions 1,3,4 (σint2 ).

The recovered fit parameters, as well as the corresponding RMS
values, are listed in Table S2 (available online). As expected, the ad-
dition of separate mass and dust-steps results in lower RMS values,
for both the global and local cases. The dust-step value recovered
for the global case is compatible with zero, which might be due to
a problem with the fit convergence. The simultaneous inclusion of
mass and dust-steps produces the lowest values of RMS for the re-
spective cosmological fits. In addition, when both steps are simulta-
neously included, we recover both noticeable mass and dust-steps,
with the caveat that the global dust-step is once again compatible
with zero. In general, the step magnitudes in this case are overall
lower than those obtained in the single step cases. As such, we once
again find evidence that, although there is some level of overlap, the
two steps are not completely analogous and interchangeable.
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Figure S1. Comparison between the stellar mass values obtained by Kelsey et al. (2021) for the first 50 host galaxies of the DES-SN sample and the masses
recovered using a 5-parameter sampling with no initial minimization. The results are shown in blue. A dashed line with y = x is also shown.

Table S1. Fit parameters for the “Fixed-Extinction” and “Fixed-Extinction” + τV bias standardizations, using a likelihood defined by Eq. 3. Both the results
obtained using global and local measurements are shown. The corresponding values of RMS for each standardization are also shown.

Standardization α βint M RMS

Fixed-Extinction
(Global) 0.432+0.010

−0.011 4.350+0.010
−0.010 −19.106+0.011

−0.009 0.515

(Local) 0.425+0.010
−0.011 6.202+0.012

−0.009 −18.287+0.009
−0.009 0.575

Fixed-Extinction + τV Bias
(Global) 0.351+0.008

−0.012 4.281+0.010
−0.009 −19.220+0.011

−0.011 0.420

(Local) 0.276+0.009
−0.010 5.413+0.011

−0.010 −18.921+0.010
−0.009 0.372

Table S2. Fit parameters for the Tripp, Tripp+δµM , Tripp+δµD and Tripp+δµM+δµD standardizations, using a likelihood defined by Eq. D1. The corresponding
values of RMS for each standardization are also shown. In each fit, the steps are computed based on the SN population divisions determined by the mass and
dust-step locations recovered in Section 5.2. For each of these populations, we allow for a separate σint free parameter. Tripp (1 population): Full sample (σint1 );
Tripp+δµM (2 populations): Low mass (σint1 ), and high mass (σint2 ); Tripp+δµD (2 populations): Region 2 (σint1 ), and Regions 1,3,4 (σint2 ); Tripp+δµM+δµD
(4 populations): Low mass + region 2 (σint1 ), low mass + regions 1,3,4 (σint2 ), high mass + region 2 (σint3 ), and high mass + regions 1,3,4 (σint2 ).

Standardization α β M γM/2 γD/2 σ int1 σ int2 σ int3 σ int4 RMS

Tripp 0.141+0.012
−0.012 2.845+0.136

−0.137 −19.404+0.011
−0.011 - - 0.098+0.010

−0.010 - - - 0.1367

Tripp+δµM
(Global) 0.155+0.013

−0.013 2.872+0.141
−0.140 −19.423+0.012

−0.012 −0.035+0.014
−0.013 - 0.097+0.012

−0.011 0.071+0.025
−0.027 - - 0.1332

(Local) 0.156+0.012
−0.012 2.975+0.138

−0.141 −19.422+0.011
−0.011 −0.049+0.012

−0.013 - 0.087+0.013
−0.012 0.082+0.020

−0.019 - - 0.1341

Tripp+δµD
(Global) 0.144+0.012

−0.012 2.833+0.138
−0.133 −19.405+0.011

−0.011 - −0.008+0.011
−0.011 0.104+0.014

−0.012 0.091+0.015
−0.014 - - 0.1346

(Local) 0.145+0.012
−0.012 2.814+0.133

−0.133 −19.416+0.011
−0.011 - −0.035+0.010

−0.011 0.101+0.013
−0.012 0.075+0.018

−0.016 - - 0.1310

Tripp+δµM+δµD
(Global) 0.157+0.013

−0.013 2.877+0.145
−0.142 −19.422+0.013

−0.013 −0.035+0.014
−0.014 −0.004+0.011

−0.011 0.0104+0.015
−0.014 0.089+0.019

−0.018 0.079+0.042
−0.039 0.069+0.033

−0.034 0.1323

(Local) 0.154+0.012
−0.011 2.946+0.012

−0.0122 −19.426+0.011
−0.010 −0.039+0.011

−0.011 −0.026+0.008
−0.013 0.087+0.011

−0.011 0.079+0.009
−0.011 0.091+0.011

−0.011 0.069+0.019
−0.011 0.1298
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Figure S2. Residuals (∆ = Fit-Simulation) for the best-fit values for the default (griz) test galaxy fits as a function of the original simulation parameters. From
top to bottom and left to right we have: log(Z⋆/Z⊙), tage, τV and n. Results for the different galaxies are shown in grey. Binned means for each parameter are
shown in orange, with error bars given by the standard deviation in each bin.
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Figure S3. Comparison between the best-fit values for the simulated test galaxy fits obtained with DECam griz photometry (x-axis) and DECam griz + GALEX
NUV/FUV + 2MASS JHKs photometry (y-axis). From top to bottom we have: τV and n.
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Figure S4. Residuals (∆ = Fit-Simulation) for the best-fit values for the Cardelli test galaxy fits as a function of the original simulation parameters. From top to
bottom and left to right we have: log(Z⋆/Z⊙), tage, τV and n. Results for the different galaxies are shown in grey. Binned means for each parameter are shown in
orange, with error bars given by the standard deviation in each bin.
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bottom and left to right we have: log(Z⋆/Z⊙), tage, τV and n. Results for the different galaxies are shown in grey. Binned means for each parameter are shown in
orange, with error bars given by the standard deviation in each bin.



Table S3. Best-fit results for the DES host galaxy fits with DECam griz global and local photometry.

SNID
Global Local

log(Z⋆/Z⊙) tage (Gyr) τV n log(Z⋆/Z⊙) tage (Gyr) τV n

1248677 −0.008+0.067
−0.091 0.399+0.071

−0.025 1.367+0.047
−0.092 0.087+0.019

−0.058 −0.196+0.641
−0.536 0.100+0.172

−0.077 1.414+0.715
−0.584 0.059+0.199

−0.336

1250017 −1.638+0.309
−0.176 0.359+0.542

−0.141 1.108+0.211
−0.385 −0.720+0.117

−0.178 −1.257+0.574
−0.567 0.107+0.737

−0.086 1.483+0.746
−0.886 −0.290+0.241

−0.438

1253039 0.164+0.906
−0.658 0.209+0.326

−0.180 2.291+0.761
−0.470 0.067+0.105

−0.111 −0.585+0.699
−0.766 0.579+1.436

−0.494 1.603+1.275
−1.013 −0.094+0.281

−0.501

1253101 −0.574+0.708
−0.629 0.933+0.665

−0.489 0.759+0.497
−0.405 −0.553+0.377

−0.568 −0.360+0.568
−0.522 0.150+0.188

−0.116 1.113+0.677
−0.461 −0.048+0.273

−0.389

1253920 −1.976+0.039
−0.018 2.337+0.147

−0.146 0.905+0.056
−0.054 −1.319+0.068

−0.070 −1.480+0.551
−0.357 2.963+0.599

−1.049 0.695+0.414
−0.233 −1.293+0.431

−0.486

1255502 1.287+0.008
−0.010 0.243+0.003

−0.004 2.890+0.022
−0.017 −0.244+0.014

−0.011 −0.899+0.678
−0.640 0.550+1.267

−0.526 2.277+1.419
−1.000 0.019+0.192

−0.368

1257366 −1.665+0.350
−0.049 2.446+0.605

−0.107 0.640+0.037
−0.204 −1.327+0.039

−0.285 −1.286+0.805
−0.531 1.499+0.895

−1.241 0.903+0.873
−0.429 −0.551+0.209

−0.407

1257695 −1.964+0.436
−0.030 0.174+0.281

−0.012 1.259+0.039
−0.375 −0.759+0.037

−0.235 −0.614+0.423
−0.426 1.096+0.334

−0.404 0.494+0.328
−0.217 −0.708+0.407

−0.560

1258906 0.133+0.481
−0.504 0.376+0.225

−0.156 1.183+0.174
−0.206 −0.096+0.140

−0.141 −0.347+0.649
−0.502 0.530+0.342

−0.246 1.254+0.320
−0.340 −0.109+0.174

−0.238

1258940 −0.049+0.218
−0.195 1.150+0.485

−0.148 1.418+0.064
−0.263 −0.243+0.040

−0.070 −0.852+0.813
−0.654 1.736+0.520

−0.637 0.493+0.299
−0.220 −0.994+0.338

−0.472

1259412 −1.996+0.250
−0.003 0.304+0.101

−0.008 1.544+0.014
−0.088 −0.579+0.014

−0.008 0.195+0.705
−0.720 0.233+0.306

−0.194 1.624+0.950
−0.489 0.032+0.187

−0.306

1261579 −1.000+1.250
−0.429 5.447+0.262

−1.446 0.312+0.133
−0.046 −2.189+0.450

−0.009 −0.543+0.800
−0.674 1.254+0.967

−0.650 1.641+0.488
−0.513 −0.280+0.174

−0.211

1263369 −0.883+0.242
−0.151 0.563+0.171

−0.145 1.990+0.128
−0.145 −0.078+0.053

−0.037 0.259+0.528
−0.583 0.445+0.318

−0.191 1.924+0.225
−0.274 −0.105+0.118

−0.139

1263715 0.010+0.559
−0.508 0.874+0.358

−0.303 0.635+0.188
−0.199 −0.482+0.231

−0.278 −0.505+0.585
−0.516 0.849+0.327

−0.326 0.639+0.310
−0.240 −0.611+0.370

−0.439

1275946 −0.666+1.016
−0.910 1.597+0.546

−0.623 0.450+0.311
−0.194 −1.248+0.636

−0.601 −0.618+0.546
−0.526 0.558+0.258

−0.315 0.475+0.449
−0.240 −0.679+0.572

−0.752

1279500 −1.696+0.250
−0.219 0.506+0.394

−0.149 1.511+0.121
−0.231 −0.550+0.019

−0.021 −0.397+0.983
−0.981 2.174+0.541

−0.701 0.407+0.228
−0.140 −1.466+0.544

−0.504

1280217 −0.085+1.019
−0.713 0.094+0.543

−0.088 1.963+0.888
−1.112 0.025+0.220

−0.351 1.052+0.302
−1.153 0.461+0.695

−0.273 0.369+0.233
−0.194 −1.746+0.562

−0.332

1281668 −0.092+0.183
−0.151 0.564+0.112

−0.075 1.714+0.077
−0.102 0.094+0.019

−0.037 −0.242+0.707
−0.449 0.301+0.323

−0.210 1.958+0.675
−0.431 0.095+0.135

−0.147

1281886 −0.592+0.553
−0.320 1.556+0.464

−0.520 0.971+0.275
−0.248 −0.370+0.154

−0.210 −0.534+0.682
−0.655 1.053+0.735

−0.473 1.167+0.383
−0.427 −0.264+0.184

−0.274

1282736 −1.947+0.144
−0.040 0.781+0.128

−0.053 1.648+0.032
−0.059 −0.533+0.028

−0.015 −0.619+0.640
−0.657 0.796+0.664

−0.403 1.864+0.378
−0.464 −0.161+0.124

−0.195

1282757 −1.968+0.567
−0.026 0.109+0.206

−0.005 1.733+0.030
−0.379 −0.416+0.018

−0.035 −1.000+0.639
−0.623 0.559+0.536

−0.389 0.982+0.485
−0.409 −0.495+0.290

−0.325

1283373 −0.538+0.067
−0.073 4.905+0.029

−0.031 0.563+0.030
−0.025 −1.078+0.040

−0.046 −0.160+0.966
−0.739 3.981+0.849

−1.235 0.620+0.213
−0.171 −1.278+0.364

−0.451

1283878 1.286+0.005
−0.260 0.103+0.177

−0.002 3.187+0.009
−0.328 −0.266+0.080

−0.003 −1.021+1.794
−0.755 3.353+0.492

−1.351 0.509+0.227
−0.111 −1.878+0.411

−0.235

1283936 −0.483+0.318
−0.483 0.521+0.113

−0.242 1.738+0.251
−0.140 0.078+0.048

−0.119 −0.318+0.662
−0.573 0.475+0.311

−0.206 1.565+0.326
−0.312 −0.045+0.122

−0.162

1284587 −1.924+0.195
−0.074 0.700+0.386

−0.120 1.659+0.081
−0.193 −0.633+0.018

−0.023 −0.364+0.871
−0.739 2.002+0.849

−0.816 0.800+0.478
−0.320 −0.733+0.422

−0.642

1285317 −0.061+0.496
−0.679 0.559+0.154

−0.199 0.165+0.212
−0.094 −0.937+0.572

−0.678 −1.509+0.564
−0.321 0.267+0.143

−0.079 0.215+0.148
−0.063 −1.747+0.751

−0.316

1286398 −0.133+0.026
−0.012 3.388+0.015

−0.033 0.517+0.012
−0.006 −1.120+0.019

−0.030 0.647+0.909
−0.826 2.122+1.358

−1.042 0.914+0.455
−0.334 −1.042+0.578

−0.715

1287626 −0.761+0.791
−0.740 1.199+0.438

−0.508 0.355+0.319
−0.185 −1.101+0.629

−0.670 2.264+0.169
−0.736 0.036+0.117

−0.005 0.932+0.077
−0.396 −2.074+0.189

−0.090

1289288 −1.608+0.175
−0.113 0.671+0.344

−0.125 1.853+0.069
−0.185 −0.454+0.017

−0.017 −1.188+0.794
−0.509 0.558+0.695

−0.475 2.048+0.821
−0.538 −0.223+0.159

−0.177

1289555 −0.103+0.415
−0.377 0.607+0.248

−0.290 0.464+0.334
−0.217 −0.418+0.248

−0.387 −0.707+0.792
−0.517 0.740+0.220

−0.337 0.234+0.293
−0.139 −0.979+0.495

−0.662

1289600 −0.592+0.153
−0.049 0.185+0.071

−0.042 1.626+0.163
−0.230 0.126+0.021

−0.026 −0.416+0.378
−0.341 0.393+0.183

−0.149 0.809+0.285
−0.257 −0.154+0.176

−0.260

1289656 −0.326+0.984
−1.044 0.949+0.382

−0.382 0.320+0.244
−0.146 −1.320+0.567

−0.542 −0.195+0.573
−0.533 0.461+0.387

−0.304 0.657+0.605
−0.397 −0.311+0.368

−0.583

1289664 −0.093+0.883
−0.896 0.477+0.941

−0.371 1.374+0.967
−0.810 −0.087+0.343

−0.672 −0.542+0.891
−0.494 0.196+0.380

−0.172 0.953+0.936
−0.627 0.083+0.237

−0.490



Table S3. Continued from above

SNID
Global Local

log(Z⋆/Z⊙) tage (Gyr) τV n log(Z⋆/Z⊙) tage (Gyr) τV n

1290816 0.327+0.360
−0.379 0.582+0.184

−0.137 1.140+0.152
−0.142 −0.149+0.172

−0.228 −0.574+0.633
−0.575 0.848+0.552

−0.474 0.759+0.542
−0.388 −0.480+0.439

−0.703

1291080 −0.347+1.106
−1.142 1.571+0.659

−0.741 0.508+0.411
−0.212 −1.278+0.567

−0.556 0.634+0.694
−1.479 1.474+1.007

−0.804 0.512+0.326
−0.192 −1.639+0.539

−0.398

1291090 −0.112+0.212
−0.390 0.387+0.084

−0.065 0.856+0.087
−0.101 −0.152+0.066

−0.078 −0.105+0.576
−0.583 0.562+0.259

−0.223 0.847+0.245
−0.218 −0.330+0.219

−0.274

1291794 −1.693+0.233
−0.210 0.838+0.563

−0.141 1.785+0.053
−0.252 −0.457+0.029

−0.044 −1.244+0.760
−0.492 0.484+0.607

−0.303 2.237+0.419
−0.448 −0.199+0.180

−0.137

1292145 −0.535+0.369
−0.315 0.256+0.204

−0.144 1.736+0.478
−0.367 −0.002+0.101

−0.141 −0.330+0.588
−0.585 0.416+0.390

−0.233 1.288+0.425
−0.441 −0.178+0.171

−0.245

1292332 −0.853+0.300
−0.374 3.376+0.096

−0.196 0.674+0.098
−0.055 −1.272+0.058

−0.058 −0.637+1.126
−0.852 3.396+0.957

−1.208 0.800+0.372
−0.273 −1.031+0.330

−0.429

1292336 −1.887+0.130
−0.081 1.356+0.510

−0.350 0.908+0.168
−0.209 −1.076+0.133

−0.204 −1.293+0.739
−0.536 1.088+0.896

−0.863 1.085+0.714
−0.464 −0.508+0.221

−0.289

1292560 0.278+0.345
−0.383 0.176+0.085

−0.068 1.732+0.241
−0.268 0.242+0.116

−0.198 −0.655+0.571
−0.594 1.067+0.404

−0.468 0.488+0.367
−0.232 −0.830+0.527

−0.691

1293319 −0.744+0.380
−0.375 0.654+0.203

−0.284 1.215+0.255
−0.189 −0.165+0.123

−0.154 −1.167+1.050
−0.564 1.632+0.490

−0.590 0.466+0.289
−0.173 −1.430+0.522

−0.480

1293758 −2.000+0.0005
−0.0001 0.771+0.014

−0.007 1.499+0.005
−0.009 −0.789+0.003

−0.006 −0.059+0.749
−0.633 1.051+0.863

−0.453 1.487+0.553
−0.472 −0.108+0.292

−0.407

1294014 −0.082+0.346
−0.306 0.530+0.183

−0.142 0.633+0.133
−0.173 −0.154+0.148

−0.184 −0.418+0.588
−0.593 0.932+0.363

−0.351 0.431+0.273
−0.217 −0.674+0.416

−0.558

1294743 −1.993+0.295
−0.006 0.191+0.124

−0.013 2.056+0.039
−0.222 −0.410+0.020

−0.031 −0.191+0.920
−0.974 2.004+0.782

−0.875 0.535+0.393
−0.236 −1.018+0.518

−0.647

1295027 −0.763+0.298
−0.244 0.728+0.186

−0.191 1.603+0.161
−0.153 −0.054+0.051

−0.078 −0.519+0.609
−0.631 0.578+0.513

−0.299 1.609+0.366
−0.440 −0.051+0.112

−0.232

1296321 −1.617+0.196
−0.170 0.494+0.336

−0.209 1.176+0.222
−0.218 −0.652+0.070

−0.070 −0.982+0.598
−0.399 0.513+0.734

−0.461 1.204+1.199
−0.606 −0.262+0.337

−0.443

1296657 −1.279+0.219
−0.344 0.030+0.178

−0.014 1.985+0.070
−0.811 −0.062+0.038

−0.222 −0.671+0.451
−0.298 0.205+0.295

−0.178 1.132+0.791
−0.649 0.088+0.214

−0.381

1297026 −1.004+0.003
−0.007 5.109+0.024

−0.024 0.826+0.007
−0.007 −0.854+0.011

−0.010 0.159+1.749
−1.012 6.508+4.506

−6.180 0.656+1.462
−0.326 −1.871+0.508

−0.245

1297465 0.127+0.198
−0.161 0.564+0.056

−0.051 1.726+0.046
−0.044 0.027+0.048

−0.062 −0.988+0.601
−0.606 1.813+0.641

−0.734 0.610+0.387
−0.292 −0.914+0.438

−0.627

1298281 −1.407+0.539
−0.353 3.489+0.253

−0.433 0.455+0.126
−0.087 −1.959+0.245

−0.167 −0.524+1.067
−0.889 2.839+0.763

−1.050 0.678+0.353
−0.223 −1.196+0.459

−0.526

1298893 −0.860+0.061
−0.067 4.534+0.046

−0.053 0.611+0.027
−0.025 −1.128+0.030

−0.030 −0.452+0.984
−0.790 2.705+1.050

−0.974 1.200+0.429
−0.365 −0.530+0.203

−0.311

1299643 −0.957+0.687
−0.692 0.454+0.316

−0.223 2.131+0.195
−0.214 −0.093+0.137

−0.218 −0.267+0.723
−0.537 0.494+0.396

−0.242 1.906+0.392
−0.382 −0.047+0.116

−0.152

1299775 −1.724+0.019
−0.018 1.372+0.245

−0.190 2.250+0.089
−0.108 −0.320+0.005

−0.006 −0.007+1.043
−0.934 2.616+1.336

−1.101 1.577+0.562
−0.494 −0.447+0.219

−0.400

1299785 −0.444+0.195
−0.238 1.704+0.142

−0.180 0.797+0.090
−0.072 −0.275+0.066

−0.075 −0.491+0.695
−0.612 1.381+0.469

−0.554 0.448+0.346
−0.228 −0.770+0.411

−0.625

1300516 1.386+0.045
−0.373 0.165+0.535

−0.045 2.594+0.162
−0.419 −0.479+0.203

−0.066 −0.838+0.720
−0.671 1.850+0.985

−0.912 1.369+0.520
−0.450 −0.407+0.201

−0.218

1300912 0.026+0.672
−0.334 0.793+0.370

−0.351 0.882+0.114
−0.237 −0.312+0.157

−0.134 0.187+0.749
−0.848 0.998+0.751

−0.560 0.612+0.449
−0.325 −0.680+0.445

−0.635

1301933 −0.576+0.234
−0.324 0.707+0.068

−0.186 1.544+0.169
−0.069 −0.007+0.045

−0.080 - - - -

1302058 −1.871+0.209
−0.104 0.249+0.212

−0.052 1.973+0.112
−0.255 −0.438+0.034

−0.045 −0.525+0.765
−0.709 1.400+0.823

−0.680 1.013+0.513
−0.431 −0.466+0.323

−0.481

1302187 −1.743+0.300
−0.067 0.412+0.514

−0.048 2.382+0.047
−0.337 −0.350+0.009

−0.003 −1.815+0.322
−0.134 11.206+0.701

−0.694 0.544+0.063
−0.049 −2.049+0.204

−0.112

1302523 −1.702+0.890
−0.218 0.093+0.489

−0.036 2.480+0.384
−0.609 −0.212+0.198

−0.046 −0.532+0.566
−0.483 0.542+0.373

−0.248 1.985+0.370
−0.378 −0.053+0.098

−0.140

1302648 −1.943+0.086
−0.042 2.940+0.188

−0.123 1.031+0.041
−0.060 −1.010+0.031

−0.034 −0.168+0.994
−1.085 3.360+0.957

−1.181 0.699+0.318
−0.227 −1.198+0.376

−0.462

1303279 1.138+0.005
−0.005 0.223+0.002

−0.002 2.836+0.008
−0.008 −0.152+0.005

−0.005 −1.457+0.533
−0.398 5.104+1.496

−1.902 1.120+0.622
−0.387 −0.885+0.336

−0.483

1303496 −1.999+0.003
−0.001 0.464+0.075

−0.019 2.217+0.022
−0.078 −0.456+0.009

−0.030 −0.629+0.702
−0.582 1.558+1.107

−0.851 1.710+0.630
−0.561 −0.309+0.199

−0.259

1303883 0.030+0.081
−0.033 3.056+0.074

−0.131 1.017+0.032
−0.025 −0.557+0.018

−0.021 0.076+0.825
−0.834 1.854+0.962

−0.792 1.148+0.379
−0.331 −0.556+0.215

−0.270

1303952 −0.251+0.005
−0.007 2.009+0.104

−0.109 1.110+0.061
−0.056 −0.505+0.033

−0.036 −0.955+1.469
−0.758 2.745+0.774

−1.169 0.575+0.409
−0.191 −1.526+0.520

−0.456

1304442 −0.141+0.078
−0.607 0.435+0.031

−0.189 1.286+0.426
−0.054 0.306+0.020

−0.056 −0.101+0.730
−0.647 1.340+0.393

−0.518 0.311+0.257
−0.135 −1.181+0.680

−0.675



Table S3. Continued from above

SNID
Global Local

log(Z⋆/Z⊙) tage (Gyr) τV n log(Z⋆/Z⊙) tage (Gyr) τV n

1304678 1.256+0.009
−0.010 0.696+0.009

−0.008 2.140+0.012
−0.012 −0.415+0.008

−0.008 −1.266+0.716
−0.536 5.240+1.701

−1.847 1.108+0.566
−0.386 −0.736+0.273

−0.421

1305504 0.248+0.004
−0.009 3.520+0.058

−0.692 0.817+0.453
−0.027 −1.026+0.427

−0.035 −0.563+1.344
−1.037 2.884+0.896

−1.185 0.551+0.366
−0.181 −1.563+0.474

−0.433

1305626 −0.284+0.469
−0.383 0.837+0.182

−0.257 1.470+0.153
−0.143 −0.049+0.067

−0.091 −0.466+0.912
−0.883 2.113+0.602

−0.738 0.452+0.304
−0.199 −1.087+0.473

−0.632

1306073 −0.994+0.020
−0.011 5.212+0.027

−0.027 0.323+0.009
−0.009 −1.873+0.042

−0.044 −1.073+0.844
−0.679 6.839+0.977

−1.403 0.378+0.225
−0.120 −1.560+0.537

−0.437

1306141 0.702+0.247
−0.694 0.311+0.214

−0.146 1.360+0.167
−0.101 −0.262+0.299

−0.076 −0.606+0.731
−0.774 1.575+0.439

−0.562 0.394+0.313
−0.185 −1.026+0.485

−0.606

1306360 −0.750+0.012
−0.013 0.893+0.041

−0.039 1.845+0.035
−0.036 −0.175+0.011

−0.012 −0.568+0.582
−0.571 1.317+0.632

−0.508 1.396+0.317
−0.343 −0.393+0.110

−0.161

1306390 −1.248+0.261
−0.204 1.592+0.340

−0.510 1.585+0.220
−0.145 −0.417+0.045

−0.036 −0.866+0.674
−0.595 1.881+0.851

−0.775 1.499+0.389
−0.394 −0.409+0.137

−0.119

1306537 −0.092+0.591
−0.625 0.291+0.299

−0.186 2.922+0.458
−0.403 0.048+0.076

−0.090 −0.412+0.619
−0.759 1.164+1.217

−0.680 1.432+0.625
−0.657 −0.283+0.217

−0.284

1306626 −0.442+0.447
−0.392 0.481+0.203

−0.200 0.688+0.274
−0.234 −0.216+0.181

−0.256 −0.422+0.609
−0.547 1.070+0.313

−0.360 0.348+0.227
−0.172 −0.826+0.396

−0.544

1306785 −0.301+0.349
−0.258 3.466+0.461

−0.684 1.097+0.202
−0.158 −0.912+0.138

−0.144 −0.431+0.812
−0.795 1.685+1.275

−1.002 1.308+0.687
−0.564 −0.591+0.231

−0.361

1306980 −0.479+0.237
−0.157 0.559+0.116

−0.160 1.882+0.230
−0.141 0.031+0.028

−0.030 −0.258+0.534
−0.379 0.418+0.398

−0.214 2.073+0.374
−0.451 0.008+0.075

−0.108

1306991 −0.744+0.037
−0.022 2.058+0.060

−0.061 1.175+0.033
−0.033 −0.647+0.022

−0.023 −0.669+0.753
−0.703 1.996+0.827

−0.764 1.163+0.359
−0.353 −0.789+0.188

−0.255

1307277 −0.823+0.365
−0.246 0.890+0.150

−0.210 1.906+0.123
−0.109 −0.118+0.057

−0.070 −0.531+0.806
−0.707 1.219+0.997

−0.638 1.456+0.518
−0.562 −0.278+0.182

−0.254

1307830 −0.752+0.003
−0.006 7.099+0.013

−0.013 0.254+0.002
−0.002 −2.194+0.009

−0.005 0.008+0.951
−0.916 2.480+0.868

−1.072 0.767+0.293
−0.224 −1.262+0.314

−0.357

1308326 1.064+0.085
−0.370 0.206+0.351

−0.067 1.110+0.166
−0.334 −0.561+0.056

−0.046 −0.560+0.660
−0.700 1.205+0.357

−0.459 0.354+0.273
−0.177 −0.983+0.516

−0.640

1308582 −0.002+0.015
−0.747 1.706+0.952

−0.071 1.428+0.042
−0.347 −0.487+0.020

−0.187 1.400+0.194
−0.944 1.242+1.265

−0.386 0.691+0.238
−0.181 −1.765+0.350

−0.289

1308884 −1.250+0.00005
−0.0001 1.133+0.005

−0.005 1.079+0.003
−0.003 −0.478+0.002

−0.002 −0.618+0.419
−0.513 2.182+0.206

−0.456 0.258+0.209
−0.092 −1.266+0.652

−0.631

1309288 −1.999+0.002
−0.001 1.113+0.032

−0.026 1.504+0.014
−0.016 −0.708+0.006

−0.007 −0.595+0.414
−0.502 0.092+1.961

−0.070 3.711+0.842
−2.096 −0.009+0.179

−0.372

1309492 0.852+0.153
−0.845 0.197+0.261

−0.075 1.859+0.156
−0.165 −0.160+0.263

−0.058 0.441+0.543
−0.660 0.738+0.755

−0.424 1.226+0.495
−0.489 −0.316+0.229

−0.321

1312274 −0.700+0.346
−0.310 0.677+0.166

−0.207 2.884+0.182
−0.160 0.013+0.042

−0.063 −0.347+0.677
−0.618 0.674+0.536

−0.295 2.597+0.329
−0.419 −0.068+0.073

−0.103

1313594 −0.272+0.142
−0.217 0.053+0.116

−0.036 4.293+0.414
−0.784 0.325+0.027

−0.096 −0.546+0.684
−0.628 0.286+0.571

−0.222 2.174+0.956
−0.762 −0.013+0.217

−0.293

1314897 0.966+0.142
−0.964 0.228+0.419

−0.098 2.410+0.223
−0.159 −0.246+0.247

−0.021 0.878+0.433
−1.026 0.984+1.025

−0.509 0.939+0.430
−0.373 −0.812+0.359

−0.440

1315192 −1.536+0.082
−0.080 0.711+0.193

−0.116 1.738+0.072
−0.111 −0.441+0.010

−0.010 −0.965+0.579
−0.588 1.212+0.775

−0.791 1.153+0.543
−0.428 −0.438+0.196

−0.259

1315259 −2.000+0.0003
−0.0001 1.884+0.022

−0.023 1.332+0.009
−0.009 −0.777+0.005

−0.005 −0.911+0.869
−0.717 2.828+0.658

−0.934 0.659+0.371
−0.234 −1.033+0.337

−0.444

1315296 −0.662+0.363
−0.093 0.464+0.107

−0.090 1.021+0.142
−0.152 −0.118+0.045

−0.047 −0.385+0.461
−0.373 0.312+0.181

−0.135 1.133+0.323
−0.272 −0.036+0.133

−0.184

1316385 1.379+0.007
−0.008 0.554+0.006

−0.006 1.745+0.011
−0.011 −0.628+0.013

−0.012 −0.152+0.918
−0.846 2.506+0.859

−0.900 0.635+0.318
−0.224 −1.221+0.531

−0.592

1316431 −0.560+0.884
−0.620 0.254+0.150

−0.162 0.291+0.349
−0.199 −0.900+0.853

−0.871 1.096+0.312
−0.339 0.151+0.184

−0.082 0.376+0.347
−0.254 −0.671+0.746

−0.931

1316437 −0.326+0.400
−0.319 0.575+0.145

−0.176 0.556+0.180
−0.154 −0.312+0.151

−0.150 1.103+0.332
−1.768 0.356+0.496

−0.192 0.297+0.194
−0.149 −1.648+0.667

−0.390

1316465 −0.589+0.285
−0.333 0.676+0.111

−0.199 1.102+0.187
−0.114 −0.113+0.079

−0.109 −0.493+0.539
−0.554 0.763+0.369

−0.322 0.491+0.348
−0.270 −0.511+0.450

−0.635

1317164 −1.998+0.003
−0.001 8.560+0.041

−0.042 0.957+0.006
−0.005 −1.414+0.014

−0.014 −0.135+1.068
−1.024 3.941+1.488

−1.462 0.744+0.452
−0.282 −1.030+0.503

−0.675

1317277 0.216+0.353
−0.529 2.692+0.745

−0.418 0.674+0.052
−0.125 −1.443+0.057

−0.058 −0.399+1.017
−0.909 3.758+0.936

−1.185 0.699+0.317
−0.235 −1.172+0.348

−0.446

1317286 −0.024+0.809
−0.916 0.743+0.335

−0.403 0.253+0.334
−0.173 −0.681+0.745

−0.903 0.233+0.556
−1.020 0.396+0.213

−0.215 0.204+0.320
−0.151 −0.366+0.555

−0.982

1317666 −1.995+0.227
−0.004 0.300+0.177

−0.012 1.973+0.022
−0.193 −0.471+0.010

−0.047 0.016+0.914
−0.848 2.014+0.837

−0.814 0.559+0.327
−0.223 −1.061+0.623

−0.679

1319366 −1.601+0.400
−0.301 0.133+0.366

−0.059 1.706+0.260
−0.525 −0.341+0.083

−0.111 −0.860+0.613
−0.573 0.472+0.436

−0.404 1.077+0.850
−0.422 −0.245+0.224

−0.325



Table S3. Continued from above

SNID
Global Local

log(Z⋆/Z⊙) tage (Gyr) τV n log(Z⋆/Z⊙) tage (Gyr) τV n

1319821 0.131+0.402
−0.365 0.291+0.055

−0.057 1.783+0.133
−0.036 0.143+0.064

−0.153 −0.054+0.800
−0.725 1.276+0.816

−0.618 0.803+0.461
−0.354 −0.504+0.335

−0.478

1322229 −0.114+0.317
−0.226 0.312+0.120

−0.079 1.818+0.144
−0.171 0.155+0.036

−0.055 −0.465+0.717
−0.630 0.896+0.475

−0.421 0.636+0.381
−0.312 −0.501+0.269

−0.392

1322979 1.006+0.508
−2.104 0.496+0.627

−0.321 0.469+0.283
−0.194 −1.701+0.518

−0.362 −1.146+1.792
−0.609 0.679+0.340

−0.280 0.271+0.166
−0.109 −1.667+0.571

−0.379

1324542 −0.247+0.785
−0.643 0.136+0.545

−0.129 2.141+0.932
−0.971 0.078+0.158

−0.163 −0.359+0.815
−0.738 0.552+0.229

−0.279 0.218+0.300
−0.139 −0.863+0.708

−0.780

1327978 1.487+0.012
−0.019 2.081+0.037

−0.025 0.709+0.005
−0.006 −1.740+0.021

−0.015 0.861+0.775
−1.070 2.797+1.702

−1.551 0.889+0.440
−0.295 −1.149+0.366

−0.485

1328066 −0.106+0.478
−0.338 1.697+0.511

−0.588 0.970+0.252
−0.215 −0.752+0.141

−0.179 −0.733+0.749
−0.677 1.450+0.836

−0.679 1.319+0.408
−0.412 −0.526+0.175

−0.206

1328105 −0.358+0.230
−0.375 0.534+0.110

−0.106 2.059+0.161
−0.117 0.033+0.028

−0.017 −0.565+0.567
−0.590 0.815+0.585

−0.362 1.434+0.316
−0.403 −0.157+0.126

−0.197

1329312 −0.742+0.022
−0.009 1.763+0.036

−0.039 1.641+0.022
−0.020 −0.210+0.008

−0.007 −1.014+1.055
−0.695 2.800+0.784

−0.966 0.763+0.392
−0.270 −1.300+0.396

−0.489

1329615 −0.392+0.115
−0.095 4.416+0.132

−0.139 0.588+0.031
−0.030 −0.923+0.051

−0.054 −0.672+0.858
−0.726 2.082+1.032

−0.888 1.249+0.447
−0.435 −0.488+0.178

−0.212

1330031 −1.989+0.306
−0.009 0.386+0.555

−0.036 1.480+0.052
−0.394 −0.651+0.036

−0.156 −0.955+0.446
−0.436 1.616+0.729

−0.986 0.900+0.611
−0.383 −0.477+0.278

−0.424

1330426 −0.135+0.998
−0.962 1.212+0.600

−0.650 0.405+0.396
−0.223 −1.050+0.811

−0.752 −0.415+0.998
−0.903 0.955+0.379

−0.449 0.244+0.264
−0.162 −0.986+0.890

−0.815

1331123 0.010+0.023
−0.012 4.561+0.031

−0.048 0.607+0.008
−0.007 −1.083+0.016

−0.015 −0.683+0.868
−0.819 2.609+1.045

−1.106 1.104+0.468
−0.396 −0.602+0.230

−0.344

1333246 −0.680+0.181
−0.202 0.965+0.105

−0.141 1.724+0.097
−0.089 −0.116+0.021

−0.036 −0.574+0.636
−0.681 0.386+0.461

−0.239 2.456+0.503
−0.498 −0.014+0.100

−0.172

1334084 −1.602+0.199
−0.141 0.185+0.360

−0.085 2.089+0.269
−0.473 −0.287+0.069

−0.089 −0.633+0.491
−0.422 1.036+0.558

−0.533 1.250+0.520
−0.428 −0.120+0.188

−0.286

1334087 −1.145+0.145
−0.147 4.462+0.055

−0.081 0.515+0.034
−0.029 −1.640+0.029

−0.026 −0.643+1.080
−0.931 4.253+0.749

−1.165 0.504+0.237
−0.151 −1.536+0.454

−0.430

1334302 −1.385+0.216
−0.322 0.227+0.133

−0.061 2.848+0.082
−0.185 −0.194+0.069

−0.064 −0.561+0.537
−0.725 0.502+0.422

−0.248 2.285+0.348
−0.389 −0.054+0.092

−0.177

1334423 0.756+0.120
−0.723 0.169+0.242

−0.046 0.956+0.122
−0.212 −0.364+0.165

−0.069 −0.537+0.557
−0.556 0.292+0.228

−0.156 1.189+0.347
−0.335 −0.046+0.173

−0.254

1334448 1.516+0.082
−0.202 0.332+1.399

−0.179 2.551+0.470
−1.531 −0.817+0.135

−0.602 0.026+0.672
−0.706 0.891+1.120

−0.641 2.231+0.600
−0.712 −0.362+0.095

−0.193

1334597 −1.316+0.700
−0.494 2.955+0.453

−0.769 0.534+0.270
−0.168 −1.427+0.339

−0.393 −0.179+0.973
−0.961 2.400+0.820

−1.046 0.581+0.376
−0.225 −1.274+0.522

−0.552

1334620 −1.998+0.006
−0.001 0.451+0.033

−0.017 1.623+0.021
−0.037 −0.648+0.012

−0.022 −0.550+0.612
−0.523 1.046+0.625

−0.451 1.470+0.442
−0.392 −0.229+0.179

−0.230

1334644 −1.000+0.006
−0.006 7.900+0.012

−0.012 0.219+0.002
−0.002 −2.194+0.009

−0.004 0.958+0.642
−1.763 2.261+2.550

−1.503 0.814+0.726
−0.364 −1.324+0.424

−0.533

1334645 −1.958+0.812
−0.037 2.501+1.265

−0.169 0.911+0.062
−0.413 −1.119+0.058

−0.307 −0.646+0.913
−0.789 2.385+0.878

−0.921 0.905+0.414
−0.340 −0.722+0.294

−0.415

1335717 0.769+0.069
−0.118 0.324+0.063

−0.038 1.446+0.039
−0.043 −0.250+0.044

−0.036 0.030+0.680
−0.614 1.410+0.676

−0.558 0.608+0.310
−0.252 −0.657+0.321

−0.434

1336008 −0.526+0.236
−0.144 0.291+0.088

−0.096 2.367+0.261
−0.183 0.170+0.028

−0.031 −0.429+0.572
−0.473 0.474+0.461

−0.216 1.892+0.329
−0.485 −0.012+0.092

−0.166

1336009 0.884+0.208
−1.025 0.244+0.457

−0.129 1.671+0.304
−0.312 −0.253+0.164

−0.071 −0.322+0.677
−0.579 0.520+0.337

−0.249 1.522+0.342
−0.328 −0.052+0.141

−0.193

1336453 −1.372+0.134
−0.078 0.371+0.200

−0.106 0.881+0.130
−0.180 −0.663+0.068

−0.093 −0.595+0.576
−0.464 1.181+0.356

−0.410 0.455+0.310
−0.195 −0.764+0.434

−0.605

1336480 −1.975+0.341
−0.020 0.208+0.201

−0.020 1.731+0.053
−0.260 −0.455+0.025

−0.041 −0.870+0.494
−0.522 0.763+0.526

−0.440 1.100+0.389
−0.387 −0.323+0.253

−0.260

1336687 −0.369+0.440
−0.406 1.133+0.162

−0.276 0.204+0.156
−0.096 −0.869+0.476

−0.612 −0.818+0.436
−0.437 0.487+0.277

−0.309 0.535+0.426
−0.279 −0.675+0.462

−0.571

1337117 −0.696+0.744
−0.665 0.484+0.596

−0.399 0.943+0.975
−0.540 −0.299+0.322

−0.538 −0.298+0.524
−0.764 0.306+0.438

−0.266 0.926+0.921
−0.552 −0.288+0.315

−0.545

1337228 −0.905+0.353
−0.391 0.175+0.736

−0.109 2.144+0.486
−0.950 −0.065+0.133

−0.183 −0.568+0.807
−0.658 1.210+0.409

−0.520 0.411+0.341
−0.205 −0.882+0.406

−0.584

1337272 −0.251+0.556
−0.404 0.136+0.237

−0.100 1.351+0.699
−0.583 0.011+0.210

−0.324 −0.433+0.522
−0.764 0.256+0.268

−0.190 0.776+0.606
−0.413 −0.198+0.333

−0.380

1337649 −0.032+0.598
−0.785 1.759+0.358

−0.542 0.251+0.138
−0.091 −1.496+0.467

−0.438 −0.092+0.939
−0.991 1.474+0.591

−0.697 0.444+0.328
−0.202 −1.058+0.568

−0.642

1337687 −0.094+0.624
−0.562 0.695+0.311

−0.293 0.413+0.257
−0.219 −0.568+0.426

−0.574 −0.507+0.552
−0.520 0.537+0.317

−0.257 0.931+0.354
−0.298 −0.194+0.224

−0.327

1337703 −0.252+0.022
−0.027 1.879+0.115

−0.120 1.124+0.068
−0.064 −0.747+0.049

−0.052 −0.268+0.485
−0.386 0.952+0.570

−0.404 1.858+0.332
−0.379 −0.384+0.081

−0.121



Table S3. Continued from above

SNID
Global Local

log(Z⋆/Z⊙) tage (Gyr) τV n log(Z⋆/Z⊙) tage (Gyr) τV n

1337838 −0.405+0.873
−0.874 1.142+0.575

−0.589 0.436+0.454
−0.247 −0.880+0.721

−0.803 0.619+1.675
−0.936 0.060+0.153

−0.046 0.648+0.443
−0.389 −0.950+0.718

−0.727

1338128 0.834+0.141
−0.250 0.218+0.114

−0.064 1.075+0.119
−0.122 −0.455+0.120

−0.086 −0.433+0.632
−0.503 0.867+0.437

−0.347 0.669+0.316
−0.299 −0.467+0.336

−0.464

1338170 1.004+0.050
−0.071 0.696+0.183

−0.166 1.369+0.154
−0.140 −0.668+0.041

−0.054 −0.159+0.885
−1.054 2.286+0.747

−0.910 0.620+0.319
−0.211 −1.241+0.331

−0.426

1338278 −0.275+0.275
−0.223 1.977+0.448

−0.601 0.654+0.301
−0.224 −0.492+0.181

−0.279 −0.326+0.499
−0.408 0.470+0.316

−0.222 1.126+0.384
−0.351 −0.139+0.151

−0.182

1338430 0.241+0.051
−0.411 0.726+0.485

−0.067 2.085+0.067
−0.273 −0.191+0.022

−0.032 0.146+1.067
−0.853 0.518+1.465

−0.481 2.530+1.188
−1.096 −0.096+0.140

−0.222

1338471 −0.859+0.244
−0.283 0.669+0.306

−0.259 1.714+0.209
−0.257 −0.137+0.050

−0.081 −0.897+0.786
−0.654 1.914+0.777

−0.787 0.700+0.407
−0.325 −0.767+0.288

−0.432

1338675 0.422+0.212
−0.433 0.182+0.051

−0.050 1.631+0.091
−0.097 0.012+0.168

−0.075 −0.022+0.658
−0.762 0.747+0.424

−0.325 0.628+0.385
−0.303 −0.404+0.361

−0.625

1339002 −1.000+0.028
−0.026 4.212+0.057

−0.057 0.687+0.021
−0.021 −0.856+0.028

−0.028 −0.173+0.761
−0.695 1.044+0.835

−0.498 2.198+0.404
−0.484 −0.175+0.102

−0.139

1339149 0.319+0.223
−0.217 0.258+0.063

−0.077 1.471+0.106
−0.098 −0.130+0.073

−0.053 −0.227+0.504
−0.345 0.144+0.141

−0.074 1.329+0.381
−0.387 0.004+0.152

−0.221

1339392 −1.997+0.005
−0.002 1.708+0.051

−0.049 1.263+0.020
−0.021 −1.018+0.014

−0.014 0.102+0.895
−0.853 3.421+1.144

−1.243 0.739+0.357
−0.253 −1.032+0.451

−0.577

1339450 −0.251+0.004
−0.006 1.812+0.125

−0.097 1.064+0.057
−0.072 −0.422+0.031

−0.043 −0.260+0.511
−0.423 0.393+0.486

−0.203 2.257+0.454
−0.540 0.035+0.082

−0.104

1340454 −0.367+0.330
−0.308 0.498+0.106

−0.148 2.047+0.174
−0.134 0.094+0.032

−0.040 −0.464+0.697
−0.611 1.159+0.646

−0.554 0.820+0.397
−0.353 −0.401+0.233

−0.333

1341370 −0.033+0.808
−0.893 1.352+0.509

−0.634 0.380+0.338
−0.185 −1.077+0.495

−0.636 −0.607+0.758
−0.800 0.856+0.490

−0.478 0.478+0.444
−0.284 −0.655+0.600

−0.727

1341894 −1.654+0.283
−0.167 0.407+0.349

−0.104 1.770+0.118
−0.222 −0.444+0.047

−0.042 −0.484+0.634
−0.626 0.658+0.498

−0.309 1.087+0.385
−0.426 −0.255+0.255

−0.365

1342255 −1.792+0.290
−0.170 0.385+0.379

−0.119 1.673+0.160
−0.265 −0.526+0.039

−0.036 −0.252+0.956
−0.898 1.915+0.668

−0.775 0.521+0.344
−0.223 −0.979+0.518

−0.702

1343208 −0.254+0.021
−0.024 1.605+0.138

−0.172 1.374+0.109
−0.083 −0.358+0.045

−0.039 −0.557+0.518
−0.625 1.455+0.727

−0.568 1.254+0.352
−0.387 −0.462+0.148

−0.189

1343337 −0.039+0.183
−0.338 0.253+0.098

−0.041 1.811+0.103
−0.146 0.177+0.035

−0.104 −0.307+0.654
−0.520 0.372+0.294

−0.189 1.493+0.423
−0.371 −0.047+0.164

−0.220

1343401 −1.995+0.008
−0.004 0.736+0.046

−0.043 2.319+0.031
−0.031 −0.425+0.008

−0.008 −0.332+0.999
−1.018 3.238+1.488

−1.369 0.905+0.599
−0.414 −0.714+0.299

−0.514

1343533 −0.044+0.150
−0.187 1.518+0.524

−0.192 1.560+0.082
−0.258 −0.283+0.030

−0.058 −0.221+0.917
−0.997 2.018+0.972

−0.956 1.086+0.467
−0.380 −0.703+0.233

−0.339

1343759 −0.520+0.104
−0.066 0.211+0.077

−0.076 1.376+0.277
−0.222 0.076+0.053

−0.070 −0.893+0.827
−0.760 0.524+0.507

−0.385 0.841+0.601
−0.416 −0.493+0.294

−0.350

1344692 1.174+0.729
−0.922 0.515+1.896

−0.480 1.611+1.353
−0.866 −0.851+0.325

−0.434 −0.822+0.754
−0.692 2.197+0.912

−0.829 1.237+0.387
−0.377 −0.799+0.196

−0.264

1345553 −1.554+0.564
−0.363 3.637+0.704

−0.869 0.953+0.285
−0.250 −0.695+0.094

−0.117 −0.584+0.764
−0.666 1.270+0.985

−0.643 1.070+0.487
−0.505 −0.411+0.258

−0.408

1345594 −0.274+0.034
−0.067 2.206+0.127

−0.153 1.422+0.076
−0.062 −0.271+0.025

−0.028 −0.786+0.772
−0.688 2.481+1.296

−1.077 1.692+0.510
−0.522 −0.343+0.125

−0.135

1346137 −0.506+0.416
−0.152 0.194+0.092

−0.069 2.019+0.298
−0.250 0.178+0.041

−0.026 −0.287+0.505
−0.379 0.271+0.189

−0.129 1.709+0.356
−0.321 0.059+0.104

−0.142

1346387 0.629+1.584
−1.302 1.805+0.919

−1.775 0.561+1.707
−0.168 −1.691+0.563

−0.387 −0.879+0.586
−0.586 0.254+0.691

−0.224 2.724+0.921
−0.875 0.026+0.173

−0.221

1346956 −0.355+0.861
−0.756 0.463+0.263

−0.261 0.306+0.411
−0.208 −0.623+0.691

−0.974 −0.186+1.333
−1.269 0.362+0.215

−0.227 0.180+0.297
−0.135 −0.771+0.807

−0.929

1346966 0.068+0.697
−0.107 0.331+0.058

−0.163 1.243+0.085
−0.101 0.022+0.076

−0.299 −0.963+0.895
−0.673 1.655+0.545

−0.641 0.492+0.323
−0.222 −1.073+0.446

−0.549
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