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“For something to exist, it has to be observed.

For something to exist, it has to have a position in time and space.

And this explains why nine-tenths of the mass of the universe is unaccounted

for. Nine-tenths of the universe is the knowledge of the position and direction

of everything in the other tenth. Every atom has its biography, every star its

file, every chemical exchange its equivalent of the inspector with a clipboard.

It is unaccounted for because it is doing the accounting for the rest of it, and

you cannot see the back of your own head.

Nine-tenths of the universe, in fact, is paperwork.”

- Terry Pratchett, Thief of Time



Abstract

This Thesis investigates how Type Ia supernova intrinsic luminosity dispersion depends

on the local environment of the explosion, traced using global host galaxy properties.

Our sample of Type Ia supernovae (SN Ia) is from the 5 year Dark Energy Survey and

the Australian Dark Energy Survey (DES/OzDES). SN Ia are powerful cosmological

probes; understanding how their intrinsic luminosities (which one relies on to calculate

cosmological distances) and their light curve parameters may be affected by their envi-

ronments could provide insight into the systematic errors which currently dominate in

SN Ia cosmology.

We select a sample of 1296 likely Type Ia SNe classified by the software SNNova

Möller & de Boissière (2020), which have cosmologically useful light curve properties and

good quality host galaxy spectra from OzDES. We determine the host galaxy properties

for each galaxy in our sample of spectra, using strong emission line calibrations.

We derive the star formation rates using Hα and [Oii] diagnostics for 924 galaxies

(with the remaining 372 galaxies being designated a SFR=0) and measure the gas-phase

metallicities for a sub-sample comprising 250 of our galaxies. We also measure the stellar

mass for each galaxy using photometric techniques. We calculate cosmological distances

and Hubble residuals for our sample of SNe Ia using 1D and 5D bias corrections from

snana (Kessler et al., 2009) and bbc (Kessler & Scolnic, 2017).

We confirm a relationship exists between SN Ia light-curve width (stretch) and host

galaxy environment, finding that high-stretch (brighter) SNe Ia are hosted by highly

star-forming, low mass galaxies, high metallicity galaxies.

We have shown that a mixture of both host galaxy dust and progenitor age are likely

the cause of the luminosity dispersion in Type Ia supernova. We find that SN Ia hosted

in the extremes of host galaxy populations (starburst or passive) are better standard-

isable candles than those formed in complex, mixed stellar population, star forming

environments, with lower values of intrinsic luminosity dispersion and less dispersion

present in the rms of their Hubble residuals.

In future SNe Ia cosmological analysis, We recommend selecting SNe Ia from the

extremes of galaxy types, removing any SNe Ia which have host galaxies that fall into

the category −12 < log(sSFR/M�yr
−1) < −9.5, where the effects of extinction and
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progenitor age are difficult to disentangle. We also recommend both a 2-value β cor-

rection dependent on host galaxy type, and two separate sets of bias corrections (on

each sample) which depend on the host galaxy characteristics including dust and likely

population age. We also emphasise the need to better model the dependence of SN Ia

light curves on host galaxy properties to perform accurate bias corrections on a large

sample of SN Ia. The study and classification of SN Ia environment using similar tech-

niques to those presented here, will become as important a part of determining future

cosmological constraints as measuring the light-curves of the SNe Ia themselves.

We also perform large-scale simulations of the upcoming Time Domain Extragalactic

Survey (TiDES), which is focused on obtaining spectra of live transients detected by

the Vera Rubin Observatory (VRO) and their host galaxies. We determine that the

TiDES survey will produce a sample of over 15,000 spectroscopically confirmed Type

Ia supernovae and over 50,000 photometrically classified Type Ia supernova with host

galaxy redshifts. We conclude that TiDES will be able to create a Hubble Diagram of

≈ 60,000 high-redshift cosmologically-useful SNe Ia and determine w to <2%. This will

be the largest survey of its kind ever conducted. Such simulations are not only vital to

survey planning and optimising survey strategy, but will be vital in understanding our

selection effects in future studies.
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Chapter 1

Introduction

“Much human ingenuity has gone into finding the ultimate Before. The

current state of knowledge can be summarized thus:

In the beginning there was nothing, which exploded.”

- Terry Pratchett, Lords and Ladies

Over the last half century, cosmology - the study of the origin and evolution of the

Universe - has been revolutionised through the observations of supernovae explosions,

the violent deaths of massive stellar objects. Supernovae not only play an important

role in the study of cosmology, but also in astrophysical processes such as the chem-

ical evolution and enrichment of galaxies, as supernovae are main producers of iron

throughout the Universe.

Type Ia supernovae (SN Ia singular, or SNe Ia in the plural) were the first probes

used to measure the expansion history of the Universe. This particular type of super-

novae have luminosities that can be standardised through the measurement of their

light curve properties (how the brightness of the event evolves with time). However the

diversity of these objects and their progenitor systems are still not well understood. The

aim of this Thesis is to explore the environments of Type Ia supernovae, and attempt

to probe what physical processes could be driving SN Ia diversity.

In this Chapter we will first introduce the standard cosmological model in Section

1.1, where we explore the equations thought to govern the evolution of the Universe.

We then give an overview of Type Ia supernova physics in Section 1.2, looking at the

diversity of transients in Section 1.2.1, exploring in detail the physics of SN Ia in Section

1.2.2 and showing how SN Ia are classified using spectral features in Section 1.2.3. We

cover how Type Ia Supernova have been used as cosmological probes in Section 1.3,

exploring some common light-curve standardisation methods in Section 1.3.1, and how

these have been used to measure cosmological parameters in Section 1.3.2. We look

at the competing theoretical models of SN Ia progenitor systems in Section 1.3.3, and
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1.1. The Standard Cosmological Model 2

we explore how galaxy properties can inform us about SNe Ia progenitor systems in

Section 1.3.4. We outline the current method of correcting for correlations between

host properties and SN Ia cosmological distances in Section 1.3.5. Finally, we discuss

some of the unanswered questions about SN Ia that are still up for debate in 1.3.6, and

provide an outline of the scope of this work in Section 1.4.

1.1 The Standard Cosmological Model

Cosmology is the branch of physics and astrophysics that deals with the study of the

physical origins and evolution of the Universe. The current theories of how the Universe

behaves on the largest scales are based upon Einstein’s equations of General Relativity.

The basis for studies into the evolution of the Universe is the Cosmological Principle.

This principle states that on the largest scales, the Universe appears homogeneous at

any given time and isotropic at any given point. Therefore, there are no preferred

places in the Universe (Misner et al., 1973; Milne, 1933). These principles have been

verified through observations of the Cosmic Microwave Background (CMB) which is the

remnants of the radiation left over from the Big Bang. One such modern experiment

that has verified these principles is the Planck mission (Planck Collaboration et al.,

2018, 2019) which has shown that the Universe appears to be isotropic to one part in

100,000.

1.1.1 The Cosmological Model and Friedmann Equations

To model the evolution of the Universe using mathematical principles, one assumes

that the energy density of the Universe acts as a perfect fluid. This gives rise to the

Friedmann equations (Friedmann, 1924):

H2 =

(
ȧ

a

)2

=
8πGρ

3
− ka2 (1.1)

which describes the acceleration of the Universe, and

ä

a
= −4πG

3
(ρ+ 3p) (1.2)

which describes the evolution of the Universe. In these equations ρ and p are the

density and pressure of the perfect fluid, G is Newton’s gravitational constant, H is the

Hubble parameter, k describes the curvature of the Universe and a(t) is the scale factor

that describes the relative expansion of the Universe, and is dimensionless. Therefore

a(t) = 1 today, where ȧ is the first derivative with respect to time, and ä is the second

derivative.

The curvature of the Universe k is governed by the energy and matter content of

the Universe. In cosmology k is often expected to take one of three values:
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• k = +1 for a closed Universe with positive spatial curvature,

• k = 0 for a ‘flat’ Euclidean Universe which has no spatial curvature,

• k = −1 for a geometrically open Universe which has negative spatial curvature.

The parameterH is the Hubble parameter, and is given the valueH0 when measured

at today’s epoch (when a(t) = 1). H0 is often called the Hubble constant. Hubble was

the first to measure the Hubble constant (Hubble, 1929) by showing that the recession

velocities of distant galaxies v, is proportional to their absolute physical distance D so

that

v = H0D. (1.3)

More recently the Hubble constant has been measured by several different surveys which

use differing techniques. The recent Planck Collaboration et al. (2018) uses a combi-

nation of measurements from the CMB and another cosmological probe called Baryon

Acoustic Oscillations (BAO) to derive cosmological measurements. Their results mea-

sure an H0 = 67.66 ± 0.42 (Planck Collaboration et al., 2019). However this value of

H0 derived from observing the ‘early time’ probes (CMB & BAO) is in contention with

other measurements of H0 that arise from ‘late time’ probes, such as SN Ia. We discuss

this further in Section 1.3.6.

In cosmology the conservation of energy is expressed as

ρ̇+ 3H(ρ+ p) = 0, (1.4)

which informs us how the density of each component of the Universe expands. In

cosmology it is common to assume that the ‘perfect fluid’, that is the Universe, is

governed by the equation of state

p = wρ, (1.5)

where w is either treated as a constant or where w is allowed to evolve with time such

that

w(a) = w0 + wa(1− a). (1.6)

When w is treated as a constant that does not evolve with time, the density of the

Universe ρ evolves as

ρ(t) ∝ a−3(1+w). (1.7)

The parameter w is often termed the ‘equation of state’ parameter, a unitless constant

which describes how the perfect fluid behaves under different conditions. We further

discuss the importance of the parameter w in Section 1.1.1.2.
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1.1.1.1 The Density Parameter

Before we move on to discussing the energy contents of the Universe, we introduce the

value ρcrit, where

ρcrit =
3H2

8πG
. (1.8)

This represents the density that is required for the geometry of the Universe to be flat.

This parameter is often expressed using the density parameter Ω, where Ω = ρ/ρcrit.

This is related to the Hubble parameter and the curvature of the Universe through

Ω− 1 =
k

a2H2
, (1.9)

which shows that if the density of the Universe is greater than the critical density, the

Universe will have positive curvature, whereas if the density of the Universe is less than

the critical density it will have a negative curvature.

Current measurements from Planck Collaboration et al. (2018) show that the ge-

ometry of the Universe is consistent with zero curvature, which we will assume for the

remainder of this work.

1.1.1.2 The Contents of the Universe

So far we have modelled the energy contents of the Universe as a perfect fluid. In reality

however, the Universe contains several independent components of energy. Here we

introduce the individual energy components of the Universe; matter (including baryonic

matter and dark matter), radiation and the vacuum energy where

ρ = ρm + ργ + ρΛ, (1.10)

where ρm, ργ and ρΛ is the density of matter, radiation and vacuum energy respectively.

Consequently,

Ωtot = Ωm + Ωγ + ΩΛ, (1.11)

where Ωm = ρm/ρcrit, Ωγ = ργ/ρcrit and ΩΛ = ρΛ/ρcrit. We now briefly explore how

each of these energy components of the Universe are thought to evolve with time, and

provide current measurements of their constraints.

Observations have shown that the total matter content of the Universe is dominated

by ‘dark matter’, an unknown substance which interacts normally with gravity but

has no electromagnetic interaction. The existence of this matter was first inferred by

Zwicky (Zwicky, 1933) and later confirmed by Vera Rubin (Rubin et al., 1980) through

measuring the rotation curves of nearby galaxies. The other matter component of

the Universe interacts both electromagnetically and gravitationally and is known as

baryonic matter. Recently the Planck 2018 results measured the density of dark matter

in the Universe to be Ωch
2 = 0.120±0.01 and baryon density of Ωbh

2 = 0.0224±0.0001
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(Planck Collaboration et al., 2018). This estimates that the total matter content of the

Universe today is Ωm = 0.3111± 0.0056.

The dark matter component of the Universe is thought to be collisionless. Therefore

it exhibits zero pressure, and so its expansion should be proportional to the volume of

the Universe. Therefore

ρDM ∝ a−3, (1.12)

and

a ∝ t2/3, (1.13)

where t is lookback time.

The second component of the Universe that we explore is radiation. The energy due

to radiation was dominant in the early expansion of the Universe just after the Hot Big

Bang. The radiation component evolves as

ργ ∝ a−4, (1.14)

which can be rewritten as

a ∝ t1/2. (1.15)

This implies that the radiation component dilutes faster than the matter component

over time. Therefore, the total contribution to the energy density of the Universe

today from radiation is insignificant when compared to the other energy contents of the

Universe.

The last component that we investigate is the vacuum energy, also known as ‘dark

energy’, the force that is driving the accelerated expansion of the Universe. Dark energy

is an unknown form of energy that affects the Universe on the largest of scales. The most

widely accepted theory for dark energy is called the ‘cosmological constant’, which is

thought of as a constant energy density filling space homogeneously such that ρΛ = ρ0.

The cosmological constant is denoted Λ, and is characterised by its dark energy equation

of state, w, where w = −1 and is related to the density of the Universe as in Equation

1.7. When w = −1, pΛ = −ρΛ and ΩΛ(z) = ΩΛ.

However, the cosmological constant (where w does not evolve with time) is not the

only possible form that dark energy could take. The focus of many current experiments

is to verify if w is constant at all epochs. Currently, quantum field theory predicts

a value of Λ that is 120 orders of magnitude different to the value that cosmologists

measure when assuming the cosmological constant model. In order to understand this

problem, it will be essential to either verify or disprove that w is constant over cosmic

time. All cosmological studies to date have measured a value of w consistent with a

constant w = −1, and so we will assume a cosmological constant model throughout
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this thesis. We will further discuss the observations used to determine the dark energy

parameters (including w) in Section 1.1.3.

At early times, the energy density of Λ would be much smaller than that of matter

or radiation. However as the Universe evolves with time, the Λ component comes to

dominate the energy density of the Universe as the other components of the Universe

become diluted over cosmic time. By rearranging Equation 1.1, we can see that

a ∝ eH0t, (1.16)

so when the Universe is dominated by the vacuum energy component, the Universe will

undergo an accelerated period of expansion. The Planck Collaboration et al. (2018)

have measured the value of ΩΛ today to be ΩΛ = 0.6889± 0.0056.

1.1.2 Measuring Distances in Cosmology

In the standard cosmological model, the values of energy density and curvature govern

the geometry of the Universe. However these parameters must be measured observation-

ally, which requires calculating the distances and brightness of objects in the Universe.

Here we explore the methods used to calculate cosmological distances.

A common method of distance measure is to calculate the Doppler shift of the

spectral features of an object due to the expansion of the Universe, also known as an

object’s redshift or z. Redshift is defined as

z =
λobs
λem

− 1, (1.17)

where λobs is the observed wavelength of a spectral feature, and λem is the emitted

wavelength of that spectral feature. However this method which is inferred from the

recession velocity of an object is not a measure of the absolute distance to the object.

If we convert this to the scale factor, λe = a(te)r, where r is the comoving distance and

a(te) is the scale factor at the time the light was emitted. After the expansion of space

has stretched the wavelength, we observe the light as λobs = a(tobs)r, where a(tobs) is

the scale factor today (a(tobs) = a(0) = 1). Therefore,

1 + z =
a(tobs)r

a(tem)r
=

1

a
. (1.18)

Consequently, redshift measures the change in relative size of the Universe.

The luminosity distance or dL represents the distance to an object with a known

luminosity or brightness L, or flux (F) on a comoving scale such that

F =
L

4πd2
L

. (1.19)
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The measure of dL is dependent on the expansion history of the Universe and is de-

scribed by the Friedmann equations. In a flat Universe with negligible contribution

from radiation energy, it can be derived that

dL = (1 + z)
c

H0

∫ z

0

dz′

[(1 + z′)Ωm + ΩΛ]1/2
, (1.20)

where the vacuum energy component Λ is constant.

The angular diameter distance dA, is the distance to an object of dimension l,

subtending an angle θ as viewed from earth, and is defined by

dL = l/θ. (1.21)

The luminosity distance is related to the angular diameter distance through

dL = dA(1 + z)2. (1.22)

Often to derive distances in cosmology we must be able to measure an object’s

brightness, also known as magnitude. The apparent magnitude of an object, m, is the

brightness of an object as measured from earth. In this system, an object has a lower

magnitude the brighter it is. The apparent magnitude is defined as

m = −2.5 log(Fi/F
i
0), (1.23)

where Fi is the observed flux in a passband i, and F i0 is the flux of a reference object in

the band i. Historically, F i0 was often calibrated to the star Vega such that Vega had

a magnitude of 0. In modern astronomy the most commonly used system is known as

the AB system, and is calculated using the formula

mi = −2.5 log(fi)− 48.60, (1.24)

where fi is a flux density measured in erg sec−1cm2Hz−1. This equation is selected such

that a source of Fν = 3631Jy has an apparent magnitude of zero.

An object’s absolute magnitudeM is defined as the apparent magnitude of an object

if it was placed at a distance of 10 parsecs from the observer.

The last cosmological distance measurement we introduce here is the distance mod-

ulus µ. This is the relationship between the apparent magnitude of an object m and

the absolute magnitude of an object M . The distance modulus is defined as

µ = m(z)−M = 5 log

(
dL

10pc

)
, (1.25)

where dL is measured in parsecs and is dependent on the cosmology of the Universe.

For objects whose intrinsic luminosities are known (i.e., M is known), it is possible to

constrain cosmological parameters by measuring an object’s apparent magnitude m and

its redshift z, to derive µ(z). Such objects are known as standard candles.
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1.1.3 Cosmological Probes

One standard candle that is used to probe cosmological distances are Type Ia supernovae

(SNe Ia). This work focuses on the use of SN Ia as standard candles, and we explore

this probe thoroughly in Section 1.2. Here we briefly explore the other observational

distance probes used to measure cosmological parameters.

As we show later on, SNe Ia inform us about the rate of acceleration of the Universe.

However they do not constrain all cosmological parameters well, such as the curvature

of the Universe k and the matter content of the Universe Ωm. Often different comple-

mentary cosmological probes are required to constrain such parameters, each with its

own pros and cons. Here we will briefly discuss the probes of the CMB and Baryon

Acoustic Oscillations (BAO), which constrain the total content of the Universe Ω and

the matter content of the Universe Ωm respectively. Combining all these different cos-

mological probes enables us to obtain a complete view of the Universe and determine

which models satisfy all observations.

The most conclusive evidence for the Big Bang is the CMB. The CMB is isotropic

radiation that is the leftover remnant of the radiation created in the Big Bang. Within

approximately three minutes of the beginning of the Universe, the majority of the light

elements in the Universe (Hydrogen and Helium) were created. This process is known

as Big-Bang Nucleosynthesis (Alpher et al., 1948; Olive, 1995). Initially the Universe

was so hot that matter and photons could not separate and existed in an ionised plasma

state. As the Universe expanded and cooled this plasma expanded and lost density for

about 400,000 years. Once the temperature had dropped to around 3000K, photons

became free to radiate away from the matter in the plasma, and neutral atoms could

form.

The radiation that escaped during this process is known as the CMB. Through

measurements of the tiny fluctuations in the temperature spectrum (also known as

anisotropies) across different scaled angles on the sky, one can estimate the intrinsic

curvature of the Universe k and the total density Ωtotal. Several experiments and groups

have performed such an analysis, the most notable of which were the WMAP experiment

(Larson et al., 2011) and the Planck experiment (Planck Collaboration et al., 2018).

The other probe we briefly explore is termed Baryon Acoustic Oscillations, or BAO.

BAO are a feature of known size and shape in the late time clustering of galaxies. BAO

are the imprints of sound waves that propagated throughout the early Universe during

the period prior to Big-Bang Nucleosynthesis and the free streaming of photons away

from the CMB. Once the Universe underwent recombination, these sound waves became

imprinted in the distributions of the density of galaxies. This measured change in density

can be detected today as a slight over-density in the number of galaxy pairs separated

by 150 Mpc (Eisenstein et al., 2005; Bassett & Hlozek, 2010). The BAO signal is very
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weak and can only be detected statistically over large scales. Through measurement

of the BAO signal at different redshifts one can derive the angular diameter distance

DA(z) and the Hubble parameter H(z).

Through extensive observations of many different cosmological probes, Cosmolo-

gists have reached a concordance cosmological model of the Universe, which we have

described in Section 1.1.1. Often the multiple probes of cosmology will be combined

in cosmological analyses to infer cosmological parameters, such as in the well known

analysis of Planck Collaboration et al. (2018) or Betoule et al. (2014). An example of

combining these different probes (from the Betoule et al. (2014) analysis) can be seen

in Figure 1.6, which we show in Section 1.3.2.

We now move on to discussing one of the most critical contemporary cosmological

probes, a subtype of stellar explosion known as Type Ia supernovae.

1.2 Supernova

Supernova is the term used for the explosive death of a massive stellar object. Amongst

these events, the diversity in explosion mechanism, luminosity and evolution can vary

dramatically. This has led to two broad sub-classes of supernovae to be defined: Type

I supernova and Type II supernova. Type II supernovae have Hydrogen lines present

in their spectra, whilst Type I supernovae do not contain Hydrogen. In this Section

we briefly explore the differences between transient sub-populations. We then focus on

the mechanisms and the physics of Type Ia supernovae that allow them to be used as

standardisable candles. We then explore the common features in SN Ia spectra, before

turning to how SN Ia are used as cosmological distance indicators.

1.2.1 Transient Diversity

As stated above, there are two broad classes of supernovae known as Type I and Type

II. We first investigate Type II supernovae.

Type II supernovae are the deaths of stars that have masses 8M� & M & 50M�.

Their spectra contain Hydrogen, as the progenitor stars retain a significant fraction of

their Hydrogen envelopes prior to their explosion. Properties of these object’s light

curves (the evolution of their brightness over time) further divides Type II into two

main classes - IIL and IIP. SNe IIL show a rapid linear decline in their light curves

after maximum brightness (Barbon et al., 1979), and SNe IIP show a plateau in their

light curves as the thick Hydrogen surrounding progenitor is energised by the explosion

(Faran et al., 2014).

The Type II population can be divided further based upon their spectral features.

For example, Type IIb spectra can initially appear identical to a normal Type II, but
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the Hydrogen (H) emission weakens and disappears simultaneously with the occurrence

of Helium (He) in the spectra. SN IIn show interaction with a circumstellar medium

(CSM) via narrow Balmer emission. An overview of the progenitors to such objects and

their physics can be found in (Smartt, 2009).

Type I supernovae are distinguished by the absence of Hydrogen in their spectra.

The Type I class can be further broken down based upon the presence of Silicon Siii

doublet absorption at wavelengths λ = 6347Å & λ = 6371Å, often known as the 6355Å

feature. If this feature is present in the spectrum, it is classified as a Type Ia supernova.

If it is not, then the supernova classification is made upon the presence of Helium lines. If

Helium lines are present in the spectrum the supernova is classed as a Ib. If Helium lines

are not present, the objects are classed as a Ic. Both of these subtypes are believed to

have Wolf-Rayet progenitors (Begelman & Sarazin, 1986) and are often termed ‘stripped

envelope SNe’. SNe Ib and Ic are often difficult to distinguish from one another due

to a transitional population of weak-Helium SNe Ib (Liu et al., 2016). For this reason

these supernovae are often grouped together as ‘SNe Ibc’.

Recently a new sub-class of supernovae were discovered called Superluminous Super-

novae (SLSNe). These objects are also split into the Type I and II categories (Gal-Yam,

2012). As the name suggests these objects are extremely bright, with SLSNe-I objects

having an absolute B-band magnitude MB < −21 (Quimby et al., 2011). The current

favoured energy source is the loss of energy of a highly magnetic compact object - a

magnetar (Woosley, 2010). Such events are relatively rare, but due to their luminous

nature can be observed at extreme distances.

Figure 1.1 shows a classification scheme for the most common types of transients

observed in the extragalactic Universe. We now turn to the objects that are the focus

of this thesis - thermonuclear Type Ia supernovae. In the next section we explore Type

Ia physics, likely progenitor systems, SN Ia spectra and SN Ia light curve evolution.

1.2.2 Type Ia Supernovae

Supernovae Type Ia are best known for their role as cosmological distance indicators.

However there remain many unknowns about their formation mechanisms. Type Ia

supernovae are known as thermonuclear supernovae, and in the early studies of Type

Ia objects it was theorised that they consisted of an exploding Carbon-Oxygen white

dwarf (WD) (Woosley et al., 1986). Recent observations of nearby objects such as

2011fe (Bloom et al., 2012) have confirmed that Type Ia objects are likely formed from

a degenerate compact star such as a white dwarf.

The explosion mechanism of SNe Ia is uncertain, with the main competing theo-

ries being the single and double degenerate scenarios. The double degenerate channel

theorises that the progenitor system of a Type Ia is two Carbon-Oxygen white dwarfs



1.2. Supernova 11

Supernova Spectrum

No H H

Si No Si

He No He

Type IIType IcType IbType Ia

Thermonuclear

Figure 1.1: A decision scheme for determining the classification of a SN from the

emission or absorption features present in the spectrum.

.
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in a binary system. In the single degenerate scenario the companion to the primary

WD is a main sequence or red giant star. All of the explosion models for both of these

scenarios involve the transfer of mass onto the primary WD, which triggers a runaway

thermonuclear reaction in the WD, causing it to explode.

Type Ia supernovae are some of the brightest transient events known, and they

can be detected at extreme distances with their luminosities rivalling that of their host

galaxies. The observed emission of SN Ia is powered by the radioactive decay of iron

group elements that are synthesised during the explosion. In the early phase of a SN

Ia (20 days before peak brightness), the luminosity of the explosion is driven by the

distribution of Nickel in the ejecta, and depends on the shock velocity of the object

(Firth et al., 2015). During the peak of the explosion, a large part of the central white

dwarf is burned to produce 56Ni, which is highly radioactive, and the outer layers of

the white dwarf burn to produce other elements such as Calcium (Ca), Silicon (Si),

Sulphur (S) and Magnesium (Mg). The peak of a SN Ia light curve is driven by 56Ni

into 56Co decay, and as such the maximum brightness of a SN Ia is proportional to the

amount of 56Ni produced in the explosion, which is known as ‘Arnett’s rule’ (Arnett,

1982). The late time light curve (30 days post peak brightness) of the SN Ia is powered

by the decay of 56Co into stable 56Fe. These three phases of a light curve can be seen

in Figure 1.2.

The optical light-curves of SN Ia are very homogeneous, displaying similar charac-

teristics and evolution with time (Kowal, 1968; ?). They typically rise to maximum

light (in the B-band) in around 20 days, and once they have passed the peak their

brightness declines slowly for approximately 20 days, and starts following an exponen-

tial decay after about 50 days post-peak brightness. Figure 1.2 shows the light curve of

a typical Type Ia in the optical and NIR bands B, V,R, I, J,H,K. The use of SN Ia as

cosmological indicators relies on the fact these relatively homogeneous light curves can

be standardised using empirical correlations based upon their luminosity evolution.

So far we have focused on SN Ia ‘normal type’ objects. However there are transient

objects that are very similar to typical Type Ia SNe, but are not. The three most

common subtypes that fit this description are called SN Ia-91bg like, SN Ia-91T like

and SN Iax. SN Ia-91bg like objects are under-luminous objects much fainter in the B

and V bands than normal Type Ia SNe (Filippenko et al., 1992a). These events often

also have lower expansion velocities, indicating that these objects are less energetic

than their standard counterparts (Benetti et al., 2005). SN Ia-91T like objects are

over-luminous and show relatively weak absorption of Silicon, Calcium and Sulphur

compared to normal events (Filippenko et al., 1992b; Phillips et al., 1992). Type Iax

events are a sub-luminous branch of Type Ia supernovae that have lower explosion

energies than a typical Type Ia. These events never become fully nebular (ie. the white
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Figure 1.2: Left panel: BV RIJHK band light curves of a ‘normal’ SN Ia (SN 2002bo)

at maximum light. Optical data originates from Ganeshalingam et al. (2010) and near-

infrared data from Krisciunas et al. (2004). Right panel: The B-band light curve of SN

2002bo is shown. The light curve pre-peak rises over 15-20 days, followed by a steep

decline after maximum light for around 30 days before the light curve settles onto a

post-peak radioactive decay tail powered by 56Co decaying to 56Fe. Figure adapted

from the Alsabti & Murdin (2017).
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dwarf progenitor is not entirely destroyed in the explosion). Overall however, 85% of

Type Ia supernovae detected are classified as ‘normal’.

Before diving into how SN Ia are used as cosmological probes, we first explore the

characteristic features in a SN Ia spectrum that are often used to confirm SNe Ia.

1.2.3 Supernova Ia Spectra

Maximum light spectra of SN Ia are identified by the lack of H and He features and

have large absorption features of intermediate mass elements. Over time the amount

of Fe group elements in the spectra increases as 56Ni is produced and decays. The

initial explosion velocity of SNe Ia are of order 10,000-25,000 km s−1, which causes

spectral features to be broadened across many angstroms. As the SN Ia evolves the

spectrum becomes less blue (compared to its early time spectra) as the event cools.

There is exceptional homogeneity between the spectra of SNe Ia around maximum light

(Phillips, 1993). Figure 1.3 shows the relatively small dispersion in the spectral features

of maximum-light SN Ia spectra.

Figure 1.3: The optical features of a sample of maximum-light SN Ia spectra from

Maguire et al. (2014) is shown. The dominant spectral features are indicated as dashed

lines. Figure is based upon that shown in Maguire et al. (2014) & Alsabti & Murdin

(2017).

At maximum light the velocity of the SN ejecta has decreased to about 8,000 - 15,000

km s−1. Over time the high velocity features such as Ca slowly decrease in prominence

in the spectra, and Fe group elements come to dominate. The dispersion in spectral
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features of Type Ia near maximum light mainly arises from the difference in velocities

and relative strengths of the strongest features.

At times > 150 days post SN Ia maximum brightness, the outer ejecta surrounding

the supernova has become partially transparent, allowing for one to see into the inner

ejecta. This is known as the nebular phase, where the luminosity of the SN Ia is

predominantly powered by 56Co decay in 56Fe. The spectra of SNe Ia in this phase are

dominated by forbidden Fe-group emission lines.

We have briefly looked at the theorised explosion mechanisms of SN Ia, their light

curve properties and their spectral properties. As noted several times above, this group

of SNe appear to have remarkably similar features to one another despite happening

thousands of light years apart from one another in many different environments. Both

their luminosity evolution and their spectral evolution are consistent enough that after

empirical corrections are applied, the maximum brightness of a SN Ia can be statisti-

cally predicted. Therefore we can use these objects and the knowledge of their intrinsic

brightness to measure cosmological distances, and hence SN Ia are known as standard-

isable candles. We now look in detail at how SN Ia have been used over the last several

decades to probe the accelerating expansion of the Universe.

1.3 Type Ia Supernovae as Cosmological Probes

Type Ia SNe are famed for their use as cosmological distance indicators. SN Ia have

peak B-band magnitudes in the range −18 & MB & −19.5, and are bright enough to

see at the most distant epochs. The most distant SN Ia to date was discovered by the

Hubble Space Telescope (HST) at a redshift z = 1.914 (Jones et al., 2013). However SNe

Ia are not perfect standard candles. SNe Ia absolute luminosities exhibit an intrinsic

scatter, implying not all SN Ia events are exactly the same. This discrepancy can be

seen clearly in the left panel of Figure 1.4.

It is also apparent from Figure 1.4 that there is a relationship between the width of

each light curve and the peak brightness of the object, where brighter SN Ia have wider

light curves. This relationship between SN Ia maximum absolute brightness and light

curve width was statistically parameterised in Phillips (1993), and is often dubbed the

‘Phillip’s relation’. Phillip’s relation is applied as a first order correction to normalise

the maximum luminosity of these events so that they can be used as cosmological

probes. This relationship was found to correlate with the gradient of the light curve

for 15 days post-peak brightness, and hence the Phillip’s relation correction is often

written as ∆m15. After applying this standardisation correction, the dispersion in peak

magnitudes is dramatically reduced, as can be seen in the right panel of Figure 1.4.

In this Section we outline how the dispersion in peak magnitudes is parameterised in
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Figure 1.4: On the left: B-band light curves of a selection of SNe Ia using data from

Hicken et al. (2012) and Stritzinger et al. (2011). The correlation between light curve

width and increasing absolute B-band magnitude is clearly seen. On the right: The

light curves from the left panel have been corrected for the light curve stretch (x1). The

scatter in the absolute magnitudes of the light curves is reduced. Figure based upon

that from Alsabti & Murdin (2017).



1.3. Type Ia Supernovae as Cosmological Probes 17

modern cosmology studies in Section 1.3.1. We then move on to a brief overview of the

history of SN Ia cosmology in Section 1.3.2. We then outline in detail the theorised main

progenitor channels for SNe Ia. We then move to a discussion of the known correlations

that exist between SN Ia intrinsic luminosities and host galaxy properties in Section

1.3.4, which are likely acting as a proxy for the progenitor system of the Type Ia. We

then finalise by reviewing the open questions in Type Ia cosmology in Section 1.3.6.

1.3.1 Type Ia Supernovae Light Curve Fitters

Over the last two decades, the relationship between SN intrinsic luminosity and em-

pirical light curve measurements has been parametrised in many different ways. The

most notable of these includes the Multi Light Curve Shape (MLCS) method (Riess

et al., 1996), the Spectral Adaptive Light curve Template (salt and salt2; Guy et al.

2007) and an updated ∆m15 method (Phillips et al., 1999). The MLCS method relies

upon an older technique called the stretch method (Goldhaber et al., 2001). In this

formalism an empirical light curve template is stretched to match the observed light

curve of a SN Ia. The size of the stretch is proportional to the peak magnitude of

the explosion. The MLCS method also measures an additional colour parameter. The

colour parameter measures the dispersion in SN color, encapsulating both the intrinsic

colour distribution of SNe Ia and the extinction due to dust of each observed event.

Using these measurements one can perform empirical corrections to SNe Ia light curves,

which reduces the scatter in intrinsic luminosity to σMpeak ≈ 0.12 mag. There have

been many attempts to understand and better model the intrinsic scatter of SNe Ia, but

a comprehensive understanding of SN Ia intrinsic scatter and its underlying characteri-

zation has remained elusive. However the size of this scatter has been shown to depend

on the wavelength range of the photometric observations (Mandel et al., 2011), host-

galaxy properties (Uddin et al., 2017), redshift (Betoule et al., 2014), and spectroscopic

features (Fakhouri et al., 2015).

The salt and more recent salt2 methods are examples of light curve fitters, which

determines the best fit between the light curve of an input SN Ia to a suite of templates,

without calculating a cosmological distance. The salt and salt2 methods output the

parameters which determine the overall light curve shape, stretch (x1) and colour (c).

MLCS is an example of a distance estimator, which outputs only the distance to each

object instead of determining the best fit to the raw light curve data. Once the light-

curves have been standardised using one of these methods, the redshifts of the SNe Ia

(or their host galaxies) and the distance modulus of each object, µ, are compared to

calculate cosmological parameters. A plot of the relationship between z and µ is often

called a Hubble Diagram.
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1.3.2 The History of SN Ia Cosmology

The first Hubble diagram constructed using Type Ia Supernovae was by (Kowal, 1968)

using 19 SNe Ia extending to a redshift of z = 0.002, and had an intrinsic scatter of

0.6 mags (this was prior to light curve standardisation becoming the norm).

In 1987, a Danish team began a program of targeted SN Ia observations using a 1.5m

telescope at the European Southern Observatory (ESO; Hansen et al. 1987, 1989). Large

galaxies with many stars were targeted on subsequent nights to detect transient events,

as transient objects are more likely to explode in a larger galaxy (as larger galaxies

contain more stars) than in a smaller, less massive galaxy. The Danish team used

new CCD devices to capture photons instead of traditional photographic plates, which

were over 100 times more sensitive and meant that images were instantly available. As

the images did not have to be developed and could be fed directly to a computer, the

first computerised difference imaging algorithm was written to allow for the automatic

detection of transient objects in a galaxy.

The Calan-Tololo Supernova Search (Hamuy et al., 1993) was the first SN survey

to utilise a large field of view camera totalling 25 deg2. In 1996, Hamuy et al. (1996)

presented the first sizeable sample of nearby (z < 0.1) SNe Ia (29 objects).

Over the next few years several developments were made in the field of optics, and

it became possible to use CCD mosaic cameras on large 4m class telescopes, which

greatly improved the ability to detect distant, fainter SNe Ia. Also during these years

an understanding of the standardisable nature of SNe Ia matured, and there became

concerted efforts to exploit observations of SNe Ia to measure cosmological parameters.

In the 1990s, two teams of astronomers began to independently detect and use the

standardisation properties of SN Ia to attempt to measure cosmological parameters.

These groups were called the High-z Supernova Team (High-z) and the Supernova

Cosmology Project (SCP).

In 1998, the Hubble Space Telescope (HST) began to follow up SN Ia objects that

were detected from ground based facilities. HST was the most powerful telescope of

its time, and the SCP group observed a single Type Ia with HST at a z = 0.83, and

this single high redshift object dramatically influenced their results, indicating that the

Universe had a low mass-density (Perlmutter et al., 1998). Similarly, the High-z group

obtained measurements of three high redshift SN Ia with the HST, one of which was

at a redshift z = 0.97. Over the next few years both teams made concerted efforts to

gather a sample of high redshift Type Ia SN.

In late 1998 - early 1999 the two teams made their new results public (Perlmutter

et al., 1999; Riess et al., 1998), that they had found that SN Ia were 15% less bright

than expected if the Universe was not undergoing an accelerated expansion. Such a

result implied that ΩΛ > Ωm, which was the most compatible model with the data.
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These two independent studies changed the field of cosmology, as they refuted with

99% certainty that the cosmological constant was zero and proved that ΩΛ > 0.

Recent SN Ia cosmological surveys include the Equation of State: Supernovae trace

Cosmic Expansion survey (ESSENCE; Miknaitis et al. 2007), Sloan Digital Sky Survey

(SDSS-II) SN Survey (Frieman et al., 2008; Sako et al., 2008; Kessler et al., 2009),

the Supernova Legacy Survey (SNLS; Guy et al. 2010; Conley et al. 2011; Sullivan

et al. 2011), the The Panoramic Survey Telescope and Rapid Response System survey

(Pan-STARRS; Rest et al. 2014),the Pantheon sample (Scolnic et al. 2018; Jones et al.

2018a), and the Dark Energy Survey (DES; Abbott et al. 2016, 2019) which has just

finished data collection. Each of these surveys have confirmed the original detection of

the accelerating expansion of the Universe, and no obvious deviations from the standard

cosmological model have yet been observed.

The most recent and perhaps the best-known study of cosmology using Type Ia SN

observations is that of Betoule et al. (2014), known as the Joint Lightcurve Analysis

(JLA) study. In this study the luminosities of the SN light curves are corrected using

the equation

µ = mobs + αx1 − βc+M, (1.26)

where M, α and β are nuisance parameters found by fitting a sample of SNe Ia to

minimise the scatter in the peak absolute magnitudes. x1 and c are the SALT2 derived

light curve parameters that represent the stretch and the colour of each individual SN

Ia. M can be thought of as the standardised absolute magnitude in B-band of the

sample of SNe Ia. The Hubble diagram constructed from the JLA sample is shown in

Figure 1.5. The difference between the data and the best fitting cosmology is known as

the Hubble residuals. The best-fit cosmological parameters are derived by minimising

the Hubble residuals, and the resulting cosmological constraints from JLA (combined

with the constraints from the CMB and BAO) can be seen in Figure 1.6.

However even after standardising the light curves, it has been shown that the scatter

in the Hubble residuals correlates with host galaxy properties Sullivan et al. (2010);

Lampeitl et al. (2010b); D’Andrea et al. (2011); Wolf et al. (2016); Smith et al. (2020).

Therefore, the dispersion in the Hubble residuals can be further reduced by performing

corrections to the SN measurements based on these host galaxy properties. Investigating

how the scatter of SN Ia intrinsic luminosities and Hubble residuals can be correlated

with host galaxy properties is the object of the main scientific work in this thesis.

However, these host galaxy properties are not thought to be the driving forces of this

scatter - it is more likely that the scatter is due to the immediate environment around

the explosion and the specific composition of the progenitor system (Rigault et al., 2013,

2015, 2018). Global host galaxy properties are designed to trace the overall statistical

galactic composition, including the age, colour, temperature and masses of the stars
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Figure 1.5: The Hubble diagram constructed from a large sample of SN Ia from the

study by Betoule et al. (2014). The best fit cosmological model is shown as a black line.

The Hubble residuals are shown in the bottom panel.
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Figure 1.6: The constraints placed on the cosmological parameters Ωm and w from the

cosmological study of SN Ia by Betoule et al. (2014). Contours from the SN Ia JLA

sample are shown in blue, whilst those derived from CMB measurements are shown

in green (Planck Collaboration et al., 2014). The combined contours from Planck, the

legacy survey WMAP (WP; Larson et al. 2011) and the results from several BAO studies

(see the references within Section 5.2 of Planck Collaboration et al. 2014) are shown an

as a black line. The contours for these parameters derived by SNLS (C11; Conley et al.

2011) are shown as a blue dashed line. The combined contours from the CMB, BAO

and SN Ia are shown in grey.
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within. Therefore it is not surprising to find that correlations exist between host galaxy

properties and SN Ia Hubble residuals. Before we explore the correlations that have

been detected so far, we first examine the likely progenitor scenarios of ‘normal’ Type

Ia supernovae.

1.3.3 SN Ia Progenitor Systems

As stated earlier in Section 1.2.2, there are two main competing theories for the likely

progenitor systems of Type Ia SN. These two theories are called the single (WD + main

sequence star) and double degenerate (WD + WD) scenarios. A stellar system that

has resulted in a SN Ia explosion has never been directly detected, and therefore the

progenitor system/s of a Type Ia has never been directly confirmed. All the informa-

tion we have on SN Ia formation is through indirect measurements. Constraining the

explosion mechanisms of Type Ia SN is a major area of research, in order to determine

which progenitor scenario is dominant. Here we provide a more detailed description of

the two different scenarios.

1.3.3.1 Single Degenerate Models

In the single degenerate scenario a primary Carbon-Oxygen white dwarf accretes mat-

ter from a non-degenerate companion star until it approaches the Chandrasekhar mass

limit, and explodes (Nomoto, 1982; Whelan & Iben, 1973). The Chandrasekhar mass

limit is the theoretical maximum mass of a stable white dwarf star, beyond which the

gravitational collapse of the star overcomes the electron degeneracy pressure that sup-

ports the WD and causes it to become unstable. The value of the Chandrasekhar limit

is approximately 1.4M�. Accretion onto the primary WD occurs either through a stel-

lar wind or through Roche lobe overflow, where some of the material of the companion

star lies outside of the gravitational bounds of the star (the Roche lobe) and so instead

can fall towards the degenerate primary star. However there are some issues with this

model.

The single degenerate scenario requires accretion on to the WD to happen at a very

specific rate. If the flow of matter is two slow, the transferred matter will be burnt off

at the same rate it is accumulated. If the rate of accretion is too fast, the transferred

material will build up quickly around the primary star, eventually consuming it and

halting further accretion. However there have been a number of observations within our

own galaxy of a number of stellar objects that are already close to the Chandrasekhar

mass limit, and are accruing material at a steady rate (Darnley et al., 2015). Therefore

despite its fine-tuning issues, this model cannot be ruled out.
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1.3.3.2 Double Degenerate Models

The second scenario is the double degenerate scenario, which involves the collision of

a primary Carbon-Oxygen white dwarf with another white dwarf contained within a

binary system. There are several different theories as to how exactly the system results

in a Type Ia. One theory is that of the traditional dynamical merger (Hachisu et al.,

1996; Dan et al., 2015; Liu et al., 2018). The companion white dwarf becomes tidally

disrupted and slowly transfers its mass to the primary white dwarf. Once the primary

WD reaches the Chandrasekhar mass limit, it explodes. Another option is the violent

merger of two white dwarfs, where two white dwarfs in a binary system lose energy

through gravitational wave emission. Eventually the smaller of the two objects becomes

disrupted and accretes onto the primary star in a violent manner, heating the surface

of the primary star through compression. This then triggers an explosion which causes

a shock wave to travel to and detonate the core in a secondary explosion.

Other scenarios have been put forward to explain SN Ia, but are in their infancy in

terms of modelling and testing efforts. Neither the single or double degenerate scenario

have yet been ruled out. However these different systems could produce changes in the

luminosities of SNe Ia, and could have consequences for the current SN Ia cosmological

method. It is critical for the future of precision cosmology with SNe Ia to understand

what causes the intrinsic scatter in SN Ia luminosities and to determine if it can be

corrected for. As it is still almost impossible to observe the progenitor systems of Type

Ia, efforts have so far been focused on using host galaxy properties to infer information

on the progenitor systems of Type Ia SNe and the differences in their intrinsic lumi-

nosities. We now move on to examining the studies that have previously investigated

the correlations between host galaxy properties and SN Ia luminosities.

1.3.4 Type Ia Supernova Host Galaxies

It has been shown in many studies that SNe Ia which occur in star forming hosts have

on average, broader and brighter light curves than those that occur in passive hosts

(Hamuy et al., 1995; Sullivan et al., 2006, 2011; Lampeitl et al., 2010b; D’Andrea et al.,

2011; Wolf et al., 2016; Smith et al., 2020). Further to this, Sullivan et al. (2010) found

that SNe Ia in the most massive galaxies and the lowest specific star formation rate

galaxies were, on average, brighter by 0.08 mag. This discrepancy could be explained

by different progenitor scenarios, or could be due to the metallicity of the progenitor

WD (Timmes et al., 2003).

Measuring the volumetric rates of Type Ia supernovae can also constrain the likely

progenitor system of a SN Ia. Through statistically observing the range of time delays

between the white dwarf & companion binary system forming and the SN Ia exploding,
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one can place constraints on the nature of the progenitor. This is often performed

by convolving a time delay function with the cosmic star formation history (SFH) of

the Universe. A range of time-delay measurements have been calculated ranging from

1-4Gyr (Maoz & Gal-Yam, 2005; Strolger et al., 2004; Barris & Tonry, 2006).

Several studies have measured the SN Ia rate as a function of galaxy properties

(Mannucci et al., 2005; Sullivan et al., 2006; Smith et al., 2012). These studies have

found evidence for a two-component model for the Type Ia SN rate in galaxies. This

model is often called the ‘A+B’ model, and theorises that the SN Ia rate consists of

a component proportional to the star formation rate of a galaxy, and a component

proportional to the stellar mass of the system. Such a model suggests two populations

of Type Ia supernovae, one ‘prompt’ component with a short time delay, and one ‘tardy’

component with a long time delay. The prompt component evolves with the production

of stars, whilst the tardy component which is linked to the evolution of older, less

massive systems. This relationship with host galaxy morphology implies that there

may exist a probe to separate these two populations from one another and therefore

perform a further correction to reduce luminosity dispersion, assuming the two-channel

progenitor system is the cause of the dispersion.

It has been common practice to link the properties of each supernova event to the

global stellar properties of the host. Observationally, it has been found that SN Ia

primarily occur in late-type (younger, star forming) galaxies (Oemler & Tinsley, 1979).

It has also been shown that SN Ia that occur in late-type galaxies have intrinsically

brighter peak luminosities (Hamuy et al., 1995; Riess et al., 1999; Gallagher et al.,

2005; Sullivan et al., 2006). In the study of Sullivan et al. (2003) it was shown that for

a sample of morphologically classified SN Ia events, scatter in the Hubble residuals was

reduced for a set of objects that occurred in early-type environments, when compared

to a dataset containing all SN Ia objects. Therefore it has been shown that the observed

differences in peak luminosities of Type Ia events correlate with host galaxy properties

even after light curve standardisation.

There are two main differences between the late-type and early-type galaxies that

host SN Ia. One of these is the overall age of the population of stars within the galaxy,

and the other is the level of dust that lies within a galaxy, with early type galaxies

exhibiting little or no dust content compared to late-type galaxies (Orellana et al.,

2017). Such differences could be pointing to either (i) two different progenitor systems

that govern the production of SNe Ia, or (ii) one dominant progenitor system that is

affected by the local environment. The main focus of Type Ia diversity studies is to

better understand the systematic effects that the different populations of Type Ia have

on cosmological parameters, and to create methods to reduce the scatter in these events.
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1.3.5 The Mass Step

Often in modern cosmological analyses the relationship between SN Ia Hubble residuals

and host galaxy properties is corrected for using a method known as the ‘mass step’.

The dependence of SN Ia distance modulus on host mass is parametrised as a step

function, as previous studies have found this to well describe the data (Betoule et al.,

2014; Roman et al., 2018).

The observed distance modulus for a standardised SN Ia including the mass step

correction is described by

µ = mB + αx1 − βc+M0 + γGHost (1.27)

where mB is the supernova maximum luminosity measured in the B-band, M0 is the

intrinsic standard luminosity of the Type Ia population, and where

GHost = + 1/2, if log(M/M�) > Mstep

GHost =− 1/2, otherwise (1.28)

where M is the SN host-galaxy stellar mass, and x1 and c are SN Ia light curve prop-

erties. γ is commonly referred to as the size of the mass step and joins the nuisance

parameters α, β and M0 one marginalises over when determining the distance moduli

of SN Ia. Mstep describes the ‘split point’ at which the SN Ia are split into two mass

bins and their mean Hubble residuals are compared to derive the size of the step, γ.

Often in the literature Mstep is assumed to be at a value Mstep = 1010M�. We explore

this assumption later on in Chapter 4.

Typical literature values for γ, the size of the mass step include γ = 0.070±0.023 mag

(3.0σ; Betoule et al. 2014), γ = 0.070± 0.013 mag (5.5σ; Roman et al. 2018) and γ =

0.053±0.009 mag (5.5σ; Scolnic et al. 2018). The values given in brackets (σ) represent

the significance of the step size - a measure of how well a step function describes the

data. A γ consistent with 0 indicates a lack of evidence for a step in the data. As

can be seen, even in the recent studies the results of studies on the size of the mass

step are in minor tension with each other. This is likely due to the inclusion of third

standardization variable that takes the environment into account in the Roman et al.

2018 analysis.

There are theoretical reasons to use a step function to parametrise the correlation

between SN Ia properties and host galaxy properties; Childress et al. (2014) predicts that

the ages of SN Ia progenitors undergo a sharp transition between low-mass and high-

mass galaxies. This is because it is impossible to avoid the partitioning of old stars to

massive galaxies and young stars to low-mass galaxies. This ‘downsizing’ of host stellar

mass and star-formation is driven by the relationships between sSFR and quiescent

galaxy fraction with stellar mass (Faber et al., 2007). As such, SN Ia ages are affected
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by the mass assembly history of their host galaxies, and the SN Ia age transition with

host mass is unavoidable (Childress et al., 2014). If SN properties and Hubble residuals

depend on the physics related to progenitor age, a step would naturally be produced in

this model as a consequence. The extinction laws in passive and SF galaxies could also

change in a way that could produce a step. However it is unlikely that host galaxy mass

alone is driving this step, and is instead acting as a proxy for the underlying mechanism

that causes the correlations between SN Ia Hubble residuals and Host galaxy properties.

Being stars, SNe will have formed in a group with other stars within a galaxy, and these

stars will all have common ages and metallicities. Stellar groups such as these initially

have a low velocity dispersion, and preserve their relationships with other stars in the

stellar group over long periods of time. In comparison, the global properties for singular

galaxies are primarily governed by the mass of the dark matter halo, and the amount of

in-falling gas - which should not impact dramatically on a singular SNe explosion. For

these reasons it is thought that local correlations should be better tracers of singular

SN properties than global host properties, like total host stellar mass.

Other recent studies have attempted to parametrise the step in Hubble residuals as

a function of host galaxy stellar age (Sullivan et al., 2010; Gupta et al., 2011; Rigault

et al., 2018), stellar metallicity (D’Andrea et al., 2011; Pan et al., 2014), specific star

formation rate (Sullivan et al., 2006; Rigault et al., 2013) or as a function of galaxy

broad-band colour (Roman et al., 2018; Kelsey et al., prep). In some very recent work,

several studies have focused on the idea that the mass step is not truly a ‘step’, and

attempted to parametrise the step as an evolving function of supernova colour, c (Brout

& Scolnic, 2020; Kelsey et al., prep). These studies have shown that the mass step could

be parameterised as a combination of two linear, smooth, functions and the results of

these findings could change the way SNe Ia are bias corrected in future cosmological

analyses. However, these results are preliminary and have not been as well studied as

the traditional galaxy mass step. Therefore host galaxy mass is still used in modern

cosmological analyses to parametrise the step correction between host galaxy properties

and Hubble residuals, and is what we will use in our analysis.

1.3.6 Open Questions in Type Ia Cosmology

There are still many unanswered questions that could have a dramatic impact on SNe

Ia physics and cosmological measurements. One of these is the question of what are the

underlying SNe Ia progenitor systems and what are their explosion mechanisms?

Understanding how and why stellar systems explode in a SN Ia event is a funda-

mental astrophysical question, and is key to measuring precise SN Ia distances in future

cosmological studies. The research in this area has so far focused on looking for the

specific signatures of a companion star to the primary white dwarf, and in modelling the
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explosion mechanism that produces the thermonuclear runaway reaction that unbinds

the primary star. What kind of material is accreted and how quickly? At what mass

does the primary white dwarf explode, and does this vary with environment? Does the

explosion start as a supersonic detonation or a subsonic deflagration? What happens

to the companion star during the SN Ia event?

Another question left unanswered is how the environment of a SN Ia affects super-

nova luminosities. SN Ia have been observed to occur in a broad range of galaxies, across

varying types, masses, metallicities and ages. This apparent universality of SN Ia has

significant implications for understanding SN Ia progenitors. For instance, SN Ia must

be able to result from a progenitor with a wide range of stellar ages, as they have been

observed exploding in galaxies with both predominantly young and predominantly old

populations. Detailed observations of SN Ia environments can provide further insight.

The SN Ia rate per unit stellar mass is significantly higher in star-forming late type

galaxies than in passive early type systems Sullivan et al. (2006); Smith et al. (2012).

Similar high rates are observed in bluer host galaxies compared to red host galaxies,

lower-mass galaxies compared to higher-mass galaxies, and in host galaxies with high

specific star-formation rates. Several studies conclude that SNe Ia are more common

in younger progenitor systems compared to older progenitor systems, with a delay-time

distribution that decreases sharply as a progenitor ages Wolf et al. (2016); Childress

et al. (2014); Sullivan et al. (2006). The SN Ia delay time distribution (DTD) describes

the SN Ia rate in a galaxy as a function of time, following a period of recent star

formation. Therefore it parametrises the likelihood of a SN Ia explosion occurring as

a function of the progenitor age. However this theory has yet to be experimentally

verified.

There are also unexplained correlations between SN Ia properties and host galaxy

properties. It has been found in several studies that brighter SNe Ia have light curves

which evolve slower, or have higher stretch. It has been known for several decades

that this light curve width correlates with global host galaxy properties where brighter,

slower SNe Ia are often hosted by younger, less massive, and more star-forming galaxies

(Hamuy et al., 2000; Sullivan et al., 2006; Johansson et al., 2013). This observation is

important: the fundamental standardising variable (brightness/width x1) used in SN

Ia cosmology depends on the age of the SN Ia progenitor system. This implies that

this parameter should evolve with redshift, with an expected shift towards SNe Ia with

brighter, slower light curves at higher redshifts (Jha et al., 2019).

As mentioned in Section 1.3.4, it has been shown the standardised distances esti-

mated from SN Ia samples have some dependence on the properties of the SN host

galaxies. This has often been corrected for as a function of the host galaxy stellar mass

(after width and colour corrections). However the interpretation of these results has
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been unclear. There is a prediction from galaxy models that lower mass galaxies should

contain a more homogeneous population of SN Ia progenitors (Childress et al., 2014).

Assuming these lower mass galaxies are also more strongly star-forming, this is consis-

tent with observations that SNe Ia in star-forming galaxies present a more homogeneous

population. Selecting only these events in future cosmological studies may therefore give

rise to a SN Ia sample with a very narrow range in progenitor ages. The result of this

would be to remove the challenge of using corrections in cosmological analyses based

on the host environment, empirically understanding these relationships between SNe Ia

and their environments will lead to future improvements in their use as cosmological

candles.

Another unexplained phenomenon is that the SNe Ia measurements of H0 are ≈ 4σ

away from those derived from CMB temperature anisotropy measurements from Planck

(Marra et al., 2013; Verde et al., 2013; Jackson, 2015). However, it is believed that

differences in the underlying SNe Ia populations could introduce a bias in the derived

value of H0 and be the true cause of the tension with CMB measurements. Such an

effect could arise from the luminosity calibrations of supernovae at very low redshift.

Low redshift SNe Ia are very susceptible to errors in their derived redshifts due to their

peculiar velocities. SN at high redshift will be in the Hubble flow, hence their overall

movement towards or away from us due to peculiar velocities will be insignificant. To

remove the effect of peculiar velocity at low redshift, the distances and luminosities

of SN Ia are calibrated to other objects in the same galaxy whose luminosities and

distances are well known - most commonly cepheid variable stars.

Measurements of H0 are very sensitive to the low-redshift end of the Hubble di-

agram, and so any systematics due to the calibration of low-z SNe Ia using cepheid

variables will translate directly to a systematic shift in H0. As cepheid variable stars

are in the super-giant category, they are relatively short-live and therefore reside only

in star forming regions. However we also know that SN Ia exhibit systematic luminosity

differences which depend on the galaxy environment (Smith et al., 2020; D’Andrea et al.,

2018; Sullivan et al., 2006; Childress et al., 2013a). Predictions from the ‘A+B’ rate

model of SN Ia show that a low redshift sample of SNe Ia will be mainly comprised of

objects arising from tardy progenitor channels and therefore, arising in passive environ-

ments. It logically follows that calibrating low redshift supernovae that live in passive

environments using cepheid variables may be the cause of this tension in H0 measure-

ments using early-time and late-time probes. This theory has been somewhat explored

in MacAulay et al. (2019), where SNe Ia were calibrated using an inverse distance lad-

der method, where the Hubble diagram of SNe Ia was anchored at high redshift using

measurements from BAOs (rather than at low redshifts using cepheids). The derived

value of H0 in that work was found to be consistent with the estimate derived from



1.4. Thesis Outline 29

Planck Collaboration et al. (2018).

1.4 Thesis Outline

In this Thesis, we use the data taken by the DES and OzDES survey to investigate

the correlations between spectroscopically derived host galaxy properties and Type Ia

supernovae in order to understand how SN Ia intrinsic luminosity dispersion relies on the

environment. A better understanding of how host galaxy environments affect SN Ia light

curves could lead to better corrections and smaller systematic errors on cosmological

measurements. We also attempt to determine if there is a sub-sample of SN Ia that

appears to present with more homogeneous light curves. Such a population of SN Ia

could dramatically reduce the systematic error in cosmological parameters.

We also use the survey strategies and results from the DES and OzDES surveys to

create simulations of the Time Domain Extragalactic Survey (TiDES), a future spec-

troscopic follow up program of live transients and their host galaxies. The aim of this

work is to calculate the likely survey success of TiDES (i.e., how well will the survey

meet its goals of spectroscopically confirming live transients and following up SN Ia

host galaxies) and to calculate how well we could determine cosmological parameters

using a TiDES like sample of SNe Ia. Simulations such as these are not only vital

for the preparation phase of a survey, but are also essential in understanding the final

TiDES sample in order to determine our selection function. An outline of this work is

as follows.

In Chapter 2, the DES and OzDES surveys are introduced. We discuss how DES

finds transients in images and uses machine-learning to determine whether they are

astrophysically real. We then detail the spectroscopic selection function from OzDES.

We describe how we select our sample of SN Ia from DES after performing photometric

classification and light curve analysis on our objects, and detail how we associate each

of our SN Ia with a host galaxy that has been observed by OzDES.

In Chapter 3, we begin the analysis of the OzDES host galaxy spectra. We describe

the pipelines we write to flux calibrate our data, to subtract the continuum and to

find and measure emission and absorption features in the spectra. We describe how we

correct our sample of Type Ia host galaxy spectra for extinction, and how we remove any

contaminating narrow-line AGN objects from our sample of galaxies. The second half

of Chapter 2 is dedicated to measuring the properties of host galaxies using emission

line flux measurements. We describe how we derive spectroscopic star formation rate

measurements and gas-phase metallicities for our objects, and look at how our sample

compares to the general galaxy population throughout the Universe.

In Chapter 4 we look at the correlations between SN Type Ia properties and host
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galaxy properties. We first deduce the significance of the relationships we find between

SN Ia light curve properties and host galaxy properties. We then calculate cosmological

distances for our sample of SN Ia using standardised light curves, and cosmological

bias corrections. We then quantify the relationships we find between global host galaxy

properties and Hubble residuals. We then discuss the implications of our findings.

In Chapter 5, we perform a series of simulations modelling the success of the up-

coming LSST and Time Domain Extragalactic surveys. We describe our simulations

of the LSST survey (an upcoming wide-field photometric transient survey), and how

we use these simulations to create a mock data stream from which we select TiDES

objects. We then perform a full simulation of the TiDES follow up survey which will

be run on the VISTA telescope using the 4MOST instrument, and estimate the number

of LSST transients that TiDES will be able to spectroscopically confirm and number of

host galaxy redshifts TiDES will be able to obtain. Finally we investigate how well the

TiDES survey could constrain cosmological parameters using a sample of spectroscopi-

cally confirmed Type Ia SN, alongside a sample of photometrically confirmed Type Ia

SN with host galaxy redshifts.

In Chapter 6, we provide a summary of this work, and a perspective on the future

applications.



Chapter 2

The Dark Energy Survey & OzDES

Host Galaxy Follow-up

“Something like a small blue supernova flared for a moment in the depths

of his eyesockets. It dawned on Mort that, with some embarrassment and

complete lack of expertise, Death was trying to wink.”

- Terry Pratchett, Mort

The Dark Energy Survey (Henceforth DES) was an optical survey of 5000 deg2 in the

southern hemisphere, conducted over 6 years at the Cerro Tololo Inter-American Ob-

servatory (CTIO) on the Blanco 4-meter class telescope. The survey aimed to measure

the dark energy equation of state and dark matter densities through four independent

probes:

• Weak lensing tomography,

• Galaxy angular clustering,

• Galaxy clusters,

• Type Ia Supernova luminosity distances.

The combination of these four probes is extremely powerful. Whilst each measurement

is derived from the same common dataset, each constrains different combinations of

cosmological model parameters and are also subject to very different systematic errors.

This allows for the cross-checking of systematics, which are the predominant errors that

contribute to the uncertainty on w, the dark energy equation of state parameter. In

this chapter we focus on the DES Supernova Survey (DES-SN), which aimed to discover

Type Ia supernovae and measure their light curves and redshifts out to z=0.75 (Abbott

et al., 2016).

31
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The aim of the OzDES (Australian-Dark Energy Survey) was to perform spectro-

scopic follow up of DES supernovae and their host galaxies to determine spectroscopic

redshifts, and to classify live transients using the Anglo-Australian Telescope (AAT)

at the Siding Springs Observatory (SSO). Through a combination of the photometric

data from DES and spectroscopic measurements from OzDES, a sample of SN Ia and

their host galaxies has been collected that rivals other recent surveys in both size and

redshift range.

In this work we wish to explore the correlations between host galaxy properties

and Type Ia supernovae properties in the Dark Energy Survey 5-year sample. The

work in this chapter introduces how we collected and defined our sample of SN Ia and

hosts, which formed the basis for the subsequent scientific work shown in Chapters

3 and 4. In this Chapter we describe the surveys DES and OzDES, including the

observation methods and data reduction methods required to collect our sample. We

explore the survey strategy, observations and data reduction of the DES-SN survey

in Section 2.1. Section 2.2 details how DES-SN supernovae and their host galaxies

were spectroscopically followed up by OzDES, and how we have obtained spectroscopic

redshifts for each galaxy. We outline how we classify our sample Type Ia SNe using

photometric DES data and how we determine their light-curve properties in Section 2.3.

In Section 2.3 we also explain how we associate each SN Ia with its host galaxy. We

conclude in Section 2.4.

2.1 DES-SN Survey

The DES-SN survey detected transients in deep images over ten 3 deg2 fields, two deep

fields and eight shallow fields, as shown in Figure 2.1. These fields are repeatedly ob-

served with a cadence of approximately one week in each of the g, r, i and z passbands

(Kessler et al., 2015). The goal of the supernova survey was to perform a rolling un-

targeted survey in search of transient objects, in order to obtain precise photometric

measurements of supernovae light curves in order to identify Type Ia supernovae for

cosmology. The forerunners to DES-SN using similar rolling strategies include the Su-

pernova Legacy Survey (SNLS) (Astier et al., 2006; Perrett et al., 2010), ESSENCE

(Miknaitis et al., 2007; Wood-Vasey et al., 2007), Sloan Digital Sky Survey II (Frie-

man et al., 2008; Sako et al., 2018) and Pan-STARRS (Kaiser et al., 2010; Jones et al.,

2018b), each discovering many hundreds of supernovae. In total, DES discovered >4000

supernova-like objects, with over 3000 of these being photometrically classified as likely

Type Ias. Of these objects over 1000 supernovae have so far been identified as cos-

mologically useful after applying quality cuts. This spectroscopic sample is one of the

largest ever collected by any single survey, and extends out to a redshift of z > 0.9.
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Figure 2.1: The footprint of the Dark Energy Survey in celestial coordinates, as origi-

nally shown in Abbott et al. (2018) The footprint of the main survey is shown in red.

The eight supernovae fields are represented as blue circles, and the two deep supernova

fields as red circles. The plane of the Milky Way is shown as a solid black line, with

dashed lines representing ±10 deg. Also indicated are the Galactic pole (+) and the

Galactic centre (x), as well as the large and small Magellanic clouds in grey.

.

In this Section we describe the DES-SN survey strategy, detailing how each SN was

observed and detected using difference imaging. We outline how we determine which

detections are true transients, and which are spurious objects. We then list the methods

used to test the entire transient pipeline, which will influence our selection effects.

2.1.1 Observations

Observations were taken with the Dark Energy Camera (DECam) (Flaugher et al.,

2015), a wide field imager with a 2.2 degree diameter field of view across 62 science

CCDs. DES-SN uses four passbands g, r, i, z across its ten fields. The eight shallow

fields have a 5σ visit depth of 23.4 mag, and the two deep fields reach a depth of 24.6

mag (in the r-band). The 10 DES-SN fields’ locations and single epoch exposure times

are shown in Table 2.1. An image of DECam and a plot of the filter throughputs can

be seen in Figure 2.2

All images taken with DECam are transferred to NCSA (National Center for Su-

percomputing Applications) where images are produced that are suitable for analysis.

Each image has bad pixels masked and corrections are applied for flat field illumination,

bias, crosstalk and linearity. Full details of this process can be found in Desai et al.
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Field Deep or Centre Field (deg) Nvist Texp per epoch

Name Shallow R.A. Dec g/r/i/z (sec) g/r/i/z

C1 shallow 54.274 -27.112 156/154/157/155 175/150/200/400

C2 shallow 54.274 -29.088 147/149/150/148 175/150/200/400

C3 deep 52.648 -28.100 133/134/138/129 600/1200/1440/3630

E1 shallow 7.874 -43.010 147/148/146/146 175/150/200/400

E2 shallow 9.500 -43.998 142/141/140/143 175/150/200/400

S1 shallow 42.820 0.000 129/137/137/136 175/150/200/400

S2 shallow 41.194 -9.88 131/129/132/134 175/150/200/400

X1 shallow 34.476 -4.930 130/135/142/142 175/150/200/400

X2 shallow 35.665 -6.412 129/138/140/139 175/150/200/400

X3 deep 36.450 -4.600 120/113/116/115 600/1200/1440/3630

Table 2.1: DES-SN Field names and locations, showing the exposure time in each band

for each single-epoch visit. Also shown is the total number of single-epoch visits (Nvist)

to each field in each band over the duration of the 5 year survey.
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Figure 2.2: Left panel: A photograph of the DECam imager and its CCDs (blue) †.

Right panel: Total throughput for the four DES filters used in the DES-SN survey, g, r, i

and z.

(2012). After the raw images have been processed, the search for transients can begin.

2.1.2 Image Subtraction

To search for transient objects whose brightness varies over time, DES-SN performs a

difference imaging search using the DiffImg pipeline (Kessler et al., 2015). During the

science verification phase of the DES survey (November 2012 through to January 2013),

†Image from The DES Website, www.darkenergysurvey.org

https://www.darkenergysurvey.org/the-des-project/instrument/
https://www.darkenergysurvey.org/the-des-project/instrument/
www.darkenergysurvey.org
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the supernova fields were observed multiple times to build up deep co-added templates

(note that from the second year of observations onward, Y2,Y3 etc, the templates were

constructed from Y1 data). During the subsequent years of data collection, every time a

supernova field was imaged, the template was subtracted from the new image to detect

variability in brightness across the sky. An example of the difference imaging (template,

image, residual) can be seen in Figure 2.3.

Figure 2.3: An example of DES image subtraction process performed on supernovae

DES13C1feu, taken on 9th October 2013 in the DES r band‡. Left panel: science

image (taken each night). Centre panel: reference image composed of stacked images

from previous observations. Right panel: The subtraction image, showing the differ-

ence between the science image and the reference image, clearly showing a previously

undetected source later confirmed to be a supernova. Each image is approximately 14

arcsec on each side. Image credit: DES-SN candidates internal webpage.

As sky brightness fluctuates nightly due to the moon, air-mass of the field, tem-

perature, clouds and vapour, calibrated tertiary standard stars were used to determine

the zero-point magnitudes for each individual exposure and the images are scaled to a

common zero-point matching that of the templates. This also allows for the positional

alignment of the images, which is accurate down to 0.4 pixels (Kessler et al., 2015).

Once the images have been calibrated, the software programme SExtractor (Bertin

& Arnouts, 1996) is run across the image to find PSF-like objects that may be transient

candidates. Selection requirements are applied to reduce the number of artifacts and

false-positive detections, including:

• Requiring a SNR > 3.5

• Detection is not near an object in the ‘veto’ catalogue, containing bright and

variable stars

• Determining the object is not a cosmic ray

‡Image from The DES SNe candidates page, dessne.cosmology.illinois.edu/

http://dessne.cosmology.illinois.edu/SNWG/web/display/examineCand.php?Name=DES13C1feu##SNGALS
http://dessne.cosmology.illinois.edu/SNWG/web/display/examineCand.php?Name=DES13C1feu##SNGALS
dessne.cosmology.illinois.edu/
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• The detected object’s profile is point-like (as opposed to extended like a galaxy)

based upon the SExtractor spread model variable (Desai et al., 2012).

• Two or more detections of the object have been detected within one arcsecond, in

either the same or different bands, on the same or different nights.

Once these criteria have been met, the detection is defined as a ‘raw candidate’ in

the DES nomenclature. All of these detections are saved in the DES database. To avoid

mislabelling asteroid detections as supernovae, images on different nights are compared

to reject fast-moving galactic objects. Despite all of these requirements, it is still possible

to detect bogus objects (for instance Kuiper Belt Objects; KBOs). Therefore the next

step in this process is to fully determine whether or not a detection is truly a real

extragalactic transient, another type of object, or an artifact.

2.1.3 Transient or Artifact?

Modern surveys such as DES search for objects using difference images, as described

in Section 2.1.2, the residual between a science image and a template image taken

at different times. Detecting true sources using single-epoch difference images can be

difficult, due to poor image subtractions, cosmic rays, optical ghosts, defective pixels,

star halos and CCD edge effects. The number of artifacts detected as a ‘raw candidate’

often greatly outweighs the number of true astrophysical objects. Some examples of

these artifacts can be seen in Figure 2.4.

Figure 2.4: Examples of DES cutouts (14 arcsec by 14 arcsec) of artifact objects. Left

panel: Bad column of pixels. Middle panel: Cosmic Ray. Right panel: Bad image

subtraction. The numbers at the bottom of the panels represent the ‘score’ calculated

by autoScan that each of these is a true detection (score>0.5). Image has been

reproduced based upon Goldstein et al. (2015)

In the past determining the nature of a transient has been through a manual ap-

proach, visually inspecting images for typical signatures of the events one is looking for
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(Hamuy et al., 1993; Perlmutter et al., 1999; Filippenko et al., 2001; Sako et al., 2008).

However in the modern era we detect hundreds to thousands of objects per night, and

it is extremely impractical for teams to eyeball each and every object to detect true

transient sources. For instance, DES produces up to 170 gigabytes of raw imaging data

per night (Goldstein et al., 2015). Therefore it was practical to develop an automated

classifier detection pipeline, autoScan (Goldstein et al., 2015) which uses machine

learning to identify an object as an ‘Artifact’ or a ‘Non-Artifact’.

One of the great advantages of machine learning techniques is that they often use

much less computational power when run on large datasets compared to traditional

image analysis algorithms. However a large amount of CPU time is required to train

the algorithm. Fortunately, it is only necessary to train the algorithm once.

The autoScan pipeline uses a supervised machine learning technique called Ran-

dom Forest (Tin Kam Ho, 1995) to identify objects. The Random Forest algorithm was

trained on a sample of over 890,000 ‘Artifact’ and ‘Non-Artifact’ events, generated by

the transient detection pipeline, described in detail in (Kessler et al., 2015). Requiring

that a single object passes two independent autoScan tests (i.e. the object has been

identified as a ’Non-Artifact’ in two different images) decreases the number of objects

needing to be visually examined by a factor of 13, and only one percent of true objects

were missed (Goldstein et al., 2015). It is worth noting that for future transient surveys

(such as LSST) which are predicted to observe millions of SNe, an algorithm such as

autoScan may not reduce the need for visual inspection of candidates enough to max-

imise pipeline efficiency in the limit where we have significantly more SNe to classify.

However for DES-SN autoScan is more than adequate.

Passing two autoScan tests does not guarantee the object is an identifiable tran-

sient. The number of objects that pass two autoScan tests (autoScan ‘score’ > 0.5),

and those that go on to be photometrically or spectroscopically typed as real supernovae

over the DES five year survey can be seen in Figure 2.5. Each object that passes at least

one autoScan cut is stored in the DES-database in the catalogue SNCAND. Each

object that then passes further cuts (including human inspection of spurious objects)

is considered a real transient candidate, and is given a preliminary identification using

the software pSNid (Sako et al., 2011).

The Photometric Supernova Identifier (pSNid) uses template fitting to determine

the likely nature of the transients by fitting their light curves. The marginalization is

performed using grid searches, which require many parameters of the grid to be tuned.

Each object is given two measures of probability indicating the likely sub-class of the

supernovae object, Pbayesclass and fitprobclass. Pbayesclass is the probability that the

object is one of three classes (Type Ia, Type Ibc or Type II) assuming the object is truly

a supernovae of one of these types. The sum of the probabilities of the three different
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classes is equal to one, PbayesIa + PbayesIbc + PbayesII = 1. The metric fitprobclass is

a measure of the goodness of fit between the data and the best fit model as given by

Pbayesclass. This ensures that if the data does not fit well the best-fitting supernovae

model in pSNid, although the Pbayesclass may be high, the fitprobclass will be low. For

example, a superluminous supernova (SLSN) is a particularly bright long lasting form

of supernova. Of each of the Types in pSNid, a SLSN would best fit a Type II template,

so PbayesII would be ≈ 1. However the fitprobII would be low, indicating that there

are large differences between the best fitting Type II model and the data - indicating

that the object is not truly a Type II supernova, but something else. pSNid uses a

combination of these two metrics to determine what class, if any, a transient is. Full

details of the pSNid algorithm can be found in Sako et al. (2011).

Recently there has been development of new software to perform photometric tran-

sient identification using machine learning (Möller & de Boissière, 2020; Moss, 2018;

Kimura et al., 2017) which have been shown to be more accurate and faster than the

legacy pSNiD, and other similar software. Therefore the pSNid identifications are used

as a preliminary identifier of transient type, and are primarily used to aid in the spec-

troscopic follow up programs of DES supernovae - determining which transients and

host galaxies should be targeted for follow up and what priority these objects should

be targeted with. As described in Section 2.3.2 we do not use pSNid to perform pho-

tometric typing in this work, choosing instead to use the software SNNova (Möller &

de Boissière, 2020) to identify likely SNe Ia.

2.1.4 Testing the DES-SN Transient Detection Pipeline

To compute survey efficiency and quantify the DES-SN selection function, it is impera-

tive that there is a method by which to test the performance of automated detections.

A common way that this is done is to inject fake supernova images into the data to

monitor efficiency, treating each fake as a real transient and passing it through the entire

transient detection pipeline. A schematic of the DES-SN transient pipeline can be seen

in Figure 2.6.

Realistic fake point sources mimicking supernovae are overlaid onto the CCD images

near real galaxies and exhibiting typical supernova light curve behaviour. The magni-

tudes of the supernova in each band is given by the snana simulation (Kessler et al.,

2009), which includes realistic stretch, colour and intrinsic scatter distributions. Host

galaxies are chosen in a way that is proportional to their surface brightness density.

It is shown in Kessler et al. (2015) that by measuring the number of recovered fake

supernovae, that the SN Ia efficiency falls to 0.5 at a redshift of z = 0.7 in the eight

shallow fields, and z = 1.1 in the deep fields.

However there are some limitations that arise when injecting fake SNe into the data
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Figure 2.5: A bar chart showing (from left to right) the number of raw candidates in

SNCAND (objects that have at least two detections in the DiffImg pipeline at different

epochs), the number of candidates that obtained at least two autoScan ‘Non-Artifact’

flags, and the total number of objects that then passed further cuts to rule out galactic

objects, including visual inspection. Objects which then receive a supernova photo-

metric type from PSNID are shown in the fourth bar. Those objects that then had a

spectrum obtained and were confirmed to be either a Type Ia, Ibc or II supernovae are

shown in the last bar.
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Figure 2.6: A schematic of the DES-SN transient pipeline, a modified version of the

Figure originally presented in Goldstein et al. (2015)

.

to measure completeness. One disadvantage is that fake SNe overlaid onto real images

could obscure a real transient detection and cause that detection to be missed, although

this is very unlikely. To estimate a robust recovery efficiency using fake supernovae,

the suite of SNe templates must be representative of the transient population you are

sampling, or there is a risk of biasing your efficiency calculations. It has also been

shown that the recovery efficiency of transients is not just a function of magnitude and

redshift, but also of host galaxy surface brightness (Frohmaier et al., 2017). However

these effects are subtle, and for the purposes of our investigation the measurements of

efficiency computed through the injection of fake sources on the images is sufficient.

2.1.5 DES-SN Candidates Page

Once a DES-SN candidate has passed through all of these processes, the summary of its

data is available for the collaboration to view via a quick-look webpage tool. On every

candidate page the user is able to see the number of times an object has been captured

by DECam, including information on the relevant CCD and filter, any likely associated

host galaxies, the DiffImg stamps for each observation, and the forced photometry of

the object. Collaboration members are also able to see derived data products, such as

autoScan scores for each difference image, the determined pSNid photometric type
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(both with and without a redshift input, if a redshift from either a supernova spectrum

or host galaxy spectrum is available) and any relevant spectra taken of the object. By

the end of DES operations the database contained over 10,000 transient objects across

all types, collecting the largest sample of supernova out to a redshift z > 1, to date.

2.2 OzDES Spectroscopic Follow-up

The aim of the OzDES survey has been to provide complementary spectroscopic infor-

mation for DES, obtaining thousands of spectra across the 10 DES-SN fields, as well

as several of the DES standard star fields. The two main areas of spectroscopic follow

up that we will focus on is the live transients program, and the transient host galaxy

program. However OzDES did run other programs such as its large AGN reverberation

mapping experiment (King et al., 2015; Hoormann et al., 2019; Lidman et al., 2020).

As a member of OzDES, the author has contributed to the survey through both

leading the observations at the telescope for OzDES run number 034, and through con-

tributing by performing data reduction (as part of a larger OzDES group) for OzDES

since 2017. All processes described in this Section (2.2), from the telescope and spectro-

graph setup, to target selection, live observations, telescope operations, data reduction

and redshift analysis, the author has personally performed during their time at the

telescope. The ATEL #11679 describing the 18 classifications of live transients made

during run 034 can be found at astronomerstelegram.org. Performing this role was

essential in the collection of the host galaxy data we use in this analysis.

In this section we outline the OzDES survey strategy including spectroscopic source

selection, how the observations are scheduled and how we process the raw OzDES data.

Understanding each step in this process is vital for understanding the selection effects on

our final sample. The correlations between SN Ia luminosities and host galaxy properties

will be sensitive to the distribution of SN Ia and hosts that we acquire, and our results

could be misinterpreted if the method to select the sample is poorly understood.

The main OzDES survey ran from 2012-2013 to 2018-2019 (Y1-Y6), and since then

some extra time has been allocated to observe some additional targets (predominantly

for the AGN-RM program). OzDES uses the AAOmega spectrograph with the 2dF fibre

positioner on the 4-meter class Anglo-Australian Telescope. The AAOmega instrument

consists of two arms - a blue and a red - that are split by a dichroic. The OzDES

survey uses the x5700 dichroic, which splits the arms at 5700Å. In the blue arm the

580V grating was centred at 4800Å for OzDES years 1 and 2, but in year 3 the central

wavelength was shifted to 4820Å to provide a larger overlap between the red and blue

arms of the spectrograph. In the red arm the 385R grating is used, centred at 7250Å.

This setup provides wavelength coverage from 3700Å to 8800Å (Childress et al., 2017).

http://www.astronomerstelegram.org/?read=11679
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Such a wavelength range enables the detection of strong emission lines for redshifting

to around z = 1.

Figure 2.7: The DECam field of view (mosaic CCDs in the background) overlaid with

the 2dF spectrograph field of view (large orange circle) and example fibre positions

(small orange circles). Figure originally shown in Yuan et al. (2015).

The 2dF robotic positioner has a total of 400 fibres, 392 available for science and 8

guiding fibres with a total of 2.1 degree diameter field. The patrol field of 2dF matches

closely the field of view of the DECam imager (Flaugher et al., 2015) on the CTIO 4m

Blanco telescope, as shown in Figure 2.7. After the conclusion of Year 2, the CCD in

the blue arm of the spectrograph was replaced to provide superior quantum efficiency to

reduce cosmetic defects (Brough et al., 2014). The layout of the AAOmega spectrograph

can be seen in Figure 2.8 and a cross section illustration of the AAT can be seen in

Figure 2.9.

Over the duration of the OzDES survey 7,000 redshifts for candidate supernova

hosts were obtained, and spectroscopically confirmed over 300 supernovae (Lidman

et al., 2020). These redshifts are now publicly available as part of the OzDES Redshift

Catalogue (ORC)‡.

‡docs.datacentral.org.au/ozdes/overview/dr2/

https://docs.datacentral.org.au/ozdes/overview/dr2/
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Figure 2.8: The layout of the AAOmega spectrograph, as originally shown in Saunders

et al. (2004b).
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Figure 2.9: An illustration of the cross section of the Anglo Australian Telescope†.

†Image sourced from www.aao.gov.au, illustrated by Oliver Rennert.

https://www.aao.gov.au/about-us/AAT
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2.2.1 Source Selection

Targets were selected from DES by OzDES for observation if they met certain crite-

ria. The aim of obtaining spectra of live transients was to spectroscopically confirm

as many Type Ia supernovae for use in cosmology as possible, and the target selection

criteria reflects this. An OzDES spectroscopic transient target requires a likely Type

Ia classification from pSNid (see Section 2.1.3), having either a (PbayesIa > 0.5 and

fitprobIa >1e-2) or (PbayesIa > 0.9 and 1e−4 < fitprobIa < 1e−2). A transient candi-

date also must have a (tpeak > tstart − 5× (1 + zIa)) and (tpeak <tend), where tstart and

tend are the seasons start and end dates, and zIa is the redshift from the SN fit. This

ensures that the supernovae have not faded away at the time of the relevant OzDES

observing run. It is also required that the SNR of the transient at peak brightness was

SNR > 5 in at least two bands. Many of the transient candidates for spectroscopic fol-

low up were also eyeballed to ensure that the object appeared to be a true astrophysical

source, and not an artifact in the data.

There were two programs in OzDES that targeted the host galaxies of likely Type

Ia supernovae, with the aim of obtaining redshifts from the galaxies to use for a pho-

tometric cosmological analysis. One program called ‘SN_host’ targeted host galaxies

with a magnitude < 24, and the other program targeted fainter galaxies in a program

‘SN_host_faint’, where the magnitude of the galaxy was > 24. An important metric

for identifying the likely host galaxies of SNe is the Directional Light Radius method,

(DLR), introduced by Sullivan et al. (2006). This method measures the separation be-

tween the supernovae position and the centre of a galaxy, normalised by the apparent

size of the galaxy. DLR is defined in terms of the central positions of the supernovae

and the galaxy ([xsn, ysn] & [xgal, ygal] respectively), the semi-major axis (rA) and the

semi-minor axis (rB) of the galaxy, as well as position angle θ of the supernova position

from the semi-major axis. The DLR is given by

DLR2 = Cxxx
2
r + Cyyy

2
r + Cxyxryr, (2.1)

where xr = xsn−xgal, yr = ysn−ygal, Cxx = cos2(θ/r2
A)+sin2(θ/r2

B), Cyy = sin2(θ/r2
A)+

cos2(θ/r2
B) and Cxy = 2 cos (θ) sin (θ)(1/r2

A + 1/r2
B). The galaxy with the lowest DLR

measurement is often presumed to be the host galaxy of the transient, unless there is

an obvious discrepancy such as discrepant redshift measurements. In the literature an

object is often considered ‘hostless’ when there are no galaxy centres within DLR < 6,

twice the isophotal limit of a typical galaxy.

In the SN_host program, galaxies were prioritised for spectroscopic follow up as

follows:

• Priority 0: A clearly associated host galaxy for any Type Ia supernovae with a
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DLR<4.

• Priority 1: Galaxies that are NOT the designated ‘host galaxy’, but which are

either sufficiently close to a SN Ia (4 < DLR < 6) or otherwise visually interesting

(closest galaxy to a hostless SN Ia)

• Priority 2: Host galaxies of Non-Ia SNe. This includes SLSNe and CCSNe.

In the faint host galaxies program, each faint host that was present in the DES

photometry was targeted once, to determine if there may be the presence of strong

emission lines in order to determine a redshift. If no evidence of strong emission lines

were detected, the galaxy was removed from the program. Any galaxy that exhibited

signs of emission features continued to remain in the observation queue until a redshift

was obtained. In the cases where there was no evidence of a host galaxy DLR< 6

in the photometric data, a faint host galaxy target was created at the location of the

supernova, in case there was an underlying galaxy too faint to be seen in the DES

photometry. These targets were also observed once after the supernova had faded, and

if no emission features were observed they were similarly removed from the observation

queue.

Galaxies present in the ‘SN hosts’ or ‘SN Hosts faint’ programmes were repeatedly

targeted many times in order to obtain the SNR necessary to determine a redshift. This

meant the integration time for some galaxies was extremely long, over 2 days in some

cases.

As well as the dedicated OzDES follow up program which repeatedly targeted the

DES supernovae fields, other ancillary programs were run on the AAT sharing nights

with OzDES which also contributed to obtaining the spectra of DES host galaxies. In

particular 2dFLens (Johnson et al., 2017) during Y2 and Y3, and DEVILS (Davies

et al., 2018) in Y5 contributed a small number of galaxy spectra to the OzDES survey.

In each of these cases the instrumental setup for these surveys was the same, but the

target selection was not. For consistency the redshifts and data reduction was re-run

by OzDES for these objects. In this work these ancillary galaxies were included in our

sample if they met our spectral quality criteria (Q≥3). Also included in our sample

were galaxies that were observed by other programmes on the AAT that were part of

previous surveys on the telescope, and later were confirmed as SNe Ia host galaxies.

These galaxies are discussed further in Section 2.3.1.

2.2.2 Observations and Data Reduction

OzDES ran for a total of six observing seasons, with a total of 100 nights observing

during the survey. There was an additional 5-night precursor survey which was used to

develop the strategy for subsequent observing runs. During the six observing seasons,
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there were a total of 41 numbered runs officially ending on 09 January 2019. During the

last year of OzDES observations (Y6) live transients were no longer being targeted, with

the focus on obtaining redshifts of transient host galaxies that had been identified in

previous years. Over the years the number of fibres dedicated to transient host galaxy

follow up increased from 12% in Y1 to 71% in Y6 (Lidman et al., 2020), reflecting the

increasing number of host galaxies identified as the number of transients observed by

DES grew over the course of the DES-SN 5 year survey.

Each observation aimed to be 2×2400 seconds long, weather conditions permitting.

Overall 25% of allocated time was lost due to poor weather conditions, with another

5% being lost to thick cloud cover. The two deep fields (C3 and X3) had the highest

priority, and so were observed for 27.1% of the total observing time. The other eight

fields contributed to 42.9% of the observing time.

During each observation a bespoke fibre-allocation algorithm was used to determine

which targets would be observed. The software avoids fibre collisions whilst optimising

the target distribution so the highest-priority targets are preferentially observed. A list

of targets and their priorities are shown in Table 2.2. The sky-fibers were placed in

positions free of sources, to measure the atmospheric seeing and sky emission. F-stars

were used to determine the relative throughput of the instrument for each observation,

as well as the instrumental transfer functions in Y1 and Y2.

Spectroscopic data was reduced using the OzDES pipeline which is based upon a

modified version of 2dfdr2 (v6.46) (Croom et al., 2004). Each observation consists of

one exposure of the field, two fibre flats and an arc frame. Fibre flats are used to locate

and trace the spectra on the CCDs, and the arcs are used to set the wavelength scale of

the spectra. The processing of the raw data is described in detail in Yuan et al. (2015)

and Childress et al. (2017). Here we briefly summarise the pipeline:

• Bias subtractions. Bias is the term used to describe the CCD variation in each

pixel. Each pixel reacts slightly differently to incoming photons, and removing

this bias allows for accurate measurements of photon flux per pixel across the

entire CCD. For data taken with the blue CCD, the bias subtraction is removed

by subtracting the overscan region. The overscan region consists of extra pixels

that are generated by the CCD when the CCD is ‘read-out’. These extra pixels are

not physical pixels on the CCD but correspond to locations on the pixel grid that

don’t actually exist. The overscan region signal is fitted with splines alongside the

flux in the fibres for each column of the detector. The fibre flux is modelled with

Gaussians where the widths of the Gaussians and their locations are determined

using the flat field observations. This ultimately gives a measure of the signal that

is introduced by reading the CCD. A master bias is then used to remove features

that cannot be removed by using a fit to the overscan region, and subtracting a
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Type Priority Comments

Active Transient 1

AGN 2 Targets for the reverberation mapping program

Supernova Hosts 3 From the ‘SN hosts’ program

Cooke_host 3 SN hosts from the SNLS deep stacks

Strong Lens 3 Candidate strong lenses (Jacobs et al., 2019);

Targets discontinued after Y2

White Dwarfs 3 White dwarfs to aid calibration;

Targets discontinued after Y2

Sky fibers 4

F-stars 4 Standard stars to measure instrument throughput

DEVILS 4 Objects in the DEVILS survey (Davies et al., 2018)

SNLS 4 SN hosts from the SNLS survey (Betoule et al., 2014)

Tertiary 4 A large range of stars to aid calibration; Targets

discontinued after Y2

Cluster Galaxies 5

Radio Galaxies 5

QSO 5 Faint QSOs in the S1 and S2 DES fields

XXL_QSO 5 QSOs in the XXL fields (Pierre et al., 2016)

Faint SNe Host 5 From the ‘SN faint hosts’ program

RedMaGiC 5 For calibrating photometric redshifts for RedMaGiC

galaxies (Rozo et al., 2016)

SpARCS 5 Bright cluster galaxies from the SpARCS survey

(Wilson et al., 2009)

ELG 5 Emission Line Galaxy; Targets discontinued after Y2

SN Free Host 6 Host galaxies of previously targeted transients

Photo-z 6 For testing photometric redshift algorithms

LRG 7 Luminous Red Galaxies

Bright Galaxies 8 Backup target for poor conditions

Bright Stars 8 Backup target for poor conditions; Targets

discontinued after Y2

Table 2.2: A list of the source types OzDES observed and their nominal priority. The

targets are ordered in priority from highest (1) to lowest (8). This table is a modified

version of Table 1 in Lidman et al. (2020).
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scaled version of the master dark. For the red CCD, only the overscan region is

used to remove the bias.

• Bad pixel removal. OzDES uses the software PyCosmic (Husemann et al.,

2012) to locate pixels affected by cosmic rays. These pixels are marked as bad

and are removed from further analysis. A few cosmic rays are often missed by this

step, but are easily removed at later stages in the analysis of the coadded spectra.

• Wavelength calibration and tram line mapping. The fibre flats are used

to measure the locations of the fibre traces on the CCD (known as the tram line

map), and the arcs are used to wavelength calibrate each fibre.

• Extraction. After the above steps the flux from the individual fibres is ex-

tracted. The flux perpendicular to the fibre trace is weighted with a Gaussian

that has a FWHM of the fibre trace. This is performed using a least squares

solution. However if the least-squares algorithm fails, the software uses singular

value decomposition (SVD) to produce an adequate solution (see Sharp & Bir-

chall (2010), for details). On average, SVD is used only once every 200 columns.

Without this modification, the data in these columns would have been treated as

bad and not used.

• Sky subtraction. The relative throughput of the fibres is normalised, and any

emission due to the sky is removed using the sky fibres. An illumination correction

is also applied to the flap flats using the dome flats to ensure better sky subtrac-

tion. If any residual sky flux remains, this is then removed by using a principal

component analysis to identify residuals (Sharp & Parkinson, 2010).

• Splicing spectra. Once the data from both the red and blue arms has been

processed, the red and blue sections of spectra are merged into a single spectrum.

Occasionally a discontinuity appears in the spectra around the wavelength where

the dichroic splits the two arms of the spectrograph. This is often due to bad sky-

subtraction. However the coadding of multiple spectra helps estimate a robust

error on these points.

• Coadding spectra. As is often the case, more than one exposure of an object is

obtained over multiple nights. Each individual reduced spectrum is coadded into

a single spectrum to increase SNR. This coadding is performed by scaling each

spectrum, using either the inverse of the median of the spectrum, or the inverse

of 0.1×the square root of the median of the variance - whichever of these two

values is the smallest. This is to account for cases in which the median flux of

the spectrum is close to zero, which would result in very large weights. The 0.1
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factor was chosen through experimentation (Childress et al., 2017). These scaled

spectra are then summed weighted by the inverse of the variance.

An example of individual spectra and the final coadded spectra can be seen in Figure

2.10. The signal to noise ratio of each coadded spectrum increases proportionally as the

square root of integration time,
√
t, as shown in Childress et al. (2017).

As the aim of OzDES observations is to obtain a galaxy redshift, the spectra vary in

quality. For galaxies with large emission features, the overall SNR may be lower than

those with weak emission or absorption features as emission line galaxies require less

integration time to obtain a quality redshift. Similarly, it is easier to obtain a redshift

for a brighter, star forming galaxy than a faint or passive galaxy. Understanding and

reproducing these selection effects and the OzDES survey efficiency is vital to measuring

accurate bias corrections which are described in Section 4.3.1.

2.2.3 Determining Redshifts

To determine a redshift for each galaxy, a combination of software and human inspection

was used. For Y1 and Y2, redshifts were obtained using the RUNZ redshifting software

(Colless et al., 2001; Saunders et al., 2004a). In Y3 the OzDES program switched to

MARZ (Hinton et al., 2016), after confirming that MARZ redshifts were in agreement

with those obtained using RUNZ. The switch from RUNZ was initiated as RUNZ

was found to have an automatic matching performance for OzDES spectra of only

54%. MARZ is an open-source, client based, web-application that provides a range of

functionalities with an intuitive interface, allowing fast manual checking and correction

or verification by the user. Each coadded spectrum is run through MARZ individually

before manual inspection.

The MARZ software performs a quick analysis on the spectrum. Any bad pixel value

is replaced with the average value of the flux in four pixels either side. Any cosmic ray

pixels identified are replaced with the average value of the flux in a window of 19 pixels

centred on the cosmic ray (excluding the cosmic ray flux). The continuum of the spec-

trum is subtracted using rejected polynomial subtraction, where a 6-degree polynomial

is iteratively fitted to the spectrum and all points greater than 3.5 standard deviations

from the mean are removed from the fitting process. As soon as an iteration discards

no extra pixels the loop is terminated and the proxy for the continuum is subtracted

out. This allows the user to focus on absorption or emission features that are used for

redshifting. The spectrum undergoes a cosine taper, and a second step of continuum

subtraction is performed, where a boxcar smoothed median filter is subtracted from the

spectrum. The cosine tapering ensures that strange features are not introduced at the

end points of the spectrum, and the box-car smooths out the spectrum to make the
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identification of spectral features easier.

MARZ then matches this pre-processed spectrum to a series of twelve different tem-

plates that span a variety of galaxy types, using a cross-correlation method. MARZ

utilises a modified version of the autoz algorithm implemented by Baldry et al. (2018).

The software returns the user the series of best fitting templates using a cross-correlation

method. The templates and the pre-processed spectra are linearly rebinned onto a log-

arithmic vacuum wavelength scale. For each spectrum the cross-correlation function

is determined for all the templates using a procedure involving fast Fourier transforms

(Simkin, 1974). The cross-correlation function CCF is associated with heliocentric red-

shifts through the equation

CCFi = 10(2×10−5δpix,i)(1 + zt)
(

1 +
vsun,c
c

)
− 1 (2.2)

where δpix,i is the shift in pixels corresponding to position i; zt is the redshift of the

template spectrum and vsun,c is the component of the velocity of the Earth in the

heliocentric frame towards the target galaxy.

The cross correlation function is calculated for each template at a range of template

redshifts, and is normalised by subtracting a truncated mean and dividing by the root

mean square. For each target spectrum all the normalised cross-correlation functions

are compared and the highest cross correlation peak is taken to be the best estimate of

the redshift. The second highest cross correlation peak is taken to be the second best

redshift, and so on.

Each of these template fits are then examined by two redshifters independently. The

redshifters examine the fits and determine if the redshift is correct, modify the redshift if

necessary, and return their own quality flag, Q. A OzDES quality flag Q = 4 represents

a secure redshift where there are multiple strong features present in the spectrum. A

spectrum where only a single strong feature or multiple low signal features are present

is given a Q = 3. A Q ≤ 2 represents a spectrum that should not be used for science as

it has no clear features (a flag of 1 is often used when there appears to just be noise).

Q = 6 is when the spectrum appears to be stellar in nature (Note that Q = 5 does not

exist). A third redshifter then inspects the work of the first two redshifters to resolve

conflicting flags or redshifts and to merge the results. If there is a conflict in the opinion

of the first two redshifters, the third makes the final decision.

A successful redshift is considered when Q ≥ 3. In Yuan et al. (2015) the reliability

of OzDES redshifts were tested against external catalogues. It was found that a redshift

flag Q = 4 was 100% reliable. In later analysis by Lidman et al. (2020), it was shown

objects with a redshift flag Q = 3 were approaching 95% reliability by using repeated

observations of Q = 3 spectra until they reached a Q = 4 and examining the differences,

if any, between the final redshift and the Q = 3 redshift. However supernovae host



2.3. Sample Selection 53

galaxies were not removed from the observation queue until a Q = 4 had been obtained,

so the majority obtained a Q = 4 redshift.

2.3 Sample Selection

The aim of this work is to investigate the properties of the largest ever spectroscopically

observed Type Ia supernovae host galaxy sample, obtained by DES and OzDES. If we are

to rigorously compare host galaxy properties (such as star formation rate, metallicity,

etc) to supernovae properties (colour, stretch, Hubble residual, etc) we must ensure

that there is as little contamination from core-collapse supernovae in our sample as

possible, as this could bias our results and introduce systematic errors into our analysis.

This involves photometrically typing each supernovae and performing a series of cuts

on the sample that would rule out the majority of core-collapse events that could be

mistaken for Type Ia supernovae without compromising the completeness of the sample.

Photometric typing methods are never and will never be infallible, so it is extremely

important to outline how we rigorously select our sample, both for reproducibility and

to ensure we can compare our sample to other photometrically or spectroscopically

classified Type Ia supernova samples.

In this section, we describe how we determine our final sample of photometrically

classified Type Ia supernovae to investigate their host galaxy properties. We first explore

how we associate a host galaxy to each supernova. We then explore the different software

that we use to photometrically classify our sample; SNNova (Möller & de Boissière,

2020) and salt2 (Guy et al., 2007). We outline their advantages, limitations and the

testing that has been performed to analyse classification accuracy. We then detail the

cuts we make to finalise our sample for analysis.

2.3.1 Host Galaxy Association

An integral part of this analysis is to accurately determine which host galaxy is asso-

ciated with each supernovae observed by DES. As described in Section 2.2.1, OzDES

targeted all galaxies within a DLR6 of a likely Type Ia supernovae using a relatively

shallow photometric coadd. This meant that for many supernovae, more than one galaxy

in the nearby proximity of the supernova was observed and obtained a spectrum. To

determine our final host galaxy association we use much deeper templates built from

multiple observations across all the years of DES as presented in Wiseman et al. (2020).

These coadds are known as the ‘Deep Stacks’ and offer a fainter limiting magnitude

than the coadds used during the DES-SN operations built from the science verification

data (known as SVA1). An example of one of the Deep Stack images is shown in Figure

2.11. The depth of the Deep Stack templates are (griz) = (25.6, 25.8, 26.0, 26.0) for the
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Figure 2.11: An example of a Deep Stack template (0.365 x 0.160 degrees) showing

DES field C2, chip number 18. This image features the well-studied galaxy cluster,

Abell 3151.

shallow fields, and (griz) = (26.1, 26.3, 26.5, 26.4) for the deep fields. As such, these

templates contain fainter galaxies than those from the SVA1 coadds and improve upon

the quality of SVA1 coadds by excluding poor quality exposures such as those affected

by high seeing, instrumental noise or cloud coverage.

The Deep Stacks are photometrically calibrated and the shape of each galaxy is

measured using SExtractor (Bertin & Arnouts, 1996). Transients are matched to

a host galaxy using the DLR method, as described in Section 2.2.1. The galaxy with

the lowest DLR is assigned as the host galaxy of the transient, and if no galaxy is

present within DLR4, the transient is considered hostless to avoid any host galaxy

miss-association. In total, identifying host galaxies using the deep stacks increases

the total number of host galaxies found from 24,695 in the SVA1 catalogue to 27,548

galaxies (78.5% and 87.5% of transient candidates respectively). Only 280 host galaxies

identified using the SVA1 catalogue (1.1%) were found to be incorrect and had a different

host allocated using the Deep Stacks. The likelihood of incorrect galaxy association is

expected to be ≈ 4% for DLR4 (Gupta et al., 2016).

2.3.2 Photometric Classification

The next part of our analysis relies on determining a sample of likely Type Ia supernovae

from their photometric light curves. We do this using two pieces of software, SNNova

(Möller & de Boissière, 2020) and salt2 (Guy et al., 2007). SNNova performs light

curve classification using machine learning. salt2 is an algorithm which fits supernovae
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light curves to obtain supernova features such as colour and stretch and allows for the

user to model the intrinsic dispersion in the SNe Ia population. In this section we

describe these algorithms and how they complement each other.

2.3.2.1 SNNova

SNNova is an open-source algorithm† that uses machine learning to fit supernova light

curves to determine their subtype. SNNova is the first light curve classification soft-

ware to take advantage of Bayesian Neural Networks. This allows SNNova to handle

irregular time-series without the use of data augmentation or fitting methods, which

is crucial for true observations which are subject to non uniform scheduling and are

dependent on weather. Machine learning techniques require a large amount of training

data, which takes in the light curves of objects with a known type to ‘learn’ how to

classify objects.

The core of SNNova is a recurrent neural network which processes the photometric

information, using Bayesian training techniques which provides superior uncertainty

estimation (Möller & de Boissière, 2020). In this analysis we use a modified version

of the publically available version of SNNova which has been trained on a DES-like

data set with considerable increase in the variety of core-collapse templates, produced

by Vincenzi et al. (2019).

Each SN-candidate with a spectroscopic redshift (from either the host galaxy or the

supernova itself) is passed through the SNNova algorithm which returns the probability

that each supernova is a Type Ia. A total of 2278 supernova light curves that passed

quality and autoScan cuts were passed through SNNova to determine if they were a

standard candle. We make a probability cut of PIa > 0.5, ensuring that each transient

in our sample is more likely to be a Type Ia than any other type of transient. We choose

the value of PIa > 0.5 to maximise both classification efficiency as well as purity. The

measure of sample purity and efficiency at various choices of PIa are shown in Table 2.3,

calculated using a large-scale accurate DES-simulation. As we later apply SALT2 cuts

to our sample (see Section 2.3.2.2) we will naturally increase sample purity by ruling

out spurious objects based upon color and light curve evolution, so at this point we

choose to maximise efficiency over purity. After this cut of PIa > 0.5, 1880 supernovae

remain in our sample.

2.3.2.2 SALT2

Each of the 1880 likely SN Ias are then processed through salt2 (v2.2; Guy et al.

2010). salt2 is also a light curve fitting algorithm that models the temporal evolution

†SNNova is publicly available for download at github.com/supernnova/SuperNNova

https://github.com/supernnova/SuperNNova
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PIa Simulated Simulated DES SN Ia

threshold Purity (%) Efficiency (%) sample size

0.5 96.44 97.33 1880

0.6 96.96 96.40 1835

0.7 97.49 95.01 1826

0.8 98.12 93.08 1792

0.9 98.78 88.72 1733

Table 2.3: The simulated efficiency and purity of a sample of DES-like Type Ia SNe

classified using SNNova at varying PIa (probability of being a Type Ia) thresholds.

Also shown is the number of observed DES-SN classified by SNNova as Type Ia at

different PIa thresholds.

of the rest frame SED for SNe Ia. The SED models are parametrised by time and

wavelength, F (λ, t). The difference between salt2 and SNNova is that salt2 is not

a classifier, but used for feature extraction and standardisation of the supernovae. The

salt2 model was created using a training set of Type Ia supernovae from the Joint light

curve Analysis (JLA) group that is described in detail in Betoule et al. (2014). Each

supernova that is passed through salt2 is assumed to be a SN Ia, and is fit as such.

salt2 models the rest-frame flux as

F (λ, t) = x0 × [M0(λ, t)− x1M1(λ, t) + ...]× exp c× CL(λ), (2.3)

where t is the time in rest-frame since the date of maximum luminosity in the B-

band, λ is the wavelength in the rest frame and M0 is the average of the spectral

sequence. M1(λ, t) and higher order terms model the variability that is observed between

different SNe Ia, CL is the average colour correction term, which salt2 assumes is

time independent. x0 represents the normalisation of the SED, and subsequent terms

xk, k > 0 are correction parameters. From these fits, three values are determined that

are needed to derive a cosmological distance (see Equation 1.26): the colour c, the

light curve shape parameter x1 and the log of the overall flux normalisation mB where

mB = −2.5 log(x0).

In our analysis, we require every SN Ia to have adequate light curve coverage to

accurately constrain the fit parameters, as well as properties that limit the systematic

biases on the recovered cosmological distance. We follow the requirements in Betoule

et al. (2014) such that the only SNe allowed into our sample have −3 < x1 < 3,

−0.3 < c < 0.3 and σx1 < 1 (where σx1 is the uncertainty on x1). Any supernova

light curve that fails to be fit by salt2 is discarded, as a failed fit would require a

significantly different light curve shape than a Ia to be input. In our case we had no
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failed salt2 fits, as we had already run SNNova on our sample to select the likely

Type Ias.

Discarded Remaining

Number of detected transients

passing two autoScan tests - 5641

Light curve quality cuts‡ 2863 2778

P (Ia)SNNova ≥ 0.5 898 1880

−3 ≤ x1 ≤ 3 36 1844

−1 ≤ σx1 ≤ 1 262 1582

−0.3 ≤ c ≤ 0.3 33 1549

fitprobSALT2 ≥ 0.01 62 1487

DLRHost ≤ 4 17 1470

Host spectra (from AAO) quality Q = 3, 4 171 1299

Table 2.4: Number of supernovae discarded by the successive cuts applied to the DES-

SN sample to create a sample of cosmologically useful SNe Ia.
‡Light curve quality cuts require objects to have: At least 5 epochs with a SNR>5 in

at least 2 filters, at least one epoch pre-peak brightness and at least one epoch post

10-days peak brightness. Objects were also confirmed as non AGN and are visually

inspected.

After running salt2 on our sample and applying the cuts as described above, we

have 1,487 supernovae in the sample. Of these, only 1,299 have host galaxy spectra

with an OzDES quality flag 3 or 4, giving us a final sample of 1,299 Type Ia supernova

for which we can examine host galaxy properties.

The majority of the host galaxy spectra for our sample were targeted by the OzDES

survey (1289 galaxies), whilst only 10 of our spectra come from ancillary surveys; LAD-

UMA (6 galaxies), PanSTARRS (3 galaxies) and SNLS (1 galaxy). Ancillary survey

spectra from the AAT taken within the DES fields are included in the later SNANA sim-

ulations, which help us accurately determine our selection function (see Section 2.3.3)

and ensure these extra spectra do not bias our results. Each of these spectra were ob-

tained prior to the OzDES survey and so were not targeted in order to maximise fibre

hours on obtaining new redshifts.

2.3.3 Selection Effects and Biases

Throughout this Chapter, we have introduced the DES and OzDES observations and

data reduction pipeline - including the Autoscan detection algorithm, redshift estima-

tion pipeline, transient classification and host galaxy association. At every stage of this
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process we have made choices that have influenced our final sample selection. Selection

effects and biases can also occur due to practical and instrumental limitations, such

as observation depth limits and photometric bands available. Therefore modelling se-

lection effects is essential for both estimating bias corrections and simulating training

samples. In this section we briefly describe the biases which could have entered our

sample due to our selection choices, how we quantify these choices to determine our se-

lection function, and also how we later use our selection function alongside simulations

to mitigate and correct for these effects.

One important part of understanding our selection is through quantifying the detec-

tion efficiency and photometric instrumental effects in the DES-SN survey. For instance,

it is less likely that we would be able to detect a faint transient hosted in a very bright

galaxy, than a bright transient on a faint galaxy. Instrumental effects can also affect

the sample, i.e. transients close to (along our line of sight) a bright, saturated star

may be missed as the star’s flux bleeds into adjacent CCD pixels on the detector. An

extensive and robust work on this topic was presented in Kessler et al. (2015), which we

briefly discuss in Section 2.1.4. To determine these effects, fake SNe were placed into

the photometric DES data and run through the full DES-SN pipeline to test transient

recovery. These results are then compared to simulations to quantify these selection

effects. These results are robust and have been thoroughly tested as part of the DES

3-yr cosmological analysis.

Arguably the most important effect we must quantify for this work is how the re-

quirement of a galaxy redshift from OzDES or any other AAT ancillary survey affects

our supernovae data. This is a critical selection effect as it shapes the redshift distri-

bution of our supernova sample, and introduces biases towards supernovae residing in

bright emission line galaxies. Therefore we must understand the overall efficiency of

obtaining spectroscopic redshifts in DES and how we incorporate this into our later

simulations of the DES SN sample. This has been extensively investigated in Vincenzi

et al. (prep). Here we briefly summarise this work which we later incorporate into our

work.

The spectroscopic redshift efficiency function in previous Type Ia supernova sur-

veys has often been described by a one dimensional function of redshift (Jones et al.,

2017) which is often tailored to a specific choice of volumetric supernovae rate. This

parametrisation of the spectroscopic redshift efficiency does not depend on galaxy prop-

erties, which in turn does not account for the higher likelihood that a bright emission

line galaxy is more likely to obtain a spectroscopic redshift than a faint passive galaxy.

Because of this, the approach chosen in Vincenzi et al. (prep) is markedly different.

The spectroscopic redshift efficiency, εz, is parametrised as a function of both redshift

and host galaxy observables, such as the galaxy brightness, g− r colour, and the epoch
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of supernova discovery. The efficiency of obtaining a redshift is first measured as a

function of r band host galaxy magnitude split into five subgroups of DES-SN fields.

As expected, the efficiency is high for bright host galaxy magnitudes, and low for faint

host galaxies. It is important to measure the efficiency as a function of DES-SN field

for several reasons. The two deep fields, X3 and C3, were prioritised by OzDES as they

include more SN candidates due to the deeper observations, and therefore will include

more faint hosts than other fields. Furthermore, the E1 and E2 fields were observed

more frequently as they have the longest visibility window from the AAT, and host

galaxies in this field have a higher chance of obtaining a redshift. Finally, some fields

have more external redshifts available from ancillary surveys.

The efficiency is also measured as a function of spectral type, splitting galaxies into

groups using g − r colour. This is a second order effect as the OzDES programme was

optimised to achieve a high completeness to a host galaxy magnitude limit mr=24, and

the OzDES strategy is to repeatedly target SN host galaxies until a redshift is obtained.

Finally, the efficiency is also parametrised as a function of the year of SN discovery.

The number of nights allocated to OzDES spectroscopic follow-up was progressively

increased each year in order to accommodate the increasing number of SNe discovered

by DES. The amount of fiber hours available at the end of OzDES was not sufficient to

achieve the same efficiency obtained for hosts of SNe discovered earlier. Therefore the

likelihood of obtaining a SNe Ia host galaxy spectrum decreases for SNe discovered in

the fourth and fifth years of DES-SN.

This is a novel approach which relies on simulations which include host galaxies

with realistic properties. These simulated host galaxies should reproduce the properties

and brightness distributions of observed SN host galaxies. Such an approach takes

into account that different types of SNe explode in different populations of galaxies

with different luminosity distributions. In this implementation, a good match between

simulations and data is not guaranteed, and there are no fine-tuned parameters in this

model to ensure this.

Vincenzi et al. (prep) provided us with their measured spectroscopic selection ef-

ficiency through private communication, and also incorporate it into the simulations

we use to later determine our bias corrections (see Section 4.3.1). They find that by

using this new implementation of spectroscopic selection efficiency, they are the first

to reproduce the observed photometric SN and host galaxy properties in high-redshift

surveys (such as DES), in particular they are able to accurately reproduce the luminos-

ity function of SNe Ia, without fine-tuning any input parameters, which up until now

has been common practice. Therefore even though our sample will be biased towards

supernovae residing in brighter, star forming galaxies, we will be able to account for

this later using our well-defined selection function.
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2.4 Conclusions

This Chapter has introduced both the DES and OzDES surveys with a focus on how

our sample of SN and their hosts has been selected. We have described how the data

for our sample was observed and then reduced using various pipelines. We have shown

the method of classification using the SNNova software, and the cuts we required for

a SN Ia to enter our sample. We have shown how we have then processed our SN Ia

light curves using salt2, and the derivation of the SN Ia light curve properties such

as x1 and c. We have then applied another series of cuts on the sample to ensure

the SNe Ia are ‘cosmologically useful’. Our sample has been selected to maximise the

completeness of the sample whilst minimising contamination from non-Ia objects. We

have also explored how our selection choices have influenced our sample of Type Ia SNe,

in particular how the requirement for a host galaxy redshift effects our sample.

In total we have collected a sample of 1,299 cosmologically useful SN Ia with reli-

ably identified host galaxies that have good quality host galaxy spectra available from

OzDES. In the next Chapter we move on to describing how we can determine the as-

trophysical properties of these host galaxies using their spectra. This will then allow us

to examine how the SN Ia environment may influence SN physics, and how these effects

could be traced (and then corrected for) using global galaxy properties.



Chapter 3

The Properties of OzDES Host

Galaxies

“Real stupidity beats artificial intelligence every time.”

- Terry Pratchett, The Hogfather

In this Chapter we describe the methods we use to determine astrophysical properties

of galaxies using their spectra. The overall aim of this study is to investigate what

causes the dispersion in SN Ia luminosities. This dispersion in luminosities after light-

curve standardisation is likely caused by the local environment surrounding the event

and the progenitor system of the SN Ia. As local galaxy properties are difficult to

observe at a high redshift, global host galaxy properties can provide some insight into

the environment of distant SN Ia. In this Section we describe how we derive global

astrophysical properties for our sample of galaxies.

There are two sets of information available to us from which we could derive galaxy

properties, photometry and spectroscopy. Often, deriving properties using photometric

data relies on using some sort of template fitting and statistical modelling. The spectrum

of a galaxy and the emission and absorption lines present in the spectra can be a

much more direct probe of what is happening in each individual galaxy. Furthermore

parameters like metallicity are difficult to measure without a spectrum. Where possible

we derive galaxy properties using emission features in the galaxy spectra as opposed to

using the photometric template fitting methods.

However, before we can derive any astrophysical properties using the spectral data,

we must first flux-calibrate each OzDES spectrum. This process is described in Section

3.1. Measurement of the luminosities of galactic emission and absorption features is

outlined in Section 3.2 with extinction corrections described in Section 3.3 and the

removal of AGN contaminants in Section 3.4.

61
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We then move on to describing the methods we use to derive astrophysical properties

of the galaxies in our sample. We outline the method of calculating galaxy star formation

rates (SFR) using strong emission line features in Section 3.5. In Section 3.7 we then

describe how we calculate stellar metallicities for a sub-sample of our galaxies which

present multiple strong emission line features. We also describe how we derive host

galaxy masses in Section 3.6 We then conclude in Section 3.8.

The work in Section sec:photoSFRMass was performed in collaboration with Dr Mat

Smith (Southampton).

3.1 Spectral Calibration

In this section we describe the calibration methods that must first be performed on the

host galaxy spectra before any properties are derived from the emission lines. During

the OzDES data reduction process, the spectra are not flux calibrated. This means

that the spectrum as a whole is not stored in meaningful physical units. We discuss our

method of flux calibration, as well as our method of masking any sky emission that was

missed during the OzDES data reduction process.

3.1.1 Flux Calibration

For the derivation of galaxy properties using emission features, spectra must be flux

calibrated. For the OzDES host galaxy spectra, this involves scaling the spectrum to

match the multi-band photometry from the Dark Energy Survey data. As the spectrum

is taken through an AAOmega fibre of a fixed diameter, we use the fibre aperture flux

from the DES to scale the spectra. To match the spectra to the multi-band photometry,

we must:

• Determine the current magnitude of the spectrum.

• Calculate the effective wavelength of each DES filter convolved with the spectrum.

• Determine a function used to rescale the spectrum to match the fiber aperture

magnitudes.

• Check and repeat this process several times until each iteration produces minimal

changes.

We first calculate the current magnitude of the spectrum, despite it being in non-

parametric units. As some OzDES spectra are particularly noisy, we first smooth the

spectra using a 21Å box-car filter to reduce the noise in the spectrum. We take the

filter transmission curves T (λ) as shown in Figure 2.2, and interpolate them to the same

wavelength distributions as the spectrum. We then use the equation



3.1. Spectral Calibration 63

m =

∫ λmax

λmin

T (λ)λF (λ)dλ∫ λmax

λmin

T (λ)λdλ

(3.1)

to calculate the current magnitude of the spectrum, where λ is the wavelength and F (λ)

is the spectral energy distribution. This magnitude resides at an effective wavelength,

defined as

λeff =

∫ λmax

λmin

λT (λ)F (λ)dλ∫ λmax

λmin

T (λ)F (λ)dλ

, (3.2)

which varies according to the spectral energy distribution passing through the filter.

We can now compare the photometry from the DES survey to that derived from the

spectrum. For each filter g, r, i, z the difference between the spectral magnitude and the

photometry will vary. We assume that a smooth curve can describe the transformation

of the spectrum to give it the correct flux normalisation and provide us with the correct

information on the broad band colours of the spectrum. This correction is referred to

as mangling the spectrum (eg., Hsiao et al. 2007; Conley et al. 2008). To determine this

curve we use Gaussian Processes (GPs; Krige 1951; Rasmussen & Williams 2006) which

have been used in the literature to interpolate transient light curves, spectral energy

distributions and to perform mangling (Kim et al., 2013; Inserra et al., 2018; Saunders

et al., 2018; Angus et al., 2019; Vincenzi et al., 2019).

A Gaussian Process generates data located through some domain (in our case, wave-

length) such that any finite subset of points in such a domain follows a multivariate

Gaussian distribution. A multivariate distribution is defined by its mean and covariance

matrix, so a GP which represents a multitude of multivariate distributions, is defined

by its mean function and covariance function - also known as a kernel k(x, x′). The

kernel relates each point of data to any other. The advantage of using a method such

as GPs to define our smooth function is that it is non-parametric and has the flexibil-

ity to interpolate the wide heterogeneity of galaxy broad-band colours. GPs also have

the ability to include the photometric uncertainties into it’s model, and consequently

accurately able to estimate the uncertainties on our mangling function.

We use the python package george (Ambikasaran et al., 2016) to perform GP

regression on our photometric data. We use the Matern 3/2 kernel (k) of the form

k(x, x′) = A

(
1 +

√
3(x− x′)
σ

)
exp

(
−
√

3(x− x′)
σ

)
, (3.3)
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where A is the amplitude factor, σ regulates the scale over which the correlations are

significant, and x′ is the domain over which the regression is being performed. The

amplitude and scale factor of the kernel function are optimised by minimising the log-

likelihood of the model given the data, with a prior on the mean function set to 0. We

allow the mean and amplitude to vary during the first iteration of mangling, and for the

subsequent iterations we fix the parameters of the kernel to have a scale of 1Å to ensure

a very smooth warping function - each point being closely correlated to the next. This

ensures that the spectral features are well preserved when warping the spectrum using

the function. An example of the first iteration of mangling can be seen in Figure 3.1 and

the last iteration of the process in Figure 3.2. The OzDES spectra do not fully cover the

DES z filter, so we mangle using data only from the g, r, i filters. Despite only having

three broad-band photometry points to mangle each spectrum, GPs well estimate the

error at the extremes of the spectra that occur due to the lack of data points, as well

as providing realistic errors across the mangled spectrum. Although this increases the

error on the spectra in these regions, it ensures that we do not inadvertently place too

much value on emission line results that come from these regions where the mangling

process is uncertain.

Once the spectrum and its corresponding error spectrum have been flux-calibrated,

we then correct the spectrum for extinction due to Milky Way dust using the maps of

Schlegel et al. (1997) and the extinction curve of Cardelli et al. (1989). This process is

performed in the observer frame, and is discussed in detail in Section 3.3.

The last step in this process before deriving spectral emission features, is to remove

any residual sky lines from the spectra. We do this by masking the data around the

position of sky emission. As sky lines tend to be narrow, we mask the region using

bins of width 3Å, effectively removing the data in these regions. This is the most ef-

fective way to ensure sky emission does not contaminate our spectra as sky emission

is extremely variable, depending on auroral activity, scattered moonlight and starlight,

zodiacal light, thermal emission from the lower atmosphere by greenhouse gases, atmo-

spheric conditions and the airmass of each individual observation. The sky lines are

located at 5578.5Å, 5894.6Å, 6301.7Å and 7246.0Å.

3.2 Flux Measurements

Our reduced flux-calibrated spectra were examined using codes written by the author.

Although many spectral analysis programmes exist that will automatically calculate

emission line values, such as pPXF (Cappellari & Emsellem, 2004; Cappellari, 2017),

many of them perform poorly when dealing with low signal to noise spectra, such

as that from OzDES. In each spectrum we attempt to measure the following emis-



3.2. Flux Measurements 65

40
00

50
00

60
00

70
00

80
00

90
00

W
av

el
en

gt
h 

Å

3.
0

3.
5

4.
0

4.
5

5.
0

5.
5

6.
0

Photometric flux/
synthetic Flux

1e
17

M
an

gl
ed

 S
pe

ct
ru

m
: 2

94
00

15
71

3
g r i M

an
gl

in
g 

fu
nc

tio
n

40
00

50
00

60
00

70
00

80
00

90
00

W
av

el
en

gt
h 

Å

0.
50

0.
25

0.
00

0.
25

0.
50

0.
75

1.
00

1.
25

1.
50

Flux erg s1 cm2 Å1

1e
16

M
an

gl
ed

_S
pe

c
Un

ca
lib

ra
te

d 
Sp

ec
tru

m
+ 

Of
fs

et
Fl

ux
 sy

nt
he

sis
ed

fro
m

 m
an

gl
ed

 sp
ec

Ph
ot

om
et

ric
 fl

ux
fro

m
 D

ES

F
ig
ur
e
3.
1:

T
he

fir
st

m
an

gl
in
g
it
er
at
io
n
of

th
e
O
zD

E
S
sp
ec
tr
um

C
oa

dd
-I
D

29
40

01
57

13
.
T
op

pa
ne

l:
Fo

r
ea
ch

fil
te
r
w
e
sh
ow

th
e
ra
ti
o
be

tw
ee
n

th
e
ph

ot
om

et
ri
c
flu

x
an

d
th
e
sy
nt
he
ti
c
flu

x
fr
om

th
e
ob

se
rv
ed

sp
ec
tr
um

.
T
he

sm
oo

th
m
an

gl
in
g
co
rr
ec
ti
on

fu
nc
ti
on

in
te
rp
ol
at
ed

us
in
g
G
P
s
is

sh
ow

n
w
it
h
th
e
so
lid

or
an

ge
lin

e.
Lo

w
er

pa
ne
l:

T
he

co
m
pa

ri
so
n
be

tw
ee
n
th
e
ob

se
rv
ed

sp
ec
tr
um

(r
ed

lin
e)

an
d
th
e
flu

x-
ca
lib

ra
te
d
sp
ec
tr
um

(b
la
ck

lin
e)
.
T
he

es
ti
m
at
ed

ph
ot
om

et
ri
c
flu

xe
s
ar
e
sh
ow

n
fo
r
ea
ch

fil
te
r
as

m
ag

en
ta

do
ts
.
T
he

flu
xe
s
sy
nt
he

si
se
d
fr
om

th
e
flu

x-
ca
lib

ra
te
d

sp
ec
tr
um

ar
e
al
so

sh
ow

n
(y
el
lo
w

sy
m
bo

ls
)
fo
r
co
m
pa

ri
so
n.



3.2. Flux Measurements 66

40
00

50
00

60
00

70
00

80
00

90
00

W
av

el
en

gt
h 

Å

0.
80

0.
85

0.
90

0.
95

1.
00

1.
05

1.
10

1.
15

1.
20

Photometric flux/
synthetic Flux

M
an

gl
ed

 S
pe

ct
ru

m
: 2

94
00

15
71

3
g r i M

an
gl

in
g 

Fu
nc

tio
n

40
00

50
00

60
00

70
00

80
00

90
00

W
av

el
en

gt
h 

Å

0.
25

0.
00

0.
25

0.
50

0.
75

1.
00

1.
25

1.
50

Flux erg s1 cm2 Å1

1e
16

M
an

gl
ed

_S
pe

c
Un

ca
lib

ra
te

d 
Sp

ec
tru

m
Fl

ux
 sy

nt
he

sis
ed

fro
m

 m
an

gl
ed

 sp
ec

Ph
ot

om
et

ric
 fl

ux
fro

m
 D

ES

F
ig
ur
e
3.
2:

T
he

fin
al

m
an

gl
in
g
it
er
at
io
n
of

th
e
O
zD

E
S
sp
ec
tr
um

C
oa

dd
-I
D

29
40

01
57
13

.
T
op

pa
ne

l:
Fo

r
ea
ch

fil
te
r
w
e
sh
ow

th
e
ra
ti
o
be

tw
ee
n

th
e
ph

ot
om

et
ri
c
flu

x
an

d
th
e
sy
nt
he
ti
c
flu

x
fr
om

th
e
ob

se
rv
ed

sp
ec
tr
um

.
T
he

sm
oo

th
m
an

gl
in
g
co
rr
ec
ti
on

fu
nc
ti
on

in
te
rp
ol
at
ed

us
in
g
G
P
s
is

sh
ow

n
w
it
h
th
e
so
lid

or
an

ge
lin

e.
Lo

w
er

pa
ne
l:

T
he

co
m
pa

ri
so
n
be

tw
ee
n
th
e
ob

se
rv
ed

sp
ec
tr
um

(r
ed

lin
e)

an
d
th
e
flu

x-
ca
lib

ra
te
d
sp
ec
tr
um

(b
la
ck

lin
e)
.
T
he

es
ti
m
at
ed

ph
ot
om

et
ri
c
flu

xe
s
ar
e
sh
ow

n
fo
r
ea
ch

fil
te
r
as

m
ag

en
ta

do
ts
.
T
he

flu
xe
s
sy
nt
he

si
se
d
fr
om

th
e
flu

x-
ca
lib

ra
te
d

sp
ec
tr
um

ar
e
al
so

sh
ow

n
(y
el
lo
w

sy
m
bo

ls
)
fo
r
co
m
pa

ri
so
n.

A
ft
er

se
ve
ra
li
te
ra
ti
on

s
of

m
an

gl
in
g,

th
e
m
an

gl
in
g
co
rr
ec
ti
on

fu
nc

ti
on

is
co
ns
is
te
nt

w
it
h
un

it
y.



3.2. Flux Measurements 67

sion/absorption features: [Oiii] (1663Å), [Oii] (3727Å), [Oiii] (4363Å), Hβ (4861Å),

[Oiii] (4959Å), [Oiii] (5007Å), Na (5895Å), [Oi] (6300Å), Hα (6562Å), [Nii] (6583Å),

[Sii] (6717Å & 6731Å) and [Oii] (7330Å).

In this section we describe how we measure our emission line strengths through the

removal of the continuum, the fitting process, stellar absorption and aperture correc-

tions.

3.2.1 Continuum Removal Process

The first process to derive emission line measurements is to accurately remove the

continuum. It is possible to fit both the continuum of the spectrum simultaneously

with any emission line feature, but as our galaxies display a wide variety of continuum

shapes this process becomes computationally time consuming. Further to this, some of

the OzDES spectra exhibit some small continuum discontinuity where the two dichroic

arms of the spectrograph meet, and modelling this simultaneously with fitting emission

features increasingly complicates the task.

Various methods were explored to remove the continuum, including the traditional

method of fitting a spline function to a smoothed spectrum. However smoothing func-

tions often require the truncation of the data at the extremities, unless the user wishes

to extrapolate the data. To avoid any loss of data in the outer regions of the spectrum,

or to infer any data beyond our wavelength range, we chose to once again use Gaussian

processes to model the continuum. As we are not provided with the full covariance

error spectrum for each individual OzDES galaxy, Gaussian processes allow us to esti-

mate the covariance between each point - providing us with more realistic errors on our

continuum removed spectra.

In order to accurately model the continuum, we must first remove any emission

or absorption features, otherwise our fitting algorithm will attempt to include these

spectral lines. As we know the redshift of each galaxy, we can mask the positions of

each expected emission or absorption line feature. As we choose to fit the features of the

spectra in the observer frame, this presents an issue. Each emission or absorption line

feature will vary slightly in width naturally, but due to redshifting these features will be

stretched and could vary considerably between spectra. To overcome this issue we take

a data-driven approach to this problem by determining the region to mask individually

for each spectral feature.

We smooth the spectrum using a Savitzky-Golay (Savitzky & Golay, 1964) filter

with a width of 5Å to smooth out any sharp spectral features, but preserve the overall

shape of the flux density and conserve the total amount of flux. We then use the

scipy routine signal.find_peaks to detect local minima in the signal by performing

a simple comparison of neighbouring values across the spectrum. We then examine
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the two minima on either side of the position of the emission/absorption line we are

trying to mask. We assert that each point cannot be more than 1.5× further away in

wavelength space from the centre of our feature than the other. This is to ensure that

any minima caused by noise in the feature is not picked up as the edge of the feature. If

one of the minimal points is too close to the feature centre, we choose the next minima

point as the edge.We then mask the spectral feature between the two minima points

we have detected as the extremity of the spectral feature. This process of finding the

relevant edges of the feature and the subsequent masking can be seen in Figure 3.3.

One this process has been repeated on all spectral features that we wish to measure

across the spectrum, we can now fit for the galaxy continuum. This is executed in a

similar way to the Gaussian Processes performed during the mangling of the spectra,

described in Section 3.1.1 - also using a Matern 3/2 kernel, and the python package

george. An example of such a continuum fit can be seen in Figure 3.4. We then

proceed to subtract the continuum from the spectrum which leaves only noise and

spectral features.

3.2.2 Emission Line Fitting

Once the continuum has been removed it is possible to determine the flux of each

emission line that may be present in the spectrum. We fit each emission line individually,

modelling them as a Gaussian of the form

F = A exp
−(λ− µ)2

2σ2
, (3.4)

where A is the amplitude, µ is the position of the spectral feature, σ is the width of the

Gaussian. We tested other forms of Gaussians when fitting to the continuum removed

spectrum. This included a Gaussian offset by some height h,

F = A exp
−(λ− µ)2

2σ2
+h, (3.5)

and a Gaussian combined with a straight line with an offset c at a gradient m,

F = A exp
−(λ− µ)2

2σ2
+mλ+ c, (3.6)

but we found that the results of the line fit (A, µ and σ) changed by less than one part

in one hundred for the 20 random spectra we tested the various methods upon. This

illustrates that our continuum removal process is performing well, with no significant

underlying correlations in the noise of the spectra.
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Figure 3.3: An example of the process to mask spectral features on a Hydrogen line in

OzDES spectrum Coadd-ID 2939620055. Top Left: Flux-calibrated spectrum (black)

and the Savitzky-Golay smoothed spectrum (red). Top right: Smoothed spectrum (red)

with the detections of local minima (black circles). Bottom left: Smoothed spectrum

(red), local minima (black circles), and the two minima identified as the boundary of

the spectral feature (green crosses). Bottom right: The input flux calibrated spectrum

(black) and the spectrum masked between the identified minima points (blue).
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Each spectral line was fit individually, with the exception of the silicon doublet at

6717Å and 6731Å, which are so close together they required a double Gaussian function

to be fit,

F[Sii] = A1 exp
−(λ− µ1)2

2σ2
1 +A2 exp

−(λ− µ2)2

2σ2
2 . (3.7)

We fit the Gaussian functions to the emission features using a MCMC Bayesian

python package pymc3 (Salvatier et al., 2016). Despite this process being computa-

tionally much more intensive than a traditional fitting algorithm, the errors on the

output are much more realistic, particularly when attempting to fit an emission feature

that is not actually present within the spectrum. Using traditional least-squares or

other similar fitting methods is only sensible when one knows that their model fully

represents all the data present. As each emission or absorption feature may or may

not be present in every spectrum, we want our fitting routine to be able to distinguish

between true features and missing features. This is difficult to do when using tradi-

tional methods, as such methods estimate error on each parameter using the diagonal

of the Hessian matrix. The Hessian matrix can only be relied upon as an accurate error

estimator when the full covariance matrix of the data is taken into account. In our

case where we do not have a covariance matrix for our spectra, we find that when no

emission line was present the least squares fitting routine would routinely fit to noise,

and provide errors on our parameters that were drastically underestimated. Often when

using least-squares or similar methods, one can perform goodness of fit tests, such as

calculating a χ2 and determining a cutoff at which to flag an emission line as ‘True’.

However this causes other complications where weak or noisy emission features may be

missed, and can lead to biases in analysis. Therefore we chose to opt for a Bayesian

fitting routine which allows us to estimate the true covariance between our data points.

We parametrised the likelihood function to follow a Normal distribution about the

solution with a 1σ value equal to the standard deviation of the data (the error on each

observed data point). We place a prior on each of A,µ and σ, which take the forms;

P(A) =
1

πα

(
α2

(λ− β)2 + α2

)
(3.8)

where we set α =< F (λ) > and β = 100,

P(µ) = exp
−(µ− x)2

2η2
(3.9)

where we set x = λ0, the central value of the expected emission line and η = 0.5, and

P(σ) = exp
−(σ − x)2

2η2
, 0Å ≤ σ ≤ 6Å (3.10)
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where we set x = 2 and η = 1.5. These initial values were derived through trial and

error. Equation 3.8 is a Cauchy distribution which we leave fairly unconstrained as the

amplitude of each emission line is quite variable. Cauchy distributions are similar to a

top hat function, where α denotes the centre of the distribution and β represents the

width of the distribution. However a Cauchy distribution is smoother than a top hat,

and does not provide a hard cut-off far from α, so suits our purposes. As we know the

expected values of µ and σ are more constrained Gaussian distributions for the priors on

these parameters, with µ being heavily constrained, and σ forced to be within 0− 6Å.

Any emission line which has σ > 6Å is not physical given the range of redshifts present

in our data and the instrumentation on the AAT.

Given that the AAOmega has a resolution of ≈ 5Å, it is extremely unlikely that

any true emission line would have a 3-sigma width below 5Å. For this reason we also

assert during the fitting process that the recovered value of sigma should be σ ≥ 1.67Å

(3σ ≥ 5)Å. Examples of spectral features fitted using this process can be seen in Figure

3.5. Note that the emission line fits shown in Figure 3.5 are fits to individual emission

lines in the spectra, the centres of which are indicated by a solid red line.

In sections 3.1.1, 3.2.1 and 3.2.2, we have described the three stage process used to

measure emission line fluxes from OzDES spectra; 1) using GPs to mangle the spec-

trum to produce synthetic colours, 2) using GPs to estimate the continuum, and 3) fit

Gaussians to the emission lines. We choose to break this process down into these three

stages for two reasons. The first is that it is useful for other members of the OzDES

collaboration to have access to a piece of code which performs accurate flux calibration

on any raw OzDES spectra. Therefore we chose to first use GP to flux calibrate all

of the raw OzDES spectra and produce a data product that was useful for the wider

collaboration. We also choose to separate the continuum fitting from the emission line

fitting. The reason for this is simple - with each free parameter one has to determine

simultaneously during any model fitting routine, the required computing time expo-

nentially increases. In our case, each individual emission line and the continuum each

have several parameters to fit. Therefore separating the processes of continuum and

line fitting ensures that each spectrum can be processed in a timely fashion.

3.2.3 Stellar Absorption Corrections

The baryonic matter within a galaxy is comprised primarily of stars, gas and dust.

A pure stellar spectrum is a black-body, a smooth spectrum with no sharp features.

When this spectrum of photons passes through the photosphere of a star, some of the

energy is reabsorbed corresponding to the characteristic energy levels of the atoms in the

photosphere. As stars primarily consist of Hydrogen, some of the photons corresponding

to the Balmer line wavelength levels will be absorbed in the photosphere, causing an
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absorption feature in the black body spectrum. As the light radiates away from the stars

and passes through nebula and gas in the vicinity, electrons above a certain energy level

will be absorbed and re-emitted, ionising the gas and causing an emission line spectrum.

Forbidden lines such as [Oii] (3727Å), [Oiii] (5007Å) and [Oi] (6300Å) can only be

caused by collisional excitation with thermal electrons in a nebula.

The strength of the Balmer emission series decreases rapidly with decreasing wave-

length, so lower order Hydrogen lines (Hα, Hβ) will be much stronger in a spectrum

if Hydrogen is present in the galaxy, and higher-order Balmer lines (Hγ , Hδ) will be

much weaker. The equivalent width of the absorption of Hydrogen that happens in the

photosphere is almost constant. The overall effect of these two processes is that Hα

and Hβ are often seen in emission with absorption wings superimposed on the nebular

spectrum, where the higher order terms are seen as absorption features. Before any of

the Balmer series of Hydrogen lines can be used to determine properties of a galaxy,

this effect must be corrected for.

In high signal to noise spectra, one can often clearly see photospheric absorption

underneath Hα and Hβ emission lines. However as these features are sub-dominant, in

low signal to noise spectra they are often washed out in the noise. As our spectra are of

varying quality erring on the side of low signal to noise, we choose to perform a blanket

equivalent width correction.

The equivalent width of an emission line is defined as EW =
∫
F (λ)dλ/C, where

F (λ) is the flux density of the emission feature, and C is the intensity of the continuum

at the position of the emission line. To correct the spectral flux F (integrated flux

density) of an emission feature, we use the equation

Fcorrected = Foriginal + (C × EWcorr) . (3.11)

We apply this correction to all observed Hydrogen features in our spectra, using a

value of EWcorr =2Å, which is standard in the literature.

3.2.4 Aperture Corrections

The fibre of a spectrograph is very unlikely to cover an area large enough to sample

light across the entirety of a galaxy. This means that the flux entering the fiber is a

partial sample of the entire galactic flux. In order to derive global properties for each

galaxy, we must correct for this effect. In doing so, we must assume that the spectrum

entering the fibre is representative of the whole galaxy. This is often not the case, as

the extremities of a galaxy are much less likely to contain older stars. However there

is no overcoming this issue without re-observing the galaxy with a telescope that has a

larger fiber size, so this assumption must be made.
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We apply corrections by comparing the total magnitude of the galaxy in the DES r

band to the fibre magnitude of the spectrum in the DES r band. We choose the r band

as this is least likely to be affected by dust attenuation, as dust preferentially absorbs

bluer optical wavelengths and re-emits it in the infrared.

We use the equation

F = F0 × 10−0.4(mr,total−mr,aper), (3.12)

where F0 is the input flux density, F is the resulting flux density after corrections,

mr,total is the total r-band magnitude of the galaxy, and mr,aper is the r-band aperture

magnitude of the galaxy. In Figure 3.6 we compare the correction fraction C = (F0/F )

to the fractional surface area that has been covered by the OzDES fibre. To calculate

the fractional surface area of the galaxy that the fibre covers, we can use the quantities

Apix and Bpix measured by SExtractor. Apix and Bpix represent the semi-major

and semi-minor axis of the ellipse that is recovered by fitting a Kron aperture to the

galaxy. A Kron aperture is defined by the second order moments of the object using an

aperture size twice the radius of the first image moment radius. The image moment is

calculated by summing the product of the radius and pixel intensity, and normalising

by the total flux (Kron, 1980). There is evidence that this aperture is robust to different

galaxy morphological types, and that the Kron aperture captures most of the galaxy

flux (>90%).

SExtractor returns Apix and Bpix in units of Kron Radius Kr (the length char-

acteristic of the Kron aperture), so to determine the length of the semi-minor or semi-

major axis of the galaxy in arc-seconds, we use the equation

L(arcsec) = Lpix(pixels)Kr × α, (3.13)

where α is the pixel to arc-second scale factor. In the case of DES, α = 0.264. We can

then convert these into physical units (kpc) by multiplying each of Aarcsec and Barcsec by

the angular distance scale at the redshift of the galaxy to calculate the are of the galaxy

in kpc2. A similar process is performed to calculate the total area covered by the OzDES

fibre. We can see that there is a clear relationship between the percentage surface area

of the galaxy that is covered by the fibre and the total aperture correction. We can

also see that there is a correlation between aperture correction and the eccentricity

of the galaxy. When the eccentricity e = 0, the orientation of the galaxy appears to

the observer as a face-on circle. When e = 1, the galaxy is edge-on to the observer.

When the galaxy has an eccentricity close to 1, the percentage of the fibre coverage of

the galaxy is low, and the correction is larger (C = 1 indicates no correction made).

However if the galaxy is viewed face-on, it is more likely to have a smaller correction

and a larger percentage surface area covered by the fibre.
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Figure 3.6: Total galactic area covered by an OzDES fibre vs the aperture correction

fraction used for each galaxy. The colour of each point represents the eccentricity of

each galaxy with 0 eccentricity representing a perfect circle.

It has been shown that using aperture corrections calculated using such a method

can bias emission line star-formation measurements (Richards et al., 2016). This is

dependent on the assumptions made about the astrophysical properties of a galaxy

sample when determining aperture corrections. However, they conclude that for large,

relatively unbiased sample of galaxies (over 1000), such as ours, aperture corrections

such as these can be used with confidence.

At the most, an OzDES fibre only covers 0.35 percent of the total galaxy area, and

only when the galaxy is face on. Figure 3.6 indicates that around fibre coverage of 30%

of the total galaxy area, we need apply almost no correction for aperture. This may

seem counter-intuitive, but is due to the fact that galaxies do not emit constantly over

their surface area, and most have the bulk of their emission associated with the central

parts of the galaxy.

3.3 Extinction Corrections

In this section, we discuss how we correct our spectra and emission features for extinction

due to dust. Dust can be a non-trivial problem, and can be very difficult to model. Dust

that lies between the galaxy and the observer is different in every galaxy and extinction
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due to dust arises from the emission and re-absorption of energy by particles composed

of silicates and irons that are in the galaxy’s vicinity.

For a point like-source of radiation that passes through a screen of dust, the flux

received by the observer is governed by the equation

Fobs(λ) = Fint(λ) exp−τ(λ), (3.14)

where Fobs is the observed flux, Fint in the intrinsic flux, and τ(λ) is the optical depth of

the dust, which varies with wavelength and depends on the volumetric dust density and

the cross section of the dust grains. The part of the optical depth which only depends

on the physics of the dust grains is often expressed as

k(λ) = A(λ)/E(B − V ), (3.15)

where k(λ) represents the total-to-selective extinction of the gas, A(λ) is the extinction

in magnitudes at a wavelength λ, and E(B − V ) is the colour excess in the B band

compared to the V band, defined as E(B − V ) = AB − AV . As A(λ) represents the

extinction in magnitudes, it can also be re-written as a function of τ(λ),

A(λ) = −2.5 log(Fobs(λ)/Fint(λ)) = 2.5 log(e)τ(λ). (3.16)

As astronomers frequently work in units of magnitude, Equation 3.14 is often rewrit-

ten in terms of k(λ) and E(B− V ). By substituting Equations 3.15 and 3.16 into 3.14,

we can show that

Fobs(λ) = Fint10−0.4E(B−V )k(λ), (3.17)

which is often written in the literature as

Fobs(λ) = Fint10−0.4AV k(λ)/RV , (3.18)

where RV = AV /(E(B − V )).

These equations show that AV , RV or E(B−V ) provide information on the extinc-

tion of a specific galaxy, whilst k(λ) gives the functional form of the extinction law. The

form of the extinction law is often assumed to be identical for all objects of interest.

However this is an assumption from which problems can arise, unless using a sample

of a significant enough size such that calculating average properties will well reflect the

overall distribution of the sample.

The choice of a form for k(λ) is important, and depends on the type of environment

one is studying. There exist a variety of forms for k(λ) in the literature that have been

derived using different techniques. These laws are variable and are often parametrised

by the total to selective extinction in the V band, RV . The most common forms of
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extinction law used for galaxies in the literature include those derived by Cardelli et al.

(1989), O’Donnell (1994), Calzetti et al. (2000) and Fitzpatrick & Massa (2020). We

show the forms of these extinction curves in Figure 3.7.

2

4

6

8

10

k(
)=

A(
)/E

(B
V)

RV = 3.1

Calzetti (2000)
Cardelli, Clayton
& Mathis (1989)
O'Donnell (1994)
Fitzpatrick & Massa (2007)

2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength Å

1

0

1

2

R
es

id
ua

l f
ro

m
C

C
M

89

Figure 3.7: Top panel: Extinction laws that are commonly used in the literature,

normalised to k(B)−k(V ) = 1. Bottom panel: Residuals between the various extinction

laws and CCM89.

Throughout this Chapter and in Chapter 4 we choose to use the law of Cardelli et al.

(1989) (henceforth CCM89), as it is an average extinction law that is applicable to both

diffuse and dense regions of the interstellar medium that depends only a choice of Rv
and E(B − V ). One could argue that the application of a single extinction law to both

passive and star-forming galaxies is too simplistic, as it is well known that passive and

starburst galaxies do exhibit different extinction law properties. The main difference

between the extinction laws for passive and starburst galaxies is the 2175 Å feature

as can be seen in Figure 3.7, which is outside the wavelength regime our data probes.

Therefore our choice of extinction law for this analysis will have little effect on our final

result. Figure 3.8 shows how k(λ) changes for CCM89 depending on different choices of

RV . We discuss how we correct our OzDES spectra from extinction due to dust in the

Milky Way, as well as correcting emission lines for extinction that arises as light travels

from the source galaxy through the ISM.
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Figure 3.8: Top panel: The RV dependence of the CCM89 extinction law. Bottom

panel: The residuals between various RV values and an RV = 3.1.

3.3.1 Milky Way Extinction

To correct each of our flux-calibrated galaxies for extinction due to the Milky Way, we

use the maps of Schlegel et al. (1997) to determine the values of E(B − V ) for each

of our spectra. The maps are derived using a composite of the COBE/DIRBE and

IRAS/ISSA maps - two NASA missions attempting to measure the diffuse background

of radiation in the infrared in several different broadband channels. As dust absorbs

optical photons and re-emits these in the infrared, measuring the radiation in the IR it

is possible to deduce dust colour temperature which can be translated into the column

density of radiating dust.

The maps of Schlegel et al. (1997) are an improvement upon previous maps (such

as Burnstein & Heiles 1978) as they have a better angular resolution than previous

maps, and claim to better understand their systematics Schlegel et al. (1997). Figure

3.9 shows the distribution of extinction values due to dust in the Milky Way.

Using the values of E(B − V ) from this map at the R.A and dec of our galaxies,

we use the CCM89 extinction curve to correct all of our galaxy spectra for Milky Way

extinction. An example of this correction is shown in Figure 3.10.

3.3.2 Determining Extragalactic Extinction Corrections from Spec-
tral Features

Determining the total-to-relative extinction value due to extragalactic dust for each

galaxy is a complicated process. Often one can attempt to fit the dust attenuation
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Figure 3.9: The E(B − V ) values of the extinction due to dust in the Milky Way from

the maps of Schlegel et al. (1997), shown in galactic coordinates.

4000 4500 5000 5500 6000 6500 7000 7500 8000
Wavelength Å

1.01

1.02

1.03

U
na

tt
en

ua
te

d/
At

te
nu

at
ed

 
 s

pe
ct

ru
m

1

2

3

4

Fl
ux

 e
rg

/s
/c

m
2 /

\A
A

2

1e 16

Spectrum
Spectrum with 
 MW dust removed

Figure 3.10: An example of the removal of Milky Way extinction for the OzDES Galaxy

Coadd-ID 2940015713. The extinction in the spectrum due to dust is minimal, and so

the difference in the dust-corrected spectrum is subtle.
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alongside the spectral continuum and emission and absorption features, but this is

difficult and computationally expensive for galaxies with low signal to noise. How-

ever it is possible to to use the measured ratio of the strengths of two spectral lines

(Robs = Fobs(λ1)/Fint(λ2)) for which the relative intensities are well know Rint =

Fint(λ1)/Fint(λ2)). Once this ratio is measured, it is possible to derive a value of

E(B − V ) and use a chosen form of k(λ) to extrapolate the extinction to all wave-

lengths and correct all emission lines. To derive E(B-V) we use

Robs = Rint10−0.4E(B−V )(k(λ1)−k(λ2)), (3.19)

which can be rearranged for E(B − V ) as

E(B − V ) =
log(Robs/Rint)

0.4(k(λ2)− k(λ1))
. (3.20)

The most commonly used pair of lines are the Balmer lines Hα and Hβ which exhibit

insensitivity to temperature in their line ratios (Osterbrock, 1989). This method of

determining extinction is known as case-B recombination, and the common value of

these two lines is often taken to be 2.87 (Osterbrock, 1989).

For all galaxies in our sample that present both Hα and Hβ emission, we determine

the colour excess of the ionised gas to be

E(B − V ) =
log(2.87)

0.4(k(λHβ )− k(λHα))
, (3.21)

where we derive k(λHα)) and k(λHβ )) using CCM89 and assuming a typical value of

RV = 3.1. We use this correction to de-redden all emission lines in our survey using

Equation 3.17. However for the majority of galaxies in our sample, Hα is not present

due to redshifting out of the AAT’s wavelength range, or where Hβ is too weak to be

detected over the noise in the galaxy spectrum. For these galaxies we use the weighted

mean of E(B−V ) derived from the galaxies with Hα and Hβ present as our correction

value. We find our weighted mean to be E(B − V ) = 0.23765 ± 0.01946, which is

consistent with average values derived for samples of galaxies similar to ours in the

literature (Gallagher et al., 1989; Hopkins et al., 2003; Moustakas et al., 2006).

Figure 3.11 shows the distribution of E(B − V ) values for the galaxies with both

Hα and Hβ emission present. This average correction may introduce a possible source

of bias into our observations, and is important to consider later on during our analysis.

However the case-B recombination remains the best way to estimate extinction in our

sample of galaxies.
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Figure 3.11: The distribution of E(B−V ) values derived using the case-B recombination

method (Osterbrock, 1989) from the galaxies in our sample that have both Hα and Hβ
emission lines present in their spectra.

3.4 Removing AGN

It is important to assess the degree to which our sample is contaminated by Active

Galactic Nuclei (AGN), where star formation is not the primary source of ionisation. In

AGN galaxies, the ionising radiation originates from material accretion around a central

black-hole which can be misinterpreted as star formation. Emission line diagnostics

provide a reliable classification of emission line-spectra into AGN or non-AGN. Broad

line objects have already been flagged in the OzDES survey as AGN, and so are not

included in our primary sample. However there are types of AGN which can exhibit

narrow-line spectra (LINERs and Seyfert II galaxies). To remove such contaminants,

classification using strong emission line ratios are often performed (Baldwin et al., 1981;

Kewley et al., 2001; Kauffmann et al., 2003b; Kewley et al., 2006).

Baldwin et al. (1981) proposed a suite of diagnostic diagrams to classify galaxies

into star-forming or AGN, commonly known as BPT diagrams. These are based upon

four optical line ratios; [Oiii]/Hα, [Nii]/Hα, [Sii]/Hα and [Oi]/Hα. Improvements to

the original classification scheme were derived in Kewley et al. (2001) through the use of

improved theoretical modelling of starburst galaxies which Kauffmann et al. (2003b) and

Kewley et al. (2006) built upon through detailed analysis of thousands of low-redshift
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SDSS emission line galaxies. To identify star-forming and composite galaxies, we use

the classification scheme given in Kewley et al. (2006), which was shown in Kewley et al.

(2013) to be a robust diagnostic tool for galaxies with a redshift z ≤ 1.5;

• Star-forming galaxies have the properties:

log([Oiii]/Hβ) < 0.61/(log([Nii]/Hα)− 0.05) + 1.30, (3.22)

log([Oiii]/Hβ) < 0.72/(log([Sii]/Hα)− 0.32) + 1.30, (3.23)

and

log([Oiii]/Hβ) < 0.73/(log([Oi]/Hα) + 0.59) + 1.33. (3.24)

• Composite galaxies are defined by

0.61/(log([Nii]/Hα)− 0.05) + 1.3 < log([Oiii]/Hβ) (3.25)

and

0.61/(log([Nii]/Hα)− 0.47) + 1.19 > log([Oiii]/Hβ). (3.26)
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Figure 3.12: The [Nii]/Hα vs [Oiii]/Hβ (left panel) and [Oi]/Hα vs [Oiii]/Hβ diagnostic

diagram for OzDES SN Type Ia Host galaxies. Red points indicate positively identified

AGN. The Kewley et al. (2006) extreme starburst line (solid blue - left panel, solid

black - right panel) and the Kauffmann et al. (2003b) classification line (dashed black,

left panel) are shown.

To identify the galaxy as a likely AGN we require that the galaxy in question must

lie at least one sigma outside the boundaries defined above. This is due to the noise

within the spectra - we do not wish to exclude a galaxy unless we are absolutely sure

it is an AGN. If the galaxy in question is above a redshift of z > 0.34, Hα will have

been redshifted out of the OzDES wavelength range. For these galaxies we use the
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measurement of Hβ (if present) as a proxy for a Hα measurement, where Hα = 2.87

×Hβ using the theoretical relationship from Osterbrock (1989). If a galaxy in our

sample does not present with at least one of the emission lines [Oiii], [Oi], [Nii] or Hβ ,

it is unlikely to be an AGN. Therefore we keep these galaxies in our sample.

Figure 3.12 shows our classification of our OzDES host galaxies. In this sample

no galaxies had both Hα, Hβ , [Oiii] and [Sii] present, so we cannot use the [Sii] mea-

surement to diagnose AGN in this sample. Using the [Nii] and [Oi] diagnostics, three

galaxies were classified as likely AGN and removed from our sample, which leaves a

total of 1,296 total supernovae Type Ia host galaxies in our sample.

3.5 Calculating Spectroscopic Star Formation Rates

Observing the star formation rate is crucial to our understanding of the formation

and evolution of galaxies. Star formation rate indicators were first developed over five

decades ago. These indicators were based on stellar population synthesis models of

galaxy colours. More recent and precise star formation rate indicators rely on optical

emission-lines, UV continuum, radio, and infrared fluxes (see Kennicutt (1998), for a

review).

Here we choose to derive the SFR using spectroscopic methods rather than photo-

metric template fitting methods. First of all, gaining an accurate idea of the current

rate of star formation in a host galaxy is crucial in better understanding which objects

come from younger or older stellar populations, and also when one wants to calculate a

delay time distribution. Further to this, there is known degeneracy in the photometric

methods that use template fitting to estimate SFR, such as extinction due to dust with

both mass and age. For instance, a highly obscured young star forming galaxy can

appear to also be an older, relatively unobscured galaxy, and current methods of pho-

tometric template fitting can find it difficult to distinguish between the two solutions.

Photometric methods can also be known to over-fit the data, which can result in the

underestimation of the error on a SFR measurement. Spectral methods of star forma-

tion calculations include fitting for dust using strong emission line features. Further to

this, spectral methods allow us to directly detect the sure indicators of star formation

in a galaxy - such as the presence of Oxygen and Hydrogen emission features.

More importantly however, the mis-identification of an older stellar populations as

a younger stellar population, or vice versa, using photometric template fitting methods

(often used in literature SN Ia analysis) could be responsible for increasing or diluting

the relationship found between host galaxy SFR and SN light curve properties and

cosmological distances. An analysis using spectroscopic SFR indicators is unlikely to

misidentify a stellar population as young and star forming if there is little evidence of
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star formation due to a lack of strong emission line features. Therefore this will provide

us with a high level of confidence in our analysis when looking at how the star formation

rate of a galaxy affects SN Ia light curve properties.

Estimating the SFR of a galaxy using spectroscopic methods is typically performed

by applying a scaling factor to a star formation sensitive luminosity measurement for a

galaxy (Kennicutt, 1998). In this work we use this technique to estimate SFRs using

Hα, and [Oii] emission line luminosities. Throughout this work we assume a Kroupa

initial mass function (IMF) (Kroupa, 2001).

3.5.1 Hα as a SFR Diagnostic

Nebular emission lines such as Hα are a fairly direct and extensively-used technique

to measure SFRs. As the HII region will absorb and then re-emit the majority of the

UV photons produced by the bulk of the galaxy’s young, hot stars; the flux in any

Hydrogen line is proportional to the integrated stellar luminosity of the galaxy. This

relationship between the total galactic star formation and the luminosity of the Hα line

has been calibrated in many previous studies. The most commonly known studies in

the literature are those by Kennicutt et al. (1994), Madau et al. (1998) & Kennicutt

et al. (2009).

To estimate SFR from Hα luminosity we adopt the calibration given by Kennicutt

et al. (2009):

SFR(M�yr−1) = 5.5× 10−42L(Hα)(erg s−1), (3.27)

where L(Hα) is the total Hα emission of an individual galaxy. Prior to applying this

calibration one must correct the luminosity for obscuration due to the dust content of

the target galaxy, and perform aperture corrections to account for the flux missed on

account of the fiber diameter not covering the entirety of the target galaxy.

In Chapter 2 we determined the luminosity of the emission lines present in all of

the OzDES galaxies, and performed both an average obscuration correction (Section

3.3), aperture correction (Section 3.2.4) and equivalent width (EW) corrections (EW

corrections apply only to Balmer lines; Section 3.2.3) to each line individually. As such

we can use Equation 3.27 to directly convert our Hα luminosities into measurements of

star formation for the galaxies that have a Hα line present. In total using this method

we calculate the SFRs for 137 galaxies.

In Figure 3.13 we show the distribution of SFRs calculated using LHα, and in Figure

3.14 we show the relationship between both the extinction uncorrected and correct LHα
and the SFR derived from LHα.
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Figure 3.13: The distribution of SFRs for the galaxies in our sample that present with

Hα emission lines.
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Figure 3.14: The relationship between the SFR of a galaxy (after correction for extinc-

tion using case-B recombination) and the luminosity of Hα emission both before (left

panel) and after (right panel) extinction corrections.
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3.5.2 [Oii] as a SFR Diagnostic

Although Hα provides a useful SFR indicator for nearby galaxies, Hα is redshifted out

of the OzDES wavelength range at a redshift z > 0.34. Indeed in our sample of galaxies

which extend to a redshift of z = 1.12, only ≈ 11% of the galaxies in our sample have

a Hα line present. An commonly used alternative diagnostic for the z > 0.34 range is

the [Oii] emission line doublet (λ3726Å, λ3729Å).

As with deriving SFRs from Hα, [Oii] luminosities require both aperture and ob-

scuration due to extinction corrections. The SFRs derived from [Oii] luminosities are

based on the fact that there is a good correlation between observed [Oii] line fluxes and

observed Hα lines fluxes prior to any extinction corrections. The SFRs rely on using

the [Oii] emission as an indicator for the total Hα emission. This proxy value must

then be corrected for obscuration based on the obscuration at the wavelength of the

Hα emission in order to use the SFR calibration derived for Hα luminosities (Hopkins

et al., 2003; Kennicutt, 1998, 1992).

Several studies have calibrated the relationship between [Oii] and Hα (e.g., Gallagher

et al. 1989; Kennicutt 1998; Rosa-González et al. 2002; Hopkins et al. 2003; Kewley et al.

2004), and many estimates of [Oii] SFRs rely on the SFR calibration of Kennicutt (1998)

which is derived from samples of fewer than 100 galaxies.

The observed ratio F [Oii]/FHα = 0.45 from Kennicutt (1992) is extensively used

throughout the literature. However it has been shown that this ratio is both lumi-

nosity and metallicity dependent (Jansen et al., 2000), and therefore an appropriate

relationship should be determined for a given sample dependent on its selection effects.

Our sample of 1,296 OzDES galaxies includes 1,076 objects with detected [Oii] emis-

sion, 137 with Hα emission, and 87 of these galaxies have both [Oii] and Hα emission.

Following the methodology used in Hopkins et al. (2003), we calculate our own ratio be-

tween the observed fluxes of [Oii] and Hα emission. Figure 3.15 shows the relationship

between F [Oii] and FHα, where neither have been corrected for extinction but FHα
has been corrected for EW. The 50 galaxies with Hα emission but no detectable [Oii]

emission have been excluded from this fit. The majority of these galaxies had weak

Hα emission, and therefore we would expect a drop in [Oii] emission correspondingly.

Also, as these galaxies are low redshift, the [Oii] line moves into a part of the spectro-

graph dominated by instrumental noise, and we did not wish these effects to heavily

influence our fit. By fitting a straight line to the data we find our best-fit ratio to be

F [Oii]/FHα = 0.50365± 0.02331.

This ratio is not too far from that derived during the original Kennicutt (1992)

analysis of F [Oii]/FHα = 0.45, and similar values have been derived in other stud-

ies notably; F [Oii]/FHα = 0.38 for all SDSS DR1 galaxies in Hopkins et al. (2003),

F [Oii]/FHα = 0.23 for radio detected sources in SDSS DR1 galaxies also from Hop-
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Figure 3.15: A plot of observed fluxes for both Hα and [Oii] emission. The line of best

fit used to derive a relationship of the form y = m ∗ x between Hα and [Oii] is shown

in grey.
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kins et al. (2003) and F [Oii]/FHα = 0.68 using SDSS DR4 star-forming galaxies from

Moustakas et al. (2006).

It is important to note that the use of [Oii] luminosities as an SFR estimator requires

a good understanding of the selection effects of the sample being investigated. It has

been found in previous studies that the F [Oii]/FHα ratio weakly depends on both the

reddening within a galaxy, the metallicity of a galaxy and the total luminosity of a

galaxy (Jansen et al., 2000; Charlot & Longhetti, 2001; Kobulnicky & Phillips, 2003).

As such the use of an average F [Oii]/FHα relation alongside an average E(B − V )

correction should only be used to derive the average properties of a large sample of

objects such as we have in this analysis, and one should be wary of using such a method

to derive results for a single or very small sample of galaxies.

In Figure 3.16 we plot the relationship between our SFRs derived from FHα and

FOii, and we find a scatter of 0.154 dex between the SFRs derived from Hα and [Oii]

respectively. Figure 3.17 shows the distribution of SFRs derived from both Hα and [Oii]

emission. In total we derive the SFRs for a total of 924 of the galaxies in our sample.
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Figure 3.16: The relationship between SFRs derived using both Hα and [Oii] emission

line flux. The dashed red line shows an y = x relationship.
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Figure 3.17: The distribution of final measurements of SFRs for our OzDES galaxies

derived using strong emission line diagnostics.

3.6 Photometric SFRs and Masses

Given that the OzDES spectra are of particularly low SNR, the extremes of the spectrum

have a large uncertainty on them. Traditionally when measuring the mass of a galaxy

from a spectrum one relies on fits to the overall shape and normalisation of the contin-

uum. As the extremities of our galaxies are fairly unconstrained, so will be the stellar

mass estimates from the spectra. For this reason we choose to use the masses derived

from the photometry of the DES-deep stacks. The work in Section sec:photoSFRMass

was performed in collaboration with Dr Mat Smith (Southampton) who contributed by

running the PÉGASE.2 code on our sample of galaxies.

3.6.1 Estimating Mass and SFR using PÉGASE.2

Here we provide a brief description of the way the stellar mass and SFR is estimated

from the photometry of each galaxy. The method used here on the DES-5yr data is the

same as that presented in Smith et al. (2020) for the DES-3yr data.

The photometry of each galaxy is determined using SExtractor FLUX_AUTO

measurements from the DES-Deep stacks. The fibre-aperture magnitude of each galaxy

was similarly calculated by placing an artificial aperture the size of an OzDES fibre

over the galaxy using the FLUX_DETMODEL algorithm, at the same R.A and dec

location that the OzDES fibres were placed during observation.
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The photometric stellar mass (Mstellar) and the star formation rate (SFR) for each

host galaxy in the DES 5-year Deep Stacks were calculated using the PÉGASE.2 spec-

tral synthesis code (Fioc & Rocca-Volmerange, 1997; Le Borgne & Rocca-Volmerange,

2002), which calculates the spectral energy distribution of each galaxy as a function of

time.

PÉGASE.2 uses 9 smooth, exponentially declining star formation histories, with

SFR(t) = exp−t/τ /τ , where τ is the e-folding time and t is the age of the galaxy. The

suite templates each represent a ‘stellar population’ of 1M� of stars with one of 102

ages spanning 0 to 14Gyr, using a Kroupa initial mass function (IMF) (Kroupa, 2001).

Each template also has seven different foreground dust screens applied to it, with the

colour excess E(B − V ) ranging from 0.0 to 0.3 mag in steps of 0.05. This effectively

creates 6426 unique SED templates.

The idea of PÉGASE.2 (as with any spectral synthesis code) is to determine which

of these templates summed together over cosmic time creates the best fit SED to match

photometry calculated using the deep stacks. For each host galaxy, the fluxes of each

model SED (redshifted to the relevant z measurement) in the DES g, r, i, z filters is

calculated by minimising the χ2 to determine the best fit solution

χ2 =
∑
x∈griz

(
AFmodel;x − Fobs;x

σobs;x

)2

, (3.28)

where A is a scale factor determined from the global minimisation, Fmodel is the flux

of each model template, and Fobs is the flux of each observation. Mstellar and SFR are

then calculated using A and the best fit SED. The SFR calculated using this method

is derived from the average SFR over the previous 250Myr of the SFH. A Monte-Carlo

approach is used to estimate the statistical uncertainties in the measurements. The

main sources of error in such measurements come from the choices of IMF, SFH and

SED templates used to describe each galaxy population. Smith et al. (2020) investigates

the effects of varying each of these assumptions for the DES-3yr data, and finds that

the results given are robust to the choice of IMF, SFH and SED templates.

The distribution of Stellar Masses and photometric SFRs calculated using this

method are shown in Figure 3.18.

3.6.2 Photometric vs Spectroscopic SFRs

The main difference between calculating a SFR measurement using the photometric

method described in Section 3.6 vs calculating the SFR from emission lines using the

method described in Section 3.5 is the time scale probed with each method. When calcu-

lating the photometric SFR, it is probing the average SFR over the previous 250Myr of

a galaxy’s star formation history. When calculating the SFR from Hα or [Oii] emission,
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Figure 3.18: The distribution of: SFRphoto (Left panel) and stellar masses (Right Panel)

derived through galaxy photometry.

we are probing the SFR from approximately the last 10Myr, a more direct measure-

ment of the current star formation within a galaxy. As such there may be discrepancies

between the estimates of SFR measured through each method, with photometric esti-

mates of SFR likely to be higher than those estimated using spectral line measurements.

Figure 3.19 shows the distribution of SFRphoto vs SFRspec.

On average, there appears to be little difference between the photometric mea-

surements of SFR and spectroscopic SFR with a weighted mean of < (SFRphoto-

SFRspec) >= −0.0187 ± 0.0504 M�yr−1 which is consistent with zero. The median

of the difference is 3.4157 M�yr−1. There is a clear tendency for SFRphoto >SFRspec,

as can clearly be seen by the long tail apparent in Figure 3.19. This could be due to

the fact that the cosmic SFR density is generally agreed to be in decline over the last

≈ 8 Gyrs (Madau & Dickinson, 2014; Driver et al., 2018; López Fernández et al., 2018;

Sánchez et al., 2019). As SFRphoto probes a time scale longer than SFRspec, the aver-

age SFR would be expected to be higher for SFRphoto. This difference could also be a

consequence of assumptions about the emission in the UV from young stars to derive

the SFRspec Hα calibrator. The calibration of SFRspec based on the Hα luminosity is

anchored to the solar metallicity (Kennicutt et al., 2009). However PÉGASE.2 fits for

metallicity whilst estimating SFRphoto. Generally metal-rich stars produce less UV light

(Madau & Dickinson, 2014) for the same SFR, and therefore smaller Hα luminosities,

and the contrary for metal poor galaxies. Therefore, if we were to use SFRphoto mea-

surements throughout the rest of this analysis, we would be biasing our results towards

a higher SFRs across our sample of SNe Ia host galaxies.

Figures 3.20 & 3.21 shows the relationship between SFRspec vs stellar mass M and

SFRphoto vs stellar massM respectively. In both plots the star formation main sequence
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Figure 3.19: A plot of the difference between SFRs measured through photometric and

spectroscopic methods (SFRphoto - SFRspec) for the galaxies on our sample. The median

difference is shown (dashed black line), and the weighted mean is also shown (Red solid

line).
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(SFMS) at various redshifts is plotted following the derivation of Speagle et al. (2014).

The equation for the SFMS at various ages of the Universe t in Gyr derived by Speagle

et al. (2014) is

log SFR(M, t) =(0.84± 0.02− 0.026± 0.003× t) logM−

(6.51± 0.24− 0.11± 0.03× t), (3.29)

where M is the stellar mass of a galaxy. We convert values of redshift into t using

the cosmological equations introduced in Chapter 1. We can see in Figure 3.20 that

the SFRspec follows the SFMS until a mass of approximately M= 1010M� where the

measurements of SFRspec appear to diverge to lower values than expected. A similar

pattern is observed in Figure 3.21. Note that here we plot SFRphoto for all galaxies in our

sample, not just those that obtained a SFR from the Hα or [Oii] probe, hence there are

estimates of SFR for more passive galaxies for which Hα or [Oii] emission features were

not detected, a total of 372 objects. A plot of the distribution of Masses and redshifts

for the galaxies that received SFRspec=0 due to the lack of emission features is show in

Figure 3.22. At M< 1010M�, measurements of SFRphoto appear to lie slightly above the

SFMS. However at M> 1010M�, again the SFRphoto appears to diverge from the SFMS

and presents many values lower than expected. It is clear that in both measurements

of SFR, there appears to be a lack of high mass high SFR galaxies in our sample than

would be expected compared to the field population. We discuss these findings further

in Section 4.4.

3.6.3 Summary

We have derived the SFRs for a total of 924 galaxies in our sample using either Hα or

[Oii] emission features present within the galaxy. We have also derived the SFRs of

every galaxy in the sample using photometric information from each of the galaxies.

The measurements of SFR from emission features provide a more direct measurement

of the current star formation within a galaxy, and so we will choose to opt for these

measurements over those derived from photometry where possible. We have also derived

the stellar mass for each galaxy using photometric methods.

We have described the methods we use to calculate the SFR and Mass, and compared

differences between the two measures of SFR. We have looked at how both SFRspec and

SFRphoto compare to each other, and how the appear to follow the SFMS derived by

Speagle et al. (2014) until a stellar mass of approximately M> 1010M� where there

appears to be a lack of high-mass high-SFR galaxies present in the sample. We now

move on to describing how we calculate metallicities for the galaxies within this sample,

the last galaxy property we wish to derive using emission line features.
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Figure 3.20: A plot showing log(Stellar Mass) against log(SFRspec). The colours of each

point represents the redshift of that galaxy. Also plotted in various coloured dashed

lines is the SFMS from Speagle et al. (2014). The colours of the SFMS represent the

redshift at which the SFMS is derived. Also plotted is log(1010/M�) as a solid black

line.
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Figure 3.21: A plot showing log(Stellar Mass) against log(SFRphoto). The colours of

each point represent the redshift of that galaxy. Also plotted in various coloured dashed

lines is the SFMS from Speagle et al. (2014). The colours of the SFMS represent the

redshift at which the SFMS is derived. Also plotted is log(1010/M�) as a solid black

line.
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Figure 3.22: The distribution of stellar masses and redshifts for the 372 galaxies in our

sample which present with a spectroscopic SFR = 0.

3.7 Metallicities

The abundances of elements heavier than Helium in stars and in the interstellar medium

is known as metallicity. The relationship between chemical evolution and galaxy for-

mation can be parametrised through the empirical correlations between metallicity and

other physical properties of galaxies, such as total mass (Lequeux et al., 1979; Garnett

& Shields, 1987). The relationship between metallicity and mass may depend critically

on galactic-scale outflows driven by supernovae and stellar winds (Garnett, 2002).

It is thought the progenitor metallicity may play a role that affects SN Ia luminosi-

ties, but estimating the metallicity of individual progenitor stars on any large scale is

currently unfeasible. Indirect measurements of metallicity from the ultraviolet (UV)

SN spectra are possible (Hoeflich et al., 1998; Lentz et al., 2000), but while this has

provided insight into the environments of SN Ia populations (Ellis et al., 2008; Foley

& Filippenko, 2008; Maguire et al., 2012), the interpretation of any individual event is

extremely complex (Mazzali et al., 2013). Therefore many studies have instead focused

on investigating the relationships between SN Ia properties and the overall host galaxy

metallicities, using statistical samples to search for correlations.

In this section we outline how we derive gas phase metallicity measurements using

nebular emission lines from the OzDES galaxies in our sample. Throughout this work

we follow the method presented in Kewley & Ellison (2008) (henceforth KE08) for

deriving such gas-phase metallicities from galactic emission line features. This study

provides a comprehensive review on gas-phase metallicities and their calibrations, and

their suggested method is often used throughout the literature. This allows us to both

ensure that our metallicity calibrations are consistent with those derived from larger
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samples, and also compare our results to literature analyses.

3.7.1 Four Metallicity Diagnostics

The most direct method to determine metallicity is to measure the ratio of the [Oiii]

λ4363 auroral line against lower excitation line e.g., [Oiii] λ5007. This ratio provides

a direct estimate of the electron temperature Te of the ionised gas within a galaxy

(Aller, 1984). This measure of electron temperature is then converted directly into

a metallicity. This method is often referred to as the ‘direct’ method. However the

detection of the auroral line [Oiii] λ4363 is extremely difficult as it is a very weak

line and cannot be detected in all but the highest signal-to-noise spectra. Because of

the difficulty of detecting [Oiii] λ4363, metallicity calibrations have been developed

through fitting the relationship between direct Te metallicities and strong-line ratios for

Hii nebular regions. Calibrations are typically based upon various optical line ratios.

In this analysis we use four indirect metallicity diagnostics we use to estimate gas-

phase metallicities of our OzDES host galaxies. We use four diagnostics to allow for

metallicity measurements over a wide redshift range. As some lines such as [Nii] or

Hα become redshifted out of the observable range of the instrument, other lines will be

redshifted into a part of the spectrum which has little instrumental error, from which

metallicities can be estimated.

Examining the relationship between host galaxy properties and metallicities can give

insight into supernova progenitor systems, and such an analysis has not been performed

with a sample as large as that from DES, spanning to this redshift range.

3.7.1.1 PP04

The first metallicity diagnostic we explore is that derived by Pettini & Pagel (2004),

henceforth PP04. The PP04 calibration is based on the optical line ratios [Nii]/Hα.

PP04 fit the observed relationships between [Nii]/Hα and metallicity for a sample of

137 Hii regions. A total of 97% of their sample has derived Te metallicities, from

which they derive a robust relationship between metallicity and [Nii]/Hα. They fit the

relationship using a third-order polynomial of the form

12 + log(O/H) = 9.37 + 2.03×N2 + 1.26×N22 + 0.32×N23, (3.30)

where N2 is defined as N2 = log([Nii]/Hα). Equation 3.30 is valid for −2.5 < N2 <

−0.3. As this is a ratio of emission lines that are very close in wavelength, the metallicity

values derived from these lines should not depend on either reddening corrections or

flux calibrations.

In our sample we have a total of 51 galaxies that have measurable [Nii] and Hα
emission. The distribution of PP04 metallicities for these galaxies is shown in Figure
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3.23.

3.7.1.2 KD02

The second metallicity diagnostic we use in this analysis is presented in Kewley & Do-

pita (2002) henceforth (KD02). The KD02 calibrations are based upon a combination

of detailed stellar population synthesis and photoionisation models, and estimate metal-

licities from the ratio [Nii]/[Oii] emission line ratio. Kewley & Dopita (2002) estimate

that their calibrations are consistent to ≈ 0.1 dex. KD02 outlines a recommended ap-

proach for deriving metallicities that use the [Nii]/[Oii] line ratio for high metallicity

galaxies, and a combination of R23 calibrations (discussed in Sections 3.7.1.3 & 3.7.1.4)

for lower metallicity galaxies. KE08 recommends a revised version of the initial KD02

calibration which we use in this analysis. For log([Nii]/[Oii]) > −1.2, the original KD02

calibration is used where

log([Nii]/[Oii]) =1106.8660− 532.15451× Z + 96.373260× Z2−

7.8106123× Z3 + 0.23928247× Z4, (3.31)

where Z = log(O/H) + 12 (where O is Oxygen and H is Hydrogen). For values of

log([Nii]/[Oii]) < 1.2 (or KD02 12 + log(O/H) < 8.4), it is recommended to use an

average of R23 methods - the KK04 lower branch R23 calibration (Equation 3.33) and

the lower branch M91 R23 calibration (Equation 3.35).

In our sample there are a total of 34 galaxies that have measurable [Nii] and [Oii]

emission. The distribution of KD02 metallicities for these galaxies is shown in Figure

3.23.

3.7.1.3 KK04

The next metallicity diagnostic we investigate is presented in Kobulnicky & Kewley

(2004), henceforth KK04. This diagnostic is one of two that relies on the ratio commonly

known as ‘R23’, where R23 =
(

[Oii]λ3727+[Oiii]λ4959,λ5007
Hβ

)
. A major drawback of using

R23 estimates is that it degenerate with metallicity; R23 gives both a lower metallicity

estimate known as the lower branch and a high metallicity estimate known as the upper

branch, for the majority of the values of R23. Additional line ratios are often used to

break this degeneracy. KE08 suggests using the ratio of ([Nii]/[Oii]) to initially estimate

if the galaxy should lie upon the upper or lower R23 metallicity branch. However the

initial estimate can also be derived from other means.

The ionisation state of gas within a galaxy is characterised by an ionisation param-

eter, q. The parameter q has units of cm/s and is analogous to the maximum velocity
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ionisation front that a radiation field is able to drive through the nebula KE08. This pa-

rameter is typically derived using the [Oiii]/[Oii] emission line ratio. This ratio is very

sensitive to metallicity and therefore KK04 recommends an iterative approach to derive

q. An initial ionisation parameter is estimated by assuming a nominal lower branch

log([Nii]/[Oii])< 1.2 and (12+log(O/H)= 8.2), or upper branch log([Nii]/[Oii])> 1.2

(12+log(O/H)= 8.7) metallicity using the equation

log(q) =(32.81− 1.153y2

+ [12 + log(O/H)](−3.396− 0.025y + 0.1444y2))

× (4.603− 0.3119y − 0.163y2

+ [12 + log(O/H)](−0.48 + 0.0271y + 0.02037y2))−1 (3.32)

where y = log([Oiii]λ5007/[Oii]λ3727).

The initial resulting ionization parameter is used to derive an initial metallicity

estimate using equation 3.33 for log([Nii]/[Oii])< 1.2, or 3.34 for log([Nii]/[Oii])> 1.2:

12 + log(O/H)lower =9.40 + 4.65x− 3.17x2

− log(q)(0.272 + 0.547x− 0.513x2) (3.33)

12 + log(O/H)upper =9.72− 0.777x− 0.951x2 − 0.072x3 − 0.811x4×

− log(q)(0.0737− 0.0713x− 0.141x2

+ 0.0373x3 − 0.058x4) (3.34)

where x = logR23. The equations 3.32, 3.33 & 3.34 are iterated through ≈4 times until

12 + log(O/H) converges.

In our sample there are a total of check 225 galaxies that have measurable [Oii]λ3727,

[Oiii]λ4959λ5007 and Hβ emission. The distribution of KK04 metallicities for these

galaxies is shown in Figure 3.23.

3.7.1.4 M91

The McGaugh (1991) (henceforth M91) calibration of R23 is based on Hii region models

from the photoionisation code CLOUDY (Ferland & Truran, 1981). Using the same

method as described in Section 3.7.1.3, we use the [Nii]/[Oii] line ratio to break the

R23 degeneracy. Depending on whether the [Nii]/[Oii] indicates the upper or lower

branch, the equations

12 + log(O/H)lower =9.40 + 4.65x− 3.17x2

− log(q)(0.272 + 0.547x− 0.513x2), (3.35)
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and

12 + log(O/H)upper =9.72− 0.777x− 0.951x2 − 0.072x3 − 0.811x4×

− log(q)(0.0737− 0.0713x− 0.141x2

+ 0.0373x3 − 0.058x4), (3.36)

are used to calculate 12+log(O/H), where x = log(R23) and y = log
(

[Oiii]λ4959+[Oiii]λ5007
[Oii]λ3727

)
.

As with KK04, in our sample there are a total of check 225 galaxies that have

measurable [Oii]λ3727, [Oiii]λ4959 and λ5007 Hβ emission. The distribution of M91

metallicities for these galaxies is shown in Figure 3.23.

3.7.1.5 Summary

The distribution of metallicities derived using each of the four diagnostic methods is

shown in Figure 3.23.

In total we have measured the metallicities for 250 different galaxies. If two or more

measurements of metallicity are available, we choose a final metallicity based upon

the recommendations of KE08. We first choose PP04 if available. If it is not, and a

measurement of KD02 is available where log([Nii]/[Oii])>1.2, we select KD02. Other-

wise we select the average of the KK04 and M91 diagnostics to use as our metallicity

measurement.

However, before we can combine these different metallicity diagnostics we need to

convert them to a common scale. It is well known that estimates of metallicities using

different diagnostics from the same galaxy do not follow a 1:1 ratio. We now move onto

explaining the conversions between the different diagnostics.

3.7.2 Converting between Metallicity Diagnostics

Comparisons between metallicity diagnostics for galaxies in different redshift ranges are

non-trivial. Different sets of emission-lines are available at different redshifts, calling

for the use of different metallicity calibrations. Due to the strong discrepancy in abso-

lute metallicities between different diagnostics, the application of different calibrations

for galaxies at different redshifts can mimic or hide evolution in the metallicity rela-

tion with mass and redshift, depending on which calibrations are used. The metallicity

discrepancies are systematic, and have found to be as large as 0.6 dex in log(O/H),

(Kewley & Ellison, 2008) and may significantly affect the shape and zero-point of the

mass-metallicity or luminosity-metallicity relations. To correct for these systematic ef-

fects, it is possible to fit the relationships between the different metallicity calibrations

in order to remove the systematic discrepancies and obtain comparable metallicity mea-

surements for different redshift intervals. Here we describe the conversions we use to
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Figure 3.23: The distribution of metallicity values calculated for our OzDES galaxies

using four different diagnostic methods. From top left to bottom right, the diagnostics

used in each panel are: KD02, KK04, M91, PP04.
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scale all metallicities onto a KK04 scale taken from KE08. We choose to use the KK04

scale as we later wish to examine how our metallicities fit onto the Mass-metallicity-

redshift relation (Zahid et al., 2014), which is calibrated to this diagnostic.

To convert measurements of KD02 to KK04 we use the equations

ZKK04 =1149.479− 389.9349× ZKD02+

44.33080× Z2
KD02 +−1.675994× Z3

KD02, (3.37)

for 8.4 < ZKD02 < 9.12, and

ZKK04 = 1.0944 + 0.87842× ZKD02, (3.38)

for 8.05 < ZKD02 < 8.3. The relationship between the OzDES KD02 and KK04 values

are shown in Figure 3.24 alongside Equations 3.37 & 3.38. It is clear to see that although

noisy, the relationship described in KE08 does represent our sample well, within errors.
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Figure 3.24: The relationship between metallicity values calculated for 26 galaxies using

both the KD02 and the KK04 diagnostics. Plotted in red is the average relationship

between the two values as derived by Kewley & Ellison (2008). Also plotted is the 1:1

line (black dashed line).

To convert measurements of M91 to KK04 we use the equations

ZKK04 =− 355.2968 + 114.8835× ZM91−

12.09838× Z2
M91 + 0.4258375× Z3

M91, (3.39)
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for 8.4 < ZPP04 < 9.1, and

ZKK04 = 2.0021 + 0.77696× ZM91, (3.40)

for 8.0 < ZM91 < 8.25. The relationship between the OzDES KK04 and M91 values

is extremely tight, and is shown in Figure 3.25 alongside Equations 3.39 & 3.40. The

relationship described in KE08 represents our sample extremely well, most likely due

to the use of the same emission lines being used in each diagnostic.
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Figure 3.25: The relationship between metallicity values calculated for 225 galaxies

using both the M91 and the KK04 diagnostics. Plotted in red is the average relationship

between the two values as derived by Kewley & Ellison (2008). Also plotted is the 1:1

line (black dashed line).

To convert measurements of PP04 to KK04 we use the equations

ZKK04 =211.1405− 81.11275× ZPP02+

10.577470× Z2
PP04 − 0.4510567× Z3

PP04, (3.41)

for 8.2 < ZPP04 < 8.9, and

ZKK04 = 5.2218 + 0.37813× ZPP04, (3.42)

for 8.05 < ZPP04 < 8.3. The relationship between the OzDES KK04 and PP04 values

is shown in Figure 3.26 alongside Equations 3.41 & 3.42. Our measurements of PP04
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appear to be systematically offset from the expected relationship by ZPP04 = −0.108±
0.547. This is likely to be due to the nature of the small number of galaxies that can be

measured using the PP04 statistic in our sample - as PP04 requires a measurement of

Hα these galaxies are likely to be low redshift and highly star-forming, which could skew

our results away from the measured average relationship, which was determined using

a wide variety of galaxy types. We choose not to correct for this apparent systematic,

as the PP04 [Nii]/Hα ratio is almost unaffected by dust or aperture corrections as the

two lines are so close together and also because the evidence of a systematic offset is

weak given the metallicity measurement errors.
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Figure 3.26: The relationship between metallicity values calculated for 26 galaxies using

both the PP04 and the KK04 diagnostics. Plotted in red is the average relationship

between the two values as derived by Kewley & Ellison (2008). Also plotted is the 1:1

line (black dashed line).

3.7.3 The Mass-Metallicity-Redshift Relationship

We have now converted all our metallicities to a single calibration - KK04. We briefly

compare our results to the Zahid et al. (2014) mass-metallicity-redshift (henceforth

MZz) relationship derived from several combined samples of galaxies spanning a redshift

range of 0 < z < 1.6.

We plot our final metallicity distribution vs stellar mass in Figure 3.27. Overall

our metallicities appear to be consistent with the MZz relationship from Zahid et al.

(2014). We plot the residuals between MZz and log(O/H)+12 as a function of various
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host galaxy properties in Figure 3.28.
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Figure 3.27: The final stellar mass-metallicity relationship derived for our sample. The

colours of each point represent redshift (note that z < 0.8). Plotted in grey is the MZz

relationship from Zahid et al. (2014), projected into two dimensions (The width of the

relation represents the diversity in metallicities given our redshift range). In general,

our galaxies generally appear to follow a global MZz relationship. It is worth noting

that the effect of changing redshift on the MZz relationship is more subtle than changing

Mass.

It is apparent that the residuals appear to correlate with some host galaxy properties.

Whilst the residuals vs redshift and sSFR are relatively evenly dispersed, it does appear

that supernova host galaxies appear to have a higher than expected metallicity for

lower mass, lower SFR galaxies, whereas higher SFR galaxies appear to have a lower

than expected metallicity. This may be an artifact due to sample selection, or true

correlations. We explore these correlations further in Section 4.4.

3.7.4 Summary

In summary, we have derived the metallicities for a total of 250 OzDES host galaxies

using various different metallicity diagnostics that utilise galaxy emission line fluxes.

The number of galaxies for which a reliable metallicity could be calculated comprises

20% of the galaxies within our total sample. It is not abnormal to have a low per-
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Figure 3.28: The residuals, ∆Z, between our measure of galaxy metallicity (log(O/H)+

12) and the MZz relation again various host galaxy properties. From top left to bottom

right: ∆Z vs log(Stellar Mass/M�), ∆Z vs redshift, ∆Z vs log(SFR/M�yr−1) and ∆Z

vs log(sSFR/yr−1). Whilst neither the sSFR or redshift appear to correlate with ∆Z,

the SFR and Mass do appear to correlate with ∆Z.
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centage (less than one quarter) of galaxies with a metallicity measurement. Metallicity

calculations rely on detecting several emission lines, some of which will become quickly

redshifted out of spectral range (such as [Nii]) and Hα), or relies on measuring features

that can be relatively weak (such as Hβ or the [Oiii] doublet) which can be washed out

in a poor SNR spectrum. We have detailed how we have chosen a final metallicity for

each galaxy, and how we have converted our metallicities to a common scale, KK04.

Through comparison of our derivations of metallicity and stellar mass to the Zahid

et al. (2014) MZz relationship, we have seen that the majority of our metallicity values

appear to be consistent with field galaxies. However we have found that there appear to

be correlations between the residuals of log(O/H) + 12, stellar mass and star formation

rate. We have derived the last host galaxy property that we can estimate using emission

line values. We now investigate how our host galaxy properties correlate with their

supernova properties.

3.8 Conclusions

In this Chapter, we have derived the properties of a sample of 1,296 SN Ia and their host

galaxies. The author has created a pipeline to flux calibrate OzDES galaxy spectra,

then fit the spectral continuum of a galaxy and to identify and measure the luminosities

of the emission and absorption features within a spectrum. This method is almost

entirely data-driven with as few assumptions made about the nature of host galaxies as

possible. We have corrected our emission line luminosities for stellar absorption (where

necessary), performed aperture corrections on the spectra and estimated the influence

of extinction due to dust on the spectrum. We have shown that the majority of our

galaxies possess features which are consistent with ionising radiation due to stellar

activity rather than AGN, and removed likely narrow-line AGN from our sample.

This has given us the groundwork needed to commence our study into the galaxy

properties of our sample. We have used emission features such as Hα and [Oii] to

calculate galaxy SFRs, and we have used a variety of emission features to measure the

gas-phase metallicities for a sub-sample of our galaxies.

We are now in a position where we can measure what global galaxy properties can

tell us about the role SN Ia environments play in effecting SN luminosities. We present

our analysis and the results of this study in Chapter 4.



Chapter 4

Correlations between DES Host

Galaxies and SN Properties

“ “Some people” - and here the Creator looked sharply at the unformed

matter still streaming past - “think it’s enough to install a few basic physical

formulas and then take the money and run. A billion years later you got

leaks all over the sky, black holes the size of your head, and when you pray

up to complain there’s just a girl on the counter who says she don’t know

where the boss is” ”

- Terry Pratchett, Eric

It has been shown that global host galaxy properties are a reasonable tracer of a SN

progenitor star (Bravo & Badenes, 2011). So far, studies attempting to measure how

host galaxy environment impacts upon SN Ia light curves have only been performed

using relatively low-redshift samples (z < 0.1, (D’Andrea et al., 2011; Childress et al.,

2013a; Pan et al., 2014)), with fairly small sample sizes (N<100, (D’Andrea et al., 2011;

Childress et al., 2013a; Pan et al., 2014; Rigault et al., 2018) and N<300, (Sullivan

et al., 2010)), or without spectroscopic data of the host galaxies (Sullivan et al., 2010;

Sako et al., 2018). In this analysis we will investigate how host galaxy characteristics

correlate with SN Ia light curves, in order to determine if we can better understand the

causes of intrinsic dispersion in SN Ia luminosities after light curve standardisation.

Our sample of SN Ia and their spectroscopically observed host galaxies is the largest

of its type ever studied, and spans a wide redshift range z < 1.2. This will allow

us to better investigate systematic correlations between host galaxies and light curve

measurements, as with a higher number of objects our statistical errors are reduced.

Further to this, each of the galaxies in our sample have a SFR diagnosed through

spectroscopic methods (if no spectroscopic indications of star formation were present,

109
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galaxies were given SFR=0), which provides a more instantaneous measure of star

formation compared to other methods often used in the literature.

In this Chapter we explore the distribution of our host galaxy parameters and how

they compare with other literature samples of Type Ia host galaxies in Section 4.1. We

then move on to exploring the relationships between SN light curve standardisation

metrics such as stretch and colour (x1 and c) with the host galaxy stellar mass (Section

4.2.1), SFR (Section 4.2.2), sSFR (Section 4.2.3) and gas-phase metallicity (Section

4.2.4). We conclude these findings in Section 4.2.5.

We then investigate the relationship between cosmological distances / Hubble Resid-

uals and host galaxy properties, in particular investigating the size of the mass step (or

γ), the nuisance parameter often used to correct for the known correlations present

between Hubble residuals and galaxy mass. For more information on the mass step, see

Section 1.3.5. We explore how our results vary when using different cosmological bias

corrections in 4.3.1, and summarise our findings in Section 4.3.5.

It has been theorised that lower mass, late-type star forming galaxies host more

homogeneous SNe Ia Childress et al. (2014) (see Section 1.3.6). To investigate if such a

relationship between galaxy type/age and light curve parameters exist in the DES data,

we use the sSFR diagnostic to split our sample of galaxies into late-type, intermediate

type and early-type galaxies to examine what evidence we can find towards or against

this. We present our findings in Section 4.4. We conclude and interpret our results in

Section 4.5.

The work in Sections 4.3 and 4.4 was performed in collaboration with Maria Vincenzi

(Portsmouth) who contributed by helping run the snana and bbc codes on our sample

of SN Ia.

4.1 Sample Properties

In Chapter 2 we defined our sample of SNe Ia. In total we have DES-5yr SNe Ia

with high quality SN redshifts from OzDES, and after performing cosmological cuts

we have a total of 1,296 objects. Our sample spans a redshift range z < 1.2, with a

median value of z = 0.561 and a mass range of 8 < log(M/M�) < 12. As shown in

Chapter 3, we have derived SFRs for a total of 924 galaxies (with the remaining 372

galaxies being designated SFR=0). Our SFRs are in the range SFR< 70 M�yr−1. We

have also derived the metallicities for a total of 250 galaxies, calibrated to the KK04

diagnostic, with a range of values 8.5 < log(O/H)+12 < 9.3. In Figure 4.1 we show the

cumulative distributions of our host galaxy characteristics alongside those from several

other studies. These are the SNLS sample (Sullivan et al., 2010), the PTF sample (Pan

et al., 2014), the SDSS-SN sample (Sako et al., 2018) and a field sample of >50,000
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galaxies taken from the SDSS survey DR7 data (Tremonti et al., 2004; Brinchmann

et al., 2004; Kauffmann et al., 2003a). The sample of field galaxies is sub-sample of the

SDSS ‘main’ galaxy sample and covers a spectroscopically confirmed, magnitude limited

(r <23), sample of galaxies out to a redshift z < 0.7. This field sample is included to

illustrate the diversity of galaxies hosting SNe Ia compared to the general population.

Using Figure 4.1, we can see that our sample will be fairly difficult to compare

like-for-like with other SN Ia Host studies. The only sample with spectroscopically

derived host galaxy SFRs is the PTF sample. However the PTF sample spans an

extremely low redshift range, and has a total sample size of only 82 SNe Ia and host

galaxies. The SDSS-SN sample of galaxies has a much larger sample size of 1193 objects

with photometrically derived host galaxy metrics. The SDSS sample however only

spans to a redshift range of z < 0.6. The SNLS sample spans a similar redshift range

to ours, however only contains a total of 231 SNe Ia. Further to this, if any host

galaxy or SN characteristics correlate with redshift, the properties of samples spanning

different redshift ranges should not be directly compared without consideration taking

into account the star formation history and mass history assembly history of galaxies

over time.

Besides a difference in the size and the redshift range the sample spans, each of these

surveys will have different selection effects which may contribute to different biases

and systematics across each sample. The selection effects could be intentional (e.g.,

OzDES targeting faint host galaxies) or due to the instrument (e.g., instrument depth,

wavelength range) which could reduce the redshift range a survey can probe. A direct

comparison between our sample and those from other surveys will be difficult. However

we can say with certainty that the sample we have derived from DES/OzDES for this

analysis is the largest ever sample of cosmologically useful Type Ia SN spanning a

redshift range z < 1.2 with spectroscopically derived host galaxy properties (to date).

Examining Figure 4.1, we can see that the distribution of stellar masses in our

sample follows the distribution of both PTF and SDSS-SN. As one would expect, the

PTF sample has a larger quantity of low sSFR galaxies than ours. This will be due to

the low-redshift nature of the sample, as it is much easier to obtain quality spectra of

weak emission features in galaxies if they are nearby, and therefore estimate a sSFR. The

distributions of SN Ia x1 and c are fairly similar across each sample. The distribution

of metallicities for our sample follows the distribution of the field-sample of SDSS DR7

galaxies, as can be seen in the fifth panel of Figure 4.1. The sample from PTF, however,

has many more objects with low metallicity measurements. This is partly due to the

different diagnostics used between our sample and the PTF sample, PTF calibrates

their diagnostics to PP04, unlike this work which calibrates to KK04. Although we

convert the PP04 data to the KK04 calibration this process can introduce systematic
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Figure 4.1: The cumulative fractions of the various properties of our sample (black).

Also shown is data on SNe Ia and their host galaxies taken from the PTF survey (Pan

et al., 2014) (green), SNLS (Sullivan et al., 2010), SDSS-SN (Sako et al., 2018) (pink)

and a field sample of SDSS DR7 galaxies (Tremonti et al., 2004; Brinchmann et al., 2004;

Kauffmann et al., 2003a) (dark blue). From top left to bottom right the distributions

plotted are: Stellar Mass, sSFR, the SN light curve parameters x1 and c, as well as

log(O/H) + 12 metallicity and a histogram of the distributions of redshift.
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errors. Furthermore, the low-redshift range of the PTF sample allows for higher quality

SNR spectra of galaxies with weak emission lines that would be undetectable at higher

redshifts.

Overall our sample of SNe have light curve parameters (x1, c) consistent with those

from literature studies, even though they span very different redshift ranges. The dis-

tribution of our host galaxies appear to be overall weighted towards SF galaxies, most

likely due to selection effects. Our galaxies appear to generally lie upon the star forma-

tion main sequence (SFMS) until a stellar mass 1010M� where our sample then tends

to include more massive passive galaxies.

4.2 Correlations between SN properties and Host Proper-

ties

Here we investigate the correlations between SN Ia light curve measurements (such as

x1 and c) and host galaxy properties. We treat the dependence of SN Ia shape and

colour on host mass, SFR, sSFR and metallicity as a step function, as previous studies

have found this to describe well the data (Betoule et al., 2014; Roman et al., 2018).

Traditionally, when measuring the correlation between SN Ia light curves and host

galaxy quantities one often picks a common literature value at which to split the sam-

ple to calculate the step function (i.e. the mass step is often calculated at a split of

1010M� Sullivan et al. 2010; Lampeitl et al. 2010b; Betoule et al. 2014; Smith et al.

2020). However this is an arbitrary value and there is no significant physical reason

why the step should occur at 1010M� as opposed to another mass, although we do

note that 1010M� lies just below the knee in the galaxy-mass vs halo-mass relation, the

point at which galaxies transform from star-formation dominated and SN-regulated, to

accretion-dominated and AGN-regulated growth (Silk, 2013; Taylor et al., 2017; Grylls

et al., 2019). The most statistically significant step may occur at a different split point,

particularly if one is using local host galaxy measurements (i.e. Kelsey et al. (prep)).

In this analysis we deduce at which split point the step size in the data has maximum

significance (a common measure of how effective the step function describes the data).

When performing the calculation of the best ‘split’ value we require that at least 10%

of our sample be on one side to avoid any edge-effects where the sample can become

sparse. We calculate the significance of the step by first calculating the weighted mean

of the data on each side of the mass split using

∆µbin =

∑n
i ∆µi × σ−2

∆µi∑
i σ∆µi

−2
, (4.1)

where a Galaxy Gi is in one of two bins, either side of the mass split. The errors on the

weighted mean are calculated using
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σ∆µ =

√√√√√n×

∑n
i

(
σ−2

∆µi
× (∆µ−∆µbin)2

)
∑n

i

(
σ2

∆µi
× (n− 1)

) , (4.2)

which assumes a Gaussian error σ∆µi on for each individual measured value of ∆µi.

The overall significance of the step is then calculated using

significance =
|
(
∆µM>Msplit −∆µM<Msplit

)
|

max
(
σ∆µM<Msplit

, σ∆µM>Msplit

) , (4.3)

where Msplit is the split point at which the mass step is calculated.

In this Section we investigate the correlations between two SN Ia light curves proper-

ties - the SALT2 measurements of x1 and c, and four host galaxy characteristics - Mass,

SFR, sSFR and metallicity. Throughout this analysis our sample size changes as some

galaxies have no sSFR measurement (due to a SFR=0) or did not present with enough

emission features to calculate a metallicity. We state the total number of galaxies used

to make each measurement in Table 4.1.

4.2.1 The Effect of Host Galaxy Stellar Mass on SNe Ia

The first set of SN-Host measurements we explore is between host galaxy stellar mass,

x1 and c. For a detailed description of the mass step and its formalism, see Section

1.3.5. It will be valuable to find the point at which the ‘step’ size reaches maximum

significance. To do this we iterate over 1000 different ‘split’ values. We then smooth

the results of the various split significance sizes using a Savitzky-Golay filter Savitzky

& Golay (1964). We then fit a smooth cubic spline to these smoothed data points to

derive the point of maximum step significance. This process, and the derivation of the

step size found can be seen in Figure 4.2.

We also examine the dispersion for our SN light curve features x1 and c (which

are described in Section 1.3.1) as a function of host galaxy properties. To evaluate

dispersion we use the statistic of the root mean squared, rms, which gives a measure of

the spread of the data.

As expected, we find a strong correlation between light-curve width (x1) and host

galaxy stellar mass, with high x1 SNe Ia preferentially found in low mass (log(Mstellar/M�)

< 9.98) galaxies which can be seen in Figure 4.2. The mean x1 differs between high

and low mass galaxies by ∆x1 = 0.514± 0.065, a significance of 7.93σ. The significance

is a measure of how well a step function fits the data, with >3σ being thought of as a

significant correlation. The x1 distribution is also slightly narrower for SNe Ia found in

low stellar mass (rms = 0.925± 0.065) galaxies compared to high stellar mass galaxies

(rms = 1.108±0.050), as can be seen in Figure 4.3. A narrower x1 distribution indicates
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Figure 4.2: Top: The relationship between log(M/M�) and the stretch parameter x1

(top panel) for this sample. Data points are shown in grey, with the mean value in bins

of stellar mass are shown as red points. The overall mean values for high and low mass

galaxies split at a value log(M/M�)=9.98 are shown as black points. Bottom: A plot

of the step significance for different split values.
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that the light curves of SN Ia in lower mass galaxies appear to have a more homoge-

neous light curve width and therefore a more homogeneous SN Ia luminosity prior to

light curve correction (due to the Phillip’s relation). This could be an indication that

SN Ia living in lower-mass galaxies have overall ‘more standardisable’ light-curves than

those living in high-mass galaxies.
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Figure 4.3: The distribution of SN Ia light curve stretch x1 in low or high stellar mass

host galaxies.

We find that the highest significance step with a size of ∆x1 = 0.514±0.065 is found

when the sample is split at log(M/M�)=9.98. This split point is extremely close to the

literature value of log(M/M�)=10.00 (Sullivan et al., 2010; Betoule et al., 2014; Smith

et al., 2020), and therefore means we can directly compare our results between x1 and

stellar mass with those from other surveys. This result indicates that brighter/slowly-

declining SN Ia (higher x1) tend to live in lower-mass galaxies, and dimmer/faster-

declining SN Ia tend to live in higher-mass galaxies. We explore how this might affect

cosmological distance measurements in Section 4.3.2. In the analysis of Smith et al.

(2020) the significance of the mass - x1 step was found to be 7.6σ, which is comparable

to our result despite our apparent lack of some high mass - high SFR galaxies. As the

step persists even when there is a paucity of high-mass high-SFR galaxies, this could

suggest that global SFR is not strongly correlated with the mass step. This is explored

further in Section 4.2.2.

We also investigate the correlation between stellar mass and SN Ia colour c using

the same method. We find some evidence (2.21σ) that higher stellar mass galaxies

host bluer SNe Ia than those found in lower-mass galaxies, with a mean difference
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of ∆c = 0.044 ± 0.020, as can been seen in Figure A.1. This is in contrast with

the DES 3-Yr sample which finds that higher mass galaxies host redder SNe Ia with a

significance of 2.45σ with a ∆c = 0.027±0.011, and with Scolnic et al. (2018) which finds

∆c = 0.012 ± 0.004. However both of these measurements are below a 3σ significance

level and also have different selection effects and so should not be too concerning.

For our DES-5yr sample, there is some evidence of a difference in the underlying

distribution of c as a function of stellar mass. Performing a Kolmogorov-Smirnov test

(KS-test) - which tests the null hypothesis that two samples have been selected from the

same parent population - we find that the probability of the two c distributions (split

by mass) being drawn from the same parent distribution is only 4×10−5, indicating

that the intrinsic colour distributions of SNe Ia are dependent on host galaxy mass.

We expect to see some differences in the global dust distributions of these two host

galaxy types (Salim et al., 2005), so this is not an unexpected result. This difference in

the underlying colour distribution could imply that the rest-frame colors of SNe have

different color distributions in different galaxy types.

4.2.2 Host galaxy SFR vs SN Ia properties

We perform the same analysis between x1, c and galaxy SFR. For the sake of brevity,

we do not plot these correlations, as there is no significant relationship found between

x1 or c and host galaxy SFR. Each plot not included in this Section can be found in

Appendix A. Our results indicate that the colour and intrinsic brightness of SN Ia does

not depend in a meaningful way on the global galaxy SFR, or the global SFR is not a

good tracer of the underlying factor that drives SN Ia luminosity dispersion. This is

not unexpected as the host galaxy star formation rate alone is not a good indicator for

environment, if we believe that local environment drives SNe Ia dispersion.

4.2.3 Host galaxy sSFR vs SN Ia properties

We now examine how sSFR correlates with x1 and c. Galaxies with a lower sSFR

have smaller amounts of star-formation relative to their stellar mass, and are therefore

dominated by an older stellar population. We have a similar distribution of host galaxy

sSFRs in the DES-SN sample compared to the SDSS and PTF samples, indicating that

our DES-SN sample is a similar mixture of younger and older populations. However, the

SDSS sample was not analysed using spectroscopic SFR indicators, and so may not be

probing a recent sSFR. We know that the majority of our galaxies have a measurable

amount of emission in either Hα or [Oii] - indicating recent star formation, so our

sample is probably dominated by a younger stellar population. This can be attributed

to the spectroscopic targeting algorithm adopted by DES-SN (D’Andrea et al., 2018),

which focused on SNe in faint, low mass hosts, and on our selection requirement that a
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redshift must have been obtained from the host galaxy spectrum. However the SN Ia

metrics (x1, c) of the samples (DES-5yr, SNLS, SDSS, PTF) are consistent, indicating

little evolution in the population parameters, and little evidence of SN specific selection

techniques.

We find a step with a size of ∆x1 = 0.3530±0.0667, a significance of 5.296σ between

x1 and sSFR which is shown in Figure 4.4. The x1 distribution is also narrower for SNe

Ia found in higher sSFR galaxies (rms = 0.903 ± 0.060) galaxies compared to lower

sSFR mass galaxies (rms = 1.076 ± 0.072). This indicates that galaxies with a high

sSFR and low stellar mass (indicative of late-time galaxies with a young population)

have less intrinsic dispersion in their light curve correction parameter x1. This could

indicate a more homogeneous population of SN Ia in late time galaxies, than those in

early type galaxies.

This step size and significance is consistent with the step that was found in Smith

et al. (2020), significance 5.3σ. This step is almost certainly driven by the mass of

the galaxy as opposed to the SFR of a galaxy. As we have seen in Sections 4.2.1 and

4.2.2, there is no significant correlation between SFR and x1, whilst there is a strong

relationship between stellar mass and x1. However, there is an argument to suggest

that the stellar mass is just acting as a proxy for the underlying mechanism that causes

the correlations between SN Ia and host galaxy properties (see Section 1.3.5).

We later use our measurements of sSFR to investigate if the approximate age of a

galaxy can affect SN Ia luminosities in Section 4.4.

4.2.4 Host galaxy metallicity vs SN Ia properties

The last host galaxy property we investigate with respect to SN light curves is the

global metallicity. Figure 4.5 shows the average relationship found between the gas-

phase metallicity (log(O/H)+12) and x1. Interestingly there appears to be a significant

relationship between metallicity and x1 where ∆x1 = 0.421± 0.118, a step significance

of 3.56σ at a metallicity value (log(O/H)+12)= 9.03. This indicates that brighter,

slower-declining SN Ia tend to explode in more metal poor galaxies, whilst fainter faster-

declining SN Ia tend to occur in more metal rich galaxies. Low metallicity galaxies are

often associated with young stellar populations with low masses, so it is not entirely

unexpected to find this correlation, given what we have seen from our analysis with

mass. This correlation is also found in Pan et al. (2014), with a significance of 2.5σ.

However this is contrary to the result found in D’Andrea et al. (2011) which concluded

that light-curve corrected SN Ia are approximately 0.1 magnitudes brighter if they reside

in high-metallicity hosts. However the study of D’Andrea et al. (2011) used a sample

of 40 emission line galaxies with z < 0.15, and this result could be a consequence

of selection effects or statistical error. We do not find a significant difference in the
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Figure 4.4: Top: The relationship between log(sSFR/yr−1) and x1 (top panel) for this

sample. Data points are shown in grey, with the mean value in bins of stellar mass

are shown as red points. The overall mean values for high and low mass galaxies split

at a value log(M/M�)=-0.109 are shown as black points. Bottom: A plot of the step

significance for different split values.
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dispersion of low or high metallicity galaxies.
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Figure 4.5: Top: The relationship between log(O/H) + 12 and x1 (top panel) for this

sample. Data points are shown in grey, with the mean value in bins of stellar mass

are shown as red points. The overall mean values for high and low mass galaxies split

at a value log(O/H)+12=9.03 are shown as black points. Bottom: A plot of the step

significance for different split values.

We find no correlation between the colour of SN Ia light curves and host galaxy

metallicity, unlike Pan et al. (2014) which found some evidence that redder SNe Ia

explode in higher metallicity galaxies in their low redshift sample of SN Ia and hosts.

4.2.5 Summary

In summary, we confirm the relationships between host galaxy characteristics and SN

Ia light curve properties that have been well studied in the literature, but have used the

largest sample over the widest redshift range to date. These were between x1 and stellar

mass, x1 and specific star formation rate and x1 and metallicity. The most significant
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relationship found was with mass at a split of 109.98M� and a significance of 7.93σ. We

have found that low mass, high specific star-formation rate and low metallicity galaxies

(often associated with young stellar populations) preferentially host broader (high x1),

brighter SNe Ia. This is consistent with the results presented in Sullivan et al. (2010);

Lampeitl et al. (2010b); Gupta et al. (2011); Childress et al. (2013b); Wolf et al. (2016).

We also found that the rms dispersion of x1 was reduced in lower mass, higher sSFR

galaxies (those associated with young stellar populations). We now investigate if these

relationships impact the Hubble residuals in any way.

4.3 Hubble Residual Dependence on Host Galaxy Proper-

ties

In this Section we calculate cosmological distances using the standardised light curves

of our SN Ia sample. We measure the residuals between the best fit cosmology and

each SN Ia measurement in our sample to calculate the Hubble residuals (also written

as HR). We outline our method of calculation and our results in Section 4.3.1. Any

correlation between HR and host galaxy metric could be acting as a proxy for the

underlying physical processes that are driving the intrinsic scatter of the standardised

luminosities of SNe Ia. Understanding these effects and correcting for them will greatly

reduce the effects of systematic errors on cosmological measurements. We summarise

our findings in Section 4.3.5.

4.3.1 Calculating Cosmological Distances

The observed distance modulus for each SN Ia is given by equation 1.27. However in

modern cosmological studies a bias correction term is often added where

µ = mB + αx1 − βc−M0 + γGHost + µbias (4.4)

where mB is the supernova maximum luminosity measured in the B-band, M0 is the

intrinsic standard luminosity of the Type Ia population and γ is the mass step. The

parameters (α, β, γ and M0) are nuisance parameters that describe the global SN Ia

population, and are determined simultaneously with the distances of the Type Ia SN. In

this analysis we do not fit for the parameter γ, but fix it to zero, as we wish to derive the

value of the mass step ourselves and investigate the relationship between host galaxy

masses and HR without including a correction to µ based upon stellar mass.

The bias corrections correct for sample selection effects on the measured distances

of the SN Ia. For instance, we are more likely to observe brighter SN Ia (higher x1) at

higher redshifts, and this should therefore be taken into account. A standard correction,

µbias, is often determined from simulations - in our case using the software SuperNova
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ANAlysis (snana) software (Kessler et al., 2009) and the BEAMS with Bias Cor-

rections (bbc) software (Kessler & Scolnic, 2017), which is an extension to the code

BEAMS (Kunz et al., 2007). The simulations are created of SN Ia and host galaxies

accounting for various survey selection effects, such as Malmquist bias and spectro-

scopic targeting algorithms. In previous analyses (e.g., Conley et al. 2011; Betoule

et al. 2014), µbias is a function of redshift (commonly referred to as a 1D bias correc-

tion or Malmquist bias correction), and is estimated from either catalogue simulations

(Betoule et al., 2014) or image level simulations (Perrett et al., 2010). More recent

analyses such as Scolnic et al. (2018) and Brout et al. (2019) have parametrised µbias as

a 5D function (z, x1, c, α, β) using the BBC framework. The 5D corrections rely upon

large, accurate simulations of the underlying SN Ia population combined with a model

for intrinsic brightness variation. In this work we compare both the 1D and 5D bias

corrected Hubble distances.

The bbc software includes two fitting stages. The first fitting stage uses a posterior

distribution that includes multiple SN likelihoods, a Monte Carlo simulation to bias-

correct the fitted SALT2 parameters (x1, c), and determining the level of core-collapse

contamination probabilities determined using machine-learning techniques. The bbc

fit determines a bin-averaged Hubble distance (average distance versus redshift), and

the nuisance parameters α, β M0 and the intrinsic dispersion parameter σint (which is

marginalised over as part of the derived errors on the Hubble distances). In the second

stage, the bin-averaged HD is fit to an input cosmological model where priors can be

imposed. This then estimates 5D bias corrections through comparisons of both the

simulations and the data.

The intrinsic luminosity dispersion parameter σint is set to a fixed input value in

the bbc & snana simulations when calculating the bias corrections - with a value

σint=0.110 for the 1D bias corrections, and σint=0.102 for the 5D bias corrections.

The returned estimate of σint from the Monte Carlo simulation represents the intrinsic

dispersion required to allow the distance modulus calculated from the data to achieve

a reduced χ2
v = 1. This term accounts for the fact that the errors on the distance

modulus reported by the light curve fitter (salt2) could underestimate the real error if

we assume that a smooth cosmology is the correct underlying model (Lampeitl et al.,

2010a). A full discussion on how σint, α, β and M0 are calculated is given in Kessler &

Scolnic (2017).

In this work we use the intrinsic scatter models presented in Guy et al. (2010) which

has been implemented in the snana software. We have used the suite of DES/OzDES

simulations presented in Vincenzi et al. (prep) which were designed to better reproduce

the full DES photometric SN sample. The focus of these simulations was to accurately

represent the population of contaminants (i.e., peculiar SNe Ia and CC SNe). The
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simulations showed a significant improvement compared to previously published mock

catalogues of photometric SN samples, including those previously used in DES SN Ia

analyses. This was achieved by (i) using a larger library of CC-SNe templates that

were presented in Vincenzi et al. (2019) which include UV light-curve and spectroscopy

information; (ii) modelling the OzDES host-galaxy spectroscopic redshift efficiency as

a three-dimensional function of host galaxy brightness, observed colour and year of

SN discovery; and (iii) ensuring that each subtype of transient is associated with a

physically meaningful population of host galaxies. They find that they can reproduce

photometric SN and host galaxy properties in high-redshift surveys (particularly DES)

without any fine-tuning of the input assumptions and can produce excellent agreement

between simulations and data. These simulations of CC supernovae are implemented

in bbc as part of our bias correction calculations.

The residuals from a cosmological model (often called Hubble residuals) are given

by

∆µ = µ(z)− µModel, (4.5)

where µModel is the theoretical distance modulus, which is dependent on the input

cosmological parameters, and µ(z) is the bias-corrected distance modulus.

4.3.2 Hubble Diagram

Here we plot the Hubble diagram derived from our sample of SN Ia luminosities, in-

cluding 1D and 5D bias corrections (Figure 4.6). We use a flat input ΛCDM cosmology

with (ΩM=0.3, H0 = 70 km Mpc−1 s−1). We do not use this sample to derive cos-

mological parameters, but we do investigate if the Hubble residuals - a measure of the

luminosity dispersion of a SN Ia post standardisation - correlates with any host galaxy

characteristics.

As we use a chosen input cosmology in this analysis, when we calculate the Hubble

residuals we are measuring the best fit of α and β given our data to minimise the

Hubble residuals. Therefore we are minimising ∆µ as opposed to calculating the best

fit µ directly. If correlations are present between the Hubble residuals and host galaxy

environment, this implies that the SN environment or progenitor system is having a

systematic effect on the measured cosmological distances. It is important to understand

such underlying correlations for future surveys, where systematic errors will become the

most predominant effect on how well one can measure cosmological parameters such as

w using SN Ia.

There are four SN Ia with very uncertain cosmological distances and large errors.

These large errors are driven by a very large uncertainty in the c light-curve property of

these SN. There is no cut made on σc normally in cosmological analysis. We performed

some of our tests both with and without these four points and found that removing
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Figure 4.6: Top panel: A plot of µ vs redshift z for the SN Ia in our sample, including

1D and 5D bias corrections. Bottom panel: the Hubble residuals ∆µ as a function of

redshift plotted against the input cosmology (Ωm = 0.3, H0 = 70km s−1Mpc−1).

them had no effect on our results. Therefore we include these points in our analysis and

they should not bias our results.

4.3.3 1D bias corrections

In this section we investigate which host galaxy characteristics appear to correlate with

the Hubble residuals when a 1D bias correction to µ has been applied. For this sample,

37 of the SN Ia are rejected by bbc as their resultant cosmological distances were

uncertain, due to large errors on their SALT2 fits. This leaves us with a total sample of

1,259 SN Ia with reliably measured cosmological distances. The derived standardisation

parameters for this sample are α = 0.157± 0.007 and β = 2.798± 0.069.

Here we plot host galaxy stellar mass against the 1D bias corrected Hubble residuals

(Figure 4.7). We summarise our other results including the split point of the sample and

the step significance for each combination of Hubble residuals vs Host galaxy property

in Table 4.1. Plots not shown here can be found in Appendix A.

The size of our calculated mass step is γ = 0.070± 0.021 mags, with a significance

of 3.31σ with the sample split at 1010.26M�. We find no significant differences between

the dispersion of the Hubble residuals when split by mass. This step size is within 1σ

of the step calculated by the DES-3Yr analysis. However, our step size has a higher



4.3. Hubble Residual Dependence on Host Galaxy Properties 125

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
log(M/M )

0

1

2

3

St
ep

 S
ig

ni
fic

an
ce

0.6

0.4

0.2

0.0

0.2

0.4

0.6

Significance: 3.314

Split at
 log(M/M )=10.262
DES-SN Hosts 5yr
Weighted mean
Step

Figure 4.7: Top: The relationship between log(M/M�) and ∆µ (top panel) with 1D

bias corrections applied for this sample. Data points are shown in grey, with the mean

value in bins of stellar mass are shown as red points. The overall mean values for high

and low mass galaxies split at a value log(M/M�)=10.144 are shown as black points.

Bottom: A plot of the step significance for different split values.
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uncertainty than those presented in the most recent literature analyses such as (Roman

et al., 2018; Scolnic et al., 2018)), which find σγ ≈ 0.01. This is likely to be a by-product

of their spectroscopically selected sample of SNe Ia. With a higher risk of contamination

from core-collapse supernovae, and spanning a larger redshift range, the error on γ from

our photometrically selected sample is expected to be larger.

During this analysis, we found that global stellar mass is the only host galaxy prop-

erty that appears to have a significant relationship with Hubble residuals (1D correction)

that is well described by a step function. The value of our derived step is consistent with

those found in other analyses, as well as the significance. Our other results correlating

HR with other host galaxy metrics can be found in Appendix A.
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Figure 4.8: The Hubble residual distribution for SN Ia in our sample split by host galaxy

metallicity. Also shown are the rms dispersion values in the Hubble residuals of each

distribution.

Despite deriving no significant correlation between HR and metallicity, we do derive

an interesting relationship between the dispersion in Hubble residuals when splitting

our sample by metallicity (a value of log(O/H)+12 = 9.03). As can be seen in Table

4.1 and Figure 4.8, there is less dispersion in the Hubble residuals for SN Ia occurring

in high metallicity galaxies (rms(∆µ) = 0.173 ± 0.024) compared to those residing in

lower metallicity galaxies (rms(∆µ) = 0.215 ± 0.026). A high metallicity indicates an

older stellar population, as the galaxy has had to have formed the bulk of its stars some

time ago to become metal rich. This is counter to the idea that SN Ia hosted in younger
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galaxies would have less intrinsic luminosity dispersion. However, it is worth noting

that all of our galaxies for which we derived metallicities are star-forming and low mass.

Therefore when splitting by metallicity we should be aware that we are investigating

a solely star forming sample of hosts. Further to this, as we only have metallicity

values derived for a subset of our full sample, the Hubble residuals for this sub-sample

will not be scattered about 0 - and could therefore be affecting the calculated rms for

the sample. Therefore, we recalculate the rms values for the metallicity-split Hubble

residuals assuming that the scatter of the Hubble residuals is about the mean of the

Hubble residuals in each of our two metallicity bins. Performing this calculation we find

that for SN Ia occurring in high metallicity galaxies (rms = 0.173± 0.024) and for low

metallicity values we find (rms = 0.199 ± 0.024) with a mean HR in low metallicity

hosts of HR = 0.079 mag. This indicates that SNe Ia residing in low metallicity galaxies

appear to host SNe Ia that have a similar HR scatter to those in high metallicity hosts,

but tend to host over-luminous SNe Ia.

We now move on to exploring if applying 5D bias changes these relationships.

4.3.4 5D bias corrections

In this Section we perform the same analysis as in Section 4.3.3, but we now use cos-

mological distances that have been corrected using the 5D-bias method. As before, 37

of the SN Ia are rejected by bbc as they cannot be reliably bias-corrected leaving us

with a sample of 1,259 SN Ia.

Performing the same analysis from Section 4.3.3, we find the only significant cor-

relation we find with host galaxy measurements is between galaxy global stellar mass

and HR. It is worth noting that all correlations investigated using 5D bias corrections

had less significant steps than their 1D counterparts, which implies that the 5D bias

correction method (a function of z, x1, c, α and β), has reduced the variations in SN Ia

luminosities with host galaxy metrics for the overall sample. This reduction is probably

due to the strong correlation between host galaxy stellar mass and the x1 component of

the 5D distance-bias correction that was identified in (Smith et al., 2020). Therefore,

despite not correcting for a mass step term in our analysis, the 5D bias corrections will

reduce the dependence of x1 on host galaxy stellar mass. However, these overall changes

were small and there were no significant differences between any of the results derived

with 1D bias corrections compared to those derived using 5D bias corrections, as can

be seen in Table 4.1. This is reassuring, as it indicates that the correlations present

in the sample between intrinsic luminosity dispersion and host galaxy properties is as-

trophysical in nature, and not a consequence of bias in the results due to selection

effects.
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4.3.5 Overview

We summarise the results of our two investigations (in Sections 4.2 & 4.3) between

SN Ia light curves, Hubble residuals and host galaxy characteristics in Table 4.1. We

highlight in bold the relationships which we find to a significance of > 3σ.

We find that the Hubble residuals derived for our sample ∆µ appear to be correlated

with host galaxy stellar mass. We derive a mass step of γ = 0.070± 0.021 mags when

using 1D bias corrections, which are consistent with previous literature results (Smith

et al., 2020; Roman et al., 2018; Scolnic et al., 2018; Betoule et al., 2014). Using 5D

bias corrections we find a step of γ = 0.073± 0.023 mags.

We also find that there is a difference in rms dispersion for ∆µ in high and low

metallicity galaxies. As shown in Section 4.2.4, this difference is likely due to the offset

introduced in the HR by analysis only a sub-sample of our objects which were not

marginalised over separately - hence the HR will not be scattered about zero. Once this

has been taken into account, this change in rms is likely reflecting the higher luminosity

of SN Ia in low metallicity host galaxies.

We will now investigate if we can reduce the scatter in Hubble residuals by splitting

our sample of galaxies by type to obtain a more homogeneous sample of SN Ia.

4.4 Do Late Type Galaxies host more Homogeneous SN

Ia?

When assuming a two-channel delay time distribution (DTD), it is theorised that SNe

that are born from the prompt or young channel of the DTD, will be an extremely

homogeneous sub-set of SNe Ia (Childress et al., 2014). The prompt channel creates

SNe Ia that arise primarily from actively star-forming galaxies, whose star formation

histories have evolved slowly compared to the SN Ia delay time distribution. Star-

forming galaxies will produce SNe Ia predominantly from young progenitors whose ages

correspond to the peak of the SN Ia delay time, which holds true for all star-forming

galaxies at all epochs of cosmic history. Therefore SNe Ia will originate from progenitors

of a similar age in all star-forming galaxies over all redshifts, which should make them

the most uniform subset of SNe Ia in the Universe (assuming the age of the progenitor

drives intrinsic luminosity dispersion). Tardy SNe Ia mainly occur in galaxies whose

star formation has ceased. It is only in environments which lack young stars where

the SN Ia DTD does not dominate the shape of the SN Ia progenitor age distribution.

Instead, the progenitor ages correspond to the past epoch where all the galaxy’s stars

were formed (i.e. the SFH). This past epoch of star formation is highly dependent on

the redshift being probed, meaning tardy SNe Ia originate from varying progenitor age
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groups over different redshifts. However it is worth noting that the two channels DTD

is only a theory, and has not yet been confirmed.

Another theory that would account for some of the systematics present in Hubble

residuals is that the SN Ia formed in high mass, passive galaxies might suffer less dust

extinction and thus less event-to-event scatter. This in turn could result in a more

homogeneous colour distribution for SN Ia in older, more massive galaxies. To further

investigate what physical process may be driving SN Ia luminosity dispersion, we refit

α, β, M0 and σint for our three sub-samples split by the environmental property of

specific star formation rate, which can be a good indicator of overall population age.

4.4.1 Separating our Sample by Galaxy Type

We wish to investigate the prediction that SNe Ia that arise in young galaxies should

be more homogeneous. The first step will be identifying the likely age/type of the

galaxy. sSFR can act as a proxy for the age/type of galaxy Brinchmann & Ellis

(2000); Brinchmann et al. (2004). The sSFR is essentially a measure of the inverse

of the formation time-scale for a given galaxy, where high sSFR galaxies will form the

mass in their stellar populations on shorter times than low sSFR galaxies. Galaxies

with log(sSFR/yr−1) < −12.0 form their mass over longer timescales and are more

likely to contain older, cooler stars. Star forming (SF) galaxies defined as −12.0 ≤
log(sSFR/yr−1) ≤ −9.5, have a small or moderate amount of star-formation relative to

their stellar mass and likely to possess a substantial older stellar component as well as

young stars. The starburst (SB) group of galaxies with log(sSFR/yr−1) > −9.5, have a

large amount of star-formation relative to their mass, and their stellar populations pri-

marily consist of young stars. These boundaries follow those presented in the Sullivan

et al. (2006) analysis.

We first perform a redshift cut on our sample. Examining how the rms of the

dispersion of Hubble residuals change with redshift as shown in Figure 4.10, we can

see that above a redshift of z ≈ 0.7 the rms of the Hubble residual becomes error

dominated, with a systematic increase in rms values. This is the point at which errors

on the Hubble distances and Hubble residuals become dominated by the quality of

the observed SN Ia light curves. As higher redshift objects are dimmer, they will

be more affected by noise and will often have lower-precision measurements on their

photometric magnitudes. This noise is driving larger errors on µ at high redshift, and is

likely dominating the rms measurements of our parameters - which may wash out some

of the subtle effects we may see between SN Ia light curves and host galaxies. We also

perform a redshift cut on the full sample of SN Ia and refit the cosmological parameters

accordingly in order to compare results.

We split our sample (z < 0.7) into passive, star forming (SF) and starburst (SB)
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Figure 4.10: The redshift dependence of both the Hubble residuals (∆µ) shown as grey

points, and the rms scatter of the Hubble residuals shown as red points. The top panel

shows the HRs calculated with 1D bias corrections applied, and the bottom panel 5D

bias corrections applied. The vertical black line corresponds to z = 0.7.
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types using our derived galaxy sSFR measurements. If a galaxy has a spectroscopic

SFR=0 due to a lack of emission features, we assign it to the passive group. We have a

total of 282 SN Ia hosted in our passive galaxy sample, 490 in the SF sample and 222

in the SB sample (post redshift cut). The distributions of the host galaxy metrics for

our three subsets of galaxies are shown in Figure 4.11.

We can see some clear differences between the overall properties of our sample split

by sSFR. Our passive galaxy sample is predominantly composed of higher stellar mass

galaxies with very low or zero star formation. The x1 distribution of these objects tends

to be under-luminous, faster declining and also appear to be bluer. None of our passive

galaxies (except one) have a calculable gas-phase metallicity due to lack of emission

features. The galaxies in our star forming sample are from predominantly lower stellar

mass, high SFR galaxies with low metallicities. The SB sample is predominantly at

a lower redshift, which would be due to selection effects as these galaxies tend to be

less massive, and therefore less luminous meaning they are harder to detect at high

redshifts. The x1 distribution of the SN Ia in our SB galaxies tends to be over-luminous

and slower declining.

4.4.2 Investigating Sample Homogeneity

We wish to determine if SN Ia formed in a galaxy with a particular stellar population

are more homogeneous than those occurring in other galaxies. We refit α, β, σint and

M0, and re-derive γ, using both 1D and 5D corrections for each sub-sample of SN

Ia. We then can draw conclusions by studying the rms measurements of the Hubble

residuals, the apparent size of γ and the calculated value of σint. We present our refitted

parameters in Table 4.2 (included the refitted values for the full sample with a redshift

cut made).

If γ is firmly consistent with zero, this will indicate that we are probing a population

of SN Ia that has no apparent mass step. Further to this, if one assumes that the

dispersion in SN color is driven by a combination of dust and an intrinsic scatter due

to progenitor variation, and one assumes that dust would cause a larger variation than

would be present intrinsically, a smaller value of β will indicate that SN Ia in that

sample are less affected by extinction (Brout & Scolnic, 2020).

A reduced dispersion in the rms of ∆µ will indicate that a particular SN Ia pop-

ulation is more standardisable, and therefore will be better intrinsic standard candles.

This should also be traced by the values of σint derived for our subsamples. Less scatter

in x1 will indicate a lower dispersion in the stretch of the objects, and less scatter in c

(assuming the paragraph above) will imply we are probing the intrinsic scatter in light

curve colour with little reddening due to extinction in the population of SN Ia. We

show our results for the dispersion of SN Ia light curves between our three samples in
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Figure 4.11: The distribution of the properties of both the 282 older/passive

(log(sSFR)<-12; solid black line), 490 SF galaxies (−12 < log(sSFR) < -9.5) and 222

young/SB (log(sSFR)>-12; dashed red line) galaxies in our sample. The distributions

shown from top left to bottom right are: Host galaxy stellar mass, star formation rate,

gas-phase metallicity, x1, c and z. Note that galaxies with a SFR=0 are not included

in the plot of log(SFR) distribution in the passive galaxies sample.
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Table 4.3. Note that throughout this analysis we do not correct ∆µ for any derived

mass step, γ.

Galaxy Bias Mass Split Step α β N
type corr step (γ, mags) Point significance gal

All 1D 0.103 ± 0.023 10.26 4.40σ 0.157 ± 0.008 2.903 ± 0.073 983
SB 1D 0.064 ± 0.048 9.37 1.33σ 0.200 ± 0.016 3.094 ± 0.133 218
SF 1D 0.111 ± 0.036 10.28 3.06σ 0.161 ± 0.012 3.152 ± 0.110 488
Passive 1D 0.092 ± 0.080 9.99 1.15σ 0.167 ± 0.013 2.181 ± 0.142 279
All 5D 0.075 ± 0.020 10.28 3.80σ 0.165 ± 0.009 3.213 ± 0.077 967
SB 5D 0.107 ± 0.097 10.00 1.10σ 0.203 ± 0.017 3.321 ± 0.148 215
SF 5D 0.090 ± 0.031 10.55 2.89σ 0.168 ± 0.013 3.414 ± 0.114 481
Passive 5D 0.064 ± 0.056 10.87 1.14σ 0.177 ± 0.016 2.672 ± 0.155 250

Table 4.2: The measured mass step γ present in our full sample and three subsamples

(split by sSFR), including the highest-significance split point (units of log(M/M�)) and

the significance of the step. Also shown are the nuisance parameters from simulations

for our sample when the mass step is not included in the derivation of cosmological

distances.

Galaxy Bias σint rms(∆µ) rms(∆x1) rms(∆c) N gal
type corr

All 1D 0.130 0.211 ± 0.015 1.035 ± 0.047 0.101 ± 0.005 985
SB 1D 0.099 0.185 ± 0.018 0.930 ± 0.089 0.099 ± 0.010 218
SF 1D 0.131 0.219 ± 0.014 1.010 ± 0.065 0.103 ± 0.007 488
Passive 1D 0.120 0.197 ± 0.017 1.162 ± 0.099 0.099 ± 0.008 279
All 5D 0.103 0.176 ± 0.008 1.028 ± 0.100 0.100 ± 0.005 946
SB 5D 0.089 0.159 ± 0.015 0.913 ± 0.088 0.100 ± 0.010 215
SF 5D 0.095 0.180 ± 0.012 1.010 ± 0.065 0.101 ± 0.007 481
Passive 5D 0.093 0.164 ± 0.014 1.153 ± 0.103 0.098 ± 0.009 250

Table 4.3: The simulated intrinsic scatter σint if the luminosity of the sample, the rms

scatter on the Hubble residuals calculated using 1D or 5D bias corrections, and the rms

scatter on the SN Ia light curve standardisation parameters x1 and c.

We can see in Table 4.2 that for our SN Ia hosted in highly star forming (starburst)

galaxies sample there is no evidence for or against a Mass step in either the 1D or

5D bias-corrected data (γ is consistent both with 0 and with the value of γ derived

from the full sample). The host galaxies in this sample are generally lower mass, lower

metallicity, high SFR galaxies. We can also see that the SN Ia that originate in passive,

massive, high metallicity galaxies also do not exhibit significant evidence for a mass

step with the significance of the step equalling 1.1σ in the 1D regime and 1.34σ in the
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5D regime. However there is evidence that there is a mass step still present in our star

forming sample of galaxies that are likely composed of a mixture of both old and young

stellar populations (at 3.06σ and 2.89σ for 1D and 5D correction respectively). We still

find the mass step present in our full sample with a > 3σ significance.

There is an extremely interesting difference found in the derived β value for SN

Ia hosted in passive galaxies as opposed to SB or SF. Table 4.2 shows a βPassive =

2.181±0.142 in the 1D regime and βpassive = 2.672±0.156 in the 5D. This is in contrast

to βSB = 3.094 ± 0.133 and βSF = 3.321 ± 0.148, which are significantly different at a

value of 6.43σ and 6.84σ respectively in the 1D. We find similar results in the 5D with

a difference of 4.16σ (SB) and 4.76σ (SF). We discuss the implications of this in Section

4.4.3. We see small differences in the values of α between our sub-samples, but none at

a significant level.

In Table 4.3 we show the rms dispersion in SN Ia light curve parameters x1, c,

in the Hubble residuals ∆µ and we present the derived value of intrinsic dispersion

σint. In both the 1D and 5D case, the dispersion of x1 for the SN Ia in highly star

forming environments was smaller, at a value of rms(x1)SB = 0.930 ± 0.089 (1D) and

rms(x1SB) = 0.913 ± 0.088 (5D). This in contrast to our passive sample which had

the highest dispersion at rms(x1)Passive = 1.162 ± 0.099 (1D) and rms(x1)Passive =

1.152 ± 0.103 (5D). This indicates that SN Ia that originate in SB host galaxies have

more homogeneous light curve widths than those formed in passive environments.

We can also see in Table 4.3 that the dispersion in our values of c, SN colour, is

relatively homogeneous across the three sub-samples, but is lowest in passive environ-

ments (assuming a 5D bias correction). Interestingly, the dispersion of c in SB galaxies

is also very similar to that in passive galaxies. Very old, passive galaxies have a much

more uniform and less dense dispersion of dust throughout the galaxy, resulting in little

extinction (Salim et al., 2005), so we expect to see a reduced dispersion in c (again

assuming that intrinsic colour dispersion is sub-dominant compared to the dispersion

due to dust). SF galaxies will likely have a mixture of extinction types across a galaxy.

However the low dispersion in c but a high β value in SB galaxies indicates that the

scatter amongst the average values of c is not higher in SB galaxies, but that they do

require a higher overall correction, likely due to the higher levels of extinction due to

dust. We discuss the implications of this in Section 4.4.3.

We now examine dispersion present in the Hubble residuals and our calculated values

of σint. For our full sample of SN Ia with a redshift cut applied, we derive updated

values of rms(∆µ) = 0.211± 0.010 in the 1D, and rms(∆µ) = 0.176± 0.008 in the 5D.

We find that in both regimes, our sample of highly star forming galaxies we have termed

‘SB’ exhibit lower dispersion in their Hubble residuals as can be seen in Figure 4.12,

with value of rms(∆µ)SB = 0.185± 0.018 (1D) and rms(∆µ)SB = 0.159± 0.015 (5D).
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In the 5D regime in which one calculates bias corrections as a function of α, β, x1, c and

z, each of our subsamples have their HR dispersion significantly reduced from those in

the 1D, indicating that a 5D bias correction when no mass step correction has been

applied to the data is correcting for some of the intrinsic bias on µ such that the Hubble

Residuals are effectively minimised.
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Figure 4.12: The distribution and rms dispersion in the Hubble residuals for each of our

samples of SNe Ia split by host galaxy type. Left panel: HRs with a 1D bias correction

applied. Right panel: HRs with a 5D bias correction applied.

We also find that for our SN Ia passive galaxy sample, we have a smaller value of

rms(∆µ) in both the 1D and 5D regimes compared to the full sample. The observed

reduction in rms(∆µ) for both SB and passive galaxies is reflected in the calculated

values of the intrinsic luminosity dispersion of SN Ia. This is most apparent for our

starburst sample in which the intrinsic luminosity dispersion is smallest in both the 1D

and 5D regimes.

We now move on to a discussion of these findings, focusing on what they indicate is

driving the SN Ia luminosity dispersion.

4.4.3 Discussion

Throughout this section we have explored how the effect of splitting our SN Ia by sSFR,

a good indicator of the age of the stars in a galaxy population, effects the distribution of

light curve properties and the influence this has on the derived parameters of α, β, σint
and bias-corrected cosmological distances µ. We determine the likely effects that dust

and progenitor age are having upon SNe Ia light curves, and draw our conclusions.
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4.4.3.1 The Effect of Dust

We first explore how the differences found between our Passive, SF and SB samples

could be due to the effect of dust. In Section 4.2 we showed that the dispersion in c is

smallest in low-SFR galaxies, closely followed by our SB galaxies. This implies that SN

Ia hosted in passive galaxies have, on average, a more homogeneous colour distribution.

The value of c for SNe Ia likely represents a combination of two different physical effects.

This includes extinction due to dust, and intrinsic variation in the colours of SN Ia that

do not correlate with the SN light curve shape (Folatelli et al., 2010), and which could

also depend on variables such as viewing angle or explosion asymmetry (Maeda et al.,

2011; Kasen et al., 2009).

If the dispersion in c is truly driven by the intrinsic colour dispersion of SN Ia

combined with extinction due to dust, we would expect to see a smaller effective β in

host galaxies which are more massive and passive, as these environments are known to

be less affected by dust extinction (Salim et al., 2005) and therefore β should be closer

to the intrinsic value. This is under the assumption that the intrinsic scatter in colour

is smaller than what we would see from a scatter due to both intrinsic colour variation

and dust. We would expect a larger β value to describe a population of SN Ia in star

forming environments which are often highly extincted, and hence the β correction will

be larger to account for this.

In the 1D regime, we find βPassive = 2.181 ± 0.142, a value much lower than those

found for our SF and SB samples by > 6σ. A similar reduction in β for higher-mass

lower SFR galaxies has also been seen in Lampeitl et al. (2010b); Sullivan et al. (2011);

Kelsey et al. (prep). However, we note that there is no clear separation in dispersion

of the color term c of SNe with respect to host galaxy type, i.e., both populations span

the same range in color, and find that the rms(c) dispersion across each of our three

sub-samples is consistent to within 1σ (rms(c) ≈ 0.106). The value of rms(c) from our

subsamples is also consistent with the rms(c) value calculated for the entire sample of

SN Ia, which totalled rms(c) = 0.101± 0.005. We find similar results in the 5D regime.

This implies that although the dispersion in c is similar across host galaxy type,

the overall correction (β) to SN colour that has to be applied is reduced in passive

samples. Under the assumption that any intrinsic SN Ia colour luminosity relation has

a smaller effective β than that from dust, these results are qualitatively consistent with

the scenario in which dust extinction modifies the intrinsic colour distribution to be

redder in star forming galaxies.

These results provide further evidence towards the observation that host galaxy type

has an effect on the observed colour distribution of SN Ia light curves, likely due to dust

extinction. Therefore, it may be wise to examine how the application of a 2-value β

correction dependent on SN Ia host galaxy type in future cosmological analysis could
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reduce the systematic uncertainties and bias on measurements of w.

We also find that the required intrinsic dispersion for passive galaxy hosts is smaller

than that needed for the whole SN sample (and for a mixed population of starâforming

hosts), e.g., only σint = 0.120 mags is required to obtain a reduced χ2 close to unity for

passive hosts compared to σint = 0.130 mags for the entire sample. This indicates that

SN Ia from passive environments are more standardisable than a full sample, likely due

to the reduced impact of extinction on the SN Ia. We discuss this further in the next

subsection.

4.4.3.2 The Effect of Age

In this Section, we analyse the effect of progenitor age on SN Ia light curves. In our

analysis for our full sample, we found that SNe Ia produced in low mass, high sSFR,

low metallicity galaxies were likely to have a higher stretch value than those in high

mass, low sSFR, high metallicity galaxies. We also found that the dispersion in x1

was reduced in low mass, high sSFR galaxies. This indicates that SN produced in

galaxies with a large young stellar component (indicated by low mass, high sSFR, low

metallicity) show less scatter in their standardised light curve shapes than those with

an older stellar component.

We compare the recovered dispersion of the bias-corrected Hubble residuals. The

HR dispersion (1D correction) present in the full sample of SN Ia is rms(∆µfull) =

0.211 mag. Note that there has been no correction for the mass step γ applied to

our cosmological distances, and also our sample is not spectroscopically confirmed and

could be subject to CC contamination, and so we expect the scatter in the Hubble

residuals will be larger than that presented in other analyses (e.g. Smith et al. (2020),

rms(∆µall) = 0.126 mag). However our SN Ia hosted in highly star forming galaxies

present with a reduced scatter with rms(∆µSB) = 0.185 mag. This indicates that

SNe Ia formed in galaxies with a majority population of young stars, come from an

overall more standardisable population than those hosted in galaxies with older stellar

components. This observation is consistent with the prediction that SN Ia in highly SF

galaxies are likely to be more standardisable as they are thought to arise from a narrower

distribution of progenitor ages, reducing the intrinsic scatter in LC luminosities.

A similar picture is also presented in our results when using 5D bias corrections. The

overall dispersion in Hubble residuals derived for our full sample (z < 0.7) is reduced

compared to those with 1D corrections, to a value of (∆µall) = 0.176 mag. The largest

reduction in value is to the SN in highly star forming galaxies where (∆µSB) = 0.159.

This reduced scatter in the Hubble residuals in the 5D likely due to the additional free

parameters allowed in the 5D bias corrections.

For SN Ia in starburst galaxies, we have recovered a value of σint = 0.099 mags
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in SB galaxies compared to a value of σint = 0.130 mags for our full sample and

σint = 0.120 mag for passive galaxies. This is an extremely small value of intrinsic

dispersion, which we can see is further reduced by performing the 5D bias corrections

to a value σint = 0.089 mags. This implies that SNe Ia residing in very young, starburst

galaxies are also more standardisable than a full sample of all SNe Ia across all host

galaxy types.

These results are consistent with the predictions that theorise SNe Ia with young or

prompt progenitor systems (starburst galaxies) are more homogeneous than those aris-

ing from tardy or older populations (passive galaxies), likely due to a small distribution

of progenitor ages amongst SB galaxies.

4.4.3.3 A Homogeneous sub-sample of SN Ia

Our aim throughout this study has been to identify if there is a subsample of SN Ia that

presents with less intrinsic dispersion, that could be identified by its host galaxy mea-

surements. Such a sample could reduce the effect of astrophysical systematics on derived

cosmological parameters in SN Ia cosmology, and reduce any bias in our measurements.

By splitting our sample of galaxies by sSFR (which correlates with galaxy type),

we have discovered that both SNe Ia formed in starburst environments and those in

passive environments exhibit more standardisability than those from galaxies comprised

of mixed stellar populations. When selecting SN Ia hosted in only SB galaxies, we have

effectively selected a sample of SNe Ia which all are from relatively young progenitor

stars. These galaxies will be affected by extinction from dust, due to the high gas

density in SB galaxies. We see that a sample of SN Ia from these younger progenitor

star environments exhibit redder colors, but have a reduced scatter in their x1 values.

Performing a cosmological analysis of these objects and propagating through the errors,

we find this group of SNe Ia exhibit a low intrinsic dispersion of σint = 0.099 (1D) and

σint = 0.089 (5D), and a reduced rms dispersion in their HRs. This is likely due to the

consistent nature of progenitor age (and possibly similar metallicity values). Conversely,

when selecting SNe hosted in only passive galaxies, we are selecting a sample of SNe Ia

which will be less affected by extinction due to galactic dust, as we know that passive

galaxies in general exhibit lower Rv values and have a much smaller gas density. We

also know that stars in passive systems are formed over a long time and are therefore

a variety of ages. We find that SNe Ia selected in passive environments also have a

reduced scatter in their HRs and exhibit a low intrinsic scatter of σint = 0.120 (1D)

and σint = 0.095 (5D). This is likely due to a less complex dust distribution present in

passive galaxies.

By performing a three-way split by sSFR, we have effectively almost disentangled

the effects of both progenitor age and dust extinction on SNe Ia. Although each of the
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hosts in our sample will be effected by both extinction and contain a mixture of stellar

ages, SN Ia born in the extremes of these galaxy populations will be less affected by

one or the other due to the physical processes within that galaxy. We have shown that

SNe Ia are generated from both old and very young progenitor systems, but there is

a systematic difference in the mean light-curve properties of the two components. If

one were to try to obtain a homogeneous sub-sample of SNe Ia, we would recommend

selecting SNe Ia formed only in SB galaxies, or only in passive galaxies.

However, these conclusions have more important implications for the use of SNe Ia in

cosmology. First, we have shown that a mixture of both host galaxy dust and progenitor

age are likely the cause of the luminosity dispersion in Type Ia supernovae. Currently,

precise cosmological distances from standardised SN Ia light curves require large and

accurate simulations to correct for survey selection biases on the sample. If the complex

intrinsic correlations between SN light-curves and host environment presented here are

not included in the simulations, the derived cosmological distances will not only have

larger systematic errors, but could be biased. This needs to be modelled further, and

will require large simulations to accurately capture and understand.

Furthermore, this has implications for measuring the redshift dependence of w. As

the cosmic specific star-formation rate density shows sharp evolution as a function of

redshift, the relative mix of the old and young SN Ia components will change accordingly

(assuming the rate of generating a SN Ia from a given progenitor scenario is invariant

with redshift). The prompt component should supply the dominant fraction of observed

SNe Ia at high redshift, with the older component producing a larger fraction at low

redshift. Therefore excellent understanding of the light-curve shape and luminosity

correction across different environments will be essential to fully exploit SNe Ia mea-

surements of w that utilise SN Ia at a high redshift, and, in particular, for the more

sensitive task of measuring any variation of w with redshift.

In future cosmological analysis, we would recommend selecting SNe Ia from the

extremes of galaxy types, removing any SNe Ia which have host galaxies that fall into

the category −12 < log(sSFR/M�yr
−1) < −9.5, where the effects of extinction and

progenitor age will be difficult to disentangle. This would provide two samples of SNe Ia

hosted from either passive or starburst galaxies, which are better standardisable candles.

However these two samples should be analysed separately. If one wishes to combine

the samples for cosmological use we would recommend both a 2-value β correction

dependent on host galaxy type, and two separate sets of bias corrections which depend

on the host galaxy characteristics, (ie. a 7D correction including a parameter that

describes extinction such as Rv, and a parameter that describes progenitor age such as

sSFR). In short, we advise that SNe Ia formed in passive and starburst galaxies should

be treated separately when calculating cosmological SNe Ia distances to reduce the bias
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in inferred cosmological parameters in future studies.

The study and classification of SN Ia environment using similar techniques to those

presented here, will become as important a part of determining future cosmological

constraints as measuring the light-curves of the SNe Ia themselves. Surveys which

routinely obtain detailed information on the environment of SNe Ia will be ideally placed

to perform studies of this nature. The Time-Domain Extragalactic Survey (Swann

et al., 2019) (see Chapter 5) is predicted to spectroscopically confirm upwards of 15,000

SNe Ia, and measure the host galaxy properties for over 50,000 host galaxies. Such a

sample of SN Ia and host galaxies from TiDES would be ideal for a future study of

this nature, as not only will the sample size be huge - reducing statistical uncertainty,

but a spectroscopically confirmed sample of SN Ia will reduce any unaccounted for

systematics in such an analysis due to CC contamination. With such a large sample

of SN Ia obtained with TiDES one could further such studies by accurately measuring

how SN Ia host galaxy characteristics evolve with redshift with statistically significant

sample sizes.

4.5 Summary

In this Chapter we have investigated the correlations between SN Ia light-curve mea-

surements, standardised SN Ia cosmological distances, and host galaxy properties. Our

sample contains a total of 1,296 photometrically classified SN Ia after cosmological cuts

following those in Betoule et al. (2014), with the additional requirement that each SN

Ia has a secure spectral redshift obtained from the host galaxy, not just a spectroscopic

redshift from the live SN Ia. Our sample is the largest known sample studied to date

from a single survey that spans a redshift range z < 1.2, for which we have host galaxy

spectra for each object.

We have measured the SFR for 71% of our galaxies that have statistically significant

flux of the emission lines Hα or [Oii]. We have also calculated the metallicity for a subset

comprising 23% of our host galaxies that have various strong emission lines present in

their spectra. On average our sample is more star forming than some others present in

the literature, likely due to our selection requirements.

We have demonstrated for the first time with a sample this size using spectroscopi-

cally derived host galaxy properties spanning a wide redshift range, that a relationship

exists between specific star-formation rate in a host galaxy and the SN light-curve width

(stretch), which is consistent with literature results (Sullivan et al., 2010; Lampeitl et al.,

2010b; Gupta et al., 2011; Childress et al., 2013b; Wolf et al., 2016). We have shown

that SN Ia show less rms dispersion in x1 measurements in lower mass, higher sSFR

galaxies. We find that high-stretch (brighter) SNe Ia are hosted by star-forming, low
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mass galaxies, low metallicity galaxies.

We have shown that a mixture of both host galaxy dust and progenitor age are

likely the cause of the luminosity dispersion in Type Ia supernovae. We find that SN

Ia hosted in the extremes of host galaxy populations (SB or passive) are better stan-

dardisable candles than those formed in complex mixed stellar population star forming

environments, with lower values of intrinsic luminosity dispersion and less dispersion

present in the rms of their Hubble residuals.

In future cosmological analysis, We recommend selecting SNe Ia from the extremes

of galaxy types, removing any SNe Ia which have host galaxies that fall into the category

−12 < log(sSFR/M�yr
−1) < −9.5, where the effects of extinction and progenitor age

are difficult to disentangle. We also recommend both a 2-value β correction dependent

on host galaxy type, and two separate sets of bias corrections (on each sample) which

depend on the host galaxy characteristics, (ie. a 7D correction including a parameter

that describes extinction such as Rv, and a parameter that describes progenitor age

such as sSFR). We also emphasise the need to better model the dependence of SN Ia

light curves on host galaxy properties to perform accurate bias corrections on a large

sample of SN Ia.

It is critical to consider the underlying relationship between SN Ia luminosity and

local environment when estimating the distance to individual SN Ia. Upcoming samples

of thousands of SNe Ia, both in the local Universe with IFU spectroscopy (Galbany et al.,

2016) and at high redshift from samples such as DES, LSST and TiDES Swann et al.

(2019), will allow us to constrain the to intrinsic correlation between host and SN, and

probe its evolution with redshift. This is key to ensuring that the inferred cosmological

parameters from SNe Ia surveys are unbiased in the era of precision cosmology.



Chapter 5

The Time Domain Extragalactic

Survey

“That’s the advantage of space. It’s big enough to hold practically any-

thing, and so, eventually, it does.”

- Terry Pratchett, The Last Hero

We now turn our attention to the future of large-scale transient spectroscopic follow

up surveys. The Time Domain Extragalactic Survey (henceforth TiDES) is focused

on the spectroscopic follow up of extragalactic optical transients and variable sources

selected from forthcoming large sky surveys such as that from the Legacy Survey of

Space and Time (LSST). As part of the TiDES and 4MOST collaborations, I have been

the lead in simulating LSST transient detections and the TiDES follow up, to optimise

survey strategy, estimate the quantity and quality of spectra TiDES will obtain, and

estimate the improvements that could be made to cosmological parameter measurements

using a spectroscopically or photometrically selected sample of Type Ia supernovae.

In this Chapter, we will introduce LSST, 4MOST and TiDES in Sections 5.1 & 5.2.

We then detail the work on our simulations, focusing on LSST transient simulations and

host galaxy simulations in Section 5.3. We simulate the full TiDES survey in Section

5.4 and analyse our results in Section 5.5. We explore how effectively TiDES could

measure cosmological parameters, and detail the implications for future cosmological

studies in Section 5.6. We conclude in Section 5.7.

Sections 5.2 - 5.4 are based upon work presented in Swann et al. (2019). Work in

Section 5.6 has been carried out in collaboration with Christopher Frohmaier and Maria

Vincenzi.
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5.1 The Legacy Survey of Space and Time

The Legacy Survey of Space and Time will be conducted from the Vera C. Rubin

Observatory on the 8.4-meter Simonyi Survey Telescope located on the Cerro Pachón

ridge in north-central Chile. With an 8.4 meter mirror and a 3200-megapixel camera

(the most powerful camera ever constructed) delivering over 20 terabytes of data a

night, LSST aims to observe the entire southern sky approximately once every three

nights - an ideal tool for studying the time domain Universe.

LSST is designed to address four science areas:

• Understanding dark energy and dark matter,

• The optical transient sky,

• Formation and evolution of the Milky Way,

• Asteroids and the remote solar system.

In this work we will be focusing on how LSST will image the transient optical sky,

with a particular focus on supernovae detections. LSST is expected to discover tens

of thousands of supernovae over the course of it’s ten year survey, imaging the sky in

six optical bands u, g, r, i, z, y. LSST will comprise of two surveys - the wide fast deep

program (WFD) and the deep drilling fields (DDF). The WFD program will image

18,000 deg2 of the southern sky with approximately 1000 visits spread across ten years.

The DDF program will frequently image the same four patches of sky, outlined in Table

5.1. Although the WFD will produce many detections of supernovae, the DDF strategy

will be ideal for producing observations of cosmologically useful Type Ia supernovae, as

their light curves will be sampled with a much higher frequency.

Name R.A dec Field ID

ELAIS S1 0.00 -45.5 744

XMM-LSS 34.4 -5.1 2412

Extended Chandra Deep Field-South 53.0 -27.4 1427

COSMOS 150.4 2.8 2786

Table 5.1: Locations of the LSST deep drilling fields.

The overall observing strategy of LSST has not yet been decided, and the choice of

cadence is a point of much contention. Different cadence choices produce very different

results for each LSST science case, and the final cadence will be chosen so that it

balances all four science goals. As such, in this work we assume mock-LSST cadences

that have been published by the LSST team, which we will highlight in each relevant

section.
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First light for LSST is expected in late-2020, with full science operations starting

at the beginning of 2023. Figure 5.1 shows an artist’s impression of the finished Vera

Rubin Observatory.

Figure 5.1: An artist’s impression of the Vera Rubin Observatory. Image credit: Rubin

Obs/NSF/AURA.

5.2 4MOST and TiDES

The 4MOST is an European Southern Observatory (ESO) project, designed to provide a

fibre-fed spectroscopic survey facility on the VISTA telescope (Sutherland et al., 2015)

designed to survey a large portion of the southern sky. The facility has multiplex

capabilities containing 2400 fibers, enabling it to simultaneously obtain spectra of 2400

objects distributed over a 4 deg2 field of view. The instrument has a high spectral

resolution and large wavelength coverage in the optical, enabling users to probe objects

down to a magnitude of approximately 23.5 in r during one 120 minute pointing. Figure

5.2 shows a photograph of the VISTA telescope, on which the 4MOST instrument will

be mounted.

The 4MOST consortium has ten sub-surveys; S1 Low resolution Milky Way halo,

S2 High resolution Milky Way Halo, S3 Low resolution Milky Way Disk Bulge, S4 High

resolution Milky Way disk bulge, S5 X-ray galaxy clusters, S6 X-ray AGN and QSO

survey, S7 Galaxy evolution (WAVES), S8 Cosmology, S9 Magellanic Clouds and S10

Transients (TiDES). Designing the TiDES survey strategy must take all of these surveys
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Figure 5.2: Photograph of the VISTA telescope at Paranal Observatory. Image credit:

ESO†

into account, as all will be running in tandem once telescope operations start.

4MOST comprises of a wide-field survey and a deep field survey which will be

targeted more frequently (twice per lunation, when schedulable) to allow for the stacking

of multiple galaxy spectra to reach a higher depth. The 4MOST deep fields are currently

planned to overlap with the LSST deep fields, although this may change. 4MOST is

currently in its manufacturing phase and expects to start science operations in 2022.

Full details of the 4MOST project overview, scientific operations and survey strategy

plan can be found in de Jong et al. (2019), Walcher et al. (2019) and Guiglion et al.

(2019). Figure 5.3 shows the 4MOST limiting magnitude per wavelength for typical

science cases.

TiDES contains three sub-surveys: (i) spectroscopic observations of supernova - like

transients; (ii) comprehensive follow up of transient host galaxies to obtain redshift

measurements for cosmological applications; and (iii) repeat spectroscopic observations

to enable the reverberation mapping of active galactic nuclei. Overall TiDES has 250,000

fibre hours of spectroscopy and their host galaxies. These sub-surveys will each tackle

a different science goal which we detail below.

5.2.1 TiDES-SN

The first goal is the nature of dark energy. Type Ia supernovae provide a mature and

well-exploited probe of the accelerating universe (e.g., Abbott et al. 2019), and their use

as standardisable candles is an immediate route to measuring the equation of state of

†Image available at www.eso.org/public/images/eso0704b.

http://www.eso.org/public/images/eso0704b/
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Figure 5.3: Simulated 4MOST point-source sensitivity for the SNR per Å values and sky

conditions indicated in the legend. The figure shows the minimum brightness of a target

as a function of wavelength, needed to reach the indicated SNR in a given exposure

time, under dark, grey, or bright sky conditions for the High resolution spectrograph

(HRS) and low resolution spectrograph (LRS). This plot is representative for an entire

4MOST survey, not just for the optimal conditions. The curves show typical science

cases. (Figure produced by the 4MOST collaboration, private communication)
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dark energy. LSST, for example, could assemble around 100,000 SNe Ia to z = 1 , giving

unprecedented insight into the expansion history of the Universe. However a major

systematic uncertainty will be the photometric classification and redshift measurement

of the supernova detections, for which TiDES can provide complementary information.

The program TiDES will run to address this goal is called TiDES-SN. The aim of

TiDES-SN is to observe live transients discovered by LSST and other transient surveys

as soon as feasible after discovery. The science goals for TiDES-SN include classifica-

tion of live SNe, including uncovering rare and unusual events, and construction of an

optimised training sample for the photometric classifiers that will be used to assemble

the next generation of SN Ia cosmological samples. The majority of TiDES targets will

come from LSST, which will produce millions of transient alerts and photometric data

on hundreds of thousands of SNe and other variable objects. TiDES will exploit the fact

that wherever 4MOST points in the extragalactic sky there will be known time-variable

sources, both recently discovered transients, and older, now faded events. Around 30

low-resolution spectrograph (LRS) fibres (2% of the total) in every pointing will be

allocated to extragalactic transients, their host galaxies, and AGN. TiDES will there-

fore ‘piggyback’ on the general 4MOST survey strategy and will not normally drive the

pointing of 4MOST.

The combination of LSST discoveries and fast turnaround spectroscopic data from

TiDES-SN will naturally provide spectroscopic follow up in the first days after explosion

for large samples of transients, including both classical SN types, and more exotic events.

Early-time observations (< 34 days from transient detection) will allow new insights into

the explosion environments and outer layers of the SN ejecta. Rare, fast transients that

rise and fall rapidly and that could make important contributions to galactic chemical

evolution (for example, calcium-rich fast transients), will also be explored statistically

for the first time. We will also target potential lensed SNe that fall within our survey

fields (for example, Goldstein et al. 2018) and other transients such as tidal disruption

events.

For SN Ia cosmology, even with TiDES, spectroscopic resources are not available

to target all candidate SNe Ia, and photometric classification techniques are therefore

critical for future SN Ia cosmological analyses. But even the most advanced machine-

learning classification techniques are fundamentally dependent on large, homogeneous

and representative training samples (Lochner et al., 2016). Although TiDES-SN cannot

provide a complete sample of SNe, it can provide an unbiased sampling of the whole

SN population down to r = 22.5 (AB) magnitudes which we show in Section 5.4. When

combined with the optical (LSST) light curves, this will provide an unsurpassed training

sample for future photometric classifiers.
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5.2.2 TiDES-Hosts

The second goal is to study the extragalactic transient universe. The extragalactic time-

domain universe is a far more diverse environment than was imagined only a decade ago.

New ‘superluminous supernovae’, ‘calcium-rich transients’, exotic thermonuclear explo-

sions, and even the newly-discovered kilonovae (Smartt et al., 2017) have all demon-

strated how little is known about explosive transient populations. LSST will enlarge all

these populations by many orders of magnitude and likely uncover entirely new forms

of explosions. The key to studying all of these classes of objects is spectroscopy that is

rapidly prioritised, which we will implement in TiDES.

With TiDES, we will obtain spectroscopic redshifts for host galaxies of SNe that have

faded away. This will provide: the SN redshifts required for LSST SN Ia cosmology (see

the LSST Dark Energy Science Collaboration Document by Mandelbaum et al. 2019);

improvements in SN photometric classification via the use of spectroscopic redshift

priors in the classification algorithms; and detailed spectral information on the brighter

host galaxies, such as metallicity and star formation rates. 4MOST should reach r =

22.5 magnitudes in two hours for galaxy redshifts. This limit will be fainter in the deep

fields, where our repeat observations will allow the stacking of many hours of spectra.

Our model is the Australian Dark Energy Survey (OzDES) which is described in detail

in Section 2.2.

5.2.3 TiDES-AGN

The third goal is cosmology and galaxy evolution with AGN. AGN are the most ener-

getic sources in the Universe, showing variability at all wavebands as mass is accreted

onto supermassive black holes in the centres of galaxies. The variability of the optical

continuum light from the accreting matter and its delayed response mirrored in the op-

tical emission lines of the surrounding material, can be (i) turned into a standard candle

similarly to SNe Ia, but out to higher redshifts (Watson et al., 2011) and (ii) used to

directly measure the masses of the black holes (Shen et al., 2016). TiDES will establish

a Hubble diagram of AGN between 0.1 < z < 2.5, providing an independent standard

candle and delivering the largest catalogue of dynamically measured black hole masses

on cosmological scales as a new basis for understanding galaxy evolution.

AGN as standardisable candles are complementary to SNe Ia, with a redshift distri-

bution that extends to higher redshift. In addition, by using two independent standard

candles, TiDES will be insensitive to systematic errors in any individual method, thus

increasing the reliability of the results. This will be particularly important when con-

straining the equation of state of dark energy. Our goal is to extend the redshift range

of current surveys, and to exceed the state of the art in early 2020 by at least a factor of
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two for reverberation-mapped AGN (King et al., 2015). This leads us to target around

700 AGN over the redshift range 0.1 < z < 2.5.

As a secondary science goal, we will be measuring dynamical masses of super massive

black holes in AGN out to z ≈ 2.5. Black hole mass is a key parameter in understanding

galaxy evolution. Most current black hole mass measurements outside the local universe

rely on indirect relations between black hole mass and galaxy properties, for example

the M-sigma relation (i.e., the correlation between the mass of the supermassive black

hole and stellar velocity dispersion). These methods are prone to biases depending on

the spatial resolution, which becomes increasingly problematic at higher red- shifts.

Reverberation-mapped black hole masses have become a standard in the local universe,

and we will now push this out to the early universe.

5.2.4 Summary

In summary, TiDES has a wide range of science goals which will push the boundaries

of transient cosmology. To determine survey strategy, science requirements and to

maximise the output of TiDES it is necessary to perform simulations which will inform

all of our scientific choices. We now move on to detailing the creation of the simulations

for the TiDES collaboration. It is worth noting that the AGN simulations were created

by Sebastian Hoenig, and only merged into the final TiDES catalogue by the author.

Therefore we will not go into detail on the creation of the AGN simulations during this

work.

5.3 Simulating LSST

The first step in creating a catalogue of transients and host galaxies that TiDES would

wish to follow up is to generate an LSST survey of transients. In this section we first

describe how we generate a photometric survey of LSST discovered transients across

the five years that LSST and 4MOST will overlap. We then go on to detail how we

generate spectra for each transient object to create a spectro-photometric catalogue of

LSST objects. Throughout this work we assume a typical ΛCDM cosmology, Ωm = 0.3

and H0 = 70km s−1 Mpc−1

5.3.1 Generating LSST transients - Photometry

The first step is to generate a LSST-like magnitude limited sample of all supernovae

that LSST could discover, over the full 18,000 deg2 LSST footprint. We use 24th

magnitude (r-band) as the limiting magnitude of the survey, which is slightly fainter

than the 4MOST magnitude limit. To generate the sample we use the python package

sncosmo (Barbary et al., 2016) to simulate photometric observations in four bands
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(g,r,i,z ). sncosmo is a library for supernova analysis. It provides a python wrapper

around various supernovae templates to generate synthetic spectra and light curves.

sncosmo can also include observational effects on the photometry such as Milky Way

dust extinction, host galaxy extinction and instrument feedback. We add the LSST

filter transmission files into sncosmo, as shown in Figure 5.4 so that each light curve

created by sncosmo could be accurately be converted into a magnitude as observed

by LSST. We chose to use sncosmo for our simulations over the SNANA software as

sncosmo is open-source and written in python, and so was easy to amend the code

quickly for our specific needs. SNANA and sncosmo work fundamentally on the same

principles, so the statistical outcomes of the simulations generated by either piece of

software should not be affected.
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Figure 5.4: Total throughput of the six LSST filters that will be used at the Rubin

Observatory, u, g, r, i, z and Y .

sncosmo takes in an array of supernovae redshifts with a defined t0, which is the

time of maximum light or the time of explosion depending on the specific template one

is using. It then creates the SED for each object and passes it through the desired

bandpass, returning synthetic fluxes and magnitudes for each epoch and each filter. As

the 4MOST facility simulator (described in Section 5.4) automatically adds in extra-

galactic extinction and Milky Way extinction as specified by the user, we do not apply

any extinction to our mock catalogue with sncosmo at this stage.

To calculate the distribution of supernovae redshifts and explosion times for all of

LSST, we use published literature works on volumetric rates of supernovae to determine
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the number of supernovae per redshift per year over cosmic time. We first split our

sample of transients into two classes - Type Ia and core-collapse (CC) as each arise due

to different production mechanisms.

For SNe Ia, we use the volumetric rate evolution SNRIa(z) of Type Ia SNe to be as

given in Frohmaier et al. (2019), a combination of the rates deduced from the SDSS-II

Supernova Survey (Dilday et al., 2010), SNLS (Perrett et al., 2012) and PTF (Law

et al., 2009; Frohmaier et al., 2019). The rate evolution is well described by a power

law that takes the form

SNRIa(z)/(yr−1Mpc−3) = r0(1 + z)α, (5.1)

where r0 = 2.27× 10−5yr−1Mpc−3 and α = 1.70 (a unit-less quantity).

We use a limiting redshift of zmax = 0.687 which corresponds to a maximum

brightness of 24th magnitude in r-band for a standard Type Ia supernova assuming

MB = −19.1 (maximum brightness in the B-band). This is the point at which 4MOST

would no longer be able to spectroscopically observe the explosion at maximum bright-

ness, calculated by numerically solving Equation 5.2;

mlim −Mpeak = 5 log

(
dL
Mpc

)
+ 25, (5.2)

where mlim is the apparent limiting magnitude, Mpeak is the peak apparent magnitude

of the SN Ia, and dL is the luminosity distance,

dL =

(
c

H0(1 + z)

∫ z

0

dz′

E(z′)

)
, (5.3)

where E(z′) is defined as

E(z′) =
(

Ωγ(1 + z4) + Ωm(1 + z)3 + ΩΛ

) 1
2
. (5.4)

We then use the known area and duration of the LSST survey to generate a distribu-

tion of redshifts and explosion dates of Type Ia supernovae. As we wish to capture the

diversity of Type Ia supernovae in our mock catalogue, we split this magnitude limited

sample of Type Ia supernova into SALT2-like, Ia-91T like and Ia-91bg like supernovae,

with a fractional probability of being assigned a type as given in Li et al. (2011).

We perform a similar process for CC supernovae. We assume that the volumetric

supernova rate follows the star formation history (SFH) of the universe, as it has been

shown that CC supernovae arise from the deaths of massive stars. We parametrise the

SFH of the universe as given by Li (2008);

SFH(z) =
a+ bz

1 + (z/c)d
, (5.5)
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where a = 0.0157, b = 0.118, c = 3.23 and d = 4.66. We then generate a volumetric

supernova rate evolution by anchoring the SFH at low redshift using the CC rate derived

from the SDSS supernova survey, SNRanchor = 1.06× 10−4yr−1Mpc−3h−3 at a redshift

zanchor = 0.072, as given in Taylor et al. (2014), using the equation

SNRCC(z) = SNRanchor ×
SFH(z)

SFH(zanchor)
. (5.6)

Inputting this rate evolution, a limiting magnitude (derived from equation 5.2), and

the LSST survey area and duration, we generate a distribution of redshifts for the CC

supernovae. We then randomly assign each supernova in the CC sample a type (Ib, Ic,

IIL, IIP), with a probability of being a subtype as given by Richardson et al. (2014).

Both the SNIa and CC rate evolution are shown in Figure 5.5.
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Figure 5.5: The volumetric rate evolution of Type Ia supernova explosions (Black) and

CC supernova explosions (Blue) with their one-sigma uncertainties.

To create photometric simulations of supernovae in sncosmo, an absolute magnitude

in a defined band and a spectral model must also be provided for each SN type. We

define the absolute magnitudes in the Bessel b-band shown in Table 5.2 along with the

model spectral templates which are taken from the literature.

Using sncosmo it is possible to introduce variation into the Type Ia SALT2 template

by varying the parameters x1 and c. We use a distribution of x1 and c parameters both

parametrised by Gaussian distributions centred on 0 with 3×σx1 = 3.0 and 3×σc = 0.3.
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This is a semi-realistic distribution of the x1 and c parameters for a sample of SN Ia,

which are often centered about 0.0 and extend to a maximum of x1 = ±3.0 and c = ±0.3.

However these parameters can depend on host galaxy properties as shown in Section 4,

and will never follow a perfect Gaussian distribution. Throughout these simulations the

absolute magnitude at peak brightness of all SNe Ia is fixed. This is due to the limited

number of templates accepted by the 4MOST Facility Simulator (4FS), and a realistic

variation in these parameters would dramatically increase the number of templates we

would have to provide. However, we address this issue in the second round of our

simulations described in Section 5.6.

Subtype MB Spectral model Reference

Ia -19.10 salt2, version 1.4 Guy et al. (2010); Betoule et al. (2014)

Ia-91T -19.40 nugent-sn91t Stern et al. (2004)

Ia-91bg -18.50 nugent-sn91bg Nugent et al. (2002)

Ib -17.54 snana-2004gv Extracted from SNANA Kessler et al. (2009)

Ic -17.67 snana-2004fe Extracted from SNANA Kessler et al. (2009)

IIL -17.98 nugent-sn2l Gilliland et al. (1999)

IIP -16.8 s11-2004hx Sako et al. (2011)

Table 5.2: The absolute B-band (Bessell) magnitudes for different SN subtypes, and

input SN spectral model.

By passing sncosmo the distributions of supernova redshift, template model and

associated parameters, maximum brightness and t0, we are able to simulate photometric

light curve points at any epoch for each LSST supernovae. An example of redshift

evolution of one of the spectral templates can be seen in Figure 5.6. At this point the

supernovae do not have a R.A or dec position, which is determined through host galaxy

association later on using a large scale structure simulation detailed in Section 5.3.2.

Therefore we cannot yet apply an LSST cadence to our observations as this is spatially

dependent.

We have now generated an entire simulation of every supernovae that was bright

across the LSST footprint over 5 years. We are now ready to generate host galaxies for

these supernovae, and to apply an LSST cadence to our observations to determine how

many supernovae LSST is likely to discover, and which of these TiDES would be able

to follow up.

5.3.2 Simulating LSST Type Ia Host Galaxies - Photometry

We first need to determine the likely distributions of our Type Ia host galaxy properties.

The primary aim of TiDES-Hosts is to obtain redshifts and host galaxy properties of
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Figure 5.6: The redshift evolution of the spectrum of a standard Type Ia supernova

(x1 = 0, c = 0) at peak brightness for input into 4FS. Instrumental effects and errors

are added as part of the 4FS process.
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Type Ia SNe, so we do not include host galaxies of other transient objects. To do this

we use a data-driven approach, using measurements derived from the OzDES 3 year

survey and the SDSS-SN survey. Note that this work was completed before our 5-year

analysis of DES/OzDES hosts described in Chapters 2 and 4, hence the reason we use

the three year dataset.

5.3.2.1 Determining Host Galaxy Properties

The SDSS SN-Survey discovered a total of 2120 intermediate redshift, spectroscopically

confirmed SNe Ia over a two year period (Sako et al., 2018). Host galaxy spectra of

999 of these SNe were taken. We remove any SN Ia hosts from our sample that contain

AGN, poor spectra warnings, as well as 3 SNe Ia that had clearly been matched to the

wrong host galaxy. The original SN Ia dataset had host matching performed at the

conclusion of the SDSSII-SN Survey with Data Release 7 (DR7) data. However a quick

re-analysis using the DR13 SDSS data products showed the redshifts of these hosts had

been erroneously measured during DR7 and had subsequently been changed for DR13,

causing mismatches in redshift between the SN Ia and host of > 0.3. After these cuts

we use the remaining 354 SN Ia hosts as our sample to deduce g-i rest frame colour,

stellar mass, SFR, and the ratio of hosts that are passive or star forming.

The OzDES survey is described in detail in Section 2.2. Within the first three years

of the OzDES survey, 2566 SN Ia host galaxies had obtained redshifts with a confidence

level of 95%. We use this sample of SN Ia host galaxies to determine the redshift and

magnitude distributions of SN Ia hosts. As the SDSS SN-Survey provides us only with a

small sample size of galaxies, it is not ideal for determining the magnitude distribution

of host galaxies across varying redshift bins. However we cannot use the OzDES dataset

alone for this analysis as the measurements of host galaxy SFR and stellar mass were

not readily available at the time. However as both the datasets are distributed over a

similar redshift range, we feel confident in combining these to infer the distributions of

host galaxy properties.

To determine the rest frame g-i colour of our hosts we take the SDSS data product

cModelMag, which is the best fit combination of both a de Vaucouleurs and an expo-

nential profile to determine the g and i band colours of the host. We correct for Milky

Way extinction using the maps from Schlegel et al. (1997), and perform a k-correction

on the magnitudes to move them to the rest frame. We take the mass of the SN Ia

hosts to be the SDSS data product logMass, the stellar mass of the galaxy calculated

using the method of Maraston et al. (2009).

We divide our sample of SDSS hosts into two populations - passive and star-forming.

In the SDSS database, passive galaxies are denoted as SFR= 0. We then create a

three dimensional Gaussian Kernel Density Estimation (hereafter KDE) to derive the



5.3. Simulating LSST 158

probability distribution of a host having a specific SFR, Mass and rest frame colour.

Figure 5.7 shows the flattened two-dimensional probability distribution split by SFR.

9.0 9.5 10.0 10.5 11.0 11.5 12.0
log10(Mass/M )

0.5

1.0

1.5

2.0

2.5

3.0

K
-C

or
re

ct
ed

 (g
i) 

C
ol

ou
r

SDSS-SN SF Galaxies
 SFR > 0

9.0 9.5 10.0 10.5 11.0 11.5 12.0
log10(Mass/M )

0.5

1.0

1.5

2.0

2.5

3.0

K
-C

or
re

ct
ed

 (g
i) 

C
ol

ou
r

SDSS-SN Passive Galaxies 
 SFR = 0

0 × 100

2 × 10 4

4 × 10 4

6 × 10 4

8 × 10 4

1 × 10 3

1 × 10 3

K
D

E
 P

D
F S

F(
M

as
s,

(g
-i)

)

0 × 100

2 × 10 4

4 × 10 4

6 × 10 4

8 × 10 4

1 × 10 3

1 × 10 3

K
D

E
 P

D
F P

as
s(

M
as

s,
(g

-i)
)

Figure 5.7: The probability distribution function of host galaxy parameters generated

by the Kernel density estimation of our input data (shown as black points). Top panel

shows the K-corrected g − i band colour vs Host galaxy stellar mass for star forming

galaxies in our sample, whilst the bottom panel shows the same for passive galaxies in

our sample.

We perform a similar process on the OzDES galaxies to determine an accurate

distribution of SN Ia hosts in magnitude and redshift space. We use a two-dimensional

KDE to create a PDF of host galaxy magnitude and redshift. The resulting probability

distribution can be seen in Figure 5.8.

We have determined the probability distributions for the magnitude, colour and

stellar mass of Type Ia host galaxies, representative up to a redshift of ≈ 1.3. We assume

that each Type Ia supernovae has a host galaxy associated with it. Each individual

supernovae has a pre-determined redshift, which will closely match that of the host
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Figure 5.8: The two-dimensional probability distribution function of redshift versus ap-

parent r-band magnitude for our host galaxy data (indicated as black points) generated

using a kernel density estimation.
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galaxy. Through assuming that zSN = zHost, we determine an (AB) r magnitude of the

host galaxy drawing from the probability distribution of magr in the relevant redshift

bin. We then randomly assign the galaxy as passive or star forming, with a probability

equal to that of the data in the SDSS-SN survey. Once a galaxy has been given a star-

formation status, we then use the three-dimensional KDEs derived from the SDSS data

to assign the galaxy a g−i colour, stellar mass and SFR. As all passive galaxies in SDSS

have a SFR= 0, we do not yet have values for SFR for our passive galaxies. Although

passive galaxies have little star formation, they do not have zero star formation. We

address this below in Section 5.3.2.2.

In an SQL database we record the host galaxy properties for each supernovae. We

are now ready to determine realistic positions of our supernovae and galaxies across the

LSST footprint using a large-scale structure simulation.

5.3.2.2 Simulating Accurate Large Scale Structure

To determine the spatial positioning of our Type Ia host galaxies and supernovae, we

use a variation of the Lagos et al. (2012) flavour of the large scale structure of the

semi-analytic model GALFORM (Cole et al., 2000), provided through private commu-

nication.

For each supernova and associated host galaxy we have generated, we match it to a

GALFORM galaxy using a KDTree nearest neighbours search within a redshift shell of

width ∆z = 0.05. We perform the nearest neighbours search across all 5 parameters we

have generated - redshift, SFR, Host galaxy mass, g − i colour, r-band magnitude. As

the GALFORM catalogue contains over 25 million galaxies, we find that there are more

than enough galaxies for us to match our sample to. Once a galaxy in our sample has

been matched to a GALFORM galaxy, we record the R.A and dec of the GALFORM

galaxy and assign this position to our simulated hosts. If two of our galaxies match

to the same object in GALFORM, we then pick the second nearest-neighbour in the

5-D parameter space as the best match. We place a restriction on how far away our

simulated galaxies can be from a GALFORM entry, which is a maximum of 5% of any

of the 5-D parameters. By performing this process we assign 96% of our simulated host

galaxies positions.

The remaining 4% of simulated galaxies which could not be assigned a position

using the GALFORM simulation are discarded. We keep the supernovae associated

with these hosts, and designate them to be hostless. The failed matches may be due to

the galaxy properties lying in an area of particularly unlikely parameter space for that

redshift shell, or due to the fact that we have not accounted for any redshift evolution

of the galaxy properties (except r-band magnitude) in our simulation of host properties.

However, as approximately 4% of Type Ia supernovae observations do not have a clearly
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associated host galaxy within DLR < 6 (see Section 2.2.1 for the definition of DLR),

this does not cause a large discrepancy between our simulations and reality.

Each supernovae is assigned an R.A. and dec position slightly offset from that of

the galaxy centre using the equation

[R.ASN, decSN] = [R.Agal +N (0, 0.001), decgal +N (0, 0.001)], (5.7)

where N(µ, σ) is a normal distribution with centre µ and width σ. We record the R.A

and dec values of the supernovae and host galaxy in the SQL table. Supernovae Type

Ia and all core-collapse transients are given a random R.A and dec within the LSST

footprint.

As mentioned in the previous section, our simulated Passive galaxies do not yet have

a value for SFR. To give our passive galaxies a numerical value for SFR, we determine a

likely value using the GALFORM simulation. We define a passive galaxy in GALFORM

to have a sSFR< −10.75. We select galaxies from GALFORM that fall below this sSFR

and remove any galaxies that lie beyond the extremities of our sample in colour, mass,

redshift etc. We then create another 5-D PDF containing a selection of passive galaxy

star formation rates using the information from the GALFORM survey using a KDE.

Each passive galaxy is then assigned a SFR randomly drawn from the resulting 1D PDF

when we fix the colour, mass, redshift, and brightness of each galaxy.

The final step is to remove objects that would lie behind the Milky Way, which

contains dense gas and stars causing objects behind them to be rendered effectively

undetectable. We remove all objects that lie within ±10 deg of the galactic plane,

effectively ’cutting out’ the Milky Way.

Our simulation now includes all LSST supernovae, their magnitude evolution, and

a catalogue of Type Ia host galaxies and their properties. The distributions of our

simulated host galaxy properties are shown in Figure 5.9, and the distribution across

the sky of our simulated host galaxies is shown in 5.10. The next step is to generate

spectral templates for all of these objects. We can then apply an LSST cadence to

our simulation, and pass the output to the 4MOST simulator to determine the likely

outcomes of the TiDES survey.

5.3.3 Simulating Supernovae Spectra

The 4MOST Facility Simulator (4FS) requires us to input a spectral template for each

object. However the simulator can only load in a limited number of templates. Therefore

we cannot generate a spectrum for each object individually, but must create a large range

of templates that can capture the diversity within our galaxies and our supernovae. This

is more difficult for the supernovae observations, as the templates must not only capture

the variations of supernovae types and their redshift, but also the variation in phase
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Figure 5.9: The distribution of the TiDES simulated Type Ia supernova host galaxy

properties. From top left to bottom: The distribution of redshifts, log10(Mass/M�),

log10(SFR/M�yr−1),r-band SDSS magnitude (AB), rest frame g-i band colour. The

Plateau present in the SFR is due to the split between the different progenitor channels

existing in both passive and star forming host galaxies.
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Figure 5.10: The density distribution of the full sample of simulated SN Ia host galaxies

across the sky.

and other parameters such as x1 and c. Fortunately, 4FS will automatically re-scale

a template to the correct magnitude of the object so we do not need to worry about

variations in brightness of each object.

For each different type of transient, we decide to use one spectral template - the

same ones used to generate the light curves of the objects. The spectral templates are

detailed in Table 5.2. We use sncosmo to generate the spectra using the maximum

brightness for each supernovae subtype as shown in Table 5.2. We generate these across

a grid of redshifts between z = 0.0 and z = 1.3 with a redshift interval of ∆z = 0.02.

We also generate the templates at a range of phases which differ for each subtype with

the typical length of time the supernova remains bright. These are shown in Table 5.3.

For the Type Ia supernovae templates we also generate the spectral templates with

variation in x1 as −3 < x1 < 3 with ∆x1 = 1.5 and in c as −0.1 < c < 0.1 with

∆c = 0.05 (typical ranges for cosmologically useful Type Ia supernovae). Overall, we

generate a total of 1885 templates for our supernovae sample. 4FS requires that all

spectra are scaled to equal the same magnitude in a particular band. The choice of

band and magnitude are up to the user. We choose to scale all of our templates to an

apparent magnitude (AB) in the SDSS r-band.

We use the following equation to determine mAB, the current magnitude of our

templates in the sdss r-band in the AB magnitude system,
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SN subtype Phases, days since

explosion in rest frame

Ia 10, 20, 30, 45

Ia-91T 18, 36, 54, 72

Ia-91bg 22, 44, 66, 88

Ib 35, 70, 105, 140

Ic 35, 70, 105, 140

IIL 40, 80, 120

IIP 20, 40, 60, 80

Table 5.3: The list of supernova subtypes and phases for which we create spectral

templates for TiDES.

mAB = −2.5 log

( ∫
fλt(λ)λdλ∫

fab(λ)t(λ)λdλ

)
, (5.8)

where fλ is the spectral flux density of the spectral template in units of erg/s/cm2/Å,

t(λ) is the transmission function of the filter, λ is the wave-vector in , and fab(λ) is

the zero-point function of the AB magnitude system as a function of λ. Equations 5.9

&5.10 shows how one converts from the standard zero-point equation in AB magnitudes

as a function of frequency fab(ν), to one in wavelength fab(λ). Note that in the AB

system, fab(ν) is constant across all frequencies.

fab(ν) = 3631× 10−23erg/s/cm2/Hz, (5.9)

fab(λ) =
fab(ν)

erg/s/cm2/Hz
× 3.00× 1018 × λ−2erg/s/cm2/Å. (5.10)

To convert our templates to an r-band AB magnitude of 16.5, we multiply our

spectral template by the renormalisation factor rf , where

rf =
16.5

mAB
, (5.11)

so that

rescaled templates = rf × original templates. (5.12)

Figure 5.11 shows the spectral templates from Figure 5.6 scaled to a common magnitude

of mr(AB) = 16.5.

5.3.4 Simulating Host Galaxy Spectra

Within the 4MOST collaboration, there are other surveys whose main scientific goal is

the study of galaxies. The WAVES survey (Driver et al., 2016) is a survey designed
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Figure 5.11: . The spectra of a Type Ia supernova at peak brightness at various redshifts

(as shown in Figure 5.6) scaled to a common apparent magnitude of 16.5 in the SDSS

r-band (AB) as required by 4FS.

to measure the redshifts of 1.6 million galaxies out to a redshift of z = 0.8. To avoid

unnecessary duplicates of many hundreds of similar galaxy templates, we decide to use

the WAVES galaxy templates to represent those of our host galaxies.

The WAVES templates were provided to us through private communication, and

were created by Luke Davis. Here we give an overview of how these templates were

generated.

The input spectral templates WAVES use are the pPXF fits to Galaxy And Mass

Assembly (GAMA) (Baldry et al., 2010) survey region spectra produced by Matt Owers.

Instead of using the GAMA AAT spectra, the SDSS spectra in the GAMA region were

used. The sample of SDSS spectra had cuts made to remove AGN, remove any spectra

with a SNR< 5 and only use sources at z < 0.2.

The WAVES team wish to generate templates that vary with stellar mass, SFR and

g− i colour. They select spectra with colours and masses representative of their sample

from GAMA from both star forming and passive galaxies. To select spectra from SDSS

with these properties, all sources are identified which are within ± 0.1 dex in stellar

mass, and ±0.02 dex in g-i colour. The spectrum selected to be used as the template is

that with the highest SNR. Each template is then used to generate mock galaxy spectra

at redshift intervals of ∆z = 0.05 in intervals between 0 < z < 0.95 interpolated to
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a common wavelength scale of 3000Å < λ < 10000Å with ∆λ = 0.05Å. The spectra

are then spliced with the best fit BC03 (Bruzual & Charlot 2003) models to extend the

spectral range of the templates. This process results in 1472 different galaxy templates.

4FS also requires us to input the name of the relevant template for each object. We

cannot perform this process for the supernovae until we have applied our LSST cadence,

as we must match the phase of the supernova to that of the most similar template.

However at this stage we can perform this process for our galaxies. To determine which

template each of our galaxies will be assigned, we use a nearest neighbours match

between the galaxy properties and the grid of templates in g − i colour, stellar mass,

redshift, and SFR.

Our catalogues are now ready to have an LSST cadence applied to them, determining

which supernovae (and subsequently Type Ia host galaxies) LSST will likely detect and

be passed to TiDES for spectroscopic follow up.

5.3.5 Application of an LSST Cadence

The choice of LSST cadence is a difficult one. The working group assigned to determine

LSST strategy have simulated many different cadences in order to find which type of

cadence will meet LSST science goals best. However balancing each science goal can be

tricky, and cadence choice will have a large effect on the number of supernovae LSST will

detect. We choose to apply the cadence mothra_2045 to our simulation. The simulated

cadence file mothra_2045 is known as a ’rolling cadence’ where specific parts of the sky

are re-targeted soon after first observation to allow for better detections of extragalactic

transients. However in LSST-DESC simulations, mothra_2045 was found to be a rea-

sonably conservative choice for extragalactic transient detection producing neither the

worst nor the best results. A comparison of mothra_2045 and other simulated LSST

cadences is shown in Figure 5.12. As it is likely that the final cadence chosen will also be

one that does not prioritise any specific science goal and will be a rolling type cadence,

we believe that the numbers of transient detections from the mothra_2045 will provide

a conservative estimate of the numbers of transients LSST will detect in reality.

We first convert the mothra_2045 cadence file in the format of an LSST libsim

to a format which can be passed to our simulation code. The cadence file contains

information on what telescope filter is pointing where at which point in time. It also

simulates the delay time in between each filter change over, and in slewing the telescope.

Figure 5.13 shows the density of LSST pointings from the mothra_2045 cadence, with

each exposure in each filter counting as one observation. Once the information has

been reformatted and passed to the simulator, we determine which supernovae would be

detected during each single LSST pointing. Every supernova that is in the telescope FoV

and has a magnitude brighter than the limiting magnitude, is recorded as a detection.
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Figure 5.12: A comparison between different LSST cadence choices‡. For each cadence

the number of cosmologically useful SNe Ia from the WFD survey vs the median redshift

of such a sample is plotted. The colours and symbols of the points represent the family

of simulations each cadence is from.
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Figure 5.13: The density of LSST observations across all filters (u, g, r, i, z, Y ) for the

cadence mothra_2045.

‡Image originally presented to the DESC collaboration by N. Regnault &, P. Gris., provided by

private communication
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We repeat this for all telescope pointings across every filter on all nights that LSST

runs. Our simulation outputs an SQL table of transient detections from the Rubin

Observatory containing information on the magnitude in a filter of the supernova at a

particular time. This leaves us with a catalogue of all LSST detections in every filter of

all transients. This assumes perfect weather conditions throughout the LSST survey, so

is an optimistic estimate of the total number of detections the Rubin Observatory will

make. Figure 5.14 shows the Rubin Observatory observed light curve of a randomly

selected SN Ia in our catalogue.

We assume that all of our host galaxies make it into the catalogue. This is not

unrealistic, as the Vera-Rubin Observatory will image the same patch of sky multiple

times, and will be able to build up deep-stack images of the relatively stationary and

constant galaxy flux, even if they are faint.

This catalogue mimics a real-time data stream that TiDES would have to mine to

find suitable transient candidates for spectroscopic follow up. As we now have a fully

simulated photometric LSST transient sky, with an attached spectra for each object,

we can apply the TiDES strategy for spectroscopic follow up.
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Figure 5.14: The light curve of a randomly selected Type Ia supernova from our

simulation (z = 0.140, x1 = 0.532, c= −0.137) as detected in the LSST u, g, r, i, z

bands. The circular points indicate times at which LSST made an observation, and the

solid lines show the underlying simulated light curve. No Y band detection was made

for this object.
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5.4 Simulating TiDES

We are now ready to use the catalogue of LSST transient detections to simulate TiDES.

In this section we describe how we take our mock LSST data stream and format it to

be run using the 4MOST Facility Simulator. We first outline the 4MOST Facility

Simulator software, and the requirements our catalogue must meet to be input into

the full 4MOST simulations. We then describe how we create a catalogue of objects

from our simulated LSST data to pass into the 4MOST target queue. We briefly detail

how the TiDES-RM AGN targets were added to the catalogue. We explain how we

apply a 4MOST targeting schedule to our TiDES data-stream, before passing it to the

4MOST Facility Simulator (4FS) and the Exposure Time Calculator (ETC). We detail

how we measure the overall success of the TiDES survey, and how the initial results

informed the TiDES survey strategy. The results of this section have contributed to

several papers (Tempel et al., 2020b,a; Carrick et al., prep) which used this simulated

catalogue (version 1) of TiDES observations in their work.

5.4.1 4FS

The 4MOST Facility Simulator (4FS) is software developed by the 4MOST collaboration

to simulate the 4MOST consortium surveys. The software comprises two main parts;

4FS_OpSim and 4FS_ETC.

The 4FS_OpSim is the 4MOST Operations Simulator, which simulates the running

of a full 4MOST sky over five years. As input 4FS_OpSim takes a set of real or mock

target catalogues, with estimated required exposure time for a limited set of observing

conditions. To produce realistic results, 4FS_OpSim has a detailed model of the 4MOST

facility, data from observing conditions at Paranal and observational constraints built

in. The software models the various survey strategy algorithms including sky tiling,

fiber assignment, progress monitoring) that will be used by the real 4MOST survey to

deliver the maximum science impact possible. The software attempts to maximise the

Figure of Merit (FoM) of each sub-survey, which is an algorithm designed to map the

success of each survey. A FoM= 0.0 defines zero survey success, whereas a FoM= 0.5

defines the point at which the sub-survey has met its science goals and been delivered

successfully. A 0.5 < FoM≥ 1.0 represents greater than required survey success, above

and beyond the expectations of the defined survey science goals. To calculate the FoM,

4FS requires the user to provide Large Scale Merit (LSM), Small Scale Merit (SSM)

and Required Area (Areq) files. The FoM is defined as

FoM =
Atot
Areq

n∑
i=0

(LSMi × SSMi) (5.13)

where Atot is the total area containing targets and i represents each pixel with a total of n
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pixels. The LSM is a set of weights assigned to a pixelised celestial sphere in the healpix

regime with a 3.35 deg2 resolution, corresponding to a healpix parameter NSIDE=32.

The sum of the LSM across all pixels is equal to unity. The SSM is a function relating

completeness to a merit value. The completeness is defined as the ratio between the

number of successfully observed targets and the total number of targets available in a

particular pixel. The SSM ranges between 0 and 1 in each pixel.

The 4FS_ETC is the 4MOST Exposure Time Calculator, a software tool used to pro-

cess spectral template through the 4MOST system response using the 4FS_TS (Through-

put Simulator), and then to judge the quality of the resultant spectral realisations using

4FS_DQCT (Data Quality Control Tools). The output of 4FS_ETC is a catalogue of the es-

timates of the minimum exposure time required under a set of observational conditions

to successfully observe an object, where success is defined by a set of machine-readable

rules that can be calculated from a spectrum. These machine readable rules are called

the SSC, Spectral Success Criteria. These are passed to the ETC in two files called

rules and rulesets.

The results of 4FS_OpSim and 4FS_ETC give the output of 4FS in the form of; an

observed targets list detailing if the target met its success criteria; statistics and plots

from the simulation; a realised sky tiling map; and the FoM results. A schematic of the

4FS software is shown in Figure 5.15.

If one follows through all the processes of 4FS when trying to observe transient

objects, they would encounter a problem. The way 4FS calculates which tiles to visit

on each night is through an analysis using the total number of targets in that field over

the course of the whole 5 year survey. It assumes that all of the targets are static,

and can be observed at any point during the five year survey. As supernovae can vary

dramatically in brightness in days, targets will only be observable for a short period

of time which 4FS does not take into account. Our SSM (discussed below in more

detail) is designed to enable us to target as many transients in a field as possible. If we

included the entire LSST data stream in our 4FS input, the simulator would assume

all supernovae were static in magnitude and return wildly optimistic results. To avoid

erroneous results, we must apply a 4MOST pointing algorithm to our LSST data stream

to ensure the representative number of targets at the correct magnitude distribution

were present during any 4MOST visit. As the 4MOST pointings map is an output of

4FS, we must first run 4FS without TiDES-SN to obtain the pointing file. We can then

use this to mimic a 4FS cadence over the LSST data stream before passing TiDES-SN

to 4FS. As LSST should have discovered supernovae wherever 4MOST chooses to point,

we are not overly concerned about how the removal of TiDES-SN affects the 4MOST

tile selection.

We now understand what inputs 4FS must have from us to run. We look at how
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we apply the 4MOST pointings file to our simulated LSST data stream to create a

catalogue that would look similar to a compilation of all the transient observing blocks

(OBs) submitted to 4MOST by TiDES over the full 4MOST survey.

5.4.2 The TiDES Data Stream

In Section 5.3.1 we described the process we used to generate a catalogue containing

every LSST detection of a live supernova transient or its host galaxy over 5 years. This

catalogue mimics the real-time information that would be passed to TiDES from a LSST

broker such as Lasair† (Smith, 2019) which provide details of real-time LSST detections

to the wider astronomical community. TiDES would then mine this data in real-time

for suitable candidates to spectroscopically follow up.

We need to provide 4FS with an input catalogue of targets that closely matches

what the TiDES survey would request to be added for observation. As TiDES wishes

all possible transients to be spectroscopically observed, all likely transients will be passed

to the 4MOST scheduler. We assume that for a transient to be entered into the 4MOST

catalogue, it must have had at least two 5σ detections from LSST on different nights

in any filter. As soon as an object has met this threshold we consider it to be flagged

for entry into the 4MOST queue. Any object that did not have more than one 5-

sigma detection, or did not get observed on more than a single night were removed

from the TiDES data stream, along with its host galaxy. Every object that meets our

LSST detection criteria is saved within an SQL database, detailing the night of LSST

detection (DATE_START) and the date at which the supernovae can no longer be

observed by 4MOST when it has passed the magnitude threshold (DATE_END). Each

host galaxy associated with a transient is entered into the queue once the supernova

has faded, with a DATE_END equal to the last day of the 4MOST survey.

We then apply a 4MOST pointings file over our remaining objects. The mock

4MOST pointings file is generated by 4FS, so we must use the pointings file generated

from the previous 4FS run. Figure 5.16 shows the density of simulated 4MOST pointings

from the 4FS run of October 2019. As the number of TiDES transients will account

for less than 2% of 4MOST fibers in any one pointing, we do not expect the pointings

files to change dramatically between each run of the simulations, unless the larger

4MOST surveys change their mock catalogues drastically in between runs. If any of

our objects fall within a 4MOST pointing spatially and during DATE_START < t <

DATE_END, we can consider it observed (not necessarily successfully) by 4MOST.

We record in a separate database: the object ID of the transient/host galaxy, the

magnitude at the time of 4MOST observation, the spectral template associated and

other metadata. This database of transients and host galaxies closely matches what a

†Lasair is publically available to access at https://lasair.roe.ac.uk/
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TiDES data-stream would look like. We are now ready to turn our database into an

input catalogue for 4FS.

18090090180
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Density of 20 minute 4MOST pointings

Figure 5.16: The simulated density of individual 20 minute 4MOST pointings across

the entire 5 year survey.

At this point, we add the TiDES-RM data to our catalogue. As TiDES-RM targets

are exclusively in the deep field and rely on 4MOST repeatedly targeting the same

objects over a long period of time, we do not apply a 4MOST pointings strategy to this

data. The TiDES-RM targets are taken from catalogue data from the COSMOS deep

field legacy surveys and the OzDES Quasar catalogue in the ES, XMM, and CDFS

fields. For each object, we estimate its luminosity based on the rest-frame g-band

magnitude and assign a corresponding emission line lag according to the lag-luminosity

relation of the Hbeta emission line. For Mg II, we assume that the lag is 10% smaller

than for Hbeta. We also allow for an intrinsic scatter in the distributions based on the

observed lag-luminosity relation. From the resulting target catalogue, we select sources

with r-band magnitude < 20.4. This leads to a full initial TiDES-RM catalogue of 766

objects, which is used for survey simulations.

5.4.3 Running 4FS

We are now ready to transform our mock TiDES data stream into a catalogue ready

for input into 4FS, and create the necessary auxiliary files to run the software. We first

outline the process in which we create the mock catalogue to ESO specification. We
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then detail the purpose and creation of the auxiliary files needed to run 4FS.

5.4.3.1 A 4FS-ready Mock Catalogue

The catalogues provided must be stored in a FITS file with specific columns and for-

matting. The columns, their cell types and a description can be seen in Table 5.4.

We use python to extract the simulated data from our SQL table to fill out the

columns NAMES, RA, DEC, TEMPLATE, REDSHIFT and MAG. We set columns

PMRA and PMDEC to zero, as this feature was designed to incorporate the proper

motions of galactic objects. As our objects are extragalactic, any shift in the spectra

due the proper motion of an object is negligible. The column EPOCH is populated

with 2000(yrs), as our RA and DEC are measured in the J2000 system. Similarly the

RESOLUTION column is set to 1, as we do not have a need to use the high resolution

spectrograph on any of our objects. Column SUBSURVEY is populated with ‘TIDES-

SN’ if the object is a live transient, or ‘TIDES-HOST’ if the object is a galaxy. The

value of column PRIORITY is a representation of the target priority relative to other

targets in this catalogue. As we wish all of our transient targets to be observed, these

have a priority = 100. Host galaxies have a priority set to 90. REDSHIFT_ERROR

and MAG_ERR are set to zero, as our catalogue is a simulated catalogue. Other

surveys which use real photometric data as the basis for their catalogues may not know

the true redshifts or magnitudes of their objects and would provide an error estimate.

We populate the MAG_TYPE column with ‘SDSS_r_AB’ to indicate our magnitudes

are in the AB system measured using the SDSS r-band system. We calculate the E(B-

V) values for the REDDENING column using the maps published by Schlegel et al.

(1997).

Our catalogue is complete, minus the column RULESET. To run 4FS, we must add

in a ruleset for each of our objects, and pass the required auxiliary files to the software.

5.4.3.2 4FS Auxiliary Files

Finally we must pass all of the required auxiliary files to the simulator. These files are

called the rules, rulesets, SSM and LSM. The rules and rulesets files contain the

information on the spectral success criteria of each object. The SSM and LSM provide

information on which regions of the sky and which objects are the most important to

target.

Each target in a catalogue needs a ruleset, which specifies the success criteria of an

observation, which allows the computation of the exposure time of an object. A ruleset

can be used by many targets, and is defined by one value and expression. The machine

readable rulesets file contain three columns; RULESET_NAME a unique identifier for the

ruleset, REQ_VALUE a numeric value that defines the minimum threshold for a target
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Column Name Type Description Notes

NAME String Human readable identifier Required to

for the object be unique

RA 1D Right Ascension Units: Degrees

(double)

DEC 1D Declination Units: Degrees

(double)

PMRA 1E Proper motion of the Can be NULL

(float) target

PMRA 1E Proper motion of the Can be NULL

(float) target

EPOCH 1E Epoch of the position Units: Years

(float) given in RA and DEC

RESOLUTION 1I Desired spectrograph for 1 = LRS

(short integer) this target 2 = HRS

SUBSURVEY String Sub-survey specification

PRIORITY 1I Numerical representation of In range [1:100]

(short integer) priority 100=Highest

TEMPLATE String Spectral template filename

RULESET String Name of the Ruleset

containing the spectral success

criteria to be applied

REDSHIFT 1E (float) Redshift of the target

(float)

REDSHIFT_ 1E (float)

ERROR (float)

MAG 1E Apparent magnitude of

(float) the target (already reddened)

MAG_ERR 1E One sigma uncertainties

(float) on MAG

MAG_TYPE String Identifier for the magnitude

system in which MAG

is measured

REDDENING 1E Foreground reddening at the

target location

Table 5.4: The required format for a mock catalogue of targets for input into 4FS.
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to be considered successfully observed, and EXPRESSION an arithmetic expression built

from the results of one or more named Rules and is compared to REQUIRED_VALUE.

The rules file specifies the equations used to calculate the result of the EXPRESSION

column in the rulesets file. Each rule is defined by a set of ten parameters, operators

or values to define an equation. Before we can create our rules and rulesets files, we

must understand what criteria we want met for a TiDES observation to be considered

a success.

The qualitative spectral success criteria (SSC) are a successful transient classification

(TiDES-SN); a successful redshift measurement (TiDES-Hosts); and a successful AGN

spectrum taken (TiDES- RM). The first two criteria are difficult to quantify. For TiDES-

SN, the success will depend on the SNR in the 4MOST spectrum, the transient type (and

hence spectral features), and the amount of contaminating light from the transient host

galaxy. Supernova spectra are dominated by broad features many tens of Angstroms

wide, and thus our SSC are defined using SNR in 15 Å bins. Our criteria are based on

earlier studies of high-redshift SNe Ia (Balland et al., 2009), where a robust classification

can be achieved with a mean SNR ≥ 10 per 15 Å over 4500 − 8000Å in the observer

frame. This is a conservative success criterion; Balland et al. (2009) demonstrates

probable classifications of transients with a mean SNR = 3 per 15 Å. We use the more

conservative to measure of the minimum number of high quality transients we could

obtain.

For TiDES-Hosts, we look at the OzDES project to determine our SSC. Based upon

the OzDES project we expect a redshift success rate of approximately 95% for a galaxy

spectrum with SNR ≥ 3 per Å over 4500− 8000 Å (observer frame). We set this SNR

criteria as our SSC for TiDES-Hosts.

For TiDES-RM, spectral success is defined by achieving a median SNR = 10 per 15

Å bin for an AGN spectrum within a predefined cadence, and is based upon previous

reverberation mapping studies†.

The machine readable rules and rulesets for TiDES are shown in Listings 1 and

2. As 4FS only computes the SNR in unit Å bins, we convert the criteria of SNR = 10

per 15Å to a SNR = 2.5819 per Å in the ruleset.

The remaining empty column RULESET of the mock catalogue for TiDES is pop-

ulated with ‘tides_host’, ‘tides_supernova’ or ‘tides_agn’ as appropriate.

The last two files we must input to the 4FS software are the LSM and the SSM.

The LSM consists of a set of weights assigned to a pixelised celestial sphere (in equato-

rial coordinates). The pixelisation is created using healpix with a 3.35 deg2 resolution

(which is slightly smaller than the 4MOST field of view). This corresponds to using the

†The TiDES-RM SSC and other auxiliary files related to TiDES-RM were produced with the input

of Prof. Sebastian Hoeing.
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1 RULE_NAME, VARIABLE, METRIC,OPERATOR, VALUE, L_MIN, L_MAX, L_UNIT,

DELTA_L, DELTA_L_UNIT↪→

2 tides_host, SNR,MEAN,DIV,1,4500,8000,AA,1,AA

3 tides_supernova, SNR, MEAN, DIV, 1, 4500, 8000, AA, 1, AA

4 tides_agn, SNR, MEDIAN,DIV, 1, 4000, 7000, AA, 1, AA

Listing 1: The TiDES rules file.

1 RULESET_NAME, REQ_VALUE, EXPRESSION

2 tides_host, 1, (tides_host>=3)

3 tides_supernova, 1, (tides_supernova>=2.58199)

4 tides_agn, 1, (tides_agn>=2.58199)

Listing 2: The TiDES ruleset file.

healpix parameter NSIDE=32 in the ‘nested’ scheme. This creates 12,288 equal-area

pixels covering the celestial sphere. Contained in the LSM file are the given pixel index

(integer), and their centers in R.A and dec (in degrees). Each sub-survey assigns a

weight value to each of the pixels, which should represent the importance of targeting

particular areas of the sky. This ‘importance’ weight value is listed as a column con-

taining a float between 0 and 1 where the sum of all the weight values needs to equal

1.

For both TiDES-Hosts and TiDES-SN, the weight we place on targeting a specific

area to target will vary over time depending on where LSST has recently pointed. As

such, we derive an LSM for each year of our survey (1 to 5) which reflects the pointings

density per pixel of the mock LSST cadence mothra_2045. For TiDES-RM, the LSM

value is based upon targets per pixel. The total ‘combined’ LSM can be seen in Figure

5.17.

The SSM is a function that relates completeness value to a merit value. Complete-

ness is defined as the ratio between the number of successfully observed targets and the

total number of targets available.The small scale merit value consists of values between

0 and 1. By convention, it has the following meaning:

• SSM= 0.5 means the corresponding completeness is exactly what is required by a

subsurvey to meet its science goal.

• A value below 0.5 indicates that scientific goals cannot be met.

• values above 0.5 indicate that the original scientific goal has been exceeded.
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Figure 5.17: The value of the TiDES large scale merit across the 4MOST footprint for

the TiDES-SN supernova subsurvey.

This function is important to evaluate how each realisation of the targeting algorithm

has performed in terms of completeness, and translate this to a measurable scientific

goal. The TiDES SSM can be expressed by the error function, with a dependence on the

number of objects targeted by 4MOST such that the overall completeness corresponding

to 17,000 live SNe Ia and 50,000 SN Ia host galaxies SSM FoM = 0.5. For TiDES-RM,

the SSM FoM is equal to x1.7, where x is the ratio of successfully observed AGN epochs

divided by the total number of AGN epochs requested, determined through an analysis

of previous successful AGN-RM studies. This functional form captures the fact that

no time lag can be determined with fewer than 50% of the requested epochs being

successfully observed. Whilst technically this applies for each individual source, the

survey average is a good measure of the typical number of epochs observed for a source

in the survey.

Now our catalogue, spectral templates and auxiliary files have all been created, we

can now run 4FS. We first proceed to verify the integrity of the catalogue. This is

a program embedded into the 4FS portal which double checks that all the files are

uploaded and in the correct machine readable state, so that there will be no errors

when 4FS is run. The output of 4FS includes a required exposure time for each object

to meet its SSC (in dark, grey and bright time), and an indication of whether or not

the object managed to meet its minimum exposure time requirement.
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5.5 Results

In this Section we describe the results of the TiDES simulations. In Section 5.5.1 we

examine the exposure times for each of our objects as generated by the 4FS simulator.

We use some of the spectra output by the 4FS simulator to test our SSC criteria to

ensure it does not need to be altered. In Section 5.5.2 we examine the survey success,

and if we are able to meet our goals with the allotted fibre hours of the survey. Finally

in Section 5.5.3 we discuss the improvements that could be made to the simulations to

make them more realistic.

5.5.1 Examining Exposure Times

First we wish to examine the exposure time distributions of the objects we wish to

target. Figure 5.18 shows the distribution of exposure time for all objects (transients

and host galaxies) we wish to target that have a peak brightness greater than 24th

magnitude in the r-band. In total we have 35,514 supernovae and 426,898 host galaxies

that could be targeted by 4MOST.
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Figure 5.18: The distribution of required exposure times for TiDES objects to meet

their SSC. Green: Host galaxies, Grey: Live Transients. The vertical black line indicates

the single-field exposure limit of 120 minutes.

Figure 5.18 shows a wide distribution of exposure times amongst the supernovae.

Although the peak brightness of a SN may be above 24th mag, 4MOST may not have

targeted the objects until days or weeks later. As 4MOST will not revisit the same field

in quick succession (excluding the deep fields), it is unlikely that we would be able to
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designate a subclass to a supernovae that would take longer than the field limit of 120

minutes to classify. These dimmer supernovae would be monitored as LSST revisited

the field in question and removed them from the 4MOST queue once they become too

faint to classify during a single exposure. On the other hand, host galaxy spectra are

easily stacked, even when observations are taken a significant time apart. If we remove

the live transients that will take longer than 120 minutes to meet the spectral success

criteria, the exposure time distribution changes to that shown in Figure 5.19. After this

cut, we find that 17,500 live transients and 399,402 host galaxies could meet their SSC

in just a single exposure.
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Figure 5.19: The distribution of required exposure times for TiDES objects to meet

their SSC during a single 120 minute observation. Green: Host galaxies, Grey: Live

Transients.

A sample of 17,500 spectroscopically classified supernovae would provide the largest

ever spectroscopic sample from a single instrument to date, and would revolutionise our

understanding of transient physics. With a sample this size the statistical error in using

SNe Ia distances for cosmology would be vastly outweighed by the systematic errors.

Therefore it will be vital during TiDES that we can control our selection function,

which will require performing simulations like this to understand our final sample. It

is worth noting again at this point that the SSC we have chosen is conservative, so the

numbers in this work represent the likely minimum amount of live transients that we

would expect to classify during the 5-year survey.

Figure 5.20 shows the redshift distribution of the live transients that were able to
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meet their spectral success criteria in under 120 minutes. Out of the 17.5 thousand

objects at least 6360 would be spectroscopically classified, cosmologically useful Type

Ia supernovae. This low overall number is due to our highly conservative spectral success

criteria which was chosen to ensure a spectroscopic type could be determined, and as

such this is a representation of the absolute minimum number of live transients we

expect to be able to classify spectroscopically. We will also classify an extra 2866 Type

Ia supernovae exhibiting sub or super -luminous qualities typical of Type Ia-91bg or 91T

type SNe Ia. Over 8000 objects would be spectroscopically classified non-Ia supernovae,

which would provide an enormous training sample for new transient classifiers as well

as the ability to explore the astrophysical variations in the deaths of the most massive

stars.
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Figure 5.20: The redshift distribution of TiDES spectroscopically confirmed super-

novae.

With the possibility of targeting nearly 400 thousand Type Ia host galaxies, a TiDES

sample of photometrically selected Type Ia host galaxies using LSST light curves, with

redshifts obtained from the host galaxy spectra spectra would be the biggest and most

powerful cosmological sample seen to date. We do not have enough fibre hours to

target all host galaxies, but estimate that we would be able to target over 50,000 host

galaxies with the fibre hours available to us. There are several advantages of having

such a wide number of Type Ia host galaxy spectra. One is that we will be able to
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preferentially target host galaxies which have a supernova where the light-curve is very

well sampled, and therefore ideal for use in cosmology. Another is that for the first

time, the sample size will be large enough to split a sample of photometrically selected

Type Ia supernovae by their host galaxy properties before creating a Hubble diagram.

This would allow us to further understand what is driving the host galaxy properties vs

Hubble residuals correlations that are commonly found in cosmological SNe Ia analyses

and explored in detail in Section 1.3.4.

Figure 5.21 shows the relationship between the apparent magnitude of the objects in

our catalogue and the exposure time required to meet our signal to noise criteria. The

relationship between magnitude and exposure time has relatively little scatter, despite

there being large differences between the overall shapes of individual spectral templates

and a difference in the SSC between supernovae and host galaxies. This is because

we have evaluated a successful spectrum using the median SNR across a wavelength

region. A SNR criteria works well for transients which have broad features, but is not

so suitable for determining if a galaxy obtained a redshift. This is because a redshift

from a galaxy is often determined by identifying strong emission line features, or several

weak emission or absorption features. The overall signal to noise of the spectrum is not

a good indicator of the presence of these features. However due to the limitations of

the 4FS software, it would be very difficult to program the SSC in such a way that it

truly reflects successfully estimating a galaxy redshift.

Figure 5.21: The required exposure time (dark) vs apparent magnitude of the TiDES

live transients and host galaxy targets.
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For our transient objects, we check our likely classification limits for SNe Ia. We use

the ETC to output mock ‘observed’ SN Ia spectra, as shown in Figure 5.23, and attempt

a classification with the machine-learning SN classification tool DASH‡ (Muthukrishna

et al., 2019). DASH can classify, with 95% confidence, an r = 22.2 magnitudes SN Ia

(z ≈ 0.45) with spectra of SNR = 6 per 1.5 Å bin without using the host redshift as a

prior. Using the host galaxy redshift as a prior the classifier can successfully classify a

SN Ia up to a redshift of z = 0.8 for a spectrum with a SNR = 2.5 per 1.5 Å.

Overall our exposure times appear to be realistic given our choice of very conservative

spectral success criteria. We have evaluated our SSC for both the transients and the

host galaxies. We find that the SSC for the transients well reflects our needs as a survey,

and that the output of the ETC can be classified successfully by the machine learning

software DASH. The SSC for our host galaxies is more complex, but is unable to be

improved until some upgrades to 4FS are made.

5.5.2 TiDES Survey Success

Overall, the simulations of the TiDES survey indicate that we will meet our science

goals. We will classify as many live transients from LSST as possible, with over 17,000

objects reaching a high SNR criteria. We have the choice of many different host galaxies

to measure redshifts, and will easily be able to fill up our allocated total exposure time

on 4MOST (250,000 fibre hours).

Figure 5.22 shows the distribution of our successful TiDES targets from our simu-

lations. We can see that the distribution of objects is not uniform across the sky. This

reflects the nature of 4MOST being a consortium project that consists of many differ-

ent programs with many different science goals. As we will not be driving the 4MOST

pointings (as TiDES has the fewest fibre hours of all the surveys), the density of our

observed objects mirrors the observing strategies of the other nine surveys.

Overall we have shown that the TiDES strategy is sound, and that our science goals

are within the scope of our programme. This test has attempted to reflect the minimum

output of the TiDES survey through choosing conservative SSCs and a relatively poor

choice (for supernova observations) of LSST cadence. We have also not taken into

account the objects that will be ‘shared’ between TiDES and another survey (eg., a

WAVES target galaxy may also happen to be a SN host galaxy and so both surveys

will ‘share’ the target, and exposure time will be deducted from both surveys in equal

parts). We now discuss the improvements that could be made to both our simulations,

and to the 4FS.

‡DASH software is available for download at https://astrodash.readthedocs.io

https://astrodash.readthedocs.io/en/latest/
https://astrodash.readthedocs.io
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Figure 5.23: Mock 4MOST spectra based on the 4MOST ETC output. Shown is a SN

Ia spectrum at peak brightness with a redshift z=0.2 after ‘observation’ by 4MOST at a

selection of r-band magnitudes, and rebinned to 5Å (light grey). The mock spectra are

calculated assuming an exposure time of 3x1200s, average conditions (seeing of 1.1â,

airmass 1.3) in dark time, and 2% sky subtraction residuals. The black lines are the

(weighted) Savitzky-Golay filtered mock spectra, and the red spectra show the original

template for comparison. The mean SNR per 15Å bin over 4500-8000Å is also given†.

5.5.3 Improvements

There are several improvements that could be made to both our input simulation of

LSST transients and their host galaxies, as well as 4FS. We first discuss improvements

to be made with our simulations.

The largest assumption that we have made during our simulation process is that the

LSST cadence will be similar or better than that of mothra_2045. As can be seen in

Figure 5.12, the choice of LSST cadence can affect the number of cosmologically useful

supernovae detected through LSST by up to an order of magnitude. A greater number

of supernovae found by LSST would give TiDES the chance to overall target more live

objects. Ideally one would wish to simulate TiDES using many different LSST input

cadences. This is beyond the scope of this work, but should be considered in the future.

Another area of improvement would be the inclusion of a diverse set of core-collapse

templates and other exotic transient objects such as superluminous supernovae (SLSNe)

and tidal disruption events (TDEs). The CC templates that we have chosen to select

†Image originally shown in Swann et al. (2019).



5.5. Results 186

for our simulations are common, but they do not capture the diversity of CC events

and do not include any exotic transient types. For those interested in using the TiDES

sample to create a spectroscopic training sample for ML-classifiers, knowing how well

the diversity of the transient phase-space will be captured by TiDES will be extremely

important.

The last and potentially the easiest improvement to our simulations would be to

include the LSST DDF. At the moment the exact locations of the LSST DDFs and how

often 4MOST will target those fields is still under discussion. Once these choices have

been made it will be trivial to implement these in our simulation. The inclusion of the

DDFs will not affect the overall number of spectroscopically classified live transients,

but would allow us to estimate the depth to which we could stack galaxy spectra to

obtain redshifts for deep photometrically classified SN Ia. In the LSST-WFD/4MOST-

wide surveys it will be possible to stack some host galaxy spectra to obtain redshifts of

faint objects, but as the DDFs will be targeted repeatedly throughout the duration of

the survey it will be ideal for obtaining the redshifts of galaxies that are as dim as 26th

magnitude.

Other areas of improvement in our simulations would come from the 4FS software.

At the moment, it is not realistic to use a SNR estimate as the SSC to determine if

a redshift of a galaxy was obtained. Ideally a basic redshift estimate pipeline would

be installed as part of 4FS, and the spectra of our host galaxies could be run through

this to determine if a redshift was viable or not. This improvement would benefit many

other surveys including S8 Cosmology and S9 WAVES. I have made this suggestion to

the collaboration as part of the IWG2 team, and a working group has since been set up

to implement this change.

Another improvement that could be made to 4FS would be to include the time-

domain aspect of our survey. It would be ideal if we could pass the simulator a list of

live transient objects and their variability over a date range - and the 4FS simulator

perform the down-sampling on our input catalogue automatically as it generated a

pointings file. This however is unlikely to be developed for 4FS as we are the only

consortium survey with this requirement.

The last improvement that could be made to the 4FS simulator would be to enable

an estimation of the overlap between targets across different surveys. This will be

vital in understanding how many extra fibre hours will be available due to overlapping

targets. This would be extremely difficult to implement as some surveys have used

real data to create their mock catalogues, whereas other surveys like TiDES have fully

simulated their mock catalogues. The best way to achieve this estimation of overlap

would be to pick a small area of extragalactic sky that has already been well observed

as part of previous studies, and to apply individual surveys’ selection functions to the
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data. Once this has been done one could look at which targets would be duplicated by

other surveys. Ideally this would be performed in an area such as the DES deep fields

where a survey similar to TiDES (DES-SN) has already performed a similar experiment.

In summary, we have created a realistic simulation to estimate the TiDES survey

success. There are improvements to be made, some of which are easy to implement and

some of which would be considerably harder. In the next Section we discuss some of the

improvements which we have already made to the TiDES mock catalogue in order to

estimate how well TiDES could measure the dark energy equation of state parameter,

w.

5.6 Estimating w

In this Section we detail the work undertaken to improve the simulations I created,

which were discussed in detail in Sections 5.3.1 & 5.5. We discuss the changes we make

to the simulations of LSST in Section 5.6.1, and their advantages and disadvantages

over the old simulations. We discuss the 4FS results using the new simulations as input

in Section 5.6.2. We then estimate how well the TiDES survey could measure the Dark

energy equation of state parameter w in Section 5.6.3. We summarise in Section 5.6.4.

The work in this Section was produced in collaboration with Dr. Christopher

Frohmaier and Maria Vincenzi (ICG, Portsmouth).

5.6.1 Simulating LSST-SN with SNANA

The original TiDES simulations were extremely detailed, but had some areas where

improvements could be made. One of the more obvious issues was that as the original

simulations used standalone software created by the author, the results were output

in a format that was unconventional unless one wanted to create a mock catalogue of

objects for direct input into 4FS. If the user wanted to estimate cosmological parameters

or perform another precursor science analysis, it would be difficult to manipulate the

data into a format that would allow commonly used supernova analysis software (such

as SALT2 and BBC) to read. Another issue with the original simulations was that they

took a long computational time to complete. To speed up the simulations (taking them

from several days to several hours) and to allow easy input for the results to be put

into cosmological analysis software, we chose to port the simulations to snana (Kessler

et al., 2009).

snana is an open source software package that allows for the simulation of su-

pernovae and their host galaxies, and is described in Section 4.3.1. Recreating our

simulations with snana provides us with a good opportunity to test how robust the

results of our previous simulations were.
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This will allow us to improve our simulations in the ways discussed in Section 5.5.3.

As snana is a commonly used piece of simulation software throughout the community,

efforts are already being made to port LSST mock observing strategies into the software,

allowing for the direct comparison of different LSST cadences. Further to this, a new

suite of core-collapse spectrophotometric templates has recently been implemented in

snana (Vincenzi et al., 2019), which better captures the diversity of CC events. We

discuss these improvements later on.

snana requires several input files in very specific formats. These include the suite of

spectrophotometric templates of the objects the user wishes to simulate, a file describing

the LSST instrument and the overall LSST survey, and a host galaxy library. We

choose to use the snana input files created for the Photometric LSST Astronomical

Time Series Classification Challenge (PLAsTiCC), a publicly available challenge to

classify transient and variable events that will be observed by LSST. Full details of

the PLAsTiCC challenge can be found in Malz et al. (2019), Kessler et al. (2019) and

Hlozek et al. (prep).

For TiDES-SN we use the same spectrophotometric inputs into snana as the PLAs-

TiCC challenge, except for the suite of core-collapse templates which we replace with the

updated templates created by Vincenzi et al. (2019). This suite of templates includes

a much larger variety of core-collapse templates than our original simulations as well

as the additional transient types of SNIax, SLSN-I, TDEs and Calcium-rich transients.

The full list of spectral templates used are shown in Table 5.5.

SN subtype Spectral Model Reference

Ia SALT2 v.4 Betoule et al. (2014)

SNe II, Ib, Ic V19 Vincenzi et al. (2019)

SLSNe-I MOSFIT Time-series Kessler et al. (2019)

Iax Peculiar SNIax Kessler et al. (2019)

TDE MOSFIT Time-series Kessler et al. (2019)

Ca-Rich CART MOSFIT Time-series Kessler et al. (2019)

Table 5.5: The full list and references for the spectral templates used for the second

round of TiDES simulations

As part of the PLAsTiCC challenge, the minion_1016 cadence (see Figure 5.12) and

LSST telescope properties were converted into an snana input file. This file includes

typical weather conditions, sky brightness and sky noise - all of which were not included

as part of the simulations created with sncosmo. As this file was readily available for

public use with snana, we choose to use this file and the minion_1016 cadence for

these LSST simulations. The minion_1016 cadence is arguably one of the worst for
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transient science in LSST, and we discuss the effects of choosing this cadence instead

of mothra_2045 in Section 5.6.2. However snana does reproduce realistic distributions

of SNe Ia parameters (such as x1 and c), which we estimated using only basic Gaus-

sian distributions in our simulations. This file also only contains information for four

photometric bands (g, r, i, z).

For TiDES-Hosts, we use data from the MICECAT v2 (Crocce et al., 2015) N-

body cosmological simulation as a host-galaxy library within snana to assign a host

to each of our SNe Type Ia. Although snana simulates a realistic large-scale structure

and distribution using the MICECAT simulation, it does not utilise information on the

typical distributions of supernovae host galaxy properties unlike our original simulations.

Using these input files, snana outputs a statistically representative time-series cata-

logue of 30 million synthetic transient light curves from which we can draw our 4MOST

targets from. Objects that are detected by LSST at greater than 5σ and are brighter

than 23rd magnitude on at least 2 separate epochs enter the 4MOST target list. Each

target remains valid for 5 days after an additional LSST observation (brighter than 23rd

magnitude) is made. After this the target is removed from the target list. SNe that

remain bright for a prolonged duration may enter the target list on multiple occasions

with updated exposure time requirements as the target brightness evolves.

We overlay a realisation of the 4MOST-wide observing strategy, the same one as

used for our previous simulations. We also include a mock 4MOST-deep strategy that

targets each of the four confirmed LSST deep fields at least once every 14±2 days. Using

the data from the first round of simulations it is reasonable to assume that every live

transient and host galaxy brighter than 22.5 mag will meet its spectral success criteria

during a single 120 minute pointing. This is evident in the plot of target magnitude vs

ETC exposure time in Figure 5.21. Therefore if 4MOST pointed at a target whilst it was

above 22.5 magnitude we assume that we successfully obtained the live transient spectra.

We also reassess the SSC criterion for live transients. In the initial simulations we opted

for a SSC where SNR= 10 per 15Å bin. In reality we will not be classifying supernovae

based solely upon their spectra, but also upon the available light curve information and

prior knowledge of the object or its environment (ie. host galaxy redshift) so we update

our SSC to the less strict criteria of SNR=3 per 15Å bin.

We now move on to analysing the data produced during these simulations, and

compare them to our previous results.

5.6.2 Results

In total the second round of simulations forecast that 4MOST will successfully observe

a total of 24,000 Type Ia supernovae, 9800 CC-supernovae (Type II and Ib/c, Ib/c are

also known as stripped envelope supernovae), 990 abnormal Type Ia events and 2340
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other transient events. Figure 5.24 shows the redshift distribution of these objects.

In addition to these transients we expect to obtain the redshifts for over 52,000 host

galaxies with our remaining fibre hours. The distribution of all targets across the sky

(Live SNe, Hosts and AGN) are shown in Figure 5.25.
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Figure 5.24: The redshift distribution for the types of the live transients observed

by TiDES over 5 years. The type and number of each transient expected to obtain a

successful observation by 4MOST is given in the legend.

Overall, the simulations performed with snana estimate that we would, on average,

double the number of live transients and number of cosmologically useful SN Ia using

the minion_1016 cadence compared the the mothra_2045 cadence. This is not unex-

pected, as although the minion_1016 cadence is predicted to find less supernovae than

mothra_2045, these new simulations have used a different spectral success criteria. Our

first suite of simulations was designed to provide an estimate of the absolute minimum

success of the TiDES survey. As such we required a SNR=10/15Å of a live SN Ia to

consider it a successful observation (such a SNR criteria gives a 99% success rate of

determining a certain SN type). However in these new simulations we use a criteria

SNR=3/15Å, which would allow for > 90% of the live SN observed to gain a certain

spectral type, and provides a more realistic picture of how many live SN TiDES would

obtain in total. Therefore one should bear this in mind when comparing the results of

the two simulations, and should use the results from the second round of simulations

when quoting the expected number of objects TiDES would expect to obtain.

There are other discrepancies between the simulations that mean the total numbers

are difficult to directly compare. snana assumes that the volumetric rate of SNe Ia
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Figure 5.25: TiDES target density as a function of R.A and Dec. Targets include those

from TiDES-SN, TiDES-Hosts and TiDES-RM.

follows that presented in Dilday et al. (2008), which produces approximately 11% more

SNe Ia than the rate we us in our simulations of Frohmaier et al. (2019), across the

same redshift range. Another effect is that in our original simulations of SNe Ia we

were limited in our variation of x1, c and x0 that we could simulate (x0 representing

the variation in peak brightness of the supernova). As x1 and x0 variation directly link

to the brightness of Type Ia supernovae, the lack of template diversity in our original

simulation could have contributed to some changes between the numbers in the first

and second round of results.

When simulating TiDES in the future, it will be important to fully capture the

luminosity function of each set of transients. Overall this second round of simulations

better capture the diversity of each of the different transient types than the original

simulations.

The total number of host galaxy observations is similar between the two simula-

tions. This is partly due to the sheer number of host galaxies that will be available to

spectroscopically follow up. Host galaxies will be selected on the basis of the quality of

the LSST photometry of its transient, and the total number of host galaxy observations

will depend on the fibre hours remaining to TiDES once the live transients and AGN

have been accounted for.
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5.6.3 TiDES Cosmology

We now estimate how well we can measure the dark energy equation of state w using

our new, second round simulations. The advantages of using snana to simulate TiDES

is evident at this point. snana outputs its data in a format that includes the results

of the salt2 algorithm (Guy et al., 2007), and in a format designed to be passed

directly into bbc (Kessler & Scolnic, 2017) (see Section 4.3.1). All objects that obtain

a successful SALT2 fit in snana are considered ‘cosmologically useful’. A total of

17,000 SNe Ia make this cut from our input of 24,000 photometric SN Ia events. As

one requires a host galaxy redshift and a small uncertainty (< 2days) on the estimate

of the time of peak brightness (requiring good photometry) as well as cuts on the light

curve parameters x and c, this percentage (≈ 70%) of SN Ia passing the SALT2 cuts is

not unusual. Our simulations include the SN Ia systematic uncertainties as listed in the

LSST Science Requirements Document (The LSST Dark Energy Science Collaboration

et al., 2018). These systematics include; 1) the self-calibrated systematics, such as

errors in the modelling of SN and their salt2 standardisation, the environment, and any

other redshift dependencies,including those from peculiar velocities, or 2) the calibrated

systematics which include the uncertainty on filter zero points, the transmission function

wavelength and wavelength-dependent flux calibration. Note that we do not simulate

core-collapse contamination in our snana simulations.

The output of snana is then passed to bbc. The bbc algorithm estimates the bias

corrections and applies them to the data, then computing the standardised cosmolog-

ical distances for each SN Ia using Equation 4.3.1. BBC also ‘bins’ the results of the

Hubble diagram, µ, into 20 redshift bins. The output from bbc includes the distance

modulus µ, and the relevant (20 × 20) covariance matrix. Cosmological parameters

from the simulated data are then calculated using CosmoMC (Lewis & Bridle, 2002),

a Markov-Chain Monte-Carlo (MCMC) engine. We include the Planck Collaboration

et al. (2019) data in our CosmoMC fits by using published results as priors, an option

in the cosmoMC algorithm.

The standardised supernovae cosmological distances are shown as a function of red-

shift (a Hubble Diagram) in Figure 5.26. Even without the photometric sample of Type

Ia supernovae, the 17,000 cosmologically-useful spectroscopically confirmed events from

TiDES-SN will provide an extremely powerful probe over the redshift range 0 > z > 0.6.

The increase in scatter on the Hubble diagram for z > 0.6 is caused by the difficulty

of both faint observations for transients close to the magnitude limit of the instrument,

and photometric calibration at higher redshifts. The addition of over 50,000 photo-

metrically selected SN Ia with their host galaxy redshifts, and the TiDES AGN-RM

program means that we can create a Hubble diagram extending to a redshift z = 2.5.

This will result in TiDES assembling the largest-ever sample of Type Ia supernovae for
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Figure 5.26: The combined Hubble Diagram for 5-years of the TiDES survey, includ-

ing 17,000 live SNe Ia (dark blue), 52,000 photometrically-identified SNe Ia with host

galaxy redshift measurements (pale blue), and 700 AGN distances (red) calculated from

reverberation mapping. Also included is a Low-redshift SNe Ia sample from the liter-

ature (pink). The lower panel shows the residuals between each point and the line of

best fit.
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use in cosmology.

The output from CosmoMC shows that the simulated TiDES-SN sample will provide

a sub-2% measure of w, including systematic uncertainties.

Figure 5.27: Simulated cosmological contours for the TiDES 5-year spectroscopically

confirmed SN Ia sample, compared to the current DES-3Yr sample. All contours assume

current Planck CMB constraints (Planck Collaboration et al., 2019). The star denotes

the simulated cosmology of w=-1, ΩM=0.3.

These constraints on w are to a higher precision than those derived from the com-

bined Planck+BAO results (w measure to 10%) and higher than those derived from

current Planck + BAO + SN Ia measurements (w measured to 3%). It is for this rea-

son the contours in Figure 5.27 are perpendicular to one another. The CMB+BAO and

supernova probe the relationship between w and Ωm in different ways, which manifest

on a w, Ωm plot as contours with perpendicular major axes. As the DES constraints are

weaker than those of the CMB+BAO, the combined DES+CMB+BAO contour follows

the direction of the CMB contour. As the TiDES constraints are tighter than those of

the CMB+BAO, the resultant combining contour follows the direction that supernovae

probe. Therefore, not only will this sample of SN Ia allow us to further probe the true

nature of the dark energy equation of state, but it will allow us to dramatically reduce

systematic errors on measurements of w. As explored in Chapter 4 we have shown that

SN Ia environments can have a systematic effect on Type Ia cosmological distance mea-
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surements, and therefore can cause systematic shifts on the derived value of w. Such

a sample of SN Ia and their host galaxies from TiDES will allow for a more detailed

investigation into how SN Ia luminosity diversity can be corrected for and understood

through analysis of host galaxy properties, using techniques similar to those presented

in Chapter 4.

5.6.4 Summary

In summary, the TiDES survey will produce a sample of over 15,000 spectroscopically

confirmed Type Ia supernovae and over 50,000 photometrically classified Type Ia super-

novae with host galaxy redshifts. Current samples of supernovae measure the average

dark energy equation of state parameter w to 4-5% (Scolnic et al., 2018; Abbott et al.,

2019), and show it to be consistent with a cosmological constant (w = −1). TiDES will

create a Hubble Diagram of ≈70,000 high-redshift cosmologically-useful SNe Ia and a

<2% measurement of w. This will be the largest survey of its kind ever conducted.

5.7 Conclusions

The Time-Domain Extragalactic Survey (TiDES) is focused on the large-scale spectro-

scopic follow up of extragalactic optical transients selected from forthcoming large sky

surveys, particularly LSST. TiDES will conduct: spectroscopic observations of 35,000

live transients, perform comprehensive follow up of 70,000 transient host galaxies to

obtain redshift measurements for photometric classification and cosmological applica-

tions, and also perform repeat spectroscopic observations to enable the reverberation

mapping and hence distance estimates to 700-1000 Active Galactic Nuclei (AGN). No

other such LSST spectroscopic follow up survey currently exists.

We have explored the creation of simulations created to test the TiDES survey

strategy and estimate the TiDES survey success. During this process we have discovered

that there are two crucial components that must be simulated accurately to produce

reliable results. One of these is to properly simulate the luminosity functions of each of

the types of transients in our simulations. If the luminosity function does not span a

realistic range, the results of the simulations can be unreliable.

The second is the knowledge of survey strategy. We have conducted two differ-

ent sets of simulations using two different LSST survey strategies, mothra_2045 and

minion_1016. Each survey strategy will produce a different sample of live transients,

varying both the total number and median redshift of the sample. In future, these

simulations would be ideal for use in testing LSST survey strategy. Repeating these

simulations with different LSST cadences could help inform the LSST collaboration on

their final choice of strategy.
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We have shown that even in a minimal-success scenario, TiDES will still produce

the largest known sample of spectroscopically confirmed transients and host galaxy

redshifts, by more than an order of magnitude. This sample of will be used to train

and improve photometric classifiers, thus exploiting the larger sample of photometric

supernovae with host galaxy redshifts to assemble the largest-ever sample >50,000 Type

Ia supernovae, which will allow TiDES to make a sub-2% measurement of the dark

energy equation of state. Finally, TiDES will create a SN Ia Hubble diagram that will

extend to z = 2.5 using the TiDES reverberation mapping experiment of AGN.



Chapter 6

Conclusions and Future

Perspectives

“With magic, you can turn a frog into a prince. With science, you can

turn a frog into a Ph.D and you still have the frog you started with.”

- Terry Pratchett, The Science of Discworld

6.1 Summary

In this Thesis, we have performed an analysis of the Type Ia supernovae and their host

galaxies discovered by the DES-5yr survey. This analysis focused on deriving the corre-

lations between SNe Ia and their host galaxy properties in order to find a homogeneous

sub-sample of SNe Ia. Through an analysis of over 1,000 SN Ia objects, we have demon-

strated that SN Ia residing in low-stellar mass, high specific star formation rate galaxies

have less scatter present in their Hubble residuals after light curve standardisation, com-

pared to SN Ia in other environments. We also have performed large-scale simulations

of the VRO search for transients, and the TiDES spectroscopic followup program. We

have shown that TiDES will likely obtain the spectroscopic types of over 35,000 live

transients, perform comprehensive follow up of 70,000 transient host galaxies, and ob-

tain the largest-ever photometrically confirmed >50,000 Type Ia supernovae with host

galaxy properties. This will enable the TiDES to make a sub-2% measurement of the

dark energy equation of state. In this final Chapter, we summarise our findings, and

provide an outlook on the future of such studies to improve SN Type Ia cosmology.

6.1.1 The DES-5 year Sample

The DES survey observed a total of > 3, 000 SN-like transient objects that passed pho-

tometric quality cuts. The OzDES survey spectroscopically confirmed approximately

197
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300 DES Type Ia SN and performed follow-up of over 7,000 likely SN Ia host galaxy

candidates. We first select our sample of SNe Ia. The transient photometric classifier

SNNova is used to identify the likely SNe Ia in the full DES sample, which utilises ma-

chine learning techniques. All objects with a probability of being a Type Ia PIa > 0.5

entered our initial sample. We then ran the light curve fitting algorithm salt2 on each

of our likely SN Ia, and performed standard cosmological cuts on the sample defined

using light curve parameters, following Betoule et al. (2014). This leaves us with 1,880

cosmologically useful Type Ia SNe. Each SN Ia is assigned a host galaxy using the

DES-Deep stack images from Wiseman et al. (2020), using a criteria DLR≤ 4. We then

remove the objects in our sample that did not gain a quality spectrum from OzDES, or

the objects identified as ‘hostless’.

In total, we identify a sample of 1,299 Type Ia supernovae with OzDES host galaxy

spectra. This sample is the largest of its Type from a single survey ever studied. Our

sample spans a redshift range of z < 1.2. This sample provides the basis for our analysis

in Chapters 2 and 4, and is very close to the sample that will be used for the DES 5-yr

cosmological analysis.

6.1.2 Determining the Properties of OzDES Host Galaxy Spectra

To investigate how SNe Ia properties vary based on their environments, we derive host

galaxy properties using the emission and absorption features present in the spectra. We

first write a pipeline to process the OzDES spectra. Our pipeline has several stages.

• We first flux calibrate each spectrum using the DES deep stack photometry (Wise-

man et al., 2020) using the g, r, i aperture magnitudes (spectra does not cover the

z band). We perform this process using Gaussian Processes to ensure accurate

errors on the extremities of the spectra.

• We fit the continuum of each of our galaxies using Gaussian Processes, which

allows us to (i) remove the continuum to identify emission and absorption features

in the spectrum and (ii) estimate the covariance between the errors on our spectra.

• Identify emission and absorption features in the spectra that are not consistent

with noise. A Gaussian is fitted to each feature using Bayesian fitting techniques

and the central wavelength, amplitude and width of each spectral feature is mea-

sured.

• Determines the flux and luminosity of each spectral feature, performing both

aperture corrections, equivalent width corrections (where necessary) and Milky-

Way extinction corrections.
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The pipeline that has been presented here has created a framework for flux calibrating

the OzDES spectra, for which no standard software currently exists.

Once all of our spectral features have been measured, we correct the host galaxies for

extinction due to dust using either an average correction or case-B recombination. We

remove any galaxies that are potentially narrow-line AGN using emission line diagnos-

tics. We derive host galaxy star formation rates for each of our galaxies, and measure

the gas-phase metallicities for a total of 250 galaxies.

6.1.3 The Environmental Dependence of Type Ia Light Curves

We have measured the correlations between host galaxy properties and SN Ia light

curves and cosmological distances. We first analyse our full sample of SN Ia and hosts.

We find that:

• On average, SN Ia that are brighter and slower to decline are preferentially hosted

in lower-mass, high sSFR, low metallicity galaxies.

• We find the size of the mass step to be γ = 0.070±0.021, consistent with literature

samples.

• SN Ia show less rms dispersion in x1 measurements if they reside in lower mass,

higher sSFR galaxies.

Overall we have confirmed the trends seen in literature studies using our sample of

SNe Ia from DES-SN. Each of the literature samples we compare span different redshift

ranges, but present with similar overall properties. This implies that there is little

redshift evolution (in the range 0 < z < 1.2) in the SN luminosities vs host galaxy

properties correlations. We investigate the ‘best split’ point at which to place the mass

step, and find results consistent with just over 1010M�, which is consistent with the

knee in the galaxy-mass vs halo-mass relation, the point at which galaxies transform

from star-formation dominated and SN-regulated, to accretion-dominated and AGN-

regulated growth. An understanding of how the ‘best position’ of the mass step may

be linked to the wider evolution of galaxies throughout galactic time could lead to a

more scientifically motivated correction to the Hubble distances of SN, as opposed to

the mass step that is commonly used today.

To probe the homogeneity of SN Ia across different environments we created three

subsamples of redshift limited (z<0.7) SN Ia, split by measurements of their host galaxy

spectroscopic star formation rate. We find:

• The mass steps across our subsamples are consistent with those in the literature

studies.
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• The dispersion in x1 is lowest in SNe that reside in highly star forming galaxies.

The dispersion in c is consistent across all sub-samples.

• There is significant evidence (> 6σ) for a different β correction value between pas-

sive and star forming host galaxies with β in passive environments significantly

reduced. We recommend an investigation using a 2-value β correction, as a func-

tion of host galaxy SFR, in future cosmological analysis to determine if this could

reduce the systematic error on w.

• We find that SNe Ia hosted in the extremes of galaxy type (highly star forming or

passive) present the most cosmologically uniform samples, with a lower intrinsic

scatter and lower Hubble residual dispersion compared to a full sample, despite

the choice not to correct for the mass step.

We emphasise the need to better model the influence of host galaxy environments

on SN Ia light curves in cosmological simulations, to reduce both systematic error and

biases on the cosmological equation of state parameter w.

6.1.4 The Time Domain Extragalactic Survey

We have performed two simulations of the TiDES survey. One was intended to find the

minimum possible number of transient objects and hosts TiDES would find. The other

simulation was designed to determine the realistic number of transients TiDES would

obtain, and to estimate how well a TiDES-like sample could constrain the dark energy

equation of state parameter, w.

We have found that even in a minimal-success scenario TiDES will obtain the spectra

of over >6000 transients and measure the redshifts of > 30, 000 host galaxies. Such a

number of spectroscopically confirmed transients will still be over an order of magnitude

larger than any current sample.

Our second round of simulations, which one should use when quoting likely TiDES

survey success, showed that TiDES is likely to perform spectroscopic observations of

around 35,000 live transients, and perform comprehensive follow up of 70,000 transient

host galaxies to obtain redshift measurements for photometric classification and cosmo-

logical applications. Using these measurements we expect TiDES (in combination with

CMB probes) to measure the dark energy equation of state to less than 2%.

Simulations such as those presented in this thesis will be critical in measuring the

final TiDES selection function. This is important, as the selection function of objects

across space is critical in determining the bias corrections needed to infer cosmological

parameters from the survey. However in the short term, these simulations have been a

vital tool in helping shape the 4MOST targeting strategy and could easily be extended

to inform LSST of cadence choice.
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In the near future we suggest performing a comprehensive analysis of how the dif-

ferent LSST cadences will affect the likely results of TiDES. Such a study is beyond the

scope of this work, but would provide an extremely useful insight into the variations

between samples of SNe LSST could find, and inform the community on how best to

forward plan for LSST first light.

6.2 Future Perspectives

The work presented in this Thesis has emphasised the critical need to make host galaxy

related corrections when determining SN Ia cosmological parameters. The study and

classifications of SN Ia environments using similar techniques to those presented here,

will be an important part of determining future cosmological constraints. Future surveys

which routinely obtain detailed information on the environment of SNe Ia, such as

TiDES, will be able to further our understanding of the impact SN Ia environment has

on SN cosmology. Here we present some future perspectives that have been informed

by the work we have presented.

6.2.1 Future SN Ia Spectroscopic Surveys

In future surveys, the number of SNe Ia and host galaxies that will be observed will

be far greater than current samples. Studies such as the work presented in this thesis

will be critical in understanding how SN Ia environments impact on their observed

properties. Surveys such as TiDES will be able to gather an enormous amount of

information on the host galaxies of SN Ia out to a high redshift, which will not only

enable further study of SN Ia environments, but to investigate how these environments

and correlations may evolve with redshift. Such a study could give further insight into

the likely progenitor systems of SNe Ia, as the two progenitor channels are predicted to

vary in their production of SNe Ia over cosmic time.

Beyond the progenitor problem, the dependence of SNe Ia luminosities on their hosts

is the largest systematic uncertainty in SNe Ia cosmology. Using TiDES to further study

the hosts of SNe Ia could likely play a critical role in understanding the diverse range of

environmental factors that correlate to cosmological SNe Ia properties. Ultimately, to

further improve SNe Ia as dark energy probes we must understand how to make better

corrections using host galaxy properties.

Given our study into DES-SN Type Ia SNe and their host galaxies, we would recom-

mend that future surveys aiming to perform a Type Ia SNe cosmological analysis, focus

on obtaining Type Ia photometry and host galaxy spectra for transients residing in

environmental extremes, such as starburst galaxies or extremely passive galaxies. This

will allow for the further disentanglement of the effects of extinction and progenitor age
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effect SNe Ia luminosities.

We also recommend that any future survey focuses on obtaining quality host galaxy

spectra for high-redshift Type Ia supernovae, ideally using infra-red instruments in order

to measure the presence of lack of particular spectral features such as Hα and Hβ , which

can allow for an indirect but independent measurement of the extinction within a host

galaxy. A truly state of the art future survey could also employ integral field-unit (IFU)

spectroscopy across the projected faces of host galaxies in order to directly measure the

spectroscopic environment around the locations of Type Ia SNe, and confirm if local

environment is a better tracer of Type Ia supernova luminosity diversity.

6.2.2 The Future of SN Ia Cosmology

We have shown that TiDES is predicted to make a dark energy equation of state mea-

surement at the sub-2% level. However, this prediction relies on the accurate photomet-

ric classification of Type Ia SNe from the VRO. One of the issues in SN cosmology has

been accurately modelling and predicting the effects due to contamination of CC-SNe

in a SN Ia sample, and also the mis-classification of CC-SNe as SNe Ia in photometric

classifiers. With greater diversity in samples of live CC SNe from TiDES, we will be

able to better understand the diversity in CC events, and this will improve modelling

efforts. Simulations such as we have presented in this thesis will be essential to ensur-

ing that TiDES can select an appropriate sample of live transients to spectroscopically

follow-up to maximise our contribution to this effort.

One of the major advantages of a survey like TiDES will be its ability to study

the relationships between SNe Ia light curve properties and their host galaxies on a

massive scale. The sheer number of galaxy spectra that will be obtained will allow us

to thoroughly investigate the effect selecting a sub-sample of SNe Ia based on several

environment properties has on cosmological parameters. For instance, comparing the

differences between Hubble diagrams from SN Ia that reside in entirely passive galaxies

or from the highest or lowest metallicity galaxies (or any combination of galaxy pa-

rameters) would be a powerful tool in identifying the systematic effect that host galaxy

properties have on measurements of w.
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Correlations between Host Galaxy

properties and SN Ia light curve

properties
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Figure A.1: Top: The relationship between log(M/M�) and the colour parameter c for

this sample. Bottom: A plot of the step significance for different split values.
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Figure A.2: Top: The relationship between log(SFR/M�yr−1) and the stretch parame-

ter x1 for this sample. Bottom: A plot of the step significance for different split values.
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Figure A.3: Top: The relationship between log(SFR/M�yr−1) and the colour parameter

c for this sample. Bottom: A plot of the step significance for different split values.
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Figure A.4: Top: The relationship between log(sSFR/yr−1) and the colour parameter

c for this sample. Bottom: A plot of the step significance for different split values.
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Figure A.5: Top: The relationship between gas phase metallicity log(O/H) + 12 and

the colour parameter c for this sample. Bottom: A plot of the step significance for

different split values.
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Figure A.6: Top: The relationship between log(SFR/M�yr−1) and Hubble residuals

∆µ for this sample. Bottom: A plot of the step significance for different split values.
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Figure A.7: Top: The relationship between log(sSFR/yr−1) and and Hubble residuals

∆µ for this sample. Bottom: A plot of the step significance for different split values.
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Figure A.8: Top: The relationship between gas phase metallicity log(O/H) + 12 and

Hubble residuals ∆µ for this sample. Bottom: A plot of the step significance for different

split values.



Appendix B

DES-SN Type Ia Host galaxy

properties

Table B.1: Host galaxy derived properties for the DES-SN Type Ia host galaxy sample.

COADD R.A. dec z log(Mass) log(SFRphoto) log(SFRspec) log(O/H) + 12
OBJECT ID deg deg M� M�yr−1 M�yr−1

2925824079 40.96 -0.94 0.25 9.12 ± 0.02 0.61 ± 0.12 2.74 ± 1.38 8.73 ± 0.25
2938291893 35.30 -4.65 0.31 10.11 ± 0.01 0.51 ± 0.10 2.63 ± 2.43 8.91 ± 0.17
2940001280 54.09 -27.83 0.35 10.36 ± 0.02 0.46 ± 0.06 0.35 ± 0.13 9.08 ± 0.17
2939935709 53.75 -28.38 0.58 9.98 ± 0.01 0.37 ± 0.01 8.39 ± 8.12 8.91 ± 0.15
2939327246 55.13 -26.84 0.33 10.22 ± 0.01 0.49 ± 0.01 0.38 ± 0.07 8.97 ± 0.13
2937547408 34.35 -4.50 0.49 10.33 ± 0.05 0.15 ± 0.08 0.64 ± 0.19 8.97 ± 0.13
2925826092 41.00 -0.91 0.23 9.08 ± 0.01 -0.20 ± 0.22 0.85 ± 0.22 9.07 ± 0.13
2939557798 54.85 -26.90 0.62 9.34 ± 0.03 1.20 ± 0.09 1.70 ± 0.25 8.90 ± 0.13
2925531125 43.19 0.60 0.61 9.16 ± 0.04 0.90 ± 0.27 0.57 ± 0.18 8.84 ± 0.13
2938543765 36.94 -3.85 0.44 9.60 ± 0.02 1.25 ± 0.08 10.37 ± 4.20 8.75 ± 0.13
2925784320 42.53 -0.85 0.66 9.23 ± 0.04 1.00 ± 0.12 0.53 ± 0.15 8.85 ± 0.13
2925715555 41.08 -1.52 0.59 9.53 ± 0.03 1.31 ± 0.06 2.74 ± 0.59 8.95 ± 0.12
2940074481 35.05 -6.47 0.67 9.06 ± 0.04 0.84 ± 0.17 0.93 ± 0.29 8.84 ± 0.12
2925338401 41.60 -1.84 0.29 10.13 ± 0.05 -0.10 ± 0.35 0.32 ± 0.13 9.13 ± 0.12
2939210542 55.09 -27.65 0.26 11.07 ± 0.01 0.71 ± 0.02 3.97 ± 1.08 9.09 ± 0.12
2939068108 37.03 -4.09 0.33 9.98 ± 0.01 0.33 ± 0.07 2.43 ± 1.96 9.04 ± 0.12
2939199287 35.90 -6.85 0.68 10.14 ± 0.02 0.12 ± 0.06 0.79 ± 0.13 8.80 ± 0.12
2938320091 35.16 -5.77 0.45 9.47 ± 0.01 0.07 ± 0.04 2.89 ± 0.60 8.83 ± 0.12
2939808147 54.58 -28.50 0.42 9.38 ± 0.02 0.93 ± 0.08 1.88 ± 0.59 8.90 ± 0.12
2939933721 54.05 -28.39 0.54 9.62 ± 0.05 0.48 ± 0.23 2.55 ± 0.59 8.84 ± 0.12
2939648016 54.97 -29.53 0.46 8.80 ± 0.02 0.52 ± 0.12 1.25 ± 0.27 8.84 ± 0.12
2925393949 41.93 0.34 0.41 9.88 ± 0.02 1.26 ± 0.01 4.39 ± 1.17 8.96 ± 0.12
2925804067 42.72 -0.52 0.43 10.78 ± 0.03 1.32 ± 0.16 7.98 ± 1.55 8.84 ± 0.12
2937797509 34.41 -5.45 0.65 8.83 ± 0.09 0.87 ± 0.22 0.75 ± 0.15 8.82 ± 0.12
2939710294 54.95 -28.90 0.33 8.84 ± 0.03 0.21 ± 0.09 0.78 ± 1.60 8.68 ± 0.12
2925646957 43.54 -0.61 0.66 9.12 ± 0.05 0.94 ± 0.16 1.90 ± 0.50 8.77 ± 0.12
2925569184 42.27 0.58 0.33 9.54 ± 0.02 0.66 ± 0.10 2.06 ± 0.27 8.91 ± 0.12
2938229655 35.24 -5.29 0.43 9.19 ± 0.07 0.32 ± 0.29 2.64 ± 0.46 9.00 ± 0.12

Table B.2: Continued on next page
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COADD R.A. dec z log(Mass) log(SFRphoto) log(SFRspec) log(O/H) + 12
OBJECT ID deg deg M� M�yr−1 M�yr−1

2939207590 53.27 -26.71 0.49 9.60 ± 0.02 0.86 ± 0.05 2.49 ± 0.60 8.93 ± 0.12
2939320953 55.05 -26.98 0.33 8.24 ± 0.05 -0.13 ± 0.23 0.03 ± 0.01 8.86 ± 0.12
2939408414 51.75 -28.16 0.54 9.43 ± 0.03 1.18 ± 0.01 1.48 ± 0.37 8.77 ± 0.11
2938939318 36.22 -5.00 0.55 8.80 ± 0.03 0.72 ± 0.08 1.58 ± 0.50 8.76 ± 0.11
2937788330 34.17 -5.50 0.69 9.28 ± 0.03 1.16 ± 0.05 1.55 ± 0.46 8.87 ± 0.11
2937959177 37.19 -4.05 0.58 9.17 ± 0.03 0.98 ± 0.09 1.46 ± 0.45 8.94 ± 0.11
2940099629 34.77 -6.16 0.58 10.38 ± 0.01 0.73 ± 0.01 2.03 ± 0.49 8.84 ± 0.11
2939991228 54.11 -27.92 0.34 9.97 ± 0.01 0.24 ± 0.01 1.90 ± 4.40 9.05 ± 0.11
2940018529 53.60 -27.67 0.60 9.13 ± 0.03 1.03 ± 0.05 0.72 ± 0.16 8.76 ± 0.11
2938976075 36.25 -4.73 0.50 9.22 ± 0.03 0.72 ± 0.05 1.08 ± 0.24 8.93 ± 0.11
2938476780 35.65 -4.13 0.33 9.21 ± 0.01 0.02 ± 0.03 0.58 ± 0.20 8.96 ± 0.11
2925738901 41.59 -1.12 0.43 8.98 ± 0.05 0.57 ± 0.12 0.56 ± 0.12 8.93 ± 0.11
2938299301 35.01 -6.04 0.59 9.35 ± 0.09 -0.02 ± 0.47 0.63 ± 0.16 8.81 ± 0.11
2925512911 42.39 -0.46 0.68 9.23 ± 0.03 0.77 ± 0.12 1.53 ± 0.30 8.84 ± 0.11
2939190400 35.56 -6.96 0.53 9.42 ± 0.02 1.22 ± 0.05 2.52 ± 0.59 8.74 ± 0.11
2940109521 35.06 -6.05 0.32 9.27 ± 0.03 0.66 ± 0.17 1.28 ± 1.30 8.79 ± 0.11
2939968920 53.65 -28.13 0.35 9.57 ± 0.01 1.08 ± 0.06 1.54 ± 0.28 8.99 ± 0.11
2939578781 53.67 -27.39 0.53 10.08 ± 0.02 0.24 ± 0.06 0.38 ± 0.12 8.98 ± 0.11
2938315448 35.11 -5.83 0.58 9.83 ± 0.01 1.48 ± 0.08 19.04 ± 7.35 8.85 ± 0.11
2939529551 54.88 -27.24 0.42 8.74 ± 0.03 0.63 ± 0.12 0.37 ± 0.08 8.97 ± 0.11
2925763863 43.11 0.70 0.40 8.98 ± 0.02 0.78 ± 0.04 0.19 ± 0.05 8.88 ± 0.11
2925610201 41.57 -0.52 0.36 9.81 ± 0.01 1.25 ± 0.04 4.08 ± 0.71 8.94 ± 0.11
2939585353 53.61 -27.34 0.36 9.31 ± 0.02 0.45 ± 0.02 0.09 ± 0.03 8.95 ± 0.11
2925406651 43.19 -0.13 0.18 8.79 ± 0.05 0.02 ± 0.23 0.47 ± 0.06 8.98 ± 0.11
2925572445 42.41 0.71 0.35 10.32 ± 0.01 0.62 ± 0.01 2.81 ± 6.20 8.66 ± 0.11
2938852641 35.11 -4.48 0.45 9.26 ± 0.04 -0.73 ± 0.58 3.58 ± 0.69 8.79 ± 0.11
2937421851 33.68 -4.51 0.46 9.94 ± 0.02 0.96 ± 0.06 2.96 ± 0.56 8.89 ± 0.11
2939812747 54.89 -28.48 0.42 10.21 ± 0.01 0.48 ± 0.05 0.50 ± 0.14 9.05 ± 0.11
2940047143 55.20 -28.66 0.52 9.57 ± 0.02 0.96 ± 0.03 1.52 ± 0.34 8.96 ± 0.11
2939726653 54.95 -28.88 0.34 8.88 ± 0.03 0.43 ± 0.09 0.49 ± 0.26 8.71 ± 0.11
2939191167 35.71 -6.95 0.43 9.84 ± 0.02 1.16 ± 0.19 1.48 ± 0.23 8.88 ± 0.10
2939746966 55.07 -28.80 0.45 10.79 ± 0.05 0.97 ± 0.28 4.83 ± 1.19 8.92 ± 0.10
2925399897 43.32 -0.27 0.51 9.17 ± 0.03 1.69 ± 0.02 0.75 ± 0.66 8.96 ± 0.10
2925649664 43.23 -0.54 0.31 10.41 ± 0.01 1.03 ± 0.02 10.07 ± 18.30 9.04 ± 0.10
2925631090 41.91 -1.27 0.52 9.41 ± 0.02 1.06 ± 0.12 6.29 ± 1.75 8.62 ± 0.10
2925346797 40.93 -0.24 0.77 9.22 ± 0.03 0.72 ± 0.09 1.78 ± 0.25 8.72 ± 0.10
2925628420 41.90 -1.38 0.55 9.78 ± 0.02 0.44 ± 0.19 3.44 ± 0.75 8.73 ± 0.10
2939184135 35.95 -7.03 0.74 9.71 ± 0.03 1.34 ± 0.06 0.79 ± 0.12 8.83 ± 0.10
2925799404 42.89 -0.59 0.30 9.68 ± 0.01 0.49 ± 0.02 1.75 ± 0.30 9.07 ± 0.10
2939270434 53.77 -29.64 0.65 9.66 ± 0.03 1.32 ± 0.19 1.95 ± 0.30 8.73 ± 0.10
2939836103 54.64 -28.22 0.63 9.94 ± 0.03 0.34 ± 0.25 3.41 ± 0.56 8.93 ± 0.10
2925368174 42.21 -0.15 0.36 9.27 ± 0.02 0.83 ± 0.08 2.53 ± 0.41 8.78 ± 0.10
2939685475 55.19 -29.15 0.65 9.63 ± 0.02 1.37 ± 0.06 0.96 ± 0.14 8.73 ± 0.10
2939269372 53.77 -29.66 0.38 9.05 ± 0.03 0.89 ± 0.11 1.61 ± 0.29 8.84 ± 0.10
2940099227 34.78 -6.17 0.58 9.34 ± 0.02 0.90 ± 0.03 2.25 ± 0.38 8.78 ± 0.10
2938012428 37.30 -4.70 0.71 10.06 ± 0.02 0.72 ± 0.04 0.38 ± 0.05 8.90 ± 0.10
2939827789 54.55 -28.33 0.61 9.53 ± 0.06 1.26 ± 0.56 0.87 ± 0.14 8.90 ± 0.10
2939868758 54.29 -28.74 0.47 10.82 ± 0.01 0.90 ± 0.01 1.68 ± 0.36 9.05 ± 0.10
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COADD R.A. dec z log(Mass) log(SFRphoto) log(SFRspec) log(O/H) + 12
OBJECT ID deg deg M� M�yr−1 M�yr−1

2939371501 54.00 -29.96 0.49 8.71 ± 0.06 0.03 ± 0.30 0.35 ± 0.11 9.00 ± 0.10
2925827492 40.95 -0.89 0.75 10.83 ± 0.03 1.31 ± 0.17 2.00 ± 0.24 8.92 ± 0.10
2938078555 35.55 -5.93 0.52 9.73 ± 0.02 0.13 ± 0.01 4.86 ± 0.68 8.83 ± 0.10
2925599978 41.60 -0.68 0.24 8.56 ± 0.02 -0.11 ± 0.20 2.90 ± 3.91 8.67 ± 0.10
2925415287 43.20 0.04 0.60 9.31 ± 0.02 1.32 ± 0.04 8.02 ± 1.30 8.74 ± 0.10
2939186932 35.60 -7.00 0.53 8.89 ± 0.05 1.01 ± 0.05 3.50 ± 0.67 8.68 ± 0.10
2938838414 35.44 -4.62 0.75 11.06 ± 0.01 0.69 ± 0.05 0.05 ± 0.03 9.07 ± 0.10
2940076644 35.13 -6.45 0.61 9.41 ± 0.05 1.04 ± 0.47 0.87 ± 0.18 9.00 ± 0.10
2925768688 43.07 0.78 0.58 10.47 ± 0.03 0.97 ± 0.30 15.43 ± 3.06 8.79 ± 0.10
2938545182 36.27 -3.84 0.62 9.72 ± 0.01 1.52 ± 0.00 1.03 ± 0.17 9.01 ± 0.09
2938675348 37.06 -5.32 0.29 9.42 ± 0.01 0.44 ± 0.01 1.34 ± 0.19 9.10 ± 0.09
2938665733 34.67 -4.67 0.45 9.21 ± 0.04 -0.28 ± 0.49 0.43 ± 0.10 8.99 ± 0.09
2939430126 51.79 -27.82 0.28 9.95 ± 0.01 0.72 ± 0.03 2.02 ± 2.19 8.98 ± 0.09
2939398042 53.94 -29.66 0.55 8.49 ± 0.08 0.67 ± 0.28 1.87 ± 0.90 8.70 ± 0.09
2939418724 51.65 -28.02 0.34 10.34 ± 0.01 0.58 ± 0.01 3.03 ± 5.27 9.08 ± 0.09
2925697851 40.43 -1.07 0.63 10.48 ± 0.02 0.54 ± 0.04 4.41 ± 0.59 8.67 ± 0.09
2938898456 36.34 -5.32 0.28 10.83 ± 0.05 0.38 ± 0.18 1.65 ± 0.39 9.16 ± 0.09
2938756230 37.17 -4.71 0.51 9.21 ± 0.01 1.01 ± 0.07 0.65 ± 0.13 8.92 ± 0.09
2939617449 54.08 -26.99 0.66 9.50 ± 0.09 -0.08 ± 0.58 0.30 ± 0.05 9.02 ± 0.09
2938328309 34.84 -5.67 0.45 9.25 ± 0.02 1.11 ± 0.02 3.26 ± 0.74 8.94 ± 0.09
2940022934 53.53 -27.63 0.15 10.12 ± 0.01 0.29 ± 0.01 3.43 ± 0.47 9.13 ± 0.09
2938872116 35.60 -4.26 0.47 9.46 ± 0.02 1.31 ± 0.06 8.50 ± 1.13 8.73 ± 0.09
2938317577 34.91 -5.80 0.51 9.59 ± 0.02 1.16 ± 0.16 3.14 ± 0.55 8.95 ± 0.09
2938552686 36.41 -3.79 0.61 9.16 ± 0.04 1.12 ± 0.18 1.43 ± 0.28 8.91 ± 0.09
2940078030 35.29 -6.43 0.59 10.76 ± 0.03 1.27 ± 0.12 1.49 ± 0.31 9.03 ± 0.09
2937710056 34.17 -4.80 0.45 9.53 ± 0.06 0.66 ± 0.40 6.75 ± 1.03 8.90 ± 0.09
2939709519 54.90 -28.91 0.33 9.70 ± 0.01 0.93 ± 0.05 4.17 ± 0.59 8.74 ± 0.09
2939880464 54.25 -28.63 0.54 10.31 ± 0.01 0.58 ± 0.01 3.62 ± 1.54 9.08 ± 0.09
2925345983 40.74 -0.27 0.22 9.75 ± 0.01 0.44 ± 0.01 0.22 ± 0.02 9.07 ± 0.09
2939979520 53.94 -28.03 0.73 9.40 ± 0.04 0.47 ± 0.21 1.99 ± 0.65 9.09 ± 0.09
2939679928 55.04 -29.20 0.39 9.46 ± 0.02 1.26 ± 0.03 7.12 ± 0.86 8.77 ± 0.09
2939269068 53.44 -29.68 0.16 10.68 ± 0.01 0.38 ± 0.02 0.76 ± 0.28 9.17 ± 0.09
2939905241 53.80 -28.53 0.21 10.78 ± 0.01 1.18 ± 0.01 6.38 ± 1.97 9.16 ± 0.09
2939378968 54.62 -29.86 0.56 9.94 ± 0.01 1.59 ± 0.14 1.22 ± 0.16 8.91 ± 0.09
2925617256 41.16 -0.41 0.34 9.48 ± 0.02 1.48 ± 0.14 6.24 ± 0.55 8.66 ± 0.09
2938958542 36.07 -4.86 0.47 9.38 ± 0.02 1.03 ± 0.07 4.60 ± 0.90 8.63 ± 0.08
2939787162 53.01 -29.02 0.48 9.62 ± 0.02 1.58 ± 0.04 1.02 ± 0.20 8.97 ± 0.08
2939688056 54.73 -29.13 0.65 9.82 ± 0.03 0.57 ± 0.34 1.37 ± 0.18 8.93 ± 0.08
2925713110 41.27 -1.56 0.47 10.64 ± 0.01 0.76 ± 0.04 3.44 ± 0.66 9.04 ± 0.08
2938987120 35.79 -4.66 0.70 9.40 ± 0.06 1.37 ± 0.23 2.48 ± 0.44 8.63 ± 0.08
2939513822 54.31 -27.42 0.47 9.69 ± 0.02 1.03 ± 0.10 2.97 ± 0.60 8.92 ± 0.08
2939345557 52.13 -27.35 0.58 9.41 ± 0.02 1.28 ± 0.04 2.13 ± 0.56 8.98 ± 0.08
2939856020 53.65 -28.87 0.49 10.25 ± 0.01 0.42 ± 0.01 2.55 ± 0.37 9.10 ± 0.08
2940080347 35.26 -6.40 0.43 9.24 ± 0.04 0.18 ± 0.37 0.11 ± 0.02 9.01 ± 0.08
2937583885 34.73 -4.05 0.34 10.02 ± 0.01 0.91 ± 0.01 1.42 ± 1.01 9.16 ± 0.08
2937488103 36.17 -3.75 0.37 9.74 ± 0.02 1.44 ± 0.08 3.52 ± 0.42 8.75 ± 0.08
2938634528 34.65 -5.07 0.31 10.12 ± 0.04 0.25 ± 0.06 10.72 ± 9.37 9.14 ± 0.08
2940001565 53.82 -27.82 0.32 9.83 ± 0.01 0.38 ± 0.22 1.41 ± 0.27 9.03 ± 0.08
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COADD R.A. dec z log(Mass) log(SFRphoto) log(SFRspec) log(O/H) + 12
OBJECT ID deg deg M� M�yr−1 M�yr−1

2939748033 54.38 -28.80 0.55 9.97 ± 0.01 1.86 ± 0.04 11.27 ± 1.84 8.89 ± 0.08
2925766165 42.73 0.74 0.66 9.89 ± 0.03 1.17 ± 0.19 3.77 ± 0.68 8.99 ± 0.08
2939715346 53.67 -29.56 0.53 10.27 ± 0.01 0.62 ± 0.01 1.50 ± 0.53 9.05 ± 0.08
2939740295 53.68 -29.32 0.40 9.56 ± 0.04 0.55 ± 0.33 1.67 ± 0.19 8.86 ± 0.08
2939243834 54.00 -26.43 0.55 10.88 ± 0.01 0.44 ± 0.08 2.86 ± 0.75 8.85 ± 0.08
2939744648 54.59 -28.81 0.48 9.20 ± 0.03 0.89 ± 0.12 1.18 ± 0.17 8.64 ± 0.08
2925677789 40.73 -1.39 0.56 9.01 ± 0.04 0.93 ± 0.15 1.26 ± 0.27 8.99 ± 0.08
2939485525 54.88 -27.72 0.40 9.80 ± 0.01 1.20 ± 0.05 2.29 ± 0.55 9.05 ± 0.08
2925718654 41.08 -1.46 0.41 9.45 ± 0.02 0.84 ± 0.08 5.63 ± 0.65 8.77 ± 0.08
2938165562 36.22 -5.73 0.56 10.59 ± 0.03 0.67 ± 0.03 2.89 ± 1.16 9.09 ± 0.08
2939393764 53.86 -29.70 0.54 9.36 ± 0.03 1.19 ± 0.03 1.53 ± 0.70 8.99 ± 0.07
2925417047 43.27 0.07 0.33 9.00 ± 0.03 0.66 ± 0.20 2.59 ± 0.44 8.64 ± 0.07
2939039674 36.58 -4.30 0.53 9.81 ± 0.01 1.56 ± 0.07 5.24 ± 1.12 9.02 ± 0.07
2939061133 36.61 -4.15 0.34 10.86 ± 0.01 1.18 ± 0.01 5.11 ± 0.63 8.97 ± 0.07
2940067260 35.14 -6.56 0.48 10.69 ± 0.02 0.44 ± 0.09 16.79 ± 2.70 8.53 ± 0.07
2939723912 53.36 -29.47 0.31 10.21 ± 0.01 1.29 ± 0.01 4.34 ± 0.44 9.17 ± 0.07
2938838466 34.97 -4.62 0.72 9.87 ± 0.03 0.51 ± 0.12 3.13 ± 0.31 8.97 ± 0.07
2925781792 43.08 -0.91 0.50 9.63 ± 0.01 1.43 ± 0.05 4.15 ± 1.06 9.07 ± 0.07
2939224023 53.31 -26.70 0.53 10.55 ± 0.02 0.42 ± 0.03 3.62 ± 1.21 9.03 ± 0.07
2939171940 35.93 -7.18 0.49 9.47 ± 0.02 1.33 ± 0.03 9.59 ± 1.98 8.96 ± 0.07
2925628208 41.94 -1.39 0.16 10.04 ± 0.03 -0.08 ± 0.41 1.26 ± 0.30 9.19 ± 0.07
2938663305 34.32 -4.70 0.43 9.68 ± 0.02 1.04 ± 0.10 7.36 ± 0.86 8.60 ± 0.07
2939603202 53.94 -27.15 0.42 9.79 ± 0.02 1.48 ± 0.01 26.32 ± 3.36 8.85 ± 0.06
2925723947 41.66 -1.38 0.50 9.86 ± 0.01 1.55 ± 0.11 1.32 ± 0.23 9.02 ± 0.06
2939203920 35.78 -6.79 0.34 10.41 ± 0.01 0.90 ± 0.06 0.68 ± 0.15 8.96 ± 0.06
2939568452 54.81 -26.83 0.47 9.91 ± 0.01 0.03 ± 0.01 0.29 ± 0.08 9.09 ± 0.06
2939475908 54.91 -27.84 0.24 10.34 ± 0.01 1.18 ± 0.01 5.64 ± 4.57 9.15 ± 0.06
2938289757 35.34 -4.67 0.32 10.14 ± 0.03 -0.09 ± 0.15 0.51 ± 0.13 9.10 ± 0.06
2939685648 55.17 -29.15 0.24 10.65 ± 0.01 1.21 ± 0.02 15.06 ± 28.99 9.07 ± 0.06
2938997431 36.53 -4.62 0.44 9.23 ± 0.02 0.53 ± 0.01 0.73 ± 0.13 9.05 ± 0.06
2925391780 42.14 0.28 0.58 10.47 ± 0.04 -2.02 ± 2.47 0.39 ± 0.10 8.51 ± 0.06
2925712561 41.29 -1.56 0.53 10.23 ± 0.02 0.61 ± 0.08 0.58 ± 0.11 9.01 ± 0.06
2938875135 35.07 -4.22 0.44 10.97 ± 0.02 1.10 ± 0.01 0.58 ± 0.14 9.10 ± 0.06
2939224858 53.35 -26.69 0.19 9.94 ± 0.01 0.53 ± 0.01 13.11 ± 7.35 8.98 ± 0.06
2938958235 35.91 -4.87 0.55 10.39 ± 0.03 0.90 ± 0.19 1.55 ± 0.37 9.04 ± 0.06
2939957459 53.67 -28.18 0.60 10.84 ± 0.01 0.92 ± 0.02 1.18 ± 0.31 9.03 ± 0.06
2937431284 33.94 -4.37 0.50 10.40 ± 0.02 0.11 ± 0.19 3.13 ± 1.26 9.11 ± 0.06
2925835346 40.30 -0.76 0.41 9.56 ± 0.02 1.13 ± 0.06 2.23 ± 0.50 9.09 ± 0.06
2939237091 53.53 -26.53 0.77 10.17 ± 0.04 0.58 ± 0.20 3.27 ± 0.44 8.99 ± 0.06
2939512989 54.71 -27.43 0.55 10.20 ± 0.01 0.63 ± 0.01 1.29 ± 0.29 9.06 ± 0.06
2937713749 33.80 -4.75 0.55 11.25 ± 0.01 1.06 ± 0.06 0.83 ± 0.41 9.10 ± 0.05
2925589225 41.48 -0.84 0.70 10.15 ± 0.01 1.95 ± 0.08 2.63 ± 0.27 8.90 ± 0.05
2939608123 53.81 -27.09 0.64 10.85 ± 0.02 0.84 ± 0.05 0.47 ± 0.10 9.15 ± 0.05
2938626673 34.83 -5.17 0.38 10.24 ± 0.02 1.38 ± 0.04 1.93 ± 0.60 9.09 ± 0.05
2938501460 35.96 -4.00 0.43 9.13 ± 0.02 0.52 ± 0.14 0.98 ± 0.15 8.58 ± 0.05
2925515741 42.39 -0.42 0.32 9.13 ± 0.02 0.15 ± 0.01 0.61 ± 0.18 9.01 ± 0.05
2939369286 54.57 -29.99 0.59 10.47 ± 0.01 0.74 ± 0.03 2.47 ± 0.74 9.12 ± 0.05
2939299499 55.05 -27.36 0.61 9.76 ± 0.02 0.19 ± 0.01 1.05 ± 0.24 9.02 ± 0.05
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2925735187 41.34 -1.19 0.34 10.27 ± 0.02 0.73 ± 0.13 0.86 ± 0.13 9.11 ± 0.05
2925839001 40.60 -0.71 0.38 9.67 ± 0.01 0.72 ± 0.01 4.36 ± 0.75 8.94 ± 0.05
2938279535 35.22 -4.75 0.46 10.74 ± 0.01 0.89 ± 0.05 1.07 ± 0.18 9.02 ± 0.05
2939209591 55.13 -27.70 0.69 9.97 ± 0.05 1.68 ± 0.51 0.91 ± 0.21 9.06 ± 0.05
2939620055 53.90 -26.97 0.21 10.72 ± 0.04 0.57 ± 0.51 1.67 ± 1.91 9.16 ± 0.05
2925710969 41.11 -1.59 0.37 10.48 ± 0.03 0.73 ± 0.09 1.42 ± 0.41 9.11 ± 0.05
2939446366 55.34 -29.15 0.34 9.45 ± 0.02 1.14 ± 0.07 2.80 ± 0.30 8.77 ± 0.05
2939087259 36.88 -3.96 0.76 10.17 ± 0.03 0.79 ± 0.04 1.42 ± 0.25 9.09 ± 0.05
2938635195 34.68 -5.06 0.62 10.34 ± 0.02 0.60 ± 0.07 1.14 ± 0.28 9.12 ± 0.05
2938916099 36.35 -5.18 0.44 10.91 ± 0.01 1.02 ± 0.05 0.64 ± 0.22 9.12 ± 0.05
2938132538 36.37 -6.01 0.36 10.00 ± 0.01 1.45 ± 0.03 18.40 ± 2.17 8.89 ± 0.05
2938275838 35.74 -4.79 0.46 9.42 ± 0.02 0.75 ± 0.01 5.04 ± 0.66 8.95 ± 0.05
2925740935 41.50 -1.09 0.24 9.49 ± 0.02 0.95 ± 0.08 1.55 ± 0.82 9.01 ± 0.05
2939310205 55.02 -27.15 0.44 9.78 ± 0.02 1.21 ± 0.01 3.89 ± 0.48 8.97 ± 0.05
2925359708 42.27 -0.31 0.36 9.51 ± 0.02 0.62 ± 0.06 2.97 ± 0.58 9.07 ± 0.05
2925804237 42.99 -0.52 0.23 10.40 ± 0.01 0.86 ± 0.01 9.06 ± 7.71 9.13 ± 0.05
2925720774 41.39 -1.43 0.48 9.86 ± 0.01 1.38 ± 0.15 0.94 ± 0.09 8.87 ± 0.04
2939477942 54.91 -27.81 0.17 10.70 ± 0.02 0.63 ± 0.02 9.65 ± 0.92 9.09 ± 0.04
2940071483 35.04 -6.51 0.66 10.04 ± 0.02 0.39 ± 0.01 3.14 ± 0.51 9.06 ± 0.04
2925581601 41.48 -0.97 0.32 9.94 ± 0.01 1.01 ± 0.01 3.63 ± 0.33 9.05 ± 0.04
2939716505 53.52 -29.54 0.56 10.36 ± 0.01 0.52 ± 0.04 0.75 ± 0.26 9.11 ± 0.04
2938148754 36.21 -5.86 0.44 9.86 ± 0.02 1.39 ± 0.17 0.49 ± 0.09 9.08 ± 0.04
2939589378 53.75 -27.30 0.44 10.68 ± 0.01 0.88 ± 0.02 0.41 ± 0.12 9.15 ± 0.04
2938768270 36.96 -4.62 0.70 9.96 ± 0.02 1.92 ± 0.00 6.66 ± 0.62 9.02 ± 0.04
2937871275 35.43 -6.94 0.43 10.02 ± 0.01 0.23 ± 0.02 1.25 ± 0.24 9.06 ± 0.04
2938932167 35.80 -5.06 0.47 10.09 ± 0.02 0.25 ± 0.07 2.59 ± 0.54 9.10 ± 0.04
2938655280 34.97 -4.80 0.58 10.13 ± 0.04 0.31 ± 0.17 4.73 ± 0.90 8.98 ± 0.04
2939763907 55.17 -28.71 0.40 10.57 ± 0.04 0.60 ± 0.20 8.18 ± 1.45 9.07 ± 0.04
2939870055 54.10 -28.72 0.55 10.39 ± 0.01 0.48 ± 0.01 1.11 ± 0.63 9.19 ± 0.04
2925481989 41.98 -1.02 0.67 10.15 ± 0.02 1.85 ± 0.13 1.26 ± 0.27 9.09 ± 0.04
2937688827 34.27 -5.08 0.55 10.01 ± 0.02 0.32 ± 0.12 2.20 ± 0.50 9.02 ± 0.04
2925807485 43.11 -0.46 0.49 10.79 ± 0.02 1.01 ± 0.09 1.52 ± 0.32 9.14 ± 0.04
2939410626 51.56 -28.13 0.53 10.08 ± 0.01 0.46 ± 0.01 1.77 ± 0.30 9.02 ± 0.04
2925330995 40.82 -1.87 0.38 10.71 ± 0.03 0.29 ± 0.14 1.77 ± 0.48 9.13 ± 0.04
2939232635 54.03 -26.59 0.54 10.49 ± 0.02 0.42 ± 0.01 0.78 ± 0.24 9.07 ± 0.04
2939289845 54.96 -29.64 0.59 10.07 ± 0.02 0.27 ± 0.08 0.75 ± 0.15 9.11 ± 0.04
2939715508 53.66 -29.56 0.54 10.80 ± 0.01 0.99 ± 0.01 1.54 ± 0.45 9.23 ± 0.04
2939725754 54.59 -28.89 0.35 8.57 ± 0.04 -0.11 ± 0.17 0.37 ± 0.26 9.06 ± 0.03
2940015713 54.11 -27.70 0.20 10.59 ± 0.01 1.40 ± 0.01 6.81 ± 4.68 9.08 ± 0.03
2939984667 53.47 -27.98 0.61 10.72 ± 0.01 0.95 ± 0.01 0.89 ± 0.16 9.13 ± 0.03
2925815228 42.61 -0.36 0.43 10.45 ± 0.02 0.25 ± 0.02 1.70 ± 0.63 9.14 ± 0.03
2937441126 34.06 -4.20 0.15 11.26 ± 0.02 0.28 ± 0.05 3.71 ± 0.71 9.20 ± 0.03
2925544229 41.62 -0.26 0.57 10.23 ± 0.01 0.55 ± 0.01 1.82 ± 0.50 9.14 ± 0.03
2939739675 54.88 -28.83 0.61 10.45 ± 0.02 0.69 ± 0.09 0.74 ± 0.12 9.04 ± 0.03
2939124041 54.74 -30.04 0.44 10.48 ± 0.01 0.72 ± 0.03 1.16 ± 0.14 9.05 ± 0.03
2939709994 54.90 -28.90 0.49 10.34 ± 0.02 0.38 ± 0.04 1.86 ± 0.22 9.04 ± 0.03
2925464237 42.45 0.13 0.59 10.38 ± 0.01 0.65 ± 0.01 5.74 ± 0.92 9.07 ± 0.03
2939744344 54.56 -28.81 0.21 10.30 ± 0.01 0.95 ± 0.01 14.62 ± 7.98 9.08 ± 0.03
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2939240740 53.68 -26.49 0.46 10.81 ± 0.03 1.22 ± 0.03 3.17 ± 0.44 9.10 ± 0.03
2939268002 53.84 -29.69 0.55 10.96 ± 0.02 1.00 ± 0.07 4.58 ± 0.69 8.87 ± 0.03
2925628437 41.76 -1.38 0.51 10.85 ± 0.02 0.80 ± 0.07 1.41 ± 0.65 9.16 ± 0.03
2939576880 53.49 -27.40 0.77 9.27 ± 0.03 0.57 ± 0.10 0.84 ± 0.12 9.10 ± 0.03
2925728821 41.64 -1.30 0.36 9.81 ± 0.02 1.45 ± 0.03 4.89 ± 0.55 8.98 ± 0.03
2938325791 35.09 -5.70 0.55 10.31 ± 0.02 0.80 ± 0.15 9.18 ± 2.25 9.07 ± 0.03
2937925488 37.31 -4.33 0.39 10.66 ± 0.01 0.86 ± 0.06 1.14 ± 0.23 9.12 ± 0.03
2938227176 35.38 -5.33 0.43 10.61 ± 0.01 0.82 ± 0.02 4.87 ± 0.88 9.04 ± 0.03
2925810305 43.03 -0.41 0.16 10.45 ± 0.01 1.03 ± 0.12 3.02 ± 1.80 9.16 ± 0.03
2939873025 53.76 -28.69 0.37 10.54 ± 0.01 1.07 ± 0.06 1.73 ± 0.34 9.11 ± 0.03
2939727263 53.45 -29.44 0.44 10.07 ± 0.01 1.95 ± 0.01 3.94 ± 0.64 9.12 ± 0.03
2925709998 41.27 -1.60 0.53 10.19 ± 0.04 1.70 ± 0.41 2.00 ± 0.35 9.05 ± 0.03
2925454165 42.56 -0.03 0.30 10.11 ± 0.02 1.29 ± 0.01 2.90 ± 1.31 9.11 ± 0.02
2939219819 53.65 -26.75 0.20 10.30 ± 0.01 0.85 ± 0.01 5.04 ± 2.52 9.13 ± 0.02
2938712403 36.70 -5.04 0.50 9.94 ± 0.02 1.15 ± 0.10 2.00 ± 0.55 9.13 ± 0.02
2925363871 41.74 -0.24 0.41 10.32 ± 0.01 0.62 ± 0.06 4.03 ± 0.72 9.17 ± 0.02
2938629983 34.96 -5.13 0.43 10.07 ± 0.01 0.24 ± 0.06 0.54 ± 0.06 9.03 ± 0.02
2939669864 55.32 -29.31 0.51 10.57 ± 0.02 1.91 ± 0.01 6.54 ± 0.80 9.05 ± 0.02
2939204106 35.77 -6.79 0.51 10.05 ± 0.02 0.10 ± 0.02 2.09 ± 0.33 9.10 ± 0.02
2938091658 35.23 -5.77 0.51 9.57 ± 0.02 1.52 ± 0.02 10.45 ± 1.50 9.05 ± 0.02
2938984634 36.10 -4.68 0.31 10.26 ± 0.01 0.46 ± 0.05 21.00 ± 9.77 9.15 ± 0.02
2925650173 43.42 -0.52 0.33 10.15 ± 0.01 1.53 ± 0.05 0.96 ± 0.42 9.12 ± 0.02
2939299146 55.12 -27.37 0.65 10.20 ± 0.01 0.58 ± 0.01 1.07 ± 0.13 9.08 ± 0.02
2939751717 54.60 -28.78 0.46 10.33 ± 0.01 0.42 ± 0.01 8.19 ± 1.20 9.04 ± 0.02
2939248245 53.77 -26.35 0.45 10.71 ± 0.01 0.88 ± 0.05 2.61 ± 0.38 9.14 ± 0.02
2939531161 54.91 -27.22 0.40 10.84 ± 0.01 1.07 ± 0.01 3.20 ± 0.42 9.10 ± 0.02
2939882499 53.74 -28.63 0.34 10.00 ± 0.02 1.14 ± 0.01 18.58 ± 7.05 9.06 ± 0.02
2937440497 33.91 -4.21 0.15 10.70 ± 0.01 0.39 ± 0.02 12.27 ± 0.84 9.20 ± 0.02
2925774019 43.07 0.89 0.23 10.47 ± 0.01 0.88 ± 0.01 32.71 ± 10.78 9.08 ± 0.02
2925680159 40.53 -1.36 0.09 9.83 ± 0.02 0.46 ± 0.12 63.67 ± 3.21 9.14 ± 0.01
2938925962 35.91 -5.11 0.91 11.04 ± 0.04 -0.44 ± 1.60 0.29 ± 0.12 NaN
2938564031 36.73 -3.69 0.68 9.42 ± 0.01 1.22 ± 0.04 2.12 ± 0.57 NaN
2938959455 36.03 -4.86 0.73 9.67 ± 0.02 1.09 ± 0.18 -inf ± 0.00 NaN
2938394261 36.32 -4.58 0.83 10.31 ± 0.02 0.47 ± 0.01 -inf ± 0.00 NaN
2970769044 9.67 -44.39 0.36 10.52 ± 0.02 0.70 ± 0.10 0.35 ± 0.05 NaN
2970747336 9.13 -43.58 0.40 10.66 ± 0.14 -2.40 ± 3.07 -inf ± 0.00 NaN
2937693887 34.03 -5.01 0.46 10.25 ± 0.02 0.43 ± 0.05 0.98 ± 0.17 NaN
2940098241 34.86 -6.18 0.23 9.38 ± 0.01 -0.33 ± 0.01 0.45 ± 0.35 NaN
2939489651 54.55 -27.67 0.69 11.53 ± 0.07 -2.77 ± 0.67 -inf ± 0.00 NaN
2971068210 7.49 -42.73 0.34 9.52 ± 0.02 0.46 ± 0.01 0.18 ± 0.15 NaN
2971147878 8.16 -43.46 0.57 9.10 ± 0.08 0.63 ± 0.58 0.18 ± 0.09 NaN
2971001721 7.81 -43.09 0.48 10.07 ± 0.03 0.04 ± 0.08 0.23 ± 0.05 NaN
2970353703 7.56 -42.11 0.73 10.01 ± 0.02 1.40 ± 0.01 -inf ± 0.00 NaN
2970529568 8.48 -42.31 0.39 11.02 ± 0.14 -1.87 ± 0.67 0.70 ± 0.19 NaN
2971256228 8.14 -42.49 0.22 9.68 ± 0.01 0.53 ± 0.01 0.88 ± 0.51 NaN
2970448156 6.96 -42.69 0.41 10.09 ± 0.01 1.48 ± 0.06 4.06 ± 0.77 NaN
2970424536 6.96 -43.08 0.77 10.78 ± 0.03 0.02 ± 0.15 -inf ± 0.00 NaN
2970452875 6.82 -42.57 0.56 11.14 ± 0.04 -3.05 ± 1.10 -inf ± 0.00 NaN

Table B.2: Continued on next page



214

COADD R.A. dec z log(Mass) log(SFRphoto) log(SFRspec) log(O/H) + 12
OBJECT ID deg deg M� M�yr−1 M�yr−1

2970331021 6.96 -42.39 0.48 10.19 ± 0.05 -0.08 ± 1.26 -inf ± 0.00 NaN
2971102390 8.18 -43.87 0.55 10.45 ± 0.04 -0.78 ± 1.81 -inf ± 0.00 NaN
2925674781 40.63 -1.44 0.64 10.59 ± 0.04 0.39 ± 0.36 1.02 ± 0.19 NaN
2925362597 41.80 -0.26 0.65 10.70 ± 0.04 -1.77 ± 0.55 -inf ± 0.00 NaN
2925544858 41.36 -0.25 0.45 10.63 ± 0.03 0.79 ± 0.14 1.90 ± 0.69 NaN
2925713506 41.48 -1.55 0.56 10.48 ± 0.04 -0.86 ± 1.38 0.44 ± 0.34 NaN
2925830808 40.63 -0.84 0.28 10.88 ± 0.06 -0.08 ± 1.35 1.07 ± 0.39 NaN
2940771836 54.79 -26.72 0.62 9.81 ± 0.02 2.03 ± 0.05 0.19 ± 0.05 NaN
2971168863 8.14 -43.29 0.19 10.98 ± 0.04 0.53 ± 1.60 -inf ± 0.00 NaN
2970325022 6.98 -42.44 0.45 10.86 ± 0.03 -3.69 ± 4.13 0.45 ± 0.22 NaN
2970516617 10.49 -43.73 0.27 8.92 ± 0.02 0.57 ± 0.11 0.77 ± 0.10 NaN
2925441476 42.92 -0.24 0.69 10.33 ± 0.02 -1.06 ± 0.27 0.14 ± 0.11 NaN
2925709352 41.61 -1.61 0.38 10.29 ± 0.03 -1.31 ± 0.65 -inf ± 0.00 NaN
2925504011 41.88 -0.62 0.36 10.71 ± 0.05 0.51 ± 0.18 -inf ± 0.00 NaN
2937797592 33.93 -5.45 0.64 10.34 ± 0.02 0.47 ± 0.07 0.71 ± 0.18 NaN
2937724272 33.79 -4.63 0.49 10.12 ± 0.04 0.33 ± 0.24 -inf ± 0.00 NaN
2940873537 52.57 -28.06 0.69 9.37 ± 0.03 1.30 ± 0.26 0.41 ± 0.11 NaN
2940195679 52.69 -27.56 0.67 10.05 ± 0.02 0.14 ± 0.06 0.31 ± 0.10 NaN
2940505546 52.15 -28.64 0.78 10.21 ± 0.05 -0.16 ± 0.45 0.11 ± 0.07 NaN
2940918914 52.34 -27.73 0.75 9.77 ± 0.02 0.84 ± 0.17 0.79 ± 0.18 NaN
2938730165 37.13 -4.91 1.02 10.89 ± 0.16 0.98 ± 0.13 0.15 ± 0.04 NaN
2938411570 35.79 -4.46 0.82 10.16 ± 0.07 0.03 ± 0.40 2.27 ± 0.62 NaN
2939975479 54.07 -28.06 0.68 10.87 ± 0.05 1.30 ± 0.26 -inf ± 0.00 NaN
2939860395 54.25 -28.82 0.54 10.75 ± 0.01 0.50 ± 0.01 -inf ± 0.00 NaN
2939861334 53.80 -28.81 0.63 10.56 ± 0.03 -1.89 ± 0.91 -inf ± 0.00 NaN
2940242578 54.47 -29.33 0.60 10.61 ± 0.05 0.57 ± 0.59 0.27 ± 0.12 NaN
2925589129 41.07 -0.84 0.45 10.74 ± 0.04 0.59 ± 0.97 -inf ± 0.00 NaN
2925660612 40.86 -1.75 0.44 10.46 ± 0.03 0.37 ± 0.86 -inf ± 0.00 NaN
2938637953 34.65 -5.02 0.71 11.29 ± 0.04 -10.00 ± 2.87 -inf ± 0.00 NaN
2937871990 34.97 -6.93 0.53 10.81 ± 0.01 0.79 ± 0.01 -inf ± 0.00 NaN
2938450628 35.70 -4.23 0.56 10.65 ± 0.02 -2.68 ± 0.67 -inf ± 0.00 NaN
2938454837 35.80 -4.21 0.63 10.54 ± 0.04 -0.23 ± 0.87 -inf ± 0.00 NaN
2939058243 36.35 -4.17 0.82 10.39 ± 0.04 0.61 ± 0.16 0.86 ± 0.20 NaN
2939033978 36.64 -4.34 0.77 10.18 ± 0.04 0.72 ± 0.18 0.11 ± 0.02 NaN
2937822704 36.85 -5.38 0.77 10.97 ± 0.08 -1.49 ± 0.39 -inf ± 0.00 NaN
2938315834 35.06 -5.82 0.45 10.98 ± 0.03 1.06 ± 0.18 1.20 ± 0.77 NaN
2939717147 53.50 -29.53 0.55 10.43 ± 0.02 -2.47 ± 0.84 -inf ± 0.00 NaN
2940416498 53.22 -27.42 0.61 10.49 ± 0.01 0.73 ± 0.01 1.74 ± 0.36 NaN
2970704480 8.33 -43.89 0.60 9.44 ± 0.05 0.03 ± 0.40 -inf ± 0.00 NaN
2970337778 7.28 -42.31 0.54 10.59 ± 0.04 0.49 ± 0.02 4.31 ± 0.74 NaN
2940334099 36.58 -6.18 0.47 10.16 ± 0.01 0.30 ± 0.05 2.60 ± 0.53 NaN
2940090710 35.28 -6.28 0.77 11.21 ± 0.09 -2.81 ± 2.32 -inf ± 0.00 NaN
2939499076 54.59 -27.56 0.48 8.94 ± 0.04 0.68 ± 0.14 0.43 ± 0.08 NaN
2940784830 54.14 -26.57 0.43 8.99 ± 0.04 0.62 ± 0.15 -inf ± 0.00 NaN
2940485517 52.32 -28.79 0.99 10.81 ± 0.05 0.48 ± 0.03 0.61 ± 0.14 NaN
2925716140 41.39 -1.51 0.56 10.52 ± 0.02 -2.38 ± 1.23 -inf ± 0.00 NaN
2925619251 41.88 -1.60 0.58 10.87 ± 0.05 0.75 ± 0.35 -inf ± 0.00 NaN
2937766205 34.34 -5.66 0.45 11.10 ± 0.06 0.43 ± 0.14 0.22 ± 0.11 NaN

Table B.2: Continued on next page



215

COADD R.A. dec z log(Mass) log(SFRphoto) log(SFRspec) log(O/H) + 12
OBJECT ID deg deg M� M�yr−1 M�yr−1

2937984072 37.30 -5.07 0.84 10.95 ± 0.06 -2.14 ± 1.04 0.55 ± 0.17 NaN
2939048211 36.35 -4.23 0.93 10.85 ± 0.04 -1.81 ± 0.96 -inf ± 0.00 NaN
2940014560 53.87 -27.70 0.45 10.35 ± 0.02 -5.41 ± 3.15 0.44 ± 0.25 NaN
2939627193 53.64 -26.87 0.50 10.50 ± 0.05 0.44 ± 1.04 -inf ± 0.00 NaN
2970992023 7.47 -43.14 0.45 8.56 ± 0.08 -0.12 ± 0.19 -inf ± 0.00 NaN
2970816384 9.18 -44.23 0.32 10.97 ± 0.06 -1.97 ± 2.44 1.42 ± 0.27 NaN
2970775924 10.16 -44.37 0.40 11.21 ± 0.03 0.81 ± 0.09 1.97 ± 0.72 NaN
2970528251 10.70 -43.65 0.65 10.51 ± 0.05 0.56 ± 0.27 0.06 ± 0.05 NaN
2940969646 52.87 -28.94 0.46 10.73 ± 0.01 0.92 ± 0.04 0.30 ± 0.08 NaN
2940206654 52.71 -27.49 0.68 10.93 ± 0.01 0.98 ± 0.07 -inf ± 0.00 NaN
2925509513 42.20 -0.52 0.58 10.58 ± 0.02 -2.32 ± 1.09 -inf ± 0.00 NaN
2938324872 34.53 -5.71 0.45 11.20 ± 0.02 0.56 ± 0.03 -inf ± 0.00 NaN
2938195548 35.94 -5.53 0.79 10.79 ± 0.03 0.73 ± 0.46 -inf ± 0.00 NaN
2938282924 35.52 -4.72 0.90 10.13 ± 0.04 0.85 ± 0.12 2.43 ± 0.58 NaN
2938719720 36.95 -4.99 0.91 10.11 ± 0.03 0.79 ± 0.10 0.34 ± 0.04 NaN
2939545720 54.63 -27.04 0.20 9.43 ± 0.02 -4.97 ± 4.01 -inf ± 0.00 NaN
2939657673 55.04 -29.44 0.59 10.35 ± 0.04 -0.67 ± 0.95 -inf ± 0.00 NaN
2939274426 54.68 -30.01 0.54 10.66 ± 0.02 -2.27 ± 0.96 -inf ± 0.00 NaN
2939835941 54.68 -28.22 0.49 10.64 ± 0.03 0.28 ± 1.12 1.10 ± 0.34 NaN
2940161069 53.43 -27.81 0.97 10.89 ± 0.06 1.26 ± 0.14 0.20 ± 0.09 NaN
2940197320 53.05 -27.55 0.70 10.26 ± 0.06 0.50 ± 0.70 0.84 ± 0.20 NaN
2938703012 37.12 -5.23 0.79 10.68 ± 0.02 0.45 ± 0.14 0.68 ± 0.18 NaN
2939858615 54.20 -28.85 0.49 11.37 ± 0.01 0.51 ± 0.03 0.36 ± 0.13 NaN
2971095648 7.37 -42.47 0.44 10.80 ± 0.05 -2.96 ± 1.29 -inf ± 0.00 NaN
2970343073 7.59 -42.25 0.65 9.98 ± 0.02 1.78 ± 0.28 4.23 ± 0.50 NaN
2971210567 8.72 -42.93 0.87 10.99 ± 0.06 -0.82 ± 2.97 0.11 ± 0.06 NaN
2970749717 9.55 -43.57 0.63 10.57 ± 0.05 0.70 ± 0.78 0.49 ± 0.28 NaN
2939360860 52.36 -27.17 1.05 11.24 ± 0.03 0.79 ± 0.05 -inf ± 0.00 NaN
2925757771 42.45 0.59 0.36 10.53 ± 0.07 -0.43 ± 1.73 0.58 ± 0.53 NaN
2925581399 41.22 -0.97 0.58 9.42 ± 0.03 1.00 ± 0.23 -inf ± 0.00 NaN
2925712623 41.14 -1.57 0.37 10.44 ± 0.01 0.68 ± 0.05 0.99 ± 0.31 NaN
2938347519 35.05 -5.45 0.47 11.10 ± 0.04 0.73 ± 0.04 0.28 ± 0.08 NaN
2938622916 34.81 -5.22 0.79 11.02 ± 0.07 0.66 ± 0.52 -inf ± 0.00 NaN
2938642895 34.50 -4.97 0.56 10.05 ± 0.02 -0.69 ± 0.15 -inf ± 0.00 NaN
2938865532 35.22 -4.34 0.60 11.33 ± 0.01 0.69 ± 0.04 0.63 ± 0.55 NaN
2939163304 36.11 -7.30 0.28 10.88 ± 0.02 0.76 ± 0.75 -inf ± 0.00 NaN
2938420022 36.34 -4.40 0.37 8.28 ± 0.03 -0.13 ± 0.15 -inf ± 0.00 NaN
2939031593 36.61 -4.36 0.92 9.82 ± 0.03 1.56 ± 0.09 0.96 ± 0.20 NaN
2938455704 36.11 -4.21 1.11 11.05 ± 0.01 1.82 ± 0.04 1.03 ± 0.10 NaN
2940656745 52.95 -28.82 0.96 9.47 ± 0.02 0.62 ± 0.02 1.77 ± 0.20 NaN
2938009212 37.25 -4.73 0.48 9.89 ± 0.02 0.18 ± 0.07 0.53 ± 0.16 NaN
2925566103 41.90 0.48 0.37 10.38 ± 0.04 0.21 ± 0.16 1.35 ± 0.46 NaN
2925502176 42.00 -0.64 0.56 10.29 ± 0.04 -2.53 ± 0.79 -inf ± 0.00 NaN
2940909839 52.59 -27.81 0.35 10.25 ± 0.03 0.06 ± 0.12 -inf ± 0.00 NaN
2937714724 34.01 -4.73 0.44 10.72 ± 0.02 0.18 ± 0.03 0.58 ± 0.28 NaN
2938962035 35.79 -4.84 0.62 10.96 ± 0.06 0.74 ± 0.04 0.39 ± 0.16 NaN
2937953195 37.32 -4.14 0.59 9.24 ± 0.02 1.04 ± 0.11 0.96 ± 0.52 NaN
2939495074 54.90 -27.62 0.35 10.64 ± 0.02 0.70 ± 0.01 0.67 ± 0.16 NaN
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2971112333 8.21 -43.78 0.34 9.70 ± 0.01 0.74 ± 0.01 0.66 ± 0.47 NaN
2970967616 7.71 -43.30 0.39 10.56 ± 0.02 0.69 ± 0.09 0.09 ± 0.04 NaN
2971223650 8.28 -42.81 0.35 10.65 ± 0.02 0.78 ± 0.09 0.31 ± 0.08 NaN
2970733700 10.06 -44.56 0.47 9.42 ± 0.02 0.69 ± 0.08 1.26 ± 0.27 NaN
2970704145 8.65 -43.89 0.53 9.82 ± 0.03 0.20 ± 0.16 3.03 ± 0.93 NaN
2925675950 40.54 -1.42 0.66 10.25 ± 0.03 -1.15 ± 0.39 -inf ± 0.00 NaN
2939516260 54.80 -27.40 0.48 10.23 ± 0.02 0.50 ± 0.09 2.74 ± 0.51 NaN
2940789727 54.38 -26.52 0.33 10.32 ± 0.02 -3.74 ± 2.76 1.04 ± 0.54 NaN
2940242948 54.15 -29.33 0.59 10.91 ± 0.05 -0.67 ± 1.46 -inf ± 0.00 NaN
2940742986 53.03 -28.21 0.94 11.22 ± 0.04 -1.42 ± 2.60 -inf ± 0.00 NaN
2940197934 52.95 -27.55 0.52 8.82 ± 0.03 0.32 ± 0.14 0.63 ± 0.27 NaN
2939347276 52.45 -27.33 0.75 10.89 ± 0.05 1.21 ± 0.28 1.36 ± 0.23 NaN
2940685175 53.02 -28.62 0.33 10.82 ± 0.01 0.46 ± 0.02 0.94 ± 0.71 NaN
2970340061 7.60 -42.30 0.18 9.67 ± 0.03 1.04 ± 0.04 10.86 ± 13.21 NaN
2971200323 8.71 -43.04 0.84 10.52 ± 0.03 -1.07 ± 0.47 0.03 ± 0.01 NaN
2970387327 7.00 -43.23 0.60 11.07 ± 0.06 0.09 ± 0.10 1.32 ± 0.26 NaN
2943197799 8.84 -44.73 0.65 10.10 ± 0.02 0.44 ± 0.08 1.52 ± 0.28 NaN
2925503753 42.17 -0.62 0.62 8.03 ± 0.06 0.58 ± 0.07 -inf ± 0.00 NaN
2925530956 43.57 0.60 0.68 10.46 ± 0.05 -1.85 ± 0.79 -inf ± 0.00 NaN
2925463569 42.81 0.12 0.68 10.55 ± 0.01 -1.06 ± 0.13 -inf ± 0.00 NaN
2925695753 40.70 -1.08 0.46 10.78 ± 0.03 1.06 ± 0.33 2.18 ± 0.53 NaN
2925544303 41.00 -0.26 0.37 10.05 ± 0.04 -2.41 ± 0.76 -inf ± 0.00 NaN
2925674999 40.81 -1.44 0.63 9.75 ± 0.03 1.45 ± 0.21 3.30 ± 0.86 NaN
2938272702 35.13 -4.82 0.52 10.60 ± 0.02 0.15 ± 0.09 2.69 ± 0.91 NaN
2938282141 35.27 -4.73 0.62 9.53 ± 0.06 -0.13 ± 0.09 0.90 ± 0.22 NaN
2940337695 36.06 -6.13 0.53 9.66 ± 0.05 0.07 ± 0.41 0.88 ± 0.25 NaN
2938318409 35.07 -5.79 0.79 10.70 ± 0.04 0.59 ± 0.02 0.90 ± 0.17 NaN
2938747597 37.15 -4.78 0.62 9.51 ± 0.02 -0.04 ± 0.01 2.58 ± 0.50 NaN
2940010361 53.96 -27.75 0.32 11.20 ± 0.06 -2.03 ± 2.70 0.46 ± 0.31 NaN
2970430820 6.64 -42.99 0.55 10.41 ± 0.01 0.72 ± 0.01 0.53 ± 0.21 NaN
2970586372 10.26 -44.39 0.35 8.93 ± 0.02 0.68 ± 0.06 0.62 ± 0.17 NaN
2939764244 53.37 -29.13 0.22 10.93 ± 0.03 0.93 ± 0.19 1.21 ± 0.19 NaN
2970597440 10.29 -44.20 0.60 10.48 ± 0.02 0.52 ± 0.07 0.62 ± 0.14 NaN
2970682386 8.70 -44.12 0.27 8.53 ± 0.04 0.30 ± 0.05 0.60 ± 0.41 NaN
2940152979 52.78 -27.87 0.22 10.48 ± 0.05 -2.76 ± 1.08 1.29 ± 0.39 NaN
2938257118 35.73 -4.97 0.56 10.10 ± 0.01 0.51 ± 0.01 0.43 ± 0.09 NaN
2938327040 34.68 -5.68 0.57 10.76 ± 0.02 0.68 ± 0.02 -inf ± 0.00 NaN
2937555692 34.78 -4.40 0.77 11.68 ± 0.05 0.59 ± 4.28 -inf ± 0.00 NaN
2939344790 52.07 -27.36 0.66 10.19 ± 0.01 0.24 ± 0.05 0.34 ± 0.12 NaN
2925496529 42.35 -0.75 0.53 9.14 ± 0.03 0.82 ± 0.10 -inf ± 0.00 NaN
2925610589 41.02 -0.51 0.52 8.96 ± 0.06 -0.24 ± 0.41 0.34 ± 0.09 NaN
2925554386 41.50 -0.09 0.46 10.35 ± 0.03 0.44 ± 0.16 2.13 ± 0.61 NaN
2925619574 41.25 -0.39 0.27 10.45 ± 0.07 0.19 ± 0.24 0.98 ± 0.89 NaN
2925330480 41.03 -1.88 0.39 9.85 ± 0.02 0.04 ± 0.06 -inf ± 0.00 NaN
2938650161 34.65 -4.86 0.43 9.82 ± 0.02 0.17 ± 0.06 -inf ± 0.00 NaN
2937585054 34.79 -4.04 0.43 11.30 ± 0.01 0.83 ± 0.02 0.61 ± 0.49 NaN
2938701338 36.54 -5.12 0.82 10.74 ± 0.07 0.03 ± 0.64 -inf ± 0.00 NaN
2938936014 35.91 -5.03 0.86 10.81 ± 0.06 1.15 ± 0.13 0.64 ± 0.29 NaN
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2938937935 35.97 -5.01 0.86 10.36 ± 0.06 0.06 ± 0.14 0.31 ± 0.27 NaN
2938944237 36.07 -4.97 0.62 10.27 ± 0.04 0.32 ± 0.07 -inf ± 0.00 NaN
2938846011 35.44 -4.54 0.83 10.56 ± 0.04 0.33 ± 0.17 -inf ± 0.00 NaN
2937478991 35.94 -3.84 0.74 10.53 ± 0.03 1.11 ± 0.06 0.17 ± 0.08 NaN
2940461350 53.32 -27.02 0.27 10.32 ± 0.01 1.17 ± 0.01 6.09 ± 2.04 NaN
2939573298 53.65 -27.42 0.54 10.54 ± 0.02 -4.41 ± 0.90 -inf ± 0.00 NaN
2939291321 55.00 -29.68 0.59 11.10 ± 0.09 -2.82 ± 1.18 -inf ± 0.00 NaN
2939290638 55.10 -29.63 0.67 10.69 ± 0.03 -0.68 ± 0.63 0.14 ± 0.09 NaN
2940283649 54.48 -28.91 0.85 10.72 ± 0.04 1.16 ± 0.16 -inf ± 0.00 NaN
2943198361 9.02 -44.72 0.53 10.12 ± 0.02 0.42 ± 0.04 0.56 ± 0.14 NaN
2970741560 9.22 -43.61 0.81 10.39 ± 0.06 0.55 ± 0.09 0.44 ± 0.10 NaN
2970805042 9.86 -44.26 0.70 9.58 ± 0.04 0.16 ± 0.10 0.16 ± 0.03 NaN
2940803277 54.17 -26.36 0.56 10.25 ± 0.03 0.13 ± 0.04 1.58 ± 0.35 NaN
2940770546 54.09 -26.74 0.73 11.19 ± 0.05 0.53 ± 0.64 0.18 ± 0.17 NaN
2940438317 53.24 -27.25 0.62 10.44 ± 0.05 -0.06 ± 1.73 1.28 ± 0.55 NaN
2940659053 52.88 -28.80 0.53 9.19 ± 0.01 1.25 ± 0.05 3.62 ± 0.64 NaN
2940672893 53.17 -28.71 0.60 10.90 ± 0.02 0.81 ± 0.08 0.78 ± 0.29 NaN
2937422360 34.10 -4.50 0.62 11.11 ± 0.06 0.56 ± 1.26 0.20 ± 0.17 NaN
2937884133 34.95 -6.78 0.35 10.74 ± 0.03 0.24 ± 0.47 -inf ± 0.00 NaN
2940843856 51.66 -28.31 0.65 10.14 ± 0.04 -2.00 ± 1.37 -inf ± 0.00 NaN
2939565982 54.70 -26.84 0.58 9.96 ± 0.03 0.18 ± 0.01 -inf ± 0.00 NaN
2940658013 53.52 -28.81 0.34 10.16 ± 0.09 -1.75 ± 2.90 -inf ± 0.00 NaN
2939886401 54.14 -28.61 0.38 10.80 ± 0.01 1.01 ± 0.04 0.69 ± 0.39 NaN
2939698801 54.64 -29.02 0.47 10.51 ± 0.01 0.67 ± 0.03 1.21 ± 0.27 NaN
2940708628 53.33 -28.46 0.88 10.32 ± 0.07 1.41 ± 0.72 -inf ± 0.00 NaN
2970919903 7.17 -43.75 0.45 9.51 ± 0.02 1.05 ± 0.11 0.13 ± 0.03 NaN
2970514254 8.22 -42.39 0.56 10.99 ± 0.04 -2.77 ± 1.12 -inf ± 0.00 NaN
2925606129 41.21 -0.58 0.65 10.98 ± 0.01 -1.91 ± 0.16 -inf ± 0.00 NaN
2925715766 41.56 -1.52 0.24 11.09 ± 0.02 -2.22 ± 2.17 -inf ± 0.00 NaN
2940089151 34.91 -6.29 0.41 10.56 ± 0.04 0.59 ± 0.05 0.76 ± 0.38 NaN
2940292120 36.05 -6.71 0.87 9.47 ± 0.03 1.07 ± 0.17 0.43 ± 0.06 NaN
2937490493 35.99 -3.72 0.95 10.10 ± 0.04 1.48 ± 0.08 0.75 ± 0.10 NaN
2970688083 8.48 -44.06 0.51 10.12 ± 0.02 0.25 ± 0.48 -inf ± 0.00 NaN
2971144415 8.62 -43.49 0.39 8.71 ± 0.04 0.32 ± 0.12 0.04 ± 0.02 NaN
2970379234 6.95 -43.37 0.56 10.83 ± 0.03 -0.12 ± 1.48 -inf ± 0.00 NaN
2971223115 8.52 -42.81 0.58 9.72 ± 0.03 -0.01 ± 0.06 -inf ± 0.00 NaN
2925711556 41.61 -1.58 0.29 8.69 ± 0.05 -0.09 ± 0.16 1.72 ± 0.37 NaN
2940673859 53.37 -28.69 1.06 11.37 ± 0.09 0.86 ± 0.27 -inf ± 0.00 NaN
2940426756 53.26 -27.35 0.50 10.95 ± 0.03 -0.21 ± 1.29 -inf ± 0.00 NaN
2939514652 54.29 -27.41 0.66 10.98 ± 0.05 -1.05 ± 1.76 -inf ± 0.00 NaN
2939239397 53.62 -26.50 0.70 10.60 ± 0.03 -1.40 ± 0.37 -inf ± 0.00 NaN
2940757194 55.09 -26.59 0.42 9.27 ± 0.02 0.97 ± 0.13 2.69 ± 0.58 NaN
2939365764 54.63 -30.05 0.50 10.07 ± 0.02 1.45 ± 0.04 -inf ± 0.00 NaN
2939773189 54.87 -28.67 0.34 10.55 ± 0.07 0.06 ± 0.65 0.19 ± 0.06 NaN
2940187142 53.44 -27.63 0.44 9.87 ± 0.01 0.55 ± 0.13 24.06 ± 3.16 NaN
2940715218 53.54 -28.41 0.66 10.44 ± 0.04 -0.40 ± 0.50 -inf ± 0.00 NaN
2940540571 52.15 -28.38 0.43 9.14 ± 0.02 0.56 ± 0.14 2.63 ± 0.60 NaN
2925798790 42.87 -0.60 0.43 10.32 ± 0.03 -1.70 ± 0.87 -inf ± 0.00 NaN
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2940398366 35.49 -6.14 0.45 10.68 ± 0.03 0.29 ± 0.53 -inf ± 0.00 NaN
2940316888 36.08 -6.38 0.36 8.91 ± 0.03 -0.19 ± 0.24 0.96 ± 0.26 NaN
2938286305 35.44 -4.70 0.73 9.60 ± 0.04 0.12 ± 0.29 1.01 ± 0.41 NaN
2970865043 9.79 -43.94 0.51 10.24 ± 0.04 -3.16 ± 1.68 -inf ± 0.00 NaN
2925461511 42.98 0.09 0.32 10.57 ± 0.03 -1.46 ± 0.22 -inf ± 0.00 NaN
2938552008 36.26 -3.80 0.69 10.76 ± 0.06 -0.20 ± 0.39 0.71 ± 0.27 NaN
2970785494 9.55 -43.43 0.40 10.75 ± 0.07 -0.13 ± 1.63 0.12 ± 0.05 NaN
2971185962 8.00 -43.16 0.60 9.60 ± 0.02 1.38 ± 0.14 1.47 ± 0.26 NaN
2971170296 8.56 -43.28 0.19 10.44 ± 0.01 0.56 ± 0.01 0.61 ± 1.02 NaN
2925547423 41.01 -0.21 0.86 10.51 ± 0.02 1.84 ± 0.13 1.34 ± 0.34 NaN
2940034386 53.84 -27.51 0.83 10.60 ± 0.03 -0.55 ± 0.41 0.22 ± 0.08 NaN
2970763548 9.60 -44.42 0.40 10.84 ± 0.07 0.76 ± 0.34 0.71 ± 0.54 NaN
2970779770 9.83 -43.45 0.49 10.71 ± 0.01 0.88 ± 0.01 5.26 ± 0.52 NaN
2970735905 9.76 -44.57 0.30 9.63 ± 0.01 0.47 ± 0.01 0.13 ± 0.03 NaN
2925541999 41.62 -0.30 0.35 8.76 ± 0.06 0.27 ± 0.25 -inf ± 0.00 NaN
2940966774 52.45 -28.98 0.68 10.11 ± 0.02 0.26 ± 0.07 0.30 ± 0.10 NaN
2940530368 52.28 -28.46 0.35 9.05 ± 0.01 0.26 ± 0.02 0.59 ± 0.66 NaN
2938245445 35.66 -5.08 0.68 9.62 ± 0.02 0.27 ± 0.02 -inf ± 0.00 NaN
2939037972 36.93 -4.32 0.24 9.67 ± 0.01 0.40 ± 0.06 4.99 ± 1.57 NaN
2938843264 35.57 -4.57 0.57 10.23 ± 0.05 0.29 ± 0.84 2.83 ± 1.08 NaN
2937986602 37.19 -5.04 0.87 10.34 ± 0.04 -1.68 ± 0.81 0.31 ± 0.10 NaN
2938403775 36.21 -4.51 0.80 8.56 ± 0.05 0.78 ± 0.09 0.19 ± 0.09 NaN
2971178664 8.87 -43.21 0.81 10.89 ± 0.06 0.70 ± 0.31 -inf ± 0.00 NaN
2940525738 52.05 -28.49 0.63 9.25 ± 0.02 0.99 ± 0.06 10.82 ± 3.23 NaN
2940653278 53.07 -28.84 0.68 10.31 ± 0.06 0.27 ± 0.62 -inf ± 0.00 NaN
2940850263 51.48 -28.22 0.63 10.35 ± 0.02 0.56 ± 0.06 0.44 ± 0.18 NaN
2940013130 53.60 -27.71 0.74 9.72 ± 0.03 1.05 ± 0.30 1.82 ± 0.32 NaN
2940231564 53.84 -29.45 0.41 9.60 ± 0.05 2.20 ± 0.05 2.02 ± 1.02 NaN
2970955252 7.09 -43.42 0.69 10.30 ± 0.04 2.02 ± 0.53 2.29 ± 0.20 NaN
2939199111 36.09 -6.85 0.46 10.77 ± 0.03 -0.12 ± 0.83 0.37 ± 0.31 NaN
2970867254 9.41 -43.92 0.31 9.92 ± 0.01 0.78 ± 0.01 0.32 ± 0.44 NaN
2970645425 8.63 -44.58 0.82 11.07 ± 0.02 -1.39 ± 0.48 -inf ± 0.00 NaN
2970725348 9.79 -43.72 0.58 9.93 ± 0.05 0.02 ± 0.51 -inf ± 0.00 NaN
2970599200 10.65 -44.18 0.79 10.59 ± 0.02 0.71 ± 0.06 1.13 ± 0.20 NaN
2925733673 41.40 -1.22 0.51 10.60 ± 0.02 0.45 ± 0.06 1.34 ± 0.27 NaN
2925482358 41.73 -1.01 0.38 9.37 ± 0.02 0.13 ± 0.02 1.89 ± 0.42 NaN
2925551824 41.52 -0.13 0.42 10.66 ± 0.04 0.30 ± 1.15 -inf ± 0.00 NaN
2925535058 43.34 0.74 0.66 10.51 ± 0.02 1.16 ± 0.11 1.45 ± 0.45 NaN
2925386757 42.09 0.18 0.65 10.94 ± 0.06 -0.47 ± 0.83 -inf ± 0.00 NaN
2970514818 7.87 -42.38 0.89 10.65 ± 0.10 1.06 ± 0.45 0.24 ± 0.12 NaN
2940298638 36.11 -6.63 0.28 10.10 ± 0.02 1.48 ± 0.04 15.74 ± 7.61 NaN
2940067222 34.72 -6.56 0.59 10.62 ± 0.02 0.96 ± 0.07 0.67 ± 0.18 NaN
2940651212 53.29 -28.86 0.58 9.45 ± 0.02 1.31 ± 0.05 1.07 ± 0.68 NaN
2940803601 54.40 -26.36 0.38 10.59 ± 0.03 0.64 ± 0.04 -inf ± 0.00 NaN
2940750822 54.95 -26.73 0.21 10.40 ± 0.06 0.03 ± 0.56 -inf ± 0.00 NaN
2970924272 7.50 -43.71 0.57 10.91 ± 0.04 1.09 ± 0.16 -inf ± 0.00 NaN
2970836151 9.12 -43.27 0.15 10.65 ± 0.03 0.51 ± 0.14 0.48 ± 0.22 NaN
2970661554 8.88 -44.37 0.37 9.57 ± 0.03 -0.08 ± 0.31 4.02 ± 0.67 NaN
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2939499552 54.77 -27.55 0.81 10.37 ± 0.03 0.74 ± 0.10 0.38 ± 0.08 NaN
2970719179 9.86 -43.77 0.66 8.59 ± 0.05 0.91 ± 0.05 0.14 ± 0.04 NaN
2940224872 53.99 -29.51 0.41 10.31 ± 0.03 0.61 ± 0.13 2.38 ± 0.41 NaN
2970818323 9.47 -43.31 0.57 8.50 ± 0.07 0.25 ± 0.27 0.21 ± 0.12 NaN
2970651037 9.07 -44.50 0.83 10.33 ± 0.02 1.61 ± 0.07 0.63 ± 0.12 NaN
2970333581 7.16 -42.36 0.66 8.97 ± 0.07 -0.19 ± 0.34 0.18 ± 0.04 NaN
2940268941 54.18 -29.06 0.65 9.69 ± 0.01 1.50 ± 0.05 2.78 ± 0.55 NaN
2971014182 7.16 -43.03 0.66 10.56 ± 0.04 -1.04 ± 0.86 -inf ± 0.00 NaN
2970614115 10.18 -43.95 0.29 10.58 ± 0.01 0.95 ± 0.01 9.14 ± 11.59 NaN
2971111797 8.24 -43.78 0.54 10.83 ± 0.01 0.70 ± 0.06 -inf ± 0.00 NaN
2939498131 54.52 -27.57 0.54 10.34 ± 0.04 0.28 ± 0.46 -inf ± 0.00 NaN
2938074282 35.37 -5.98 0.43 10.45 ± 0.04 0.52 ± 0.13 2.47 ± 0.83 NaN
2970967438 7.26 -43.30 0.39 9.85 ± 0.03 -0.11 ± 0.03 0.14 ± 0.04 NaN
2940537763 52.02 -28.40 0.43 9.85 ± 0.01 0.96 ± 0.01 1.48 ± 0.39 NaN
2940175554 53.04 -27.71 0.74 11.22 ± 0.03 0.48 ± 2.15 1.29 ± 0.27 NaN
2940113996 53.40 -28.17 0.78 9.10 ± 0.02 0.98 ± 0.11 1.06 ± 0.10 NaN
2939969795 53.85 -28.12 0.60 11.07 ± 0.04 0.34 ± 2.14 -inf ± 0.00 NaN
2939421536 51.60 -27.98 0.57 10.17 ± 0.01 0.55 ± 0.01 0.72 ± 0.18 NaN
2939999360 54.17 -27.84 0.22 8.76 ± 0.02 0.09 ± 0.06 0.96 ± 0.19 NaN
2939601176 53.88 -27.17 0.84 10.72 ± 0.03 0.35 ± 0.05 0.39 ± 0.06 NaN
2970725081 9.46 -43.72 0.29 9.38 ± 0.04 1.21 ± 0.14 2.71 ± 5.34 NaN
2940102383 34.82 -6.13 0.51 10.66 ± 0.04 -0.73 ± 1.64 0.66 ± 0.47 NaN
2940055210 34.92 -6.73 0.54 11.05 ± 0.05 0.10 ± 1.44 1.66 ± 1.09 NaN
2940385570 36.00 -6.29 0.28 9.85 ± 0.02 1.29 ± 0.09 5.17 ± 1.74 NaN
2970414107 10.24 -44.62 0.35 9.87 ± 0.01 0.60 ± 0.01 0.24 ± 0.04 NaN
2971163630 8.87 -43.32 0.82 9.96 ± 0.05 0.76 ± 0.27 0.09 ± 0.01 NaN
2970848947 9.75 -44.08 0.55 9.03 ± 0.06 0.60 ± 0.29 0.06 ± 0.02 NaN
2971110794 8.86 -43.79 0.40 10.20 ± 0.02 0.52 ± 0.14 0.39 ± 0.08 NaN
2925800307 42.92 -0.58 0.42 10.86 ± 0.04 0.22 ± 1.07 -inf ± 0.00 NaN
2925531443 43.34 0.61 0.49 10.38 ± 0.02 0.52 ± 0.06 4.51 ± 1.02 NaN
2925729348 41.14 -1.29 0.27 10.16 ± 0.05 -0.23 ± 1.42 -inf ± 0.00 NaN
2938353906 35.06 -5.36 0.23 8.57 ± 0.03 0.22 ± 0.06 0.22 ± 0.04 NaN
2939025423 36.62 -4.40 0.35 8.96 ± 0.03 0.23 ± 0.15 0.15 ± 0.07 NaN
2938267132 35.60 -4.87 0.42 11.15 ± 0.03 0.23 ± 3.54 -inf ± 0.00 NaN
2938505831 35.78 -3.97 0.76 10.96 ± 0.07 0.71 ± 0.11 0.34 ± 0.15 NaN
2938753921 37.17 -4.73 0.61 10.89 ± 0.06 -1.53 ± 2.74 -inf ± 0.00 NaN
2971162315 8.49 -43.35 0.15 10.71 ± 0.02 1.20 ± 0.61 10.16 ± 0.54 NaN
2940487399 52.13 -28.78 0.33 11.27 ± 0.01 0.91 ± 0.01 8.12 ± 1.44 NaN
2940941916 52.39 -27.57 0.81 10.75 ± 0.03 1.07 ± 0.08 1.11 ± 0.18 NaN
2940900751 52.32 -27.87 0.51 10.34 ± 0.01 0.48 ± 0.01 0.56 ± 0.09 NaN
2925369993 42.19 -0.12 0.60 9.99 ± 0.03 0.46 ± 0.21 0.54 ± 0.16 NaN
2939709382 55.06 -28.91 0.53 8.52 ± 0.12 0.18 ± 0.45 -inf ± 0.00 NaN
2939773178 53.52 -29.07 0.68 10.00 ± 0.05 0.53 ± 0.51 0.33 ± 0.07 NaN
2939827372 54.44 -28.34 0.62 8.99 ± 0.09 0.73 ± 0.35 0.28 ± 0.08 NaN
2937862744 35.05 -7.05 0.33 10.29 ± 0.01 0.88 ± 0.06 2.39 ± 0.54 NaN
2939609515 53.69 -27.08 0.53 10.91 ± 0.02 0.71 ± 0.02 -inf ± 0.00 NaN
2939030839 36.89 -4.36 0.53 10.26 ± 0.03 0.44 ± 0.05 0.82 ± 0.23 NaN
2938426972 36.06 -4.35 0.86 9.23 ± 0.03 0.70 ± 0.11 2.51 ± 0.30 NaN
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2939210902 55.08 -27.63 0.35 11.04 ± 0.01 0.51 ± 0.02 0.58 ± 0.31 NaN
2940731982 52.94 -28.29 0.68 9.73 ± 0.01 1.53 ± 0.04 4.96 ± 0.81 NaN
2939420563 51.80 -27.99 0.89 10.60 ± 0.02 0.93 ± 0.01 0.85 ± 0.14 NaN
2940729164 52.81 -28.31 0.36 10.95 ± 0.01 1.07 ± 0.01 -inf ± 0.00 NaN
2971049998 7.34 -42.86 0.56 10.21 ± 0.02 0.65 ± 0.10 0.19 ± 0.07 NaN
2971141778 8.40 -43.52 0.90 10.87 ± 0.05 -2.10 ± 0.98 -inf ± 0.00 NaN
2940420272 52.68 -27.39 0.67 11.52 ± 0.05 0.97 ± 0.15 0.79 ± 0.29 NaN
2940485989 52.38 -28.78 0.75 9.69 ± 0.02 0.82 ± 0.02 0.56 ± 0.13 NaN
2938498840 35.84 -4.02 0.86 10.39 ± 0.05 0.49 ± 0.16 -inf ± 0.00 NaN
2938464284 35.75 -4.18 0.66 10.34 ± 0.05 -0.69 ± 1.85 -inf ± 0.00 NaN
2940400222 35.41 -6.12 0.65 10.05 ± 0.02 0.60 ± 0.10 1.40 ± 0.26 NaN
2940070051 35.01 -6.52 0.65 10.31 ± 0.02 0.40 ± 0.09 -inf ± 0.00 NaN
2938255187 35.63 -4.99 0.75 11.02 ± 0.02 0.66 ± 0.13 1.14 ± 0.41 NaN
2938950712 36.07 -4.92 0.96 10.93 ± 0.01 1.06 ± 0.04 -inf ± 0.00 NaN
2938555579 36.81 -3.76 0.68 9.34 ± 0.03 1.13 ± 0.25 0.87 ± 0.21 NaN
2939242244 53.49 -26.47 0.65 11.12 ± 0.02 0.70 ± 0.11 -inf ± 0.00 NaN
2940037670 53.47 -27.48 0.73 11.41 ± 0.01 0.88 ± 0.03 -inf ± 0.00 NaN
2940491107 52.66 -28.74 0.61 10.64 ± 0.02 0.59 ± 0.07 0.23 ± 0.18 NaN
2940274509 53.78 -29.01 0.81 11.12 ± 0.03 0.65 ± 0.03 -inf ± 0.00 NaN
2940732131 53.26 -28.29 0.74 10.48 ± 0.06 -1.56 ± 1.89 0.08 ± 0.06 NaN
2940663903 53.22 -28.77 0.87 11.34 ± 0.03 -1.30 ± 1.50 -inf ± 0.00 NaN
2971193593 8.61 -43.10 0.46 10.82 ± 0.03 1.14 ± 0.19 0.50 ± 0.11 NaN
2971232547 8.26 -42.73 0.61 9.60 ± 0.02 1.26 ± 0.05 1.55 ± 0.41 NaN
2970852726 9.88 -44.06 0.29 9.49 ± 0.01 0.34 ± 0.01 0.50 ± 0.09 NaN
2925566133 42.18 0.48 0.63 10.97 ± 0.04 0.48 ± 0.87 -inf ± 0.00 NaN
2924579039 40.30 -1.42 0.68 10.49 ± 0.06 -0.78 ± 1.57 -inf ± 0.00 NaN
2925652335 43.30 -0.46 0.61 10.69 ± 0.03 0.19 ± 1.23 -inf ± 0.00 NaN
2925638623 41.77 -1.06 0.49 9.91 ± 0.02 0.03 ± 0.06 0.58 ± 0.14 NaN
2938081441 35.49 -5.89 0.69 10.77 ± 0.02 -0.61 ± 0.49 -inf ± 0.00 NaN
2937866838 35.33 -7.00 0.52 10.60 ± 0.03 -0.05 ± 1.36 -inf ± 0.00 NaN
2940364025 36.00 -6.53 0.68 10.38 ± 0.07 -0.82 ± 1.77 -inf ± 0.00 NaN
2938500556 36.10 -4.01 0.80 11.25 ± 0.08 -1.22 ± 0.48 -inf ± 0.00 NaN
2938712080 37.00 -5.04 0.91 10.81 ± 0.06 -1.57 ± 1.04 0.27 ± 0.07 NaN
2939086699 36.82 -3.96 0.98 10.58 ± 0.11 1.12 ± 0.30 0.27 ± 0.25 NaN
2970596459 10.60 -44.22 0.59 10.13 ± 0.00 1.93 ± 0.00 1.30 ± 0.15 NaN
2940751068 55.10 -26.72 0.38 9.52 ± 0.02 -0.21 ± 0.06 0.40 ± 0.13 NaN
2939813073 53.55 -28.90 0.73 10.96 ± 0.08 -0.43 ± 1.19 -inf ± 0.00 NaN
2940277865 53.94 -28.98 0.37 10.23 ± 0.01 0.64 ± 0.06 0.38 ± 0.17 NaN
2940262880 54.47 -29.13 0.47 10.23 ± 0.01 0.30 ± 0.02 1.98 ± 0.58 NaN
2925369270 41.86 -0.13 0.41 9.69 ± 0.08 -0.92 ± 1.88 -inf ± 0.00 NaN
2925758305 42.63 0.60 0.62 9.89 ± 0.03 -0.04 ± 0.10 -inf ± 0.00 NaN
2925721148 41.52 -1.42 0.68 11.03 ± 0.04 0.73 ± 0.46 -inf ± 0.00 NaN
2970525677 8.03 -42.33 0.27 10.32 ± 0.08 -2.14 ± 2.86 -inf ± 0.00 NaN
2970956426 7.98 -43.41 0.45 10.71 ± 0.02 0.89 ± 0.07 0.76 ± 0.13 NaN
2970598831 10.27 -44.18 0.49 9.15 ± 0.04 0.80 ± 0.03 3.37 ± 0.72 NaN
2943192047 9.23 -44.84 0.52 10.65 ± 0.02 0.83 ± 0.06 0.36 ± 0.19 NaN
2938639065 34.55 -5.01 0.31 9.94 ± 0.02 -0.08 ± 0.02 -inf ± 0.00 NaN
2970533229 10.03 -43.62 0.40 10.48 ± 0.05 0.44 ± 0.05 1.89 ± 0.44 NaN
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2970611998 10.21 -43.98 0.59 9.26 ± 0.08 0.51 ± 0.57 0.28 ± 0.16 NaN
2938548082 36.33 -3.82 0.82 11.00 ± 0.03 0.86 ± 0.01 0.11 ± 0.05 NaN
2925676339 40.47 -1.42 0.71 9.78 ± 0.03 1.02 ± 0.13 1.01 ± 0.23 NaN
2937937826 37.19 -4.26 0.92 10.30 ± 0.01 1.28 ± 0.03 2.22 ± 0.22 NaN
2970972922 7.32 -43.25 0.45 10.54 ± 0.01 0.75 ± 0.01 0.51 ± 0.13 NaN
2940424302 52.62 -27.36 0.87 9.47 ± 0.02 0.90 ± 0.08 0.38 ± 0.04 NaN
2970595844 10.28 -44.23 0.57 10.61 ± 0.02 0.68 ± 0.13 0.66 ± 0.24 NaN
2970735820 9.38 -44.55 0.48 10.65 ± 0.04 0.62 ± 0.04 0.04 ± 0.02 NaN
2938968514 35.91 -4.80 0.75 10.55 ± 0.06 0.50 ± 0.38 0.79 ± 0.24 NaN
2938454943 35.72 -4.21 1.03 10.22 ± 0.06 1.26 ± 0.06 1.26 ± 0.14 NaN
2970539248 10.18 -43.58 0.79 9.78 ± 0.03 1.38 ± 0.11 0.81 ± 0.10 NaN
2970856910 10.07 -44.04 0.65 10.16 ± 0.03 0.30 ± 0.08 0.61 ± 0.08 NaN
2925606703 41.37 -0.57 0.80 9.75 ± 0.06 0.86 ± 0.35 1.05 ± 0.17 NaN
2925846754 40.84 -0.57 0.36 10.22 ± 0.01 0.84 ± 0.08 0.63 ± 0.17 NaN
2925673075 40.73 -1.47 0.68 10.81 ± 0.03 0.25 ± 0.12 0.72 ± 0.20 NaN
2938944610 36.30 -4.97 0.77 8.91 ± 0.04 0.60 ± 0.13 0.41 ± 0.11 NaN
2937814242 36.96 -5.41 0.48 10.73 ± 0.01 0.49 ± 0.04 2.71 ± 0.76 NaN
2939680523 54.76 -29.19 1.05 10.30 ± 0.07 1.17 ± 0.09 1.99 ± 0.18 NaN
2939640729 54.73 -29.61 0.99 9.85 ± 0.08 1.09 ± 0.20 1.33 ± 0.11 NaN
2971217008 8.52 -42.87 0.67 11.00 ± 0.06 -0.45 ± 1.76 0.12 ± 0.06 NaN
2971256893 8.37 -42.49 0.82 8.65 ± 0.30 0.83 ± 0.46 0.29 ± 0.05 NaN
2939426759 51.66 -27.90 0.80 11.64 ± 0.04 1.56 ± 0.11 0.27 ± 0.25 NaN
2940194195 52.97 -27.57 1.03 10.21 ± 0.02 1.91 ± 0.08 0.76 ± 0.07 NaN
2971157186 8.09 -43.38 0.65 9.67 ± 0.04 1.42 ± 0.42 1.24 ± 0.16 NaN
2971171358 8.17 -43.26 0.40 10.41 ± 0.08 -0.63 ± 2.57 0.34 ± 0.12 NaN
2971038744 7.80 -42.91 1.09 10.01 ± 0.09 1.05 ± 0.11 0.37 ± 0.04 NaN
2970850109 9.51 -44.08 0.77 10.78 ± 0.06 0.68 ± 0.25 0.18 ± 0.06 NaN
2943189519 8.86 -44.92 0.26 10.65 ± 0.03 0.63 ± 0.04 3.83 ± 0.82 NaN
2970699077 9.10 -43.94 0.69 9.16 ± 0.05 0.91 ± 0.37 2.53 ± 0.40 NaN
2970813610 9.76 -44.24 0.64 9.03 ± 0.02 0.95 ± 0.10 0.84 ± 0.18 NaN
2925638387 42.09 -1.06 0.58 9.43 ± 0.02 1.28 ± 0.05 1.53 ± 0.37 NaN
2970536781 8.47 -42.26 0.87 9.80 ± 0.06 0.40 ± 0.04 0.96 ± 0.13 NaN
2939734193 53.55 -29.37 0.41 11.10 ± 0.02 -2.24 ± 0.20 1.99 ± 0.52 NaN
2970763133 10.00 -44.42 0.74 11.02 ± 0.04 0.50 ± 0.19 0.06 ± 0.02 NaN
2970736526 9.26 -43.64 0.70 9.46 ± 0.06 1.01 ± 0.08 0.05 ± 0.01 NaN
2925453602 42.58 -0.04 0.83 9.26 ± 0.05 0.96 ± 0.15 0.77 ± 0.13 NaN
2970866739 9.61 -43.92 0.57 9.10 ± 0.05 0.81 ± 0.26 0.12 ± 0.03 NaN
2939750871 55.09 -28.78 0.72 10.30 ± 0.06 0.23 ± 0.66 0.23 ± 0.13 NaN
2937481477 36.22 -3.82 0.61 11.02 ± 0.06 -0.17 ± 0.67 0.13 ± 0.07 NaN
2925411837 43.76 -0.03 0.36 10.42 ± 0.01 1.27 ± 0.01 0.21 ± 0.06 NaN
2925411916 43.32 -0.03 0.41 10.34 ± 0.04 0.46 ± 0.14 0.55 ± 0.20 NaN
2970422111 6.87 -43.12 0.42 10.38 ± 0.04 -1.20 ± 1.65 0.23 ± 0.21 NaN
2939482754 54.92 -27.75 0.55 10.86 ± 0.01 0.79 ± 0.01 0.43 ± 0.14 NaN
2970383606 7.04 -43.29 0.55 10.28 ± 0.02 0.43 ± 0.07 0.71 ± 0.23 NaN
2940209702 52.69 -27.47 0.74 10.84 ± 0.02 1.23 ± 0.08 1.49 ± 0.38 NaN
2940482701 52.69 -28.80 0.38 10.12 ± 0.01 0.37 ± 0.01 0.36 ± 0.15 NaN
2938502404 35.84 -3.99 0.72 9.71 ± 0.02 0.43 ± 0.01 2.45 ± 0.53 NaN
2937690633 33.87 -5.05 0.64 8.64 ± 0.04 0.53 ± 0.06 1.95 ± 0.37 NaN
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2940530309 52.37 -28.46 0.69 9.13 ± 0.01 0.68 ± 0.03 0.82 ± 0.12 NaN
2971132741 8.80 -43.60 0.81 10.79 ± 0.08 -0.08 ± 0.83 0.10 ± 0.03 NaN
2940843037 51.67 -28.32 0.78 9.93 ± 0.02 1.22 ± 0.11 0.90 ± 0.13 NaN
2940709260 53.18 -28.45 0.93 9.98 ± 0.05 1.36 ± 0.17 0.28 ± 0.04 NaN
2939681394 54.64 -29.19 0.27 10.88 ± 0.02 1.21 ± 0.11 1.18 ± 0.25 NaN
2940438659 52.97 -27.25 0.96 10.35 ± 0.07 0.42 ± 0.06 0.21 ± 0.13 NaN
2970436131 6.47 -42.91 0.65 9.04 ± 0.14 0.20 ± 0.54 0.16 ± 0.05 NaN
2970607326 10.95 -44.05 0.45 10.26 ± 0.01 1.59 ± 0.01 1.37 ± 0.28 NaN
2925783450 42.48 -0.87 0.63 8.39 ± 0.21 0.52 ± 0.43 -inf ± 0.00 NaN
2925838455 40.62 -0.72 0.69 10.53 ± 0.06 0.67 ± 0.68 0.52 ± 0.19 NaN
2940075111 34.72 -6.46 0.81 10.89 ± 0.08 0.52 ± 0.18 0.32 ± 0.15 NaN
2940237204 54.15 -29.38 0.75 10.14 ± 0.04 0.73 ± 0.21 1.29 ± 0.20 NaN
2940874910 52.42 -28.06 0.63 11.07 ± 0.02 1.05 ± 0.05 0.77 ± 0.12 NaN
2940733978 52.91 -28.28 0.86 10.79 ± 0.05 0.40 ± 0.22 0.14 ± 0.05 NaN
2940115276 52.74 -28.16 0.62 8.95 ± 0.03 0.50 ± 0.30 0.63 ± 0.11 NaN
2970409004 10.05 -44.69 0.78 10.78 ± 0.05 0.84 ± 0.24 0.70 ± 0.15 NaN
2925499808 41.87 -0.69 0.69 10.13 ± 0.05 0.62 ± 0.46 1.28 ± 0.29 NaN
2938634017 34.69 -5.07 0.43 10.57 ± 0.02 0.09 ± 0.03 0.33 ± 0.09 NaN
2938693078 36.81 -5.18 0.68 9.67 ± 0.02 0.40 ± 0.28 2.34 ± 0.34 NaN
2939079377 36.76 -4.01 0.72 9.65 ± 0.03 0.17 ± 0.11 0.31 ± 0.06 NaN
2970868809 9.66 -43.91 0.50 10.45 ± 0.02 1.75 ± 0.07 0.95 ± 0.12 NaN
2925462069 42.49 0.10 0.41 10.11 ± 0.02 1.10 ± 0.14 0.81 ± 0.18 NaN
2971235966 8.48 -42.70 0.22 10.19 ± 0.01 0.55 ± 0.09 0.80 ± 0.93 NaN
2925749113 42.45 0.44 0.65 9.47 ± 0.05 -0.03 ± 0.45 1.71 ± 0.63 NaN
2925840155 40.73 -0.69 0.70 10.02 ± 0.06 0.61 ± 0.40 0.74 ± 0.16 NaN
2937572672 34.81 -4.19 0.44 10.26 ± 0.01 0.61 ± 0.05 4.70 ± 1.48 NaN
2938676072 36.60 -5.31 0.79 11.24 ± 0.04 -1.65 ± 0.97 0.38 ± 0.17 NaN
2925780636 42.56 -0.94 0.58 9.70 ± 0.03 -0.13 ± 0.14 0.18 ± 0.15 NaN
2939568775 54.87 -26.82 0.66 9.76 ± 0.05 0.20 ± 0.44 0.92 ± 0.18 NaN
2940660156 53.30 -28.79 0.61 10.77 ± 0.02 0.70 ± 0.11 1.25 ± 0.44 NaN
2971215559 8.34 -42.89 0.57 10.43 ± 0.02 0.97 ± 0.03 0.13 ± 0.03 NaN
2971194265 8.21 -43.09 0.39 10.85 ± 0.01 1.14 ± 0.07 2.40 ± 0.26 NaN
2940863213 52.61 -28.14 0.74 10.33 ± 0.03 -0.70 ± 1.11 0.10 ± 0.08 NaN
2940487019 52.04 -28.78 0.81 10.75 ± 0.03 1.47 ± 0.11 0.66 ± 0.15 NaN
2940141936 52.80 -27.96 0.33 9.07 ± 0.02 0.51 ± 0.10 0.44 ± 0.08 NaN
2940830003 51.75 -28.54 0.62 9.89 ± 0.03 0.43 ± 0.03 0.09 ± 0.03 NaN
2970353279 7.31 -42.12 0.65 8.77 ± 0.11 0.32 ± 0.42 0.15 ± 0.05 NaN
2938974364 36.11 -4.75 0.87 10.93 ± 0.01 0.09 ± 0.10 0.31 ± 0.24 NaN
2940499877 52.30 -28.68 0.88 9.62 ± 0.03 1.28 ± 0.12 5.37 ± 0.52 NaN
2940870515 52.43 -28.08 0.48 8.68 ± 0.03 0.68 ± 0.06 0.18 ± 0.06 NaN
2970662511 8.34 -44.36 0.37 9.45 ± 0.02 0.35 ± 0.02 1.39 ± 0.35 NaN
2970813321 9.18 -44.24 0.32 9.94 ± 0.01 1.05 ± 0.02 1.11 ± 0.40 NaN
2970542271 10.23 -43.55 0.79 10.78 ± 0.03 1.10 ± 0.08 0.36 ± 0.06 NaN
2925855858 40.45 -0.41 0.40 9.59 ± 0.02 -0.14 ± 0.09 4.02 ± 0.89 NaN
2925850097 40.60 -0.52 0.71 10.11 ± 0.05 -0.82 ± 2.14 0.33 ± 0.18 NaN
2940464252 53.33 -26.90 0.34 10.27 ± 0.01 -0.09 ± 0.02 0.51 ± 1.01 NaN
2940774286 54.43 -26.70 0.68 10.01 ± 0.03 2.00 ± 0.22 0.81 ± 0.12 NaN
2938738363 36.47 -4.85 0.24 10.11 ± 0.04 -0.30 ± 0.23 -inf ± 0.00 NaN
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2940760675 54.93 -26.51 0.66 10.36 ± 0.02 0.49 ± 0.01 0.82 ± 0.21 NaN
2940652171 53.26 -28.85 0.73 10.87 ± 0.02 1.05 ± 0.08 0.71 ± 0.24 NaN
2940680444 53.02 -28.65 0.69 10.71 ± 0.05 -2.66 ± 1.89 0.72 ± 0.29 NaN
2940548002 52.56 -28.33 0.68 10.29 ± 0.05 0.81 ± 0.50 3.06 ± 0.49 NaN
2925509529 41.94 -0.53 0.58 10.92 ± 0.01 0.99 ± 0.01 2.28 ± 0.56 NaN
2925599893 41.72 -0.68 0.62 10.21 ± 0.02 0.62 ± 0.09 0.24 ± 0.05 NaN
2938443562 35.87 -4.26 0.63 11.05 ± 0.01 1.29 ± 0.01 1.36 ± 0.22 NaN
2937919912 37.25 -4.36 0.44 10.73 ± 0.02 0.11 ± 0.57 0.11 ± 0.08 NaN
2940364803 35.94 -6.52 0.31 9.94 ± 0.01 1.00 ± 0.01 4.34 ± 3.07 NaN
2970544329 8.23 -42.23 0.26 9.26 ± 0.02 0.58 ± 0.05 -inf ± 0.00 NaN
2970351188 7.64 -42.15 0.65 9.81 ± 0.03 0.15 ± 0.07 1.11 ± 0.31 NaN
2939819674 54.48 -28.44 0.34 11.49 ± 0.05 1.35 ± 0.07 0.62 ± 0.19 NaN
2939965382 53.66 -28.16 0.54 10.19 ± 0.02 0.51 ± 0.08 0.64 ± 0.20 NaN
2940668498 52.88 -28.73 0.85 11.05 ± 0.06 -2.62 ± 1.43 0.24 ± 0.15 NaN
2925332012 41.01 -1.83 0.37 10.59 ± 0.01 1.35 ± 0.07 1.07 ± 0.27 NaN
2940517869 52.49 -28.55 0.77 10.55 ± 0.05 -0.69 ± 3.05 0.08 ± 0.05 NaN
2939372098 54.48 -29.95 0.59 10.13 ± 0.02 -1.90 ± 0.68 0.36 ± 0.22 NaN
2940245910 54.37 -29.30 0.53 9.54 ± 0.01 1.47 ± 0.04 0.84 ± 0.23 NaN
2939925763 53.80 -28.45 0.35 10.27 ± 0.01 0.72 ± 0.06 0.49 ± 0.26 NaN
2940478962 52.07 -28.83 0.54 10.02 ± 0.01 0.18 ± 0.02 2.10 ± 0.47 NaN
2940692238 53.03 -28.57 0.76 10.93 ± 0.04 -0.02 ± 2.25 0.14 ± 0.06 NaN
2938324822 35.12 -5.71 0.83 10.83 ± 0.02 -1.20 ± 0.20 0.57 ± 0.12 NaN
2970593787 10.35 -44.27 0.35 10.62 ± 0.06 0.12 ± 2.09 1.02 ± 0.57 NaN
2970378120 6.99 -43.39 0.57 9.57 ± 0.02 1.43 ± 0.04 1.87 ± 0.31 NaN
2970968511 7.20 -43.29 0.58 10.33 ± 0.01 0.62 ± 0.01 0.72 ± 0.19 NaN
2971136373 8.19 -43.58 0.44 11.07 ± 0.01 1.34 ± 0.06 0.77 ± 0.10 NaN
2940390484 35.50 -6.23 0.49 9.78 ± 0.04 0.85 ± 0.23 1.52 ± 0.22 NaN
2940912679 52.06 -27.79 0.76 10.85 ± 0.05 0.65 ± 0.02 0.09 ± 0.08 NaN
2939687554 54.52 -29.13 0.78 10.52 ± 0.01 0.93 ± 0.01 1.61 ± 0.35 NaN
2940022397 53.95 -27.63 0.36 10.24 ± 0.04 0.38 ± 0.04 0.45 ± 0.32 NaN
2939074560 37.04 -4.05 0.64 9.30 ± 0.06 -0.11 ± 0.36 1.94 ± 0.59 NaN
2925601644 41.12 -0.65 0.57 10.32 ± 0.04 -0.46 ± 1.47 7.18 ± 1.34 NaN
2940036624 54.09 -27.49 0.81 10.91 ± 0.02 0.88 ± 0.10 1.02 ± 0.34 NaN
2939190186 35.65 -6.96 0.72 10.31 ± 0.05 -1.29 ± 0.87 0.46 ± 0.16 NaN
2971251317 8.04 -42.55 0.22 11.09 ± 0.05 0.69 ± 0.72 0.62 ± 0.45 NaN
2925545614 41.41 -0.24 0.41 9.81 ± 0.03 0.70 ± 0.30 2.83 ± 0.51 NaN
2925482056 42.24 -1.02 0.60 10.78 ± 0.02 -1.69 ± 1.11 0.19 ± 0.18 NaN
2925689505 41.02 -1.20 0.90 10.76 ± 0.07 0.38 ± 0.06 0.16 ± 0.05 NaN
2939562953 54.53 -26.87 0.72 10.96 ± 0.02 -1.50 ± 0.37 0.40 ± 0.28 NaN
2970691114 9.17 -44.03 0.36 9.04 ± 0.02 0.79 ± 0.03 0.53 ± 0.23 NaN
2970645496 8.71 -44.58 0.59 10.52 ± 0.02 0.85 ± 0.07 1.98 ± 0.33 NaN
2938238781 35.06 -5.17 0.36 10.66 ± 0.01 0.30 ± 0.02 1.51 ± 0.35 NaN
2938683473 36.73 -5.25 0.62 9.63 ± 0.02 1.42 ± 0.15 4.09 ± 0.75 NaN
2925728172 41.08 -1.30 0.83 9.66 ± 0.04 0.98 ± 0.25 1.86 ± 0.16 NaN
2938144333 35.98 -5.90 0.51 10.23 ± 0.03 0.50 ± 0.01 5.23 ± 1.15 NaN
2940538131 52.13 -28.40 0.52 10.14 ± 0.02 0.50 ± 0.08 0.92 ± 0.27 NaN
2940527909 52.66 -28.48 0.62 10.62 ± 0.04 -0.02 ± 1.85 0.05 ± 0.04 NaN
2939478258 54.55 -27.81 0.79 10.43 ± 0.04 0.90 ± 0.17 0.80 ± 0.14 NaN
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2939299235 55.30 -27.37 0.42 9.87 ± 0.02 0.02 ± 0.05 0.29 ± 0.06 NaN
2940772693 54.08 -26.71 0.68 10.88 ± 0.04 1.05 ± 0.04 0.50 ± 0.27 NaN
2940496116 51.96 -28.71 0.34 10.72 ± 0.03 0.77 ± 0.12 1.51 ± 0.28 NaN
2925555798 41.38 -0.06 0.44 10.75 ± 0.02 1.06 ± 0.10 1.02 ± 0.30 NaN
2971115222 8.55 -43.75 0.66 11.01 ± 0.04 1.25 ± 0.13 0.25 ± 0.10 NaN
2940018804 54.05 -27.66 0.68 10.86 ± 0.04 0.34 ± 1.74 0.50 ± 0.44 NaN
2938650334 34.49 -4.86 0.52 11.09 ± 0.05 -2.79 ± 0.70 0.88 ± 0.41 NaN
2937419331 33.91 -4.54 0.70 10.82 ± 0.02 1.07 ± 0.04 1.84 ± 0.43 NaN
2940388073 35.75 -6.26 0.20 10.11 ± 0.01 0.73 ± 0.04 5.70 ± 0.79 NaN
2940064915 35.22 -6.59 0.33 9.51 ± 0.02 -0.02 ± 0.07 2.59 ± 2.95 NaN
2940362967 35.63 -6.54 0.76 10.75 ± 0.06 0.81 ± 0.09 0.12 ± 0.05 NaN
2939764065 53.34 -29.13 0.61 9.48 ± 0.05 -0.01 ± 0.38 0.30 ± 0.08 NaN
2939408613 51.55 -28.16 0.43 10.18 ± 0.01 0.45 ± 0.01 0.36 ± 0.09 NaN
2970856036 9.56 -44.05 0.51 10.21 ± 0.02 0.40 ± 0.07 0.12 ± 0.03 NaN
2939783032 55.15 -28.63 0.52 10.97 ± 0.03 -1.69 ± 2.46 1.38 ± 0.41 NaN
2939728156 54.84 -28.88 0.61 11.01 ± 0.02 1.07 ± 0.11 0.76 ± 0.25 NaN
2940723090 52.86 -28.35 0.31 9.62 ± 0.01 0.66 ± 0.01 0.44 ± 0.06 NaN
2940529711 52.58 -28.47 0.62 11.04 ± 0.02 1.20 ± 0.08 2.21 ± 0.56 NaN
2970496909 10.32 -43.89 0.44 9.74 ± 0.01 0.01 ± 0.05 0.63 ± 0.13 NaN
2943190313 8.92 -44.89 0.34 9.31 ± 0.02 0.26 ± 0.02 0.28 ± 0.45 NaN
2970733837 9.79 -44.56 0.35 9.55 ± 0.02 0.88 ± 0.02 0.52 ± 0.49 NaN
2925687578 40.97 -1.23 0.19 9.16 ± 0.03 0.81 ± 0.12 1.61 ± 0.17 NaN
2925595263 41.26 -0.75 0.39 10.40 ± 0.02 0.70 ± 0.16 1.93 ± 0.39 NaN
2940397145 35.61 -6.15 0.23 8.57 ± 0.03 0.14 ± 0.13 1.23 ± 0.87 NaN
2938092264 35.41 -5.77 0.65 11.14 ± 0.02 -0.04 ± 0.20 3.37 ± 1.07 NaN
2938554608 36.75 -3.77 0.60 8.77 ± 0.03 1.13 ± 0.04 4.04 ± 1.34 NaN
2940708250 53.08 -28.46 0.83 11.27 ± 0.06 -0.23 ± 2.73 0.22 ± 0.21 NaN
2971014037 7.52 -43.03 0.58 9.73 ± 0.05 0.11 ± 0.40 0.48 ± 0.10 NaN
2937762956 34.13 -5.68 0.50 8.46 ± 0.09 0.45 ± 0.10 1.62 ± 0.99 NaN
2937574467 34.41 -4.17 0.42 10.50 ± 0.02 0.85 ± 0.01 2.68 ± 0.52 NaN
2940516572 52.05 -28.56 1.06 10.80 ± 0.00 2.34 ± 0.01 0.43 ± 0.07 NaN
2939657250 54.53 -29.44 0.75 9.32 ± 0.06 0.76 ± 0.18 0.32 ± 0.05 NaN
2925527854 43.40 0.51 0.26 8.70 ± 0.02 -0.33 ± 0.33 0.15 ± 0.04 NaN
2940363304 35.92 -6.54 0.80 11.19 ± 0.09 -2.45 ± 2.83 0.09 ± 0.05 NaN
2971116596 8.08 -43.74 0.31 8.95 ± 0.03 0.74 ± 0.15 0.72 ± 0.69 NaN
2971078965 7.76 -42.63 0.60 10.61 ± 0.01 0.82 ± 0.01 0.80 ± 0.10 NaN
2938311961 34.91 -5.87 0.65 9.08 ± 0.05 0.95 ± 0.10 -inf ± 0.00 NaN
2925685870 40.64 -1.25 0.52 10.94 ± 0.03 1.10 ± 0.21 0.38 ± 0.22 NaN
2925515453 42.17 -0.42 0.61 10.38 ± 0.05 0.06 ± 1.44 0.30 ± 0.22 NaN
2938699571 36.62 -5.14 0.72 10.51 ± 0.04 0.53 ± 0.06 0.38 ± 0.11 NaN
2939247672 53.70 -26.36 0.62 10.88 ± 0.03 0.94 ± 0.08 0.80 ± 0.49 NaN
2940902077 52.55 -27.86 0.77 9.96 ± 0.04 1.03 ± 0.25 0.06 ± 0.03 NaN
2940393331 35.60 -6.20 0.75 10.65 ± 0.03 1.41 ± 0.12 0.09 ± 0.04 NaN
2940391798 35.75 -6.21 0.78 10.81 ± 0.02 1.43 ± 0.03 0.85 ± 0.26 NaN
2940119959 52.73 -28.13 0.82 10.68 ± 0.03 1.06 ± 0.11 1.34 ± 0.19 NaN
2938703232 36.67 -5.11 0.97 9.48 ± 0.02 0.78 ± 0.01 2.71 ± 0.29 NaN
2970777316 10.02 -43.46 0.77 9.76 ± 0.03 1.30 ± 0.14 0.23 ± 0.03 NaN
2938215435 36.40 -5.39 0.87 10.18 ± 0.03 1.08 ± 0.12 2.25 ± 0.40 NaN
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2970870589 9.34 -43.89 0.64 9.95 ± 0.01 1.75 ± 0.03 0.63 ± 0.09 NaN
2939893720 54.12 -28.57 0.18 10.28 ± 0.03 -0.54 ± 2.38 0.41 ± 0.12 NaN
2939757921 53.62 -29.17 0.55 11.14 ± 0.05 0.72 ± 0.27 4.56 ± 1.59 NaN
2971251478 8.47 -42.55 0.26 9.80 ± 0.01 0.61 ± 0.07 2.26 ± 0.94 NaN
2970426324 6.86 -43.06 0.46 9.30 ± 0.02 0.98 ± 0.15 3.78 ± 0.47 NaN
2971175418 8.08 -43.24 0.28 10.96 ± 0.04 0.45 ± 0.78 0.29 ± 0.09 NaN
2925402079 43.71 -0.22 0.61 10.48 ± 0.04 0.53 ± 0.48 0.23 ± 0.18 NaN
2925460974 43.04 0.08 0.69 9.87 ± 0.01 1.67 ± 0.08 0.26 ± 0.04 NaN
2940787340 54.40 -26.54 0.45 9.08 ± 0.03 0.45 ± 0.06 0.13 ± 0.02 NaN
2938914637 36.13 -5.18 0.91 9.64 ± 0.06 0.62 ± 0.19 2.47 ± 0.29 NaN
2940242185 53.95 -29.34 0.54 9.70 ± 0.02 1.50 ± 0.01 8.98 ± 2.45 NaN
2940188260 52.91 -27.62 0.83 10.27 ± 0.11 0.41 ± 0.41 0.17 ± 0.07 NaN
2970784077 9.38 -44.35 0.55 9.62 ± 0.02 1.17 ± 0.12 1.00 ± 0.23 NaN
2940115613 53.07 -28.16 0.68 10.77 ± 0.02 1.05 ± 0.08 0.48 ± 0.12 NaN
2938273451 35.08 -4.82 0.85 11.37 ± 0.02 -1.53 ± 0.74 0.29 ± 0.19 NaN
2970581719 10.65 -44.47 0.52 9.95 ± 0.01 1.29 ± 0.03 1.00 ± 0.24 NaN
2940695541 52.85 -28.54 0.50 10.54 ± 0.04 0.19 ± 0.53 2.77 ± 0.86 NaN
2938329763 34.57 -5.65 0.38 11.00 ± 0.02 0.87 ± 0.01 2.20 ± 0.51 NaN
2971177937 8.07 -43.21 0.79 10.70 ± 0.04 -0.72 ± 2.82 0.01 ± 0.01 NaN
2940515448 51.98 -28.56 0.51 9.36 ± 0.02 1.31 ± 0.02 2.99 ± 0.54 NaN
2940647911 53.13 -28.88 0.57 9.80 ± 0.02 1.50 ± 0.05 4.26 ± 0.72 NaN
2940464840 53.26 -26.85 0.36 9.89 ± 0.02 1.13 ± 0.01 2.94 ± 0.36 NaN
2940441982 52.84 -27.22 0.79 9.32 ± 0.02 1.01 ± 0.09 1.36 ± 0.20 NaN
2925632034 42.11 -1.24 0.49 9.62 ± 0.02 1.02 ± 0.04 0.48 ± 0.10 NaN
2925589596 41.34 -0.83 0.82 9.10 ± 0.04 0.96 ± 0.11 1.54 ± 0.16 NaN
2940954279 52.40 -27.49 0.85 11.10 ± 0.07 -0.19 ± 4.44 0.02 ± 0.02 NaN
2939610288 54.09 -27.07 0.68 10.09 ± 0.05 1.75 ± 0.51 0.70 ± 0.11 NaN
2970445767 6.80 -42.73 0.54 9.52 ± 0.05 0.22 ± 0.36 0.14 ± 0.06 NaN
2970647320 8.60 -44.55 0.54 10.01 ± 0.01 1.81 ± 0.00 6.54 ± 1.18 NaN
2940549479 52.57 -28.32 0.32 9.29 ± 0.02 1.09 ± 0.08 1.84 ± 1.41 NaN
2938879227 35.61 -4.17 0.27 10.40 ± 0.05 -0.71 ± 0.69 0.56 ± 0.52 NaN
2938289467 35.54 -4.67 0.80 10.18 ± 0.03 0.92 ± 0.05 0.15 ± 0.03 NaN
2938338359 35.15 -5.55 0.68 9.67 ± 0.04 1.34 ± 0.38 0.62 ± 0.16 NaN
2970571982 10.14 -43.23 0.58 10.79 ± 0.02 1.18 ± 0.07 1.68 ± 0.62 NaN
2970323671 7.03 -42.45 0.45 10.21 ± 0.02 0.61 ± 0.10 0.32 ± 0.08 NaN
2938918098 35.94 -5.16 0.42 10.14 ± 0.04 -3.19 ± 1.15 0.15 ± 0.14 NaN
2937675623 34.24 -5.28 0.82 9.07 ± 0.07 0.46 ± 0.30 1.04 ± 0.22 NaN
2970925966 7.95 -43.70 0.66 10.82 ± 0.02 1.09 ± 0.08 0.31 ± 0.13 NaN
2970667372 8.88 -44.30 0.52 9.52 ± 0.04 -0.47 ± 0.07 0.74 ± 0.19 NaN
2939071640 36.49 -4.07 0.69 9.89 ± 0.02 0.12 ± 0.09 0.20 ± 0.09 NaN
2940876388 52.21 -28.04 0.90 11.10 ± 0.05 1.09 ± 0.08 0.31 ± 0.14 NaN
2940205910 52.94 -27.50 0.63 9.67 ± 0.01 1.60 ± 0.02 4.51 ± 0.78 NaN
2943206556 9.26 -44.60 0.53 10.37 ± 0.02 2.12 ± 0.04 3.95 ± 0.50 NaN
2970468124 9.03 -43.07 0.53 8.28 ± 0.16 0.78 ± 0.45 0.52 ± 0.38 NaN
2939280968 54.95 -29.81 0.66 9.29 ± 0.03 0.55 ± 0.31 0.13 ± 0.03 NaN
2940718701 53.39 -28.38 0.94 10.65 ± 0.07 0.69 ± 0.08 0.07 ± 0.02 NaN
2971251388 8.08 -42.55 0.65 9.80 ± 0.06 0.23 ± 0.32 0.19 ± 0.10 NaN
2970568417 10.07 -43.31 0.51 10.92 ± 0.03 0.70 ± 0.58 0.48 ± 0.14 NaN
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2971221792 8.06 -42.82 0.29 8.45 ± 0.02 -0.12 ± 0.06 0.73 ± 0.10 NaN
2970745323 9.64 -43.60 0.34 10.70 ± 0.03 0.51 ± 0.12 1.54 ± 0.39 NaN
2937710373 33.67 -4.79 0.75 10.63 ± 0.03 0.76 ± 0.67 1.37 ± 0.48 NaN
2938135690 36.38 -5.98 0.26 11.08 ± 0.03 1.30 ± 0.10 0.70 ± 0.13 NaN
2938663750 34.43 -4.69 0.70 10.03 ± 0.03 0.83 ± 0.20 0.31 ± 0.10 NaN
2940962816 52.23 -29.03 0.63 9.81 ± 0.03 1.61 ± 0.23 0.18 ± 0.03 NaN
2971105704 8.09 -43.85 0.49 11.05 ± 0.03 -0.29 ± 1.95 0.40 ± 0.22 NaN
2940671374 52.88 -28.71 0.75 9.73 ± 0.02 1.03 ± 0.10 2.37 ± 0.57 NaN
2940400713 35.42 -6.11 0.57 10.47 ± 0.05 0.38 ± 0.38 1.12 ± 0.53 NaN
2925450424 43.14 -0.09 0.52 9.14 ± 0.03 0.99 ± 0.10 2.17 ± 0.53 NaN
2925733041 41.60 -1.23 0.48 8.99 ± 0.39 0.47 ± 0.59 0.18 ± 0.05 NaN
2939485892 54.51 -27.71 0.62 10.22 ± 0.02 0.70 ± 0.09 1.39 ± 0.29 NaN
2940028371 53.54 -27.57 0.66 9.89 ± 0.01 1.76 ± 0.05 7.04 ± 1.76 NaN
2938406336 36.00 -4.49 0.89 9.86 ± 0.02 1.50 ± 0.04 8.08 ± 0.94 NaN
2925692826 40.74 -1.13 0.63 9.57 ± 0.06 0.09 ± 0.57 1.22 ± 0.16 NaN
2940432482 53.28 -27.30 0.71 9.82 ± 0.03 0.39 ± 0.11 2.55 ± 0.41 NaN
2939061531 36.74 -4.14 0.90 9.77 ± 0.02 1.42 ± 0.06 3.81 ± 0.45 NaN
2970755140 10.06 -44.45 0.48 10.52 ± 0.02 0.59 ± 0.06 0.64 ± 0.17 NaN
2940956508 52.39 -27.47 0.79 9.73 ± 0.02 0.98 ± 0.08 3.53 ± 0.53 NaN
2940238649 53.75 -29.38 0.42 10.91 ± 0.01 1.18 ± 0.01 2.63 ± 0.35 NaN
2940951258 52.39 -27.51 0.65 9.60 ± 0.01 1.56 ± 0.04 0.27 ± 0.06 NaN
2938159823 36.29 -5.77 0.66 10.18 ± 0.05 -1.77 ± 1.18 0.61 ± 0.25 NaN
2925352019 40.82 -0.06 0.37 10.70 ± 0.03 0.72 ± 0.25 1.18 ± 0.53 NaN
2970810155 10.04 -44.25 0.57 10.10 ± 0.02 0.42 ± 0.12 0.38 ± 0.08 NaN
2938648941 34.86 -4.88 0.38 9.40 ± 0.03 0.51 ± 0.03 0.81 ± 0.17 NaN
2939818603 54.92 -28.45 0.58 10.50 ± 0.03 0.74 ± 0.05 0.86 ± 0.26 NaN
2970645667 8.63 -44.58 0.39 10.52 ± 0.06 -0.22 ± 1.76 0.40 ± 0.31 NaN
2940650358 52.88 -28.86 1.02 11.34 ± 0.11 1.22 ± 0.10 0.31 ± 0.13 NaN
2925594121 41.01 -0.77 0.63 10.48 ± 0.03 0.67 ± 0.19 0.65 ± 0.25 NaN
2970685872 8.95 -44.08 0.55 8.76 ± 0.06 0.42 ± 0.41 0.38 ± 0.10 NaN
2940544009 52.08 -28.36 1.00 9.42 ± 0.02 0.78 ± 0.12 2.53 ± 0.20 NaN
2940761241 54.91 -26.50 0.33 10.57 ± 0.01 0.89 ± 0.07 15.35 ± 13.91 NaN
2940675934 52.78 -28.68 0.70 9.79 ± 0.03 0.23 ± 0.25 0.97 ± 0.18 NaN
2940709958 52.90 -28.45 0.87 9.49 ± 0.03 0.77 ± 0.10 3.76 ± 0.36 NaN
2925423112 43.39 0.15 0.36 10.55 ± 0.08 -0.20 ± 2.52 0.57 ± 0.23 NaN
2938854061 35.54 -4.47 0.60 10.95 ± 0.02 -0.92 ± 0.98 0.67 ± 0.46 NaN
2970342018 7.79 -42.27 0.45 9.30 ± 0.03 0.42 ± 0.35 0.49 ± 0.08 NaN
2938329770 34.45 -5.65 0.57 10.32 ± 0.02 0.44 ± 0.13 1.22 ± 0.25 NaN
2937473029 36.04 -3.90 0.82 9.76 ± 0.09 1.04 ± 0.41 0.96 ± 0.25 NaN
2925811495 42.46 -0.39 0.76 9.61 ± 0.03 0.70 ± 0.20 1.00 ± 0.12 NaN
2940549459 52.55 -28.32 0.47 9.33 ± 0.02 1.24 ± 0.12 6.60 ± 0.89 NaN
2970518094 10.58 -43.73 0.46 10.39 ± 0.02 1.78 ± 0.01 1.00 ± 0.12 NaN
2938396334 35.88 -4.56 0.69 10.80 ± 0.04 0.55 ± 0.13 0.59 ± 0.23 NaN
2943195324 8.66 -44.77 0.48 11.01 ± 0.03 1.31 ± 0.06 0.53 ± 0.16 NaN
2940754825 54.88 -26.65 0.53 8.94 ± 0.03 0.37 ± 0.17 1.72 ± 0.31 NaN
2940480434 52.59 -28.82 0.41 10.01 ± 0.01 0.36 ± 0.07 0.68 ± 0.15 NaN
2970837578 9.20 -44.14 0.37 9.15 ± 0.04 0.58 ± 0.45 0.02 ± 0.00 NaN
2938332235 35.14 -5.63 0.52 10.21 ± 0.04 -0.57 ± 0.72 0.48 ± 0.14 NaN
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2925783694 43.13 -0.86 0.27 9.24 ± 0.01 0.13 ± 0.17 0.10 ± 0.04 NaN
2938471030 36.15 -4.15 0.80 9.28 ± 0.02 1.01 ± 0.10 3.07 ± 0.52 NaN
2937691298 33.63 -5.04 0.51 10.86 ± 0.03 1.03 ± 0.14 1.20 ± 0.63 NaN
2939440042 51.81 -27.49 0.56 10.84 ± 0.02 0.88 ± 0.07 0.85 ± 0.43 NaN
2925701555 41.65 -1.74 0.69 10.99 ± 0.01 -1.47 ± 0.19 0.63 ± 0.31 NaN
2940353875 35.49 -6.65 0.36 9.35 ± 0.02 1.01 ± 0.06 1.57 ± 0.27 NaN
2970784703 9.73 -44.34 0.94 9.75 ± 0.03 1.19 ± 0.15 1.83 ± 0.23 NaN
2970744400 9.64 -44.51 0.51 10.20 ± 0.04 0.11 ± 1.61 0.35 ± 0.11 NaN
2938255733 35.17 -4.98 0.58 10.76 ± 0.02 0.68 ± 0.14 0.37 ± 0.30 NaN
2971243784 8.83 -42.62 0.44 9.70 ± 0.02 1.18 ± 0.12 2.21 ± 0.28 NaN
2971160375 8.97 -43.36 0.45 10.71 ± 0.04 0.62 ± 0.11 0.14 ± 0.05 NaN
2940268149 54.39 -29.07 0.70 9.69 ± 0.03 0.19 ± 0.11 2.00 ± 0.33 NaN
2940732283 53.06 -28.29 0.76 10.57 ± 0.04 0.73 ± 0.02 0.92 ± 0.17 NaN
2970857982 10.09 -44.03 0.41 8.39 ± 0.02 0.57 ± 0.05 1.58 ± 0.16 NaN
2970399932 9.40 -44.78 0.88 10.47 ± 0.06 -2.19 ± 1.19 0.34 ± 0.15 NaN
2940205707 53.09 -27.49 0.75 9.82 ± 0.03 0.50 ± 0.18 3.02 ± 0.42 NaN
2940699360 53.17 -28.52 0.28 9.08 ± 0.01 0.40 ± 0.04 0.28 ± 0.37 NaN
2971176189 8.13 -43.23 0.21 10.17 ± 0.01 1.06 ± 0.01 2.42 ± 0.95 NaN
2940647760 53.43 -28.88 0.53 9.17 ± 0.02 1.17 ± 0.05 3.25 ± 1.40 NaN
2940878762 52.21 -28.03 0.80 9.21 ± 0.02 0.68 ± 0.08 3.10 ± 0.28 NaN
2938339402 34.48 -5.54 0.45 10.13 ± 0.03 0.24 ± 0.16 1.57 ± 0.45 NaN
2970675083 8.62 -44.21 0.27 10.13 ± 0.01 0.27 ± 0.01 0.78 ± 0.14 NaN
2937698330 34.18 -4.95 0.46 10.83 ± 0.01 -0.79 ± 0.65 0.72 ± 0.41 NaN
2939187269 35.81 -7.00 0.32 10.26 ± 0.07 -0.41 ± 0.97 -inf ± 0.00 NaN
2940784265 54.08 -26.57 0.55 10.70 ± 0.04 -0.64 ± 1.64 0.54 ± 0.35 NaN
2970313297 7.34 -43.98 0.53 10.00 ± 0.02 0.13 ± 0.01 0.96 ± 0.26 NaN
2939184164 36.07 -7.03 0.55 10.25 ± 0.01 0.34 ± 0.01 0.47 ± 0.15 NaN
2939197485 35.74 -6.87 0.59 9.12 ± 0.04 0.97 ± 0.19 1.60 ± 0.53 NaN
2939174090 35.85 -7.15 0.78 10.09 ± 0.02 1.47 ± 0.16 1.06 ± 0.14 NaN
2938288922 35.43 -4.67 0.80 10.18 ± 0.03 0.71 ± 0.13 1.93 ± 0.60 NaN
2970834763 9.31 -44.15 0.63 10.17 ± 0.02 0.69 ± 0.01 0.36 ± 0.05 NaN
2939895972 54.06 -28.56 0.78 10.77 ± 0.03 1.21 ± 0.12 2.14 ± 0.35 NaN
2970486965 9.05 -42.73 0.33 10.19 ± 0.01 0.43 ± 0.01 3.56 ± 2.86 NaN
2939203390 35.63 -6.80 0.47 9.90 ± 0.02 0.28 ± 0.10 1.30 ± 0.29 NaN
2940672868 52.93 -28.70 0.91 10.78 ± 0.08 1.16 ± 0.24 0.17 ± 0.05 NaN
2970668656 8.39 -44.28 0.47 9.22 ± 0.04 0.67 ± 0.17 -inf ± 0.00 NaN
2940726709 53.09 -28.33 0.62 10.04 ± 0.02 0.34 ± 0.08 0.22 ± 0.12 NaN
2970945618 7.33 -43.52 0.82 11.21 ± 0.06 -2.20 ± 0.95 0.11 ± 0.05 NaN
2940112733 53.29 -28.18 0.74 9.17 ± 0.02 0.30 ± 0.14 0.85 ± 0.13 NaN
2938404296 36.28 -4.51 0.93 10.88 ± 0.06 0.23 ± 0.32 0.11 ± 0.05 NaN
2970963536 7.41 -43.35 0.39 10.08 ± 0.01 1.25 ± 0.01 0.47 ± 0.07 NaN
2971113264 8.23 -43.77 0.55 10.78 ± 0.03 0.41 ± 0.67 0.21 ± 0.13 NaN
2970741573 9.86 -43.61 0.54 9.98 ± 0.01 1.84 ± 0.00 4.59 ± 0.47 NaN
2971204269 8.55 -42.99 0.48 9.77 ± 0.01 1.28 ± 0.07 5.36 ± 0.71 NaN
2925723885 41.71 -1.38 0.37 10.67 ± 0.08 -0.44 ± 2.27 0.51 ± 0.50 NaN
2925781641 42.57 -0.92 0.43 10.92 ± 0.03 1.17 ± 0.11 1.09 ± 0.23 NaN
2938717494 36.86 -5.01 1.07 9.95 ± 0.06 0.85 ± 0.08 2.22 ± 0.32 NaN
2939792038 54.89 -28.58 0.70 10.41 ± 0.02 1.12 ± 0.03 1.91 ± 0.34 NaN
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2937931677 37.25 -4.30 0.61 9.55 ± 0.02 0.04 ± 0.18 3.12 ± 0.81 NaN
2938405989 35.74 -4.50 0.81 9.61 ± 0.04 0.17 ± 0.19 0.12 ± 0.02 NaN
2940797495 54.31 -26.42 0.66 9.23 ± 0.03 -0.23 ± 0.04 0.77 ± 0.28 NaN
2925716319 41.10 -1.51 0.83 9.65 ± 0.03 1.08 ± 0.18 1.37 ± 0.17 NaN
2970920001 7.38 -43.75 0.51 10.27 ± 0.02 0.32 ± 0.07 0.28 ± 0.07 NaN
2970921691 7.95 -43.73 0.49 10.11 ± 0.02 0.31 ± 0.09 0.44 ± 0.10 NaN
2939646992 54.51 -29.54 0.39 10.69 ± 0.01 0.98 ± 0.08 1.87 ± 0.23 NaN
2940848794 51.56 -28.23 0.61 10.97 ± 0.01 0.95 ± 0.06 0.11 ± 0.08 NaN
2970808233 9.11 -43.36 0.46 10.75 ± 0.03 1.00 ± 0.12 0.18 ± 0.07 NaN
2971009498 7.74 -43.05 0.66 10.01 ± 0.06 -0.31 ± 0.91 0.07 ± 0.03 NaN
2971232340 8.48 -42.73 0.86 10.36 ± 0.07 -0.26 ± 0.38 0.25 ± 0.08 NaN
2970995190 7.01 -43.12 0.60 9.96 ± 0.02 0.27 ± 0.09 0.10 ± 0.03 NaN
2970723068 9.96 -43.73 0.75 10.38 ± 0.05 0.52 ± 0.24 0.21 ± 0.05 NaN
2939703038 54.97 -28.98 0.72 10.62 ± 0.03 0.78 ± 0.11 0.09 ± 0.06 NaN
2938629380 34.74 -5.14 0.71 11.11 ± 0.02 -1.36 ± 0.21 0.06 ± 0.03 NaN
2940681834 53.51 -28.64 0.33 10.22 ± 0.01 0.56 ± 0.01 1.89 ± 0.41 NaN
2939803857 55.06 -28.52 0.83 10.44 ± 0.04 0.83 ± 0.17 0.24 ± 0.08 NaN
2940843281 51.79 -28.32 0.43 8.84 ± 0.02 0.17 ± 0.15 0.55 ± 0.12 NaN
2970686306 8.74 -44.08 0.62 10.97 ± 0.04 0.02 ± 1.05 0.38 ± 0.16 NaN
2940370947 35.46 -6.45 0.31 10.32 ± 0.01 0.78 ± 0.03 1.15 ± 0.73 NaN
2937866265 35.42 -7.00 0.62 10.45 ± 0.04 0.53 ± 0.45 0.15 ± 0.10 NaN
2938868980 35.21 -4.30 0.60 8.88 ± 0.08 0.03 ± 0.38 1.55 ± 0.52 NaN
2939834827 54.71 -28.24 0.47 10.80 ± 0.02 0.91 ± 0.07 5.24 ± 0.82 NaN
2940969193 52.24 -28.94 0.26 10.43 ± 0.01 1.12 ± 0.04 4.35 ± 3.88 NaN
2939819247 55.07 -28.44 0.72 10.23 ± 0.02 0.93 ± 0.02 0.01 ± 0.01 NaN
2939723813 53.46 -29.47 0.39 10.19 ± 0.01 0.57 ± 0.02 0.72 ± 0.19 NaN
2939256252 53.82 -26.15 0.49 10.28 ± 0.05 1.53 ± 0.24 5.26 ± 0.90 NaN
2937786824 33.76 -5.51 0.35 10.44 ± 0.01 0.38 ± 0.14 0.69 ± 0.43 NaN
2939176932 35.56 -7.12 0.60 9.99 ± 0.02 1.54 ± 0.14 0.16 ± 0.09 NaN
2940369729 35.37 -6.46 0.61 10.81 ± 0.02 0.88 ± 0.11 0.94 ± 0.28 NaN
2970576630 10.42 -44.60 0.35 10.07 ± 0.01 0.73 ± 0.06 0.59 ± 0.13 NaN
2970839913 9.79 -43.24 0.27 9.73 ± 0.02 1.42 ± 0.00 1.60 ± 0.13 NaN
2970994642 7.17 -43.13 0.39 10.24 ± 0.01 1.32 ± 0.01 0.24 ± 0.04 NaN
2971217980 8.72 -42.86 0.80 10.78 ± 0.03 1.79 ± 0.12 0.49 ± 0.07 NaN
2970444804 6.82 -42.76 0.29 10.38 ± 0.01 1.32 ± 0.01 2.01 ± 0.18 NaN
2970569115 10.29 -43.29 0.51 10.51 ± 0.02 1.22 ± 0.08 2.75 ± 0.56 NaN
2939401970 54.27 -29.63 0.20 10.34 ± 0.08 -0.08 ± 0.71 1.19 ± 0.48 NaN
2971127126 8.48 -43.64 0.39 8.85 ± 0.06 0.37 ± 0.53 0.73 ± 0.40 NaN
2970648557 9.09 -44.54 0.31 10.88 ± 0.01 1.23 ± 0.03 0.97 ± 0.27 NaN
2970972116 7.22 -43.25 0.50 9.24 ± 0.04 0.67 ± 0.08 0.06 ± 0.02 NaN
2939657953 55.30 -29.44 0.49 10.76 ± 0.04 -0.85 ± 2.18 1.05 ± 0.50 NaN
2940741583 53.20 -28.22 0.96 9.60 ± 0.04 1.10 ± 0.08 0.59 ± 0.09 NaN
2970801038 9.70 -44.27 0.56 9.54 ± 0.02 1.34 ± 0.04 1.03 ± 0.22 NaN
2939592686 53.79 -27.25 0.63 9.97 ± 0.03 0.44 ± 0.12 1.51 ± 0.25 NaN
2925692239 41.00 -1.14 0.39 8.83 ± 0.03 0.41 ± 0.12 2.90 ± 0.60 NaN
2940566839 52.60 -28.19 1.08 9.96 ± 0.08 0.98 ± 0.10 2.23 ± 0.24 NaN
2940729425 53.17 -28.31 0.82 10.57 ± 0.05 -1.07 ± 1.45 0.00 ± 0.00 NaN
2940292942 36.42 -6.70 0.31 10.19 ± 0.01 1.09 ± 0.03 5.03 ± 0.71 NaN
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2970558801 8.29 -42.12 0.31 10.20 ± 0.01 0.44 ± 0.01 0.79 ± 0.22 NaN
2970562723 8.48 -42.09 0.24 8.92 ± 0.02 0.23 ± 0.16 0.52 ± 0.10 NaN
2937567484 34.35 -4.24 0.29 9.63 ± 0.02 0.50 ± 0.32 0.99 ± 0.17 NaN
2925562432 42.26 0.39 0.29 10.55 ± 0.05 -0.26 ± 1.70 0.61 ± 0.28 NaN
2937434618 34.15 -4.32 0.59 10.73 ± 0.04 0.93 ± 0.09 0.24 ± 0.10 NaN
2940506294 52.43 -28.64 0.75 9.48 ± 0.02 0.75 ± 0.10 1.87 ± 0.23 NaN
2938906993 35.89 -5.24 0.61 9.61 ± 0.02 1.41 ± 0.16 0.16 ± 0.03 NaN
2971214887 8.63 -42.89 0.22 10.18 ± 0.01 0.81 ± 0.01 2.46 ± 0.18 NaN
2970356214 7.30 -42.07 0.60 10.20 ± 0.04 1.94 ± 0.39 2.67 ± 0.45 NaN
2970717192 9.11 -43.79 0.42 8.71 ± 0.06 0.50 ± 0.28 0.07 ± 0.02 NaN
2970935257 7.09 -43.61 0.69 9.10 ± 0.14 0.04 ± 0.45 0.06 ± 0.01 NaN
2925425188 43.56 0.20 0.46 10.53 ± 0.03 0.73 ± 0.24 1.32 ± 0.37 NaN
2938397578 36.12 -4.56 0.55 10.60 ± 0.02 0.65 ± 0.08 1.19 ± 0.42 NaN
2925391682 42.18 0.28 0.65 10.65 ± 0.01 -1.81 ± 0.82 0.85 ± 0.31 NaN
2970950280 7.78 -43.47 0.25 9.07 ± 0.02 0.43 ± 0.12 0.10 ± 0.01 NaN
2939916258 54.23 -28.48 0.61 10.51 ± 0.02 0.68 ± 0.07 1.84 ± 0.36 NaN
2938410334 35.77 -4.47 0.82 10.99 ± 0.01 0.57 ± 0.07 1.30 ± 0.31 NaN
2938449131 36.24 -4.23 0.88 10.66 ± 0.04 -0.95 ± 0.77 0.33 ± 0.14 NaN
2970437713 6.97 -42.88 0.38 10.63 ± 0.04 0.85 ± 0.18 0.15 ± 0.05 NaN
2925620487 41.81 -1.59 0.65 9.49 ± 0.02 1.23 ± 0.13 0.63 ± 0.16 NaN
2940647550 52.82 -28.88 0.77 10.57 ± 0.03 1.63 ± 0.17 2.06 ± 0.39 NaN
2937997090 37.37 -4.89 0.78 9.81 ± 0.02 1.39 ± 0.13 3.61 ± 0.39 NaN
2970422233 6.87 -43.11 0.61 9.96 ± 0.02 1.71 ± 0.21 0.20 ± 0.03 NaN
2970698236 8.47 -43.95 0.79 10.07 ± 0.02 1.24 ± 0.09 2.22 ± 0.23 NaN
2940939461 52.33 -27.59 0.71 10.56 ± 0.02 0.82 ± 0.08 0.30 ± 0.13 NaN
2925451218 42.96 -0.08 0.64 10.79 ± 0.02 -1.24 ± 0.61 0.39 ± 0.18 NaN
2940811801 54.64 -26.26 0.41 10.27 ± 0.03 -0.11 ± 0.08 0.38 ± 0.10 NaN
2939304238 55.18 -27.26 0.76 10.57 ± 0.03 1.59 ± 0.20 1.16 ± 0.31 NaN
2939827052 54.58 -28.34 0.81 10.57 ± 0.05 0.79 ± 0.25 0.11 ± 0.02 NaN
2970973768 7.39 -43.24 0.45 10.07 ± 0.02 0.35 ± 0.10 0.12 ± 0.03 NaN
2940537992 52.27 -28.40 0.57 9.66 ± 0.01 1.40 ± 0.01 0.35 ± 0.08 NaN
2970771662 10.01 -44.38 0.82 9.79 ± 0.02 0.94 ± 0.15 0.33 ± 0.03 NaN
2940386680 35.84 -6.28 0.51 10.34 ± 0.01 0.46 ± 0.04 3.22 ± 0.55 NaN
2970658429 8.99 -44.40 0.71 10.90 ± 0.04 1.22 ± 0.06 1.95 ± 0.55 NaN
2970782596 9.38 -44.35 0.45 10.29 ± 0.02 0.41 ± 0.14 0.28 ± 0.09 NaN
2940919590 52.47 -27.73 0.64 9.39 ± 0.03 1.19 ± 0.07 0.62 ± 0.10 NaN
2940365342 35.55 -6.52 0.30 10.19 ± 0.01 0.68 ± 0.01 2.40 ± 0.22 NaN
2940202041 53.29 -27.52 1.03 9.91 ± 0.03 1.12 ± 0.09 0.90 ± 0.11 NaN
2940554212 52.72 -28.29 0.28 9.64 ± 0.02 1.39 ± 0.01 2.90 ± 0.21 NaN
2970662640 8.89 -44.36 0.37 10.80 ± 0.01 1.21 ± 0.04 1.57 ± 0.36 NaN
2939347845 52.38 -27.33 0.70 10.43 ± 0.03 0.95 ± 0.10 1.46 ± 0.32 NaN
2939363045 52.38 -27.14 0.45 10.05 ± 0.06 1.07 ± 0.34 3.60 ± 0.61 NaN
2939299244 55.09 -27.37 0.64 9.68 ± 0.04 1.13 ± 0.44 0.30 ± 0.09 NaN
2970609995 10.17 -44.02 0.44 10.92 ± 0.07 0.30 ± 2.62 2.62 ± 1.60 NaN
2970844151 9.55 -44.11 0.54 9.75 ± 0.01 1.64 ± 0.04 3.06 ± 0.75 NaN
2970689093 9.04 -44.05 0.46 10.66 ± 0.02 0.93 ± 0.08 8.40 ± 2.09 NaN
2938393121 36.13 -4.58 0.63 9.35 ± 0.05 -0.19 ± 0.54 0.40 ± 0.19 NaN
2970596052 10.68 -44.23 0.35 9.95 ± 0.01 1.00 ± 0.01 2.71 ± 2.14 NaN
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2938646222 34.87 -4.91 0.20 9.01 ± 0.02 -0.60 ± 0.25 1.42 ± 0.26 NaN
2925468444 42.91 0.20 0.36 9.43 ± 0.01 0.24 ± 0.02 3.04 ± 1.16 NaN
2937855395 35.11 -7.16 0.46 10.77 ± 0.01 0.96 ± 0.05 1.04 ± 0.26 NaN
2940784384 54.78 -26.57 0.75 10.63 ± 0.06 1.13 ± 0.41 1.73 ± 0.46 NaN
2971137669 8.10 -43.56 0.22 9.74 ± 0.01 0.43 ± 0.01 0.52 ± 0.52 NaN
2939014585 36.50 -4.49 0.90 10.75 ± 0.07 1.30 ± 0.28 0.48 ± 0.20 NaN
2939361964 52.31 -27.16 0.32 11.31 ± 0.01 0.95 ± 0.02 0.21 ± 0.06 NaN
2940719700 53.03 -28.38 0.84 9.90 ± 0.03 1.01 ± 0.14 1.05 ± 0.26 NaN
2939274719 54.70 -30.00 0.59 11.02 ± 0.04 1.18 ± 0.33 0.15 ± 0.14 NaN
2940252985 54.04 -29.23 0.79 9.49 ± 0.03 1.12 ± 0.18 5.33 ± 0.54 NaN
2939282362 54.70 -29.78 0.78 10.53 ± 0.07 -0.44 ± 2.01 0.22 ± 0.10 NaN
2939825263 54.86 -28.37 0.85 9.75 ± 0.02 1.24 ± 0.08 5.41 ± 0.50 NaN
2939527431 54.21 -27.26 0.69 9.89 ± 0.07 0.24 ± 0.53 1.55 ± 0.89 NaN
2940281285 54.47 -28.94 0.61 10.77 ± 0.02 0.90 ± 0.07 1.36 ± 0.39 NaN
2939648449 54.60 -29.52 0.57 9.94 ± 0.05 0.44 ± 0.55 1.68 ± 0.26 NaN
2940238910 54.19 -29.37 0.60 9.86 ± 0.01 1.61 ± 0.13 7.53 ± 1.15 NaN
2939013998 36.99 -4.49 1.06 10.76 ± 0.03 1.56 ± 0.06 -inf ± 0.00 NaN
2925323039 40.25 -1.02 0.61 10.44 ± 0.02 -0.94 ± 0.47 -inf ± 0.00 NaN
2940520122 52.56 -28.54 0.96 11.80 ± 0.04 0.92 ± 0.13 -inf ± 0.00 NaN
2940355542 35.42 -6.63 0.86 11.31 ± 0.04 -1.14 ± 1.09 -inf ± 0.00 NaN
2940030843 53.84 -27.55 0.62 11.47 ± 0.02 0.74 ± 0.05 -inf ± 0.00 NaN
2939662385 55.16 -29.38 0.75 10.86 ± 0.12 -2.47 ± 0.44 -inf ± 0.00 NaN
2939457363 54.60 -28.16 0.54 11.00 ± 0.05 -0.41 ± 2.83 -inf ± 0.00 NaN
2971248692 8.35 -42.57 0.49 10.43 ± 0.03 0.23 ± 0.97 -inf ± 0.00 NaN
2971214553 8.43 -42.90 0.59 10.96 ± 0.02 -0.64 ± 0.39 -inf ± 0.00 NaN
2970855703 10.00 -44.05 0.23 10.20 ± 0.07 -0.01 ± 0.35 -inf ± 0.00 NaN
2970392444 10.06 -44.95 0.68 11.22 ± 0.05 -1.24 ± 0.83 -inf ± 0.00 NaN
2925362393 42.21 -0.26 1.09 10.25 ± 0.03 1.24 ± 0.45 -inf ± 0.00 NaN
2937929713 37.21 -4.31 0.53 10.90 ± 0.05 -2.10 ± 1.11 -inf ± 0.00 NaN
2970813141 9.36 -44.24 0.76 10.97 ± 0.07 -1.50 ± 0.71 -inf ± 0.00 NaN
2925741774 41.53 -1.07 0.43 10.64 ± 0.03 0.34 ± 0.91 -inf ± 0.00 NaN
2940679332 53.16 -28.66 0.75 10.37 ± 0.05 0.11 ± 0.30 -inf ± 0.00 NaN
2940466496 53.33 -26.80 0.83 11.19 ± 0.02 1.54 ± 0.02 -inf ± 0.00 NaN
2925459047 42.50 0.05 0.62 10.16 ± 0.02 0.39 ± 0.08 -inf ± 0.00 NaN
2938355209 34.51 -5.35 0.86 11.41 ± 0.02 0.68 ± 0.09 -inf ± 0.00 NaN
2938338639 34.51 -5.55 0.69 11.35 ± 0.01 0.41 ± 0.05 -inf ± 0.00 NaN
2938133716 36.35 -5.99 0.43 9.81 ± 0.02 0.95 ± 0.09 -inf ± 0.00 NaN
2937872012 35.24 -6.93 0.62 10.42 ± 0.06 -0.80 ± 1.22 -inf ± 0.00 NaN
2938917517 36.06 -5.17 0.50 11.22 ± 0.01 0.74 ± 0.08 -inf ± 0.00 NaN
2937781046 36.64 -5.56 0.83 10.75 ± 0.03 -2.20 ± 0.51 -inf ± 0.00 NaN
2925598666 41.29 -0.70 0.63 10.95 ± 0.02 -1.51 ± 0.79 -inf ± 0.00 NaN
2970396846 9.89 -44.83 0.47 10.80 ± 0.04 0.36 ± 2.01 -inf ± 0.00 NaN
2970775821 10.07 -44.37 0.34 10.64 ± 0.05 0.46 ± 0.10 -inf ± 0.00 NaN
2938557302 36.85 -3.75 0.33 10.43 ± 0.03 -2.81 ± 2.09 -inf ± 0.00 NaN
2937421034 33.79 -4.52 0.58 11.07 ± 0.06 -2.25 ± 2.00 -inf ± 0.00 NaN
2939247974 53.96 -26.35 0.57 10.87 ± 0.02 0.51 ± 0.74 -inf ± 0.00 NaN
2939080849 36.62 -4.00 0.70 10.83 ± 0.01 -0.57 ± 0.10 -inf ± 0.00 NaN
2939914152 53.95 -28.48 0.34 9.20 ± 0.02 -0.07 ± 0.02 -inf ± 0.00 NaN
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2970783618 9.21 -43.44 0.81 10.79 ± 0.09 -2.52 ± 1.48 -inf ± 0.00 NaN
2940741706 53.22 -28.21 1.01 11.61 ± 0.04 0.19 ± 1.04 -inf ± 0.00 NaN
2970613354 10.34 -43.97 0.27 11.10 ± 0.09 -4.46 ± 3.90 -inf ± 0.00 NaN
2925629681 42.06 -1.33 0.77 10.65 ± 0.04 -1.39 ± 0.57 -inf ± 0.00 NaN
2925596511 41.57 -0.73 0.50 9.84 ± 0.02 -0.04 ± 0.40 -inf ± 0.00 NaN
2925623437 41.55 -0.35 0.83 10.93 ± 0.07 0.23 ± 1.54 -inf ± 0.00 NaN
2937691587 34.11 -5.04 0.67 11.09 ± 0.04 -7.00 ± 2.77 -inf ± 0.00 NaN
2940319115 36.30 -6.36 0.30 10.27 ± 0.01 0.50 ± 0.01 -inf ± 0.00 NaN
2939835073 54.77 -28.24 0.68 10.81 ± 0.02 0.80 ± 0.08 -inf ± 0.00 NaN
2970318833 8.02 -43.91 0.44 10.73 ± 0.03 0.67 ± 0.21 -inf ± 0.00 NaN
2937578434 34.43 -4.12 0.79 11.67 ± 0.02 1.65 ± 0.02 -inf ± 0.00 NaN
2937715646 34.01 -4.72 0.64 11.24 ± 0.08 0.64 ± 1.64 -inf ± 0.00 NaN
2939506775 54.39 -27.47 0.72 11.25 ± 0.05 0.88 ± 0.03 -inf ± 0.00 NaN
2971030866 7.63 -42.95 0.64 10.50 ± 0.03 0.62 ± 0.14 -inf ± 0.00 NaN
2970299984 9.89 -43.14 0.69 9.84 ± 0.07 0.16 ± 0.47 -inf ± 0.00 NaN
2938318392 34.83 -5.79 0.29 10.08 ± 0.02 0.22 ± 0.01 -inf ± 0.00 NaN
2938543897 36.42 -3.85 0.46 9.68 ± 0.01 -0.04 ± 0.05 -inf ± 0.00 NaN
2939056098 36.86 -4.18 0.58 10.95 ± 0.04 0.97 ± 0.02 -inf ± 0.00 NaN
2938768109 37.03 -4.63 0.52 11.16 ± 0.04 -1.26 ± 2.09 -inf ± 0.00 NaN
2925383883 42.27 0.12 0.21 10.11 ± 0.05 -0.14 ± 0.79 -inf ± 0.00 NaN
2939213742 55.12 -27.54 0.38 11.72 ± 0.01 1.13 ± 0.01 -inf ± 0.00 NaN
2939500511 54.61 -27.54 0.55 10.31 ± 0.03 0.71 ± 0.02 -inf ± 0.00 NaN
2937563926 34.29 -4.30 0.16 11.10 ± 0.02 -10.00 ± 0.00 -inf ± 0.00 NaN
2938204133 35.90 -5.48 0.24 10.03 ± 0.06 -0.35 ± 1.40 -inf ± 0.00 NaN
2939055050 36.72 -4.19 0.54 10.75 ± 0.01 0.87 ± 0.01 -inf ± 0.00 NaN
2970440179 6.86 -42.85 0.11 10.69 ± 0.01 -10.00 ± 0.00 -inf ± 0.00 NaN
2943198121 8.88 -44.73 0.41 10.70 ± 0.03 0.47 ± 0.47 -inf ± 0.00 NaN
2939811672 55.13 -28.49 0.34 10.75 ± 0.03 0.39 ± 0.30 -inf ± 0.00 NaN
2937414783 33.94 -4.61 0.67 11.33 ± 0.02 -1.38 ± 0.91 -inf ± 0.00 NaN
2939585530 53.47 -27.34 0.60 11.18 ± 0.02 0.38 ± 0.05 -inf ± 0.00 NaN
2939506125 54.74 -27.48 0.76 11.32 ± 0.02 0.65 ± 0.06 -inf ± 0.00 NaN
2970511289 10.24 -43.78 0.53 10.63 ± 0.03 -2.26 ± 1.32 -inf ± 0.00 NaN
2970671602 8.76 -44.25 0.87 10.77 ± 0.06 -2.57 ± 1.61 -inf ± 0.00 NaN
2925857314 40.85 -0.38 0.58 11.00 ± 0.04 -0.94 ± 2.38 -inf ± 0.00 NaN
2939973334 54.00 -28.08 0.79 10.60 ± 0.03 0.64 ± 0.05 -inf ± 0.00 NaN
2925395901 42.34 0.36 0.27 10.87 ± 0.03 1.06 ± 0.08 -inf ± 0.00 NaN
2925395813 42.31 0.36 0.61 9.32 ± 0.05 0.36 ± 0.31 -inf ± 0.00 NaN
2971237980 8.18 -42.67 0.56 10.40 ± 0.04 -2.90 ± 2.76 -inf ± 0.00 NaN
2940236143 53.78 -29.40 0.70 11.10 ± 0.03 -0.88 ± 0.97 -inf ± 0.00 NaN
2937570477 34.41 -4.22 0.37 11.24 ± 0.02 0.60 ± 0.04 -inf ± 0.00 NaN
2940358109 35.92 -6.60 0.68 10.86 ± 0.01 -2.04 ± 0.20 -inf ± 0.00 NaN
2970950515 7.53 -43.47 0.66 11.36 ± 0.02 -1.96 ± 0.91 -inf ± 0.00 NaN
2925441247 42.45 -0.24 0.51 10.92 ± 0.03 0.42 ± 1.20 -inf ± 0.00 NaN
2938129818 36.59 -6.04 0.43 9.16 ± 0.01 -0.07 ± 0.04 -inf ± 0.00 NaN
2939755223 53.31 -29.19 0.38 11.03 ± 0.05 -1.98 ± 0.40 -inf ± 0.00 NaN
2970681316 8.28 -44.14 0.21 11.03 ± 0.04 0.85 ± 0.22 -inf ± 0.00 NaN
2970357577 7.32 -42.05 0.45 9.95 ± 0.04 -0.84 ± 1.75 -inf ± 0.00 NaN
2938102822 35.44 -5.64 0.40 10.96 ± 0.02 -10.00 ± 4.24 -inf ± 0.00 NaN
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2940006351 53.56 -27.78 0.42 10.78 ± 0.01 -1.69 ± 0.98 -inf ± 0.00 NaN
2939649202 55.22 -29.52 0.58 10.86 ± 0.02 -1.17 ± 0.68 -inf ± 0.00 NaN
2939608734 54.03 -27.08 0.68 10.68 ± 0.08 -0.82 ± 2.21 -inf ± 0.00 NaN
2925719590 41.11 -1.45 0.27 10.59 ± 0.12 -2.63 ± 3.79 -inf ± 0.00 NaN
2971178375 8.05 -43.21 0.39 10.38 ± 0.03 0.55 ± 0.18 -inf ± 0.00 NaN
2971120294 8.41 -43.71 0.66 10.48 ± 0.03 -1.93 ± 1.21 -inf ± 0.00 NaN
2925621238 41.85 -1.55 0.61 10.54 ± 0.01 0.02 ± 0.77 -inf ± 0.00 NaN
2940216085 54.15 -29.60 0.81 11.14 ± 0.06 -2.35 ± 1.83 -inf ± 0.00 NaN
2937874917 34.87 -6.89 0.82 10.84 ± 0.06 -2.94 ± 1.16 -inf ± 0.00 NaN
2940726126 52.94 -28.33 0.68 10.97 ± 0.07 -1.17 ± 2.56 -inf ± 0.00 NaN
2939584451 53.83 -27.35 0.59 10.77 ± 0.04 -1.52 ± 1.58 -inf ± 0.00 NaN
2970959107 7.37 -43.39 0.46 10.63 ± 0.01 0.76 ± 0.01 -inf ± 0.00 NaN
2943193409 8.72 -44.80 0.80 10.47 ± 0.08 -2.84 ± 2.12 -inf ± 0.00 NaN
2940088582 35.01 -6.30 0.66 10.78 ± 0.06 0.01 ± 0.31 -inf ± 0.00 NaN
2925572195 42.38 0.70 0.53 10.44 ± 0.03 -0.03 ± 1.37 -inf ± 0.00 NaN
2970823976 10.09 -44.20 0.81 10.85 ± 0.04 -2.08 ± 1.21 -inf ± 0.00 NaN
2939487080 54.51 -27.70 0.73 10.63 ± 0.05 -1.86 ± 1.31 -inf ± 0.00 NaN
2940823719 51.91 -28.73 0.66 10.10 ± 0.04 0.40 ± 0.07 -inf ± 0.00 NaN
2937858626 35.11 -7.11 0.61 10.29 ± 0.02 -2.18 ± 1.06 -inf ± 0.00 NaN
2925360118 42.01 -0.30 0.45 10.42 ± 0.03 0.27 ± 0.86 -inf ± 0.00 NaN
2939488395 54.31 -27.68 0.58 9.64 ± 0.02 1.29 ± 0.13 -inf ± 0.00 NaN
2971018295 7.13 -43.02 0.67 10.87 ± 0.02 1.08 ± 0.05 -inf ± 0.00 NaN
2937421480 34.10 -4.52 0.58 11.13 ± 0.02 -3.81 ± 0.88 -inf ± 0.00 NaN
2939825829 54.39 -28.36 0.61 10.81 ± 0.06 -0.48 ± 2.45 -inf ± 0.00 NaN
2939502205 54.91 -27.52 0.65 11.05 ± 0.03 -2.42 ± 0.99 -inf ± 0.00 NaN
2937430850 33.92 -4.38 0.56 11.27 ± 0.05 0.54 ± 0.89 -inf ± 0.00 NaN
2940750986 54.88 -26.72 0.53 10.64 ± 0.03 -0.90 ± 1.42 -inf ± 0.00 NaN
2970587822 10.44 -44.37 0.41 10.30 ± 0.03 0.18 ± 0.10 -inf ± 0.00 NaN
2970432225 6.67 -42.96 0.39 10.13 ± 0.02 0.45 ± 0.25 -inf ± 0.00 NaN
2938340424 35.12 -5.53 0.60 11.21 ± 0.01 0.62 ± 0.02 -inf ± 0.00 NaN
2925435957 42.67 -0.32 0.73 10.75 ± 0.02 -1.72 ± 0.24 -inf ± 0.00 NaN
2938083178 35.56 -5.87 0.47 9.77 ± 0.03 1.10 ± 0.16 -inf ± 0.00 NaN
2940441811 52.91 -27.23 0.97 11.83 ± 0.04 1.52 ± 0.17 -inf ± 0.00 NaN
2940174887 52.98 -27.71 0.96 11.40 ± 0.08 0.84 ± 0.18 -inf ± 0.00 NaN
2939644744 54.57 -29.56 0.54 10.68 ± 0.05 0.25 ± 0.37 -inf ± 0.00 NaN
2940668994 53.32 -28.72 1.12 10.70 ± 0.24 0.86 ± 0.09 -inf ± 0.00 NaN
2939706737 54.74 -28.95 0.85 11.52 ± 0.04 1.07 ± 0.08 -inf ± 0.00 NaN
2971247942 8.43 -42.58 0.49 10.68 ± 0.04 0.62 ± 0.68 -inf ± 0.00 NaN
2938262141 35.53 -4.91 0.91 10.72 ± 0.03 -1.73 ± 0.29 -inf ± 0.00 NaN
2940465800 53.35 -26.76 0.64 10.82 ± 0.04 0.76 ± 0.04 -inf ± 0.00 NaN
2939256461 54.05 -26.16 0.72 11.33 ± 0.05 1.16 ± 0.03 -inf ± 0.00 NaN
2940141162 52.64 -27.96 0.83 11.00 ± 0.03 -10.00 ± 3.39 -inf ± 0.00 NaN
2970675496 8.34 -44.21 0.60 10.72 ± 0.04 -2.22 ± 1.53 -inf ± 0.00 NaN
2939188411 35.92 -6.98 0.72 10.48 ± 0.03 0.48 ± 0.13 -inf ± 0.00 NaN
2940462734 53.12 -26.98 0.50 10.92 ± 0.04 0.79 ± 0.07 -inf ± 0.00 NaN
2939085167 36.69 -3.97 0.88 10.95 ± 0.05 -1.26 ± 1.22 -inf ± 0.00 NaN
2939202519 36.16 -6.81 0.65 10.85 ± 0.03 -1.14 ± 1.03 -inf ± 0.00 NaN
2940398850 35.55 -6.13 0.51 10.74 ± 0.02 -1.73 ± 0.80 -inf ± 0.00 NaN
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2940026596 53.54 -27.59 0.50 10.94 ± 0.03 0.85 ± 0.24 -inf ± 0.00 NaN
2925617399 41.64 -0.41 0.26 11.19 ± 0.05 -0.11 ± 1.34 -inf ± 0.00 NaN
2925823832 40.66 -0.94 0.70 10.93 ± 0.01 -1.96 ± 0.21 -inf ± 0.00 NaN
2939580925 53.98 -27.38 0.81 11.23 ± 0.04 0.05 ± 0.50 -inf ± 0.00 NaN
2939598933 54.04 -27.19 0.58 10.72 ± 0.03 -1.73 ± 1.13 -inf ± 0.00 NaN
2939632321 53.49 -26.82 0.54 10.71 ± 0.01 0.18 ± 0.07 -inf ± 0.00 NaN
2970753666 10.14 -44.45 0.55 10.74 ± 0.07 -2.47 ± 2.46 -inf ± 0.00 NaN
2940336634 36.43 -6.15 0.51 10.82 ± 0.04 -1.64 ± 1.92 -inf ± 0.00 NaN
2937721815 33.96 -4.64 0.67 10.64 ± 0.02 -0.11 ± 0.23 -inf ± 0.00 NaN
2940941263 52.22 -27.57 0.65 9.96 ± 0.04 -0.92 ± 1.42 -inf ± 0.00 NaN
2970447640 6.85 -42.70 0.38 10.09 ± 0.02 0.22 ± 0.35 -inf ± 0.00 NaN
2940965505 52.18 -29.00 0.73 11.09 ± 0.04 0.43 ± 0.18 -inf ± 0.00 NaN
2970823144 9.96 -44.21 0.86 10.52 ± 0.04 -2.38 ± 1.31 -inf ± 0.00 NaN
2940753107 54.99 -26.69 0.53 10.87 ± 0.02 -2.06 ± 1.02 -inf ± 0.00 NaN
2939821102 54.53 -28.41 0.61 10.47 ± 0.05 -0.03 ± 0.24 -inf ± 0.00 NaN
2940763527 54.93 -26.41 0.45 9.08 ± 0.02 0.78 ± 0.08 -inf ± 0.00 NaN
2970772086 9.68 -43.49 0.40 10.83 ± 0.01 1.13 ± 0.06 -inf ± 0.00 NaN
2940178584 53.37 -27.69 0.84 10.03 ± 0.03 1.11 ± 0.14 -inf ± 0.00 NaN
2925790014 42.80 -0.76 0.16 10.95 ± 0.09 -1.34 ± 3.63 -inf ± 0.00 NaN
2940118126 52.94 -28.14 1.02 11.41 ± 0.09 1.19 ± 0.08 -inf ± 0.00 NaN
2970697699 9.16 -43.95 0.48 9.09 ± 0.03 0.73 ± 0.16 -inf ± 0.00 NaN
2939210962 55.07 -27.63 0.35 10.66 ± 0.01 -10.00 ± 2.56 -inf ± 0.00 NaN
2939526353 54.70 -27.29 0.35 10.79 ± 0.07 0.52 ± 0.21 -inf ± 0.00 NaN
2970614940 10.47 -43.94 0.72 11.00 ± 0.03 -1.47 ± 0.65 -inf ± 0.00 NaN
2939445136 55.41 -29.19 0.58 11.06 ± 0.01 1.10 ± 0.06 -inf ± 0.00 NaN
2939266606 53.65 -29.71 0.72 11.35 ± 0.04 -1.98 ± 0.22 -inf ± 0.00 NaN
2970666416 8.97 -44.31 0.68 11.02 ± 0.01 -1.02 ± 0.15 -inf ± 0.00 NaN
2938271416 35.20 -4.84 0.79 11.43 ± 0.06 0.01 ± 4.48 -inf ± 0.00 NaN
2938702906 36.66 -5.12 0.79 11.06 ± 0.06 0.50 ± 0.29 -inf ± 0.00 NaN
2925678771 40.99 -1.38 0.61 10.56 ± 0.05 0.68 ± 1.07 -inf ± 0.00 NaN
2970653454 8.80 -44.46 0.87 10.73 ± 0.07 -3.26 ± 2.95 -inf ± 0.00 NaN
2940655785 53.15 -28.82 0.93 10.71 ± 0.05 0.91 ± 0.08 -inf ± 0.00 NaN
2938838529 34.96 -4.61 0.60 10.72 ± 0.01 -0.88 ± 0.36 -inf ± 0.00 NaN
2937569095 34.21 -4.22 0.44 10.23 ± 0.01 -1.36 ± 0.16 -inf ± 0.00 NaN
2970552978 8.29 -42.16 0.49 10.93 ± 0.04 0.42 ± 1.48 -inf ± 0.00 NaN
2925709444 41.44 -1.61 0.64 10.46 ± 0.03 -2.00 ± 1.08 -inf ± 0.00 NaN
2943204311 8.98 -44.62 0.61 10.75 ± 0.05 1.04 ± 0.31 -inf ± 0.00 NaN
2970615911 10.18 -43.92 0.29 10.09 ± 0.03 -0.12 ± 0.63 -inf ± 0.00 NaN
2937673318 33.82 -5.32 0.34 9.36 ± 0.03 0.47 ± 0.02 -inf ± 0.00 NaN
2970373627 6.63 -43.46 0.54 9.99 ± 0.01 -1.61 ± 0.19 -inf ± 0.00 NaN
2925099011 41.77 -1.73 0.29 10.98 ± 0.05 0.86 ± 0.15 -inf ± 0.00 NaN
2940783187 54.12 -26.59 0.76 10.66 ± 0.05 -0.12 ± 0.42 -inf ± 0.00 NaN
2939229240 53.68 -26.64 0.73 10.73 ± 0.02 -0.23 ± 0.23 -inf ± 0.00 NaN
2937911514 37.16 -4.41 0.95 9.62 ± 0.02 1.74 ± 0.01 -inf ± 0.00 NaN
2970436413 6.61 -42.90 0.66 10.62 ± 0.03 -0.96 ± 0.62 -inf ± 0.00 NaN
2939823096 54.66 -28.39 0.42 10.72 ± 0.06 -0.46 ± 1.33 -inf ± 0.00 NaN
2970942784 7.09 -43.54 0.61 10.78 ± 0.05 0.83 ± 0.25 -inf ± 0.00 NaN
2970972778 7.42 -43.25 0.66 10.89 ± 0.06 -0.09 ± 1.31 -inf ± 0.00 NaN
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2970434958 6.56 -42.93 0.65 11.27 ± 0.05 -0.79 ± 2.53 -inf ± 0.00 NaN
2970744818 9.62 -44.51 0.77 10.28 ± 0.03 -2.18 ± 0.71 -inf ± 0.00 NaN
2940911761 51.99 -27.79 0.84 10.78 ± 0.05 0.05 ± 0.34 -inf ± 0.00 NaN
2925586129 41.57 -0.89 0.69 10.92 ± 0.03 0.97 ± 3.00 -inf ± 0.00 NaN
2940350286 35.48 -6.69 0.62 10.28 ± 0.05 -0.62 ± 1.47 -inf ± 0.00 NaN
2939800229 53.15 -28.96 0.57 10.96 ± 0.03 1.21 ± 0.05 -inf ± 0.00 NaN
2939684318 55.22 -29.16 0.90 10.76 ± 0.05 -2.62 ± 0.95 -inf ± 0.00 NaN
2937703914 34.28 -4.87 0.58 10.33 ± 0.02 -2.13 ± 1.02 -inf ± 0.00 NaN
2970561871 10.12 -43.37 0.66 10.24 ± 0.02 0.74 ± 0.04 -inf ± 0.00 NaN
2971115089 8.14 -43.75 0.55 10.31 ± 0.03 -0.85 ± 1.41 -inf ± 0.00 NaN
2925849437 40.51 -0.53 0.69 11.22 ± 0.05 0.00 ± 1.80 -inf ± 0.00 NaN
2940383390 35.59 -6.31 0.76 10.59 ± 0.05 -1.00 ± 1.09 -inf ± 0.00 NaN
2940045862 55.24 -28.72 0.34 10.33 ± 0.08 -0.16 ± 0.58 -inf ± 0.00 NaN
2940647310 52.85 -28.88 0.61 10.75 ± 0.01 0.39 ± 0.08 -inf ± 0.00 NaN
2970925362 7.96 -43.70 0.55 10.43 ± 0.04 0.57 ± 0.18 -inf ± 0.00 NaN
2939479968 54.69 -27.79 0.36 10.06 ± 0.09 -1.34 ± 2.47 -inf ± 0.00 NaN
2939785254 52.95 -29.02 0.70 11.14 ± 0.04 0.07 ± 0.30 -inf ± 0.00 NaN
2939785913 54.40 -28.62 0.86 11.07 ± 0.05 1.22 ± 0.13 -inf ± 0.00 NaN
2940131875 53.22 -28.03 0.78 10.86 ± 0.05 0.42 ± 0.34 -inf ± 0.00 NaN
2940473448 52.72 -28.87 0.92 10.89 ± 0.06 0.04 ± 0.42 -inf ± 0.00 NaN
2939561791 53.43 -27.46 0.53 10.72 ± 0.02 -0.94 ± 2.41 -inf ± 0.00 NaN
2939575337 54.54 -26.76 0.54 9.83 ± 0.01 -0.48 ± 0.05 -inf ± 0.00 NaN
2939614188 53.54 -27.03 0.66 10.85 ± 0.02 0.32 ± 0.08 -inf ± 0.00 NaN
2940037747 54.18 -27.48 0.72 10.39 ± 0.10 -0.85 ± 1.47 -inf ± 0.00 NaN
2970413874 9.66 -44.63 0.37 10.71 ± 0.03 0.63 ± 0.03 -inf ± 0.00 NaN
2925470528 42.56 0.23 0.58 10.88 ± 0.02 0.92 ± 0.09 -inf ± 0.00 NaN
2940683847 52.74 -28.63 0.87 11.20 ± 0.05 0.06 ± 0.82 -inf ± 0.00 NaN
2938924404 36.36 -5.18 0.68 10.77 ± 0.02 1.26 ± 0.05 -inf ± 0.00 NaN
2925804256 43.10 -0.52 0.64 11.06 ± 0.03 -0.07 ± 1.21 -inf ± 0.00 NaN
2940775041 54.29 -26.69 0.54 9.83 ± 0.01 -0.26 ± 0.06 -inf ± 0.00 NaN
2938879481 35.02 -4.16 0.24 9.92 ± 0.08 -3.53 ± 2.84 -inf ± 0.00 NaN
2925348516 40.80 -0.20 0.58 10.54 ± 0.08 0.47 ± 0.86 -inf ± 0.00 NaN
2940470133 51.99 -28.89 0.87 9.67 ± 0.02 1.10 ± 0.07 -inf ± 0.00 NaN
2938459440 35.79 -4.20 0.84 10.83 ± 0.04 -2.11 ± 0.79 -inf ± 0.00 NaN
2939192105 36.02 -6.94 0.55 10.62 ± 0.05 0.65 ± 0.37 -inf ± 0.00 NaN
2939343118 52.09 -27.37 0.84 11.59 ± 0.06 0.86 ± 0.13 -inf ± 0.00 NaN
2970697558 8.32 -43.95 0.57 10.50 ± 0.02 0.22 ± 0.58 -inf ± 0.00 NaN
2970991265 7.08 -43.14 0.73 10.84 ± 0.04 -2.02 ± 1.46 -inf ± 0.00 NaN
2925676710 40.69 -1.41 0.56 10.82 ± 0.03 0.89 ± 0.22 -inf ± 0.00 NaN
2971057645 7.75 -42.81 0.43 10.45 ± 0.03 0.35 ± 0.99 -inf ± 0.00 NaN
2938478278 36.22 -4.12 1.02 11.44 ± 0.08 1.00 ± 0.20 -inf ± 0.00 NaN
2939035879 36.37 -4.33 0.53 12.01 ± 0.04 -10.00 ± 3.29 -inf ± 0.00 NaN
2940732638 53.04 -28.29 0.93 11.39 ± 0.06 0.67 ± 0.14 -inf ± 0.00 NaN
2939761995 53.22 -29.14 0.72 10.90 ± 0.02 -5.91 ± 2.47 -inf ± 0.00 NaN
2938262063 35.72 -4.92 0.49 11.07 ± 0.03 0.32 ± 0.14 -inf ± 0.00 NaN
2939279836 54.96 -29.83 0.75 10.97 ± 0.06 0.29 ± 0.30 -inf ± 0.00 NaN
2937423657 33.89 -4.49 0.63 10.49 ± 0.03 -0.70 ± 0.37 -inf ± 0.00 NaN
2970368251 6.94 -43.57 0.54 10.56 ± 0.01 0.35 ± 0.08 -inf ± 0.00 NaN
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2940070170 35.01 -6.53 0.65 11.08 ± 0.03 1.42 ± 0.13 -inf ± 0.00 NaN
2940397453 35.69 -6.15 0.69 10.44 ± 0.05 -1.09 ± 0.88 -inf ± 0.00 NaN
2939822716 54.84 -28.40 0.72 11.16 ± 0.07 -0.87 ± 0.60 -inf ± 0.00 NaN
2938355302 35.01 -5.35 0.47 10.60 ± 0.02 -0.74 ± 1.25 -inf ± 0.00 NaN
2938538122 36.85 -3.90 0.77 10.74 ± 0.05 -2.35 ± 0.34 -inf ± 0.00 NaN
2938417611 36.34 -4.41 0.36 10.61 ± 0.04 -2.05 ± 1.04 -inf ± 0.00 NaN
2940369605 35.65 -6.47 0.32 10.55 ± 0.08 0.30 ± 0.64 -inf ± 0.00 NaN
2970674079 9.16 -44.22 0.56 10.49 ± 0.05 0.66 ± 0.49 -inf ± 0.00 NaN
2939733868 54.86 -28.85 0.35 8.32 ± 0.06 0.07 ± 0.15 -inf ± 0.00 NaN
2925407449 43.70 -0.11 0.36 9.22 ± 0.02 0.88 ± 0.10 -inf ± 0.00 NaN
2940052811 35.11 -6.76 0.46 10.31 ± 0.02 0.30 ± 0.50 -inf ± 0.00 NaN
2925665366 40.90 -1.63 0.77 10.93 ± 0.09 -1.59 ± 0.74 -inf ± 0.00 NaN
2939463536 54.59 -28.05 0.44 11.03 ± 0.04 -0.14 ± 1.22 -inf ± 0.00 NaN
2940657280 53.35 -28.81 0.94 11.42 ± 0.06 0.63 ± 0.46 -inf ± 0.00 NaN
2940252275 54.31 -29.23 0.75 10.56 ± 0.02 1.09 ± 0.07 -inf ± 0.00 NaN
2925657682 43.30 -0.35 0.69 10.92 ± 0.02 -1.55 ± 0.44 -inf ± 0.00 NaN
2939879009 54.34 -28.64 0.47 10.93 ± 0.02 0.97 ± 0.05 -inf ± 0.00 NaN
2940498500 52.39 -28.69 0.83 10.72 ± 0.06 -0.16 ± 0.27 -inf ± 0.00 NaN
2939279644 54.81 -29.84 0.57 11.14 ± 0.05 -0.15 ± 2.67 -inf ± 0.00 NaN
2939830010 54.41 -28.31 0.38 10.31 ± 0.04 -0.20 ± 0.95 -inf ± 0.00 NaN
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