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Resumo

Supernovas tipo Ia (SNe Ia) são indicadores de distancia úteis em cosmologia, desde que a sua lumi-

nosidade seja calibrada aplicando algumas correções. Um dos fatores motivantes destas correções é

a extinção por poeira, contabilizada na relação cor-luminosidade ˛ da calibração.

Propomos uma abordagem alternativa para inferir leis de atenuação por poeira para galáxias hos-

pedeiras de 162 SNe Ia, partindo de fotometria global e local (4kpc). Modelos de População Este-

lar Simples são ajustados à fotometria ótica obtida do Dark Energy Survey, complementada quando

possı́vel por fotometria GALEX UV e 2MASS NIR. Mostramos que 4 filtros são suficientes para recu-

perar propriedades de poeira para galáxias consistentemente com previsões da literatura baseadas em

simulações e observações.

Mostramos que propriedades de poeira variam bastante entre galáxias. Isto significa que não

podemos assumir uma calibração universal para SNe Ia. Obtemos uma relação entre a inclinação

de atenuação e a profundidade ótica, global e localmente, melhor explicada pela variação da geome-

tria estrelas/poeira com a orientação da galáxia. Esta relação revela-se muito diferente da extinção

encontrada diretamente para SNe.

Analisando os resı́duos de Hubble para as SNe, encontramos degraus relacionados com a profundi-

dade ótica e a inclinação da atenuação, interpretados como reflecções menos significativas do ”degrau

em massa”. Uma descrição deste fenómeno totalmente motivada por poeira mostra-se possı́vel uti-

lizando um ”degrau em poeira” bidimensional.

Estudamos uma nova calibração para SNe Ia, separando as contribuições intrı́nseca e de extinção

na relação cor-luminosidade, sendo a última aproximada pela atenuação da hospedeira. Concluı́mos

que é pior que a calibração usual.

Palavras-
Chave:

calibração de supernovas; extinção por poeira; atenuação por

poeira; escala de distância
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Abstract

Type Ia supernovae (SNe Ia) are useful distance indicators in cosmology, provided their luminosity has

been calibrated by applying some corrections. One of the factors motivating these corrections is dust

extinction, accounted for in the ˛ color-luminosity relation of the calibration.

We propose an alternative approach to infer dust attenuation laws towards the host galaxies of 162

SNe Ia, from both global and local (4 kpc) photometry. Simple Stellar Population models are fitted to

optical photometry obtained from the Dark Energy Survey, complemented when possible with GALEX

UV and 2MASS NIR photometry. We show 4 filters bands are sufficient to recover dust properties for

hosts consistently with literature predictions based on both simulations and observations.

We show dust properties vary greatly across different galaxies, meaning an universal SN Ia correc-

tion cannot be assumed. We find a relation between the attenuation slope and the optical depth, both

locally and globally, best explained by varying star/dust geometry with galaxy orientation. This relation

is shown to be very different from the extinction found directly for SNe.

Analyzing the Hubble residuals for the SNe, we find optical depth and attenuation slope related steps,

interpreted as less significant reflections of the ”mass-step”. An entirely dust motivated description of

this phenomenon is found to be possible when employing a two dimensional ”dust-step”.

We study a new SNe Ia calibration, separating the intrinsic and extinction contributions in the color-

luminosity correction, the latter being approximated by host attenuation. We conclude it is worse than

the standard calibration.

Keywords: supernovae calibration; dust extinction; dust attenuation; dis-

tance scale
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Chapter 1

Introduction

1.1 Type Ia Supernovae and Distance Calibration

Type Ia supernovae (SNe Ia) are generally agreed to be the result of the explosion of a white dwarf in an

interacting binary system. This occurs, for example, when either accretion of material from its companion

or a merger with a different star causes the white dwarf mass to approach the Chandrasehkar limit[1].

They differ from the arguably more famous core-collapse supernovae, such as Type Ib, Ic and II

supernovae. These types of supernova, which represent the final stage for young and highly massive

stars, are only found in regions of star formation with younger stellar populations, while SNe Ia can be

found in all galaxy types, both younger star-forming galaxies and older quiescent galaxies. In fact, SNe

Ia can explode as early as ∼ 40 Myr and as late as a Hubble time (∼ 14 Gyr) after starburst[2].

SNe Ia are a set of important cosmological objects, making for excellent distance indicators, among

other things. In particular, they famously contributed to the discovery of the accelerated expansion of the

Universe[3][4]. In this capacity they are often referred to as candles, even though they are not considered

“standard” candles, as they do not have a known absolute peak magnitude. Their peak luminosity

can, however, be standardized by applying some empirical corrections based on color-luminosity and

light curve shape-luminosity relations[5]. Additionally, a third correction is often introduced, as there is

evidence for a luminosity dependence related to the stellar mass of the SN Ia host galaxy M? [6], with

SNe Ia originating in higher-mass galaxies being more luminous, even after the application of the other

corrections.

These corrections are used to estimate the absolute magnitude of a SN Ia, from which the luminosity

distance dL to the SN can be obtained by comparison with the observed apparent magnitude. This

distance is often indirectly parameterized by means of the distance modulus —, defined as the difference

between the apparent and absolute magnitudes of a given celestial object:

— = 5Log
„
dL

10pc

«
(1.1)

The standardization of a group of SNe Ia begins with an initial fit of the light-curve for each SN, re-

turning values for the light-curve width x1, colour c, and observed magnitude mB. The colour parameter,

1



in particular, is defined as approximately the difference between the magnitude m in the B and V bands

at the fitted epoch of peak brightness[7]:

c ' m(–B)−m(–V ) = B − V at peak brightness, (1.2)

where –V = 5510Å and –B = 4450Å.

A “BEAMS with Bias Corrections” (BBC) fitting method[7] can then be used to convert the light curve

fit parameters into corrected distance modulus values — and to determine nuisance parameters ¸, ˛, ‚

and M, which are considered to be the same for the entire population. These parameters describe the

shape-luminosity, color-luminosity and mass step corrections, as well as the absolute magnitude of a

fiducial SN Ia with x1 = 0 and c = 0. Additionally, the BBC method can also be used to determine a bias

term ‹—bias , which accounts for inherent biases due to selection effects and the light-curve analysis[8].

Taking all these corrections into account, the distance modulus — of each SN Ia is given by[5]:

— = mB −M + ¸x1 − ˛c + ‹M + ‹—bias (1.3)

In the previous expression, ‹M is the “mass step” term, which is dependent on the host galaxy mass

and ‚[9]:

‹M =

8><>:
‚
2 ; if Log(M?=M�) > 10

− ‚2 ; if Log(M?=M�) < 10

: (1.4)

For each SN, the deviation between the value obtained for — from Eq. 1.3 and the expected distance

modulus —model value at the corresponding redshift in a given cosmological model is known as an Hubble

residual ∆—:

∆— = —− —model (1.5)

By examining these residuals carefully, one can quantify the accuracy of the SNe Ia calibration. The

easiest way to do this is by looking at the root mean square (RMS) of the fit, defined by:

RMS =

vuut 1

N

NX
i=1

∆—2
i ; (1.6)

where N is the total number of SNe Ia in the sample.

As expressed in Eq. 1.1, the previously mentioned —model is simply a function of the luminosity

distance dL which, for a Friedmann-Robertson-Walker cosmology, only depends on the cosmological

parameters and the redshift[3]. In this work, we assume a spatially-flat ΛCDM model, which postulates

a Universe composed of three major components: dark energy, which is assumed to behave like a cos-

mological constant Λ; cold dark matter (CDM); and ordinary baryonic matter[10]. We assume a matter

density Ωm = 0:3, a dark energy density of ΩΛ = 0:7 and an Hubble constant H0 = 70km s−1 Mpc−1.

Under these assumptions, the luminosity distance is given by[9]:

2



dL(z) = (1 + z)c

Z z

0

dz ′

H0

p
Ωm(1 + z ′)3 + ΩΛ

(1.7)

1.2 Astrophysical Dust

There are two main factors contributing to the color-luminosity correction parametrized by ˛ in Eq. 1.3:

the intrinsic color variations among different SNe Ia and the effects of astrophysical dust, in particular

reddening.

Astrophysical dust is one of the main components of the interstellar medium (ISM) of galaxies and it

can be divided into two main components: a diffuse dust component and a birthcloud dust component.

The first type of dust is formed during the course of stellar evolution, with grains forming in the atmo-

spheres of stars or in the remnants of supernovae, and being subsequently released or ejected into the

ISM[11]. The second type of dust refers to remnants of the birthcloud responsible for a given stellar

population. As this birthcloud eventually disperses, this type of dust is most relevant for younger stellar

populations.

For a given observation, the effects of dust on the observed light during its travel can be described

by one of two distinct concepts: extinction or attenuation, depending on whether we are dealing with a

point or extended source, respectively[11]. The different effects relevant in each case are schematically

represented in Fig. 1.1.

Figure 1.1: Schematic representation of dust extinction and dust attenuation[11].
For the dust extinction experienced by one individual light source (left panel), the fol-
lowing phenomena are pictured: A) Interstellar reddening, B) Absorption, C) Scat-
tering of light out of that line of sight. Reddening results from a combination of the
other two phenomena. For the dust attenuation in extended star/dust distributions
(right panel), the following phenomena are pictured: A) Interstellar reddening, D)
Scattering of light back into the line of sight, E) Varying dust column densities, F)
Unobscured stars. Based on Salim (2020)[11]

.

The extinction for an individual point source at a given wavelength results from a combination of the

overall composition, size and orientation of the dust grains. It refers to the absorption of light along a

particular line of sight as well as scattering of that light out of the line of sight. Given that the wavelength

of blue light is comparable to the typical size of dust grains (5 to 250 nm)[11], it tends to be absorbed and

scattered more strongly than red light. This leads to a reddening of the observed spectrum. Extinction
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is employed when referring to an object that can be considered a point source.

Attenuation includes not only the above mentioned effects of absorption and scattering described for

extinction, but also effects arising from the spacial distribution of stars and dust in a galaxy or stellar

population, such as scattering of light back into the line of sight, variable dust densities and light emitted

by unobscured stars. Attenuation is most often discussed in the context of galaxies and other extended

objects, as the previously described phenomena are negligible when considering only a single star. For

the purposes of introducing the formalism used to describe both of these phenomena, we will use the

terms extinction and attenuation interchangeably for the rest of this section.

Consider a source emitting with intensity I0(–) for a given wavelength –, whose light travels through

a dust cloud. The intensity of the light as it leaves the cloud is given by:

I(–) = I0(–)e−fi(–); (1.8)

where fi(–) is defined as the optical depth of the dust cloud [12].

It is more useful to look at this expression in terms of the magnitudes of the objects in question.

Therefore, taking m0(–) to be the unattenuated spectral energy density (SED) of some astronomical

object for a given wavelength – and m(–) the actual observed SED, the attenuation for that same – is

given by[11][12]:

A(–) = m(–)−m0(–) = −2:5Log
„
I(–)

I0(–)

«
= −2:5Log(e−fi–) ' 1:086fi(–): (1.9)

Three important quantities can be defined at this point: the optical depth for the V band fiV , the color

excess E(B − V ), and the ratio of total-to-selective attenuation RV :

fiV = fi(–V ) ' AV
1:086

(1.10)

E(B − V ) = [m(–B)−m(–V )]− [m(–B)0 −m(–V )0] = A(–B)− A(–V ) (1.11)

RV =
AV

E(B − V )
(1.12)

where once again we have –V = 5510Å and –B = 4450Å. It should be noted that, if the existence of the

˛ color-luminosity relation in Eq. 1.3 was entirely due to dust, then we would have[13]:

˛RV = RV + 1 (1.13)

Attenuation is usually described by means of an attenuation curve k(–), with AV
RV

= E(B − V ) acting

as a normalization factor. This choice of normalization is, however, mostly arbitrary[11]. A(–) can then

be expressed as an attenuation law, in the form:

k(–) =
A(–)

AV
RV =⇒ A(–) =

AV
RV

k(–) ⇐⇒ fi(–) =
fiV
RV

k(–): (1.14)

From this formalism, it is possible to define a set of typical curves that describe the overall behaviour
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of attenuation properties across different wavelengths for a variety of conditions. Some examples of

typical attenuation curves are displayed in Fig. 2.1. The comparison between different curves is made

easy by the introduction of several parameters that help to describe each curve. In particular, and of

major importance to the present work, the slope of the curve gives precious insight into the reddening

effect. We will explore this notion further in later chapters.

1.3 Motivation and Objectives

As mentioned before, for the purposes of standardization, the value of ˛ in Eq. (1.3) is assumed to be

one and the same for the entire population of SNe Ia under study.

However, it has been shown that not only can dust properties vary from galaxy to galaxy, they can

also vary significantly across different lines of sight within the same galaxy[11][14]. For this reason, as-

suming a common ˛ for all SNe is an oversimplification that can introduce systematics into the calibration

process, especially if the dust properties evolve with redshift or if they exhibit a dependence in some of

the SN properties used in the standardization. It can thus prove advantageous to individually determine

dust properties for each SN Ia, which could then be used to better constrain the color-luminosity relation

in the calibration.

As it can be challenging to determine the extinction for SN Ia, especially at high redshifts, the study

of SN Ia host galaxies offers an interesting opportunity, not only to tackle the problem of dust induced

systematics in the SN calibration, but also to extend our knowledge about general dust properties af-

fecting SN observations. In this work 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 Enery

Survey (DES)[15][16].

To achieve this goal, we use both global and local (4 kpc) broadband photometric data in the griz

filter bands for the SNe hosts, complemented when possible with GALEX[17] UV and 2MASS[18] NIR

photometry.

We fit Simple Stellar Population (SSP) models to this data, which are a subset of models that assume

that all stars in the considered population were born at the same time from a cloud of homogeneous

chemical composition[19]. From these fits, we seek to extract relevant information about the dust prop-

erties for each individual galaxy and to explore global tendencies in the data. In particular, we intend to

confirm whether there is evidence for the large variation in dust properties previously observed[11].

Furthermore, we study the relation between a host galaxy’s attenuation law and its respective SN

extinction law, analysing the viability of using our fit results to approximate the latter. In particular, we

are interested in the impact of using the values of RV , inferred for the host galaxies, in a new SNe Ia

calibration.

Finally, we explore possible origins of the “mass-step” relation introduced above, analysing whether

it can be linked to or described by the attenuation law of the SNe host galaxies.
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1.4 Thesis Outline

The present work in organized according to the following structure:

Chapter 1 presents a brief introduction to the topics of SNe Ia in Section 1.1 and astrophysical dust

in Section 1.2. It then details the motivation and main objectives of the work, in Section 1.3.

Chapter 2 begins with a brief introduction to Bayesian Inference in Sections 2.1.1 and 2.1.2 and

Markov Chain Monte Carlo algorithms in Section 2.1.3. These tools are then applied in the construction

of our fitting methodology, which is detailed in Section 2.2. The chapter concludes with Section 2.3,

in which the results from fits performed on simulated data are presented. In particular, we examine

the impact of using data from different photometric filter bands in the final fit results. This serves as a

benchmark performance test of the overall fitting procedure. Full data sets relating to these simulations

are presented in Appendix A.

Chapter 3 focuses on obtaining attenuation laws for SNe Ia host galaxies, based on broadband

photometric fits. In Section 3.1, we present some background information about the Dark Energy Survey,

from which our data was obtained. An overview of this data, which consists of both global and local host

galaxy optical photometry is presented in Section 3.2. The fit results for the host galaxies are displayed

and discussed in Section 3.3. Finally, in Section 3.4, we once again examine the impact of using from

different photometric filter bands in the fitting process, this time on a real data set. Full fit results for this

chapter are presented in Appendix B.

In Chapter 4 we discuss the relation between a SN Ia extinction law and its host galaxy attenuation

law. We start with Section 4.1 by taking a look at the relation between the extinction law parameters as

documented in the literature, comparing it to our own results obtained for the host galaxies. We then

move on to Section 4.2, where a more in-depth analysis is performed by looking at the possible corre-

lations between SN Ia light curve parameters and the respective host galaxy attenuation parameters.

We conclude the chapter with Section 4.3, in which we analyse both whether a “dust-step” similar to

the “mass-step” can be identified in the data and whether performing a new SNe Ia calibration with the

values of RV computed for the hosts has a positive impact on the respective Hubble residuals.

Finally, in Chapter 5, we highlight the conclusions of this work.

Additionally, we include some appendices in which some important concepts are introduced, namely

Appendix C, which contains an explanation of Kron aperture photometry, and Appendix D, which details

the process of Guassian Processes Regression.
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Chapter 2

Fitting Methodology

As highlighted in Section 1.3, we are interested in fitting Simple Stellar Population (SSP) models to the

photometric data for the host galaxies of a set of DES SNe Ia. To do this, we compute the Spectral En-

ergy Distributions (SED) for each SSP and compare with the observed data. Given both the complexity

of the models used and the limited amount of photometric data, we rely on Bayesian inference methods

for this fitting process, which is accomplished using the Prospector1[20] Python package.

2.1 Bayesian Inference

2.1.1 Bayes’ Theorem

Before delving deeper into statistical inference methods, we must first familiarize ourselves with Bayes’

Theorem. Given two statistical events A and B that occur with probability P (A) > 0 and P (B) > 0, we

can define the conditional probability of A given that B has occurred as:

P (A|B) =
P (A ∩ B)

P (B)
(2.1)

Taking into account that P (A ∩ B) = P (B ∩ A), we can then write:

P (A ∩ B) = P (A|B)P (B) = P (B|A)P (A) (2.2)

This expression then leads to Bayes’ Theorem in its usual form:

P (B|A) =
P (A|B)P (B)

P (A)
(2.3)

It should be noted that Bayes’ Theorem can be equally applied to continuous random variables.

1https://github.com/bd-j/prospector
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2.1.2 Inference

Statistical inference is a method by which one can learn about the underlying processes behind a given

observed data set from that same data. Bayesian inference is one of these methods and it is based on

Bayes’ Theorem.

For the purposes of this work, we will focus on inference with parametric models. To do this, we start

by assuming that we have a data set D comprised of N total data points, which can be modeled using a

probability distribution function (pdf) p(D|„„„), which depends on a given parameter vector „„„. From here,

once we have actually observed the data, we can define the likelihood function for „„„:

L(„„„) = p(Dobs |„„„) (2.4)

This quantity is often misinterpreted, so it is important to clearly define it. Although it is a function of „„„,

it does not represent a pdf for these parameters. Rather, we can think of it as the conditional probability

for the observed data for any given values of „„„. One common definition for L(„„„) is given by Eq. 2.5,

where ∆(„„„) is defined as the difference between the observations and the fitted model and ff2 accounts

for observation errors in Dobs .

Ln(L(„„„)) = −1

2

NX
i=0

„
∆(„„„)2

i

ff2
i

+ ln(2ıff2
i )

«
(2.5)

The next step in the process is to describe the parameters „„„ that control the model. We do this by

defining a set of pdf’s p(„„„) known as priors. These functions essentially describe the information we have

about „„„ before looking at the data. We can either have vague priors, such as an uniform distribution,

which only prescribes a range for „„„, or more informative ones, which can be tailored to reflect more

nuanced distributions or even relations between different parameters.

Inference can therefore be thought of as a process of updating the prior based on observed data.

We call this updated pdf p(„„„|Dobs) the posterior and it can be obtained from the application of Bayes’

Theorem:

p(„„„|Dobs) =
p(Dobs |„„„)p(„„„)

p(Dobs)
(2.6)

The previous expression contains a quantity p(Dobs) which we have not yet described. This quantity

is known as the predictive prior and acts simply as a normalization constant.

It should be noted that, although pdfs are much more informative, there are some occasions where

it can be helpful to refer to a single best-fit value for a given parameter. In these cases, we will take

this value to be the median of the distribution, with the uncertainty range given by the 16th and 84th

percentiles, defining a 68% credible region.

Despite being a powerful method for gaining insight into the underlying mechanisms behind a data

set, there are some drawbacks to Bayesian inference. On one hand, the predictive prior is, in general,

difficult to calculate and, on the other hand, the calculation of the posterior requires the computation of

the likelihood over the entire parameter space, which can be both taxing and time consuming, especially
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as the number of model parameters increases. In the following section, we will explore a solution that

allows us to get around both of these problems - sampling.

2.1.3 Sampling Algorithms

Sampling is a process which essentially allows one to reconstruct a distribution based only on a set

of discrete values for „„„. This solves one of the problems we encountered, as the computation of the

likelihood over the entire parameter space is no longer necessary. There are several different ways to

achieve this, but we will focus on the Metropolis–Hastings Markov Chain Monte Carlo (M-H MCMC)

algorithm[21].

This algorithm works by producing a biased random walk through parameter space, which will tend

to converge towards values of „„„ that maximize the posterior pdf. This means that we will end up with

a discrete set of K values of „„„, known as a chain or a walker2. From this walker one can then obtain a

fairly close reconstruction of the posterior distribution.

Three ingredients are needed to build the algorithm: The first is the function to be sampled, in this

case p(„„„|Dobs). The second is a proposal pdf function, q(„„„′|„„„), which is used to generate a new position

„„„′ in the parameter space given an “old” position „„„. The third is an initial set of parameters „„„0.

For a given set of samples, the most recent iteration of which is „„„k , the algorithm to generate „„„k+1 is

thus:

1. Draw a proposal „„„′ from q(„„„′|„„„);

2. Draw a random number 0 < r < 1 from a uniform distribution;

3. Compute R = p(„„„′|Dobs )
p(„„„k |Dobs ) .

4. • If R > r , then the new value is accepted and „„„k+1 = „„„′.

• If R < r , then the new value is rejected and „„„k+1 = „„„k .

Notice that by calculating the ratio p(„„„′|D)
p(„„„k |D) we completely eliminate the need to compute the predictive

prior, which takes care of our second problem.

There are a number of steps that can be taken to improve on the M-H MCMC algorithm. First of all,

it is possible to increase the number of walkers used. This essentially means we will end up with several

(mostly) independent chains of K values of „„„ from which to reconstruct the posterior. This can be used

to mitigate the pitfall of local maxima in the posterior, in which some of the walkers might get stuck.

Second of all, the initial iterations of each walker are highly dependent on the initial values of the

algorithm and hence are not representative of the posterior distribution. For this reason, it is common to

perform an initial sampling with nburn-in interactions, whose values are discarded to eliminate any possible

bias. This is known as the burn-in. The proper walkers can then be re-initialized based on the results

from this burn-in round. In the case of Prospector, several burn-in rounds can be performed, with the

2The terms chain and walker are sometimes used interchangeably, but there is a small difference between the two. Essentially,
a walker is a regular chain for which the proposal distribution depends on the positions of all the other walkers[22].
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walker distribution being re-initialized after each round according to a multivariate Gaussian derived from

the best 50% of the walkers from the previous round.

Additionally, one can improve on the choice of initial values „„„0 by performing a set of initial minimiza-

tions on the data. Although not as accurate as Bayesian inference, these minimizations can provide

useful insights about the general region where the walkers should be initialized. Performing multiple

minimizations and taking the result with the highest posterior value once again helps to avoid local max-

ima. It should also be noted that in order to assure a correct sampling of the parameter space, not all

walkers should be initiated on the exact result of the initial minimization. Rather, each walker should

be initiated within a certain radius around the minimization results. For each parameter, this radius is

known as the initial dispersion D„.

It should be noted that, although Bayesian fitting does not itself impose a limit on the number of free

parameters „„„ present in the fitting model, the minimization step enforces a maximum number of free

parameters equal to the number of data points in the fit.

The Bayesian inference methods detailed in this work were implemented using the emcee3 Python

package[23]. After extensive testing, we settled on the following configuration for the algorithm:

• 20 initial minimizations;

• 128 walkers;

• 3 initial rounds of burn-in, with 16, 32 and 64 iterations, respectively;

• 1024 iterations for each walker (after burn-in).

2.2 Simple Stellar Population Models

Now that we have a grasp on Bayesian inference, we can start to build the models with which to calcu-

late ∆(„„„) in the likelihood function, as defined in Eq. 2.5. For this work, we will use SSP models, which

assume that all stars in the considered population were born at the same time from a cloud of homo-

geneous chemical composition[19]. In particular, we will loosely follow the PROSPECTOR-¸ model[20],

with some variations, referring to the Padova isochrones[24] to build the model. In the following sections

we present a detailed overview of the model used, which was generated using both the FSPS4[25][26]

FORTRAN code and the python-FSPS5 Python package.

2.2.1 Stellar Mass

In our model, radiation sources are powered by their total mass. For practical purposes, we do not

concentrate on the masses of individual sources, but rather on the total stellar mass M? of the galaxy or

galactic region in which they are located. The main contribution of this stellar mass to the SED is to set

the overall normalization.
3https://github.com/dfm/emcee
4https://github.com/cconroy20/fsps
5https://github.com/dfm/python-fsps
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The distribution of the stellar mass in a galaxy can be described by an empirical initial mass function

(IMF), from which the present day mass distribution can be obtained by simulating the evolution of the

population. For the purposes of this model, we use a Kroupa (2001) IMF[27].

The stellar mass is a parameter which is fairly easy to constrain based on observed data, even while

other parameters might exhibit some degeneracy among themselves. For this reason, in some of the

subsequent analysis where the available photometric data might prove insufficient for a more complete

fit, we will treat the stellar mass as a fixed parameter. In these cases, we will use previously obtained

values for these masses, which should not impact the quality of our results.

For the cases in which the mass is left as a free model parameter, we assume a flat top-hat prior

on the logarithm of the mass over the range 8 < Log(M?=M�) < 12, which covers typical mass values

for galaxies. Additionally, we chose an initial dispersion DLog(M?=M�) = 11. This value, despite being

relatively large, proved the best at sampling the full parameter space. The burn-in iterations allow the

walkers to converge to a much smaller range of values by the time the actual sampling begins, which

means the large initial dispersion does not impact the recovered posterior distribution.

2.2.2 Star Formation History

The star formation history (SFH) describes how stars form over time and space in a given galaxy. This is

relevant to the SED, as young stellar populations tend to exhibit a bluer spectrum, as massive and short-

lived stars dominate the emission, while older populations tend to exhibit a redder spectrum, since the

more massive stars have died out and the low mass stars are reaching the end stages of their evolution

[28]. In this work, we will adopt a delayed fi -model, such that the SFH is described by an exponentially

decreasing star formation rate (SFR), with e-folding time fi :

SFR(t) = te−t=fi (2.7)

The previous expression is normalized such that a total of one solar mass of stars is formed over the

full SFH. Additionally, t is the time measured forward from the beginning of the Universe up to the actual

age of the stellar population tage.

Although there are some disadvantages associated with using a parametric SFH[29], they are not

entirely relevant for this analysis, as we always treat the SFH parameter as a fixed value, with fi = 1Gyr.

Contrastingly, the age parameter tage is always left free. For this parameter, we choose a flat top-hat

prior over the range 0:001 < tage < 13:8 Gyr, so as to only consider solutions younger than the age of

the Universe. Additionally, we choose Dtage = 5 Gyr for the initial age dispersion.

2.2.3 Stellar Metallicity

Stellar metallicity Z is defined as the abundance of elements heavier than helium in a star. It mainly

affects the optical to near-infrared (NIR) flux ratio, which is of great importance when determining dust

attenuation. For this reason, metallicity is always introduced as a free parameter in our model.
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When performing a fit, it is typically assumed that all the stars in the model galaxy have a single

stellar metallicity Z?. However, since we recover a metallicity distribution rather than a discrete value,

this assumption ends up being somewhat relaxed, allowing for a more general description.

We choose a flat top-hat prior on the logarithm of the metallicity over the range −2 < Log(Z?=Z�) <

2:5. This range is mostly determined by the coverage of the Padova isochrones[24], which covers

−2 < Log(Z?=Z�) < 0:2. Nevertheless, we extend the upper limit in our prior to assure a more complete

sampling of the parameter space. Additionally, we choose DLog(Z?=Z�) = 2.

2.2.4 Dust Attenuation

The impacts of dust attenuation on a SED and its parametrization have already been discussed in the

previous chapter. In our model we will be referring to a modified version of the attenuation curve derived

by Calzetti for nearby starburst galaxies[30]. The original curve takes the form:

k(–) =

8><>:2:659(−2:156 + 1:509=–− 0:198=–2 + 0:011=–3) + RV;0; if 0:12µm ≤ – ≤ 0:63µm

2:659(−1:857 + 1:040=–) + RV;0; if 0:63µm ≤ – ≤ 2:20µm

(2.8)

where k(–) follows Eq. 1.14 and RV;0 = 4; 05 is the total-to-selective attenuation for the Calzetti law.

There are however a few shortcomings of this attenuation law, which we will now address.

Firstly, observations show that this curve can be insufficient to describe attenuation processes for

star-forming galaxies, in particular at higher redshifts. In these cases there is evidence of a so-called

UV bump at around 2175Å[31]. For this reason, the original Calzetti curve is modified by the addition of

this same bump, modelled by a Lorentzianlike “Drude” profile:

D(–) =
Ebump–

2‚2

(–2 − –2
0)2 + –2‚2

; (2.9)

where –0 = 2175Å is the central wavelength, ‚ = 350Å is the FWHM of the bump and Ebump is the

amplitude[31]. We will further discuss this amplitude shortly.

Secondly, the modified attenuation law is also multiplied by a power law
“
–
–V

”n
in order to produce

different slopes without the need to alter fiV . The slope, therefore, ends up being effectively controlled

by the diffuse dust attenuation index n[31].

There is strong evidence of a relation between the steepness of the attenuation curves and the

strength of the UV bump[32]. This effectively means that Ebump exhibits a dependency in n, which, for

our purposes, can be described by:

Ebump = 0:85− 1:9n: (2.10)

Taking these corrections into account, the moddified Calzetii attenuation law becomes[31]:

fi(–) =
fiV
RV;0

[k(–) +D(–; n)]

„
–

–V

«n
: (2.11)

The shape of this attenuation curve is plotted in Fig. 2.1 for different values of n. As previously men-
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tioned, this parameter control the general slope of the curve. The more negative n is, the larger the

attenuation for the bluer wavelengths, which translates to a larger level of reddening.
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Figure 2.1: Normalized modified Calzetti attenuation curve as a function of the
wavelength –, plotted for different values of the dust index n: the curve for n = −2:2
is shown in blue; the curve for n = −1:5 is shown in orange; the curve for n = −0:7
is shown in green; the curve for n = 0 is shown in red; and the curve for n = 0:4 is
shown in purple. A smaller section of the curve, focused on the region – ∼ –V is
also plotted.

The diffuse dust attenuation law for this model will then be parametrized by Eq. (2.11), with fiV and n

acting as free parameters. For the purposes of this work, we will disregard the birthcloud component.

In the case of fiV , we adopt a flat top-hat prior over the range 0 < fiV < 6 to account for a fairly large

range of optical depths. Additionally, we choose DfiV = 1.

In the case of n, we also adopt a flat top-hat prior, this time over the range −2:2 < n < 0:4 to account

for the typical slopes in attenuation curves. As is apparent from Fig. 2.1, the upper limit is chosen so

that we do not end up with a flat attenuation curve, which would cause fi(–) to be nearly fully degenerate

with the normalization of the SED[20]. For the initial dispersion in n, we choose Dn = 1.

2.2.5 Redshift

Redshift z must be accounted for in our model, in order to make sure the effects of the expansion of the

Universe are represented in the SED. For each SN host, the redshift is treated as a fixed parameter, as
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the DES galaxies have spectroscopically confirmed redshifts[16][33].

2.2.6 Parameter Correlations and Degeneracies

We close our discussion of SSP models by addressing two different concerns related to the model

parameters.

Firstly, as previously mentioned, all the prior distributions for the model parameters are flat, either for

the parameter itself or its logarithm. This, in a sense, constitutes the most agnostic form for a prior, as

only the parameter range is constrained. There is, however, an argument to be made for making full use

of the priors by making them more informative, mainly by taking advantage of some well know relations

between different parameters.

For instance, due to the build-up of heavy elements with the passing of cosmic time, an age-

metallicity relationship is expected to be present for the studied galaxies. On the same note, relations

between the optical depth and the dust index have also been reported[34]. These relations could be

easily translated into more informative priors, at the cost of imparting a level of bias into our fit results.

For this reason, rather than implementing these relations a priori, we choose flat priors so as to be sure

that any relations found in the fitting process have not been forced.

Secondly, galaxy SEDs are, as we have seen, the result of many complex physical variables. For

this reason, it can be difficult to uniquely determine the fit parameters in individual galaxies with only

broadband optical photometry, which can lead to degeneracies between some of the parameters. Of

furthermost relevance to this work is the well known age-dust-metallicity degeneracy. The inclusion of

additional UV or NIR photometric information in the fits might be one way to possible mitigate this effect.

We will explore this possibility further on, should these degeneracies prove too severe.

As a final note, it is important to highlight that, although they might appear similar, parameter corre-

lation and parameter degeneracy are two distinct concepts. On one hand, parameter correlations cribe

global relations that become apparent when looking at a full data set. In this way, they are reflections of

the underlying physical mechanisms behind the data. On the other hand, parameter degeneracies are

artefacts implicit in the fitting process for individual galaxies, apparent when examining the recovered

posterior distributions.

2.3 Test Simulations

With the fitting methodology laid down, we would like to perform some tests to see how accurately it

can recover the model parameters from broadband photometric data. We do this by performing fits on a

simulated galaxy population.

The first step of the test is therefore to simulate galaxy SEDs from which to extract the relevant

photometric data. We do this by once again using FSPS, employing the same SSP model as described

in the previous section, with the values for M?, Z?, tage, fiV , n, and z being drawn from a series of

statistical distributions. For the first 5 quantities, these distributions were taken to be the same as the
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respective priors, simply because they accurately covered the parameter space without a bias toward

any specific region. In the case of the redshift, we choose a flat top-hat distribution over the range

0 < z < 0:6, which closely resembles the real range we will be working with.

According to this process, a population of 75 mock galaxies was generated. A full list of the parame-

ters used in these simulations is displayed in Table A.1. It should be noted that this simulated population

does not necessarily resemble an actual SNe Ia host population, as we are merely interested in testing

the performance of the fitting method across the full parameter space.

From the resulting SSP models, SEDs for each galaxy were generated. These were then used to

extract broadband photometry in the DECam griz filter bands6[33][35], with the magnitude in each filter

band � given by f� . Additionally, a degree of statistical noise ff� was applied to the photometric data in

accordance with a prescribed signal-to-noise ratio (SNR) of 10. This value was chosen to roughly reflect

the minimum SNR of the DES data set[16]. By applying this degree of noise we can thus better match

the observational conditions, where such noise is inherent and unavoidable. We therefore have:

ff� ∼ N (0; 1)× f�
SNR

; (2.12)

where N (0; 1) is a Gaussian distribution with mean 0 and standard deviation 1.

For each galaxy we now have 4 slightly noisy photometric data points to which we want to fit a SSP

model and are therefore limited to 4 free fit parameters. For this reason, both the redshift and the stellar

mass for the galaxies will be treated as fixed parameters, as previously discussed. Both of these values

will therefore be set to their “true” values, that is, the values used to generated the simulated photometry.

In this sense, this represents the ideal scenario for our fitting methodology, as not only does the fitted

model perfectly describe the data generation process, but also some parameters are already fixed at

their true values. This is one of the reasons why the introduction of statistical noise is so important, to

make sure the fits can handle some variations.

Some examples for the fitted posterior distributions, as well as the respective best-fit values, are

shown in Figs. 2.2 and 2.3. The “true” simulation parameters are also shown for easy comparison.

The first figure represents a best case scenario in which all the posterior distributions converged to a

well defined shape with a clear maximum which roughly matches the original simulation value. The

second figure displays a less ideal scenario in which the convergence was not as good, which results in

somewhat muddled shapes for the posterior distributions. In addition, some of the original parameters

are out of the credible interval prescribed by the best-fit values.

It is worth pausing at this moment to once again consider the inherent degeneracies present in the

fitting process, which Bayesian inference is particularly apt at making explicit. Looking at Fig. 2.2,

for example, we can see that the age-dust degeneracy is clearly evident in the corresponding two-

dimensional posterior distributions. A degeneracy between both dust parameters is also observed.

These degeneracies are also somewhat apparent in Fig. 2.3, although not as clearly.

Looking now once again at the full fitted results, which is displayed in Table A.2, we can say that the

majority of the 75 test galaxy fits converged adequately. Given that each fit was performed using only
6http://www.ctio.noao.edu/noao/node/13140
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data from 4 filter bands, this is a result much better than initially expected and points to the fact that the

fitting methodology is indeed adequate to solve the problem at hand.

The fit residuals, which are given by the difference between the best-fit and the simulation value are

plotted in Fig. 2.4. The values of RMS obtained when comparing the fitted and simulation values are

also shown. Looking at the residuals, we can see that, in general, they are very close to 0. The values of

RMS obtained are also relatively low, especially for the two dust parameters. There appear to be some

problems in the fit when dealing with larger absolute values of Log(Z?=Z�), but this does not appear to

greatly impact the corresponding fitted dust parameters.

Despite the relatively high quality of the fit, however, there is still room for improvement. The logical

solution is the inclusion of more photometric data, which would allow for both a better convergence of

the walkers and also the promotion of the stellar mass to a free parameter. This would be ideal when

dealing with real data.

We will thus investigate the effect of including extra photometry in both the Ultraviolet (UV) and

Near-Infrared (NIR) ranges, namely in the GALEX NUV /FUV 7[17] and 2MASS JHKs8[18] filter bands.

This photometric information can be easily obtained from the simulated SEDs, following the procedure

7https://asd.gsfc.nasa.gov/archive/galex/Documents/instrument_summary.html
8http://svo2.cab.inta-csic.es/theory/fps/index.php?id=2MASS

logzsol = 0.03+1.16
1.04

1.5

3.0

4.5

du
st

2

dust2 = 3.75+0.91
0.93

2.5

5.0

7.5

10
.0

ta
ge

tage = 1.56+1.68
0.96

1 0 1 2

logzsol

2.0

1.5

1.0

0.5

0.0

du
st

_in
de

x

1.5 3.0 4.5

dust2

2.5 5.0 7.5 10
.0

tage

2.0 1.5 1.0 0.5 0.0

dust_index

dust_index = 0.41+0.21
0.30

Figure 2.2: One and two-dimensional posterior distributions for the 5th simulated
galaxies with an accurate fit. The dashed black lines show the median as well as the
16th and 84th percentiles for each of the one-dimensional distributions. The “true”
value of each parameter is shown in blue. The best-fit values for each parameter
are also indicated on the top of each distribution.
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as the 16th and 84th percentiles for each of the one-dimensional distributions. The
“true” value of each parameter is shown in blue. The best-fit values for each pa-
rameter are also indicated on the top of each distribution.

detailed above.

Fits were performed using the following filter combinations:

1. DECam griz and GALEX NUV /FUV ;

2. DECam griz and 2MASS JHKs;

3. DECam griz, GALEX NUV /FUV and 2MASS JHKs;

The residuals for these fits are displayed in Figs. 2.5, 2.6 and 2.7, respectively. Once again, the respec-

tive values of RMS are also plotted.

As expected, there is a noticeable improvement in the fits when GALEX photometry is introduced,

with the case with both GALEX and 2MASS data leading to the best overall fit. However, it is curious to

notice that the introduction of 2MASS photometry on its own makes for slightly worse fits, as evidenced

by the values of RMS. This might seem counter-intuitive, but it is most likely a consequence of including

an excess of NIR data without corresponding UV data to balance the spectrum and help break any

degeneracies, which can result in a skewed fitted SED.

Overall, it is reasonably to conclude that, by and large, broadband optical photometry is sufficient to

accurately determine dust properties for SN host galaxies. In cases where it is available, UV photometry
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Figure 2.4: Residuals for the best-fit values for the test galaxies DECam griz fits
as a function of the original parameters. From top to bottom and left to right we
have: Log(Z?=Z�), tage, fiV and n. Results for the different galaxies are shown in
grey. Binned medians for each parameter are shown in orange. The corresponding
values of RMS for each parameter are also plotted in the top left corner.

has been shown to marginally improve the fitting results. The same is true for NIR photometry, provided

it is balanced out by UV data. With the tests concluded, we will now move on to a real data set.
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Figure 2.6: Residuals for the best-fit values for the test galaxies 2MASS JHKs
and DECam griz fits as a function of the original parameters. From top to bottom
and left to right we have: Log(M?=M�), Log(Z?=Z�), tage, fiV and n. Results for
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21



22



Chapter 3

Dust Attenuation for DES Galaxies

The present chapter will focus on obtaining dust attenuation laws for a set of SNe Ia host galaxies, based

on the fitting framework discussed in Chapter 2.

3.1 The Dark Energy Survey

The Dark Energy Survey (DES) is a collaborative 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 Camera [36] with a 0.263 arcsecond

per pixel resolution. Among its objectives are the mapping of galaxies and the detection of supernovae.

In particular, the program includes a five-year transient survey (DES-SN), optimised for the detection

and measurement of SNe Ia for cosmology.

In this section we will look at data collected as a part of the first three-year cosmological sample of

the survey (DES3YR). Particularly, we will focus on a set of 162 spectroscopically-confirmed SNe Ia, as

well as their respective host galaxies. This particular data set, which is only a small part of the full data

release1[9], covers a redshift range of 0:077 < z < 0:58 and includes broadband photometry for the host

galaxies in the DECam griz filter bands[16][33][35].

3.2 DES Photometric Data

When studying SNe Ia and their respective hosts, it is common to focus on a galaxy’s global photometry.

However, there is evidence for a connection between the intrinsic properties of SNe Ia and the charac-

teristics of their local environment[33]. For this reason, in this work we will look at both global and local

photometric data, originally computed by Kelsey (2020)[16].

1https://www.darkenergysurvey.org/des-year-3-supernova-cosmology-results/

23

https://www.darkenergysurvey.org/des-year-3-supernova-cosmology-results/


3.2.1 Global Photometry

The global photometry for each host galaxy was measured from stacked images using SOURCE EX-

TRACTOR[37], employing Kron FLUX AUTO measurements, that is, integrating pixel values within an

adaptively scaled aperture, derived from Kron’s “first moment” algorithm[38]. A detailed explanation of

this method is provided in Appendix C.

A detection image was used to set the aperture, which ensures the aperture is the same for the

measurements in each filter. The measurements were also corrected for Milky Way dust extinction using

Schlegel dust maps[39] and a Fitzpatrick extinction law[40] with coefficients Rg = 3:186, Rr = 2:140,

Ri = 1:569 and Rz = 1:196[16].

3.2.2 Local Photometry

In the case of local photometry, the aperture photometry tool from the PHOTUTILS Python module [41]

was used. The resulting fluxes were corrected for Milky Way extinction in the same way as described

above[16].

Since we are interested in capturing a snapshot of the local stellar environment near the SN Ia we

would, in theory, look for an aperture as small as possible. There are, however, some limitations to keep

in mind.

In particular, we must keep in mind the effects of atmospheric seeing, which refers to the distortion of

astronomical light due to turbulence in the atmosphere. Seeing is usually parameterized by the full-width

half-maximum (FWHM) of the point spread function (PSF) of the observed stars. This PSF essentially

describes the response of the telescope to a point source by defining a two-dimensional distribution of

light in the telescope’s focal plane. For the purposes of this data set, a maximum threshold FWHM of

1:3′′ was assumed for the seeing[16]. This value essentially puts a limit on how small our aperture can

be. In particular, if we assume a Gaussian form for the PSF, then we have:

FWHM = 2
p

2ln(2)ff; (3.1)

where ff can be thought of as the smallest useful aperture radius. This value defines the smallest

aperture within which objects can be correctly resolved. For FWHM= 1:3′′, we find a smallest useful

aperture radius of ff = 0:55′′. To translate this into a common physical aperture size, we look at our

redshift range. For a given value of z , the relation between an object’s physical size R and its observed

angular size ffR is given by:

dA '
R

ffR
(3.2)

In the previous equation, dA is simply the angular diameter distance which, using the same cosmo-

logical model defined in Section 1.1, is a function of the redshift z , given by:

dA(z) =
c

1 + z

Z z

0

dz ′

H0

p
Ωm(1 + z ′)3 + ΩΛ

(3.3)
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As shown in Fig. 3.1, a 4 kpc aperture only becomes smaller than a 0:55′′ radius near z ' 0:7[16],

and so we can safely choose a consistent 4 kpc radius aperture for our analysis.
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Figure 3.1: Apparent angular size as a function of redshift for a 4kpc aperture,
plotted in solid blue. Lines of constant angular radius ff = 0:55′′, characteristic of
DES, and ff = 2:12′′ are shown in dotted and dashed black, respectively.

3.3 DES Photometric Fits

Following the methodology detailed in Chapter 2, Bayesian fits were performed for both the global and

local photometric data. Since we will only be fitting data from 4 filter bands, we will treat the stellar

mass as a fixed parameter, referring to the values previously obtained for these galaxies by Kelsey

(2020)[16]. The complete fit results for both the global and local cases are presented in Tables B.1 and

B.2, respectively.

3.3.1 Global Photometry Fits

As we are mainly interested in the dust content of these galaxies, the first question we will tackle is

whether or not there is evidence for a correlation between the two fitted dust attenuation law parameters,

fiV and n. Existing models for this relation in the literature tend to be mostly empirical[34]. In this work,

we elect to perform a non-parametric regression, namely a Gaussian Process Regression. To do this,

we resort to the GauPro2[42] R package.

The details of the Gaussian Process Regression are discussed in Appendix D. In summary, it is a

regression method built on Gaussian processes, which are stochastic processes that assume that a

given data set follows a multivariate normal distribution[43]. Given the tests performed in Section 2.3,

we consider this a reasonable assumption to make. Moreover, this method is particularly useful because

it also allows for an estimate of the standard error.
2https://github.com/CollinErickson/GauPro
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Fig. 3.2 shows the best-fit values for fiV and n, as well as the result of the Gaussian Process Re-

gression, including a 68% credible interval. For comparison, the mean relation obtained by Chevallard

(2013)[34] for the overall correlation between these two quantities for a set of simulated galaxies ob-

served at different angles is also plotted in Fig. 3.2. This relation takes the form[34]:

n ' 2:8

1 + 3
√
fiV

(±25%) (3.4)

0 1 2 3 4 5
V
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1.5

1.0
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n

Chevallard Mean Relation
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Fit Results

Figure 3.2: Best-fit values of n as a function of fiV for the fitted DES galaxies with
DECam global 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 (2013)[34] is shown in dashed orange, with ±25% error margins shown
in dotted orange.

Despite some scatter, there is a clear correlation between the two quantities, with a larger optical

depth corresponding to a larger value of n, and thus a shallower attenuation curve. It should be noted,

however, that the fitted curve is not representative of the data for fiV > 3, as there are few data points in

this region.

Although the Chevallard model simulation relation given by Eq. 3.4 differs slightly from our data

we can see that it expresses the same overall tendency. We are thus fairly confident that the overall

correlation between the two fitted dust parameters can be explained by different galaxy orientations, such

as schematically represented in Fig. 3.3[34]. The cases with small fiV , mostly correspond to galaxies

that are being observed face-on. To understand the important phenomena governing observations in
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this case, we must consider both the photons emitted parallel and perpendicularly to the galaxy plane.

Photons emitted perpendicularly to the galaxy plane, that is, along the line of sight for a face-on

galaxy, suffer minimal attenuation, independently of their wavelength. Looking only at this component

one would therefore expect low values of reddening. However, 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, for blue photons, which interact strongly with the dust particles, the

probability of escaping the plane in this manner is low, as they are likely to continue interacting with the

dust particles even after being scattered, eventually being fully absorbed[34]. On the other hand, red

photons, which do not interact as strongly with dust particles, have a higher change of not meaningfully

interacting with dust after this scatter event, which allows them to more consistently escape the galaxy

plane in this fashion. This leads to higher values of reddening and, consequently, a higher attenuation

curve slope, reflected in more negative values for n.

The cases with a larger fiV correspond roughly to a edge-on view of the galaxies. In these cases,

radiation emitted from the deepest layers of the galaxy starts to be fully absorbed, independently of

wavelength. For this reason, the radiation reaching an observer is dominated by stars located in the

outermost layers of the galaxy, unobscured stars and light scattered into the line of sight[44]. This leads

to an overall lower level of reddening and values of n closer to 0.

Figure 3.3: Schematic representation of dust attenuation for different galaxy orien-
tations, namely head-on (Left panel) and edge-on (Right panel) observations.

It should be noted that galaxy orientation is not the only mechanism behind the correlation observed

in Fig. 3.2, being mostly relevant for spiral galaxies. For elliptical galaxies, for example, galaxy orientation

is not an important factor. However, due to the overall low dust content for these particular galaxies, they

end up exhibiting a behaviour similar 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.

The discrepancy observed between the Chevallard model simulations and our fit results can be

possibly explained by the fact the former as been derived for dust attenuation in the galactic disc. Simu-

lations for the attenuation in the central galactic bulge result in values of n that grow much more rapidly

with fiV [34], which is precisely what we see in our results. As our global data comes from a Kron aper-

ture photometry, it is likely that the measurements do include light from the central bulge. However, it
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has been shown that bulge stars typically account for only a small portion of the total optical emission,

with the overall dust attenuation being controlled by the disk component[34], which suggests a different

cause for the discrepancy observed in Fig. 3.2.

Regarding the contribution of unobscured stars in the cases with higher fiV , it should be said that if

the unobscured population is composed of older stars, then an increase in fiV might produce the opposite

effect, steepening the attenuation curve. We must then take a closer look at the relation between tage

and fiV , plotted in Fig. 3.4. The results from this plot help validate the previous hypothesis, as it is clear

that galaxies with larger fiV values also tend to be younger. We can then be fairly confident that the

flatness of the attenuation curves in the region of fiV ∼ 2 is a product of young unobscured stars.
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Figure 3.4: Best-fit results of tage as a function of fiV for the fitted DES galaxies with
DECam global griz photometry. Results for the different galaxies are shown in grey.
Binned medians for each parameter are shown in orange.

Another relevant question is the way the fit parameters relate to the stellar mass, particularly the dust

parameters. In this case, we are not only interested in fiV and n, but also in the quantity E(B− V ), which

is a function of these last two parameters and can be obtained from Eqs. 1.11 and 2.11. The best-fit

dust parameters for each galaxy as a function of stellar mass are plotted in Fig. 3.5. The stellar age tage

is also plotted, as it can also provide some insights into dust behaviour, as we shall see.

Starting with fiV , we can see that, despite some scatter, this quantity increases steadily with Log(M?=M�),

up to Log(M?=M�) ' 10. This tendency is in agreement with results obtained for star-forming galax-

ies by Salim (2018)[14]. This data, however, describe a continuous increase in fiV even after the

Log(M?=M�) ' 10 limit, which does not match our results. The large scatter observed for higher stellar
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Figure 3.5: Best-fit results for different quantities as a function of Log(M?=M�) for
the fitted DES galaxies with DECam global griz photometry. From top to bottom
and left to right we have: fiV , n, E(B− V ) and tage. Results for the different galaxies
are shown in grey. Binned medians for each parameter are shown in orange.

masses points to the fact that our data set includes not only star-forming galaxies, but also quiescent

galaxies, which typically have lower optical depths and, consequently, attenuation curves with steeper

slopes[14].

One way of determining which of the galaxies are quiescent is to look at their respective ages, as

quiescent galaxies tend to be older. From the lower right corner of Fig. 3.5, we can see than indeed

galaxies with Log(M?=M�) > 10 tend to be older, which supports the theory that the more negative

values of n in this region are related to quiescent galaxies. Unfortunately, due to the limited photometric

data, this hypothesis cannot be fully validated.

Looking now at n, it is clear that this quantity exhibits a behaviour very similar to that of the optical

depth which, given the strong correlation shown between the two quantities, is not very surprising. As

mentioned before, quiescent galaxies tend to have steeper attenuation curves slopes, which is probably

the reason for the comparatively more negative values of n found for higher masses.

Looking at the results for E(B−V ), we can see that it exhibits a tenuous but noticeable increase with

Log(M?=M�), which contrasts the behaviour observed for both fiV and n. However, it should be noted

that it is difficult to make concrete assertions about the behaviour of this quantity, as it shows only a
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slight variation coupled with relatively high error margins.

Finally, it should be noted that, as previously discussed, observation orientation is one of the main

mechanisms governing a galaxy’s attenuation law. This is one possible explanation for the large scatter

observed in Fig. 3.5. This is one of the reasons why it is important to look at the median values in each

mass bin, namely to get a fair representation of the real physical tendencies as seen across different

galaxy orientations.

3.3.2 Local Photometry Fits

As in the case of global photometry, we start by looking at the correlation between the two dust param-

eters, fiV and n. Once more, a Gaussian Process Regression was performed, the results of which are

displayed in Fig. 3.2 as well as the corresponding 68% credible interval. The best-fit values for fiV and

n for the individual galaxies, as well as the mean relation obtained by Chevallard (2013)[34], are also

shown.
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Figure 3.6: Best-fit values of n as a function of fiV for the fitted DES galaxies with
DECam local 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 (2013)[34] is shown in dashed orange, with ±25% error margins shown
in dotted orange.

Once again the correlation between the two quantities is clearly apparent, with the local results

echoing the relation found for global photometry. It must also be noted that the fitted curve is not

representative of the data for fiV < 2:5.
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One difference between both fits is the agreement with the Chevallard mean relation. In the case of

local photometry, this agreement is visibly poorer, as the fitted attenuation curves end up being shallower

than predicted. The argument that this is due to contributions from the galactic bulge does not seem

appropriate in this case, as we are considering only a 4kpc aperture around each SN Ia location, which

might not include the bulge region.

Apart from this, an hypothesis for the underlying mechanisms governing this relation has already

been discussed. For the sake of consistency, we will once again plot the relation between fiV and tage,

so as to decide on the plausibility of young unobscured stars producing flattened attenuation curves for

higher optical depths. These results are plotted in Fig. 3.7 and are consistent with those recovered for

the global case.
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Figure 3.7: Best-fit results of tage as a function of fiV for the fitted DES galaxies with
DECam local griz photometry. Results for the different galaxies are shown in grey.
Binned medians for each parameter are shown in orange.

Next, we will tackle the relation between the fit parameters and the stellar mass. For each galaxy, the

best-fit parameters for fiV , n and tage as well as E(B − V ) are plotted in Fig. 3.8 as a function of stellar

mass.

All the quantities reflect the same general tendencies observed in Fig. 3.5 for the global photometry

case, although with a larger degree of scatter. In particular, it is hard to make a concrete assertion about

the behaviour of n, as the scatter and error margins are simply too large. Even so, the binned medians

seem to confirm the previous result.

We can thus conclude that the two sets of photometry give rise to similar results, which are also
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Figure 3.8: Best-fit results for different quantities as a function of Log(M?=M�) for
the fitted DES galaxies with DECam local griz photometry. From top to bottom and
left to right we have: fiV , n, E(B − V ) and tage. Results for the different galaxies are
shown in grey. Binned medians for each parameter are shown in orange.

in agreement with literature predictions and observations, at least on a general level. We offer a more

detailed comparison between the global and local measuments in the next section.

3.3.3 Comparison Between Global and Local Results

We will now look at a deeper comparison between the fit results for both global and local photometry.

Particularly, we will look at whether the distance to an observed galaxy, that is, the redshift, has any

impact on the dust parameters fiV and n obtained from global and local photometric fits. To this effect,

in Fig. 3.9 are plotted the deviations ∆fiV = fiVGlobal − fiVLocal and ∆n = nGlobal − nLocal, as a function of the

redshift z .

Despite some level of scattering, the results for both fits are fairly consistent, with median deviations

∆fiV = 0:26 and ∆n = 0:026. Even so, there seems to be a level of bias present in the fits, as the results

obtained for fiV tend to be larger for the global photometry fit.

There are a few galaxies for which the consistency is not as good, but, for most of them, the best-fit

values are still within each other’s error bars. Additionally, we can see that the results remain constant

as the redshift increases, which is ideal.
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Figure 3.9: Differences 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 fiV and the right hand side the ones for
n. Results for the different galaxies are shown in grey. Binned medians for each
parameter are shown in orange.

3.4 Additional GALEX and 2MASS Photometry

In Section 2.3 we discussed the benefits of including extra photometry in the SSP fits. We concluded

that, although broadband optical photometry is mostly sufficient to accurately recover dust attenuation

laws, the inclusion of UV photometry, whether by itself or in conjunction with NIR data, marginally im-

proves the fit results. In this section we will look at the impacts of this additional photometry in the

previously discussed DES data set. The full fit results for the global case are presented in Table B.3.

3.4.1 Additional Global Photometry

In the case of additional global photometry, we will look for complementary Kron FLUX AUTO UV and

NIR measurements in the GALEX and 2MASS catalogs. This approach is not perfect, as the lack of a

consistent detecting image between different surveys does not guarantee a constant aperture across

different filter bands. However, and due to the way the Kron algorithm is constructed, it is acceptable to

first approximation.

We were able to secure complementary data for 33 of the SNe Ia host galaxies. Additionally, there

were some galaxies for which only 2MASS data was available, but this data was not considered, as we

have shown in Section 2.3 that the inclusion of NIR photometry tends to produce worse fits when not

properly balanced with the corresponding UV data. The detailed list of photometric data obtained is as

follows:

• 4 galaxies with GALEX NUV /FUV and 2MASS JHKs;

• 1 galaxy with GALEX NUV /FUV and 2MASS JH;

• 1 galaxy with GALEX NUV and 2MASS JH;

• 9 galaxies with GALEX NUV /FUV ;
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• 18 galaxies with GALEX NUV

This number of galaxies is not sufficient to make any meaningful observations about the correlation

between the dust parameters. For this reason, we will focus on comparing the new dust fit parame-

ters with those previously obtained in Section 3.3.1. In Fig. 3.10 we plot the differences between the

best-fitgr iz and the best-fitgr iz+GALEX+2MASS values for the dust parameters. The corresponding values

of RMS for these differences is also plotted.
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Figure 3.10: Differences between best-fit values for DECam griz photometry fits
and GALEX NUV /FUV, 2MASS JHKs, and DECam griz photometry fits for the DES
galaxies as a function of the best-fitgr iz parameters. The left panel shows the results
for fiV , while the right panel shows the values for n. Results for the different galaxies
are shown in grey. Binned medians for each parameter are shown in orange. The
corresponding values of RMS for each parameter are also plotted in the top left
corner.

The results are very similar to those obtained from simulations in Section 2.3, with both sets of

photometry yielding comparable results. There is some scatter present, but on the whole the results are

fairly close, with overall median deviations of ∆fiv = 0:0065 and ∆n = −0:086. Additionally, we obtain

RMSfiv = 0:636 and RMSn = 0:374. We again conclude that, at least for the global case, additional

photometry has a mostly negligible impact on the fit results, which do not differ significantly from those

obtained using only DECam griz photometry.

3.4.2 Additional Local Photometry

In the case of local Photometry, we used a pipeline Python code3 to query and reduce GALEX data,

returning 4kpc local aperture photometry. There are, however, a few considerations to take into account.

In particular, the GALEX survey has a PSF FWHM∼ 5′′4[17], which, according to Eq. 3.1, leads

to a smallest useful aperture radius of ff = 2:12′′. Therefore, from Eq. 3.2, we find that for a physical

aperture of 4kpc, we can only resolve objects with z < 0:1, as shown in Fig. 3.1. Additionally, to assure

3https://github.com/perseu/pipeline
4https://asd.gsfc.nasa.gov/archive/galex/Documents/instrument_summary.html
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the objects are indeed observable, we only consider galaxies for which Kron aperture photometry was

also available.

Following this procedure, we were only able to recover UV data for 1 galaxy. Given that this is not

sufficient for any type of analysis and that NIR data always needs to be balanced by corresponding UV

data, we will move on.
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Chapter 4

SNe Ia Cosmology

As we have seen from the overall results discussed in Chapter 3, the fitting methodology discussed in

this work is quite successful at obtaining dust attenuation laws for SNe Ia host galaxies. We will now

tackle the question of whether these recovered attenuation laws can offer an accurate description of the

respective SNe Ia extinction laws.

4.1 Dust Extinction for DES SNe Ia

As we discussed in Section 1.2, the phenomena governing dust extinction differ slightly from those

governing attenuation. In particular, the geometrical effects related to the spacial distribution of dust and

light sources cease to be relevant, and only the amount and type of dust located on the line of sight is

important.

To examine the way dust effects differ between point sources (SNe Ia) and extended objects (host

galaxies), we plot in Fig. 4.1 the best-fit values for RV and fiV for the DES host galaxies. The values of

RV can be easily obtained from Eqs. 1.12 and 2.11. As a term of comparison, we look at the correlation

found by Mandel (2011)[45] between RV and AV for a set of SNe Ia extinction, which can be expressed

as:

RV '
1

a + bAV
(4.1)

with a = 0:35 ± 0:05 and b = 0:15 ± 0:03[45]. This relation is also plotted in Fig. 4.1, with Eq. 1.9 being

used to relate AV and fiV .

Despite the large error margins for each of the individual fit points, it is clear that the extinction laws

for SN Ia and the dust attenuation laws for host galaxies exhibit two opposite tendencies. This is to be

expected based on the processes involved in both cases.

The rationale for the correlation found for the parameters in the galaxy attenuation laws has already

been discussed in detail in Section 3.3. In summary, it is a combination of both star to dust geometry

and galaxy observation orientation.

In the case of galaxies, the high levels of reddening, and consequently low RV , observed for low
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Figure 4.1: Best-fit values of RV as a function of fiV 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 (2011)[45] between these two quantities for the extinction laws of
a set of SN Ia is shown in orange.

optical depths can be understood as primarily an effect of the scattering into the line of sight of (mostly

red) radiation originally emitted along the equatorial plane of the galaxy. When dealing with a point

source, however, this effect is not relevant, and thus we end up with lower values of reddening, an thus

higher RV , for lower optical depths. This happens because photons don’t have that many opportunities

to interact with dust grains, meaning we end up with fairly uniform extinction for different wavelengths.

As the optical depth increases these interaction opportunities increase, and thus we see a decrease

of RV with fiV , as the level of reddening grows. Once again, the factors governing galaxy dust attenuation

in this regime are no longer relevant. To start off, we can be sure that the SN Ia has not been totally

obscured by a dust cloud, as this would make its observation impossible, at least in the optical filter

bands. For this reason, there are no other possible unobscured sources for the radiation we are seeing,

and thus the reddening is indeed a true reflection of the amount and composition of dust between the

SN and the observer.

It is also worth noting that the results obtained are consistent between global and local observations,

which indicates that an aperture of 4kpc is not sufficiently small to negate the geometrical effects as-

sociated with attenuation, meaning one needs even smaller physical apertures to correctly account for

dust extinction.

The discrepancy between SN Ia and galaxies can also be observed, although not as clearly, from

a plot of RV as a function of E(B − V ), as shown if Fig. 4.2. In addition to the data and the Mandel

correlation, the binned priors obtained by Burns (2014)[46] are also displayed.

In this case, the standard deviations for the binned medians are quite large, which complicates a

definite analysis. However, the data points for galaxy attenuation seem to indeed follow a different

tendency from the one expected for point source attenuation.

These results point to the fact that there is not an exact one-to-one relation between a SN Ia dust

extinction and its host galaxy’s attenuation, which might introduce problems should the latter be used to
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Figure 4.2: Best-fit values of RV as a function of E(B−V ) 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. Binned medians for RV are shown in
orange. The binned priors obtained by Burns (2014)[46] from an analysis of SN Ia
extinction laws are shown in orange. The correlation found by Mandel (2011)[45]
between these two quantities for the extinction laws of a set of SN Ia is shown in
purple.

extrapolate new ˛ values for SNe Ia calibration. We will explore this further in a later section.

It should be noted, however, that in many occasions, host galaxy data is indeed the best way available

to probe the dust content for SNe Ia. In the next section, we will thus explore the relations found between

the DES host galaxies’ attenuation laws and their respective SN light-curve parameters.

4.2 Light Curve Fits and Dust Attenuation

In this section we will focus on examining the possible relations between a host galaxy’s dust attenuation

parameters and its respective SN Ia light-curve fit parameters x1, c and mB, originally obtained by the

DES collaboration[9]. The relations between these parameters with the values of fiV , n and E(B− V ) for

both the global and local cases are plotted in Figs. 4.3, 4.4 and 4.5, respectively.

Focusing first of the x1− fiV and x1−n plots, we see that they mostly resemble statistical scatter, with

results consistent for both the global and local cases. There are a few variations, but these are mostly

confined to regions with only a small number of data points available.

In the case of the x1 − E(B − V ) plot we see that, although the level of scatter is still large, a

correlation between the two quantities seems indeed to be present when looking at the binned median

values. Indeed, larger values of E(B − V ) correspond, on average, to lower values of x1. One possible

explanation for this is that we are indirectly recovering a well documented relation between the SNe Ia

light-curve stretch x1 and its host galaxy stellar mass M?, which predicts that more massive hosts tend to

produce SNe Ia with smaller values of x1[47]. This fact, coupled with the correlation observed between

Log(M?=M�) and E(B−V ) in both Figs. 3.5 and 3.8, makes this indirect recovery the most likely option.

To confirm the hypothesis, we plot the relation between x1 and Log(M?=M�) in Fig. 4.6.

In the case of the color parameter, which is more closely related to the effects of dust, we can see that
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Figure 4.3: Light curve fit results for x1 as a function of different best-fit parameters
for the fitted DES galaxies with DECam both Global (Left panels) and Local (Right
panels) griz photometry. From top to bottom, we have: x1 as a function of fiV , n and
E(B − V ). Results for the different galaxies are shown in grey. Binned medians for
each parameter are shown in orange.

all the plots resemble a statistical scatter, with no noticeable relation between c and the dust parameters.

This can be explained by two possible scenarios.

On one hand, it could be possible that intrinsic variations of color among different SNe Ia are simply a

more prominent factor than dust reddening when considering the observed color of the SNe light-curves.

On the other hand, as we have previously discussed, host galaxy attenuation is not completely adequate
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Figure 4.4: Light curve fit results for c as a function of different best-fit parameters
for the fitted DES galaxies with DECam both Global (Left panels) and Local (Right
panels) griz photometry. From top to bottom, we have: c as a function of fiV , n and
E(B − V ). Results for the different galaxies are shown in grey. Binned medians for
each parameter are shown in orange.

at describing the local reddening of SNe Ia. In other words, a relation between a SNe Ia light-curve color

and its host galaxy attenuation cannot be assumed, as evidenced by Fig. 4.4. Although we do not have

enough data to conclude that intrinsic color variations do not play a significant role in the present results,

the latter explanation is the most probable one, considering the circumstances.

Finally, looking at the mB−n and mB−E(B−V ) plots, we once again find only statistical scatter with
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Figure 4.5: Light curve fit results formB as a function of different best-fit parameters
for the fitted DES galaxies with DECam both Global (Left panels) and Local (Right
panels) griz photometry. From top to bottom, we have: mB as a function of fiV , n
and E(B−V ). Results for the different galaxies are shown in grey. Binned medians
for each parameter are shown in orange.

no noticeable tendencies in the data. In the case of the mB − fiV plot, however, a correlation is readily

apparent, with higher optical depths corresponding to higher magnitudes and thus fainter SNe.

Thinking back to the differences between SNe Ia extinction and host galaxy attenuation, it is clear that

the main difference between the two is the level of reddening expected at each fiV , which is controlled

by the parameter n. As detailed in Section 3.3, the main mechanism behind a galaxy’s optical depth is
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Figure 4.6: Light curve fit results for x1 as a function of Log(M?=M�) for both the
Global and Local cases. Results for the different galaxies are shown in grey. Binned
medians for each parameter are shown in orange.

its orientation, with face-on observations leading to lower optical depths and vice-versa. Therefore, one

should expect that the values for fiV for both SNe Ia and their hosts should not differ significantly.

With this in mind, one possible origin for the correlation between mB and fiV displayed in Fig. 4.5

comes from the fact dust extinction causes not only a reddening of the observed spectrum, but also

leads to a fainter observed image. Therefore, light traveling across higher optical depths results in higher

apparent magnitudes. It is, however, difficult to conclude that this is indeed the main cause behind the

observations, as one would first need to correct the values of mB according to the respective redshift to

make a more in depth analysis.

Overall, the use of a host galaxy’s attenuation law to predict dust effects for the corresponding SNe Ia

has some mixed results. On one hand, it appears to be an accurate tool at probing the overall extinction,

that is, the dust optical depth, for the SNe Ia. On the other hand, it does not seem an optimal approach to

determine reddening levels for the hosted SNe Ia, although the possibility that some of the discrepancies

observed are the result of intrinsic color variations cannot be fully discarded. ´

4.3 Hubble Residuals “Steps”

In this section, we will focus on the SNe Ia calibration effects on the Hubble residuals, considering two

main questions. First of all, we will examine whether there is evidence for a dust related “step” in the

data and how it compares to the more commonly used “mass-step”. Second of all, we will explore the

effects of using both the global and local individual RV values obtained for the host galaxies’ in a new

SNe Ia calibration. We are particularly interested in whether the “mass-step” observed for the Hubble

residuals might in fact prove to be an artifact of the universal ˛ calibration.
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4.3.1 SNe Ia Calibrations

We will be working with two different sets of calibrations. The first calibration follows the standard Eq.

1.3, with an universal fitted ˛. In this particular case, we set ‹M = 0 and ‹—bias = 0, so as to make the

calibration specific contributions to the “mass-step” more apparent. For the second calibration, we take

advantage of the values of RV for the SNe host galaxies previously obtained in Section 3.3 to model

SNe Ia extinction. Using Eq. 1.13, we can separate the extinction ˛RV and intrinsic ˛int components in

the ˛ color-luminosity relation in Eq. 1.3. Thus, for this new calibration, we have[48]:

˛c = ˛RV E(B − V ) + ˛int(c − E(B − V )) = AB + ˛int(c − E(B − V )); (4.2)

where AB is the attenuation for the B filter band, as evidenced by Eq. 1.12, and RV and E(B − V ) are,

in this case, the attenuation parameters obtained in Section 3.3, for both the global and local cases.

For both calibration fits, we once again use a Bayesian fitting procedure, with overall flat priors for

the fit parameters and a likelihood function defined as:

Ln(L) = −1

2

NX
i=0

∆—2
i

s2
i

(4.3)

For the standard calibration, where we take ¸, ˛ and M as free parameters, the value of s2 is given

by Eq. 4.4. For the RV calibration, where the free parameters are ¸, ˛int and M, s2 is given by Eq. 4.5.

s2 = ff2
mB + (¸ffx1)2 + (˛ffc)2 + ff2

int (4.4)

s2 = ff2
mB + (¸ffx1)2 + ff2

AB + ˛2
int(ff

2
c + ff2

E(B−V )) + ff2
int (4.5)

In the previous expressions, ffmB , ffx1 and ffc are the uncertainties associated with each of the light-

curve fit parameters, ffAB and ffE(B−V ) are the uncertainties associated with the attenuation law param-

eters for the host galaxies and ffint is a parameter which accounts for possible intrinsic variations in a

SN Ia’s luminosity. For the purposes of this analysis, we fix ffint = 0:107, following the value obtained by

González-Gaitán (2021)[13].

Finally, it should be noted that the analysis here detailed was repeated for some different likelihood

functions. In particular, for some of these, ffint was promoted to a free fit parameter. The results obtained

for these alternative likelihoods were unchanged from those obtained using the likelihood defined by Eq.

4.3.

4.3.2 Hubble Residuals for the Standard Calibration

With both calibrations having been established, we will begin by examining the standard calibration.

Following the procedure detailed in Section 4.3.1, the best-fit values found for the this calibration were

¸ = 0:150+0:012
−0:010, ˛ = 3:157+0:011

−0:009 and M = −19:372+0:010
−0:007. These values result in a fit RMS = 0:137.
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The Mass Step

As mentioned in Section 1.1, the “mass-step” arises from a difference in luminosity between two SNe

Ia populations, namely those originating in lower mass galaxies and those originating in higher mass

galaxies. This essentially results in a difference between the mean values for the Hubble residuals for

the two SNe Ia populations.

To look for a “mass-step”, we begin by dividing the Hubble residuals into two populations, Nlow and

Nhigh, according to the stellar mass of the respective host galaxy. By varying the value at which the

division is made, we can determine the optimal mass value for the step. This can be done by looking at

several different quantities.

To begin with, we can look at the step magnitude found at each location, which is defined as the

difference between the mean values of the Hubble residuals on each side of the step. This quantity is

not very informative by itself, as we must take its error margin into account, which is done by looking

at the step significance in ff. Finally, we can look at how much the introduction of the step benefits

the overall description of the behaviour of the Hubble residuals. We do this by analysing the difference

between the RMSmean for a single population mean description and the RMSstep for a dual population

mean description with a “mass-step”. Thus, the larger the value of ∆RMS, the better a particular step

locations is at reducing the Hubble residuals.

∆RMS = RMSmean − RMSstep (4.6)

RMSmean =

vuut 1

N

NX
i=1

(∆—−∆—)2 (4.7)

RMSstep =

vuuut 1

N

0@NlowX
i=1

(∆—low −∆—low)2 +

NhighX
i=1

(∆—high −∆—high)2

1A (4.8)

The results for the step magnitude, significance and ∆RMS found for the respective Hubble residuals

are plotted in Fig. 4.7. In the case of global measurements, the optimal step location is found to be at

Log(M?=M�) = 9:77, with a maximum significance of 4:02ff, a step magnitude of 0:080± 0:020 mag and

∆RMS = 0:0060. In the local case, the optimal step location is found to be at Log(M?=M�) = 9:405,

with a maximum significance of 5:35ff, a step magnitude of 0:115± 0:022 mag and ∆RMS = 0:0115. We

can see that, not only are both optimal steps significant at > 4ff, but they also correspond to the best

improvement in RMS. Additionally, both step locations and their respective significance levels roughly

match the results obtained by Kelsey (2020)[16] for this data set. This is very solid evidence for the

existence of the “mass-step”. To better illustrate it, the Hubble residuals are plotted in Fig. 4.8 as a

function of Log(M?=M�). The optimal steps are also identified.
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Figure 4.7: Evolution of the “mass-step” significance, magnitude and ∆RMS using
SNe Ia standard ˛ calibration for the global (Left panels) and local (Right panels)
cases. In each case, and for each step location, the top panel shows the signifi-
cance of the step in ff, the middle panel shows the magnitude of the step in solid
black, with the grey region showing the uncertainty, and the lower panel shows the
difference between RMSmean and RMSstep. 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. Based on Kelsey (2020)[16].
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The Dust Steps

Now that the presence of the “mass-step” has been established, 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. In particular, we will examine
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a possible “fiV -step”, related to fiV , and an “n-step”, related to n. We follow the same procedure as

detailed above for the “mass-step”, with the relevant plots for the two possible steps plotted in Figs. 4.9

and 4.10, respectively.
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Figure 4.9: Evolution of the “fiV -step” significance, magnitude and ∆RMS using
SNe Ia standard ˛ calibration for the global (Left panels) and local (Right panels)
cases. In each case, and for each step location, the top panel shows the signifi-
cance of the step in ff, the middle panel shows the magnitude of the step in solid
black, with the grey region showing the uncertainty, and the lower panel shows the
difference between RMSmean and RMSstep. In these three panels, the location of
the step of maximum significance is shown in blue and the median fiV of the sample
is shown in orange.

Focusing first on the “fiV -step”, we find the global optimal step location to be fiV = 2:145, with a

maximum significance of 3:27ff, a magnitude of 0:104 ± 0:032 mag and ∆RMS = 0:0033. In the local

case, we find the optimal step location to be fiV = 1:29, with a maximum significance of 3:40ff, a step

magnitude of 0:083± 0:024 mag and ∆RMS = 0:0050. These significance levels are lower than those of

the “mass-step”, but the measured steps are still significant at > 3ff.

It should be mentioned that, in the global case, there is another slightly less significant candidate for

the optimal step location, namely at fiV = 1:78. For this step location we have ∆RMS = 0:0040, making

it more meaningful than the location indicated by the maximum significance, as it results in an larger

improvement to the Hubble residuals description. The reason for high significance of the fiV = 2:145 is

simply a consequence of the small number of data points with fiV > 2:145, which ends up skewing the

results.

Looking at Figs. 3.5 and 3.8, it becomes clear that the values obtained for the optimal step locations

coincide fairly closely with the median values of fiV close to the optimal “mass-step” locations. For this

reason, it is safe to conclude that the “fiV -step” simply recovers the original “mass-step” relation. The

fact that the relation between the stellar mass and fiV is not monotonic leads naturally to a larger level of
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Figure 4.10: Evolution of the “n-step” significance, magnitude and ∆RMS using
SNe Ia standard ˛ calibration for the global (Left panels) and local (Right panels)
cases. In each case, and for each step location, the top panel shows the signifi-
cance of the step in ff, the middle panel shows the magnitude of the step in solid
black, with the grey region showing the uncertainty, and the lower panel shows the
difference between RMSmean and RMSstep. In these three panels, the location of
the step of maximum significance is shown in blue and the median n of the sample
is shown in orange.

scatter in Hubble residuals, as there is not a one-to-one correspondence between the two stellar mass

populations and the two fiV populations. This is probably one of the causes behind the lower significance

values observed.

In the case of the “n-step”, we find the global optimal step location to be n = −0:15, with a maximum

significance of 2:56ff, a magnitude of 0:062± 0:024 mag and ∆RMS = 0:0027. In the local case, we find

the optimal step location to be n = −0:475, with a maximum significance of 1:37ff, a step magnitude of

0:030 ± 0:022 mag and ∆RMS = 0:0006. These are simultaneously the lowest step significance levels,

magnitudes and ∆RMS observed for the standard calibration. Once again, these step values appear to

match Figs. 3.5 and 3.8, although the higher level of scatter makes a direct comparison more difficult.

Once again, the non-monotonic relation between n and the stellar mass further complicates the analysis.

Overall, evidence for both a “fiV -step” and a “n-step” is present, but these appear to be reflections of

the same tendency described by the “mass-step”. However, judging from both the significance levels and

values of ∆RMS observed for each step, the “mass step” appear to be the preferable way to describe

and correct for this effect.

It might be the case, however, that looking for a “fiV -step” or a “n-step” individually cannot account for

the correct division of dust properties between the two SNe Ia populations. Thus, rather than considering

only one of these parameters when dividing the two step populations, we will examine what happens

when both parameters are simultaneous taken into account. Essentially, we adopt the same formalism
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used above, with the difference that a two dimensional step location is now considered. We will examine

3 different population divisions:

1. One population consisting of SNe Ia with fiV < fiVstep and n < nstep and another consisting of the

rest;

2. One population consisting of SNe Ia with fiV < fiVstep and n > nstep and another consisting of the

rest;

3. One population consisting of SNe Ia with fiV > fiVstep and n > nstep and another consisting of the

rest;

Note that the case where the population with fiV > fiVstep and n < nstep is isolated is not considered, as

there are basically no SNe in this region, which is apparent from both Figs. 3.2 and 3.6,

For the first population division, the step significance, magnitude and ∆RMS are plotted in Fig. 4.11

as a function of the step locations. Additionally, the optimal steps recovered are plotted in Fig. 4.12 to

better illustrate the two differentiated populations. For the global case, we find the optimal step location

to be fiV = 1:26 and n = −0:905, with a maximum significance of 1:57ff, a magnitude of 0:041±0:026 mag

and ∆RMS = 0:0010. In the local case, we find the optimal step location to be fiV = 0:675 and n = −0:37,

with a maximum significance of 2:66ff, a step magnitude of 0:055± 0:020 mag and ∆RMS = 0:0024.

For the second population division, the step significance, magnitude and ∆RMS are plotted in Fig.

4.13 as a function of the step locations, with the optimal steps recovered shown in Fig. 4.14. For

the global case, we find the optimal step location to be fiV = 1:81 and n = −0:85, with a maximum

significance of 4:11ff, a magnitude of 0:085± 0:020 mag and ∆RMS = 0:0068. In the local case, we find

the optimal step location to be fiV = 0:82 and n = −0:975, with a maximum significance of 4:37ff, a step

magnitude of 0:091± 0:021 mag and ∆RMS = 0:0046.

For the third population division, the step significance, magnitude and ∆RMS are plotted in Fig. 4.15

as a function of the step locations, with the optimal steps recovered shown in Fig. 4.16. For the global

case, we find the optimal step location to be fiV = 1:785 and n = −0:82, with a maximum significance

of 3:27ff, a magnitude of 0:081± 0:024 mag and ∆RMS = 0:0044. In the local case, we find the optimal

step location to be fiV = 1:29 and n = −0:595, with a maximum significance of 3:44ff, a step magnitude

of 0:084± 0:024 mag and ∆RMS = 0:0053.

Examining all three cases, we can see that the second division, that is, the one with one population

consisting of SNe Ia with fiV < fiVstep and n > nstep and another consisting of the rest, produces the overall

best step results.

4.3.3 Hubble Residuals for the RV Calibration

With the previous results serving as a baseline, we can now examine the Hubble residuals under the

second SNe Ia calibration. Following once again the procedure detailed in Section 4.3.1, the best-fit

values found for the Global RV calibration were ¸ = 0:438+0:009
−0:011, ˛int = 4:317+0:013

−0:010 andM = −19:096+0:010
−0:012.

Additionally, we obtain RMS = 0:442, which represents an increase of 0:305 in relation to the standard
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Figure 4.11: Evolution of the two dimensional “dust-step” significance, magnitude
and ∆RMS using SNe Ia standard ˛ calibration for the first population division for
the global (Left panels) and local (Right panels) cases. In each case, and for each
step locations, the top panel shows the significance of the step in ff, the middle
panel shows the magnitude of the step in solid black, with the grey region showing
the uncertainty, and the lower panel shows the difference between RMSmean and
RMSstep.

calibration. For the local RV calibration, the best-fit values found were ¸ = 0:152+0:010
−0:011, ˛int = 3:099+0:009

−0:011

and M = −18:775+0:010
−0:009. In addition, we obtain RMS = 0:622, which represents an increase of 0:485 in

relation to the standard calibration.

Overall, judging from the values of RMS, these calibrations appear to be worst fits of the data than the

standard calibration, which once again indicates that host attenuation laws do not accurately describe

SN extinction. It is particularly surprising that the global measurements result in a smilingly better fit

than the local ones.

The Mass Step

We will now examine both calibrations’ accuracy by examining the Hubble residuals and the possible

“mass-step”. The relevant results are plotted in Fig. 4.17. The results differ greatly from those obtained

for the standard calibration. For the global case, the optimal step location is found to be Log(M?=M�) =
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Figure 4.12: Optimal location for the two dimensional “dust-step” for the first pop-
ulation division, shown in blue for the global (Left panel) and local (Right panel)
cases.Best-fit values of n as a function of fiV for the fitted DES galaxies are also
plotted, in gray.

9:22. This step corresponds to a maximum significance of 2:52ff, a step magnitude of 0:206 ± 0:079

mag and ∆RMS = 0:0083. In the local case, the optimal step is Log(M?=M�) = 9:02, with a maximum

significance of 3:47ff, a step magnitude of 0:240± 0:068 mag and ∆RMS = 0:0288.

While taking the RV values into account does seem to lower the significance levels of the recovered

“mass-steps”, this appears to be a consequence of the increased level of scatter in the Hubble residuals,

as evidenced by the large step magnitudes and error margins. It should be noted, however, that the val-

ues of ∆RMS indicate the new calibration ends up strengthening the “mass-step”, rather than reducing

it. On the whole, it seems that the “mass-step” cannot be fully eliminated by SNe Ia calibration when

considering only the attenuation laws for the respective host galaxies.

The Dust Steps

For the sake of completion, we will also analyse the behaviour of both the “fiV -step” and the “n-step” for

the new RV calibrations. These results are displayed in Figs. 4.18 and 4.19, respectively. These plots

are not particularly informative to identify possible dust related “steps”, but instead show how the new

RV calibration introduces a large level of bias into the Hubble residuals, which is apparent in both the

large step magnitudes and significance levels. In general, we can see that the absolute step magnitude

increases with both fiV and n, which indicates that the mean absolute value for the Hubble residuals

is growing, moving further away from 0. This is once again explained by the differences between host

galaxy attenuation and SN extinction, which become more pronounced as fiV and n increase.

Overall, both these results and those obtained for the “mass-step” confirm that the SNe Ia calibration

cannot be enhanced by simply including information about the host galaxy’s attenuation law. A more

in-depth study of the SNe inherent extinction is needed to obtain a truly correct calibration.
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Figure 4.13: Evolution of the two dimensional “dust-step” significance, magnitude
and ∆RMS using SNe Ia standard ˛ calibration for the second population division
for the global (Left panels) and local (Right panels) cases. In each case, and for
each step locations, the top panel shows the significance of the step in ff, the middle
panel shows the magnitude of the step in solid black, with the grey region showing
the uncertainty, and the lower panel shows the difference between RMSmean and
RMSstep.
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Figure 4.14: Optimal location for the two dimensional “dust-step” for the second
population division, shown in blue for the global (Left panel) and local (Right panel)
cases.Best-fit values of n as a function of fiV for the fitted DES galaxies are also
plotted, in gray.
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Figure 4.15: Evolution of the two dimensional “dust-step” significance, magnitude
and ∆RMS using SNe Ia standard ˛ calibration for the third population division for
the global (Left panels) and local (Right panels) cases. In each case, and for each
step locations, the top panel shows the significance of the step in ff, the middle
panel shows the magnitude of the step in solid black, with the grey region showing
the uncertainty, and the lower panel shows the difference between RMSmean and
RMSstep.
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Figure 4.16: Optimal location for the two dimensional “dust-step” for the third pop-
ulation division, shown in blue for the global (Left panel) and local (Right panel)
cases.Best-fit values of n as a function of fiV for the fitted DES galaxies are also
plotted, in gray.
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Figure 4.17: Evolution of the “mass-step” significance, magnitude and ∆RMS using
SNe Ia individual ˛ calibration for the global (Left panels) and local (Right panels)
cases. In each case, and for each step location, the top panel shows the signifi-
cance of the step in ff, the middle panel shows the magnitude of the step in solid
black, with the grey region showing the uncertainty, and the lower panel shows the
difference between RMSmean and RMSstep. 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.
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Figure 4.18: Evolution of the “fiV -step” significance, magnitude and ∆RMS using
SNe Ia individual ˛ calibration for the global (Left panels) and local (Right panels)
cases. In each case, and for each step location, the top panel shows the signifi-
cance of the step in ff, the middle panel shows the magnitude of the step in solid
black, with the grey region showing the uncertainty, and the lower panel shows the
difference between RMSmean and RMSstep. In these three panels, the location of
the step of maximum significance is shown in blue and the median fiV of the sample
is shown in orange.
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Figure 4.19: Evolution of the “n-step” significance, magnitude and ∆RMS using
SNe Ia individual ˛ calibration for the global (Left panels) and local (Right panels)
cases. In each case, and for each step location, the top panel shows the signifi-
cance of the step in ff, the middle panel shows the magnitude of the step in solid
black, with the grey region showing the uncertainty, and the lower panel shows the
difference between RMSmean and RMSstep. In these three panels, the location of
the step of maximum significance is shown in blue and the median n of the sample
is shown in orange.
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Chapter 5

Conclusions

The problem of SNe Ia calibration and the study of astronomical dust remain central to the field of

Cosmology. In this work we have explored ways to better probe the dust contents of SNe Ia host

galaxies.

We have shown through simulations that, although extra data can be helpful, DECam griz photometry

is enough to recover dust properties for simulated SNe Ia host galaxies, provided one employs a well

calibrated Bayesian fitting procedure.

Using such a method, 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 based on both

simulations and observations. We find a relation of the dust attenuation slope with the dust optical

depth, both locally and globally, that is best explained with varying star to dust geometry with galaxy ori-

entation. Most importantly, we show that dust properties vary greatly across different galaxies, meaning

a universal SNe Ia ˛ correction cannot be assumed.

The relation between both 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. On

one hand, the values of fiV obtained for the hosts give a good insight into the dust optical depths affecting

the respective SNe Ia, as this property is not particularly affected by dust/star geometry. On the other

hand, SNe reddening does not seem to be well described by values found for the slope of the host’s

attenuation laws. This is due to the different phenomena involved in extinction and attenuation.

Shifting our attention to the Hubble residuals resulting from the standard SNe Ia calibration, we

conclude that there is some evidence for both an individual “fiV -step” and an individual “n-step”, even

though both of these appear to reflect the same tendency expressed by the “mass-step”, although less

clearly. However, when using both attenuation parameters to define a two dimensional “dust-step” for

the global case, we were able to recover a step with roughly the same significance, magnitude and RMS

improvement observed for the “mass-step”. This opens the door for a fully attenuation based description

of the phenomenon.

Finally, we conclude that an alternative SNe Ia calibration, incorporating both the RV and E(B − V )

values obtained for the respective host galaxies as an approximation of the extinction for the SNe, results
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in a worse model fit of the observed distance modulus for the SNe. This is mostly attributed to the large

differences between host galaxy attenuation and SN Ia extinction, meaning the values for ˛RV cannot be

correctly determined.

Generally, we can say that, although the results related to host galaxy attenuation presented in this

work constitute an important step forward, their applicability to SNe Ia cosmology is still mostly limited

and deserves further study.
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Appendix A

Galaxy Test Data

In this appendix we present the parameters used to simulate the test galaxies SEDs in Section 2.3,

displayed in Tab. A.1, as well as the best-fit results obtained from fits of their respective photometric

data: fits obtained with DECam griz photometry are displayed in Table A.2; fits obtained with GALEX

NUV /FUV and DECam griz photometry are displayed in Table A.3; fits obtained with GALEX NUV /FUV

and 2MASS JHKs are displayed in Table A.4; fits obtained with GALEX NUV /FUV, 2MASS JHKs and

DECam griz photometry are displayed in Table A.5.

Table A.1: Parameters used to simulate each test galaxy.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n z

1 8:22 1.70 8.38 2.08 -1.98 0.22
2 8:23 2.47 10.63 0.56 -1.65 0.55
3 10:58 1.49 5.56 0.36 -1.84 0.34
4 10:99 -1.17 2.44 3.59 0.17 0.37
5 10:15 0.52 1.23 3.98 -0.33 0.18
6 9:00 1.20 6.44 2.97 -1.74 0.08
7 10:67 0.91 12.26 4.23 -0.71 0.01
8 8:91 0.37 8.13 0.24 -2.00 0.23
9 8:47 -0.34 3.93 4.72 -1.72 0.23
10 8:36 -0.43 8.25 3.50 -1.07 0.55
11 11:18 1.50 10.65 0.47 -0.59 0.05
12 10:47 1.52 12.42 2.64 -0.15 0.35
13 9:85 -0.88 3.37 2.92 -1.29 0.03
14 10:06 -0.23 4.12 5.13 -0.81 0.46
15 8:11 -1.10 11.76 1.46 -0.62 0.20
16 11:84 1.45 0.94 1.87 -0.67 0.41
17 10:51 1.74 8.19 1.77 -0.95 0.07
18 8:03 -1.30 1.56 4.60 -1.62 0.39
19 10:01 0.68 5.73 5.69 -1.25 0.19
20 8:45 1.00 8.61 1.41 -1.07 0.05
21 10:54 1.17 13.28 0.99 0.14 0.28
22 10:67 -0.50 10.46 3.42 0.35 0.01
23 8:61 2.05 11.77 3.44 -0.51 0.16
24 10:52 1.06 3.19 1.68 -2.04 0.36
25 8:55 1.29 1.33 3.34 -0.86 0.51
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Table A.1: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n z

26 11:30 -0.18 4.69 3.44 -0.88 0.43
27 11:71 -0.45 0.52 2.59 0.36 0.56
28 8:54 -0.80 2.03 4.95 -0.95 0.01
29 10:66 0.90 0.41 4.60 -0.91 0.37
30 12:00 -1.20 5.08 4.73 -0.25 0.05
31 9:43 1.22 7.28 4.16 -0.38 0.03
32 8:01 2.03 4.69 5.94 -0.55 0.37
33 11:83 0.12 5.42 3.26 -0.14 0.24
34 8:81 2.25 9.60 5.96 -0.29 0.27
35 11:20 1.14 2.22 2.23 -2.15 0.18
36 10:68 1.74 9.96 5.76 0.07 0.50
37 11:47 1.71 2.25 2.91 -1.10 0.04
38 11:69 0.37 2.53 2.17 0.25 0.11
39 8:41 -1.59 8.91 0.88 -1.31 0.11
40 9:12 -0.43 4.80 3.91 -0.95 0.58
41 9:38 0.13 1.48 5.95 -2.13 0.08
42 9:39 0.32 0.00 1.26 -0.78 0.04
43 11:76 -0.59 4.49 1.21 -0.28 0.18
44 11:11 0.01 6.11 0.53 -0.13 0.07
45 11:19 -0.49 4.16 1.02 -0.95 0.49
46 10:74 1.15 6.35 3.39 -0.00 0.12
47 10:54 -1.41 3.45 2.08 -0.75 0.06
48 10:30 2.17 13.31 1.69 -0.37 0.09
49 10:27 -0.40 10.89 0.50 -1.36 0.07
50 10:86 -0.37 12.15 5.73 -1.58 0.23
51 11:88 1.06 3.28 2.66 -1.27 0.25
52 10:40 1.72 10.95 3.57 -0.92 0.06
53 11:49 0.40 7.38 1.80 -0.86 0.08
54 9:05 -1.42 12.51 4.47 -2.03 0.11
55 8:03 2.29 7.06 1.44 0.04 0.51
56 8:14 -0.96 3.16 1.87 -0.42 0.42
57 11:56 -0.04 3.82 5.75 0.01 0.54
58 11:43 2.49 11.20 0.89 -0.07 0.29
59 8:96 -0.10 13.05 1.30 -0.28 0.23
60 9:21 0.11 5.50 5.57 -0.30 0.34
61 8:33 -0.89 6.77 0.78 -1.62 0.35
62 9:84 -0.00 5.21 3.02 -1.04 0.58
63 10:73 -0.10 11.87 2.76 0.25 0.33
64 10:20 0.02 1.12 2.46 -0.33 0.40
65 10:41 -0.66 9.06 4.59 -0.67 0.41
66 11:71 1.61 12.72 3.98 0.34 0.12
67 8:33 1.52 12.53 3.78 -1.36 0.52
68 10:98 -1.34 10.79 3.19 -1.48 0.54
69 9:70 -0.22 5.30 3.07 -0.39 0.42
70 10:35 -0.25 9.86 1.67 -0.86 0.19
71 10:02 -1.54 13.58 0.75 -1.21 0.22
72 10:91 2.14 12.22 2.98 -1.99 0.03
73 8:59 1.84 8.31 4.87 0.26 0.54
74 8:80 0.78 7.86 0.08 -0.58 0.26
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Table A.1: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n z

75 10:55 -1.69 4.16 0.03 -0.38 0.57

Table A.2: Best-fit results for the test galaxies fits with DECam griz photometry.

Galaxy Log(Z?=Z�) tage (Gyr) fiV n

1 1:71+0:09
−0:99 7:46+1:53

−0:99 2:52+2:24
−0:42 −2:04+0:15

−0:11

2 2:33+0:13
−0:14 13:29+0:32

−1:33 0:95+0:20
−0:22 −1:42+0:39

−0:42

3 0:62+0:96
−1:70 5:38+3:92

−2:43 1:32+1:12
−0:77 −0:35+0:30

−0:99

4 0:42+1:11
−1:71 4:40+2:46

−2:52 2:19+1:25
−1:03 0:09+0:15

−0:38

5 −0:03+1:16
−1:04 1:56+1:68

−0:96 3:75+0:91
−0:93 −0:41+0:21

−0:30

6 0:01+0:89
−1:20 9:36+2:82

−2:87 3:42+0:63
−0:55 −1:68+0:34

−0:35

7 1:12+0:49
−1:23 10:99+1:97

−3:06 4:22+1:18
−1:24 −0:67+0:24

−0:15

8 −0:39+0:69
−0:93 10:15+2:51

−3:00 0:54+0:42
−0:29 −0:99+0:58

−0:68

9 −0:34+1:22
−1:01 2:44+1:35

−0:96 5:25+0:47
−0:55 −1:65+0:16

−0:20

10 1:69+0:33
−1:07 1:56+5:28

−1:02 4:49+1:04
−1:46 −0:99+0:15

−0:26

11 1:08+0:49
−1:22 6:61+4:63

−3:36 1:90+1:65
−1:06 −0:35+0:30

−0:37

12 0:62+0:95
−1:80 6:31+4:00

−2:32 5:15+0:54
−1:05 −0:14+0:08

−0:13

13 −0:43+0:97
−0:84 2:09+1:09

−0:90 3:27+0:68
−0:56 −1:24+0:35

−0:44

14 −0:55+1:25
−0:99 6:76+4:29

−3:16 4:44+0:85
−0:55 −0:93+0:15

−0:12

15 0:23+0:63
−1:14 9:87+2:56

−2:91 0:93+0:69
−0:45 −0:92+0:44

−0:75

16 −0:78+1:27
−0:83 5:29+2:19

−2:40 0:67+0:62
−0:33 −1:06+0:49

−0:66

17 1:76+0:14
−0:08 7:99+1:38

−1:74 1:97+0:78
−0:54 −0:92+0:80

−0:85

18 −0:79+1:04
−0:79 1:70+1:26

−0:89 4:50+0:56
−0:58 −1:62+0:16

−0:19

19 0:93+0:63
−1:19 9:87+2:57

−2:96 4:67+0:89
−1:15 −1:48+0:23

−0:24

20 1:35+0:47
−0:93 6:38+4:13

−3:11 1:55+1:37
−0:86 −0:65+0:43

−0:48

21 0:50+0:72
−1:39 8:74+3:66

−3:51 2:51+1:00
−1:00 −0:05+0:13

−0:13

22 −1:30+0:66
−0:49 10:62+2:26

−3:26 3:72+0:47
−0:29 0:32+0:05

−0:08

23 2:40+0:02
−0:16 2:65+1:47

−0:34 5:09+0:70
−1:07 −1:06+0:51

−0:37

24 −0:53+1:37
−0:99 3:97+2:31

−1:88 2:08+0:68
−0:49 −1:55+0:35

−0:36

25 −0:50+1:11
−0:97 2:91+2:65

−1:73 3:17+0:93
−0:94 −0:86+0:19

−0:30

26 0:43+0:93
−1:26 8:41+3:72

−3:27 2:25+0:71
−0:69 −1:25+0:25

−0:38

27 0:10+0:74
−1:39 2:21+1:24

−1:58 1:01+1:19
−0:78 0:20+0:14

−0:36

28 −0:64+1:02
−0:86 3:02+1:41

−1:30 4:29+0:73
−0:64 −1:33+0:31

−0:41

29 −0:55+1:25
−0:98 2:66+2:07

−1:39 3:25+0:73
−0:71 −1:25+0:22

−0:29

30 0:97+0:64
−1:20 7:32+3:96

−3:19 2:93+1:28
−1:09 −0:31+0:24

−0:20

67



Table A.2: Continued from above.

Galaxy Log(Z?=Z�) tage (Gyr) fiV n

31 1:38+0:57
−0:77 5:78+4:81

−2:46 4:55+0:96
−0:96 −0:37+0:12

−0:12

32 1:71+0:06
−0:06 12:20+1:09

−1:22 5:13+0:11
−0:13 −0:48+0:13

−0:13

33 −0:23+1:50
−1:26 5:87+4:83

−3:01 3:21+1:12
−0:98 −0:24+0:14

−0:20

34 2:30+0:03
−0:03 8:79+0:70

−0:93 4:22+0:98
−0:93 −1:09+0:67

−0:69

35 −1:11+1:12
−0:64 2:95+0:93

−1:23 2:60+0:54
−0:33 −1:80+0:33

−0:27

36 1:83+0:01
−0:01 12:64+0:13

−0:12 5:76+0:15
−0:20 −0:21+0:08

−0:08

37 −0:45+1:22
−1:03 3:75+2:31

−1:82 3:38+1:02
−0:92 −0:84+0:32

−0:52

38 0:69+0:89
−1:53 3:47+2:44

−1:89 1:29+1:34
−0:93 0:03+0:26

−0:71

39 −0:15+1:16
−1:15 4:67+2:81

−2:32 1:17+1:03
−0:57 −0:56+0:47

−0:80

40 −0:46+1:02
−0:93 3:27+3:12

−1:84 4:28+0:96
−0:98 −0:94+0:15

−0:22

41 0:13+0:77
−0:69 1:58+0:34

−0:54 5:90+0:07
−0:12 −2:13+0:07

−0:05

42 −0:89+0:42
−0:57 0:09+0:15

−0:08 0:53+0:31
−0:35 −1:26+0:90

−0:64

43 −0:28+1:17
−1:08 2:94+2:45

−1:77 1:46+1:01
−0:86 −0:17+0:27

−0:55

44 0:06+1:03
−1:16 5:37+2:75

−2:42 0:63+0:88
−0:37 −0:54+0:59

−0:96

45 −0:92+1:34
−0:79 4:45+1:59

−1:99 0:74+0:60
−0:27 −1:42+0:53

−0:50

46 0:34+0:85
−1:38 9:40+2:99

−3:46 3:60+0:91
−0:97 0:09+0:09

−0:09

47 0:25+0:99
−1:05 2:84+1:57

−1:25 1:77+0:84
−0:52 −0:96+0:52

−0:70

48 2:29+0:12
−0:11 12:72+0:73

−0:68 1:45+0:17
−0:20 −0:17+0:42

−0:44

49 −0:39+1:01
−1:07 7:71+3:56

−3:30 0:87+0:96
−0:53 −0:36+0:42

−0:82

50 0:64+0:61
−0:74 10:63+2:18

−3:26 5:21+0:52
−0:56 −1:88+0:17

−0:18

51 −0:50+1:35
−1:04 5:02+3:29

−2:42 2:59+0:93
−0:62 −1:12+0:33

−0:35

52 1:43+0:27
−0:74 9:88+2:97

−2:43 4:50+1:01
−1:25 −1:39+0:38

−0:18

53 −0:29+1:25
−1:22 7:02+3:87

−3:32 2:24+1:14
−0:97 −0:64+0:36

−0:60

54 1:82+0:07
−0:03 7:23+0:60

−0:68 0:25+0:26
−0:16 −1:56+1:00

−0:48

55 2:27+0:05
−0:04 6:56+0:64

−0:72 1:74+0:76
−0:73 −0:11+0:39

−0:65

56 −0:53+0:84
−0:78 0:73+1:48

−0:55 3:02+0:98
−0:94 −0:27+0:19

−0:21

57 0:61+0:99
−1:56 5:58+3:60

−2:43 4:73+0:77
−0:78 −0:01+0:08

−0:19

58 2:35+0:12
−0:18 10:83+1:18

−0:57 0:88+0:16
−0:19 −0:30+0:40

−0:65

59 0:58+0:84
−1:62 6:81+4:33

−3:27 1:88+1:07
−1:23 −0:22+0:20

−0:38

60 0:59+1:04
−1:68 5:84+3:60

−2:59 5:31+0:47
−0:73 −0:40+0:08

−0:15

61 −0:63+1:29
−0:94 4:48+2:20

−2:17 1:18+0:75
−0:41 −1:27+0:47

−0:53

62 −0:38+1:11
−1:01 3:54+2:84

−1:96 3:65+0:87
−0:94 −0:91+0:16

−0:25

63 1:29+0:76
−1:20 2:68+8:79

−2:26 3:94+1:15
−1:71 −0:04+0:24

−0:50

64 −0:48+0:91
−0:86 1:20+1:84

−0:94 2:34+1:07
−0:95 −0:41+0:28

−0:32

65 1:03+0:67
−1:01 8:81+3:68

−2:46 3:40+0:95
−1:23 −0:68+0:19

−0:13

66 0:76+0:46
−0:45 11:46+1:67

−2:72 5:59+0:28
−0:47 −0:05+0:06

−0:05

68



Table A.2: Continued from above.

Galaxy Log(Z?=Z�) tage (Gyr) fiV n

67 1:21+0:08
−0:09 11:57+1:51

−2:28 4:40+0:13
−0:18 −1:49+0:11

−0:10

68 −0:67+0:92
−0:83 9:03+3:22

−3:70 3:09+0:62
−0:40 −1:53+0:21

−0:15

69 0:72+1:11
−1:64 3:99+2:27

−1:89 2:81+1:31
−1:31 −0:48+0:22

−0:85

70 −0:68+1:20
−0:93 8:64+3:42

−3:41 1:92+0:66
−0:54 −0:99+0:34

−0:40

71 −0:33+0:72
−0:95 9:98+2:59

−2:98 0:51+0:40
−0:27 −0:93+0:54

−0:68

72 2:22+0:02
−0:06 11:29+0:49

−0:55 2:73+0:12
−0:13 −2:06+0:12

−0:09

73 1:87+0:10
−0:03 7:82+0:50

−1:45 4:93+0:29
−0:16 0:07+0:16

−0:17

74 0:13+1:13
−1:39 5:14+3:42

−2:94 1:35+1:19
−0:80 0:01+0:20

−0:46

75 −0:10+0:85
−1:40 2:35+0:93

−1:02 0:30+0:62
−0:24 0:04+0:26

−0:61

Table A.3: Best-fit results for the test galaxies fits with GALEX NUV /FUV and DE-
Cam griz photometry.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

1 8:27+1:81
−0:10 1:80+0:56

−0:11 8:28+0:33
−1:32 2:23+2:39

−0:22 −1:97+0:07
−0:13

2 8:23+0:04
−0:05 2:45+0:04

−0:21 12:09+1:23
−1:72 0:83+2:05

−0:27 −1:45+0:57
−0:20

3 10:60+0:10
−0:12 1:59+0:19

−0:28 5:22+0:72
−0:58 0:41+0:09

−0:10 −1:76+0:12
−0:16

4 10:94+0:05
−0:07 1:14+0:24

−0:81 5:00+0:74
−1:21 1:32+0:99

−0:51 −0:15+0:21
−0:24

5 10:99+0:23
−0:24 −0:36+1:13

−0:94 2:80+1:25
−1:28 3:26+0:91

−0:83 0:16+0:06
−0:09

6 10:54+0:20
−0:25 1:40+0:32

−0:48 1:96+1:42
−0:99 3:75+0:70

−0:74 −0:34+0:08
−0:11

7 9:04+0:11
−0:16 1:35+0:16

−0:17 6:27+1:72
−2:33 3:01+0:50

−0:51 −1:73+0:11
−0:14

8 10:65+0:13
−0:11 1:27+0:18

−0:33 9:81+1:25
−0:25 3:82+0:73

−0:71 −0:84+0:16
−0:16

9 8:67+0:19
−0:16 −0:40+0:79

−0:92 6:38+4:02
−2:15 0:60+0:26

−0:20 −1:39+0:21
−0:27

10 8:48+0:09
−0:14 −0:11+0:79

−0:54 3:51+1:13
−1:12 4:72+0:19

−0:19 −1:72+0:03
−0:03

11 11:57+0:20
−0:24 1:17+0:15

−0:15 10:47+0:43
−0:39 2:02+0:64

−0:79 0:27+0:10
−0:23

12 10:48+0:25
−0:17 1:47+0:05

−0:23 12:28+0:62
−1:82 2:80+0:95

−0:41 −0:11+0:13
−0:09

13 10:38+0:12
−0:22 0:76+0:37

−0:75 7:52+1:15
−2:47 2:01+0:54

−0:42 −1:52+0:16
−0:18

14 9:99+0:23
−0:15 −0:17+0:92

−1:17 3:90+1:78
−1:45 5:17+0:39

−0:53 −0:80+0:04
−0:06

15 8:18+1:63
−0:13 −1:03+3:33

−0:56 11:71+1:62
−2:48 1:61+0:49

−0:41 −0:62+0:16
−0:20

16 11:56+0:19
−0:23 −0:27+1:03

−1:27 1:52+1:49
−0:81 1:42+0:27

−0:30 −0:83+0:09
−0:12

17 10:56+0:16
−0:14 1:83+0:06

−0:10 10:53+1:20
−2:27 2:01+0:56

−0:54 −0:81+0:20
−0:20

18 8:04+0:03
−0:02 −0:60+1:23

−0:87 2:01+0:82
−0:89 4:35+0:32

−0:26 −1:66+0:05
−0:05

19 9:91+0:14
−0:16 −1:25+1:03

−0:45 8:79+3:69
−2:78 5:77+0:15

−0:23 −1:22+0:03
−0:03

20 8:40+0:31
−0:15 0:67+0:56

−0:85 7:71+1:28
−1:43 1:95+0:66

−0:65 −0:88+0:18
−0:27

21 10:69+0:20
−0:20 1:11+0:13

−0:17 11:87+1:13
−0:95 1:68+0:66

−0:69 0:26+0:10
−0:21

22 10:09+0:26
−0:18 −0:82+0:60

−0:66 6:74+2:03
−1:63 2:90+0:56

−0:67 −0:05+0:18
−0:15

69



Table A.3: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

23 8:56+1:12
−0:12 2:04+0:40

−0:03 11:68+0:34
−1:83 3:32+0:36

−0:32 −0:56+0:06
−0:08

24 10:98+0:35
−0:28 2:07+0:24

−0:39 2:14+0:63
−1:04 1:94+1:18

−0:18 −1:93+0:32
−0:07

25 8:62+0:36
−0:20 −0:08+1:07

−1:07 3:80+2:19
−1:56 2:92+0:39

−0:49 −0:93+0:07
−0:09

26 11:18+0:23
−0:15 −0:07+0:68

−1:04 4:61+1:94
−1:90 3:43+0:45

−0:56 −0:88+0:06
−0:09

27 11:71+0:19
−0:22 −0:59+0:86

−0:86 1:52+0:87
−0:74 1:56+0:61

−0:67 0:26+0:08
−0:16

28 9:11+0:05
−0:05 1:51+0:04

−0:24 8:73+0:51
−0:76 1:77+0:82

−0:35 −1:69+0:30
−0:17

29 11:06+0:09
−0:16 −1:25+0:86

−0:54 6:47+2:68
−3:97 3:30+0:66

−0:34 −1:07+0:07
−0:06

30 11:90+0:07
−0:10 0:03+0:84

−0:82 6:47+1:38
−1:48 3:68+0:75

−0:94 −0:34+0:09
−0:15

31 9:53+0:10
−0:12 1:15+0:21

−0:40 5:03+1:02
−0:72 5:56+0:33

−0:63 −0:25+0:03
−0:05

32 9:56+0:54
−1:54 2:03+0:11

−0:15 7:85+1:94
−3:03 5:81+0:13

−0:34 −0:58+0:03
−0:08

33 11:90+0:07
−0:11 −0:33+0:72

−0:65 5:61+1:32
−1:76 3:71+0:71

−0:74 −0:07+0:05
−0:09

34 8:79+0:04
−0:05 2:25+0:12

−0:02 9:52+0:45
−0:29 5:93+0:05

−0:10 −0:30+0:01
−0:02

35 11:07+0:19
−0:27 −0:44+1:05

−0:94 2:65+1:53
−1:34 2:26+0:14

−0:12 −2:14+0:04
−0:04

36 10:64+0:10
−0:15 1:75+0:01

−0:01 10:00+0:05
−0:04 5:76+0:18

−0:32 0:08+0:01
−0:03

37 11:59+0:10
−0:14 1:42+0:26

−0:20 4:32+1:77
−1:57 2:32+0:44

−0:49 −1:26+0:12
−0:16

38 11:64+0:20
−0:30 −0:02+0:85

−0:99 2:01+1:71
−1:30 2:45+0:68

−0:86 0:23+0:07
−0:09

39 8:49+1:36
−0:13 −0:07+2:44

−0:65 8:43+1:59
−1:48 0:54+0:38

−0:18 −1:68+0:36
−0:28

40 9:57+0:26
−0:20 0:89+0:60

−0:48 5:03+1:85
−1:45 3:94+0:50

−0:52 −0:95+0:07
−0:07

41 9:33+0:04
−0:05 0:19+0:72

−0:76 1:34+0:44
−0:46 5:88+0:08

−0:13 −2:15+0:02
−0:02

42 10:04+0:12
−0:25 −1:60+0:55

−0:29 0:73+0:62
−0:45 0:56+0:18

−0:17 −1:21+0:17
−0:21

43 11:82+0:11
−0:12 −1:11+0:91

−0:59 5:43+1:87
−2:09 1:03+0:56

−0:41 −0:28+0:15
−0:25

44 11:21+0:12
−0:14 0:65+0:34

−0:71 5:93+0:93
−1:42 0:42+0:83

−0:34 −0:31+0:38
−0:80

45 11:27+0:19
−0:13 −0:39+0:81

−0:87 4:15+1:51
−1:51 1:05+0:36

−0:30 −0:95+0:15
−0:17

46 10:75+0:22
−0:19 −0:31+1:02

−0:96 5:72+1:43
−1:54 4:82+0:73

−1:00 0:13+0:08
−0:07

47 10:97+0:08
−0:12 1:03+0:15

−0:24 7:91+0:88
−1:42 0:51+0:35

−0:20 −1:62+0:34
−0:34

48 10:24+0:05
−0:08 2:49+0:00

−0:01 2:94+0:12
−0:05 2:20+0:23

−0:55 −0:95+0:10
−0:20

49 10:28+0:06
−0:06 −0:22+0:27

−0:23 11:25+1:87
−1:67 0:39+0:21

−0:14 −1:50+0:31
−0:33

50 10:93+0:03
−0:04 1:58+0:08

−0:11 10:70+1:06
−1:76 3:83+0:45

−0:33 −1:96+0:10
−0:09

51 11:47+0:25
−0:29 −0:68+1:03

−0:89 2:10+3:17
−1:35 2:91+0:30

−0:46 −1:22+0:06
−0:09

52 10:36+0:05
−0:05 1:73+0:03

−0:03 12:20+0:98
−0:94 3:04+0:25

−0:39 −1:05+0:06
−0:10

53 11:45+0:17
−0:12 −0:87+0:59

−0:69 7:70+2:80
−1:86 2:47+0:41

−0:49 −0:63+0:11
−0:14

54 9:05+0:04
−0:04 −0:48+0:66

−1:01 11:91+1:28
−2:03 4:16+0:27

−0:25 −2:09+0:06
−0:06

55 8:01+0:02
−0:01 2:30+0:02

−0:03 7:15+0:13
−0:16 1:38+0:30

−0:26 0:04+0:11
−0:12

56 8:62+1:60
−0:45 −0:32+2:52

−1:17 1:41+1:13
−0:82 3:62+1:47

−0:96 −0:17+0:19
−0:12

57 11:43+0:20
−0:21 −0:07+0:80

−0:96 4:86+0:94
−0:89 5:16+0:58

−0:86 −0:02+0:04
−0:07

58 11:54+0:23
−0:17 2:47+0:02

−0:04 11:44+0:36
−0:45 1:29+0:56

−0:41 0:14+0:15
−0:17

70



Table A.3: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

59 9:05+0:13
−0:11 0:09+0:31

−0:16 13:03+0:51
−0:65 1:33+0:43

−0:38 −0:27+0:16
−0:20

60 9:33+0:17
−0:18 0:63+0:41

−0:76 5:40+0:92
−0:71 5:64+0:27

−0:51 −0:31+0:02
−0:04

61 9:54+1:41
−1:36 1:13+1:05

−2:22 3:93+3:87
−2:80 2:50+2:69

−1:30 −1:04+0:54
−0:38

62 9:87+0:28
−0:19 0:19+1:02

−0:89 3:89+2:15
−1:56 3:43+0:39

−0:51 −0:97+0:06
−0:08

63 10:61+0:21
−0:17 0:50+0:25

−0:30 12:75+0:66
−0:67 1:88+0:68

−0:52 0:09+0:15
−0:16

64 10:59+0:32
−0:23 0:86+0:70

−1:49 2:25+1:45
−1:12 2:21+0:64

−0:55 −0:36+0:11
−0:13

65 10:25+0:11
−0:09 −0:15+0:59

−0:70 10:60+1:34
−0:83 3:77+0:57

−0:58 −0:78+0:09
−0:09

66 11:62+0:22
−0:24 1:63+0:03

−0:03 13:00+0:61
−1:12 3:66+0:66

−0:74 0:29+0:06
−0:09

67 8:12+0:20
−0:09 1:17+0:28

−0:27 11:49+1:51
−3:12 4:01+0:44

−0:23 −1:72+0:38
−0:13

68 10:34+0:37
−0:36 0:79+0:54

−0:80 0:50+0:68
−0:34 4:41+0:14

−0:14 −1:32+0:02
−0:02

69 9:98+0:33
−0:29 0:98+0:64

−1:35 1:54+1:38
−0:79 4:91+0:63

−0:76 −0:21+0:05
−0:07

70 10:47+0:10
−0:08 −0:51+0:44

−0:38 9:38+2:30
−1:43 2:08+0:44

−0:36 −0:73+0:10
−0:14

71 9:91+0:09
−0:15 −1:24+0:49

−0:48 10:85+1:93
−3:27 0:57+0:15

−0:17 −1:53+0:18
−0:22

72 11:10+0:14
−0:10 1:95+0:20

−0:07 6:76+2:54
−1:44 5:01+0:93

−1:03 −1:92+0:30
−0:23

73 8:89+1:19
−0:33 1:84+0:37

−0:00 8:28+0:13
−0:71 5:24+0:55

−0:59 0:26+0:05
−0:61

74 8:78+0:12
−0:12 0:46+0:27

−0:35 8:01+0:40
−0:61 0:25+0:48

−0:20 0:24+0:12
−0:33

75 10:63+0:21
−0:17 0:58+0:60

−1:37 2:41+0:68
−0:62 0:30+0:33

−0:19 −0:06+0:26
−0:45

Table A.4: Best-fit results for the test galaxies fits with 2MASS JHKs and DECam
griz photometry.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

1 8:14+0:07
−0:09 −0:52+0:60

−0:82 10:74+2:08
−2:29 5:24+0:43

−0:38 −2:01+0:14
−0:14

2 8:22+0:03
−0:03 2:41+0:06

−0:08 12:21+0:23
−0:31 0:79+0:16

−0:13 −1:59+0:19
−0:19

3 10:34+0:31
−0:46 −0:47+0:87

−1:05 2:99+3:72
−2:28 2:28+0:53

−0:80 −0:39+0:23
−0:29

4 10:87+0:12
−0:16 1:46+0:27

−0:61 4:62+1:39
−1:64 0:91+0:91

−0:52 −0:60+0:55
−0:92

5 10:61+0:30
−0:33 −0:78+1:41

−0:84 4:67+5:47
−2:87 3:82+0:53

−1:13 −0:23+0:16
−0:20

6 8:94+0:23
−0:41 0:71+0:62

−1:08 5:61+4:79
−3:51 3:74+0:68

−0:67 −1:59+0:38
−0:37

7 10:66+0:09
−0:15 0:96+0:58

−1:14 11:18+1:79
−4:64 4:37+1:15

−1:13 −0:73+0:19
−0:19

8 8:87+0:17
−0:45 0:00+0:48

−0:89 7:28+4:28
−4:75 0:80+0:56

−0:50 −0:90+0:55
−0:78

9 8:86+0:17
−0:33 −1:28+0:60

−0:48 7:40+4:28
−4:10 4:97+0:32

−0:29 −1:62+0:09
−0:11

10 8:26+0:14
−0:14 0:28+1:00

−0:94 7:24+3:91
−1:93 2:95+0:55

−0:65 −1:24+0:15
−0:30

11 11:18+0:08
−0:18 1:15+0:30

−0:94 10:49+2:15
−4:73 1:21+1:09

−0:66 −0:57+0:35
−0:51

12 9:90+0:12
−0:14 1:91+0:22

−0:19 4:32+1:09
−1:28 2:38+0:47

−0:36 −1:08+0:34
−0:42

13 10:16+0:25
−0:49 −0:12+0:52

−0:78 6:02+5:15
−4:41 2:55+0:60

−0:54 −1:48+0:34
−0:42

14 10:16+0:09
−0:08 1:86+0:11

−0:13 5:33+0:64
−0:85 2:43+0:57

−0:45 −1:62+0:38
−0:31

71



Table A.4: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

15 8:07+0:07
−0:05 −1:05+0:78

−0:65 11:58+1:51
−1:94 1:40+0:32

−0:52 −0:78+0:26
−0:39

16 11:68+0:23
−0:58 0:99+0:53

−0:48 0:72+0:61
−0:57 1:81+0:43

−0:34 −0:77+0:36
−0:35

17 10:37+0:11
−0:13 1:86+0:21

−0:15 6:43+2:09
−1:51 1:91+0:60

−0:58 −1:64+0:82
−0:43

18 8:29+0:27
−0:21 −1:54+0:58

−0:33 4:95+4:86
−2:55 3:97+0:45

−0:30 −1:71+0:09
−0:09

19 10:09+0:08
−0:16 0:93+0:55

−0:80 10:30+2:30
−3:98 4:78+0:77

−0:90 −1:45+0:20
−0:22

20 8:56+0:11
−0:18 0:19+1:00

−0:93 9:61+2:91
−3:66 2:37+0:83

−0:98 −0:36+0:20
−0:35

21 10:08+0:25
−0:37 −0:94+1:29

−0:74 5:61+5:25
−3:99 2:72+0:60

−0:99 −0:48+0:19
−0:23

22 10:51+0:22
−0:30 −0:59+1:05

−0:84 6:47+4:41
−3:11 3:83+0:52

−0:81 0:31+0:06
−0:12

23 8:25+0:20
−0:16 2:11+0:15

−0:20 5:32+2:30
−1:36 2:31+0:28

−0:27 −0:67+0:37
−0:78

24 10:57+0:36
−0:36 −1:05+0:99

−0:65 3:63+5:30
−2:89 2:52+0:72

−0:57 −1:25+0:15
−0:26

25 8:91+0:30
−0:15 1:54+0:42

−0:68 3:96+4:01
−1:41 2:16+0:60

−0:54 −1:18+0:47
−0:56

26 11:49+0:15
−0:21 1:19+0:48

−0:88 6:97+5:45
−2:31 2:01+0:95

−0:76 −1:15+0:26
−0:56

27 11:91+0:07
−0:17 1:02+0:34

−0:73 2:93+0:81
−1:22 0:45+0:82

−0:34 −0:01+0:29
−0:77

28 8:96+0:21
−0:40 −0:36+1:30

−1:11 5:90+4:93
−3:64 4:34+0:57

−1:05 −1:09+0:22
−0:49

29 11:36+0:32
−0:33 1:27+0:57

−0:82 4:26+4:69
−2:44 3:19+0:77

−0:73 −1:00+0:28
−0:45

30 11:79+0:16
−0:32 0:84+0:72

−1:00 4:24+2:01
−2:29 3:56+0:88

−0:90 −0:48+0:19
−0:28

31 8:61+0:71
−0:33 1:72+0:41

−0:84 1:56+4:96
−0:76 4:24+0:80

−0:61 −1:13+0:59
−0:59

32 8:05+0:09
−0:04 1:87+0:05

−0:09 5:92+0:80
−0:41 5:50+0:21

−0:21 −0:31+0:11
−0:08

33 11:49+0:32
−0:35 −0:92+1:24

−0:76 2:78+3:71
−1:91 3:75+0:60

−0:83 −0:38+0:13
−0:19

34 8:75+0:05
−0:07 2:30+0:01

−0:03 7:20+1:02
−0:23 4:98+0:57

−0:44 0:21+0:14
−0:33

35 11:36+0:33
−0:45 −0:99+0:65

−0:69 4:34+5:36
−3:44 2:57+0:59

−0:39 −1:68+0:22
−0:26

36 9:85+0:09
−0:09 1:82+0:01

−0:03 12:83+0:16
−0:16 3:72+0:53

−0:42 −0:92+0:21
−0:25

37 11:68+0:21
−0:16 1:64+0:42

−0:84 4:12+2:52
−1:37 2:14+1:06

−0:95 −1:07+0:44
−0:61

38 11:79+0:08
−0:14 1:66+0:22

−0:54 3:66+0:85
−0:99 0:65+0:70

−0:43 −0:33+0:50
−0:90

39 8:42+0:11
−0:23 −0:71+0:46

−0:78 9:03+3:30
−3:80 0:69+0:41

−0:31 −1:01+0:53
−0:68

40 9:25+0:15
−0:31 −0:32+0:84

−1:04 7:14+4:01
−3:55 3:40+0:54

−0:61 −1:10+0:10
−0:15

41 10:09+0:16
−0:34 −0:52+0:53

−0:72 7:86+3:96
−4:07 5:70+0:22

−0:33 −2:03+0:13
−0:12

42 10:11+0:26
−0:34 −1:28+1:40

−0:53 0:79+1:07
−0:68 0:97+0:36

−0:82 −0:11+0:38
−0:77

43 11:75+0:18
−0:31 −0:80+0:61

−0:74 5:04+2:75
−2:89 0:96+0:47

−0:56 −0:38+0:39
−0:50

44 11:16+0:21
−0:36 0:08+0:56

−0:87 5:85+4:16
−3:49 0:79+0:71

−0:56 −0:29+0:49
−0:85

45 11:37+0:33
−0:31 0:27+0:42

−0:66 4:82+5:32
−2:56 0:67+0:53

−0:44 −1:27+0:49
−0:54

46 10:12+0:36
−0:47 1:85+0:28

−0:55 2:78+3:02
−1:58 2:38+0:71

−0:54 −0:89+0:67
−0:81

47 10:64+0:29
−0:48 −0:10+0:52

−0:82 5:20+5:48
−3:86 1:45+0:58

−0:61 −1:16+0:46
−0:54

48 10:22+0:04
−0:04 2:20+0:06

−0:05 13:56+0:18
−0:38 1:16+0:25

−0:27 −0:96+0:36
−0:51

49 10:19+0:23
−0:45 −0:12+0:71

−1:06 5:80+5:04
−3:99 1:19+0:70

−0:80 −0:39+0:43
−0:80

50 10:64+0:14
−0:32 −0:12+0:66

−0:69 8:12+3:83
−4:14 5:70+0:22

−0:44 −1:85+0:11
−0:14

72



Table A.4: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

51 11:70+0:22
−0:46 −0:58+0:82

−0:86 1:96+2:04
−1:50 3:48+0:66

−0:59 −0:90+0:14
−0:24

52 10:32+0:15
−0:28 1:25+0:47

−0:61 6:82+3:54
−3:45 5:59+0:30

−0:70 −1:42+0:15
−0:25

53 11:67+0:15
−0:29 −0:75+0:83

−0:78 8:75+3:53
−4:37 2:86+0:44

−0:71 −0:30+0:16
−0:21

54 8:78+0:22
−0:40 −0:79+0:59

−0:72 6:47+4:82
−4:05 4:50+0:32

−0:30 −2:03+0:17
−0:12

55 8:01+0:02
−0:01 2:26+0:07

−0:03 6:92+0:41
−0:41 1:80+0:43

−0:54 0:14+0:13
−0:09

56 8:41+0:17
−0:28 −1:29+0:80

−0:50 7:59+4:22
−4:06 1:23+0:44

−0:39 −0:57+0:22
−0:22

57 11:05+0:20
−0:13 1:93+0:21

−0:32 4:00+1:50
−0:84 2:26+0:64

−0:58 −0:92+0:46
−0:55

58 11:30+0:08
−0:06 2:44+0:05

−0:12 12:04+0:69
−0:38 0:56+0:19

−0:13 −1:76+0:54
−0:32

59 8:58+0:31
−0:31 −0:89+1:08

−0:75 4:58+5:17
−2:69 2:19+0:52

−0:72 −0:56+0:21
−0:29

60 8:78+0:16
−0:21 1:96+0:32

−0:29 3:81+1:54
−1:53 2:82+0:62

−0:42 −1:27+0:38
−0:70

61 8:33+0:16
−0:22 −1:62+0:47

−0:28 7:48+4:10
−3:21 0:81+0:25

−0:16 −1:76+0:31
−0:27

62 10:13+0:05
−0:07 1:57+0:04

−0:09 9:33+0:49
−1:62 0:42+0:94

−0:31 −1:19+0:85
−0:51

63 9:97+0:26
−0:66 0:64+0:60

−0:72 5:56+4:99
−4:55 1:66+0:75

−1:00 −0:90+0:36
−0:48

64 10:56+0:30
−0:44 −0:61+0:90

−0:91 3:26+3:73
−2:53 2:11+0:56

−0:76 −0:30+0:27
−0:25

65 10:23+0:07
−0:08 1:49+0:14

−1:11 12:66+0:76
−1:80 1:71+1:72

−0:58 −1:16+0:35
−0:50

66 10:87+0:34
−0:32 1:70+0:47

−0:82 4:30+4:76
−1:99 3:80+0:93

−0:77 −0:71+0:32
−0:59

67 8:11+0:07
−0:07 1:20+0:35

−0:25 8:66+3:22
−2:04 4:06+0:25

−0:34 −1:78+0:10
−0:14

68 10:83+0:13
−0:27 −0:22+0:70

−1:16 8:27+3:61
−4:03 2:75+0:47

−0:42 −1:69+0:16
−0:16

69 9:54+0:27
−0:35 −0:63+1:15

−0:95 4:89+4:08
−3:24 2:92+0:55

−0:72 −0:51+0:16
−0:22

70 10:23+0:16
−0:35 −1:05+0:63

−0:61 7:91+4:05
−4:64 2:03+0:37

−0:39 −1:06+0:21
−0:28

71 9:87+0:12
−0:26 −1:00+0:48

−0:62 8:89+3:31
−4:08 0:67+0:28

−0:27 −1:28+0:46
−0:51

72 10:96+0:05
−0:06 1:94+0:06

−0:04 8:14+1:24
−1:04 2:42+0:19

−0:15 −2:06+0:15
−0:10

73 8:07+0:14
−0:05 1:85+0:01

−0:00 8:16+0:16
−0:15 3:62+0:43

−0:15 0:03+0:09
−0:06

74 8:58+0:26
−0:31 −1:00+0:95

−0:71 5:34+4:38
−3:17 1:32+0:50

−0:66 −0:34+0:38
−0:37

75 10:34+0:15
−0:20 −1:23+0:77

−0:52 2:29+0:91
−0:93 0:14+0:22

−0:10 −0:54+0:61
−0:83

Table A.5: Best-fit results for the test galaxies fits with GALEX NUV /FUV, 2MASS
JHKs and DECam griz photometry.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

1 8:13+0:07
−0:08 −0:38+0:55

−0:86 10:38+2:30
−2:14 5:14+0:49

−0:31 −2:05+0:16
−0:11

2 8:26+0:02
−0:03 2:46+0:03

−0:05 12:72+0:15
−2:02 0:79+0:07

−0:08 −1:43+0:05
−0:07

3 10:55+0:04
−0:04 1:38+0:11

−0:12 5:85+0:59
−0:53 0:34+0:06

−0:06 −1:87+0:11
−0:11

4 10:94+0:05
−0:07 1:14+0:24

−0:81 5:00+0:74
−1:21 1:32+0:99

−0:51 −0:15+0:21
−0:24

5 11:10+0:06
−0:06 −1:63+0:24

−0:25 12:16+0:85
−0:59 3:90+0:18

−0:19 −0:01+0:03
−0:03

6 9:02+0:09
−0:14 1:27+0:10

−0:13 6:28+1:47
−1:70 3:07+0:37

−0:36 −1:71+0:08
−0:09

73



Table A.5: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

7 10:70+0:07
−0:04 0:94+0:17

−0:09 11:55+1:47
−1:46 4:29+0:17

−0:20 −0:71+0:04
−0:06

8 8:77+0:10
−0:13 0:22+0:20

−0:19 6:25+1:37
−1:57 0:52+0:25

−0:18 −1:54+0:22
−0:25

9 8:47+0:09
−0:13 −0:13+0:36

−0:28 3:61+0:80
−0:96 4:72+0:17

−0:17 −1:72+0:03
−0:03

10 8:40+0:06
−0:10 0:43+0:29

−0:78 10:86+1:91
−2:08 2:76+0:56

−0:30 −1:20+0:10
−0:06

11 11:17+0:05
−0:04 1:42+0:07

−0:09 10:97+0:61
−0:42 0:59+0:28

−0:25 −0:36+0:24
−0:35

12 10:34+0:06
−0:06 1:52+0:03

−0:04 12:47+0:44
−0:48 2:34+0:20

−0:17 −0:21+0:05
−0:05

13 10:09+0:19
−0:29 −0:20+0:33

−0:40 5:31+2:64
−2:81 2:55+0:56

−0:43 −1:35+0:11
−0:12

14 10:22+0:14
−0:23 0:41+0:43

−0:69 5:78+1:76
−2:25 4:61+0:67

−0:53 −0:86+0:07
−0:06

15 8:02+0:02
−0:01 0:56+0:13

−0:14 9:56+0:65
−0:58 0:48+0:13

−0:12 −1:48+0:14
−0:18

16 11:79+0:16
−0:35 1:33+0:23

−0:50 1:05+0:44
−0:66 1:68+0:27

−0:17 −0:73+0:06
−0:06

17 10:48+0:04
−0:07 1:73+0:01

−0:01 8:55+0:92
−0:47 1:72+0:36

−0:43 −1:00+0:12
−0:37

18 8:04+0:03
−0:02 −1:55+0:50

−0:28 1:86+0:93
−0:78 4:49+0:31

−0:33 −1:64+0:05
−0:06

19 9:93+0:12
−0:10 0:23+0:37

−0:32 6:28+1:33
−1:10 5:65+0:26

−0:35 −1:25+0:03
−0:04

20 8:66+0:05
−0:05 −0:82+0:18

−0:41 12:37+1:03
−1:58 2:96+0:30

−0:22 −0:41+0:04
−0:05

21 10:33+0:05
−0:05 1:22+0:07

−0:10 12:79+0:68
−0:92 0:56+0:27

−0:19 −0:21+0:20
−0:23

22 10:68+0:06
−0:07 −0:78+0:23

−0:44 9:85+0:76
−1:09 3:75+0:31

−0:26 0:32+0:06
−0:07

23 8:48+0:05
−0:05 2:04+0:02

−0:02 11:73+0:18
−0:20 3:14+0:17

−0:15 −0:57+0:04
−0:04

24 10:52+0:20
−0:11 0:80+0:40

−0:99 3:48+4:25
−0:89 1:67+0:07

−0:24 −2:04+0:03
−0:07

25 8:83+0:16
−0:20 0:98+0:32

−0:30 3:32+2:57
−1:29 2:92+0:31

−0:53 −0:93+0:05
−0:10

26 11:45+0:10
−0:20 0:52+0:32

−0:48 7:15+1:72
−2:39 2:71+0:62

−0:44 −1:00+0:11
−0:09

27 11:92+0:05
−0:10 1:17+0:21

−0:37 3:33+0:47
−0:68 0:19+0:40

−0:15 −0:50+0:51
−0:78

28 8:68+0:15
−0:17 −0:89+0:73

−0:66 2:46+2:02
−1:24 4:93+0:44

−0:61 −0:95+0:05
−0:08

29 10:90+0:20
−0:28 0:82+0:31

−0:38 1:41+0:95
−0:73 4:16+0:19

−0:21 −0:97+0:02
−0:03

30 11:93+0:05
−0:07 −0:01+0:63

−0:75 5:79+0:97
−1:12 3:98+0:59

−0:63 −0:32+0:06
−0:08

31 9:40+0:03
−0:03 1:38+0:08

−0:15 7:21+0:36
−0:47 3:86+0:43

−0:31 −0:43+0:06
−0:05

32 8:02+0:03
−0:01 1:72+0:02

−0:02 12:46+0:26
−0:23 4:97+0:10

−0:08 −0:59+0:01
−0:01

33 11:84+0:06
−0:07 0:01+0:80

−0:89 6:74+1:18
−1:15 3:00+0:75

−0:85 −0:15+0:09
−0:14

34 8:69+0:04
−0:21 2:24+0:03

−0:01 9:45+0:18
−0:62 5:76+0:12

−0:70 −0:31+0:02
−0:11

35 11:09+0:14
−0:23 0:18+0:32

−0:40 2:58+1:10
−1:20 2:26+0:13

−0:11 −2:14+0:04
−0:03

36 10:38+0:08
−0:09 1:76+0:01

−0:01 10:03+0:04
−0:03 5:05+0:26

−0:26 0:02+0:03
−0:03

37 11:63+0:09
−0:12 1:61+0:10

−0:11 3:62+1:04
−0:97 2:54+0:26

−0:28 −1:20+0:07
−0:08

38 11:84+0:08
−0:13 1:03+0:34

−0:78 3:88+0:92
−1:28 1:40+0:80

−0:57 0:17+0:10
−0:17

39 8:43+0:08
−0:10 −0:80+0:32

−0:66 9:55+2:17
−2:26 0:65+0:30

−0:20 −1:48+0:21
−0:24

40 9:34+0:09
−0:21 0:36+0:39

−0:65 7:91+1:63
−2:54 3:07+0:62

−0:40 −1:08+0:09
−0:07

41 9:33+0:05
−0:05 0:30+0:22

−0:22 1:27+0:21
−0:19 5:90+0:07

−0:10 −2:15+0:02
−0:02

42 9:94+0:24
−0:28 −1:39+1:03

−0:46 0:34+1:35
−0:29 0:88+0:30

−0:60 −0:94+0:15
−0:64
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Table A.5: Continued from above.

Galaxy Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

43 11:85+0:10
−0:12 −1:32+0:59

−0:44 6:14+1:47
−1:33 0:99+0:27

−0:28 −0:26+0:16
−0:20

44 11:12+0:10
−0:11 −0:16+0:68

−0:92 5:01+1:05
−1:29 1:08+0:64

−0:66 −0:01+0:18
−0:31

45 11:60+0:06
−0:08 0:25+0:16

−0:17 8:34+0:85
−0:99 0:26+0:14

−0:09 −1:68+0:24
−0:23

46 10:63+0:05
−0:05 1:16+0:14

−0:31 7:33+0:66
−0:87 2:77+0:57

−0:43 −0:05+0:07
−0:08

47 10:36+0:15
−0:21 −0:74+0:64

−0:72 1:86+1:71
−1:02 2:20+0:49

−0:53 −0:76+0:10
−0:14

48 10:22+0:05
−0:13 2:24+0:12

−0:05 13:09+0:27
−2:41 1:29+0:17

−0:24 −0:56+0:10
−0:19

49 10:33+0:03
−0:04 0:32+0:18

−0:20 9:74+0:69
−0:72 0:29+0:13

−0:09 −1:84+0:24
−0:24

50 10:88+0:02
−0:03 −0:67+0:22

−0:21 13:05+0:54
−0:96 5:94+0:05

−0:09 −1:56+0:01
−0:01

51 11:44+0:30
−0:47 0:28+0:31

−0:30 1:42+1:74
−1:05 3:07+0:21

−0:33 −1:18+0:04
−0:07

52 10:43+0:04
−0:03 1:74+0:03

−0:04 10:93+0:59
−0:33 3:44+0:20

−0:18 −0:96+0:04
−0:04

53 11:73+0:06
−0:12 −0:88+0:21

−0:54 11:42+1:71
−3:10 2:67+0:31

−0:24 −0:44+0:05
−0:09

54 9:04+0:03
−0:03 −0:96+0:52

−0:64 12:55+0:88
−1:29 4:28+0:21

−0:26 −2:07+0:05
−0:06

55 8:02+0:03
−0:01 2:38+0:08

−0:12 13:34+0:36
−3:77 2:73+0:45

−0:39 −1:25+0:39
−0:36

56 8:23+0:07
−0:08 −1:25+0:70

−0:52 4:52+0:88
−0:99 1:52+0:30

−0:36 −0:51+0:08
−0:13

57 11:45+0:06
−0:07 0:96+0:23

−0:59 6:07+0:54
−0:77 3:97+0:66

−0:44 −0:12+0:06
−0:05

58 11:31+0:05
−0:05 2:43+0:05

−0:11 10:95+0:27
−0:31 0:68+0:12

−0:11 −0:17+0:10
−0:11

59 8:95+0:03
−0:03 0:21+0:25

−0:19 13:18+0:42
−0:54 0:99+0:21

−0:21 −0:43+0:12
−0:16

60 9:15+0:05
−0:05 1:53+0:03

−0:05 12:13+0:48
−0:77 2:53+0:18

−0:12 −0:69+0:05
−0:03

61 8:22+0:10
−0:13 −1:61+0:42

−0:27 5:28+1:96
−1:69 1:03+0:23

−0:22 −1:47+0:11
−0:12

62 9:75+0:13
−0:16 −0:57+0:47

−0:74 4:56+1:92
−1:86 3:26+0:40

−0:46 −1:00+0:06
−0:08

63 10:41+0:06
−0:05 0:61+0:18

−0:25 13:02+0:55
−0:69 1:32+0:32

−0:26 −0:07+0:13
−0:13

64 10:47+0:13
−0:16 −1:01+0:90

−0:66 2:35+1:18
−0:99 2:33+0:44

−0:46 −0:33+0:06
−0:09

65 10:26+0:06
−0:05 −0:16+0:55

−0:65 10:45+1:17
−0:70 3:82+0:47

−0:51 −0:77+0:08
−0:08

66 11:45+0:08
−0:09 1:64+0:03

−0:02 13:25+0:41
−0:88 3:04+0:23

−0:24 0:21+0:04
−0:05

67 8:12+0:09
−0:08 1:17+0:29

−0:21 9:67+2:78
−2:77 4:08+0:25

−0:24 −1:76+0:12
−0:12

68 10:97+0:05
−0:04 −1:41+0:48

−0:40 11:29+1:42
−1:22 3:18+0:10

−0:17 −1:48+0:02
−0:03

69 9:64+0:08
−0:07 −1:04+0:82

−0:66 5:73+0:80
−0:79 3:11+0:32

−0:51 −0:38+0:05
−0:09

70 10:35+0:06
−0:05 −0:40+0:20

−0:22 10:24+1:74
−1:23 1:69+0:24

−0:20 −0:85+0:07
−0:08

71 9:87+0:11
−0:18 −1:02+0:33

−0:46 9:50+2:72
−3:44 0:56+0:17

−0:16 −1:57+0:18
−0:19

72 10:94+0:09
−0:08 1:92+0:11

−0:08 6:51+1:46
−0:96 5:78+0:14

−0:33 −1:67+0:06
−0:12

73 8:26+0:45
−0:09 1:84+0:00

−0:00 8:38+0:33
−0:08 4:15+1:34

−0:23 0:21+0:09
−0:03

74 8:72+0:04
−0:04 0:47+0:16

−0:23 8:21+0:26
−0:43 0:10+0:24

−0:08 0:09+0:23
−0:54

75 10:50+0:07
−0:12 −1:69+0:53

−0:22 3:24+0:57
−0:72 0:13+0:16

−0:08 −0:37+0:32
−0:42

75
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Appendix B

DES Fit Data

In this appendix we present the best-fit results obtained from the global and local photometric fits of

162 of the DES SN Ia’s host galaxies, discussed in Section 3.3. These are displayed in Tables B.1 and

B.2, respectively. Furthermore, the results for additional global photometry fits for 33 of those galaxies,

discussed in Section 3.4, are displayed in Table B.3.

Table B.1: Best-fit results for the DES host galaxies fits with DECam griz global
photometry.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1248677 −0:01+0:07
−0:09 0:40+0:07

−0:03 1:37+0:05
−0:09 0:09+0:02

−0:06

1250017 −1:64+0:31
−0:18 0:36+0:54

−0:14 1:11+0:21
−0:38 −0:72+0:12

−0:18

1253039 0:16+0:91
−0:66 0:21+0:33

−0:18 2:29+0:76
−0:47 0:07+0:10

−0:11

1253101 −0:57+0:71
−0:63 0:93+0:66

−0:49 0:76+0:50
−0:41 −0:55+0:38

−0:57

1253920 −1:98+0:04
−0:02 2:34+0:15

−0:15 0:91+0:06
−0:05 −1:32+0:07

−0:07

1255502 1:29+0:01
−0:01 0:24+0:00

−0:00 2:89+0:02
−0:02 −0:24+0:01

−0:01

1257366 −1:66+0:35
−0:05 2:45+0:61

−0:11 0:64+0:04
−0:20 −1:33+0:04

−0:28

1257695 −1:96+0:44
−0:03 0:17+0:28

−0:01 1:26+0:04
−0:37 −0:76+0:04

−0:24

1258906 0:13+0:48
−0:50 0:38+0:23

−0:16 1:18+0:17
−0:21 −0:10+0:14

−0:14

1258940 −0:05+0:22
−0:20 1:15+0:49

−0:15 1:42+0:06
−0:26 −0:24+0:04

−0:07

1259412 −2:00+0:25
−0:00 0:30+0:10

−0:01 1:54+0:01
−0:09 −0:58+0:01

−0:01

1261579 −1:00+1:25
−0:43 5:45+0:26

−1:45 0:31+0:13
−0:05 −2:19+0:45

−0:01

1263369 −0:88+0:24
−0:15 0:56+0:17

−0:14 1:99+0:13
−0:14 −0:08+0:05

−0:04

1263715 0:01+0:56
−0:51 0:87+0:36

−0:30 0:63+0:19
−0:20 −0:48+0:23

−0:28

1275946 −0:67+1:02
−0:91 1:60+0:55

−0:62 0:45+0:31
−0:19 −1:25+0:64

−0:60

1279500 −1:70+0:25
−0:22 0:51+0:39

−0:15 1:51+0:12
−0:23 −0:55+0:02

−0:02

1280217 −0:09+1:02
−0:71 0:09+0:54

−0:09 1:96+0:89
−1:11 0:02+0:22

−0:35

1281668 −0:09+0:18
−0:15 0:56+0:11

−0:08 1:71+0:08
−0:10 0:09+0:02

−0:04

1281886 −0:59+0:55
−0:32 1:56+0:46

−0:52 0:97+0:28
−0:25 −0:37+0:15

−0:21

1282736 −1:95+0:14
−0:04 0:78+0:13

−0:05 1:65+0:03
−0:06 −0:53+0:03

−0:01
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Table B.1: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1282757 −1:97+0:57
−0:03 0:11+0:21

−0:01 1:73+0:03
−0:38 −0:42+0:02

−0:03

1283373 −0:54+0:07
−0:07 4:91+0:03

−0:03 0:56+0:03
−0:03 −1:08+0:04

−0:05

1283878 1:29+0:00
−0:26 0:10+0:18

−0:00 3:19+0:01
−0:33 −0:27+0:08

−0:00

1283936 −0:48+0:32
−0:48 0:52+0:11

−0:24 1:74+0:25
−0:14 0:08+0:05

−0:12

1284587 −1:92+0:20
−0:07 0:70+0:39

−0:12 1:66+0:08
−0:19 −0:63+0:02

−0:02

1285317 −0:06+0:50
−0:68 0:56+0:15

−0:20 0:17+0:21
−0:09 −0:94+0:57

−0:68

1286398 −0:13+0:03
−0:01 3:39+0:02

−0:03 0:52+0:01
−0:01 −1:12+0:02

−0:03

1287626 −0:76+0:79
−0:74 1:20+0:44

−0:51 0:35+0:32
−0:18 −1:10+0:63

−0:67

1289288 −1:61+0:17
−0:11 0:67+0:34

−0:12 1:85+0:07
−0:18 −0:45+0:02

−0:02

1289555 −0:10+0:42
−0:38 0:61+0:25

−0:29 0:46+0:33
−0:22 −0:42+0:25

−0:39

1289600 −0:59+0:15
−0:05 0:19+0:07

−0:04 1:63+0:16
−0:23 0:13+0:02

−0:03

1289656 −0:33+0:98
−1:04 0:95+0:38

−0:38 0:32+0:24
−0:15 −1:32+0:57

−0:54

1289664 −0:09+0:88
−0:90 0:48+0:94

−0:37 1:37+0:97
−0:81 −0:09+0:34

−0:67

1290816 0:33+0:36
−0:38 0:58+0:18

−0:14 1:14+0:15
−0:14 −0:15+0:17

−0:23

1291080 −0:35+1:11
−1:14 1:57+0:66

−0:74 0:51+0:41
−0:21 −1:28+0:57

−0:56

1291090 −0:11+0:21
−0:39 0:39+0:08

−0:06 0:86+0:09
−0:10 −0:15+0:07

−0:08

1291794 −1:69+0:23
−0:21 0:84+0:56

−0:14 1:78+0:05
−0:25 −0:46+0:03

−0:04

1292145 −0:53+0:37
−0:31 0:26+0:20

−0:14 1:74+0:48
−0:37 −0:00+0:10

−0:14

1292332 −0:85+0:30
−0:37 3:38+0:10

−0:20 0:67+0:10
−0:06 −1:27+0:06

−0:06

1292336 −1:89+0:13
−0:08 1:36+0:51

−0:35 0:91+0:17
−0:21 −1:08+0:13

−0:20

1292560 0:28+0:35
−0:38 0:18+0:09

−0:07 1:73+0:24
−0:27 0:24+0:12

−0:20

1293319 −0:74+0:38
−0:38 0:65+0:20

−0:28 1:22+0:26
−0:19 −0:16+0:12

−0:15

1293758 −2:00+0:00
−0:00 0:77+0:01

−0:01 1:50+0:00
−0:01 −0:79+0:00

−0:01

1294014 −0:08+0:35
−0:31 0:53+0:18

−0:14 0:63+0:13
−0:17 −0:15+0:15

−0:18

1294743 −1:99+0:29
−0:01 0:19+0:12

−0:01 2:06+0:04
−0:22 −0:41+0:02

−0:03

1295027 −0:76+0:30
−0:24 0:73+0:19

−0:19 1:60+0:16
−0:15 −0:05+0:05

−0:08

1296321 −1:62+0:20
−0:17 0:49+0:34

−0:21 1:18+0:22
−0:22 −0:65+0:07

−0:07

1296657 −1:28+0:22
−0:34 0:03+0:18

−0:01 1:98+0:07
−0:81 −0:06+0:04

−0:22

1297026 −1:00+0:00
−0:01 5:11+0:02

−0:02 0:83+0:01
−0:01 −0:85+0:01

−0:01

1297465 0:13+0:20
−0:16 0:56+0:06

−0:05 1:73+0:05
−0:04 0:03+0:05

−0:06

1298281 −1:41+0:54
−0:35 3:49+0:25

−0:43 0:45+0:13
−0:09 −1:96+0:25

−0:17

1298893 −0:86+0:06
−0:07 4:53+0:05

−0:05 0:61+0:03
−0:02 −1:13+0:03

−0:03

1299643 −0:96+0:69
−0:69 0:45+0:32

−0:22 2:13+0:19
−0:21 −0:09+0:14

−0:22

1299775 −1:72+0:02
−0:02 1:37+0:24

−0:19 2:25+0:09
−0:11 −0:32+0:01

−0:01

1299785 −0:44+0:20
−0:24 1:70+0:14

−0:18 0:80+0:09
−0:07 −0:27+0:07

−0:07

1300516 1:39+0:05
−0:37 0:16+0:53

−0:04 2:59+0:16
−0:42 −0:48+0:20

−0:07
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Table B.1: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1300912 0:03+0:67
−0:33 0:79+0:37

−0:35 0:88+0:11
−0:24 −0:31+0:16

−0:13

1301933 −0:58+0:23
−0:32 0:71+0:07

−0:19 1:54+0:17
−0:07 −0:01+0:04

−0:08

1302058 −1:87+0:21
−0:10 0:25+0:21

−0:05 1:97+0:11
−0:25 −0:44+0:03

−0:05

1302187 −1:74+0:30
−0:07 0:41+0:51

−0:05 2:38+0:05
−0:34 −0:35+0:01

−0:00

1302523 −1:70+0:89
−0:22 0:09+0:49

−0:04 2:48+0:38
−0:61 −0:21+0:20

−0:05

1302648 −1:94+0:09
−0:04 2:94+0:19

−0:12 1:03+0:04
−0:06 −1:01+0:03

−0:03

1303279 1:14+0:00
−0:01 0:22+0:00

−0:00 2:84+0:01
−0:01 −0:15+0:00

−0:01

1303496 −2:00+0:00
−0:00 0:46+0:07

−0:02 2:22+0:02
−0:08 −0:46+0:01

−0:03

1303883 0:03+0:08
−0:03 3:06+0:07

−0:13 1:02+0:03
−0:02 −0:56+0:02

−0:02

1303952 −0:25+0:00
−0:01 2:01+0:10

−0:11 1:11+0:06
−0:06 −0:51+0:03

−0:04

1304442 −0:14+0:08
−0:61 0:43+0:03

−0:19 1:29+0:43
−0:05 0:31+0:02

−0:06

1304678 1:26+0:01
−0:01 0:70+0:01

−0:01 2:14+0:01
−0:01 −0:42+0:01

−0:01

1305504 0:25+0:00
−0:01 3:52+0:06

−0:69 0:82+0:45
−0:03 −1:03+0:43

−0:04

1305626 −0:28+0:47
−0:38 0:84+0:18

−0:26 1:47+0:15
−0:14 −0:05+0:07

−0:09

1306073 −0:99+0:02
−0:01 5:21+0:03

−0:03 0:32+0:01
−0:01 −1:87+0:04

−0:04

1306141 0:70+0:25
−0:69 0:31+0:21

−0:15 1:36+0:17
−0:10 −0:26+0:30

−0:08

1306360 −0:75+0:01
−0:01 0:89+0:04

−0:04 1:84+0:04
−0:04 −0:17+0:01

−0:01

1306390 −1:25+0:26
−0:20 1:59+0:34

−0:51 1:58+0:22
−0:15 −0:42+0:04

−0:04

1306537 −0:09+0:59
−0:62 0:29+0:30

−0:19 2:92+0:46
−0:40 0:05+0:08

−0:09

1306626 −0:44+0:45
−0:39 0:48+0:20

−0:20 0:69+0:27
−0:23 −0:22+0:18

−0:26

1306785 −0:30+0:35
−0:26 3:47+0:46

−0:68 1:10+0:20
−0:16 −0:91+0:14

−0:14

1306980 −0:48+0:24
−0:16 0:56+0:12

−0:16 1:88+0:23
−0:14 0:03+0:03

−0:03

1306991 −0:74+0:04
−0:02 2:06+0:06

−0:06 1:18+0:03
−0:03 −0:65+0:02

−0:02

1307277 −0:82+0:37
−0:25 0:89+0:15

−0:21 1:91+0:12
−0:11 −0:12+0:06

−0:07

1307830 −0:75+0:00
−0:01 7:10+0:01

−0:01 0:25+0:00
−0:00 −2:19+0:01

−0:00

1308326 1:06+0:09
−0:37 0:21+0:35

−0:07 1:11+0:17
−0:33 −0:56+0:06

−0:05

1308582 −0:00+0:01
−0:75 1:71+0:95

−0:07 1:43+0:04
−0:35 −0:49+0:02

−0:19

1308884 −1:25+0:00
−0:00 1:13+0:00

−0:01 1:08+0:00
−0:00 −0:48+0:00

−0:00

1309288 −2:00+0:00
−0:00 1:11+0:03

−0:03 1:50+0:01
−0:02 −0:71+0:01

−0:01

1309492 0:85+0:15
−0:84 0:20+0:26

−0:07 1:86+0:16
−0:17 −0:16+0:26

−0:06

1312274 −0:70+0:35
−0:31 0:68+0:17

−0:21 2:88+0:18
−0:16 0:01+0:04

−0:06

1313594 −0:27+0:14
−0:22 0:05+0:12

−0:04 4:29+0:41
−0:78 0:32+0:03

−0:10

1314897 0:97+0:14
−0:96 0:23+0:42

−0:10 2:41+0:22
−0:16 −0:25+0:25

−0:02

1315192 −1:54+0:08
−0:08 0:71+0:19

−0:12 1:74+0:07
−0:11 −0:44+0:01

−0:01

1315259 −2:00+0:00
−0:00 1:88+0:02

−0:02 1:33+0:01
−0:01 −0:78+0:00

−0:00

1315296 −0:66+0:36
−0:09 0:46+0:11

−0:09 1:02+0:14
−0:15 −0:12+0:05

−0:05
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Table B.1: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1316385 1:38+0:01
−0:01 0:55+0:01

−0:01 1:75+0:01
−0:01 −0:63+0:01

−0:01

1316431 −0:56+0:88
−0:62 0:25+0:15

−0:16 0:29+0:35
−0:20 −0:90+0:85

−0:87

1316437 −0:33+0:40
−0:32 0:57+0:15

−0:18 0:56+0:18
−0:15 −0:31+0:15

−0:15

1316465 −0:59+0:28
−0:33 0:68+0:11

−0:20 1:10+0:19
−0:11 −0:11+0:08

−0:11

1317164 −2:00+0:00
−0:00 8:56+0:04

−0:04 0:96+0:01
−0:01 −1:41+0:01

−0:01

1317277 0:22+0:35
−0:53 2:69+0:75

−0:42 0:67+0:05
−0:13 −1:44+0:06

−0:06

1317286 −0:02+0:81
−0:92 0:74+0:34

−0:40 0:25+0:33
−0:17 −0:68+0:75

−0:90

1317666 −1:99+0:23
−0:00 0:30+0:18

−0:01 1:97+0:02
−0:19 −0:47+0:01

−0:05

1319366 −1:60+0:40
−0:30 0:13+0:37

−0:06 1:71+0:26
−0:53 −0:34+0:08

−0:11

1319821 0:13+0:40
−0:37 0:29+0:05

−0:06 1:78+0:13
−0:04 0:14+0:06

−0:15

1322229 −0:11+0:32
−0:23 0:31+0:12

−0:08 1:82+0:14
−0:17 0:16+0:04

−0:05

1322979 1:01+0:51
−2:10 0:50+0:63

−0:32 0:47+0:28
−0:19 −1:70+0:52

−0:36

1324542 −0:25+0:79
−0:64 0:14+0:54

−0:13 2:14+0:93
−0:97 0:08+0:16

−0:16

1327978 1:49+0:01
−0:02 2:08+0:04

−0:02 0:71+0:00
−0:01 −1:74+0:02

−0:02

1328066 −0:11+0:48
−0:34 1:70+0:51

−0:59 0:97+0:25
−0:21 −0:75+0:14

−0:18

1328105 −0:36+0:23
−0:38 0:53+0:11

−0:11 2:06+0:16
−0:12 0:03+0:03

−0:02

1329312 −0:74+0:02
−0:01 1:76+0:04

−0:04 1:64+0:02
−0:02 −0:21+0:01

−0:01

1329615 −0:39+0:12
−0:09 4:42+0:13

−0:14 0:59+0:03
−0:03 −0:92+0:05

−0:05

1330031 −1:99+0:31
−0:01 0:39+0:55

−0:04 1:48+0:05
−0:39 −0:65+0:04

−0:16

1330426 −0:14+1:00
−0:96 1:21+0:60

−0:65 0:41+0:40
−0:22 −1:05+0:81

−0:75

1331123 0:01+0:02
−0:01 4:56+0:03

−0:05 0:61+0:01
−0:01 −1:08+0:02

−0:01

1333246 −0:68+0:18
−0:20 0:96+0:10

−0:14 1:72+0:10
−0:09 −0:12+0:02

−0:04

1334084 −1:60+0:20
−0:14 0:19+0:36

−0:09 2:09+0:27
−0:47 −0:29+0:07

−0:09

1334087 −1:15+0:14
−0:15 4:46+0:06

−0:08 0:51+0:03
−0:03 −1:64+0:03

−0:03

1334302 −1:39+0:22
−0:32 0:23+0:13

−0:06 2:85+0:08
−0:18 −0:19+0:07

−0:06

1334423 0:76+0:12
−0:72 0:17+0:24

−0:05 0:96+0:12
−0:21 −0:36+0:17

−0:07

1334448 1:52+0:08
−0:20 0:33+1:40

−0:18 2:55+0:47
−1:53 −0:82+0:13

−0:60

1334597 −1:32+0:70
−0:49 2:96+0:45

−0:77 0:53+0:27
−0:17 −1:43+0:34

−0:39

1334620 −2:00+0:01
−0:00 0:45+0:03

−0:02 1:62+0:02
−0:04 −0:65+0:01

−0:02

1334644 −1:00+0:01
−0:01 7:90+0:01

−0:01 0:22+0:00
−0:00 −2:19+0:01

−0:00

1334645 −1:96+0:81
−0:04 2:50+1:26

−0:17 0:91+0:06
−0:41 −1:12+0:06

−0:31

1335717 0:77+0:07
−0:12 0:32+0:06

−0:04 1:45+0:04
−0:04 −0:25+0:04

−0:04

1336008 −0:53+0:24
−0:14 0:29+0:09

−0:10 2:37+0:26
−0:18 0:17+0:03

−0:03

1336009 0:88+0:21
−1:03 0:24+0:46

−0:13 1:67+0:30
−0:31 −0:25+0:16

−0:07

1336453 −1:37+0:13
−0:08 0:37+0:20

−0:11 0:88+0:13
−0:18 −0:66+0:07

−0:09

1336480 −1:97+0:34
−0:02 0:21+0:20

−0:02 1:73+0:05
−0:26 −0:46+0:02

−0:04
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Table B.1: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1336687 −0:37+0:44
−0:41 1:13+0:16

−0:28 0:20+0:16
−0:10 −0:87+0:48

−0:61

1337117 −0:70+0:74
−0:67 0:48+0:60

−0:40 0:94+0:98
−0:54 −0:30+0:32

−0:54

1337228 −0:90+0:35
−0:39 0:17+0:74

−0:11 2:14+0:49
−0:95 −0:06+0:13

−0:18

1337272 −0:25+0:56
−0:40 0:14+0:24

−0:10 1:35+0:70
−0:58 0:01+0:21

−0:32

1337649 −0:03+0:60
−0:78 1:76+0:36

−0:54 0:25+0:14
−0:09 −1:50+0:47

−0:44

1337687 −0:09+0:62
−0:56 0:69+0:31

−0:29 0:41+0:26
−0:22 −0:57+0:43

−0:57

1337703 −0:25+0:02
−0:03 1:88+0:12

−0:12 1:12+0:07
−0:06 −0:75+0:05

−0:05

1337838 −0:41+0:87
−0:87 1:14+0:58

−0:59 0:44+0:45
−0:25 −0:88+0:72

−0:80

1338128 0:83+0:14
−0:25 0:22+0:11

−0:06 1:07+0:12
−0:12 −0:45+0:12

−0:09

1338170 1:00+0:05
−0:07 0:70+0:18

−0:17 1:37+0:15
−0:14 −0:67+0:04

−0:05

1338278 −0:28+0:27
−0:22 1:98+0:45

−0:60 0:65+0:30
−0:22 −0:49+0:18

−0:28

1338430 0:24+0:05
−0:41 0:73+0:48

−0:07 2:08+0:07
−0:27 −0:19+0:02

−0:03

1338471 −0:86+0:24
−0:28 0:67+0:31

−0:26 1:71+0:21
−0:26 −0:14+0:05

−0:08

1338675 0:42+0:21
−0:43 0:18+0:05

−0:05 1:63+0:09
−0:10 0:01+0:17

−0:08

1339002 −1:00+0:03
−0:03 4:21+0:06

−0:06 0:69+0:02
−0:02 −0:86+0:03

−0:03

1339149 0:32+0:22
−0:22 0:26+0:06

−0:08 1:47+0:11
−0:10 −0:13+0:07

−0:05

1339392 −2:00+0:00
−0:00 1:71+0:05

−0:05 1:26+0:02
−0:02 −1:02+0:01

−0:01

1339450 −0:25+0:00
−0:01 1:81+0:13

−0:10 1:06+0:06
−0:07 −0:42+0:03

−0:04

1340454 −0:37+0:33
−0:31 0:50+0:11

−0:15 2:05+0:17
−0:13 0:09+0:03

−0:04

1341370 −0:03+0:81
−0:89 1:35+0:51

−0:63 0:38+0:34
−0:19 −1:08+0:50

−0:64

1341894 −1:65+0:28
−0:17 0:41+0:35

−0:10 1:77+0:12
−0:22 −0:44+0:05

−0:04

1342255 −1:79+0:29
−0:17 0:38+0:38

−0:12 1:67+0:16
−0:26 −0:53+0:04

−0:04

1343208 −0:25+0:02
−0:02 1:60+0:14

−0:17 1:37+0:11
−0:08 −0:36+0:04

−0:04

1343337 −0:04+0:18
−0:34 0:25+0:10

−0:04 1:81+0:10
−0:15 0:18+0:04

−0:10

1343401 −2:00+0:01
−0:00 0:74+0:05

−0:04 2:32+0:03
−0:03 −0:42+0:01

−0:01

1343533 −0:04+0:15
−0:19 1:52+0:52

−0:19 1:56+0:08
−0:26 −0:28+0:03

−0:06

1343759 −0:52+0:10
−0:07 0:21+0:08

−0:08 1:38+0:28
−0:22 0:08+0:05

−0:07

1344692 1:17+0:73
−0:92 0:52+1:90

−0:48 1:61+1:35
−0:87 −0:85+0:32

−0:43

1345553 −1:55+0:56
−0:36 3:64+0:70

−0:87 0:95+0:29
−0:25 −0:70+0:09

−0:12

1345594 −0:27+0:03
−0:07 2:21+0:13

−0:15 1:42+0:08
−0:06 −0:27+0:03

−0:03

1346137 −0:51+0:42
−0:15 0:19+0:09

−0:07 2:02+0:30
−0:25 0:18+0:04

−0:03

1346387 0:63+1:58
−1:30 1:81+0:92

−1:77 0:56+1:71
−0:17 −1:69+0:56

−0:39

1346956 −0:36+0:86
−0:76 0:46+0:26

−0:26 0:31+0:41
−0:21 −0:62+0:69

−0:97

1346966 0:07+0:70
−0:11 0:33+0:06

−0:16 1:24+0:09
−0:10 0:02+0:08

−0:30
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Table B.2: Best-fit results for the DES host galaxies fits with DECam griz global
photometry.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1248677 −0:20+0:64
−0:54 0:10+0:17

−0:08 1:41+0:71
−0:58 0:06+0:20

−0:34

1250017 −1:26+0:57
−0:57 0:11+0:74

−0:09 1:48+0:75
−0:89 −0:29+0:24

−0:44

1253039 −0:59+0:70
−0:77 0:58+1:44

−0:49 1:60+1:28
−1:01 −0:09+0:28

−0:50

1253101 −0:36+0:57
−0:52 0:15+0:19

−0:12 1:11+0:68
−0:46 −0:05+0:27

−0:39

1253920 −1:48+0:55
−0:36 2:96+0:60

−1:05 0:70+0:41
−0:23 −1:29+0:43

−0:49

1255502 −0:90+0:68
−0:64 0:55+1:27

−0:53 2:28+1:42
−1:00 0:02+0:19

−0:37

1257366 −1:29+0:81
−0:53 1:50+0:90

−1:24 0:90+0:87
−0:43 −0:55+0:21

−0:41

1257695 −0:61+0:42
−0:43 1:10+0:33

−0:40 0:49+0:33
−0:22 −0:71+0:41

−0:56

1258906 −0:35+0:65
−0:50 0:53+0:34

−0:25 1:25+0:32
−0:34 −0:11+0:17

−0:24

1258940 −0:85+0:81
−0:65 1:74+0:52

−0:64 0:49+0:30
−0:22 −0:99+0:34

−0:47

1259412 0:20+0:70
−0:72 0:23+0:31

−0:19 1:62+0:95
−0:49 0:03+0:19

−0:31

1261579 −0:54+0:80
−0:67 1:25+0:97

−0:65 1:64+0:49
−0:51 −0:28+0:17

−0:21

1263369 0:26+0:53
−0:58 0:44+0:32

−0:19 1:92+0:22
−0:27 −0:10+0:12

−0:14

1263715 −0:51+0:59
−0:52 0:85+0:33

−0:33 0:64+0:31
−0:24 −0:61+0:37

−0:44

1275946 −0:62+0:55
−0:53 0:56+0:26

−0:31 0:48+0:45
−0:24 −0:68+0:57

−0:75

1279500 −0:40+0:98
−0:98 2:17+0:54

−0:70 0:41+0:23
−0:14 −1:47+0:54

−0:50

1280217 1:05+0:30
−1:15 0:46+0:70

−0:27 0:37+0:23
−0:19 −1:75+0:56

−0:33

1281668 −0:24+0:71
−0:45 0:30+0:32

−0:21 1:96+0:67
−0:43 0:09+0:14

−0:15

1281886 −0:53+0:68
−0:66 1:05+0:74

−0:47 1:17+0:38
−0:43 −0:26+0:18

−0:27

1282736 −0:62+0:64
−0:66 0:80+0:66

−0:40 1:86+0:38
−0:46 −0:16+0:12

−0:20

1282757 −1:00+0:64
−0:62 0:56+0:54

−0:39 0:98+0:49
−0:41 −0:50+0:29

−0:33

1283373 −0:16+0:97
−0:74 3:98+0:85

−1:23 0:62+0:21
−0:17 −1:28+0:36

−0:45

1283878 −1:02+1:79
−0:75 3:35+0:49

−1:35 0:51+0:23
−0:11 −1:88+0:41

−0:23

1283936 −0:32+0:66
−0:57 0:47+0:31

−0:21 1:56+0:33
−0:31 −0:05+0:12

−0:16

1284587 −0:36+0:87
−0:74 2:00+0:85

−0:82 0:80+0:48
−0:32 −0:73+0:42

−0:64

1285317 −1:51+0:56
−0:32 0:27+0:14

−0:08 0:22+0:15
−0:06 −1:75+0:75

−0:32

1286398 0:65+0:91
−0:83 2:12+1:36

−1:04 0:91+0:46
−0:33 −1:04+0:58

−0:72

1287626 2:26+0:17
−0:74 0:04+0:12

−0:01 0:93+0:08
−0:40 −2:07+0:19

−0:09

1289288 −1:19+0:79
−0:51 0:56+0:70

−0:47 2:05+0:82
−0:54 −0:22+0:16

−0:18

1289555 −0:71+0:79
−0:52 0:74+0:22

−0:34 0:23+0:29
−0:14 −0:98+0:49

−0:66

1289600 −0:42+0:38
−0:34 0:39+0:18

−0:15 0:81+0:28
−0:26 −0:15+0:18

−0:26

1289656 −0:19+0:57
−0:53 0:46+0:39

−0:30 0:66+0:60
−0:40 −0:31+0:37

−0:58

1289664 −0:54+0:89
−0:49 0:20+0:38

−0:17 0:95+0:94
−0:63 0:08+0:24

−0:49

1290816 −0:57+0:63
−0:58 0:85+0:55

−0:47 0:76+0:54
−0:39 −0:48+0:44

−0:70

1291080 0:63+0:69
−1:48 1:47+1:01

−0:80 0:51+0:33
−0:19 −1:64+0:54

−0:40

1291090 −0:11+0:58
−0:58 0:56+0:26

−0:22 0:85+0:25
−0:22 −0:33+0:22

−0:27
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Table B.2: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1291794 −1:24+0:76
−0:49 0:48+0:61

−0:30 2:24+0:42
−0:45 −0:20+0:18

−0:14

1292145 −0:33+0:59
−0:58 0:42+0:39

−0:23 1:29+0:43
−0:44 −0:18+0:17

−0:25

1292332 −0:64+1:13
−0:85 3:40+0:96

−1:21 0:80+0:37
−0:27 −1:03+0:33

−0:43

1292336 −1:29+0:74
−0:54 1:09+0:90

−0:86 1:09+0:71
−0:46 −0:51+0:22

−0:29

1292560 −0:66+0:57
−0:59 1:07+0:40

−0:47 0:49+0:37
−0:23 −0:83+0:53

−0:69

1293319 −1:17+1:05
−0:56 1:63+0:49

−0:59 0:47+0:29
−0:17 −1:43+0:52

−0:48

1293758 −0:06+0:75
−0:63 1:05+0:86

−0:45 1:49+0:55
−0:47 −0:11+0:29

−0:41

1294014 −0:42+0:59
−0:59 0:93+0:36

−0:35 0:43+0:27
−0:22 −0:67+0:42

−0:56

1294743 −0:19+0:92
−0:97 2:00+0:78

−0:88 0:54+0:39
−0:24 −1:02+0:52

−0:65

1295027 −0:52+0:61
−0:63 0:58+0:51

−0:30 1:61+0:37
−0:44 −0:05+0:11

−0:23

1296321 −0:98+0:60
−0:40 0:51+0:73

−0:46 1:20+1:20
−0:61 −0:26+0:34

−0:44

1296657 −0:67+0:45
−0:30 0:20+0:30

−0:18 1:13+0:79
−0:65 0:09+0:21

−0:38

1297026 0:16+1:75
−1:01 6:51+4:51

−6:18 0:66+1:46
−0:33 −1:87+0:51

−0:25

1297465 −0:99+0:60
−0:61 1:81+0:64

−0:73 0:61+0:39
−0:29 −0:91+0:44

−0:63

1298281 −0:52+1:07
−0:89 2:84+0:76

−1:05 0:68+0:35
−0:22 −1:20+0:46

−0:53

1298893 −0:45+0:98
−0:79 2:71+1:05

−0:97 1:20+0:43
−0:37 −0:53+0:20

−0:31

1299643 −0:27+0:72
−0:54 0:49+0:40

−0:24 1:91+0:39
−0:38 −0:05+0:12

−0:15

1299775 −0:01+1:04
−0:93 2:62+1:34

−1:10 1:58+0:56
−0:49 −0:45+0:22

−0:40

1299785 −0:49+0:69
−0:61 1:38+0:47

−0:55 0:45+0:35
−0:23 −0:77+0:41

−0:63

1300516 −0:84+0:72
−0:67 1:85+0:99

−0:91 1:37+0:52
−0:45 −0:41+0:20

−0:22

1300912 0:19+0:75
−0:85 1:00+0:75

−0:56 0:61+0:45
−0:32 −0:68+0:45

−0:63

1302058 −0:53+0:77
−0:71 1:40+0:82

−0:68 1:01+0:51
−0:43 −0:47+0:32

−0:48

1302187 −1:82+0:32
−0:13 11:21+0:70

−0:69 0:54+0:06
−0:05 −2:05+0:20

−0:11

1302523 −0:53+0:57
−0:48 0:54+0:37

−0:25 1:98+0:37
−0:38 −0:05+0:10

−0:14

1302648 −0:17+0:99
−1:09 3:36+0:96

−1:18 0:70+0:32
−0:23 −1:20+0:38

−0:46

1303279 −1:46+0:53
−0:40 5:10+1:50

−1:90 1:12+0:62
−0:39 −0:89+0:34

−0:48

1303496 −0:63+0:70
−0:58 1:56+1:11

−0:85 1:71+0:63
−0:56 −0:31+0:20

−0:26

1303883 0:08+0:83
−0:83 1:85+0:96

−0:79 1:15+0:38
−0:33 −0:56+0:21

−0:27

1303952 −0:96+1:47
−0:76 2:74+0:77

−1:17 0:57+0:41
−0:19 −1:53+0:52

−0:46

1304442 −0:10+0:73
−0:65 1:34+0:39

−0:52 0:31+0:26
−0:14 −1:18+0:68

−0:68

1304678 −1:27+0:72
−0:54 5:24+1:70

−1:85 1:11+0:57
−0:39 −0:74+0:27

−0:42

1305504 −0:56+1:34
−1:04 2:88+0:90

−1:18 0:55+0:37
−0:18 −1:56+0:47

−0:43

1305626 −0:47+0:91
−0:88 2:11+0:60

−0:74 0:45+0:30
−0:20 −1:09+0:47

−0:63

1306073 −1:07+0:84
−0:68 6:84+0:98

−1:40 0:38+0:23
−0:12 −1:56+0:54

−0:44

1306141 −0:61+0:73
−0:77 1:57+0:44

−0:56 0:39+0:31
−0:18 −1:03+0:48

−0:61

1306360 −0:57+0:58
−0:57 1:32+0:63

−0:51 1:40+0:32
−0:34 −0:39+0:11

−0:16

83



Table B.2: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1306390 −0:87+0:67
−0:60 1:88+0:85

−0:77 1:50+0:39
−0:39 −0:41+0:14

−0:12

1306537 −0:41+0:62
−0:76 1:16+1:22

−0:68 1:43+0:62
−0:66 −0:28+0:22

−0:28

1306626 −0:42+0:61
−0:55 1:07+0:31

−0:36 0:35+0:23
−0:17 −0:83+0:40

−0:54

1306785 −0:43+0:81
−0:80 1:68+1:28

−1:00 1:31+0:69
−0:56 −0:59+0:23

−0:36

1306980 −0:26+0:53
−0:38 0:42+0:40

−0:21 2:07+0:37
−0:45 0:01+0:07

−0:11

1306991 −0:67+0:75
−0:70 2:00+0:83

−0:76 1:16+0:36
−0:35 −0:79+0:19

−0:26

1307277 −0:53+0:81
−0:71 1:22+1:00

−0:64 1:46+0:52
−0:56 −0:28+0:18

−0:25

1307830 0:01+0:95
−0:92 2:48+0:87

−1:07 0:77+0:29
−0:22 −1:26+0:31

−0:36

1308326 −0:56+0:66
−0:70 1:21+0:36

−0:46 0:35+0:27
−0:18 −0:98+0:52

−0:64

1308582 1:40+0:19
−0:94 1:24+1:27

−0:39 0:69+0:24
−0:18 −1:77+0:35

−0:29

1308884 −0:62+0:42
−0:51 2:18+0:21

−0:46 0:26+0:21
−0:09 −1:27+0:65

−0:63

1309288 −0:60+0:41
−0:50 0:09+1:96

−0:07 3:71+0:84
−2:10 −0:01+0:18

−0:37

1309492 0:44+0:54
−0:66 0:74+0:75

−0:42 1:23+0:50
−0:49 −0:32+0:23

−0:32

1312274 −0:35+0:68
−0:62 0:67+0:54

−0:30 2:60+0:33
−0:42 −0:07+0:07

−0:10

1313594 −0:55+0:68
−0:63 0:29+0:57

−0:22 2:17+0:96
−0:76 −0:01+0:22

−0:29

1314897 0:88+0:43
−1:03 0:98+1:02

−0:51 0:94+0:43
−0:37 −0:81+0:36

−0:44

1315192 −0:97+0:58
−0:59 1:21+0:78

−0:79 1:15+0:54
−0:43 −0:44+0:20

−0:26

1315259 −0:91+0:87
−0:72 2:83+0:66

−0:93 0:66+0:37
−0:23 −1:03+0:34

−0:44

1315296 −0:38+0:46
−0:37 0:31+0:18

−0:13 1:13+0:32
−0:27 −0:04+0:13

−0:18

1316385 −0:15+0:92
−0:85 2:51+0:86

−0:90 0:63+0:32
−0:22 −1:22+0:53

−0:59

1316431 1:10+0:31
−0:34 0:15+0:18

−0:08 0:38+0:35
−0:25 −0:67+0:75

−0:93

1316437 1:10+0:33
−1:77 0:36+0:50

−0:19 0:30+0:19
−0:15 −1:65+0:67

−0:39

1316465 −0:49+0:54
−0:55 0:76+0:37

−0:32 0:49+0:35
−0:27 −0:51+0:45

−0:63

1317164 −0:14+1:07
−1:02 3:94+1:49

−1:46 0:74+0:45
−0:28 −1:03+0:50

−0:68

1317277 −0:40+1:02
−0:91 3:76+0:94

−1:19 0:70+0:32
−0:23 −1:17+0:35

−0:45

1317286 0:23+0:56
−1:02 0:40+0:21

−0:21 0:20+0:32
−0:15 −0:37+0:55

−0:98

1317666 0:02+0:91
−0:85 2:01+0:84

−0:81 0:56+0:33
−0:22 −1:06+0:62

−0:68

1319366 −0:86+0:61
−0:57 0:47+0:44

−0:40 1:08+0:85
−0:42 −0:24+0:22

−0:33

1319821 −0:05+0:80
−0:73 1:28+0:82

−0:62 0:80+0:46
−0:35 −0:50+0:34

−0:48

1322229 −0:46+0:72
−0:63 0:90+0:48

−0:42 0:64+0:38
−0:31 −0:50+0:27

−0:39

1322979 −1:15+1:79
−0:61 0:68+0:34

−0:28 0:27+0:17
−0:11 −1:67+0:57

−0:38

1324542 −0:36+0:82
−0:74 0:55+0:23

−0:28 0:22+0:30
−0:14 −0:86+0:71

−0:78

1327978 0:86+0:77
−1:07 2:80+1:70

−1:55 0:89+0:44
−0:30 −1:15+0:37

−0:49

1328066 −0:73+0:75
−0:68 1:45+0:84

−0:68 1:32+0:41
−0:41 −0:53+0:17

−0:21

1328105 −0:57+0:57
−0:59 0:82+0:58

−0:36 1:43+0:32
−0:40 −0:16+0:13

−0:20

1329312 −1:01+1:05
−0:69 2:80+0:78

−0:97 0:76+0:39
−0:27 −1:30+0:40

−0:49

84



Table B.2: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1329615 −0:67+0:86
−0:73 2:08+1:03

−0:89 1:25+0:45
−0:44 −0:49+0:18

−0:21

1330031 −0:95+0:45
−0:44 1:62+0:73

−0:99 0:90+0:61
−0:38 −0:48+0:28

−0:42

1330426 −0:41+1:00
−0:90 0:95+0:38

−0:45 0:24+0:26
−0:16 −0:99+0:89

−0:81

1331123 −0:68+0:87
−0:82 2:61+1:04

−1:11 1:10+0:47
−0:40 −0:60+0:23

−0:34

1333246 −0:57+0:64
−0:68 0:39+0:46

−0:24 2:46+0:50
−0:50 −0:01+0:10

−0:17

1334084 −0:63+0:49
−0:42 1:04+0:56

−0:53 1:25+0:52
−0:43 −0:12+0:19

−0:29

1334087 −0:64+1:08
−0:93 4:25+0:75

−1:16 0:50+0:24
−0:15 −1:54+0:45

−0:43

1334302 −0:56+0:54
−0:73 0:50+0:42

−0:25 2:28+0:35
−0:39 −0:05+0:09

−0:18

1334423 −0:54+0:56
−0:56 0:29+0:23

−0:16 1:19+0:35
−0:34 −0:05+0:17

−0:25

1334448 0:03+0:67
−0:71 0:89+1:12

−0:64 2:23+0:60
−0:71 −0:36+0:09

−0:19

1334597 −0:18+0:97
−0:96 2:40+0:82

−1:05 0:58+0:38
−0:23 −1:27+0:52

−0:55

1334620 −0:55+0:61
−0:52 1:05+0:62

−0:45 1:47+0:44
−0:39 −0:23+0:18

−0:23

1334644 0:96+0:64
−1:76 2:26+2:55

−1:50 0:81+0:73
−0:36 −1:32+0:42

−0:53

1334645 −0:65+0:91
−0:79 2:38+0:88

−0:92 0:91+0:41
−0:34 −0:72+0:29

−0:42

1335717 0:03+0:68
−0:61 1:41+0:68

−0:56 0:61+0:31
−0:25 −0:66+0:32

−0:43

1336008 −0:43+0:57
−0:47 0:47+0:46

−0:22 1:89+0:33
−0:49 −0:01+0:09

−0:17

1336009 −0:32+0:68
−0:58 0:52+0:34

−0:25 1:52+0:34
−0:33 −0:05+0:14

−0:19

1336453 −0:60+0:58
−0:46 1:18+0:36

−0:41 0:45+0:31
−0:19 −0:76+0:43

−0:61

1336480 −0:87+0:49
−0:52 0:76+0:53

−0:44 1:10+0:39
−0:39 −0:32+0:25

−0:26

1336687 −0:82+0:44
−0:44 0:49+0:28

−0:31 0:53+0:43
−0:28 −0:68+0:46

−0:57

1337117 −0:30+0:52
−0:76 0:31+0:44

−0:27 0:93+0:92
−0:55 −0:29+0:31

−0:55

1337228 −0:57+0:81
−0:66 1:21+0:41

−0:52 0:41+0:34
−0:20 −0:88+0:41

−0:58

1337272 −0:43+0:52
−0:76 0:26+0:27

−0:19 0:78+0:61
−0:41 −0:20+0:33

−0:38

1337649 −0:09+0:94
−0:99 1:47+0:59

−0:70 0:44+0:33
−0:20 −1:06+0:57

−0:64

1337687 −0:51+0:55
−0:52 0:54+0:32

−0:26 0:93+0:35
−0:30 −0:19+0:22

−0:33

1337703 −0:27+0:49
−0:39 0:95+0:57

−0:40 1:86+0:33
−0:38 −0:38+0:08

−0:12

1337838 0:62+1:68
−0:94 0:06+0:15

−0:05 0:65+0:44
−0:39 −0:95+0:72

−0:73

1338128 −0:43+0:63
−0:50 0:87+0:44

−0:35 0:67+0:32
−0:30 −0:47+0:34

−0:46

1338170 −0:16+0:88
−1:05 2:29+0:75

−0:91 0:62+0:32
−0:21 −1:24+0:33

−0:43

1338278 −0:33+0:50
−0:41 0:47+0:32

−0:22 1:13+0:38
−0:35 −0:14+0:15

−0:18

1338430 0:15+1:07
−0:85 0:52+1:47

−0:48 2:53+1:19
−1:10 −0:10+0:14

−0:22

1338471 −0:90+0:79
−0:65 1:91+0:78

−0:79 0:70+0:41
−0:32 −0:77+0:29

−0:43

1338675 −0:02+0:66
−0:76 0:75+0:42

−0:33 0:63+0:39
−0:30 −0:40+0:36

−0:62

1339002 −0:17+0:76
−0:70 1:04+0:84

−0:50 2:20+0:40
−0:48 −0:17+0:10

−0:14

1339149 −0:23+0:50
−0:35 0:14+0:14

−0:07 1:33+0:38
−0:39 0:00+0:15

−0:22

1339392 0:10+0:90
−0:85 3:42+1:14

−1:24 0:74+0:36
−0:25 −1:03+0:45

−0:58

85



Table B.2: Continued from above.

SNID Log(Z?=Z�) tage (Gyr) fiV n

1339450 −0:26+0:51
−0:42 0:39+0:49

−0:20 2:26+0:45
−0:54 0:03+0:08

−0:10

1340454 −0:46+0:70
−0:61 1:16+0:65

−0:55 0:82+0:40
−0:35 −0:40+0:23

−0:33

1341370 −0:61+0:76
−0:80 0:86+0:49

−0:48 0:48+0:44
−0:28 −0:66+0:60

−0:73

1341894 −0:48+0:63
−0:63 0:66+0:50

−0:31 1:09+0:39
−0:43 −0:26+0:25

−0:37

1342255 −0:25+0:96
−0:90 1:92+0:67

−0:77 0:52+0:34
−0:22 −0:98+0:52

−0:70

1343208 −0:56+0:52
−0:63 1:45+0:73

−0:57 1:25+0:35
−0:39 −0:46+0:15

−0:19

1343337 −0:31+0:65
−0:52 0:37+0:29

−0:19 1:49+0:42
−0:37 −0:05+0:16

−0:22

1343401 −0:33+1:00
−1:02 3:24+1:49

−1:37 0:91+0:60
−0:41 −0:71+0:30

−0:51

1343533 −0:22+0:92
−1:00 2:02+0:97

−0:96 1:09+0:47
−0:38 −0:70+0:23

−0:34

1343759 −0:89+0:83
−0:76 0:52+0:51

−0:38 0:84+0:60
−0:42 −0:49+0:29

−0:35

1344692 −0:82+0:75
−0:69 2:20+0:91

−0:83 1:24+0:39
−0:38 −0:80+0:20

−0:26

1345553 −0:58+0:76
−0:67 1:27+0:99

−0:64 1:07+0:49
−0:51 −0:41+0:26

−0:41

1345594 −0:79+0:77
−0:69 2:48+1:30

−1:08 1:69+0:51
−0:52 −0:34+0:12

−0:13

1346137 −0:29+0:51
−0:38 0:27+0:19

−0:13 1:71+0:36
−0:32 0:06+0:10

−0:14

1346387 −0:88+0:59
−0:59 0:25+0:69

−0:22 2:72+0:92
−0:87 0:03+0:17

−0:22

1346956 −0:19+1:33
−1:27 0:36+0:22

−0:23 0:18+0:30
−0:13 −0:77+0:81

−0:93

1346966 −0:96+0:89
−0:67 1:65+0:55

−0:64 0:49+0:32
−0:22 −1:07+0:45

−0:55

Table B.3: Best-fit results for the DES host galaxies fits with GALEX NUV /FUV,
2MASS JHKs and DECam griz photometry.

SNID Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

1255502 11:19+0:25
−0:09 1:57+0:08

−0:11 0:66+0:05
−0:07 3:12+0:65

−0:27 −0:05+0:28
−0:15

1257366 11:17+0:01
−0:01 −1:02+0:01

−0:02 8:49+0:18
−0:15 0:00+0:01

−0:00 −0:93+0:85
−0:77

1257695 10:11+0:15
−0:30 −0:96+1:21

−1:03 4:24+1:75
−2:48 0:05+0:13

−0:05 −1:09+0:88
−1:03

1259412 10:36+0:15
−0:11 −1:89+0:13

−0:09 0:24+0:40
−0:12 1:56+0:10

−0:15 −0:60+0:10
−0:01

1282757 10:17+0:15
−0:15 −1:85+0:10

−0:11 0:14+0:36
−0:08 1:64+0:12

−0:24 −0:44+0:03
−0:03

1284587 11:19+0:01
−0:03 −1:78+0:03

−0:06 13:72+0:06
−0:41 0:51+0:01

−0:05 0:23+0:04
−0:08

1286398 10:64+0:05
−0:04 −0:29+0:04

−0:05 5:70+0:46
−0:43 0:27+0:02

−0:02 −0:67+0:33
−0:23

1291090 10:19+0:07
−0:10 −1:84+0:25

−0:12 1:56+0:27
−0:26 1:45+0:13

−0:17 0:23+0:08
−0:08

1292145 10:62+0:19
−0:21 1:92+0:15

−0:19 1:78+0:22
−0:29 2:05+0:63

−0:65 0:22+0:13
−0:28

1293758 10:61+0:13
−0:39 −1:77+0:05

−0:16 0:29+1:05
−0:27 1:67+0:43

−0:46 −0:74+0:14
−0:18

1296657 10:00+0:01
−0:01 0:87+0:05

−0:04 2:34+0:03
−0:03 0:06+0:01

−0:01 −1:37+0:15
−0:19

1297465 10:54+0:06
−0:09 0:80+0:27

−0:29 1:61+0:25
−0:30 1:77+0:16

−0:21 0:23+0:08
−0:08

1299785 10:29+0:14
−0:16 −1:27+0:41

−0:42 2:24+1:18
−1:15 0:88+0:25

−0:22 −0:26+0:30
−0:20

1302058 9:91+0:06
−0:05 −1:74+0:41

−0:21 0:69+1:06
−0:36 1:67+0:21

−0:52 −0:46+0:03
−0:04
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Table B.3: Continued from above.

SNID Log(M?=M�) Log(Z?=Z�) tage (Gyr) fiV n

1302187 10:97+0:06
−0:08 −1:35+0:36

−0:50 0:71+0:55
−0:27 2:05+0:35

−0:27 −0:35+0:01
−0:02

1303496 10:27+0:09
−0:11 −1:82+0:07

−0:14 0:19+0:52
−0:11 2:34+0:19

−0:42 −0:49+0:05
−0:09

1304442 9:74+0:08
−0:06 −1:09+0:12

−0:23 0:93+0:11
−0:11 1:72+0:07

−0:06 0:39+0:01
−0:07

1306141 9:97+0:15
−0:16 0:84+0:24

−0:51 0:37+0:57
−0:12 1:50+0:32

−0:36 −0:13+0:16
−0:15

1306785 11:61+0:10
−0:11 −0:66+0:37

−0:30 9:30+2:34
−1:95 0:87+0:18

−0:16 −0:22+0:24
−0:27

1308884 10:56+0:00
−0:00 −1:50+0:00

−0:00 2:47+0:01
−0:01 0:83+0:00

−0:00 −0:37+0:00
−0:00

1309288 11:50+0:01
−0:14 −1:74+0:53

−0:01 13:74+0:05
−5:09 0:39+0:06

−0:02 −0:14+0:12
−0:07

1315259 11:91+0:00
−0:00 −1:75+0:00

−0:00 13:79+0:00
−0:17 0:45+0:04

−0:00 −0:37+0:07
−0:01

1316385 10:19+0:07
−0:05 1:40+0:12

−0:09 0:61+0:13
−0:08 1:74+0:04

−0:07 −0:63+0:17
−0:03

1317666 10:02+0:03
−0:04 −1:54+0:40

−0:41 1:00+1:35
−0:48 1:46+0:34

−0:71 −0:56+0:05
−0:21

1319821 10:98+0:10
−0:17 −1:33+0:51

−0:24 1:40+0:12
−0:30 2:33+0:15

−0:08 0:39+0:01
−0:01

1328105 11:95+0:03
−0:04 1:66+0:05

−0:06 1:92+0:08
−0:07 1:66+0:18

−0:19 −0:01+0:07
−0:09

1330031 9:03+0:08
−0:05 −1:90+0:12

−0:08 0:34+0:35
−0:14 1:51+0:15

−0:19 −0:65+0:07
−0:06

1334620 10:01+0:11
−0:11 −1:89+0:13

−0:08 0:18+0:34
−0:09 1:79+0:16

−0:29 −0:64+0:06
−0:09

1336480 9:98+0:15
−0:11 −1:87+0:19

−0:10 0:26+0:74
−0:15 1:64+0:17

−0:38 −0:46+0:09
−0:04

1338128 9:69+0:10
−0:10 1:35+0:21

−0:24 0:93+0:34
−0:27 1:39+0:33

−0:33 0:09+0:15
−0:14

1339002 10:26+0:09
−0:08 −1:80+0:15

−0:14 0:16+0:19
−0:06 1:86+0:08

−0:20 −0:83+0:02
−0:03

1339450 11:60+0:02
−0:17 0:17+0:06

−0:22 6:03+0:10
−3:68 0:03+1:17

−0:02 −0:20+0:34
−0:94

1343337 10:79+0:06
−0:09 1:71+0:11

−0:09 1:53+0:16
−0:15 1:84+0:29

−0:44 0:27+0:09
−0:17
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Appendix C

Kron Aperture Photometry

Kron aperture photometry is a technique developed by Kron (1980)[38] to automatically determine ellip-

tical apertures for galaxy photometry. In the Appendix, we will detail the formalism behind this technique.

C.1 Position and Shape of an Observed Object

An observed object’s light distribution S is composed of N pixels, each with a value pi and arranged in

a grid with coordinates (xi ; yi ). From S, some important quantities can be defined, namely the first and

second order moments.

The first moments, defined by Eqs. C.1 and C.2, are normally used to define the “center”[51] of the

observed object. This works particularly well if the light distribution is not strongly skewed and does not

have large wings[51].

x̄ =

P
i∈S

pixiP
i∈S

pi
(C.1)

ȳ =

P
i∈S

piyiP
i∈S

pi
(C.2)

The second moments, defined by Eqs. C.3, C.4 and C.5, are used to measure the spatial spread of

the light profile.

x2 =

P
i∈S

pix
2
iP

i∈S
pi
− x̄2 (C.3)

y2 =

P
i∈S

piy
2
iP

i∈S
pi
− ȳ2 (C.4)

xy =

P
i∈S

pixiyiP
i∈S

pi
− x̄ ȳ (C.5)
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It should be noted that, in the previous definitions, the values of pi are often taken from a detec-

tion image[50]. This assures consistency in the moment values when more than one filter bands are

considered.

The first and second moments can be essentially used to describe the detected object as an elliptical

shape. For this reason, it is useful to establish a relation between these quantities and the usual ellipse

parameters, namely the semi-major and semi-minor axes a and b, defined as the ellipse’s longest and

shortest diameter, respectively, and the rotation angle „, defined as the angle from the positive horizontal

axis to the ellipse’s major axis. The geometrical representation of the ellipse parameters is illustrated in

Fig. C.1.

Figure C.1: Schematic representation of the ellipse parameters. The semi-major
axis a is shown in red, the semi-minor axis b is shown in blue and the rotation
angles „ is shown in green.

The ellipse parameters can be computed from the second order moments using[51]:

a2 =
x2 + y2

2
+

vuut x2 − y2

2

!2

+ xy2 (C.6)

b2 =
x2 + y2

2
−

vuut x2 − y2

2

!2

+ xy2 (C.7)

„ =
1

2
arctan

„
2

xy

x2 − y2

«
(C.8)

In this last equation, we choose the solution in the range
ˆ
−ı2 ;

ı
2

ˆ
with the same sign as xy [51].

In order to actually compute aperture positions, an alternative parameterization of the ellipse is often

used, which can be written in terms of the parameters cxx , cyy and cxy [51]:

cxx(x − x̄)2 + cyy (y − ȳ)2 + cxy (x − x̄)(y − ȳ) = R2; (C.9)

where R is a parameter that scales the ellipse, either in units of a or b, usually known as the ”reduced
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pseudo-radius”. These new ellipse parameters can also be expressed in terms of the second order

moments of the object light distribution[51]:

cxx =
y2

x2y2 − xy2
(C.10)

cyy =
x2

x2y2 − xy2
(C.11)

cxy = −2
xy

x2y2 − xy2
(C.12)

C.2 Kron’s First Moment Algorithm

Kron apertures are derived from a “first moment” algorithm[50], the reduced radius of which can be

obtained by following the steps detail below:

1. An elliptical aperture E is defined by the second order moments of the observed object’s light

distribution, using Eqs. C.6, C.7 and C.8;

2. The semi-major and semi-minor axes are multiplied by 6;

3. Inside E, an analog of Kron’s “first moment” is computed:

rKron =

P
i∈E

pi riP
i∈S

pi
(C.13)

4. The Kron radius is defined as a multiple of this first moment: krKron. Usually, k = 2 is chosen.

The quantity ri in Eq. C.13 refers to the “reduced pseudo-radius” at a given pixel i , which is given by:

ri =
q
cxx(xi − x̄)2 + cyy (yi − ȳ)2 + cxy (xi − x̄)(yi − ȳ) (C.14)

Evidence shows that, using an elliptical aperture with a ”reduced pseudo-radius” krKron with k = 2,

one is able to capture> 90% of the total object’s light flux, almost independently of the magnitude[37][38].

This is the most important property of Kron’s method, as it allows for a systematic and automatic defini-

tion of apertures across a wide range of luminosity in the observed objects.
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Appendix D

Gaussian Processes Regression

D.1 Gaussian Processes

Gaussian processes are a set of stochastic processes that assume that, for a given data set, the output y

associated with a given input X follows a multivariate normal distribution, given by Eq. D.1[43]. Here, y is

a n-dimensional output vector, comprised of n output values yi , while X is a n×d input matrix, comprised

of n d-dimensional input vectors x. The goal of Gaussian processes regression is to determine the

previously mentioned distribution, so predictions about the data can be made from a new set of input

points.

y ∼ N (—(X);Σ(X)) (D.1)

In the previous equation, —(X) and Σ(X) are known as the mean and covariance functions, respec-

tively.

The mean function defines a mean for the distribution, which can be different for each point. More

commonly, however, when performing a Gaussian processes regression, —(X) is assumed to be con-

stant, with —(X) = ———, where ——— = —1n.

The covariance function essentially controls the covariance between any two input vectors and is

often written in the form:

Σ = ff2R; (D.2)

where R is a correlation function, which maps any pair of input vectors to a real number in the range

[0; 1]. To obtain the correct covariance function, R must be then scaled by a variance parameter ff2. The

correlation function R most commonly takes a Gaussian form. In such cases, for any two d-dimensional

input vectors u and v, R(u;v) is thus given by[43]:

R(u;v) = e
−

dP
i=1

„i (ui−vi )2

; (D.3)
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where „„„ is a d-dimensional vector containing the correlation parameters for each dimension. From this

expression we can then define the correlation and covariance matrices, which are represented as R(X)

and Σ(X), respectively.

D.2 Data Predictions

The main purpose of Gaussian processes regression is to determine the values of — and ff2. This is

done though the maximization of the likelihood function for the given data set, which is defined as[43]:

ln(L) = −1

2

ˆ
ln (Σ(X)) + (y−———)TΣ−1(X)(y−———)

˜
(D.4)

To obtain an estimate for —, we differentiate Eq. D.4 with respect to — and set the result equal to zero.

We thus obtain the maximum likelihood estimate —̂, given by[43]:

—̂ =
1
T
n Σ−1(X)y

1Tn Σ−1(X)1n
(D.5)

Doing the same for ff2, we obtain the maximum likelihood estimate ff̂2, which is given by[43]:

ff̂2 =
1

n
(y−———)TR−1(X)(y−———) (D.6)

With these estimates we can then begin to make predictions about the outputs for a series of new

input values. Assuming we have a set of inputs X1 and a set of outputs y1 that have been used to

calculate —̂ and ff̂2, an estimation of the output y2 for a new input vector x2 can be estimated using[43]:

ŷ2 = —̂+ R(x2;X1)R(X1)−1(y1 −———); (D.7)

where R(x2;X1) is a line vector whose elements are the covariance of the lines of X1 with x2.

Additionally, the accuracy of the model can be evaluated using an estimate of the standard error

associated with ŷ2, which can be obtained using[43]:

ff̂2(y2) = R(x2)− R(x2;X1)R(X1)−1R(X1;x2); (D.8)

where R(X1;x2) is a column vector whose elements are the covariance of the rows of X1 with x2.
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