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Abstract

We present the search for Superluminous Supernovae (SLSNe) within the Dark En-
ergy Survey (DES), and using the Dark Energy Camera (DECam) in general. We con-
struct empirical selection criteria for the selection of SLSNe from the first year of DES
data followed by visual inspection of candidates. We present DES13S2cmm, the first
spectroscopically-confirmed SLSN from DES, as a hydrogen-poor SLSN at a redshift of
z = 0.663 £ 0.001. We updated our SLSNe search methodology based on our experi-
ences and knowledge gained from this first season of DES data. In combination with the
increase of the spectroscopic follow-up resources in the second year of DES operations,
we have found 22 SLSNe candidates, 7 of which where spectroscopically confirmed as
SLSNe events in the redshift range of 0.47 < z < 1.5. We present in detail the seven
confirmed SLSNe and we draw attention to three SNe as the highlights of our SLSNe
quest in DES Y2. Firstly, DES14S2qri was discovered at a redshift of z = 1.5, as the
most luminous SN (M, = —22.90) up to the writing of this thesis. DES14Clrhg was
discovered at a redshift of z = 0.47 as the least luminous SLSN-I (M, = —19.80), a
finding that supports the hypothesis of a continuum that fills the gap between the peak
brightness of SNe Ic and SLSNe-I. Lastly, DES14X3taz was detected at a redshift of
2z = 0.6 and is the second ever recorded SLSN to possess a well constrained pre-peak
bump, which could be caused by a pre-explosion outburst of the SN. Using the DES Y2
sample of SLSNe we provide a basic calculation of the volumetric SLSNe rate, reporting

a value of ~ 206 events Gpc™3

yr—! h2,. This value is compatible with other estimates
in the literature, considering the simplicity of our method. We fit the bolometric light
curves of the entire SLSNe sample discovered by DES with two competing models for
SLSNe-I - the radioactive decay of *°Ni, and a magnetar - and find that the magnetar
is formally a better fit overall. Using the Magnetar model, we investigate possible cor-
relations between the model parameters. We discovered moderate correlations between
the explosion phase (t.,;,) and the rise-time (7,,,), and between the rise-time (7,,,) and the
spin-down time (P). Moreover, we compare the bolometric light-curves of the entire
SLSNe sample, without clear evidence of common behaviour, that would point towards a

standardization. We find that the short DES observing seasons (~ 5 months per calendar
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year) are limiting the discerning between the two models which, at late times (beyond 100
rest frame days), behave significantly differently. We present the Survey Using DECam
for Superluminous Supernovae (SUDSS) as a complementary effort to DES SN survey,
which operates since April 2014 and aims at obtaining a large and homogeneous sample
of SLSNe out to redshift = ~ 3, by maximizing its observing seasons in collaboration
with DES SN survey.
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Chapter 1
Introduction

This chapter serves as a brief overview of the cosmological and astrophysical background
necessary for the research presented in later chapters of this thesis.

In this chapter, I briefly introduce the current cosmological model starting from the
Hubble law and the Friedmann equations, followed by a summary of the contents of
the Universe and the description of useful quantities that astronomers and cosmologists
use, such as distances and magnitudes of astronomical objects. Then, I present a broad
class of astronomical objects called Supernovae (SNe), exploring their nature, types and
classification, but most importantly, how these are used in Cosmology via astronomical
sky surveys.

Moreover, I present in detail the Dark Energy Survey (DES), a part of which will
discover and use a variety of SNe to study Cosmology. I have been actively participating
in this project since June 2012, searching for Superluminous SNe (SLSNe).

The chapter then focuses on SLSNe and describes how they were first discovered and
classified, while exploring the SLSNe properties and nature, as well as examining how

they could be used in Cosmology in the near future.

1.1 Standard Cosmological Model

Cosmology is the study of the Universe using a combination of observations of astro-
physical phenomena like stars, supernovae and galaxies and an underlying theoretical
framework based on Einstein’s theory of General Relativity (Einstein, 1916).

This section will introduce the basic information on the standard Cosmological model,

adopted for this thesis.
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Figure 1.1: The original Hubble diagram, shows the ‘roughly linear’ relationship between
the radial velocities and distances of ‘nearby’ extragalactic nebulae.

1.1.1 Hubble’s Law and Friedmann’s Equations

Hubble (1929) introduced the relationship between the radial velocities and distances of
few extragalactic ‘nebulae’; as illustrated by the original Hubble diagram in Fig. 1.1, and

the following equation, named as the ‘Hubble law’:
v=Hy-d (1.1)

where v is the apparent velocity of a galaxy, d is the physical distance to that galaxy and
Hy(t = 0) is the Hubble parameter today.

The Hubble Space Telescope’s (HST) Key Project (Freedman et al., 2001) measured
the Hubble constant to be:

Hy =72 4+ 8km'Mpc ™ (1.2)

by using Cepheid calibration on a number of independent, secondary distance determi-
nation methods, such as SNe type la , the Tully-Fisher relation, the fundamental plane
for elliptical galaxies, surface brightness fluctuations and SNe type II.

Komatsu et al. (2009) combined data of the Cosmic Microwave Background (CMB)
radiation from WMAP' (Wilkinson Microwave Anisotropy Probe) with the Baryonic
Acoustic Oscillations (BAO) and type Ia Supernovae, obtaining a value for the Hubble

constant equal to:

Hy=70.14+ 1.3km™ 'Mpc . (1.3)

Thttp://map.gsfc.nasa.gov
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Most recently, Planck Collaboration et al. (2014) reported a new estimation of the Hubble

constant to be equal to:
Hy=67.34+1.2km 'Mpc . (1.4)

Hubble’s law states that the further away an object is, the more rapidly it is receding,
thus providing the first confirmation of the prediction of Friedmann (1924) that, an ex-
panding Universe is a valid solution to Einstein’s theory of General Relativity (Einstein,
1916).

In general the Hubble parameter could vary with time such as:
r(t) = H(t) - r(t) (1.5)

where r(t) is the physical distance in the radial direction and 7(t) is its derivative with
respect to time.

The physical distance can be defined as:
r(t) = x - a(t) (1.6)

where Yy is the comoving distance and «(t) is known as the scale factor.

Then, the Hubble parameter can describe the expansion rate of the Universe, when is
written as:

_ ot
H(t) = w. (1.7)

Based on the framework of Einstein’s theory of General Relativity (Einstein, 1916);
and taking into account the Cosmological principle which states that the Universe, on
sufficiently large scales is homogeneous (has the same density) and isotropic (is the same
in all directions); and assuming that the content of the Universe can be described by a per-
fect fluid one can describe the evolution of the Universe using the Friedmann equations
(Friedmann, 1924):

H2(t) = (@f _Snbp & (1.8)

3 a?

——==———(p+3p) (1.9)
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where H(t) and «(t) were defined above as the rate and the scale factor for the relative
expansion of the Universe respectively, ¢(t) is the the scale factor derivative with respect
to proper time, p and p are the the density and pressure of the perfect fluid respectively,
G is Newton’s gravitational constant, and & is the intrinsic curvature of the Universe.
The contents of the Universe, matter and energy, are what governs k, which can take

three possible classes of values, resulting to three possible geometries for the Universe:

e ik = +1, for a ‘closed” Universe with elliptical geometry, described by positive

spatial curvature

e k = 0, for a ‘flat” Universe with Euclidean geometry, described by zero spatial

curvature

e k = —1, for an ‘open’ Universe with hyperbolic geometry, described by negative

spatial curvature

Using equation 1.8 and considering the first law of thermodynamics for reversible

adiabatic expansion of the Universe, one can derive the fluid equation (Liddle, 2003):
p+3H(p+p) =0 (1.10)

which describes how the density of the components of the Universe evolve, as the Uni-
verse expands. This perfect fluid, as the only content of the Universe so far in this analy-

sis, can be described by the following simple equation of state:
p=w X p (1.11)

where w can be treated as a constant; hence the density of the perfect fluid will behave

as:

p(t) oc a30+w), (1.12)

Critical density (p.;;) is the density required for a ‘flat’ Universe (Euclidean geometry,

k = 0) and can be derived from equation 1.8 as:

3H?

crit — 1.13
Perit 37C ( )
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Density Parameter ({2) using equations 1.8 and 1.13 can be defined as:

P k
Q= =1
Perit * a’H?

(1.14)

and can be used to compare directly the total density (p) of the Universe to its critical
density (p..iz), which can result in a closed (2 < 1), flat (2 = 1) or open (2 > 1)

Universe.

1.1.2 Contents of the Universe

In Sec. 1.1.1 the Universe was treated as if it contains one perfect fluid. Instead obser-
vations (Komatsu et al., 2009; Hinshaw et al., 2013; Planck Collaboration et al., 2014)
suggest that we live in a flat Universe (£ = 0), the contents of which are matter-m (bary-
onic and dark matter), radiation-y and dark energy-A and can be described using their

individual densities (p;) as:
p= (L.15)

or in terms of their density parameters:

Perit Perit Perit

(1.16)

Matter

The matter content of the Universe is composed by baryonic and dark matter, both to be
treated as pressureless and non-relativistic. Baryonic matter (b) refers to all the atoms,
dust, planets, stars, galaxies, gas that exist in the Universe and constitutes around ~ 4%
of the Universe. On the other hand, dark matter (D M) the dominant matter component
(~ 22% of the Universe), interacts with gravitational forces, but not with electromagnetic
ones and is detected using gravitational lensing and galaxy rotation curves.

The latest measurement (Anderson et al., 2014; Betoule et al., 2014) of the matter

density parameter is:

Q= Q4+ Qpyr = 0.305 £ 0.010. (1.17)

Radiation

The radiation content of the Universe refers to particles that move at the speed of light
(relativistic), like CMB photons and neutrinos, the kinetic energy of which generates ra-

diation pressure. The Universe experienced its radiation domination phase during the
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first moments after the Big Bang and today its density parameter value is (Planck Col-
laboration et al., 2014):

0, < 0.01 (1.18)

therefore, radiation’s contribution is ignored in the late universe.

Dark Energy

Dark energy was introduced as a possible explanation of the accelerating expansion of
the Universe, the evidence of which is explored later in Sec. 1.3. A variety of dark energy
models have been proposed, such as the Cosmological constant (Carroll, 2001, and refer-
ences therein), the quintessence scalar field model (Liddle, 2003, and references therein),
the Chevallier-Polarski-Linder model (CPL; Chevallier and Polarski, 2001; Linder, 2003)
etc.

Using Eq. 1.12 to determine the value of w(z), one can determine the correct model
for dark energy. For example, the case of w(z) = —1 corresponds to a Cosmological
constant (A) model, in which the density of the dark energy is assumed to be constant
through time and space, and its density parameter value is measured (Anderson et al.,
2014; Betoule et al., 2014) to be:

Qp = 0.693 £ 0.010. (1.19)

Throughout this thesis, we assume a flat (k = 0) A-dominated cosmology with 2, =
0.693, ©,,, = 0.305 and Hy = 67.3 km s~ Mpc~!, consistent with recent cosmological

measurements (eg. Anderson et al., 2014; Betoule et al., 2014).

1.1.3 Distances and Magnitudes in Cosmology

Observational measurements are needed to constrain the parameters of any cosmolog-
ical model, as described in Sec. 1.1.1. Distance estimates to astrophysical objects are
necessary for such measurements.

Redshift is a frequent measure of distances to astronomical objects and is caused
by the expansion of the Universe, which causes light-waves to shift into bluer or redder
wavelengths, depending on whether the astronomical objects are moving towards or away
from the observer, respectively. It is defined as:

L Dobs — Aemit _ Aobs (1.20)

)\emit )\emit
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where A\, is the observed by the observer wavelength and )., is the emitted by the
astronomical source wavelength.

The luminosity distance can be defined as:

L

2 = —
L™ 4rF

(1.21)

where L is the luminosity (true brightness) and F' is the flux (observed brightness).

The angular diameter distance is defined as:
dy =~ (1.22)

where [ is the object’s dimension and € is the object’s apparent angular size.

The current proper distance can be determined as:

o dr
d = qp X _— 1.23

Finally, the above distance measurements are connected by the following relation-

ship:
dp, = dpy X (14 2) = dpy x (1+2)°. (1.24)

For a flat (¢ = 0) Universe with a cosmological constant-A, a constant equation of
state (w = constant) and negligible contribution from radiation, the luminosity distance

can be written as (Peebles, 1993):

c (7 dz
dp = (1+ 2 X_/ . (1.25)
e= (e | A+ 230, + Oy
The apparent (observed) magnitude-m of an astronomical object is given by:
=251 Ji 1.26

where f; is the object’s observed flux in the passband-i and f} is the measured flux of a
reference object (i.e. Vega star) in the same passband-i. In modern astronomy, several
magnitude systems are used, which have different objects as references; the AB magni-
tude system is the most commonly used today. In the AB magnitude system, equation

1.26 becomes:

m; = —2.5logy, f; — 48.60 (1.27)
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where the flux-f; is measured in erg s—* cm 2 Hz~!. The constant 48.60 was set as such,

so a source with flux density of f; = 3631Jy to have zero value for magnitude-m,; = 0.
The absolute (true) magnitude- ) of an astronomical object can be defined as the ap-

parent magnitude of an astronomical object if it was placed 10pc away from the detector,

and is given by the following relation:

dr
M=m—->51 — . 1.28

" 810 (10pc> ( )
The distance modulus-x can be defined from equation 1.28 as the relation between

the apparent and absolute magnitude of an object:

wu(z) =m(z) — M = 5logy, (%) (1.29)
where d, is a function of z, {2,,, 24 and Hy, equation 1.25.

For objects that we know their intrinsic luminosities (hence their absolute magnitudes-
M), we can constrain those cosmological parameters by measuring their apparent mag-
nitudes (m) and redshifts (), and estimating the distance modulus (x). Such objects are
called ‘standard candles’.

Supernovae are the kind of astronomical objects that can be used as standard candles
to constrain cosmological models, and in the following sections I will describe how and

why SNe are used today for this purpose and what new tools the future may bring.

1.2 Supernovae

The term ‘Supernova’ (SN) was first used by Baade and Zwicky (1934b,a) to describe
newly observed stars (novae) that had extreme brightness, comparable with their host
nebula. Supernovae (SNe) are associated with the final stages of stellar evolution, when
a star has burned all of its fuel and under the right conditions, explodes. The first recorded
supernova is thought to be SN 185 and was recorded by Chinese astronomers in 185 AD
(Zhao et al., 2006). A handful of SNe have been observed at such early stages in history,
like SN 1006 that was recorded by Chinese and Egyptian astronomers as the brightest
event ever recorded; and SN 1572 (Tycho’s SN) a type Ia SN in the constellation of
Cassiopeia (Krause et al., 2008).

1.2.1 Classification

Minkowski (1941) made the first spectroscopic classification of SNe, reporting nine ‘type

I’ and five ‘type II’ objects, using the absence or presence of hydrogen (Ha) lines in their
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Supernova taxonomy
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Figure 1.2: SNe classification relies on the identification of spectral features, the analysis
of spectral line profiles and the spectral and photometric evolution of each event. Figure
is taken from Cappellaro and Turatto (2001).

spectra respectively. Fig. 1.2 shows a diagram of the historically common SN types, as
presented by Cappellaro and Turatto (2001), whereas Fig. 1.3 shows different spectral
features used for SNe classification.

Type 1 class of SNe was later divided into three sub-classes: fype Ia show a deep
absorption feature produced by silicon (Sill, A\ = 6150.4), type Ib show strong absorption
feature of helium (Hel, A = 5876A) and type Ic lack both Sill and Hel features that are
seen in the other two sub-classes (Cappellaro and Turatto, 2001).

Barbon et al. (1979) first attempted to divide type II SNe into sub-classes based on
their photometric differences. There are four sub-classes of type 1I events: type IIP show
an after peak plateau of constant luminosity for long periods, type IIL show a linear
decline of their luminosity with time, fype IIn show narrow emission lines on top of their
broad spectra features and type IIb show weak Ha line in their initial spectra, which

afterwards fades away and resembles the spectra of a SNe type Ib.

1.2.2 SNe Nature

Type Ia supernovae (SNe type Ia) are believed to be the result of the explosion of a
binary system, in which the first star is a white dwarf (WD) that accretes matter from the
second star, up until its mass reaches the Chandrasekhar limit (Mcpy ~ 1.39M) causing
a thermonuclear explosion (Chandrasekhar, 1931; Woosley and Weaver, 1986). The WD
material, composed of carbon and oxygen, undergoes nuclear fusion within seconds and

an expanding shock wave is formed, travelling with high velocity towards the surface of
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Figure 1.3: SNe classification using different spectral features such as hydrogen in blue,
helium in orange, silicon in red and sulfur in purple. Figure is taken from Modjaz et al.

(2014).
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the star, which will be totally destroyed. The luminosity of the SN would increase to a
maximum absolute magnitude of M ~ —19.3 in a time-scale of tens of days, and then
it would start its decline phase, powered by the radioactive decay of *’Ni—*Co—56Fe
(Colgate and McKee, 1969).

All the other types of SNe mentioned in 1.2.1 are the results of the collapse of old
and massive stars’ cores, in which nuclear fusion is no longer able to counterbalance its
own gravity and the core collapses, causing an explosion of the whole star; hence a SN
to be created. Different initial star masses and metallicities cause different core collapse
(CC) mechanisms, resulting in the creation of different types of SNe, and leaving behind
different types of remnants (Heger et al., 2003). The Ha features that are seen in their
spectra, are created by the outer layers of the star that have been ejected prior to the core
collapse, forming a hydrogen envelope (Woosley and Weaver, 1986). Dense circumstellar
medium (CSM), created by strong mass loss before the explosion, is ejected during the
explosion and converts the kinetic energy of the explosion into radiation, creating narrow

emission lines seen in the spectra of SNe type IIn (Cappellaro and Turatto, 2001).

1.3 SNe type Ia & Cosmology

Kowal (1968) was the first person to use 22 SNe type I as luminosity distance estimators
for cosmology, as they showed similar peak luminosities with a scatter of ~ 0.6 mags.
The concept was to use a uniform (’standard’) class of astronomical objects of known
luminosity (’candles’) at different distances, to probe the expansion rate of the Universe.

SNe type Ia properties would prove to be excellent candidates for standard candles.

1.3.1 Standard Candles & Accelerating Universe

The road to the use of SNe type Ia as standard candles opened when Phillips (1993) dis-
covered a relationship between the decline slope of the light-curve and the peak absolute
magnitude. Fig. 1.4 shows the original plot from Phillips (1993), which demonstrated
the existence of such linear relation between the absolute magnitude (M,,,,..) and the de-
cline rate 15 days after peak (Ams). This linear relation leads to the first correction that
makes SNe type la standardizable, known as the ‘stretch correction’. Also, the different
slopes in the three panels of Fig. 1.4 imply that the intrinsic colours of the SNe at peak
are also a function of the decline rate (Am;5), which leads to the ‘colour correction’. In
fact, the ‘colour correction’ accounts for both the intrinsic colours of the SNe and the
effect of dust.

Both corrections, stretch and colour, were studied by Riess et al. (1996) and shown

in Fig. 1.5. After correcting the absolute magnitude of SNe type Ia for both stretch and
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relation. Figure is taken from Phillips (1993).
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Figure 1.6: Hubble diagrams of SNe type la as presented by High-z (left; Riess et al.,
1998) and SCP (right; Perlmutter et al., 1999). Both plots clearly show the inconsistency
of SNe type Ia measurements with a Universe that has zero cosmological constant {2, =

0.

colour, the dispersion in the measured distance modulus-x can be reduced to ~ (.14
mags (Riess et al., 1996).

As Clocchiatti (2011) emphasized in his review, the tools for standardizing SNe type
Ia came at a perfect timing with the development of large mosaic cameras equipped with
Charge-Coupled Devices (CCDs) and mounted on large telescopes, ideal for surveying
large areas of the night sky.

In the mid-90’s two groups of astronomers, the Supernova Cosmology Project (SCP)
and the High-z supernova team (High-z), began independently the search and use of
SNe type la as standard candles. The two teams after collecting data and independently
merging and studying each others SNe type Ia samples, published two papers; Riess
et al. (1998) for High-z and Perlmutter et al. (1999) for SCP, announcing the discovery
of the accelerating expansion of the Universe as the best fit, to explain why their high-z
SNe type Ia appeared dimmer than expected. Fig. 1.6 shows the two Hubble diagrams
as presented in the two papers, whereas Fig. 1.7 shows the €2, — 25 plane, which sets
limits on the amount of matter (baryonic and DM) and dark energy that the Universe

should consist of, as described in Sec. 1.1.2.
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Figure 1.7: The €2,,, — Q4 plane, as presented by High-z (left; Riess et al., 1998) and SCP
(right; Perlmutter et al., 1999).

On behalf of the SCP and High-z groups, Saul Perlmutter, Adam Riess and Brian
Schmidt were awarded the 2011 Nobel prize in Physics for their discovery of the accel-

erating expansion of the Universe, which is a major breakthrough in modern cosmology.

1.3.2 Second Generation SNe Surveys

The discovery of the accelerated expansion of the Universe stimulated further large sur-
veys of SNe. Such SN surveys reached greater accuracy on the measurement of €2, in
their effort to understand the nature of dark energy by probing the expansion history of

the Universe. Some of the biggest SN surveys up to date are:

ESSENCE (Equation of State: SuperNova trace Cosmic Expansion; Wood-Vasey et al.,
2007; Miknaitis et al., 2007) used the Blanco 4m telescope at Cerro Tololo Inter-American
Observatory (CTIO) and the MOSAIC II camera, between 2002 and 2008, to construct a
SNe type la survey in the redshift range of 0.15 < z < 0.75. ESSENCE used R and [
band photometry to discover 102 SNe type Ia and a variety of large telescopes to spec-
troscopically confirm their spectral type, such as the Keck, VLT, Gemini and Magellan

telescopes.
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of SNLS data as presented by Conley et al. (2011).
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SNLS (SuperNova Legacy Survey; Astier et al., 2006; Sullivan et al., 2011) ran from
2003 to 2008 and used the Canada-France-Hawaii Telescope (CFHT) and its Megacam
imager to discover and spectroscopically confirm > 500 SNe type la in a redshift range
of 0.5 < z < 1.0. SNLS used ugriz photometric images to discover SNe and a time
extensive spectroscopic follow-up program, which was carried out by the world’s largest

telescopes, namely the Gemini, VLT and Keck telescopes.

SDSS-II  (Sloan Digital Sky Survey; Frieman et al., 2008; Sako et al., 2008; Kessler
et al., 2009a) ran from 2005 to 2008, from September to November each year and used
the dedicated 2.5m wide-angle SDSS telescope at the Apache Point Observatory in New
Mexico (Gunn et al., 2006), to discover SNe type Ia at an intermediate redshift range of
0.1 <2z <0.4. SDSS also used various telescopes around the world for its spectroscopic
follow-up strategy, which resulted in the confirmation of ~ 500 SNe type Ia, which were
used for Cosmology (Frieman et al., 2008; Sako et al., 2008).

Campbell et al. (2013) used 752 photometrically classified SNe type Ia obtained from
the full SDSS-II SN survey, supplemented with host-galaxy spectroscopy from the SDSS-
III BOSS? (Baryon Oscillation Spectroscopic Survey; Dawson et al., 2013), and pre-
sented an extensive cosmological analysis, leading the way to the new era of SN surveys.
More lately, Sako et al. (2014) presented the final SDSS-II data release of SNe type Ia;
which included 1443 SNe type Ia with spectroscopic and photometric redshifts and 677
purely-photometric SNe type Ia, all of which were used to constrain the amount of Dark

Energy of the Universe.

PTF (Palomar Transient Factory3; Rau et al., 2009; Law et al., 2009) used the auto-
mated Palomar 60 inch telescope and the 7.26 deg? CFHT12k mosaic camera mounted
on the Palomar Samuel Oschin 48-inch Schmidt Telescope. The survey ran from 2009 to
2012 and two of its key projects were focused on transients events; one that was perform-
ing a rapid cadence SNe search and one with a 5 day cadence. The PTF was designed
to provide automated and real-time data of transients events, including classification and
follow-up data. The discovery of the youngest SN type Ia (2011fe); the discovery of a
pre-explosion outbursts from SNe type IIn and the discovery of some of the first mem-
ber of the superluminous supernovae class (see also Chap. 2) are listed among the PTF’s

scientific achievements.

Zhttp://www.sdss3.org
3http://www.astro.caltech.edu/ptf/index.php
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In late 2012 PTF was succeeded by the intermediate Palomar Transient Factory (iPTF
*), which used improved software (eg. data reduction; source classification) and achieved

early discoveries and rapid follow-up of transient events.

LSQ (La Silla-QUEST Low Redshift Supernova Survey; Baltay et al., 2013) uses the
10 deg? QUEST camera installed on the 1.0-m Schmidt telescope of the European South-
ern Observatory ° (ESO) at La Silla (Chile). Starting in 2011, the LSQ will construct a
large sample of low redshift SNe (over 4 years). This survey aims to obtain a similarly
large sample of SNe type Ia, as the surveys mentioned before, below a redshift of = = 0.1.

Such low-z SNe samples will be complementary to the high-z surveys in two ways.
Firstly, the large size of low-z SNe acts as an anchor to the Hubble diagram, as seen in
Fig. 1.6, reducing the error on the cosmological parameters. Secondly, the low-z SNe dis-
covered are better-studied than the high-z ones, thus increasing the understanding around
the nature and behaviour of these standard candles, leading to more precise cosmological

measurements.

SN Compilations

In addition to these SN surveys, several compilations of SNe samples have been created
from different SN surveys. Such SNe datasets could be merged together and studied
uniformly, extending the redshift coverage and improving the statistics. The ‘Union2.1°
(Suzuki et al., 2012) is such an example, that brought together 833 SNe from 19 datasets,
out to redshift of z = 1.4.

More recently, Betoule et al. (2014) constructed a joint analysis from both SDSS and
SNLS, using a total sample of 740 spectroscopically confirmed SNe type Ia with high
quality light curves and reported a value of €2, = 0.295 4 0.034 for a flat A Cold Dark
Matter (ACDM) cosmology. Fig. 1.8 shows the Hubble diagram, the 2,,, — €2, plane and

the (2, — w plane as presented by this joint analysis.

1.4 The Dark Energy Survey

The Dark Energy Survey (DES; The Dark Energy Survey Collaboration, 2005) can be
considered as the bridge between the past optical surveys, like SDSS and SNLS and the
next generation surveys, like the Large Synoptic Survey Telescope - LSST®. This section
introduces DES and describes its supernova search (see also Chap. 3 for full details), as

it is the main survey used in this research thesis.

“http://www.ptf.caltech.edu/iptf
Shttp://www.eso.org/
Ohttp://www.lsst.org/



CHAPTER 1. INTRODUCTION 19

BAO
Clusters
WL i

Combined

Figure 1.9: DES forecast constrains in the wy — w, plane at 68% confidence level from
the four probes: BAO (black), GC (magenta), WL(blue) SNe type Ia(green). Each probe
was combined with the Planck CMB prior. The field red region shows the constrains
after combining all four DES probes. The plot is taken from the Dark Energy Survey
Science Program proposal to the National Science Foundation (NSF) and the Department
of Energy (DOE) in December 2006.
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DES is an optical/near-infrared (nIR) survey of 5000 deg? at the south galactic gap
(Fig. 1.13) that was designed to probe the origin of the accelerating Universe and explore

the nature of dark energy. In this effort, four dark energy probes will be combined:
e type la supernovae (SNe type la)
e Baryonic Acoustic Oscillations (BAO)
e Galaxy Clusters (GC)
e Weak Gravitational Lensing (WL)

in order to constrain the dark energy equation of state (Eq. 1.11).

As is well noted in the DES overview (The Dark Energy Survey Collaboration, 2005),
the four probes constrain different combinations of the cosmological model parameters
and are affected by different systematic errors. By using the same instrument that pro-
duces a common data set and a common analysis framework, DES will have cross checks
of the systematic errors, allowing a more precise measurement of the cosmological pa-
rameters. This is illustrated in Fig. 1.9, where it shows the DES forecast constraints on

the wy — w, plane.

1.4.1 The Dark Energy Camera

DES uses the Victor M. Blanco 4m telescope, located at the CTIO in Chile (pictured
in Fig. 1.10) and the 570 Megapixels ‘Dark Energy Camera’ (DECam; Flaugher et al.,
2012; Diehl and For the Dark Energy Survey Collaboration, 2012; Flaugher et al., 2015);
a purposed-built new imager by the DES consortium. After commissioning DECam,
DES was awarded 525 nights, over a period of 5 years, to carry-out the 5000 deg? survey.

DECam consists of an optical corrector of five elements, seven filters (ugrizY’), a
60cm aperture shutter and a 70 CCD mosaic focal plane with a field of view (FoV) of
2.2 deg diameter. The 250um thick fully-depleted CCDs are split into: 62 4kpx x2kpx
CCDs for science imaging and 12 2kpx x 2kpx CCDs used for focusing the entire focal
plane and guiding the telescope and camera. The 62 science CCDs were designed and
manufactured at Lawrence Berkeley National Laboratory (LBNL) to be more sensitive
to the redder part of the optical window than conventional CCDs. This corresponds
to filters 7 and z as seen in Fig. 1.12. Each pixel of the CCDs has a physical size of
15um x 15um and a plate scale of 0.263".

The DECam control and data acquisition system is named Survey Image System

Process Integration (SISPI; Flaugher et al., 2015, and references therein), and allows

Thttp://www.Ibl.gov
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(d) DECam close-up

(c) Blanco 4m and DECam
Figure 1.10: Located at CTIO in Chile are the body (Blanco 4m telescope) and
heart(DECam) of DES. Panel (a): A panoramic photo of the CTIO located at Cerro-
Tololo in Chile, 2207m above sea level. The Blanco 4m telescope sits inside the big,
silver-top dome. Panel (b): A wide field view of the inside of the Blanco 4m dome,
with DECam (black cylindrical structure) mounted on the top of the telescope’s cage.
I took this composite image on an observing trip back in April 2014. Panel (c): The
telescope’s 4m diameter mirror and DECam stripped-off from its covers. Panel (d): The
front structure of DECam with the CCD’s mosaic in the centre.

Figure 1.11: DECam’s first light images from September 2012. Left: the Fornax galaxy
cluster imaged over the entire DECam FoV, right: zoom-in image of galaxy NGC1365.
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Figure 1.12: The DECam ugrizY filter response functions compared to other surveys
such as SDSS, PANSSTARS (PS1), SNLS-CFHT, using the same AB magnitude system.
Also the Vega magnitude system filter response functions are shown in the second (from
the top) panel.
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Figure 1.13: The DES footprint shown by the magenta area in equatorial coordinates
(ra,dec). Overplotted are the areas observed in the SV season (red) and in Y1 (black
shaded) of operations. The blue marked area show the locations of the ten SNe fields
spread into four different locations, as listed in Table 3.2. The galactic plane location is
marked with the dashed line.

the observers to interact with the telescope/camera using a set of web-based graphical
user interfaces (GUIs) running on a multi-screen workstation. DECam’s read-out time
is ~ 20 seconds and the focusing and alignment are driven by a state-of-the-art hexapod
system. A technical description of DECam’s engineering, construction, installation and
latest status update is given by Flaugher et al. (2015).

The construction of DECam started in 2008 at Fermilab, whereas in 2012 it was
completed, shipped and installed at the Blanco 4m telescope. In September 2012 DECam
took its first light images which are seen in Fig. 1.11

1.4.2 Strategy and Observations

DES is performing two surveys in parallel: a wide-field, multi-colour (grizY’) survey
of 5000 deg2 for the study of GC, WL and BAO; and a deeper, cadenced and multi-
colour (griz) search for SNe type Ia. Each observing season has 105 nights available,
spread between late-August to mid-February, with small gaps of few days in between for
engineering work and community allocated time on DECam.

DES conducted science verification (SV) observations from November 2012 to Febru-
ary 2013. Then it began full science operations in mid-August 2013, with year one (Y1;
Diehl et al., 2014) running until February 2014, followed by year two (Y2) of operations
which lasted six months, starting on the 15" of August 2014. Fig. 1.13 shows the DES
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Figure 1.14: Number of SNe type Ia versus redshift for four different strategies from
Bernstein et al. (2012). The ‘hybrid-10 fields’ strategy (solid black line) was selected and
currently implemented by DES.

wide footprint and DES SNe field locations on the sky, as well as the area covered in SV
and Y1 periods.

A detail description of the observational plan execution is given in the first sections
of Chap. 3, where I explain the working flow of the SNe survey, from image acquisition

all the way down to SNe candidates selection.

1.4.3 DES Supernova Survey

The objective of DES SN survey is to create a homogeneous sample of ~ 3500, high
quality SNe type Ia, at a redshift range of 0.05 < z < 1.2, as shown in Fig. 1.14 (Bern-
stein et al., 2012). In order to achieve such goal, DES is monitoring ten fields located
in four separate locations within the wide DES footprint, as seen in Fig. 1.13 and listed
in Table 3.2, and visits each field every 6 days on average, with an observing window of
five and a half months per year.

An external spectroscopic follow-up program (OzDES Yuan et al., 2015) was planned
and is currently being executed, which will provide with spectroscopic redshifts for all
the host galaxies of the SNe type la discovered by DES, after the SNe have fainted away.
Moreover, a number of SNe would have to be spectroscopically confirmed from spectra
obtained from the SNe, as they would have no host galaxy associated. A detailed descrip-

tion of the SNe strategy, observations, discoveries, follow-up etc. is given in Chap. 3.
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Figure 1.15: The SLSNe light-curves compared with the common SNe classes, which
peak at absolute magnitudes M > —19.5; whereas the SLSNe threshold is placed at
M < —21.0. Figure is taken from Gal-Yam (2012).

1.5 Superluminous Supernova

The last five years have seen the emergence of a new class of ultra-bright stellar explo-
sions: superluminous supernovae (SLSNe; Quimby et al., 2011b; Gal-Yam, 2012), some
50 times brighter than classical SNe types presented in Sec. 1.2.1. Such extreme stellar
explosions are likely associated with the deaths of the most massive stars in the Universe,
that are thought to have lived at earlier times and even contributed to the chemical evolu-
tion of the Universe at that time (Gal-Yam, 2012). Any SNe with reported peak absolute
magnitude M < —21.0 in any band would be classified as a SLSN (Gal-Yam, 2012),
whereas the typical peak absolute magnitude of SNe type Ia is around M ~ —19.3.

Their extreme luminosities in optical and ultra-violet (UV) wavelengths and their ob-
served lifespan, which lasts over a period of several months as shown in Fig. 1.15, make
them promising probes of their distant environments, with significant advantages over
the short-lived gamma-ray bursts (GRB) and the high-redshift Quasars, which have long-
lasting effects on their environments (Gal-Yam, 2012). SLSNe could play a key role in
many diverse areas of astrophysics: tracing the evolution of massive stars, driving feed-
back in low mass galaxies at high redshift and providing potential line-of-sight probes of
interstellar medium to their high-redshift hosts (Berger et al., 2012). SLSNe have also
been detected to z ~ 4 (Cooke et al., 2012), far beyond the reach of the current best
cosmological probe, type Ia supernovae (SNe type Ia).

Taking this thought one step further, if SLSNe can be standardized (e.g. Inserra and
Smartt, 2014), as is done with SNe Ia (Phillips, 1993; Riess et al., 1996) described in

Sec. 1.3.1, then a new era of SN cosmology would be possible, with the potential to
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accurately map the expansion rate of the Universe far into the epoch of deceleration
(Delubac et al., 2014); or even test other cosmological models besides ACDM (e.g Wei
et al., 2015). So far only ~ 50 SLSNe events have been reported in the literature (see
Chap. 2) and some of them have been poorly studied with incomplete imaging and spec-
troscopy, leaving many aspects of their observational characteristics and their physical

nature, unknown.

1.5.1 Discovery

The first members (e.g. SN 1999as; Knop et al., 1999; Hatano et al., 2001) of this class
were discovered by first and second generation SNe type Ia surveys and treated as con-
taminants, as such surveys were targeting SNe type Ia for cosmological use. The break-
through in discovering SLSNe came when the Texas Supernova Search (TSS; Quimby,
2006b) discovered and published studies for SN 2005ap (Quimby et al., 2007) at a red-
shift of z = 0.283 and SN 2006gy (Ofek et al., 2007; Smith et al., 2007), which occurred
in the nearby galaxy NGC 1260. Also, SCPO6F6 represents another early member of
this class of SNe, which was discovered and studied by Barbary et al. (2009) within the
efforts of the Hubble Space Telescope Cluster Supernova Survey (Dawson et al., 2009).
Following the excitement of those early discoveries, other surveys such as the Catalina
Real-Time Transient Survey (CRTS; Drake et al., 2009a) and the Palomar Transient Fac-
tory (PTF; Rau et al., 2009) started to report and study newly discovered luminous super-
nova. Quimby et al. (2011b) first pointed out that those luminous transients were likely a
coherent group of SNe and published the first study of them as a new separate SNe class
called the hydrogen-poor SLSNe.

Furthermore, retrospective searches in second generation SNe survey data (e.g. SDSS;
SNLS) have also revealed a few SLSNe that passed unnoticed during the time of ob-
servations. Such examples are SN 20060z (Leloudas et al., 2012) and PSN 000123
(Kostrzewa-Rutkowska et al., 2013) from SDSS; SN2213-1745 and SN1000+0216 (Cooke
et al., 2012) from SNLS.

In the last couple of years, new SN surveys, such as the Panoramic Survey Telescope
And Rapid Response System - Pan-STARRS (PS1; Kaiser et al., 2010), the La Silla
QUEST (LSQ; Baltay et al., 2013), the Public ESO Spectroscopic Survey of Transient
Objects (PESSTO; Smartt et al., 2013b, 2014) and DES described in Sec. 1.4, are report-
ing numerous SLSNe discoveries in each observational season. Nowadays, not only has
the number of SLSNe discovered increased, but there is also a huge improvement in data
quality and light-curve coverage. Also, a lot of effort is put in spectroscopic follow-up

programs and on the extensive study of spectral features and evolution.
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1.5.2 Classification

Gal-Yam (2012) divided SLSNe using their spectral features and light curve behaviour,
into three possible types: SLSN-II, SLSN-I and SLSN-R as seen in Fig. 1.16.

SLSN-II:

SLSNe-II (or ‘hydrogen-rich’) show strong, narrow and intermediate-width hydrogen
features (Balmer lines series) in their spectra, as shown in panel (a) of Fig. 1.16 (Ofek
et al., 2007; Smith et al., 2007). Therefore, such stellar explosions are thought to occur
inside thick hydrogen envelopes, which convert the explosion and expansion energy into
observed radiation. This interaction with the hydrogen-rich CSM is commonly seen in
type IIn SNe (Sec. 1.2.1), but with lower peak luminosity than the SLSNe-II. Therefore,
SLSNe-II may simply represent the bright end of a continuum SNe type IIn (although
this is not well established), which can be translated into the same explosion and energy
transfer mechanism of more massive stars than the progenitors of SNe IIn (Smith et al.,
2007, 2008a).

This class of SLSNe shows an interesting disparity in redshift distribution. To date,
out of the eight reported SLSNe-II, none of them has a redshift greater than 0.289 The
only exception, is discovered by DES in Y2 of observations at a redshift of 2 = 1.3 and

is described later as part of the research within this thesis (Chap. 5).

SLSN-I:

SLSNe-I (or ‘hydrogen-poor’) is the most populated class of SLSNe to date, with >
25 events spectroscopically classified as hydrogen free (Quimby et al., 2011b), and is
possibly related to Type Ic SNe at late times (Pastorello et al., 2010a). Early time spectra
of SLSNe-I (shown in panel (b) of Fig. 1.16) show significant UV flux, accompanied by
absorption features of high-excitation low-mass elements, such as OII in the optical and
CII, Sill and MgII in the near-UV.

As seen in Fig. 1.15, light-curves of SLSNe-I show slow rise times of around ~ 30
days and decay times inconsistent with the radioactive decay of *°Ni (Pastorello et al.,
2010a; Quimby et al., 2011b; Inserra et al., 2013). Many alternative models have been
proposed: the injections of energy into a SN ejecta via the spin down of a young magne-
tar (Kasen and Bildsten, 2010; Woosley, 2010; Inserra et al., 2013); interaction of the SN
ejecta with a massive (3-5 M) C/O-rich CSM (Blinnikov and Sorokina, 2010); or col-
lisions between high-velocity shells generated from a pulsational pair-instability event
(Woosley et al., 2007). These explanations are still actively debated in the literature.
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Figure 1.16: Spectral classification of SLSNe according to Gal-Yam (2012). Panel (a):
SLSN-II are identified by narrow emission lines of the Balmer series. Panel (b): SLSN-I
at early times show mixture of OII in the optical and CII, Sill and MglI features in the
near-UV. Panel (c): SLSN-R show strong absorption features of Call, MgII and Fell.
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SLSN-R:

SLSNe-R (or ‘radioactive’) are rare and characterized by possessing extremely long,
slow-declining light curves (> 200 days in the rest frame) as shown in Fig. 1.15. SLSNe-
R originally appeared consistent with the death of =100 M, stars via the pair instability
mechanism (Gal-Yam et al., 2009). This can explain both their extreme luminosities as
well as the slow decline rate of the light curve, consistent with the radioactive decay of
°6Co, which lead to the suffix ”R” proposed by Gal-Yam (2012).

The first well-observed example of SLSN-R was SN 2007bi (Gal-Yam et al., 2009),
discovered by the Nearby Supernova Factory (SNFactory; Aldering et al., 2002) and de-
scribed in Chap. 2. Their spectra (panel (c) of Fig. 1.16) show no signatures of hydrogen,
but strong absorption features of Call, Mgll and Fell in resemblance to the spectra of
SLSNe-I.

SLSN-Ic:

As noted before, the lack of significant spectral differences between SLSN-I and SLSN-
R and recent observations, have challenged the notion that these classes are truly distinct
(Nicholl et al., 2013; McCrum et al., 2014) and maybe better described together as SLSNe
Ic (Inserra et al., 2013; Nicholl et al., 2013). The label SLSNe-Ic was established because
of the late time spectra of SLSNe-I that resemble the spectra of normal type Ic SNe
(Pastorello et al., 2010a; Inserra et al., 2013). SLSNe Ic as a distinct class of SNe were
used lately for cosmological studies (Inserra and Smartt, 2014; Wei et al., 2015), which

are review further in Sec. 1.5.5.

1.5.3 The Nature of Power Sources and Modelling

A handful of models have been used so far in the literature in order to explore all the as-
pects of SLSNe; from models exploring the power sources that provide their super-bright
luminosities, to models describing their light-curve behaviour and even their spectral

features. The most promising models are described in the following paragraphs.

Cooling Blackbody

The shape of the SLSNe light curves can be explained by an expanding photosphere,
which radiates as a cooling blackbody. This model was first applied by Miller et al.
(2009) using SN 2008es photometry and later by Smith et al. (2010) using SN 2006gy
spectroscopy. Afterwards, almost every discovery and study of any type of SLSNe in-
volved the fit of an expanding and cooling blackbody, to either the photometric or the

spectroscopic data.
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Howell et al. (2013) first attempted to quantify this behaviour, by assuming a simple
model of a linear expanding photosphere, with the temperature to be linearly decreasing
with time. The expanding radius of the photosphere could be described by:

dR

R(t) = Ry + —-t (1.30)

where R, is the initial radius, Cg—f is the rate of the expansion of the radius with time, and

t is time in days. The cooling temperature could be described similarly as:

T(t) =T — Et (1.31)

where 7§ is the initial temperature, and — % is the rate of temperature decrease with time.
This simple model appears to fit the photometry of SLSN well, especially around
peak, where it matches the colour evolution and the relative timing of the peaks in each
band (Howell et al., 2013). On the other hand, the model fits poorly the light-curve at
early (< —30 days) and late (2 450 days) stages, especially if there is a luminous tail in

late times.

Radioactive Decay of “°Ni

The most common example of a SNe powered by *°Ni radioactive decay is SNe type Ia,
where the thermonuclear explosion of a WD is capable of producing more than one solar
mass (> M) of *Ni, which later decays to **Co and later to *’Fe, releasing gamma-
ray photons. Those photons are reprocessed and finally diffuse out of the SNe ejecta in
the UV, optical and IR wavelengths, with the produced amount of *’Ni mass defining
the peak luminosity, and the decay rate of ®Co defining the late time decline rate of the
observed light-curve (Arnett, 1982). Inserra et al. (2013) compared this late time decline
rate (°°Co) and the observed late time light-curves of SLSNe Ic and found that they do
not agree, leading to the introduction of different mechanism, which is explored in detail
next.

Such power source could also be responsible for SLSNe events, as previous studies
have shown (Chatzopoulos et al., 2009; Inserra et al., 2013), following the prescription of
Arnett (1982); which is the approximation of an homologously expanding ejecta where

the luminosity at any given time (in ergs~') is given by:
t
2
L(t) = Myi 6_(t/Tm)2 |:€Ni/ —7; e(u/Tm)2 e~ W/ gy,
0 Tm

! 2u (u/T )2 —u/7Ni —u/ T
+ €co — el e N — em e du|o,, (1.32)

0 'm
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where « is the (time) integration variable. The energy production rate and decay rate for

Lo~ and 1y = 8.8 days, while for *Co these values are

%Ni are ey; = 3.9 x 109 ergs™
€co = 6.8 x 10% ergs~! g=! and 7¢, = 111.3 days. The amount of *Ni produced in the
explosion is MYy;. Parameterizing the rise-time of the light curve, 7,,, (from eq. 18 and 22
of Arnett, 1982) is the geometric mean of the diffusion and expansion timescales, and is

given by:

7on = 1.05 (é)”z(%‘g)m (1.33)

Here, E is the explosion energy, M,; is the total amount of ejected mass,  is the optical
opacity (assumed to be 0.1 cm? g~! and constant throughout, as in Inserra et al. (2013)),
and [ is a constant with value ~ 13.7 (Arnett, 1982).

The gamma-ray deposition function (¢.) is denoted as the efficiency with which
gamma-rays are trapped within the SN ejecta. xFor this function one can follow Arnett
(1982),

J, =G[1+2G(1 - G)(1-0.75G)], (1.34)

where G = 7,/(7, + 1.6), with the ‘optical depth’ for gamma-rays approximately given

by
0.1 72 5.53 x 1010
~ | — UL . 1.
K ( K ) (47‘13“) <vej(0.1 + t/TNi)2> (1.35)

Here v.; = /10E}/3M and is in units of cm s~1. The deposition function used in

Chatzopoulos et al. (2009) has a functional form that is similar to that used here, but in

their approximation 7, only deviates from ~ 1 at much later epochs, resulting in a light-
curve decay rate mirroring °Co and is largely insensitive to changes in the explosion
energy or ejecta mass.

Thus, the model can be described by four parameters: the explosion epoch (%), the
energy of the explosion (£), the total ejected mass (M,;), and the amount of ejected mass
which is ®Ni (My;). Examples of this model are used to fit SLSNe discovered by DES,
as shown in Chap. 4 and 5.

Magnetar

The magnetar model, proposed by Woosley (2010); Kasen and Bildsten (2010), assumes
that SLSNe can be powered by the rapid spinning-down of a neutron star with an ex-
treme magnetic field, which deposits its rotational energy into an SNe explosion, which
is enhanced in luminosity terms. Inserra et al. (2013) showed that the magnetar model
had more success than the radioactive decay of *Ni, especially at late times of the light-
curves of several SLSNe, whereas it maintained the also good fit to the rise time and the

peak luminosity.
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Figure 1.17: Ilustration of how the magnetar model’s input parameters affect the shape of
the corresponding light-curves. For comparison purposes the red light-curve has the same
four parameters (7,,, B, P, t.yy) across all panels. Panel (a): changes to the rise-time
parameter (7,,) affect the peak luminosity, the rise-time (or the rise-rate) and the decline
rate right after peak brightness. Panel (b): by increasing the magnetic field strength
(B) the decline rate of the light-curves increases as well. Panel (c): by increasing the
initial spin period (P) the peak brightness and the decline rate decrease. Panel (d): by
increasing the explosion time (%.,;) the peak of the light-curves shifts to negative values.
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In the magnetar model the input energy is defined by the initial spin period (FP,,,s,
in milliseconds) magnetic field strength (B4, in units of 10'* Gauss) of the magnetar,
whereas the rise-time parameter (7,,, see equation 1.33) reflects the combined effect of
the explosion energy (L), the ejected mass (M,;), and the opacity (x). Fig. 1.17 shows
how the four parameters, which define the magnetar model, affect the light-curve’s prop-
erties, such as the rise time, the peak luminosity and the decline rate. An extensive dis-
cussion on the model’s parameters and their effects is contacted in Chap. 4 and 5, where
the magnetar model is fitted to data of SLSNe, that were discovered within the research
of this thesis.

Using the semi-analytical model outlined in Inserra et al. (2013), the luminosity of
the magnetar model at time ¢ is given (in erg s~ 1) by:

2 —4
2 Bl4 Pms

t
2
L(t) = 4.9 x 10 e—“/wza/ = et/ 7 du, (1.36)

0 Tm (1+“/Tp)

where u is the (time) integration variable, 7, is the spin-down timescale, 7, = 4.7 B;? P2 _
days, and ¢ is the deposition function for the magnetar radiation; here we assume full
trapping (i.e., 0 = 1) following Inserra et al. (2013). This model does not include any
additional contribution from *°Ni decay. Also, examples of the magnetar model are used

to fit SLSNe discovered by DES, as shown in Chap. 4 and 5.

Interaction with Circumstellar Medium

Chevalier and Irwin (2011) proposed that an interaction between the ejected material and
pre-existing CSM, could provide the extra energy seen well after the stellar explosion.
Such CSM envelope should have been ejected in a relatively big fraction of the progenitor
mass and well before the explosion, in order to have time to slow down its expansion
(Chomiuk et al., 2011). Then, the explosion causes the ejecta to expand and to collide
with the slowly moving CSM, producing the narrow hydrogen emission lines seen in the
case of SLSNe-II (SN 2006gy; Smith et al., 2007).

Furthermore, such interaction would boost up the light-curve reaching the level of
SLSNe, but at the same time it would slow down the decline rate after peak to many
tens to hundreds of days (Ben-Ami et al., 2014). In order for such mechanism to work
for other than SLSNe-II events, then narrow emission lines of other than hydrogen ele-
ments should be visible in the obtained spectra, as such CSM envelopes would have to

be stripped-out of hydrogen.
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Pair-Instability Supernova

Barkat et al. (1967) proposed that theoretically, a massive star which has an initial mass
M > 100M. and an oxygen core of M,,.. > 50Mg, is able to reach such high tem-
perature, which allows the creation of electron-positron pairs from high energy photons.
Such action would decrease the core’s radiation pressure support and the core will con-
tract, oxygen will ignite, triggering a catastrophic nuclear explosion that can disrupt the
entire star and release huge amounts of radioactive *°Ni (Heger and Woosley, 2002). A
star that ends its life following this mechanism is called as Pair-Instability SNe (PISN).
SN 2007bi was the first PISN discovered and studied by Gal-Yam et al. (2009), show-
ing a good match between the observations and the theoretical model of PISN. The model
also predicts that the peak luminosity is proportional to the amount of *Ni produced in
the explosion, and the late-time decay rate matches well with the theoretical 5°Co decay

rate.

1.5.4 Host Galaxies Studies

In addition to studying the supernova explosion, several authors have found that SLSNe
appear to preferentially inhabit faint dwarf galaxies. In recent years, dedicated efforts and
studies of host galaxies of SLSNe have emerged using both photometry and spectroscopy,
to look in detail into the stellar environments of such stellar explosions.

Neill et al. (2011) presented the first study of 17 SLSNe hosts, using optical and
GALEX® NUV photometry and showed that SLSNe prefer to occur in low-mass galax-
ies with high specific star formation rates (sSFR). Lunnan et al. (2014a) carried out a
systematic study of 30 hosts of hydrogen-poor SLSNe, of which 14 objects were dis-
covered by PS1, and span in a redshift range of 0.1 < z < 1.6. They included spec-
troscopic measurements for 12 of their host in addition to photometric data and deter-
mined luminosities, stellar masses, star formation rates, and metallicities of the hosts.
Their study concluded that the sample of H-poor SLSNe hosts have low-luminosities
(Mp) ~ —17.3, low stellar masses (M,) ~ 2 x 108M,, and a high median specific
star formation rate (sSFR) ~ 2Gyr~!. They also reported a low median metallicity of:
12 4 log(O/H)~ 8.35 ~ 0.45Z for the spectroscopic sample. Lunnan et al. (2014a)
also argued that the host galaxies of H-poor SLSNe resemble the host galaxies of long-
duration gamma-ray bursts (LGRBs) in terms of stellar mass, sSFR, and metallicity.

Lately, Lunnan et al. (2014b) used the HST to image in the rest-frame UV (Fig. 1.18)
16 host galaxies of H-poor SLSNe, 11 of which were discovered by PS1. They showed

8Galaxy Evolution Explorer: www.galex.caltech.edu/
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Figure 1.18: HST UV (rest-frame) images of 16 SLSNe hosts from the literature (see
Chap. 2). All images are oriented with north up and east pointing to the left, whereas the
horizontal bars show the image scale and the red circles correspond to the position of the
SNe. Figure taken from Lunnan et al. (2014b).
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Figure 1.19: SLSNe host galaxies properties as studied by SUSHIES (Leloudas et al.,
2015), suggesting that hosts of H-poor and H-rich SLSNe have different environments,
pointing towards a different progenitor mechanism for the two SLSNe classes. Panel
(a): stellar mass - sSSFR diagram for various types of host galaxies shown in the legend.
Panel (c): stellar mass - metallicity diagram for the same sample of host galaxies shown
in panel (a).

that those 16 hosts were irregular, compact dwarf galaxies, with a median half-light ra-
dius of 0.9 kpc and suggested that a progenitor population of SLSNe could potentially be
lower-mass than the one for Long Gamma-Ray Bursts (LGRBs). Leloudas et al. (2015)
initiated a new project named SUper-luminous Supernova Host galaxIES (SUSHIES) to
study the host of both H-poor and H-rich SLSNe classes. By June 2014, they had col-
lected spectroscopic data for 16 SLSNe hosts, using VLT, GTC and Magellan telescopes,
and they also included host spectra from the literature. They argued (see also Fig. 1.19)
that often, SLSNe-I and SLSNe-R (H-poor) occur in a class of low-mass, metal-poor,
intensively star-forming galaxies with strong nebular emission lines and a hard ionizing
radiation field, referred to as Extreme Emission Line Galaxies (EELGs; Atek et al., 2011;
Amorin et al., 2014). On the contrary, SLSNe-II (H-rich) occur in more massive, more
metal-rich galaxies with softer radiation fields, suggesting that the two populations of

SLSNe should have different progenitor mechanisms.

1.5.5 SLSNe Cosmology

Inserra and Smartt (2014) first attempted to standardize SLSNe-Ic for use in cosmology
analogous to SNe type Ia, but reaching to higher redshifts using their extreme luminosi-
ties. They used a sample of 16 published SLSNe in the redshift range of 0.1 < z < 1.2

and introduced two synthetic rest-frame passbands, which they used to investigate the
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Figure 1.20: Hubble diagrams for SLSNe-Ic, as presented in the analysis of Inserra and
Smartt (2014), are shown in the top panels with overplotted different cosmologies, as
shown in the legend. The two left-hand-side panels show measurements using the peak
magnitude-decline rate relation, whereas the right-hand-side panels show measurements
using the the peak magnitude-colour decline relation. The two bottom panels show the
residuals of the distance moduli relative to a universe with €2,, = 0.27 and 2, = 0. The
brown and yellow dashed vertical lines represent the upper redshift limits on SNe type Ia

and SLSNe-Ic respectively, using current generation telescopes.
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correlations between the SLSNe decline rates and peak magnitudes; as well as the cor-
relation between the peak magnitudes and colour evolution, analogous to the corrections
found byPhillips (1993) for SNe type la (Fig. 1.4).

The results from this first cosmology analysis using SLSNe-Ic were quite encour-
aging: from the raw mean absolute magnitudes (M) = —21.86 £ 0.35, the scatter in
standardized peak magnitudes was reduced to £ 0.22 mags by using a magnitude-decline
rate relation. Whereas, using a magnitude-colour evolution relation, an even lower scatter
of +0.13 mags in peak magnitudes appears, showing a promising research area in which
the increase in the number of SLSNe would play a key role on testing the standardization
of SLSNe for cosmological use. Fig. 1.20 shows two Hubble diagrams using the two
empirical relations investigated by Inserra and Smartt (2014).

Motivated by the work of Inserra and Smartt (2014) and using their promising re-
sults, Wei et al. (2015) presented tests of cosmological models (besides ACDM) using
SLSNe Ic. Wei et al. (2015) even run Monte Carlo simulations based on Inserra and
Smartt (2014) measurements and estimated that a sample of ~ 240 SLSNe-Ic should be
sufficient enough to differentiate between ACDM and other cosmological models, like
the R = ct model proposed by Wei et al. (2015).

1.6 Strong Gravitational Lensed SNe

The growing number of SLSNe has highlighted a special category of SNe that share some
characteristics with SLSNe (extreme brightness), but their nature differs entirely. A grav-
itational lens, such as massive galaxies or galaxy clusters, could magnify the brightness
of a background SN explosion, making it appear as a SLSN event.

For example, Chornock et al. (2013) reported the discovery of PS1-10afx which they
classified as a hydrogen deficient SLSNe at z = 1.388. Shortly after, Quimby et al.
(2013b) argued that PS1-10afx is a normal SNe type Ia, whose flux has been magnified
by a gravitational lens by a factor of ~ 30. Going further, Quimby et al. (2014) used the
Low-Resolution Imaging Spectrograph (LRIS; Oke et al., 1995) mounted on the Keck-I
telescope, to better understand their hypothesis of a gravitational lensed SNe type Ia, by
observing the host galaxy and any foreground objects at the sky position of PS1-10afx.

Quimby et al. (2014) found a foreground galaxy, whose redshift and mass suggest
that it is fully consistent with a gravitational lens capable of satisfying the observable
constraints of PS1-10afx, as set by Quimby et al. (2013b). They concluded that PS1-
10afx is not a SLSN but a normal SNIa at z = 1.3885 magnified by a strong gravitational
lens at z = 1.1168, as show in Fig. 1.21.
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Figure 1.21: A colour-composite image of the sky near PS1-10afx using gri-band data
taken prior to the SNe by the CFHT Legacy Survey (Gwyn, 2008). The white lines mark
the location of the 17 slit mask deployed for spectroscopy. The location of PS1-10afx is
marked with a white circle, and the redshifts of nearby galaxies, as determined from the
Keck spectra, are indicated. The lower panel shows the 1-D intensity along the slit as
recorded by the Keck observation. The target profile (purple line) was decomposed into a
marginally resolved host component (red dotted line) and an extended foreground galaxy
component (blue dashed line). Plot taken from Quimby et al. (2014).
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Figure 1.22: colour-magnitude diagram showing how lensed SNe type Ia can be distin-
guished from un-lensed events. The blue and red shaded areas shows the distribution for
un-lensed SNe type Ia and Core-Collapse SNe (CC SNe) respectively. The thick, black
line denotes the limit between lensed SNe above the line and unlensed SNe below it. Blue
circles and red triangles show the distribution of lensed SNIa and CC SNe respectively,
as predicted by Monte Carlo simulations ran by Quimby et al. (2014). Filled symbols
indicate objects that could be resolved from ground based telescopes (eg. LSST). Open
symbols show objects that require high angular resolution follow-up observations to re-
solve spatially. The open blue star marks the values corresponding to the peak i-band
brightness and the dash-dotted curve shows the colour evolution of PS1-10afx. The ver-
tical dashed line marks the single epoch limit predicted for LSST. The arrow shows the
reddening vector, assuming Ay = 1.0 mag. Plot taken from Quimby et al. (2014).
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Furthermore, Quimby et al. (2014) predicted that in the future, high angular resolution
imaging, enabled by adaptive optics (AO) or space-based resources like the Hubble Space
Telescope (HST), could be used to spatially resolve the multiple images of gravitational
lensed SNIa like PS1-10afx. To emphasize the importance of such events, Quimby et al.
(2014) presented the colour-magnitude diagram shown in Fig. 1.22, as a tool for future
surveys, allowing them to select such rare events among the vast majority of non-lensed
SNe.

1.7 Description of This Thesis

The goal of this thesis is to present the search for SLSNe with DES and DECam. In
Chap. 2, I will briefly describe all the SLSNe reported in the literature to date, highlight-
ing the improvement in recent years with more events discovered each year. In Chap. 3, I
will present in detail the SNe survey ran by DES in SV and Y1 seasons (2012-2014) and
focus on the search for SLSNe, by presenting selection methods, contamination sources,
SLSNe candidates and the lessons learned at the end of Y1.

Chap. 4 describes the discovery and study of DES13S2cmm, the first SLSNe dis-
covered by DES in Y1, by showing photometric light-curves, spectra comparisons and
model fits to Magnetar and radioactive decay of *Ni models. In Chap. 5 I will present
the improvements and updates on the SLSNe search in Y2 of DES (2014-2015). I will il-
lustrate a more systematic SLSNe candidates selecting process and its results on different
samples of SLSNe. Finally, in Chap. 6 I will discuss the results of the search for SLSNe
with DES and DECam and also present the Survey Using Decam for Superluminous Su-
pernovae (SUDSS), a new survey currently taking data, which is dedicated to expand the
sample of known SLSNe.



Chapter 2

Historical Superluminous Supernovae

2.1 Introduction

In this chapter, I present an overview of all SLSNe reported in the literature to date.
Such effort illustrates the emerging properties of these SLSNe and acts as a reference to
subsequent analyses in this thesis.

As described in Sec. 1.5.1, the first discoveries of SLSNe were made by sky sur-
veys searching for SNe Ia, which treated SLSNe as contaminants for their cosmological
analysis. With the passing of time, the development of new technologies (mosaic CCD
cameras) and the application of new tactics (wide-field sky surveys) more astronomical
surveys began to discover luminous SNe, until Quimby et al. (2011b) published the first
study of hydrogen-poor SLSNe as a group with common properties.

Since then, the scientific interest in discovering and studying SLSNe events has in-
creased, resulting in the doubling of known SLSNe; from 18 objects reviewed by Gal-
Yam (2012), to 39 SLSNe presented in Table 2.1. In the upcoming years, the number of
SLSNe of all types is expected to increase by a factor of 10 as I will argue at later stages
of this thesis. Also, at least 10 more SLSNe events - that had not been published at the
time of writing this thesis - have been reported on Astronomer’s Telegrams (ATel') and
mentioned in other SLSNe studies (Lunnan et al., 2014c).

Most of the SLSNe reported in Table 2.1 come from surveys such as the Texas Su-
pernova Search (TSS; Quimby, 2006b), the Sloan Digital Sky Survey (SDSS; Frieman
et al., 2008), the SuperNova Legacy Survey (SNLS; Astier et al., 2006), the Palomar
Transient Factory (PTF; Rau et al., 2009), Catalina Real-Time Transient Survey (CRTS;
Drake et al., 2009a), the Panoramic Survey Telescope And Rapid Response System - Pan-
STARRS (PS1; Kaiser et al., 2010), the La Silla QUEST (L.SQ; Baltay et al., 2013), the

Thttp://www.astronomerstelegram.org
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Public ESO Spectroscopic Survey of Transient Objects (PESSTQ; Smartt et al., 2013b,
2014) and the Dark Energy Survey (DES; The Dark Energy Survey Collaboration, 2005).

Table 2.1: Updated list of all SLSNe of all types in the literature; listing the name, the
type, the redshift, the reported absolute peak magnitude, the exact location in R.A. and
DEC., and the reference under which were first reported or studied.

A/A | Name type | Redshift - z | Abs. Mag. | RA (J2000) DEC (J2000) | Reference
1 | PTF10hgi 1 0.099 -20.42 16"37™47°.04 | +06°12'32".3 | Inserra et al. (2013)
2 | SN 2011ke 1 0.143 -21.42 13"50m57°.77 | +26°16'42".8 | Inserra et al. (2013)
3| SSS120810 I 0.156 -21.60 23"18™01%.80 | —56°09'25”.6 | Nicholl et al. (2014)
4 | SN 2012il 1 0.175 -21.56 09746™12°.91 | +19°50'28".7 | Inserra et al. (2013)
5 | PTF11rks 1 0.190 -20.76 01"39™45°.64 | +29°55'27".0 | Inserra et al. (2013)
6 | SN 2010gx 1 0.230 -21.23 11725™46°.71 | —08°49'41” 4 | Pastorello et al. (2010a)
7 | SN 201 1kf 1 0.245 -21.73 14"36™57°.34 | +16°30'57".1 | Inserra et al. (2013)
8 | LSQI2dIf 1 0.255 -21.77 01"50™29%.80 | —21°48'45" .4 | Nicholl et al. (2014)
9 | PTF09¢cnd 1 0.258 -22.03 16"1208°.94 | +51°29'16”.1 | Quimby et al. (2011b)
10 | SN 2013dg 1 0.265 -21.54 13"18™41°.38 | —07°04’43".1 | Nicholl et al. (2014)
11 | SN 2005ap 1 0.283 -22.73 13701™14°.83 | 4+27°43'32".3 | Quimby et al. (2007)
12 | MLS121104 1 0.303 -21.30 02"16™42°.51 | +20°40'08”.5 | Fatkhullin and Gabdeev (2012)
13 | PTFO9cwl 1 0.349 -22.03 14"49™10°.08 | +29°25'11”.4 | Quimby et al. (2011b)
14 | SN 20060z 1 0.376 -21.53 2208™53%.56 | +00°53'50”.4 | Leloudas et al. (2012)
15 | PTF09atu 1 0.501 -22.03 16"30m24°.55 | +23°38'25”.0 | Quimby et al. (2011b)
16 | PS1-10bzj 1 0.650 -21.40 03"31™39°.83 | —27°47'42” 2 | Lunnan et al. (2013)
17 | iPTF 13ajg 1 0.740 -22.50 16"39™03°.95 | +37°01'38" .4 | Vreeswijk et al. (2014)
18 | PS1-10awh I 0.908 -22.53 22"14™29%.83 | —00°04'03".6 | Chomiuk et al. (2011)
19 | PS1-10ky 1 0.956 -22.53 22M13m375.85 | +01°14'23".6 | Chomiuk et al. (2011)
20 | SCP 06F6 1 1.189 -22.30 14h32m27°.40 | +33°32'24".8 | Barbary et al. (2009)
21 | PS1-10pm I 1.206 -21.59 1271242°.20 | +46°59'29".5 | McCrum et al. (2015)
22 | SNLS-07D2bv | I 1.500 -22.49 10"00™06°.62 | +02°38'35"”.8 | Howell et al. (2013)
23 | PS1-11bam 1 1.566 -22.30 08"41™14°.19 | +44°01'56".9 | Berger et al. (2012)
24 | SNLS-06D4eu I 1.588 -22.70 22"15m54%.29 | —18°10'45".6 | Howell et al. (2013)
25 | PTF12dam R 0.107 -21.40 1472446°.20 | +46°13748".3 | Nicholl et al. (2013)
26 | SN 1999as R 0.127 -21.50 09713™46°.28 | +13°51'36”.9 | Hatano et al. (2001)
27 | SN 2007bi R 0.128 -21.30 13"1920°.14 | +08°55/43".7 | Gal-Yam et al. (2009)
28 | PSN 000123 R 0.281 -21.20 00"01™23%.36 | +00°05'04".2 | Kostrzewa-Rutkowska et al. (2013)
29 | PS1-1lap R 0.524 -21.40 10"48™27°.75 | +57°09'09”.3 | McCrum et al. (2014)
30 | SN2213-1745 R 2.046 -21.20 2213m39%.97 | —17°45'24".5 | Cooke et al. (2012)
31 | SN1000+0216 | R 3.899 -21.60 10"00™05°.86 | +02°16'23".6 | Cooke et al. (2012)
32 | SN 2006gy I 0.019 -22.00 03"17m27°.06 | +41°24'19".5 | Ofek et al. (2007); Smith et al. (2007)
33 | SN 2006tf )i 0.074 -20.70 12"46™15°.82 | +11°25'56".3 | Smith et al. (2008a)
34 | SN 2008fz 1T 0.133 -22.30 23"16™16°.57 | +11°42/47" 4 | Drake et al. (2010)
35 | CSS100217 I 0.147 -22.70 10"29™12°.56 | +40°42'20”.0 | Drake et al. (2011b)
36 | SN 2008es I 0.205 -22.30 11"56™49°.13 | +54°27'25".7 | Gezari et al. (2009); Miller et al. (2009)
37 | SN 2008am II 0.234 -22.39 12/28™36°.25 | 4+15°34'49”.1 | Chatzopoulos et al. (2011)
38 | CSS121015 I 0.287 -22.60 007427445 38 | +13°28'26”.2 | Benetti et al. (2014)
39 | SN 2003ma i 0.289 -21.52 05"31™015.88 | —70°04'15".9 | Rest et al. (2011)

2.2 SLSN-I

Here, we present individual transients from the SLSNe-I class, which is the most popu-
lous one, by discussing basic information and status for each of the twenty four events
listed in Table 2.1. There are few transients that stick out from the rest of the class mem-
bers, such examples are: SCP 06F6, which was discovered by the HST and was among
the very first members of SLSNe studied by Quimby et al. (2011b); SN 20060z, which
showed for the first time a pre-peak ‘bump’; iPTF13ajg, which was reported alongside
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with a complete time-series of high-quality spectra and of course SNLS-07D2bv, PS1-
11bam and SNLS-06D4eu, which are all discovered at high-redshift (z > 1.5).

PTF10hgi was first discovered by PTF on 15" of May 2010, as announced with an
ATel, by Quimby et al. (2010a). Three spectra were obtained at +33, +67 and +80 days
after its peak, that confirmed its redshift at z = 0.0985 and its type as hydrogen-poor
SLSN, as described by Inserra et al. (2013). PTF10hgi peaked at an absolute magnitude
of M, = —20.42 and occurred at a faint host M, = —16.50.

SN 2011ke was discovered by multiple surveys almost simultaneously. It was reported
on the 30" of March 2011 by Quimby et al. (2011¢c) as PTF11dij, and on the 6! of
April 2011 by Drake et al. (2011b) as CSS110406:135058+261642. Also, on the 15"
of April 2011 Smartt et al. (2011) reported it as PS1-11xk. It was given the IAU? name
SN 2011ke and several spectra were obtained, leading to a classification of a SLSN-I at
z = 0.143. Photometric and spectroscopic data were published by Inserra et al. (2013),
who also reported a host galaxy associated with SN 201 1ke, detected at M, = —18.42.
SN 2011ke peaked at an absolute magnitude of M, = —21.42.

SSS120810 was discovered by the Siding Spring Survey (SSS), a division of the CRTS
on the 11" of August 2012 and its full name is SSS120810:231802-560926. PESSTO
classified it as a SLSN-I (Inserra et al., 2012) at z = 0.156. A study of this object is given
by Nicholl et al. (2014), which includes all the photometric data available, as well as the
spectra used to classify this object and obtain the redshift of the host galaxy.

SN 2012il was first detected and named as PTF12fo by Smartt et al. (2012) on the 19"
of January 2012. Few days later, CRTS independently discovered and reported the same
event as CSS120121:094613+195028 (Drake et al., 2012a). As shown by Inserra et al.
(2013), its redshift of z = 0.175 was determined by emission lines from its faint host
galaxy (M, = —18.18) and it peaked at M, = —21.56 two weeks after discovery. Three
spectra of the SN were obtained and studied by Inserra et al. (2013).

PTF11rks was discovered by PTF on the 215 of December 2011 (Quimby et al.,
2011a). Four spectra were obtained for this SLSN-I (Inserra et al., 2013), with a red-
shift of 2z = 0.190 secured from the emission lines of the host galaxy, which was detected
to have absolute magnitude of M, = —19.02. PTF1lrks peaked at M, = —20.76 as
shown by Inserra et al. (2013), slightly lower than the SLSNe threshold set by Gal-Yam
(2012).

’International Astronomical Union
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SN 2010gx was detected by CRTS as CSS100313:112547-084941 on the 13" of March
2010 (Mahabal et al., 2010). A day later, PTF independently reported the same event as
PTF10cwr by Quimby et al. (2010b) as a SLSN at a redshift of z = (.23, obtained by
the narrow lines of the host galaxy. PS1 team recovered the transient with the name PS1-
1000037, as announced by Pastorello et al. (2010b). A detailed study of SN 2010gx was
given by Pastorello et al. (2010a), where a faint host was reported at M, = —18.0, as
well as a sequence of spectra that were taken during the SN activity. The absolute peak
magnitude of SN 2010gx was reported by Pastorello et al. (2010a) to be Mp = 21.2
(Vega system).

SN 2011kf was first reported by CRTS as CSS111230:143658+163057 on the 30"
of December 2011 (Drake et al., 2012a). Deep photometry after the SN had fainted,
revealed a faint host galaxy at M, = —16.52, whereas SN 2011kf had peaked at an
absolute magnitude of M, = —21.73. Its redshift was determined to be z = 0.245 from

narrow emission lines of the host galaxy (Inserra et al., 2013).

LSQ12dlf was discovered on the 10*" of July 2012 by the LSQ (Baltay et al., 2013) as
a hostless transient. Almost a month later, the first spectrum was obtained by PESSTO,
which showed similarities with a SLSN-I at a phase of +10 days past peak, and at a
redshift of z = 0.25 (Inserra et al., 2012). After taking more spectra and comparing
them with existing SLSNe, its redshift was determine at z = 0.255 4= 0.005, as shown by
Nicholl et al. (2014). No host galaxy emission or absorption lines were visible, whereas
long after LSQ12dIf had fainted away (+300 days after peak), deep imaging showed a
very faint host galaxy, with My ~ 25 shown in Fig. 1 of Nicholl et al. (2014).

PTF09¢nd was discovered by PTF on the 13" of July 2009 using the Palomar 1.5 m
telescope and almost a month later, a spectrum was obtained using the 4.2m William
Herschel Telescope (WHT), placing the event at a redshift of z = 0.258 (Quimby et al.,
2011b). Its host galaxy has a limit magnitude of M, 2 —18, whereas PTF09cnd peaked
around M, ~ —22.

SN 2013dg was first discovered by CRTS on the 17" of May 2013. At the beginning
of June 2013, PESSTO team used the WHT and the VLT to obtain spectra and classified
this object as a SLSN-I at a redshift of 2 = 0.265 (Smartt et al., 2013a; Nicholl et al.,
2014). SN 2013dg appeared to be completely hostless, as no host was detected down
to magnitude m, > 25.6 from deep imaging long after the SN had faded away (Nicholl
et al., 2014).
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SN 2005ap was one of the first SLSNe ever reported (Quimby et al., 2007). It was
discovered by the TSS on the 3¢ of March 2005, using the unfiltered images of the
0.45m ROSTE-IIIb (Robotic Optical Transient Search Experiment) telescope. Its peaked
unfiltered absolute magnitude was determined at M/ = —22.73 and occurred few days
after the discovery. Its host galaxy was detected at a magnitude of my = 23.9. Spectra
that were obtained using the Hobby-Eberly Telescope (HET) and the Keck telescope,
revealed the redshift of the event at z = 0.283 (Quimby et al., 2007).

MLS121104 was first reported on ATel#4595 by Drake et al. (2012b) among 46 other
SNe candidates discovered by the CRTS. With ATel#4599 Fatkhullin and Gabdeev (2012)
announced the spectroscopic classification of M LS121104 : 021643 + 204009 (full
name) as a SLSN-I, at redshift of z = 0.303, that peaked at M/ = —21.3. No further
information could be found for this object, such as photometry, spectrum, host galaxy

information, etc.

PTF09cwl was first detected by PTF on the 28" of June 2009 (Quimby et al., 2011b).
CRTS independently discovered the same object and obtained the IAU name of SN
2009jh (Drake et al., 2009b). On the 25" of August 2011, using the Keck telescope,
a spectrum was obtained that classified PTFO9cwl as a SLSN-I at a redshift of z = 0.349.

Its peak magnitude was estimated around M,, ~ —22.

SN 20060z was discovered by the SDSS-II SN Survey (Frieman et al., 2008) close to
the end of 2006 observing season and reported by Stritzinger et al. (2006) as a ‘possible
type Ib’” based on a spectrum obtained by the Nordic Optical Telescope (NOT). As more
SLSNe spectra became available, Leloudas et al. (2012) presented SN 20060z as a SLSN-
I at a redshift of = = 0.376. At such redshift, SN 20060z would have peaked at an
absolute magnitude of M, = —21.53 and its host would be a faint dwarf galaxy with
M, = —16.9. Also SN 20060z was the first SLSNe that showed a pre-peak ‘bump’ in its
light-curve, as seen in Fig. 2.1, which indicates towards the existence of an initial cooling

phase related to a recombination wave in the CSM (Leloudas et al., 2012).

PTF09atu was discovered on the 4" of July 2009, during the commissioning of the
PTF system (Quimby et al., 2011b). Few days afterwards it was identified as an interest-
ing candidate worth of spectroscopic follow-up and a spectrum was obtained, using the
Keck telescope, classifying it as a SLSN-I at a redshift of z = 0.501. Its peak magnitude

was estimated around M, ~ —22.
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Figure 2.1: Multi-filter (ugriz) light-curves of SN 20060z as obtained by the SDSS SN
Survey (Frieman et al., 2008), as published by Leloudas et al. (2012). Triangles denote
30 upper limits, whereas the lower panel focuses on the g-band light evolution showing
clearly a pre-peak ‘bump’ around 38 days before maximum brightness.
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Figure 2.2: Time series of Keck/DEIMOS, Keck/LRIS, and VLT/X-shooter spectra of
iPTF 13ajg. Figure taken from Vreeswijk et al. (2014).

PS1-10bzj was discovered in the PS1 Medium Deep Survey on the 16" of December
2010 (Lunnan et al., 2013). Spectroscopic follow-up with Gemini determined its host
redshift at z = 0.650, placing PS1-10bz; to the SLSNe regime, with a peak absolute
magnitude of Mg, = —21.17. Its host galaxy was identified as a compact dwarf galaxy
(Mp = —18).

iPTF13ajg  was discovered on the 7/" of April 2013 by the iPTF, and the very next
night a Keck spectrum was obtained and classified the transient as a SLSN-I at a redshift
of z = 0.740 (Vreeswijk et al., 2014). iPTF13ajg peaked at an absolute magnitude of
M, = —22.5, whereas late time imaging placed a limit on the absolute magnitude of the
faint host galaxy at Mp = —17.7. Nine, high quality spectra were obtained by Keck and

VLT telescopes during the life span of the transients’ light-curve, as shown in Fig. 2.2.

PS1-10awh was first detected by PS1 in early October 2010 and was observed through-

out the end of the observing window of its field in early December 2010 (Chomiuk
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etal., 2011). Three optical spectra were obtained, that classified PS1-10awh as a SLSN-
I at a redshift of 2 = 0.908, which translates to a peak absolute magnitude around
Mpy ~ —22.50. Its host galaxy has a limit on its absolute Magnitude of Mg > —18.4.

PS1-10ky was discovered right at the start of the observing season of PS1 in June
2010 (Chomiuk et al., 2011). Its light-curve follow-up starts near peak brightness, which
reached Mp, = —22.50, as the redshift was determined at z = 0.956. Four optical
spectra were taken just before peak brightness and afterwards. Its host galaxy has a limit

on its absolute magnitude of Mp > —19.4.

SCP 06F6 was first reported as an unusual optical transient discovered during the Hub-
ble Space Telescope Cluster Supernova Survey (Barbary et al., 2009). It was discovered
on the 215" of February 2006 and identified as a hostless event in a field centreed on the
galaxy cluster CL1432.5+3332.8, which had a redshift of z = 1.112 (Elston et al., 2006).
Three spectra were obtained using Subaru, VLT and Keck telescopes, but due to the small
number of SLSNe events at the time, Barbary et al. (2009) did not attempt any classifi-
cation by spectra comparison. Due to the redshift of the targeted cluster (z = 1.112),
Barbary et al. (2009) mentioned the similarity on the peak brightness of SCP 06F6 with
known SLSNe at that time. Quimby et al. (2011b) compared SCP 06F6 spectra with
PTF09atu, PTFO9cnd, PTFO9cwl and SN 2010gx, and came to the conclusion that all
five transients belong to the family of SLSNe-I. The redshift of SCP 06F6 was deter-
mined at z = 1.189 and peaked at an absolute magnitude of M, = —22.3.

PS1-10pm  was first detected by PS1 on the 24" of February 2010 and was followed-up
until the observing season’s end on the 20*" of June 2010 (McCrum et al., 2015). Two
spectra were obtained with the Gemini North telescope, resulting to a redshift of z =
1.206. At such redshift, PS1-10pm reached a peak absolute magnitude of My = —21.59.
The host galaxy remained undetected by PS1, but using deep imaging with the Gemini
North telescope at the position of PS1-10pm, it was observed in z-band at m, = 24.86,

which corresponds to an absolute magnitude of M, = —18.9.

SNLS-07D2bv  was discovered by SNLS on the 22" of February 2007 as a hostless
possible SN type-lIa (Howell et al., 2013). A spectrum of the event was obtained by
VLT, that showed a lot of similarities with SCP 06F6 and SNLS-06D4eu, thus placing an
estimation on the redshift of about z = 1.5. At such redshift, SNLS-07D2bv would have
peaked at an absolute magnitude of My = —22.49.
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PS1-11bam was discovered on the 12! of November 2011 by PS1 and was detectable
for ~ 110 days after, as reported by Berger et al. (2012). Using the MMT and Gem-
ini telescopes, Berger et al. (2012) obtained three spectra after peak brightness, which
showed similarities with other SLSNe-I events and placed the redshift at 2 = 1.566. At
such redshift, PS1-11bam peaked at an absolute magnitude of M; = —22.3, whereas its

host galaxy absolute magnitude was measured to be My ~ —20.7.

SNLS-06D4eu was discovered by SNLS on the 20" of August 2006 and was initially
thought to be a SN type-Ia (Howell et al., 2013). Spectroscopic follow-up revealed its
nature as a SLSN-I at a redshift of z = 1.588, which place the peak absolute magnitude
of SNLS-06D4eu at My = —22.7. Its redshift was also confirm via clear emission lines

from the host galaxy.

2.3 SLSN-R

Here we present individual SLSNe-R, by discussing basic information and status for each
of the seven events listed in Table 2.1. Among the most *famous’ members of this class
are: SN 2007bi, which is the first ever pair-instability SNe detected and since then it
constitutes the model for this class; as well as the SN with the highest redshift reported
to date: SN1000+0216 at z = 3.899.

PTF12dam was first reported by PTF on the 23"¢ of May 2012 (Quimby et al., 2012)
and its photometric light-curve was recovered afterwards by PS1 (Nicholl et al., 2013).
The decline rate and several spectra that were taken, show extreme similarities with SN
2007bi (Gal-Yam et al., 2009), a PISN, whereas the rise phase of PTF12dam is evolv-
ing faster than SN 2007bi. In addition, strong host galaxy lines placed PTF12dam at a
redshift of z = 0.107.

SN 1999as  was discovered on the 18" of February 1999 during the LBNL 1999 nearby
supernova campaign and first reported by Hatano et al. (2001), classified as an unusual
SN Ic at a redshift of z = 0.127. At such redshift, Hatano et al. (2001) noted its extreme
brightness, at least My < —21.5, but it was Gal-Yam (2012) who first included this object

as a SLSN type-R, based on spectral similarities with other members of this group.

SN 2007bi  was first detected on the 6! of April 2007 (Chornock et al., 2007), by the
SN Factory program (Aldering et al., 2002). It was studied thoroughly by Gal-Yam et al.
(2009), who explored its nature as the first pair-instability SNe (PISN) (see also Sec.
1.5.3). It occurred at a redshift of z = 0.1279, thus reaching a peak absolute magnitude
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of Mp = —21.3. Its light curve rose very slowly (~ 77 days) and it was spectroscopically
followed-up with several telescopes, even at late times of the light-curve. SN 2007bi host

galaxy is a dwarf, metal-poor galaxy with an absolute magnitude of Mz = —16.3.

PSN 000123+000504 was presented by Kostrzewa-Rutkowska et al. (2013) as a plau-
sible SLSNe in SDSS Stripe-82 data that was overlooked by the SDSS SN survey. PSN
000123 hereafter, peaked at late September 2005 and was retrieved from the archival data
of SDSS. It is associated with an irregular dwarf galaxy with an absolute magnitude of
Mp = —18.2, at a redshift of z = 0.281, derived by late time spectra of the host galaxy
from the Keck telescope. At such redshift, PSN 000123 peaked at an absolute magnitude
of M, = —21.3. The light-curve behaviour of PSN 000123 resembles other SLSN-R
objects, such as SN 2007bi and PTF12dam.

PS1-11ap was discovered by the PS1 on the 2"¢ of January 2011 and first reported by
Nicholl et al. (2013). A more in detail study, where PS1-11ap photometry was published
was given by McCrum et al. (2014). Narrow emission lines from the host galaxy provided
a redshift of z = 0.524, which leads to a peak absolute magnitude of My = —21.4. PS1-
11ap also falls in the same category as PTF12dam , both objects being similar to SN
2007bi but with a faster evolving rise phase.

SN2213-1745 was discovered after the completion of the SNLS program by modifying
the image stacking and analysis technique, as described by Cooke et al. (2012). SN2213-
1745 was detected in the 2005 and 2006 observing seasons’ stacked images and a late
Keck spectrum was obtained (~ 5 years after first detection). Its host galaxy is a Ly-
man brake galaxy (LBG) at a redshift of z = 2.046 and its absolute magnitude reached
Mpyy = —21.38. Its light-curve behaviour lead to classify SN2213-1745 as a SLSN-R
or PISN, like SN 2007bi.

SN1000+0216 was also discovered using the same method as SN2213-1745, as shown
by Cooke et al. (2012). It was detected from the 2006-2008 image stacks and a late
time spectrum (~ 4 years after first detection) was obtained with Keck telescope, placing
its LBG host galaxy to a record high redshift of 2 = 3.899. It was also classified as a
SLSN-R, similar to SN2213-1745 and SN 2007bi.

2.4 SLSN-1I

Here, we present individual SLSNe-II, by discussing basic information and status for
each of the eight events listed in Table 2.1. SN 2006gy could be considered as the most



CHAPTER 2. HISTORICAL SUPERLUMINOUS SUPERNOVAE 52

SN 2006gy

B e

2 arcsec

Figure 2.3: False-colour IR image of the core of NGC 1260 and SN 2006gy, generated
from Keck LGS/NIRC2 H-band and KO-band observations on 2007 December 1. SN
2006gy is red and very luminous in the near-IR, more than a year after explosion. Figure
taken from Smith et al. (2008b).

important event of this class as it occurred in NCG 1260, a nearby galaxy; allowing
extensive follow-up studies, which improved our understanding of the behaviour of the
SLSNe light-curves.

SN 2006gy was first detected by the ROSTE-IIIb telescope (Quimby, 2006a), 2" away
of the centre of NGC 1260, as seen in Fig. 2.3. Two independent analyses were con-
structed almost simultaneously by Ofek et al. (2007) and Smith et al. (2007), characteriz-
ing SN 2006gy the most luminous SNe to that date, placing its peak absolute magnitude
at M = —22.0, since NGC 1260 has a redshift of z = 0.019. Several spectra were ob-
tained (Smith et al., 2010), re-confirming its nature at a SLSNe-II (hydrogen-rich) caused
by shock interactions with dense circumstellar medium (CSM). Because SN 2006gy oc-

curred fairly close to us, it was followed-up extensively, even ~ 2 years after its discovery
(Smith et al., 2008b; Miller et al., 2010).

SN 2006tf was discovered on the 12" of December 2006 by the TSS, and was reported
as one of the three most luminous SNe to date by Smith et al. (2008a). Its host galaxy is
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a faint galaxy with an apparent magnitude of mpz = 20.68 and at a redshift of z = 0.074.
SN 2006tf was discovered after its peak brightness, which led to an upper limit to its
peak absolute magnitude of M < —20.7. This value is just below the SLSNe threshold
of My < —21 set by Gal-Yam (2012). Smith et al. (2008a) presented several spectra
of SN 2006tf that were obtained, showing similarities with SN 2006gy, and led to its
classification as a SLSNe-II.

SN 2008fz was first discovered on the 22"? of September 2008 by the CRTS, as re-
ported by Drake et al. (2008). In a detailed study of SN 2008fz, Drake et al. (2010)
showed that no host galaxy was detected down to an absolute magnitude limit of M, >
—17. Furthermore, three transients’ spectra were obtained, showing clear Balmer lines,
evidence for a SLSN-II at a redshift of = = 0.133, which places the peak absolute mag-
nitude of SN 2008fz at My, = —22.3.

CSS100217:102913+404220 (CSS100217 hereafter) was discovered on the 17" of
February 2010 by the CRTS (Drake et al., 2011a). Spectroscopic observations related
CSS100217 with a host galaxy at redshift of z = 0.147, which translates to a peak
absolute magnitude of My = —22.7. Its extreme luminosity and strong narrow Balmer
features place CSS100217 to the SLSN-II class, similar to SN 2006gy.

SN 2008es was first reported on the 26! of April 2008 by Yuan et al. (2008a) as an
AGN. Later two independent studies (Gezari et al., 2009; Miller et al., 2009) presented
the case for an extremely luminous type-II SNe. Its host galaxy has a redshift of 2 =
0.205 and a absolute magnitude limit of My > —17.4. SN 2008es peaked at an absolute
magnitude of My, = —22.3.

SN 2008am was discovered by the ROSTE-IIIb on the 10" of January 2008 (Yuan
et al., 2008b). It was followed-up photometrically in optical and near-IR as presented by
Chatzopoulos et al. (2011). Several spectra were obtained with HET and using narrow
emission lines SN 2008am was classified as SLSN-II at a redshift of 2 = 0.234. At such
redshift SN 2008am peaked at an absolute magnitude of M = —22.3. Its host galaxy
was determined to be a faint galaxy with an absolute magnitude of M, ~ —20.

CSS121015:004244+132827 (CSS121015 hereafter) was first detected by CRTS on
the 15" of September 2012 (Drake et al., 2012c). After first spectrum was obtained,
Tomasella et al. (2012) reported an initial redshift estimate of z ~ 0.286, starting an
extensive follow-up campaign by PESSTO. Benetti et al. (2014) presented the extensive
photometric light-curve of CSS121015, as well as a secured redshift of z = 0.2868 from
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Figure 2.4: The spectroscopic redshift distribution of all the SLSNe events listed in Ta-
ble 2.1, plotted also as separate types of SLSNe. As noted in Table 2.1, eight SLSNe-II
type events have been reported up to a maximum redshift of z = 0.289, as shown in the
bottom left hand side panel.

narrow emission lines. At such redshift, CSS121015 peaked at an absolute magnitude of
Mp = —22.6, whereas its faint host galaxy has an absolute magnitude limit of M, >
—17.9.

SN 2003ma was discovered on the 17" of December 2003 by SuperMACHO mi-
crolensing survey and studied by Rest et al. (2011). Its light-curve has a duration of
4.7 years due to the location of SN 2003ma, right behind the Large Magellanic Cloud
(LMC), which was monitored for 5 observing seasons by SuperMACHO. SN 2003ma
was spectroscopically followed-up for almost 6 years, with several narrow galactic lines
identified and placing a redshift of z = 0.289, at which SN 2003ma peaked at an absolute
magnitude of Mpr = —21.5.

2.5 Summary

In this chapter, I briefly discussed all confirmed SLSNe that exist in the literature as of
June 2015. The list provided in Table 2.1 consists of 39 SLSNe objects, their redshift and
absolute magnitude information, as well as the relevant references for each event.

Fig. 2.4 shows the redshift distribution of the 39 SLSNe listed in Table 2.1 altogether,
as well as separated in their three classes, introduced by Gal-Yam (2012) and adopted
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Figure 2.5: The absolute AB magnitude distribution of all the SLSNe events listed in
Table 2.1, plotted also as separate types of SLSNe. The dashed line illustrates the absolute
magnitude limit of M < —21 set by Gal-Yam (2012).

for this thesis (see Sec. 1.5.2). The majority (61.5%) of the events listed were reported
as SLSNe-I. Only seven events were reported as SLSNe-R, and this class contains the
two more distant events reported to date, at z=2.046 and z=3.899. The remaining eight
events were classified as SLSNe-II, and the highest redshift reported was 0.2889. Many
studies have already noted this discrepancy on the redshift distribution and rates between
the SLSNe classes (Gal-Yam, 2012; McCrum et al., 2015).

Fig. 2.5 shows the reported absolute magnitude distribution of the 39 SLSNe listed
in Table 2.1. It is important to note here that the reported absolute magnitude is given in
different filters for each event, with the majority to be reported in the U-band (My). A
few events have absolute magnitudes lower than the SLSNe threshold of M < —21 set
by Gal-Yam (2012), whereas the highest absolute magnitude reaches out to -22.73. The
reported absolute magnitude distribution of the 24 SL.SNe-I (top part of Table 2.1), shows
two prominent peaks. Those two peaks could be originated from the existence of two
different populations (or sub-categories) within the SLSNe-I class. A similar argument
was made by Inserra et al. (2013) and Inserra and Smartt (2014), as they divided the
SLSNe-I used in their studies, into two observational groups using the terms: SN2005ap-

like and SN2007bi-like for faster and slower evolving events, respectively.
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In the following chapters of this thesis, the redshift and absolute magnitude limits
reported in this chapter are explored and extended, with newly discovered SLSNe by the
Dark Energy Survey.



Chapter 3

The Dark Energy Survey - Year One

3.1 Introduction

This chapter starts with a brief summary of my involvement in the commissioning period
of DECam, known as ‘Science Verification’. Further in the chapter, I describe in detail
the DES SN Survey as it happened in Y1 of operations; including image acquisition,
data processing, human and machine scanning of candidates, obtaining spectra using
telescopes around the world and finally, discovery and confirmation of SNe. I will then
focus on the processes used to select SLSNe events in DES Y1 data and finally, I will

end the chapter with the findings and the lessons learned from Y1 of observations.

3.2 Science Verification and Eyeball Squad

The DES SV period started officially on the 12" of September 2012, with the acquisition
of the ‘first-light’ images of DECam seen in Fig. 1.11. The eight years of planning,
construction and installation of DECam came to a successful end on that date, marking
the beginning of the SV period, at the end of which DECam was deemed ready for science
operations.

As stated in the SV (DES-internal) report: ‘the purpose of SV was to establish that
the camera, telescope, operations, and data-handling systems were producing imaging
data of sufficient quality to execute the Dark Energy Survey.” Therefore all components of
the survey, such as the observing operations and strategy, the image transfer and data re-
duction pipelines, the data management processes and the assessment of the data quality
from the various working groups of the collaboration were tested during the SV season.

Such massive effort, required the maximum workforce in order to be completed in
time, and as I was at the beginning of my involvement with DES I joined the ‘Eyeballing

Squad’, described in detail in the following subsection.

57



CHAPTER 3. THE DARK ENERGY SURVEY - YEAR ONE 58

FEEDBACK

Daily SV telecon 1600 CTIO
time

CTIO | DECam

!

NCSA

Daily EyeBall Squad Report

ucL

Daily Skype round up

Nottingham ™  Eyeballs

Sussex BNL >

Server Y
Reporting form and
screenshot repository
MUNICH: Data fetch Eyeballs
\ }

and bias subtraction
thanks to Daniel Gruen

Portsmouth o~
(ICG) Server

Figure 3.1: Flow chart of the daily operations of the DES Eyeball Squad, which was ac-
tive during the SV season (November-2013 until Feb-2014) and at the very beginning of
Y1 season (September 2014). After the first week of operation, SCIAMA - Portsmouth
(ICG) Server became the main storage facility of the daily image income. After the daily
Skype round up of the eyeballers and short discussion and sharing of our findings, we re-
ported back to the daily SV operations tele-conference with the observers at Chile. Then,
after assessing the feedback from the eyeball squad and checking the observing objec-
tives, the SV operation coordinators would draw the observing plan for the upcoming
night. Flow chart created by Dr.Marisa March.

3.2.1 Eyeball Squad

The SV observations lasted from November 2012 until February 2013, and during that
time I participated in a task force team called ‘Eyeball Squad’, charged with the task to
visually inspect all the images taken by DECam on a daily basis. Our objective was to
report any anomalies on the images and inform the observers of any problems before the
next observing run.

Fig. 3.1 shows the flow chart of the Eyeball squad’s daily operations, which would
start immediately after the first images were obtained by DECam in Chile, which were
transferred to Germany overnight. There, the raw-images were ran through a quick reduc-
tion pipeline, governed by Daniel Gruen. Then, the reduced-images were stored locally
on SCIAMA'! (Sepnet Computer Infrastructure for Astrophysical Modeling and Analy-
sis), a high performance compute cluster, founded by the South East Physics Network
(SEPNet) and hosted by the ICG, University of Portsmouth.

Then, volunteers were assigned ~ 20 — 30 images each based on a rota, to visually
inspect by noon (UK time), at which time a round-up tele-conference (via SKYPE) would

take place among the eyeballers to share screen-shots of known and most importantly,

Thttp://www.sciama.icg.port.ac.uk
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(a) "Pupil’ ghost (b) *Arc’ ghosts

(d) Elongated PSF (e) Donut shaped PSF (f) Double PSF-’guider jump’

(g) CCD N31 failure (h) CCD °‘bar code’
(j) Excessive cosmic rays (k) Rotating satelite (1) Orion Nebula

Figure 3.2: Twelve examples of what we discover during the operation of the Eyeball
squad. Panels (a) and (b) show examples of ‘ghosts’, probably caused by scattered light
through the lenses of the camera, whereas panel (c) shows an ‘edge bleeding’ example,
caused by the excess photons from a close-by bright star. Panels (d), (e) and (f) show
examples of bad formed PSFs, that were the top priority for the Eyeballing squad to
report. At the third row, panels (g), (h) and (k), show examples of failure at the CCD
read-out process and in particular, panel (g) shows the permanent failure of chip N30.
Panels (j), (k) and (1) show examples related to physical objects such as cosmic rays, a
rotating satellite and Orion’s nebula respectively.
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unknown anomalies. Afterwards, a daily ‘Eyeball report” was prepared and presented to
the daily (16:00 CTIO time) tele-conference, where the observing plan for the imminent
night was discussed. The observing strategy was then adjusted to any new anomalies
found by the eyeball squad, in order to improve the DECam’s image quality.

The visual inspection of the images was carried out using the application SAOIMAGE
DS9?; and included a quick overview of the entire DECam FoV and a detailed zoomed-in
inspection of each of the 62 science CCDs. This daily effort lead to the creation of a key
word lexicon for all the different kind of anomalies, which are explained in detail below

and seen in Fig. 3.2.

Ghosts are seen in Fig. 3.2 panels (a) and (b). They are named as ‘pupil’ and ‘arcs’
ghosts respectively. The cause of such artefacts is scattered light within the camera’s
filter changer that enters at the extreme edges of the filters. This effect was eliminated by
the end of SV period, after shielding the edges of the filter cells, as described in section
6.3 of Flaugher et al. (2015).

Edge bleeding artefact, as seen in Fig. 3.2 panel (c), is caused by the excess in de-
tected photons that are coming from a close-by bright star, in combination with a mal-
function during the CCD read-out process. This issue was resolved after the upgrades on
DECam’s control system, SISPI (Diehl and For the Dark Energy Survey Collaboration,
2012; Flaugher et al., 2015, and Sec.1.4.1).

Point Spread Function - PSF artefacts are shown in the second row of Fig. 3.2 in
panels (d), (e) and (f). Such artefacts were reported as top priority to the SV operations
team. The elongated and double PSF, panels (d) and (f) respectively, were caused by
malfunction of the telescope’s guider system and led to the complete dismount and repair
of this system within the first engineering window of the SV season. The donut shaped
PSFs shown in panel (e) were the result of malfunction of the hexapod’s software, which
serves as the focusing system of DECam (see also 1.4.1). The malfunction was resolved

after updating the hexapod’s software.

CCD readout malfunctions are shown in panels (g), (h) and (k) of Fig. 3.2. In partic-
ular, panel (g) shows the non-linear behaviour of chip N30, which has not been used in
any science images since the SV period. Whereas panels (h) and (k) show two different
CCD readout malfunctions, named as ‘bar-code’ and ‘stripes’ artefacts respectively, both

of which were fixed after updating the CCD readout routines.

Zhttp://ds9.si.edu/site/Home html
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Miscellaneous artefacts that are not produced by the telescope’s or camera’s systems
are shown in the fourth row in Fig. 3.2. Excessive cosmic rays activity is shown in panel
(j), a rotating satellite that leaves a 3-dashes sky trail is shown in panel (k) and finally the
light-saturated centre of Orion’s nebula is shown in panel (I) covering multiple CCDs.
Such artefacts are masked out from the images using computer algorithms depending on

the science goal.

After the first month and a half of the SV period, we noticed that we were not reporting
any new and unknown anomalies, which meant that the combination of the telescope’s
and the camera’s systems were working in stable conditions, not producing any new
artefacts on the science images. Most of the anomalies reported above were related to
software issues, which were resolved, as the data pipelines and the camera’s software
were updated and finalised (Flaugher et al., 2015). Some major telescope-related issues
were address quickly, as a result of this eyeball effort, such as ‘double PSFs’ and the
telescope’s guider (Fig. 3.2 panels (d) and (f)), or the permanent failure of CCD N31
(Fig. 3.2 panel (g)).

By the end of the SV season, more than 3000 individual exposures were visually
inspected by the members of the Eyeball Squad. The success of this effort led to the
repetition of the same actions on a smaller scale at the beginning of the Y1 of operations.
This tactic was followed in order to verify the good working condition of the telescope
and the camera after the first DES off-season period, when both were used by the wider
astronomical community via the CTIO, NOAO observing programs. Within a few days
of visual inspection of a couple of hundreds of DECam exposures, we were able to con-
firm that the telescope and the camera were operating in excellent condition and were
producing science quality images (Diehl and For the Dark Energy Survey Collaboration,
2012).

My personal involvement within the eyeball squad could be summarised by the visual
inspection of 500 exposures, the training of other eyeballers at ICG-Portsmouth and by
the set-up of the shared directories, which were used to store the DECam exposures to
the local SCIAMA computer cluster. Finally, when the eyeball squad was reused at the

beginning of Y1, I manage to visually inspected ~ 100 DECam exposures.

3.3 DES Supernova Survey

As was briefly stated in Sec. 1.4.3, the objective of DES SN Survey is to create a homo-
geneous sample of ~ 3500, high quality SNe Ia for use in cosmology, within a redshift
range of 0.05 < z < 1.2, as illustrated in Fig. 1.14. Bernstein et al. (2012) presented an
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Table 3.1: The time optimization of each DES filter in both sets of SN fields, shallow
and deep. Also, the corresponding magnitude limits for the reported times are given in
the fifth and ninth columns respectively and refer to point source detections at 50 using
a single filter observation, as they were calculated by Bernstein et al. (2012).

Shallow Fields Deep Fields
Filter | # Exp | Exp Time | Total Time | Mag | # Exp | Exp Time | Total Time | Mag
(s) (s) (AB) (s) (s) (AB)
g 1 175 175 24.9 3 200 600 25.6
r 1 150 150 243 3 400 1200 254
i 1 200 200 23.9 5 360 1800 25.1
zZ 2 200 400 23.8 11 330 3630 24.8

extensive analysis of simulated SNe light-curves in order to finalise the DES SN Survey
strategy, including field selection, time optimization, use of the spectroscopic resources,
treatment of contamination samples. Finally, Bernstein et al. (2012) estimated the uncer-
tainty on the cosmological parameters that the proposed strategy would be able to deliver
at the end of the survey.

The DES SN Survey strategy that was selected and implemented, was named by Bern-
stein et al. (2012) as ‘hybrid-10 fields’ and its predicted redshift distribution is illustrated
by the solid black line in Fig. 1.14. This section describes in detail the implementation
of the proposed ‘hybrid-10 fields’ SNe strategy by DES in Y1 of operations, as well as
the integration of this strategy with the DES-wide survey.

3.3.1 SN Fields

The DES SN Survey monitors 30 deg?, in griz bands, spread-out to the 10 ‘hybrid-fields’
proposed by Bernstein et al. (2012). The name ‘hybrid’ was adopted as an indication to
the two ‘deep’ and eight ‘shallow’ fields, as proposed by Bernstein et al. (2012), as the
best choice of strategy in terms of number of SNe discovered within the available fixed
time allocation of the DES SN Survey. The depth (‘deep/shallow’) of the fields is the
result of the time optimization seen in Table 3.1, alongside the corresponding magnitude
limits, which were calculated by Bernstein et al. (2012) using data simulations.

The fields are located in the XMM-LSS?, ELAIS-S*, CDF-S° and ‘Stripe82’ regions.
The 10 SN fields names and locations are listed in Table 3.2 and presented in Fig. 1.13
alongside the DES footprint. The names of the 10 SNe fields are constructed using the

3XMM-Newton Large Scale Structure (XMM-LSS) survey
“European Large Area ISO Survey (ELAIS)
>Chandra Deep Field South (CDF-S)
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Table 3.2: The 10 SN field locations in right ascension and declination, in decimal (2nd
and 3rd columns) and sexagesimal (4th and 5th columns) format. The locations on the
sky are shown in Fig. 1.13. The two ‘deep’ SN fields are marked with an asterisk (*).

NAME| RA | DEC | RA | DEC

El 7.87440 | -43.0096 | 00:31:29.86 | -43:00:34.6
E2 | 9.50000 | -43.9980 | 00:38:00.00 | -43:59:52.8
S1 | 42.82000 | 0.0000 | 02:51:16.80 | 00:00:00.0
S2 | 41.19440 | -0.9884 | 02:44:46.66 | -00:59:18.2
Cl | 5427430 | -27.1116 | 03:37:05.83 | -27:06:41.8
C2 | 54.27430 | -29.0884 | 03:37:05.83 | -29:05:18.2
C3* | 52.64840 | -28.1000 | 03:30:35.62 | -28:06:00.0
X1 | 3447570 | -4.9295 | 02:17:54.17 | -04:55:46.2
X2 | 3566450 | -6.4121 | 02:22:39.48 | -06:24:43.6
X3* | 36.45000 | -4.6000 | 02:25:48.00 | -04:36:00.0

first letter of the region (X, E, C and S) and an identification number 1 or 2 for the
‘shallow’ fields and 3 for the ‘deep’ fields.

The 10 SNe field locations were selected in order to maximize the overlap with other
past or future surveys and the observability of the fields, as seen from the CTIO’s side.
Furthermore the exact locations of nearby stars, as well as the dust extinction due to
the Milky Way (MW) were taken into consideration to minimize light contamination.
Fig. 3.3 illustrates the locations of the three DES SN fields in the XMM-LSS region,
overplotted with an extinction map of the MW, and relative to other surveys’ field loca-
tions, such as: VIDEO®, SWIRE’ , VVDS®, CFHTLS’ and XMM-LSS.

3.3.2 Time optimization

The differences in strategies between the DES-wide survey and DES SN Survey (see
Sec. 1.4.2) affect the time optimization of the observations, both on individual exposure
duration and long term scheduling. The strategy for the DES wide survey is to cover
the 5000 deg? to the desired depth after 10 tilings (a tiling is one complete visit to the
entire survey area in one filter), in grizY filters. While the time duration of each DECam
exposure used for the DES-wide survey remains constant at 90 seconds for each filter,
for the SN Survey’s exposure times vary based on filters and field’s depth, as shown in

Table 3.1.

®VISTA Deep Extragalactic Observations (VIDEO) survey
7Spitzer Wide-area InfraRed Extragalactic (SWIRE) survey
$VIMOS VLT Deep Survey (VVDS)
9Canada-France-Hawaii Telescope Legacy Survey (CFHTLS)
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Figure 3.3: SN field locations in the XMM-LSS region, on a red contour map of MW
extinction (blue mosaic: X1 and X2, yellow mosaic: X3). The average V-band extinction
is illustrated by the legend-colourbar and by the white contours within the plot, whereas
several important survey locations are overplotted on the dust maps (green: VIDEO,
grey: SWIRE, pink: VVDS, blue: CFHTLS, orange: XMM-LSS). Plotted in white are
stars with V-band magnitude < 7 taken from the HEARSC Bright Star Catalog. Plot
created by Chris DAndrea, Ravi Gupta and Rachel Cane on the 18" of June 2013.
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Figure 3.4: The DES SN Survey cadence plot of Y1 of operations. All filters are observed
at the same night for the shallow fields, whereas for the deep fields this is not the case, as
different filter/exposures can be acquired on different days. Some epochs of the shallow
fields show uncompleted filter sequences, due to the poor quality of the data, which

resulted in revisiting the same fields on the next available night.

Chris D’Andprea.

Plot created by Dr.



CHAPTER 3. THE DARK ENERGY SURVEY - YEAR ONE 66

g T i
L] : % . L
|l K, Y i W o o
b .~ - i 8 — o o
Ty gmys e

tilings
1
2
3

4

Figure 3.5: The DES wide-survey observed area after the end of Y1 of operations. The
grey area shows the entire DES footprint whereas areas coloured with red, yellow, green
and blue show the number 1, 2, 3 or 4 of tillings respectively, that were considered as
scientific data. Plot provided by DES operations team.

Such optimization was set in order to achieve primarily the DES SN Survey science
requirements: obtaining well-measured light curves of ~ 3500 SNe Ia out to redshift
z ~ 1.2, using up to 10% of the photometric survey time and larger fraction of the
non-photometric time (Bernstein et al., 2012). Secondly, to accommodate the DES-wide
survey science requirements: reaching g = 24.6, r = 24.1, ¢ = 24.3, z = 23.8, and
Y = 21.5 AB at > 100 SNR in 1.5 apertures with < 100mas accuracy positions, over
at least 90% of the wide-survey area (Flaugher, 2005).

Furthermore, on each season’s observing schedule the two strategies would have to
cooperate to achieve the most efficient use of observational time. This task is handled
by the observing tactics (obsTac; Neilsen and Annis, 2014), a component of the DE-
Cam control system SISPI (Honscheid et al. 2012) that, based on the night’s conditions
(weather, seeing, sky brightness, position of the fields available) and the selected strate-
gies, automates the entire DES observation schedule.

ObsTac priorities, as outlined in (Neilsen and Annis, 2014), are governed by two main
thresholds: the SNe ‘dead-man’ switch of seven days and the ‘good-seeing’ limit of 1.2”

and are listed as follows:

1. If there are SNe fields that have passed the ‘dead-man’ limit of seven days since
their last observation, and the current conditions are good for observations, then

trigger at highest priority.
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2. If the seeing is better than the ‘good-seeing’ threshold and the moon is down, then
select a DES wide-survey exposure in g, 7, or ¢ bands, and give priority to fields

that set earliest.

3. If the seeing is better than the ‘good-seeing’ threshold and the moon is up, then
select a DES wide-survey exposure in 4, z, or Y bands and give priority to fields
that set earliest.

4. Observe the SNe fields sequence that was completed least recently.

Those priorities do not exclude observations under all seeing conditions, but any ex-
posures (for the wide or the SN Survey) resulting to data products that do not meet with
the science requirements listed above, will have to be retaken.

Implementing obsTac over the entire period of DES Y1 of operations, resulted in
~ 25 visits on average for each SNe field as shown in Fig. 3.4 and 14457 wide-survey
science exposures were taken, covering part of the survey’s footprint as illustrated in in
Fig. 3.5.

3.3.3 Data processing and Supernovae discoveries

All DES SN survey imaging data are de-trended and co-added using a standard photomet-
ric reduction pipeline at the National Centre for Supercomputing Applications (NCSA)
via the DES Data Management system (DESDM; Mohr et al., 2012; Desai et al., 2012),
producing approximately 30 ‘search images’ per field (in all filters) over the duration of
the five-month DES season. We performed difference imaging (Kessler et al., 2015) on
each of these search images, using deeper template images for each field created from the
co-addition of several epochs of data obtained during previous seasons observations (ie.
in Y1 the templates were constructed from images taken in SV season). Before differen-
tiating, the search and template images were convolved to the same point spread function
(PSF).

Objects were selected from the difference images using SEXTRACTOR v2.18.10 (Bertin
and Arnouts, 1996), and previously unknown transient candidates were identified and
examined using visual inspection (or ‘human scanning’) by DES SN group members.
Moreover, using the publicly available SNANA light curve simulations (Kessler et al.,
2009b), ‘fake SNe Ia’ were created and injected into the raw images, in order to monitor
survey efficiency as described in detail by Kessler et al. (2015).

Fig. 3.6 shows the scanning web interface used during Y1 for visual scanning of SNe
candidates, in which 13” x 13” cut-out images called ‘postage-stamps’ were used. Each

scanner had a certain load of objects (~ 100) to scan per night, with the options available
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Figure 3.6: The Y1 scanning web interface used for visual inspection of a SN candidate.
The left-hand side panel shows a time series of five filter/epoch triplets, each composed
of three 13” x 13” cut-out images, called ‘postage-stamps’, representing the search image
on the left, the template image on the centre and the difference image on the right. The
upper right panel consists two tables with general information about the current scanning
session (scanner name, status, total objects unscanned, number of objects scanned in this
session) and basic information about the SNe candidate (candidate ID number, ra dec,
field). The second table lists information about each one of the filter/epoch search entries
(signal to noise ration, band, time of observation, magnitude). The bottom, right-hand
panel hosts the scanning selection options and operation buttons, which are used by the
scanner in order to enter the desired classification to the system.
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being: ‘SN (inside/outside host, hostless, indeterminate)’, ‘artefact’, ‘Apparent Motion’,
‘Nothing Seen’” and ‘ALERT’, as seen in the bottom right-hand side panel of Fig. 3.6.
As a scanner myself, I helped scan for SNe candidates in SV and Y1 seasons and I have
visually inspected ~ 10000 and ~ 18000 candidates respectively.

During Y1 of operations on any given scanning session contacted by a single scanner,
the average outcome was a majority of artefacts and a handful of real and fakes SNe (see
postage-stamps on Fig. 3.7). On average, the ratio between the SNe and artefacts reached
85%, a relatively high percentage which forced certain updates within the data pipeline
described in Sec. 5.3 and the development of a machine learning algorithm.

An automated machine learning algorithm (AUTOSCAN; Goldstein et al., 2015) was
developed and implemented in order to improve the efficiency of selecting real tran-
sients. Postage-stamps examples classified by the AUTOSCAN algorithm are shown in
Fig. 3.7, for a variety of signal-to-noise ratios. As shown by Goldstein et al. (2015), the
AUTOSCAN algorithm improved the number of transient candidates eligible for human
scanning by a factor of 13.4, while only 1% of ‘fake SNe Ia’ were lost, most of which
were very faint events.

Up to this data processing stage, the pipeline is known as the ‘Search’ photometric
pipeline, as it searches through the photometric data (DECam images) and produces a
list of newly discovered astrophysical transients.

DES transient names are formatted following the convention DESY YFFaaaa, where
YY are the last two digits of the year in which the observing season began (i.e. 13), FF
is the two character field name (i.e. S2), and the final characters (all letters, maximum of
four) provide a running candidate identification, unique within an observing season, as is
traditional in SN astronomy (i.e. abc).

Finally, DES transients were photometrically classified using the Photometric SN
IDentification software (PSNID; Sako et al., 2008, 2011) to determine the likely SN type.
As described by Sako et al. (2011), PSNID uses the observed photometry, calculates the
reduced x? against a grid of SN Ia light-curve models and CC SNe templates, and iden-
tifies the best-matching SN type and set of parameters with, and without host galaxy
redshift as priors in the grid search. For the SN Ia models, there are five model param-
eters: redshift (z), V-band host galaxy extinction (Ay ), time of maximum light (7},,..),
B-band decline rate 15 days after peak (Amﬁ,; Phillips, 1993) and distance modulus (y;
Eq. 1.29).

PSNID is run on data derived from the ‘Forced’ photometric pipeline, which differs
from the ‘Search’ described above. The ‘Forced’ photometric pipeline takes the coor-
dinates of an object of interest and performs aperture photometry at the same position
in every difference image available in the database, old and new. Thus creating a more

complete sample of photometric data which can include upper limits as well for each
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Figure 3.7: Postage-stamps, centered on legitimate (green boxes) and spurious (red
boxes) objects, at a variety of signal-to-noise ratios: (a) SNR< 10, (b) 10 <SNR< 30,
(c) 30 <SNR< 100. The postage-stamps are subclassed to illustrate both the visual di-
versity of spurious objects and the homogeneity of authentic ones. Objects in the “Tran-
sient’ columns are real astrophysical transients that subtracted cleanly. Objects in the
‘Fake SN’ columns are fake SNe Ia injected into transient search images to monitor sur-
vey efficiency. The column labeled ‘CR/Bad Column’ shows detections of cosmic rays
(rows b and ¢) and a bad column on the CCD detector (row a). The columns labeled
‘Bad Sub’ show non-varying astrophysical sources that did not subtract cleanly; this can
result from poor astrometric solutions, shallow templates, or bad observing conditions.
The numbers at the bottom of each cut-out indicate the score that each detection received
from AUTOSCAN; a score of 1.0 indicates that the algorithm is perfectly confident that
the detection is not an artefact, while a score of 0.0 indicates the opposite. Plot is taken
from Goldstein et al. (2015).
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transient, as it performs the aperture photometry regardless of the existence of the tran-
sient.

These SNe candidates were stored in an online SQL database hosted by NCSA, along-
side associated data products of the two pipelines (‘search’ and ‘force’), and then the SNe
were prioritized for spectroscopic follow-up by the Spectroscopic Marshall (Dr. Chris
D’Andrea in Y1), according to the goals and time allocations available at the time, as

explained in detail in the following section.

3.4 Spectroscopic Follow-Up

As discussed by Campbell et al. (2013), in new SN Surveys such as the DES SN survey,
real-time spectroscopy of all the SNe type-la discoveries will be impractical due to the
vast amount of such objects. An alternative solution is to use photometry to classify all
discovered SNe and collect redshifts for the majority SNe-like transients from spectro-
scopic follow-up of the associated host galaxies, after the SN has faded away (Lidman
etal., 2013; Campbell et al., 2013). This strategy was selected as the main method for the
DES SN Survey for obtaining SN redshifts for use in cosmology, as stated in Bernstein
et al. (2012).

Getting real-time spectra of SNe would have to work as a complementary method and
could focus on specific categories such as hostless events or interesting and peculiar SNe
(e.g. SLSNe or lensed SNe). Such spectroscopically confirmed SNe transients would
be announced officially by DES via the Astronomer’s Telegram (ATel)'’. Moreover, the
spectroscopic follow-up of live SNe would be creating test samples of live SNe for testing
the survey’s photometric classification and ultimately helping to train the photometric

selection techniques.

3.4.1 SNe host galaxies

The OzDES program (Yuan et al., 2015) was created precisely to cover the spectroscopic
strategy mentioned above. The AAOmega spectrograph, coupled with the Two Degree
Field (2dF) multi-object 400-fiber-positioning system (Lewis et al., 2002) on the Anglo-
Australian Telescope (AAT) was the perfect fit to this task, as both AAT and Blanco
telescopes share the same design and are equipped with instruments with similar field-
of-view (FoV) area. As shown in Fig. 3.4.1, the similarity of the two FoV allows them
to align almost perfectly on top of each other, making the spectroscopic follow-up of
DES SNe hosts very efficient, as on each exposure, AAT + AAOmega are able to target
hundreds of DES targets.

1Ohttp://www.astronomerstelegram.org
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Figure 3.8: The DECam FoV (image mosaic in the background), that is composed by 60
CCDs, is well matched by the 2dF spectrograph FoV (large orange circle). The small,
orange circles show the position of the 392 optical fibers of 2dF that were targeted in one

AAT observation, highlighting the efficiency of the OzDES program. Plot taken from
Yuan et al. (2015).
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Figure 3.9: Co-added spectra of a SN host target of r-band magnitude 23.7 and redshift
0.732. The significance of the candidate [OII] feature appears to have increased with
exposure time. Quality flag of 1, translates to an unsecured redshift estimation, whereas
quality flag of 3 means that the redshift is well secured. Plot taken from Yuan et al.
(2015).

The number of 400-fibers of 2dF also allows more science goals than SNe cosmology
to be pursued, such as reverberation mapping of AGN (King et al., 2015), calibration of
DES photometric redshifts (Sanchez et al., 2014) and following radio galaxies and galaxy
clusters as described in detail in Yuan et al. (2015).

Moreover, OzDES program offers a unique strategy of repeated targeting, dynamic
fibre allocation, and stacking, as described in detail by (Lidman et al., 2013; Yuan et al.,
2015). Multiple observations of the same DES field allow brighter targets to be deselected
between the observing runs when redshifts are secured; while fainter targets remain in the
queue. Stacking across many observing runs, allows OzDES to go deeper than otherwise
possible with the 4m AAT. Fig. 3.9 shows an example of stacked spectra, for a SN host
target of r-band magnitude 23.7 and redshift 0.732, published by Yuan et al. (2015). The
stacking technique can be also applied on many observing runs across different observing
seasons of DES-OzDES.

3.4.2 Live SNe spectroscopy

For real-time spectroscopy of DES SNe, the strategy was shaped based on the public-
access time available on various telescopes around the world. Dr. Chris D’ Andrea was

appointed as spectroscopic marshal charged with the responsibilities of constructing an
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Table 3.3: Spectroscopic resources during DES Y1 of operations, listing the telescope’s
name, the telescope’s instrument, the time allocated during Y1 and short comments on
the objectives of each program.

Telescope ‘ Instrument ‘ Time Available ‘ Objectives

GTC OSIRIS 15.6h (ToO) | ambiguous SNe m,. < 23.5

SALT RSS 22.1h (ToO) | low-z high SNR m, < 21.7

Gemini GMOS ¢ 18.0h (ToO) | Velocity-Colour-Relation of type-Ia

HET LRS ¢ 14.0h (ToO) | SNe type-Ia m, < 21.5

Keck LRIS® 2n random sample of SNe with good SNR m, < 24
DEIMOS / 2n '

Magellan | IMACS ¢ 3n | piggyback to photo-z program

AAT AAOmega/2dF " 14n | OzDES program for SNe hosts

“Optical System for Imaging and low-Intermediate-Resolution Integrated Spectroscopy
PRobert Stobie Spectrograph

“Gemini Multi-Object Spectrographs

4Low Resolution Spectrograph

“Low Resolution Imaging Spectrometer

/DEep Imaging Multi-Object Spectrograph

8Inamori Magellan Areal Camera and Spectrograph

h AAOmega spectrograph Two Degree Field system

operation plan for each DES season, leading the telescope proposals and finally allo-
cating targets to available telescopes/programs accordingly, to maximize discovery and
classification efficiency.

A variety of telescopes were selected to carry out different programs based on the
combination between instruments/telescopes specifications and SNe targets available.
For example the GTC telescope (Gran Telescopio Canarias), equipped with a 10.4 m
mirror and OSIRIS slit-spectrograph (Optical System for Imaging and low-Intermediate-
Resolution Integrated Spectroscopy), were selected to follow-up photometrically am-
biguous SNe, with limiting magnitude of m, < 23.5. The proposal was awarded 15.6
hours in total (12 pointings x 1.3 hours) to be used as ToO (Target of Opportunity) dur-
ing DES Y1 of operations. Another example was the use of Keck telescopes, equipped
with LRIS (Low Resolution Imaging Spectrometer) and DEIMOS (DEep Imaging Multi-
Object Spectrograph), to spectroscopically classify a random sample of SNe with good
SNR and limiting magnitude of m; < 24. The program was awarded two nights in
each instrument. The full list of available spectroscopic time during DES Y1 is listed in
Table 3.3

Also, through the OzDES program for spectroscopic follow-up of host galaxies, all
live DES transients with limiting magnitude of m, < 22.5, will be able to be targeted
with a fiber, as such events were made top priority. The predicted number of such targets

was not exceeding ~ 10 events per SNe field, per pointing of the AAT/2dF.
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3.5 Selecting SLSNe candidates in Year One

The remaining of this chapter focuses on the methodology and results of the search of
SLSNe, which I led during the Y1 of DES operations. I will present in detail the selection
process, the contamination sources and finally, the results and lessons learned from this

first attempt of discovering SLSNe.

3.5.1 Methodology

During the first season of DES, I used the sequence of actions described below for se-
lecting SLSNe candidates from the pool of DES transients, which were discovered and
named as described in Sec. 3.3.3.

Every time new SN data were obtained, new DES transients were created, visu-
ally scanned, passed through AUTOSCAN, PSNID and named as described in Sec. 3.3.3.
Shortly after these initial events, I would perform a semi-automatic search for SLSNe
using the newly inserted data, as well as the data already in the database. As the two data
pipelines (‘search’ and ‘force’ photometry) were filling the SQL database with auxiliary
information for each DES transient, such as coordinates, flux measurements and uncer-
tainties, host galaxy details, PSNID fits etc., I would create a separate SLSN-specific
database myself.

This personal database had an entry for each DES transient discovered during Y1,
containing the following information: the griz peak fluxes created by the ‘force’ photom-
etry pipeline, the number of epochs and observations created by the ‘search’ photometry
pipeline and host galaxy information where applicable, such as photometric or spectro-
scopic redshifts, separation and griz magnitudes. The griz peak fluxes were transformed
into peak observed magnitudes using Eq. 1.27, whereas Fig. 3.10 shows the single-band
peak magnitude distributions.

Then, all DES transients were split into two major categories: those related to a
host galaxy and those without one, called hostless. Afterwards, the following five broad
criteria, which are satisfied by most SLSNe, while eliminating many of the possible con-
taminating sources (Active Galactic Nuclei-AGNs, normal types of SNe, artefacts etc.),

were used:

1. Atleast one month of multi-colour data, i.e., typically five to six detections (S/N >

3.5) in each of griz.
2. Alow PSNID fit probability to any of the standard SN sub-classes (Ia, Ib, II-P, 1I-L).

3. Located greater than one pixel (1 pixel = 0.27” for DECam) from the centroid of
the host galaxy.
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Figure 3.10: The histograms show the peak magnitude distribution of all named DES
transients from Y1, in the four DES filters - gr:z. The shaded and black histograms refer
to transients associated with a host galaxy and hostless transients, respectively. Because
of the smaller number of hostless transients compared to transients associated with host
galaxies, their histograms (solid black area) are zoomed and overploted. The dashed and
solid vertical lines show the magnitude limit for the DES SN shallow and deep fields
respectively, as listed in Table 3.1.
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4. Peak observed brightness no fainter than one magnitude below that of its host
galaxy.

5. Peak absolute magnitude M,,,;, < —20.5, SLSNe threshold (M < —21; Gal-Yam,
2012)

The first criterion aimed at selecting events with long rising times, a clear charac-
teristic seen in many historic SLSNe, shown in Chap. 2. The second and third criteria
were placed in order to eliminate possible contamination sources like ‘normal’ types of
SNe (eg. Ia, Ib, II-P, 1I-L) and AGNs/QSOs'!/artefacts respectively. The fourth criterion
was implemented to help with the spectroscopic follow-up of the SLSNe candidate, as
candidates much fainter than their host would be difficult to be classified since the host
spectrum would be dominant over any SNe features. The last criterion was determined
using Eq. 1.28, the griz peak observed magnitudes and the host photometric redshift
(Zphoto), OF spectroscopic redshift (z,,..) when available for each DES transient.

The first two criteria were applied to all DES transients, both hostless and those as-
sociated with a host galaxy, whereas the latter three criteria were additionally applied to
DES transients associated with a host galaxy. The selection process described so far, pro-
vided the capability to scale down the visual inspection load from thousands of SN-like
candidates to ~ 30 — 50 transients, every time SNe images were processed through the
data processing pipelines described in Sec. 3.3.3.

The next step was the visual examination of the observed light-curves of the ~ 30—50
transients that passed the selection cuts above. Fig. 3.11 shows the visual inspection
panel used to select SLSNe candidates during DES Y1, illustrating how a confirmed
SLSNe (DES13S2cmm; Chap. 4) was behaving by the end of Y1. I created this visual
inspection panel in order to consist the following two plots: one that shows the transient’s
light-curve in the DES apparent magnitudes and one that shows the absolute magnitude
at peak, given the z,p0t0 OF Zgpee Of the host or the SN itself, when available. The former
plot was used to inspect the rise time to peak of each transient and a minimum of ~ 25
days was required for the transient to become a SLSNe candidate. Whereas the latter plot
was used to inspect the peak absolute magnitude in all four bands (criterion no.5), using
equation Eq. 1.28 for simplicity and assuming the 2ppet0 OF Zgpe. related to the host or the
SN itself, as the redshift of the transient.

By the end of DES Y1, late-February 2014, the number of named DES transients were
~ 26.000, which I narrowed down to less than ~ 1500 possible SLSNe candidates using
the selection stages described above. Implementing the visual inspection of all the possi-

ble SLSNe candidates revealed that the majority were artefacts (i.e. mis-subtractions of

"1Quasi-Stellar Objects
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Figure 3.11: Visual inspection panel for SLSNe candidates used in DES Y1. Left: Ap-
parent magnitude light-curves of a SLSNe candidate in griz as a function of the observed
phase from peak brightness. The dashed lines represents the host galaxy magnitudes in
the four DES filters griz. Right: Using the 2,0, of the host galaxy and the peak apparent
magnitude of the candidate, we were able to calculate the expected absolute magnitude
(Eq. 1.28) at peak. The solid black line shows the absolute magnitude of M = —21.0,
which is the SLSNe threshold set by Gal-Yam (2012), whereas the dashed lines represent
the M = —21.0 £ 0.5.
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galaxies, hot-pixels, bad masked areas etc), leaving only ~ 300 real transients, of which
a large proportion appeared to be AGN/QSO and a small minority to be real SNe of some
type. Those types of non-SLSNe objects would be referred as contamination sources and
they are explored in detail in the following section (Sec. 3.5.2).

The end result of the entire SLSNe selection process described in this section, was
the classification of 12 SNe as SLSNe candidates, listed in Table 3.4 and described in
detail in Sec. 3.5.3.

3.5.2 Contamination sources

With the term ‘contamination sources’ I refer to named DES transients, that passed
through ‘search pipeline’, human scanning and AUTOSCAN and also passed partly or
as a whole the SLSNe selection process described in Sec. 3.5.1, but never made it to the
final SLSNe candidates list (Table 3.4). There are three main categories of contamina-
tion sources, examples of which are shown in Fig. 3.12 (light-curves) and in Fig. 3.13

(postage-stamps).

AGN

The main contamination sources were AGNs/QSOs, which passed all the selection crite-
ria set in Sec. 3.5.1. The number of such objects increase dramatically as we relax the
host separation limit, which was set to 1 pixel (0.27” for DECam) away from the host
galaxy centre. But even when using that separation limit of 1 pixel away from the host
centre, a significant number of AGNs/QSOs ended up into the final SLSNe candidates
list. A light-curve example of such contamination source (DES13C2adf) is shown in the
fourth row of Fig. 3.12 and its postage stamps are shown in panel (d) of Fig. 3.13.
DES13C2adf was classified as an AGN at z,.. = 0.66 and was selected as an exam-
ple to be directly compared to DES13S2cmm (SLSNe at z,,.. = 0.66), emphasizing their
similarities and differences, as both occurred in similar redshifts. Looking at Fig. 3.12,
both objects show long-lived light-curves in all bands with high SNR, but in the case of
DES13C2adf no colour evolution can be seen as the light-curve progresses. Moreover,
in both cases the host 2,4, that was used in each case, placed both objects beyond the
SLSNe peak absolute magnitude threshold of M,;, < —21. Visual comparison of panels
(a) and (d) in Fig. 3.13, can not distinguish the different nature of the two objects, as both
appear to be close to their host centre and the subtraction images show similar results.
As noted before, AGNs/QSOs were the dominant source of contamination in Y1 and
actions had to be taken during the off-season, in order to improve the SLSNe discovery
efficiency for Y2. Actions such as the creation of an AGN veto catalogue, updates on the

data pipelines and on AUTOSCAN are discussed in Chap. 5.
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Figure 3.12: DES multi-band light-curves in flux space of five DES transient objects.
First row:DES13S2cmm is a SLSN-I at redshift z = 0.663 confirmed by VLT (see
Chap. 4 for full detail). Second row: DES13abht is the highest spectroscopic confirmed
SN type-la from DES Y1 at a redshift of z = 0.69 obtained by Gemini-South. Third
row: DES13C2jtx is a SN type-la in the ‘nearby Universe’, which translates to a redshift
of z = 0.223. Fourth row: DES13C2adf is an AGN at redshift = = 0.66 confirmed
by the OzDES program and accounted for the main look-a-like competitor to SLSNe in
DES Y 1.Fifth row: DES14E2aytv is an artefact out of thousands that were created from
the image differencing pipeline, and accounted for the main source of contamination in
the search for SLSNe. The doted vertical lines represent the beginning of each month of
DES Y1, starting from 1-September-2013 and ending 1-March-2014. They can serve as
a ruler of 30 days rising to peak, a property of SLSNe. The dashed horizontal line shows
the zero flux level of each light-curve.
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(b) DES13C3abht (SN Ia)

(c) DES13C2jtx (SN Ia)

(d) DES13C2adf (AGN)

(e) DES13E2aytv (Artefact)

Figure 3.13: "Postage-stamps’ of DES transients, each created by a 13” x 13” cutout of
DECam images, taken in r-band and close to their peak brightness. The three columns
corresponds to the search, template and difference images, respectively. Panel (a):
DES13S2cmm, the first SLSNe discovered and spectroscopically confirmed by DES (see
Chap. 4). Panel (b): DES13C3abht, a SNe Ia at z,,.. = 0.69 that was initially considered
as a SLSNe candidate. Panel (c): DES13C2jtx, a SN la at z,,.. = 0.223. Panel (b):
DES13C2adf, an AGN at z,.. = 0.66 that was initially selected as a SLSNe candidate.
Panel (e): DES13E2aytv, an artefact that was misclassified and selected as a SLSNe
candidate.
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Artefacts

Another popular source of contamination during Y1 were artefacts, which are objects
created by some malfunction of the ‘search pipeline’, probably during the stage of im-
age differencing or template convolution (Kessler et al., 2015). Most of the artefacts’
cases that were selected as SLSNe candidates, were scanned by a human scanner as a
real transient at least once during their entire life span, but at later stages showed bad
subtraction stamps, as in panel (e) of Fig. 3.13. Their light-curve evolution, shown in the
fifth row in Fig. 3.12, shows erratic behaviour accompanied with large errorbars in some
measurements.

The main reason for such objects to become SLSNe candidates, was some isolated
high flux measurements with high SNR, generated by bad subtractions of galaxies in the
‘search’ pipeline. A combination of such high flux measurements with a high value of the
host galaxy’s 2,010, can produce a SLSNe candidate that could pass the SLSN selection
criteria. Various changes and updates of the data processing pipelines and general SNe
candidates selection methods, during the off-season after Y1 (see details in Chap. 5) were

able to reduce the number of artefact passing as real transients to a minimum.

Other SNe types

The last source that contaminated the SLSNe candidates list were other types of ‘nor-
mal’ SNe. They were mainly caused by the behaviour of their light-curves in early
stages, combined with misleading 2,0, Of the host galaxy, that boosted the transient’s
luminosity. Such an example is DES13C3abht, a spectroscopically confirmed SNe Ia at
Zspee = 0.69, that was originally thought to be a SLSNe at 2,1, = 0.95. Its light-curve
is shown at the second row of Fig. 3.12, and its postage-stamps are shown in panel (b) of
Fig. 3.13.

In this category we include also hostless transients that were classified as ‘normal’
type SNe but also showed some similarities with SLSNe in the early stages of their light-

curves.

3.5.3 Results

Using the SLSNe selection process described in Sec. 3.5.1, a final ‘DES Y1 SLSNe
candidates list” was created which contains 12 transients, listed in Table 3.4. Fig. 3.14
presents the observed light-curves of those SLSNe candidates, whereas Fig. 3.15 shows
their ‘postage-stamp’ triplets.

Unfortunately, we only secured a usable spectrum for one of the SLSNe candidates,
DES13S2cmm, which was classified as a SLSN-I and is discussed in detail in Chap. 4,
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Table 3.4: List of the 12 SLSNe candidates selected during the DES Y1 of operations,
showing the DES transient name, the SNe field, the CCD number where the SN was dis-
covered, the equatorial coordinates (RA,DEC), the host 2,44, and zgp.. Where available
and a column with status and comments on the specific candidate.

‘ Fig. 3.15 panel ‘ Transient Name ‘ field ‘ chip ‘ RA ‘ DEC ‘ host Zphoto ‘ host Zgpe. ‘ Status/Comments

#

1 a DES13S2cmm | S2 | 46 | 40.637 | -01.358 | 0.8631+0.134 | 0.663(VLT) | SLSN-I, ATel5603
2 b DES13E1maj El 15 7.807 | -42.566 | 0.786+£0.062 | 0.67 (AAT) | AGN (AAT - Y2)
3 c DES13Clgjb Cl | 57 |53.971 |-27.809 | 1.028+0.045 AAT - Y2 unidentified
4 d DES13S1ih S1 57 6.784 | -43.065 | 0.944+0.078 | 2.435(AAT) | AGN (AAT)

5 e DES13C3absw | C3 6 |35.777 | -4.079 | 0.178+0.065 SN-Ia outlier

6 f DES13X3aajk X3 | 44 | 35777 | -4.079 | 0.178£0.065 | 0.294 (AAT) | possible lensed SN
7 g DES13C3baf C3 | 32 |51.483|-28.218 hostless

8 h DES13X3o0bu X3 | 27 |36.245| -4.535 hostless

9 i DES13Elnkg El 11 8.131 | -42.431 hostless
10 j DES13X3beu X3 | 11 |36.676 | -4.051 hostless
11 k DES13X3bcg X3 8 35777 | -4.079 hostless
12 1 DES13Elxe El | 32 | 42.758 | -0.695 hostless 0.306(AAT) | AGN (AAT)

while two others (DES13S1ih, DES13E1xe) were classified as AGNs via the OzDES pro-
gram during its first year of operations (Yuan et al., 2015). Nine more SLSNe candidates
lack spectroscopic confirmation, either directly from the SNe or the host galaxy where
available. The main reasons behind this was the limited amount of the spectroscopic re-
sources during Y1 (Sec. 3.4) and the focus of the spectroscopic follow-up strategy around
the main goal of the DES SN Survey, which is the discovery of SNe Ia for use in cosmol-
ogy.

During DES Y?2 of operations, we attempted to gain spectroscopy of the host galaxies
of the remaining nine unclassified SLSNe candidates, but in several cases this has proven
to be challenging, as no host was detected in the DES deep template images for some of
our SLSN candidates (DES13X30bu, DES13EInkg, DES13X3beu and DES13X3bcg).
In more detail, in Y2 of OzDES observations (16 nights spread out during DES Y2),
a fiber was placed at the location of each of the nine SLSNe candidates which had
faded, hoping to detect even faint traces of emission lines coming from the underly-
ing faint galaxy. The results of this effort was to classify one of the nine remaining
SLSNe candidates (DES13E1maj) as an AGN at z,.. = 0.67, and secure a host redshift
of zspec = 0.294 for another candidate (DES13X3aajk), which strongly suggests it is a
normal SN. The remaining seven SLSNe candidates have no secure redshift information.

This section, contains detailed descriptions of all the SLSNe candidates in the order
listed in Table 3.4, except of DES13S2cmm which is described in-depth in Chap. 4.

DES13E1maj was first discovered in early December 2013 as a SN transient, but it
was close to the end of Y1 observations (early January 2014), that it became a SLSNe
candidate. The arguments in support of it being a SLSN were the long rise time to peak

(~ 40 days) and the host galaxy z,4.t, = 0.786. Moreover it showed minor colour
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Figure 3.14: DES multi-band, AB apparent magnitude light-curves of the 12 SLSNe can-
didates from DES Y1, listed in Table 3.4. Only DES13S2cmm (top left corner panel) was
confirmed to be a SLSN at z,,.. = 0.663. The errorbars represent 1-o uncertainties, and
the arrow symbols are 3-0 upper limits.The doted vertical lines represent the beginning
of each month of DES Y1, starting from 1-September-2013 and ending 1-March-2014.
They can serve as a ruler of 30 days rising to peak, a property of SLSNe. The dashed

horizontal line shows the zero flux level of each light-curve.



CHAPTER 3. THE DARK ENERGY SURVEY - YEAR ONE 85

(b) DES13E1maj
(c) DES13Clgjb (d) DES13S1ih
(e) DES13C3absw (f) DES13X3aajk

(j) DES13X3beu

(k) DES13X3bcg (1) DES13El1xe

Figure 3.15: ’Postage-stamps’ triplets of the 12 SLSNe candidates selected in Y1 listed
in Table 3.4. Each triplet was created by a 13” x 13” cutout of r-band DECam images
acquired close to the transients’ peak brightness and shows the search, template and
difference images, respectively.
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evolution of its light curve. Due to DES13E1maj being discovered late in the observing
season, we were not able to obtain a spectrum of the SN, but we observed its host galaxy
in Y2 with the OzDES program. This resulted in identifying the host galaxy as an AGN
at zgpec = 0.67, eliminating the possibility for a SLSN.

DES13C1gjb was discovered and scanned by early October 2013 as a SN and one
month later it was selected as SLSN candidate for three good reasons: the high 2,01, =
1.03 of its host, the rising trend of the light curve at that time and the colour evolution of
the light-curve. Specifically, as the light-curve evolved with time, the g-band dropped to
upper-limits in few days after peak, whereas the r-band was reduced by half a magnitude
compared to the i-band and z-band. The candidate peaked at m, ~ 23.0, which made it
difficult to be placed in any of the available telescopes’ queues for spectroscopic follow-
up time. In Y2 season, and using the OzDES program, we obtained three spectra of the
identified host galaxy without any success at extracting the redshift of it. As a result of
that, this host galaxy will remain at the OzDES list, named as ‘SN, , until further data

are collected and combined to secure a redshift.

DES13S1ih  was one of the first transients discovered by DES. It was scanned and
classified as a real transient event in early September 2013. It was selected as a SLSN
candidate around a month later and was inserted to the OzDES schedule for spectral ob-
servations. By the time that OzDES took a spectrum of this transient, in early November
2013, we had become confident that DES13S1ih was an AGN. This was because of the
flatness in the light-curve in all four bands and because of the colourless evolution after
the peak.Two consecutive spectra that were taken with OzDES confirmed it as an AGN

at zgpec = 2.44, as expected.

DES13C3absw shows clearly SNe light-curve behaviour and was not selected during
Y1 operations because of a data processing error. The fault occurred within the mod-
ule responsible for naming new transients with the designated DES name, described
in Sec. 3.3.3, leaving several real transients ‘un-discovered’. The fault was revealed
later after re-processing the entire Y1 data-set with the use of updated pipelines and
DES13C3absw was classified as potential SN type-Ia. As such, it was used in various
cosmology analysis samples, where it was treated as an outlier of the Hubble diagram.
At that point, it came to my attention its luminous peak brightness (M, ~ —20.6), which
was inferred from its host z,,., = 0.18. After examining closely its postage-stamps, 1
realized that the SNe was associated with the wrong host, and its real host has a redshfit

of z = 0.07, which agrees with the SN PSNID classification as a SN Ia at low redshift.
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Search Template Difference

Figure 3.16: The triplet (search, template and difference) postage stamps of the same
SN, discovered as two different candidates (fop: DES13X3aajk, bottom: DES14X3adz),
in the two consecutive DES seasons (fop: Y1, bottom: Y?2). The location of the SN,

between the two close-by host galaxies (green: hostl at 2,4, = 0.44) and yellow: host2
at Zynoto = 1.01) could be explained as a strong gravitational lensed SNe.

DES Y1
DES 13X 3aajk

DES Y2
DES14X3adz

DES13X3aajk falls in a similar category as DES13C3absw, in the sense that was not
discovered during the Y1, but afterwards. The explosion happened in mid-December
2013 and the light-curve showed clear evidence of SNe activity, and even some hints of a
second bump in z-band, signature of SN type-Ila. The interesting fact about this candidate
is that it was discovered in Y2 data using all the tools developed for Y2 SLSNe and SNe
search. Fig. 3.16 shows the triplet (search, template and difference) postage stamps of the
same SNe, discovered as two different candidates, in the two consecutive DES seasons;
Y1 in top row and Y2 in bottom row.

The fact that a SN could be visible and detectable in two consecutive seasons of
DES, automatically indicated a long lasting light-curve. Combining that detail with the
two closest hosts at 2pporo = 0.44 (hostl-green) and z,401, = 1.01 (host2-yellow), made
this a very interesting candidate.

The proximity of the two close-by galaxies, and the location of the SN between the
two galaxies, suggested it could be a lensed SN. Such events are rare, but have already
been detected (Chornock et al., 2013; Quimby et al., 2013b; Kelly et al., 2015, and
Sec. 1.6 of this thesis). We targeted the closest host galaxy (hostl-green) with the OzDES
Y2 program in late December 2014 and obtained a redshift at z,,.. = 0.295 which ruled
out the possibility of a SLSN. Also, the case of a lensed SN was dismissed, based on
the photometric redshifts of the hosts and the resulted Einstein radius expected, which is

significantly smaller than what we observed.
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DES13C3baf was one the most promising hostless transients discovered in Y1, with
the closest galaxy to be ~ 4 arcseconds away at z,u.t, = 0.675. It was discovered at
the beginning of Y1 and its light-curve showed minor slow rise in all four bands, then
remained flat for almost a month in the ¢ and z bands, whereas in g and r bands started
dropping. Because of the absence of a second bump in any of the filters and the long life
span of its light-curve, this transient was considered to be an excellent SLSNe candidate
(Fig 3.14).

In early October 2013, it peaked at m, = 22.05 and from that time on, the light-curve
was fading slowly throughout the rest of the season, showing clear evidence of colour
evolution. DES13C3baf was also considered to be a high redshift SN type-Ia candidate,
as the results from PSNID showed a moderate fit to SN Ia at z,40t, = 1.2. During Y1
we attempted to obtain a live spectrum of the transient with the Gemini South telescope,
but due to bad weather conditions it was never observed. Furthermore, we included the
location of DES13C3baf to the OzDES Y2 program (Sec. 5.3.2), tagged as a ‘SN host
faint’ target after the transient had faded away, with the condition to be observed once in
case any faint emission lines from the faint host galaxy were detected. This attempt did

not secure a redshift for this candidate, either.

DES13X3o0obu was classified as a SLSN candidate around mid-November 2013, be-
cause of its long rise time up to peak and the fact that it appeared to be hostless. Due
to its faint peak magnitude , = 23.65, any live spectroscopic follow-up would be im-
possible given the evidence of almost no colour evolution of the light curve. It was also
targeted with OzDES in Y2, which obtained two spectra on the location of the transient.

Even after combining the two spectra together a redshift estimation was not possible.

DES13E1nkg became a hostless SLSN candidate around its peak, in early November
2013, because of the ~ 30 days rise time in r, ¢ and z bands. Also, at the decline phase
it showed significant colour evolution, as the g band dropped to zero flux quickly after
peak, compared to the other three bands. It was observed with OzDES on 30 November
2013 as part of the live transients follow-up component of the program, but no secure
redshift or classification was obtained. Furthermore, in Y2, the location of the transient
was targeted again as a ‘SN host faint’ object and additional three spectra were taken

without any luck at securing a redshift of the faint host.

DES13X3beu had a slow and long rise time up to the beginning of November 2013,
when it was selected as SLSN. The light-curve showed minor colour evolution, which is

a sign for AGN activity. In addition, this transient was not detected down to 3o limit in
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g band at any point of its light-curve. Its faint peak at , = 23.21, made it difficult for the

object to be included to any live spectroscopic follow-up telescope queue.

DES13X3bcg was another faint and hostless SLSN candidate. It showed similar be-
haviour as DES13X3beu, but in this case were only a handful of detections (r band)
over 3o0. It reached peak at the beginning of October 2013 and the light-curve reached
zero flux in ¢ and z bands by the end of January 2014, close to the end of Y1. It was
targeted by OzDES in Y2 as a ‘SN host faint’ object, which obtained a tentative red-
shift of 24, = 0.636, due to the low SNR of the data. At this redshift (z5,.. = 0.636),
DES13X3bcg would not be as bright as a SLSNe (which would require a redshift of
z > 1.1).

DES13E1xe was detected early in Y1 season as a transient and classified as SLSN
candidate by the end of September 2013, when it peaked after 30 days of rising in all
four bands. After peak it showed minor colour evolution, which resulted in being targeted
with the OzDES live spectroscopic follow-up program. Almost a month later, when three

spectra were taken, we classified this object as an AGN at z,,.. = 0.306.

3.6 Summary

In this chapter, I presented my initial contribution to the DES collaboration, which started
right after DECam’s first light during the SV period of operations. I was actively involved
in the ‘Eyeball Squad’, responsible for the visual inspection of all images acquired and
the report of any anomalies, in order for the operations team to finish the commissioning
of DECam.

This chapter also shows the DES SN survey strategy and operations during Y1, in-
cluding the SNe fields and time optimization, the data pipelines (‘search’ and ‘force’
photometry), the discovery and archiving astronomical transients and the spectroscopic
follow-up plans and actions. After the end of DES Y1, a series of updates on the differ-
ence imaging pipeline (Kessler et al., 2015) took place, described in detail in Sec. 5.3.1.
The Y1 data were re-reduced and passed through the steps described in Sec. 3.3.3, with
the final outcome internally released to the DES SN working group in August 2014.

The impact of such updates was noticeable for the entire DES SN Survey as the total
number of named DES transients was only 14.500, compared to the ~ 26.000 transients
named during observations in Y1. Also, the total number of possible SLSNe candidates
was 702 objects related to a host galaxy and 114 hosless objects, compared to the total

of ~ 1.500 possible SLSNe candidates I visually inspected during Y1. Those updates
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taught a few lessons to the entire DES SN Survey, which helped us to be prepared for the
DES Y2 observations as described in Sec. 5.3.

The bulk of this chapter focuses on the search for SLSNe within the data from Y1
of operations, which I constructed using tools provided by the SNe working group. The
SLSNe search was operational during the entire DES Y1 of observations, between Au-
gust 2013 and February 2014. This search involved a series of selection cuts on the
existing DES transients database, in order to lower the amount of available transients that
could be considered as SLSNe. Then, a visual inspection was placed in order to reject
the obvious, non-SLSNe objects, leading to the creation of a final ‘SLSNe candidates’
list, which consists of 12 objects.

The final part of this chapter presents the results of the SLSNe search in DES Y1,
alongside with light-curves and images of all the SLSNe candidates. Of those 12 SLSNe
candidates, only one of them (DES13S2cmm) was confirmed to be a SLSN, and Chap. 4
is a detailed description of this object, similar to what was published by Papadopoulos
et al. (2015).



Chapter 4

DES13S2cmm

4.1 Introduction

In this chapter, I discuss the discovery, confirmation process and modelling of the first
SLSNe detected with DECam during the first season of DES operations in 2013. More-
over, I introduce the construction and use of bolometric light-curves in the study of
SLSNe. The work outlined in this chapter, was constructed in collaboration with Dr.
Chris D’Andrea, Dr. Mark Sullivan and Prof. Bob Nichol and was published in Pa-
padopoulos et al. (2015).

My role in this section could be summarized in the discovery (via scanning, see
Sec. 3.3.3) of DES13S2cmm, the photometric monitoring of the transient and the con-
struction of the bolometric light-curve of DES13S2cmm and other SLSNe from the lit-
erature, which led to the direct comparison of those bolometric light-curves. Also, I
contributed to the write-up of the spectroscopic follow-up proposal and I verified the
power source model fits to the bolometric light-curve of DES13S2cmm, as well as the

estimation of the peak absolute U/-band magnitude.

4.2 Discovery

DES13S2cmm is located at RA(2000) = 02"42m32%.82, Dec.(2000) = —01°21'30".1,
and its official IAU name is SN 2013hy. However, we continue to use the DES name
throughout this thesis so as to be consistent with other DES transients.

DES13S2cmm was first detected on 27" of August 2013 in the DES SN ‘S2’ field
located in the Stripe 82 region (Table 3.2), and it was placed as a transient candidate to
the queue for human scanning, as was the practice in DES Y1 (see Chap. 3) on the second
epoch of observations of Y1 season. It was scanned as a SN by the end of September, and

in early October of 2013 it was selected as a SLSN candidate, as it had been rising for
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Figure 4.1: Colour images (riz) of the field surrounding DES13S2cmm. Left: Deep
template image created from the co-addition of several epochs of data obtained during
the DES Science Verification period in late 2012; the likely host galaxy is indicated
by the arrow. Centre: The search image taken close to maximum light (28-Sept-2013)
with the position of DES13S2cmm indicated. Right: The difference of the two previous
images, clearly identifying DES13S2cmm at center. This image demonstrates the quality
of difference images used for discovery and monitoring during the DES observing season.

~ 30 days and the host galaxy’s photometric redshift at 2 = 0.8631+0.134 was suggesting
the high luminosity of this object. Fig. 4.1 presents DES riz imaging data at the position

of DES13S2cmm: pre-explosion, post-explosion, and their difference image.

4.3 Light Curve

Fig. 4.2 shows the multi-colour light curve for DES13S2cmm, constructed from DES
Y1 of observations. The light-curves does not include upper limits from the earlier, pre-
explosion epochs available from the DES SV period in 2012-2013, as these data were
taken hundreds of days prior to the data shown in Fig. 4.2 and are already used to create
the reference template image for this field used in the difference imaging detection of the
SNe.

The photometric pipeline from Sullivan et al. (2011) was used to reduce the DES
photometric data for DES13S2cmm (also used in Maguire et al., 2012; Ofek et al.,
2013). This pipeline is based on difference imaging, subtracting a deep, good seeing,
pre-explosion reference image from each frame the SN is present in. The photometry
is then measured from the differenced image using a PSF-fitting method, with the PSF
determined from nearby field stars in the unsubtracted image. This average PSF is then
fit at the position of the SN event, weighting each pixel according to Poisson statistics,
yielding a flux, and flux error, for the SN.

We calibrated the flux measurements of DES13S2cmm to a set of tertiary standard
stars produced by the DES collaboration (Wyatt et al., in preparation), intended to be in
the AB photometric system (Oke and Gunn, 1983). The photometry shown in Fig. 4.2
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Figure 4.2: The observed AB magnitude light curve of DES13S2cmm in the four DES
SN search filters (griz) as a function of the observed phase. ‘S’ denotes the epoch when
the ESO VLT spectrum was obtained. The errorbars represent 1-o uncertainties, and the
arrow symbols are 3-0 upper limits. The phase relative to peak was defined using the
observed-frame r-band. We have artificially offset (in magnitudes) the r, ¢ and 2z band
data for clarity.
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has also been checked against the standard DES detection photometry, described in detail
in Sec. 3.3, and found to be in good agreement. The light-curve data are presented in
Table 4.1.

We corrected for Galactic extinction using the maps of Schlafly and Finkbeiner (2011),
which estimate E(B — V) = 0.028 at the location of DES13S2cmm, leading to extinction
values of 0.123, 0.070, 0.051 and 0.039 magnitudes in the DES griz filters respectively.
We did not include these corrections in the values reported in Table 4.1, but did correct

for extinction in all figures and analysis herein, including Figure 4.2.

4.4 Spectroscopy

On the 5" of November 2013, DES13S2cmm was placed to Gemini South Target of
opportunity (ToO) queue, but due to bad weather and higher priority targets, the observa-
tion was delayed. So, on the 12t" November 2013, we requested Director’s Discretionary
Time at the European Southern Observatory (ESO) Very Large Telescope (VLT) to ob-
serve DES13S2cmm, and were awarded ToO time within days. The closeness of the
object to the moon and instrument scheduling issues, conspired to delay observations un-
til the 215! of November 2013, at which point DES13S2cmm was approximately 30 days
after peak brightness (rest frame). A spectrum was obtained with the FOcal Reducer and
low dispersion Spectrograph (FORS2; Appenzeller et al., 1998) using the GRIS_300I+11
grism, the OG590 order blocker, and a 17’ slit, with an exposure time of 3600s (3 x 1200s).
This configuration provided an effective wavelength coverage of 5950 A to 9400 A.

The reduction of the FORS2 data followed standard procedures using the Image Re-
duction and Analysis Facility' environment (v2.16), and the pipeline described in Ellis
et al. (2008). This pipeline includes an optimal, two-dimensional (2D) sky subtraction
technique as outlined in Kelson (2003), subtracting a 2D sky frame constructed from a
sub-pixel sampling of the background spectrum and a knowledge of the wavelength dis-
tortions determined from 2D arc comparison frames. The extracted 1D spectra were then
scaled to the same flux level, the host-galaxy emission lines were interpolated over, and
the spectra were combined using a weighted mean and the uncertainties in the extracted
spectra.

Fig 4.3 presents the reduced 2D FORS2 spectrum, where wavelength increases to the
right along the horizontal axis and the vertical axis is distance along the slit. We highlight
the obvious narrow nebular emission lines in the host galaxy of DES13S2cmm, specifi-
cally [O11] A3727 A, HB M861 A, and [O 111] A4959, 5007 A. One can assume that these

!'The Image Reduction and Analysis Facility (IRAF) is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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Table 4.1: Light curve data for DES13S2cmm used in Fig. 4.2. We provide the observed
calendar date, modified Julian Day (MJD), observed phase relative to peak MJD (defined
relative to peak flux in the r-band), and fluxes (not corrected for Galactic extinction)
with 1-0 uncertainties in the DES griz passbands. These fluxes can be converted to AB
magnitudes using mag 45 = —2.5log;, (f) + 31.

Date MID | Phase fq fr fi f-
(days)
30-AUG-2013 | 56534.3 | -25 1138+77 | 1705+£94 | 17304181 | 1913+231
3-SEP-2013 | 56538.3 -21 11124103 | 2063£129 | 2234+186 | 1845+288
8-SEP-2013 | 56543.3 | -16 1369+104 | 23484148 | 2285+198 | 22854277
12-SEP-2013 | 56547.2 | -12 1373+130 | 23294167 | 2433+207 | 23764284
15-SEP-2013 | 56550.2 -9 + 2691+413 | 28184380 | 21934389
24-SEP-2013 | 56559.2 0 20224388 | 37274363 | 3183+346 | 35484295
28-SEP-2013 | 56563.2 4 1668+97 | 3688133 | 34004187 | 3488+241
2-OCT-2013 | 56567.2 8 1805+141 | 3666+166 | 3742+209 | 31694261
10-OCT-2013 | 56575.2 16 1370108 | 32854137 | 3636192 | 31824230
14-OCT-2013 | 56579.1 20 1260+243 | 31824223 | 34824259 | 2663+295
25-0OCT-2013 | 56590.3 | 31 886+346 | 17824319 | 29244277 | 3163+352
29-OCT-2013 | 56594.1 35 667+146 | 1782+187 | 23984267 | 2987+366
6-NOV-2013 | 56602.1 | 43 3444103 | 1698+132 | 23264185 | 24334257
10-NOV-2013 | 56606.1 | 47 8034426 | 1338+418 | 2633+510 | 18174634
13-NOV-2013 | 56609.1 50 -3124276 | 9704252 | 26724281 | 2726+426
20-NOV-2013 | 56616.1 57 3474195 | 18554239 | 1848+307 | 17394331
1-DEC-2013 | 56627.0 68 1844107 | 13064129 | 2032176 | 23224216
9-DEC-2013 | 56635.0 | 76 2594208 | 13224178 | 1766225 | 23184304
19-DEC-2013 | 56645.1 86 3024226 | 1305+211 | 16974230 | 18084248
23-DEC-2013 | 56649.1 90 261+136 | 956+157 | 1667+248 | 2038+276
27-DEC-2013 | 56653.1 94 41+£156 | 1295+174 | 16131201 | 1930+248
3-JAN-2014 | 56660.0 | 101 2524119 | 1000+132 | 1736196 | 19934261
10-JAN-2014 | 56667.1 | 108 310343 | 11444364 | 1609+408 | 1586387
18-JAN-2014 | 56675.0 | 116 -754236 | 7174220 | 12904261 | 1863+297
25-JAN-2014 | 56682.0 | 123 306+158 | 992188 | 13824215 | 1254+270
30-JAN-2014 | 56687.0 | 128 345+188 | 5234179 | 1518+217 | 1404+261
6-FEB-2014 | 56694.0 | 135 -346+359 | 14594376 | 1602+465 | 2443+461

L h
S T :
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Figure 4.3: The reduced VLT FORS2 two-dimensional spectrum for DES13S2cmm. The
key nebular emission lines used to derive the redshift of the host galaxy, and therefore
supernova, are labelled.
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lines originate from the underlying host galaxy as their spatial extent along the vertical
axis is greater than the observed trace of the main supernova spectrum. This observation
does not exclude the possibility that such emission lines come from the supernova, but it
is difficult to address this issue with the low resolution, and low signal-to-noise, data. We
note that the observed emission lines are not significantly broadened or asymmetrical, as
witnessed in type IIn supernovae.

No evidence of any further emission lines could be seen, from the SN and/or host
galaxy. Therefore, it is unlikely that DES13S2cmm is a type II supernova (normal or
superluminous).

Using these nebular emission lines, we determined a redshift of z = 0.6634-0.001 for
the host galaxy of DES13S2cmm, where the uncertainty is derived from the wavelength
dispersion between individual emission lines. This measurement is consistent with the
redshift of the SN based on identifications of the broad absorption features seen in the
spectrum. As the redshift derived from the host-galaxy spectrum is significantly more
precise, henceforth we adopt this value as the redshift to DES13S2cmm.

The spectral classification for DES13S2cmm is based on the SUPERFIT program
(Howell et al., 2005), which compares observed spectra of SNe to a library of template
SN spectra (via x? minimisation), while accounting for the possibility of host-galaxy con-
tamination in the data. We added as template spectra of SLSNe-I (PTF09atu, PTF09cnd
and PTF10nmn; Quimby et al., 2011b) and SLSN-R (SN 2007bi; Gal-Yam et al., 2009)
to SUPERFIT to facilitate our classification. We found that the highest-ranked fits to
DES13S2cmm were these SLSNe templates, preferred over templates of normal SN types
(e.g., SN Ia). The SLSNe-I templates were slightly better fits to DES13S2cmm than
SN 2007bi (SLSN-R), although this may be due to not having a template for SN 2007bi
at a similar phase to our spectrum for DES13S2cmm.

We show the spectrum of DES13S2cmm in Fig. 4.4, alongside spectra from other
well-studied SLSNe in the literature at a similar phase in their light curves (Quimby et al.,
2011b; Inserra et al., 2013; Gal-Yam et al., 2009). There is a deficit of spectra for SLSNe
in the literature at these late phases for a robust comparison. However, the broad resem-
blance between the spectra of PTF10hgi, SN 201 1kf, SN 2011ke and DES13S2cmm, all
taken at approximately +30 days past peak, suggests DES13S2cmm is a similar object to
these other SLSNe-I. The spectrum of DES13S2cmm is also similar to the spectrum of
SN 2007bi (a SLSN-R in Gal-Yam et al., 2009), although the differences between Type I
and Type R SLSNe remains unclear (Inserra et al., 2013), and either classification would
be interesting given the sparseness of the data. Also, Fig. 4.4 contains the spectrum
of SN 2007if, a ‘super-Chandrasekhar’ SN Ia (Scalzo et al., 2010), an over-luminous
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Figure 4.4: The VLT FORS2 spectrum of DES13S2cmm (second from top) compared to
other SLSNe of similar phase in their light curves. From top to bottom, we also show
SN 2011kf (Inserra et al., 2013), PTF10hgi (Quimby et al., 2011b), SN 2011ke (Inserra
etal., 2013) and SN 2007bi(classified as Type R in Gal-Yam et al., 2009); as discussed in
Sec. 4.4, SUPERFIT identifies these SLSNe as some of the best-fitting spectral templates
to DES13S2cmm. In each case, the light grey shows the raw data and the solid line is a
Savitsky-Golay smoothed version of the spectrum. The spectra are labelled with the SN
name, SLSN type (except DES13S2cmm), redshift, and the phase when the spectrum was
taken. We show the spectrum of the ‘super-Chandrasekhar’ SN Ia SN 2007if as discussed
in Scalzo et al. (2010). Note that the spectrum for 2007bi, while at a later phase than the
other data, is the earliest spectral observation of this SN.
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(My = —20.4) and likely thermonuclear SN located in a faint host galaxy. This com-
parison clearly shows that DES13S2cmm is unlikely to be a super-Chandrasekhar SN
Ia.

4.5 Host-galaxy properties

The host galaxy of DES13S2cmm is detected in our reference images that contain no SN
light. Using SEXTRACTOR in dual-image mode and the ¢-band image as the detection
image, we measured host-galaxy magnitudes of g = 24.24 £0.13, r = 23.65 £ 0.10, ¢ =
23.31£0.10 and 2z = 23.26 = 0.17 (AB MAG_AUTO magnitudes). The large photometric
errors are due to the relatively shallow depth, and poor seeing, of the template image
generated from the DES SV data.

The estimated photometric redshift of the host galaxy at the time of discovery was
Zphoto = 0.86 £ 0.13 (68 percentile error). This photometric redshift was derived by
the DESDM neural network photo-z module code, with uncertainties estimated from the
nearest neighbour method, using data taken during SV (Sanchez et al., 2014). Photomet-
ric redshifts (when available) are used when selecting SLSN candidates for spectroscopic
follow-up, and for DES13S2cmm this redshift implied that the event was brighter than
MPF“" = —21 (typical for SLSNe; Gal-Yam, 2012). Since the start of the first DES
observing season, the photometric catalogue derived from SV data has improved and
presently the DESDM photo-z for the host of DES13S2cmm has improved to 2pnot0 =
0.71 £ 0.06. This is in better agreement with our measured spectroscopic redshift (z =
0.663 = 0.001).

Using the DES host-galaxy photometry and the spectroscopic redshift from VLT,
we estimated that the stellar mass of the host galaxy is log(M/Mg) = 9.3 + 0.3 us-
ing stellar population models from PEGASE.2 (Fioc and Rocca-Volmerange, 1997), and
log(M/Mg) = 9.0 £ 0.3 using the stellar population templates from Maraston (2005)
(both corrected for Milky Way extinction and fixing the redshift of the templates to
z = 0.663). Such a low stellar-mass host galaxy is consistent with the findings for other
SLSNe (Neill et al., 2011; Chen et al., 2013; Lunnan et al., 2014b).

The host-galaxy metallicity was estimated from the VLT spectrum using the double-
valued metallicity indicator Ra3, defined as ([OII] A\3727 + [OIII] \4959,5007)/Hf3.
Fluxes and uncertainties are derived individually for each emission line from fits of a
gaussian plus a first-order polynomial, with the assumption that there is no contamina-
tion of the galaxy emission lines from the SN. We computed metallicities using the cali-
brations of Kobulnicky and Kewley (2004) and McGaugh (1991), and used the formulae
derived in Kewley and Ellison (2008) to convert these metallicities into the calibration of
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Kewley and Dopita (2002) — a step that allows for direct comparison between different
methods. We note that since Ha and NII A6584 are redshifted to wavelengths beyond
our spectral coverage, we cannot determine the branch of the Ry3 function that the metal-
licity lies on. However, the derived value for Rs3 is close to its theoretical maximum,
which minimizes the difference in metallicity estimates between the two branches.

Assuming the lower (upper) branch, we find a metallicity (12 + log[O/H]) of 8.30
(8.38) from McGaugh (1991) and 8.30 (8.42) from Kobulnicky and Kewley (2004),
which is consistent with the median metallicity of 8.35 found by Lunnan et al. (2014b)
for a sample of 31 SLSNe host galaxies. The total uncertainty is dominated by the cal-
ibration (~ 0.15 dex), while the statistical uncertainty and the scatter induced by the
conversion to Kewley and Dopita (2002) are comparatively negligible. We thus find
a host-galaxy abundance ratio that is distinctly sub-solar (8.69; Asplund et al., 2009),
though not as extremely low as has been seen for other SLSNe, such as SN2010gx
(12 + log[O/H]=7.5; Chen et al., 2013).

4.6 Bolometric light-curve of DES13S2¢cmm

Fig. 4.5 shows the bolometric light curve of DES13S2cmm. This single light curve was
constructed by fitting a single blackbody Spectral Energy Distribution (SED) to the DES
multi-colour data (requiring measurements in a minimum of three photometric band-
passes for a fit), at each epoch of the light-curve (Table 4.1), as illustrated in Fig. 4.6.

In detail, we redshift blackbody spectra to the observer frame and integrate these
spectra through the response functions of the DES filters. We then determined the best-
fitting parameters (temperature and radius) for a black body to the extinction-corrected
photometry, and integrate this spectrum in the rest frame to obtain the bolometric lumi-
nosity per epoch (Fig. 4.6).

This procedure benefits from the homogeneity of the DES data, as we possess ap-
proximately equally-spaced epochs across the whole light curve — typically in four DES
passbands — due to our rolling search. The errors on the bolometric luminosities were
calculated from the fitting uncertainties on the blackbody spectra.

We visually checked our best-fit blackbody curves for each epoch of the DES13S2cmm
light curve against the observed griz photometry, and found them to be reasonable within
the errors (Fig. 4.6). The largest discrepancies were seen in the g-band, where some
epochs were below the fitted curves, possibly due to UV absorption in the underlying
spectral energy distributions relative to a blackbody curve. Inserra et al. (2013) com-
pared the predicted UV flux (from a blackbody curve) for two SLSNe with SWIFT UV
observations, and found that the fluxes were consistent within the error. Therefore, we
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Figure 4.5: Top panel: The bolometric light curve of DES13S2cmm ploted against the
observer frame phase. Middle and Bottom panels: Temperature and radius evolution
of the best-fitting blackbody to each photometric epoch which is used to construct the
bolometric light curve.
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Figure 4.6: The blackbody SED fits to each epoch of DES13S2cmm photometry, con-
structed by the best fit Temperature (7'[°K]) and Radius (R[R, = 10'5cm]), which are
reported on each panel. The phase (¢) refers to the observer’s frame phase.
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make no additional correction to the derived bolometric light curve, but note that quan-
tifiable systematic errors in the bolometric luminosity require spectral templates, which
in turn requires more spectral data of SLSNe than is currently publicly available.

Using the bolometric light curve of DES13S2cmm, we can determine the peak lumi-
nosity of the event and compare it to the definition of a SLSNe in Gal-Yam (2012). This
was achieved by integrating the best-fitting blackbody spectra through a standard U-band
filter response function (on the Vega system) to obtain the rest-frame absolute magnitude
in U-band (Mj;). We find that the 24" of September 2013 epoch (t = 0 relative phase
in Table 1) gives the largest (peak) absolute U/-band magnitude of M = —21.0575-19,
which is consistent with the SLSNe threshold of Mﬁeak < —21 in Gal-Yam (2012).

This result was checked using a model-independent estimate based on the observed
r-band peak magnitude. At the redshift of DES13S2cmm, the observer-frame r band
maps into the rest frame as a synthetic filter with an effective wavelength of ~ 38004,
slightly redward of the standard U-band. Defining a synthetic filter as such, means the
k-correction is independent of the SN spectral energy distribution, and since we are in
the AB system the correction is simply 2.5 log(1 + z). We apply this k-correction to the
observed r-band peak magnitude, as well as corrections for Galactic extinction and dis-
tance modulus, to yield an estimated peak absolute magnitude of —20.47 (AB), or —20.74
(Vega) in our synthetic filter (where we have computed the AB to Vega conversion for
our filter). While this is fainter than our blackbody-based estimate, Vega magnitudes are
sensitive to the exact shape of the filter in this region, due to the jump in Vega from 3700-
3900A; thus even the small difference in effective wavelength between U band and our
synthetic filter can result in significant offsets. The absolute magnitude in our synthetic
filter from the best-fitting blackbody method yields Mgynihetic = —20.59, proving that
our model-independent estimate is consistent with our results from the blackbody fitting.

We note that the peak magnitude (Vega) for DES13S2cmm classifies it as a SLSN,
provided the magnitude is intrinsic to the SN and not enhanced by other effects. Visual in-
spection of the images in Fig. 4.1 (including the surrounding areas) shows little evidence
for strong gravitational lensing, which could affect the observed brightness of this SN
(we note that the host galaxy would have to be lensed as well). We cannot conclusively
rule out the possibility of strong lensing, as in the case of PS1-10afx (Quimby et al.,
2014), but as discussed above the spectrum and extended light curve of DES13S2cmm
are inconsistent with a normal SN, while the probability of such a strong lensing event
in our DES data is less than the probability of discovering a SLSN, based on the lensing
statistics given in Quimby et al. (2014), the lower redshift of DES13S2cmm and smaller
search area of DES. Moreover, the observed r» — i peak colour of DES13S2cmm is con-

sistent with the expected colours of other unlensed SNe (including SLSNe) shown in
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Fig. 1.22 (same as figure 4 of Quimby et al. (2014)), i.e., DES13S2cmm is located below
the thick, black line in this plot.

4.7 Comparison of bolometric light-curves

For comparison with DES13S2cmm, we show in Fig. 4.7 the bolometric light curves
for 14 SLSNe-I from the literature, all of which were described in Chap. 2: PS1-10ky,
PS1-10awh (Chomiuk et al., 2011) and PS1-10bzj (Lunnan et al., 2013); SN 2010gx (Pa-
storello et al., 2010a); PTF 10hgi, SN 2011ke, PTF 11rks, SN 2011kf and SN 2012il (In-
serra et al., 2013); SNLS 06D4eu and SNLS 07D2bv (Howell et al., 2013); and LSQ 12dlIf,
SSS 120810 and SN 2013dg (Nicholl et al., 2014). We exclude from this figure, and our
analysis, other SLSNe-I that do not possess data for at least three passbands for each
epoch (defined as being taken within a 24 hour window) over a majority of their light
curves. This criterion, was defined to ensure well-constrained bolometric light-curve
fits, excludes namely PTF 09atu, PTF 09¢cnd, and PTF09cwl (Quimby et al., 2011b);
SCP 06F6 (Barbary et al., 2009); and SN 20060z (Leloudas et al., 2012).

The full bolometric light curves for these SLSNe-I were calculated using the same
methodology as described above for DES13S2cmm (i.e. using the published photometric
data and requiring three or more passbands per epoch). As a check, our bolometric light
curves for PTF 10hgi, SN 2011ke, PTF 11rks, SN 2011kf and SN 2012il are similar to
those published in Inserra et al. (2013), with any offsets attributed to differences in the
integration of the blackbody curve; we integrate over all wavelengths, while Inserra et al.
(2013) integrate over the wavelength range of their observed optical passbands (we are
able to reproduce their luminosities if we follow their procedure). Our bolometric light-
curves for PS1-10ky, PS1-10awh, and PS1-10bzj are also similar to those published in
the literature.

In Fig. 4.7, the phase relative to peak for DES13S2cmm was defined as the peak of
the observer-frame r-band, which occurred on MJID 56563.2, while for other SLSNe-I
we simply used the phase relative to peak as reported by the individual literature studies.
In the case of SNLS 06D4eu and SNLS 07D2bv, Howell et al. (2013) reported a phase
based on their calculation of the bolometric light curves, which we use herein, but note
that there may be greater uncertainty in the definition of the time of peak for these light
curves.

The top panel of Fig. 4.7 shows that DES13S2cmm is one of the faintest SLSNe-I
around peak compared to the other SLSNe-I in the literature, and possesses one of the
slowest declining tails (beyond approximately 430 rest-frame) of the SLSNe studied
herein. In the bottom panel of Fig. 4.7, we compare DES13S2cmm to possible Type R
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Figure 4.7: The bolometric light curve of DES13S2cmm (red circles) compared to other
SLSNe in the literature (see text for explanation). These bolometric light curves were
constructed by fitting a single blackbody spectrum to the multicolour data available per
epoch (requiring at least three photometric measurements per epoch), and then by inte-
grating the blackbody spectral energy distribution to produce the bolometric luminosity
per rest-frame epoch (described in detail in Section 4.7). We show statistical errors on
the blackbody fits to each epoch of these light curves, but in most cases this error is
smaller than the plotting symbol. We stress that these errors do not account for system-
atic uncertainties involved in the bolometric calculation (e.g., assuming a blackbody for
the spectral energy distribution of SLSNe, especially for the UV part of the rest-frame
spectral energy distribution). The phase relative to peak (y-axis) for the literature SLSNe
is taken directly from the published individual studies and not recalculated herein. The
dashed lines shown in both panels represent the expected **Co decay rate at late times.
In the lower panel, we show the bolometric light curve expected for a typical Type Ia
SNe (solid line) to again illustrate the extraordinary brightness, and extended duration,
of these SLSNe
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SLSNe (to be consistent with the classification scheme of Gal-Yam, 2012) and find the
late-time light curve of DES13S2cmm to be similar to both PS1-11ap (McCrum et al.,
2015) and SN2007bi (Gal-Yam et al., 2009), highlighting the possible overlap between
these two SLSNe types, as discussed in Section 4.4 and Inserra et al. (2013).

Fig. 4.7 also demonstrates that the fifteen SLSNe-I light curves (top panel) have sim-
ilar luminosities at approximately 425 days (rest frame) past peak, close to the inflection
point in the light curves when their extended tails begin to appear. We calculate the dis-
persion, as a function of relative phase, for the SLSNe-I light curves shown in Fig. 4.7,
linearly interpolating between large gaps in each light curve to provide an evenly sampled
set of data. We find a minimum dispersion of o(logjoLye) = 0.11 (equivalent to 0.29
magnitudes) around +30 days past peak (rest frame), to be derived from the nine SLSNe
in Fig. 4.7 constraining this phase. This dispersion in the light-curves can be decreased
to o(logipLipor) = 0.083, or 0.20 magnitudes, at approximately +25 days past peak (rest
frame) if we exclude the four highest redshift SLSNe-I above z ~ 1 (SNLS 06D4eu,
SNLS 07D2bv, PS1-10ky. PS1-10awh). The bolometric luminosities of these SLSNe-I
are more difficult to estimate because of the uncertainties associated with modelling the
UV part of the spectrum by assuming a simple blackbody curve. There could also be
evolution in the population with redshift. As commented in Quimby et al. (2011b), such
light curve characteristics could point towards a possible ‘standardisation’ of SLSNe-I,
as with SNe Ia, leading to their use as high-redshift ‘standard candles’ for cosmological
studies (King et al., 2014).

As noted in Sec. 1.5.5, Inserra and Smartt (2014) proposed a ‘standardisation’ of the
peak magnitude of 16 SLSNe using a stretch-luminosity correction similar to the Am;
relationship of Phillips (1993) for SNe Ia. They found that SLSNe that are brighter at
peak have slower declining light curve over the first 30 days after peak (rest frame) and,
correcting for this correlation, the dispersion of the peak magnitude of SLSNe can be
reduced to o ~ (0.2. This is similar in size to the dispersion between +25 to +30 days
past peak seen in Fig. 4.7, and is worse by only a factor of two compared to the dispersion
obtained for standardised SNe Ia.

Both Fig. 4.7 and Inserra and Smartt (2014) suggest that some standardisation of
SLSNe light curves is possible, but further observations and analyses are required to
find the best approach. For example, the light curve of DES13S2cmm does not appear to
follow the correlation found by Inserra and Smartt (2014), as it has a faint peak magnitude
relative to other SLSNe, but is also slowly declining towards +30 days after peak. A
direct comparison to Inserra and Smartt (2014) is difficult as our study uses different
sample selection criteria (only 9 of their 16 SLSNe are included here because of our

requirement to have three passbands per epoch), while Inserra and Smartt (2014) estimate
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a common synthetic peak magnitudes for all their SLSNe using their own time-evolving

spectral template.

4.8 Power source of DES13S2cmm

The details of the power source of SLSN-I remain unclear and are much debated (see
Sec. 1.5.3). Here, we investigate the two popular explanations in the literature for SLSNe-

I: radioactive decay of **Ni and energy deposition from a Magnetar.

4.8.1 Radioactive °’Ni model

As can been seen in Fig. 4.7, the decline rate of DES13S2cmm is approximately that
expected from the decay of °°Co (dashed line). This is suggestive of the SN energy
source being the production and subsequent decay of large quantities of *Ni produced in
the explosion. To test this theory, we fit the bolometric light curve of DES13S2cmm to a
model of °®Ni, which is given by Eq. 1.32 and described in full detail in Sec. 1.5.3.

The model can be constructed using four parameters: the explosion epoch (t), the
energy of the explosion (£), the total ejected mass (M,;), and the amount of ejected
mass which is *°Ni (My;). We define the fraction of the ejecta mass that is in °Ni as
fni = M/ Me;. We fit our model to the data with a variety of upper limits on fy;, vary-
ing from 0.3 to 1.0. However, we follow Inserra et al. (2013) in assuming a physically
motivated upper limit on fy; of 0.5, which they base on the prevalence of intermediate-
mass elements in their spectra of lower-z SLSNe, and the calculations of °®Ni production
in core-collapse SNe by Umeda and Nomoto (2008). We report the best-fitting param-
eters and goodness of fit for these models in Table 4.2, while showing the range of fy;
models in Fig. 4.8 to illustrate the scale of uncertainties in the theoretical modelling.

We found that the °Ni model is not a good fit to the bolometric light curve, as the
best-fitting model has a x?/dof = 2.7 (x* of 59 for 22 degrees of freedom), and is
physically unrealistic (fx; = 1). As can be seen in Table 4.2, the model prediction for
My, 1s relatively robust (3.8 — 4.4M ), as this parameter is primarily constrained by
the peak luminosity of the light curve. However, to match the late time (t > 30 days)
flattening of the light curve, a large amount of ejecta mass or low explosion energy (see
Eqn. 1.33) is required to increase the diffusion time-scale, which simultaneously makes
the fit to the post-peak decline poor while predicting a much longer rise time than is seen.
We also note that these parameters are poorly constrained individually, as £ and M, are
correlated (Equation 1.33), and this degeneracy cannot be broken without the presence

of high-quality spectral data (Mazzali et al., 2013).
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Figure 4.8: Top panel: Bolometric light curve of DES13S2cmm, with the best-fit mag-
netar model (green solid line) and three *°Ni models with different f Nimaz (blue lines)
overplotted. The magnetar model is a better match to the data than the best-fit °°Ni, and
has a significantly better x? than the models with a more realistic fx; ma: (see text). How-
ever both models have difficulty reproducing the peak luminosity, the post-peak decline,
and the late-time flattening. Middle and Bottom panels: Temperature and radius evolu-
tion of the best-fitting blackbody to each photometric epoch, which is used to construct

the bolometric light curve.
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Table 4.2: Best-fitting parameters for a variety of °Ni model fits to the bolometric light
curve for DES13S2cmm. fyimax 1S the maximum fraction of %Ni allowed in the ejecta
for each fit; for DES13S2cmm the best-fitting model always maximizes this value. Ejecta
and °°Ni masses are given in units of solar masses. There are 22 degrees of freedom for
each fit.

Inimax | E(10°%erg) | My | Myi | to MID) | x*
0.30 31.88 14.77 | 4.43 | 56508.8 | 81.5
0.40 14.83 10.59 | 4.23 | 565104 | 76.0
0.50 8.22 821 | 4.10 | 56511.5 | 71.5
0.60 5.08 6.68 | 4.01 | 565124 | 67.9
0.70 3.38 5.62 | 393 | 56513.1 | 65.0
0.80 2.38 4.84 | 3.88 | 56513.7 | 62.7
0.90 1.74 4.25 | 3.83 | 56514.2 | 60.9
1.00 1.32 3.79 | 3.79 | 56514.6 | 594

We do not provide uncertainties on the best fit parameters for each fy; model in
Table 4.2. This is because the formal uncertainties on parameters (such as My;) are
smaller for each fit than they are between fits with different constraints on fy;. This
is due to the simplicity of the *Ni model; we do not consider herein Ni mixing, non-
standard density profiles, nor other possible variations in this basic model that could
yield different light-curve shapes. For example, it has been noted that a two-component

model that is denser in the inner component would produce a quicker flattening post-peak
(Maeda et al., 2003).

4.8.2 Magnetar model

As an alternative to the radioactive decay of *Ni, we also fit our derived bolometric light
curve for DES13S2cmm to a magnetar model (also described in Sec. 1.5.3), where the
model’s bolometric luminosity as function of time is given by Eq. 1.36. The four param-
eters needed to construct such model are: the initial spin period (F,,,, in milliseconds),
the magnetic field strength (B4, in units of 10'* Gauss) of the magnetar, the rise-time
parameter (7,,, Eqn. 1.33) and the explosion epoch (%).

In Fig. 4.8 we include the best-fitting magnetar model to the bolometric light curve of
DES13S2cmm. The best-fitting parameters of this model are a magnetic field of 1.43 x
10 Gauss, an initial spin period of 5.28 ms, a diffusion timescale of 22.9 days, and
an explosion date of MJD 56511.0. This model has a x?/dof = 2.0 (x* of 44 for 22
degrees of freedom) and is therefore a significantly better fit to our data than the *°Ni
model. However, it is still clear that the model does not fit well: it is unable to reproduce

the factor of two drop in luminosity post-peak within 30 days of explosion (although it
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does a better job than °Ni). Intriguingly, the late-time epochs seem to fit the magnetar
model well. Our time coverage of DES13S2cmm allows us to determine whether either
model is able to reproduce detailed features of the light curve, but discerning between the
two models would be improved by an even longer time-scale over which the two models
cannot mimic one another; DES alone will unlikely provide longer light curve coverage

as its observing season is typically not much more than 5 months a year.

4.9 Summary and Discussion

In this chapter, we have explored DES13S2cmm, the first spectroscopically-confirmed
SLSN from DES SN survey, as it was presented in Papadopoulos et al. (2015). Using
spectroscopic data obtained from the VLT, we measured a redshift of z = 0.663 £ 0.001,
and assigned a classification of SLSN-I. However, we cannot exclude the possibility that
DES13S2cmm is a type R (Fig. 4.4 and 4.7), if this is in fact a distinct SLSN type.

Using this redshift and correcting for Milky Way extinction, we find the rest-frame
U-band absolute magnitude of DES13S2cmm at peak to be M7 = —21.057919,
consistent with the SLSNe definition of Gal-Yam (2012). Like other SLSNe (Lun-
nan et al.,, 2014a), DES13S2cmm is located in a faint, low stellar-mass host galaxy
(log(M /M) = 8.9 + 0.3) with sub-solar metallicity.

In Fig. 4.7, we compare the bolometric light curve of DES13S12cmm to fourteen
similarly well-observed SLSNe-I light curves in literature, and see that DES13S2cmm
has one of the slowest declining tails (beyond +30 rest frame past peak) of all SLSNe-
I studied herein, while most likely being the faintest at peak. We further find that the
dispersion between the bolometric light curves of all SLSNe-I shown in Fig. 4.7 has a
minimum of 0.29 magnitudes around +30 days past peak (rest frame). This reduces to
0.20 magnitudes around +25 days if we remove the four SLSNe-I above z ~ 1 from
the measurement, because of the increased uncertainty in their rest-frame UV luminosi-
ties. This observation raises the tantalising possibility of ‘standardising’ these SLSNe
like SNe Ia (Quimby et al., 2011b; Inserra and Smartt, 2014) and starting a new era of
supernova cosmology (King et al., 2014). Further study is required to confirm if SLSNe
can be standardised and to investigate further the k-corrections of SLSNe, which would
be needed to use SLSNe as robust distance indicators.

In Fig. 4.8, we fit the bolometric light curve of DES13S2cmm with two possible
models for the power source of these extreme events; the radioactive decay of ®°Ni and a
magnetar (e.g. see Inserra et al., 2013). We find that the *’Ni model is not a good fit to the
bolometric light curve, as the best-fitting model has a x?/DoF= 2.7 with an unrealistic

fraction of 5°Ni to ejected mass (fx; = 1). The model does provide a relatively robust
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prediction for the overall 5Ni mass (3.8 — 4.4M,), as this is primarily constrained by the
peak luminosity of the light curve, but is unable to reproduce the late time (¢ > 30 days)
evolution of the light curve. The Magnetar model provides a smaller x? (for the same
degrees of freedom) than 5°Ni, but is likewise not a good fit to the data, as it is unable to

fully reproduce the drop in luminosity within 30 days of explosion.



Chapter 5

Dark Energy Survey - Year Two

5.1 Introduction

In this chapter, I will briefly present a status update of the Dark Energy Survey (wide +
SNe), after the end of year two (Y2) of operations. I will explore the improvements on
the SN Survey that were implemented prior to the start of Y2 and I will concentrate on
the results from the search of SLSNe using Y2 data. I will present in detail the selection
process, discoveries and modelling of SLSNe discovered in DES Y2 data. The findings
described in this chapter, were the result of the collaboration with Dr. Chris D’ Andrea,
Dr. Mat Smith, Dr. Mark Sullivan and Prof. Bob Nichol.

5.2 Dark Energy Survey Status

The second year of DES operations started on the 15" of August 2014 and ended six
months later, on the 15" of February 2015. The goal of the DES wide survey for Y2
was to observe the entire DES footprint (5000 deg?) in four tiles depth in all 5 filters
(grizY’). Exceptionally poor weather at the beginning of Y2 cost around 15% of the
available telescope time, resulting in a 89% completeness of the Y1+Y2 goals. Fig. 5.1
shows the survey’s area coverage at the end of Y2.

The poor weather conditions at the beginning of Y2 also affected the DES SN Survey,
as the mean cadence of 6.2 days achieved during the Y1 increased to 6.4 days in Y2. As a
result, and in order to help the wide survey to recover the area coverage, DES SN survey
stopped observing most of the SN fields from the beginning of February 2015, except
C1, C2 and C3. This modification translates to the loss of at least one epoch in the SNe
light-curves from the dropped fields, but with uncertain measurements, as those fields
would have been observed at high air-mass, especially the X-fields. Fig. 5.2 shows the
final cadence plot for the SN Survey at the end of Y2 of operations.
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Figure 5.1: The DES wide-survey observed area at the end of Y2 of operations. The grey
area shows the entire DES footprint, whereas the observed area is coloured-coded, based
on the number of tiles acquired so far. Plot provided by the DES operations team.
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Figure 5.2: The DES SN Survey cadence plot from the Y2 of operations. All filters are
observed on the same night for the shallow fields, whereas for the deep fields this is not
the case, as different filter/exposures can be acquired on different days. Some epochs of
the shallow fields show uncompleted filter sequences due to the poor quality of the data,
which resulted to revisiting the same fields on the next available night. Plot created by
Dr. Chris D’Andrea.
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Figure 5.3: Redshift distribution of photometrically classified (red hashed; 1018 SNe)
and spectroscopically classified (blue filled; 59 SNe) SN Ia from DES Y1 and Y2, as
used in various telescopes’ proposals for Y3 of DES. The majority of the spectroscopic
confirmations were obtained in Y2, in which we had access to more telescope time and
the OzDES program observed host galaxies of SNe Ia discovered both in Y1 and Y2.
Plot created by Dr. Ryan Foley for the 2015B semester Gemini proposal.

5.3 Supernova Survey in Year Two

This section describes the updates and preparation work done between the two DES
seasons, as well as the final results in terms of SNe Ia discovered and confirmed for

use in cosmology.

5.3.1 Pipeline updates

Between Y1 and Y2, the SN search pipeline under went a major update in order to be
more streamlined and automated. Each of the search pipeline’s steps and subroutines
were re-visited and updated in order for the pipeline as a whole to incorporate changes
that were made on the DESDM side, which included improving file tracking and prove-
nance information.

All the updates were in place and tested using data from Y1 in time, before the begin-
ning of Y2 of operations. For the SN search pipeline, tests showed that we were getting
better difference images, and this had a major impact on reducing the number of artefacts
that were reaching the human scanners. Moreover, updates and retraining of AUTOSCAN
with a new version of postage-stamps improved its effectiveness, such as the number of
transient candidates eligible for human scanning decreased by a factor of 13.4, while only

1% of the artificial SNe Ia injected into search images to monitor survey efficiency were
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Table 5.1: List of spectroscopic resources during DES Y2 of operations, listing the tele-
scope’s name and instrument, the time allocated during Y2 and short comments on the
objectives of each program.

Telescope ‘ Instrument ‘ Time Available ‘ Objectives
GTC OSIRIS “ 13.0h(ToO) | ambiguous SNe m,. < 23.5
SALT RSS? 9.0n(ToO) | low-z high SNR SNe Ia m, < 21.7
Keck DEIMOS ¢ 1.0n+8.0h(ToO) | random sample of SNe with good SNR m; < 24;
LRIS ¢ 4.5n (ToO) | Hostless SNe Ia; Interesting and rare transients
Magellan | IMACS ¢ 6.5n (classical) | piggyback to photo-z program; pre-peak z ~ 0.5 SNe Ia
AAT AAOmega/2dF/ 16.0n (classical) | OzDES program for SNe hosts
VLT X-Shooter 7.1n (classical) | Hostless SNe Ia and other transients
MMT Blue Channel Spectrograph | 4.5n (classical) | pre-peak z ~ 0.5 SNe Ia; RAISIN2

“Optical System for Imaging and low-Intermediate-Resolution Integrated Spectroscopy
PRobert Stobie Spectrograph

‘DEep Imaging Multi-Object Spectrograph

ILow Resolution Imaging Spectrometer

“Inamori Magellan Areal Camera and Spectrograph

J/AAOmega spectrograph Two Degree Field system

lost, most of which were faint events (Goldstein et al., 2015). As a result, AUTOSCAN re-
placed human scanning as the last step in the search pipeline before a candidate becomes
a transient, and human scanning remained as a training mechanism for AUTOSCAN.
Another updated part of the SN pipeline that had a positive effect on the SNe discov-
ery efficiency, was the implementation of deeper template images. In Y1 the templates
were created by selecting 10 images from the SV season in each filter with the best see-
ing. Similarly, the Y2 templates were created by using 10 good seeing images from each
filter that were observed in Y1. But because Y1 season lasted longer than SV, the number
of images with good seeing had increased. As a result, the average seeing of the 10 im-
ages per filter decreased, resulting in deeper templates and hence, the subtractions were

cleaner, creating fewer artefacts in Y2 than in Y1.

5.3.2 Y2 Spectroscopic Follow-up Updates

The spectroscopic strategy for the SN Survey, discussed in detail in Sec. 3.4, remained
unchanged with few more additions to our resources, as listed in Table 5.1. An example of
proposal that were awarded classical observing nights is the VLT/X-shooter proposal led
by Dr. Mark Sullivan. This proposal was awarded 7.1 classical observing nights, split into
four different sessions throughout the Y2 season. Also, we increased our spectroscopic
resources by signing various new external collaboration agreements. For example, we
shared 4.5 classical observing nights on the Multiple Mirror Telescope (MMT) and its
Blue Channel Spectrograph, granted through RAISIN2, a HST program that obtains rest-
frame NIR photometry of high-redshift SNe Ia.
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Furthermore, the OzDES program (Yuan et al., 2015) described in Sec. 3.4.1, on
each subsequent season will increase its efficiency, by collecting spectroscopic data for
a growing sample of SNe Ia hosts. This was a planned feature of OzDES, as the number
of observing nights in each season increases. Namely, in Y1 we had 12 nights which
increased to 16 nights in Y2, 20 nights for Y3, 24 nights for Y4 and 28 nights for the last
year of DES operations.

Also, the discovery and study of DES13S2cmm (Chap. 4), as well as the unclas-
sified SLSNe candidates sample (Chap. 3), had a positive impact on the spectroscopic
resources’ objectives. Programs like GTC, Keck and VLT were primarily targeting host-
less or faint SN Ia, of which some could be proven to be SLSNe, but at the same time
those programs were targeting ambiguous, rare and interesting SNe, such as SLSNe or
gravitationally lensed SNe.

5.3.3 Results

In Y2 the discovery and classification efficiency of the SN survey improved as a result
of all the reasons presented above. This was translated to 76 spectroscopically confirmed
SNe, more than 600 host galaxies with secured z,p.. (OzDES) and a handful of rare and
interesting transients like SLSNe, Tidal Disruption Event (TDE; Foley et al., 2015) etc.
The 76 spectroscopically confirmed SNe from Y2 are listed in Table 5.2 as reported
within 22 separate ATels, whereas Fig. 5.3 shows the redshift distribution of SNe Ia
discovered and classified in both Y1 and Y2, that have either a zgpe. Or 2ppoto. Fig. 5.3
was used in recently submitted telescope proposals, in order to continue and extend our

spectroscopically follow-up plan in Y3 and beyond.

5.4 Methodology for Selecting SLSNe Candidates in Year

Two

The methodology used for the search of SLSNe in Y2 data, followed the same logic and
strategy as in Y1 (Sec. 3.5) with the addition of some updates, mostly developed in order
to minimize the diverse sources of contamination described in Sec. 3.5.2. The updated
methodology used in Y2 is illustrated by the flow diagram in Fig. 5.4, and described in
this section.
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Table 5.2: List of spectroscopically confirmed SNe from DES Y2, as reported in multiple
ATels released during the observing season.

Num | Name RA (J2000) | Dec (J2000) | Disc. Date (UT) | Disc. m, | Spectrum Date (UT) | Redshift Type Phase Telescope
1 | DES14X2fna | 02:23:15.64 | -07:0520.8 | 2014 Sep 30 19.1 2014 Nov 21 0.045 IIb +37 AAT
2 | DES14C3aol | 03:30:09.97 | -28:42:27.4 | 2014 Sep 02 21.7 2014 Sep 23 0.075 II +25 Magellan
3 | DES14C2pw | 03:38:02.38 | -29:19:49.2 | 2014 Aug 20 21.2 2014 Sep 23 0.101 Ia +80 Magellan
4 | DES14Elrph | 00:27:25.54 | -42:51:01.5 | 2014 Dec 11 20.9 2014 Dec 30 0.1054 Ia +7 AAT; SALT
5 | DES14S2qg 02:42:21.44 | -01:21:42.9 | 2014 Aug 20 19.7 2014 Aug 31 0.11 Ia +30 VLT
6 | DES14XlIqt 02:16:51.50 | -04:09:15.2 | 2014 Aug 20 21.7 2014 Oct 30 0.139 I +62 AAT
7 | DES14X2bnz | 02:25:01.24 | -06:16:42.8 | 2014 Sep 14 20.4 2014 Oct 15 0.147 Ia +20 MMT
8 | DES14Clqty | 03:34:06.22 | -27:37:55.6 | 2014 Dec 09 223 2014 Dec 19 0.148 Ia -7 Magellan
9 | DES14Elanf | 00:33:56.13 | -43:20:59.1 | 2014 Sep 02 21.6 2014 Sep 17-20 0.149 Ia 2-5 AAT
10 | DES14C2fkd | 03:33:45.34 | -29:40:36.2 | 2014 Sep 26 21.7 2014 Oct 22 0.160 Ia +12 MMT
11 | DES14Clkia | 03:34:47.49 | -26:19:35.0 | 2014 Nov 11 222 2014 Dec 19 0.162 TDE Magellan
12 | DES14S1td 02:52:22.94 | +00:37:20.0 | 2014 Aug 20 223 2014 Sep 23 0.170 galaxy Magellan
13 | DES14Cljkw | 03:39:37.63 | -27:48:46.9 | 2014 Oct 18 22.4 2014 Nov 19 0.1729 Ia +13 AAT
14 | DES14C2ikn | 03:35:23.57 | -29:35:30.4 | 2014 Oct 18 23.1 2014 Dec 19 0.180 Ia +38 Magellan
15 | DES14S2bnq | 02:43:40.05 | -00:45:43.0 | 2014 Sep 14 22.6 2014 Sep 30 0.18531 Ia Peak AAT
16 | DES14E2aqu | 00:40:10.75 | -44:01:48.8 | 2014 Sep 11 23.0 2014 Sep 23 0.193 blue cont. Magellan
17 | DES14X2dm | 02:23:29.96 | -06:38:16.1 | 2014 Aug 17 20.6 2014 Oct 28 0.196 I >+60 AAT
18 | DES14X2¢eei | 02:22:53.77 | -06:15:24.5 | 2014 Sep 22 22.6 2014 Oct 22 0.197 Ia +15 MMT
19 | DES14C2gwx | 03:33:35.18 | -29:11:26.3 | 2014 Oct 12 22.4 2014 Oct 29 0.198 Ia +2 AAT
20 | DES14Slrah | 02:48:57.46 | -00:24:30.3 | 2014 Dec 09 22.7 2014 Dec 19 0.199 Ia -5 Magella n
21 | DES14C3tsg | 03:28:25.74 | -28:09:50.7 | 2015 Jan 02 23.8 2015 Jan 27 0.21 II +20-25 VLT
22 | DES14Cles 03:36:41.40 | -27:50:24.0 | 2014 Aug 17 20.9 2014 Sep 23 0.219 Ta +26 Magellan
23 | DES14C3cxt | 03:27:21.32 | -28:07:30.0 | 2014 Sep 19 23.1 2014 Oct 01 0.2153 Ia -7 Keck
24 | DES14C3gqv | 03:28:38.86 | -27:08:31.8 | 2014 Oct 23 24 2014 Oct 24 0.22 Ia peak Keck
25 | DES14C3hud | 03:28:39.14 | -28:06:29.7 | 2014 Oct 18 225 2014 Nov 15 0.225 Ta +8-11 Magellan
26 | DES14E2ag 00:39:22.19 | -44:04:03.4 | 2014 Aug 17 21.2 2014 Sep 01 0.2263 Ic +20 VLT
27 | DES14Slqid | 02:51:56.62 | -00:31:23.0 | 2014 Nov 28 232 2014 Dec 19 0.228 Ia +3 Magellan
28 | DES14X2cy 02:22:51.25 | -07:11:18.3 | 2014 Aug 17 22.1 2014 Sep 23 0.232 I +200 Magellan
29 | DES14S2pkz | 02:43:27.38 | -01:36:13.1 | 2014 Nov 25 23.4 2014 Dec 19 0.234 Ia +6 Magellan
30 | DES14S2dbi | 02:41:04.30 | -00:57:18.9 | 2014 Sep 22 21.7 2014 Oct 22 0.236 Ia +19 MMT
31 | DES14X2raq | 02:23:36.76 | -05:28:53.2 | 2014 Dec 09 21.5 2014 Dec 19 0.239 Ia +3 Magellan
32 | DES14S2qgb 02:43:59.72 | -00:54:22.1 | 2014 Aug 20 22.1 2014 Sep 18 0.24 Ia +20 AAT
33 | DES14E2am | 00:39:57.94 | -44:52:30.9 | 2014 Aug 17 22.5 2014 Aug 30 0.2470 m? peak VLT
34 | DES14X3amb | 02:23:17.03 | -05:10:55.6 | 2014 Sep 14 23.0 2014 Oct 22 0.259 la +20 MMT
35 | DES14C3cwp | 03:27:10.88 | -27:49:19.6 | 2014 Sep 19 23.7 2014 Oct 29 0.279 Ia +17 AAT
36 | DES14X2rao | 02:24:01.90 | -06:48:38.2 | 2014 Dec 09 22.1 2014 Dec 19 0.283 Ia -2 Magellan
37 | DES14E2u 00:37:51.13 | -43:43:17.2 | 2014 Aug 17 23.0 2014 Aug 31; Sep 17 | 0.2923 Ia peak;+15 VLT; AAT
38 | DES14Xloes | 02:19:19.90 | -05:47:22.0 | 2014 Nov 25 22.4 2014 Dec 19 0.30 Ia +8 SALT
39 | DES14X2ags | 02:24:00.58 | -06:29:51.8 | 2014 Sep 03 21.6 2014 Sep 18 0.30 Ia +3 AAT
40 | DES14C2apq | 03:40:21.49 | -29:02:54.9 | 2014 Sep 03 233 2014 Sep 23 0.303 I Magellan
41 | DES14X3aeb | 02:24:24.61 | -04:40:29.7 | 2014 Sep 02 212 2014 Sep 23 0.314 Ta +13 Magellan
42 | DES14Xlfnt | 02:18:11.14 | -05:00:36.5 | 2014 Sep 30 23.5 2014 Oct 15,22 0.315 Ia +4 MMT
43 | DES14S1kdq | 02:49:04.83 | +00:34:56.5 | 2014 Oct 29 23.1 2014 Nov 15 0.3275 Ia +4 Magellan
44 | DES14C3rap | 03:31:11.39 | -27:57:33.5 | 2014 Dec 09 24.1 2014 Dec 30 0.330 Ia +1 SOAR
45 | DES14X2gxr | 02:21:10.71 | -06:27:47.2 | 2014 Oct 12 23.0 2014 Nov 21 0.332 Ia +19 AAT
46 | DES14C2ket | 03:39:35.46 | -28:54:38.8 | 2014 Oct 30 23.0 2014 Nov 19 0.333 Ia +2 AAT
47 | DES14C3foo | 03:28:09.10 | -27:31:58.5 | 2014 Oct 01 23.1 2014 Oct 29 0.338 Ia +11 AAT
48 | DES14C3mpt | 03:33:12.20 | -28:01:29.5 | 2014 Nov 12 24.3 2014 Dec 19 0.3339 Ia +14 AAT
49 | DES14C3rhw | 03:27:16.30 | -28:43:51.4 | 2014 Dec 13 24.9 2015 Jan 28 0.3407 I +34-37 VLT
50 | DES14E2f 00:42:01.13 | -43:31:27.7 | 2014 Aug 17 21.6 2014 Sep 23 0.349 galaxy Magellan
51 | DES14X3ftq | 02:26:39.29 | -04:58:14.7 | 2014 Oct 05 23.4 2014 Oct 28 0.35 Ia +7 AAT
52 | DES14Slaot | 02:51:12.85 | -00:40:08.8 | 2014 Sep 02 229 2014 Sep 23 0.364 Ia peak Magellan
53 | DES14Eltb 00:28:48.01 | -43:33:44.2 | 2014 Aug 15 229 2014 Sep 17-20 0.37 Ia ~+10 AAT
54 | DES14C1fkl | 03:40:24.63 | -26:43:19.5 | 2014 Sep 26 22.5 2014 Oct 22 0.385 Ia +10 MMT
55 | DES14C2fkf | 03:35:38.75 | -28:19:09.6 | 2014 Sep 26 23.7 2014 Oct 22 0.386 Ia +7 MMT
56 | DES14Cleu | 03:38:53.58 | -27:54:18.1 | 2014 Aug 17 222 2014 Aug 30 0.39 Ia peak VLT
56 | DES14S2boa | 02:44:19.15 | -00:27:01.3 | 2014 Sep 14 222 2014 Sep 28 0.398 Ia -2 GTC
58 | DES14S2pon | 02:41:12.39 | -00:45:51.7 | 2014 Nov 25 24.0 2014 Dec 25 0.414 Ia? +10 GTC
59 | DES14SI11fk | 02:50:26.63 | -00:21:42.2 | 2014 Nov 11 224 2014 Nov 15 0.439 Ia +0 Magellan
60 | DES14X2dl 02:22:44.29 | -06:03:48.9 | 2014 Aug 17 22.5 2014 Aug 30 0.44 Ia +9 VLT
61 | DES14Clbdv | 03:34:52.66 | -27:49:58.1 | 2014 Sep 11 233 2014 Sep 23 0.443 Ia -1 Keck
62 | DES14C3nj 03:34:03.05 | -28:19:05.4 | 2014 Aug 15 23.8 2014 Aug 31 0.45 Ia -5 VLT
63 | DES14Elgw | 00:26:45.80 | -43:26:02.5 | 2014 Aug 07 22.0 2014 Aug 31 0.4533 Ia +22 VLT
64 | DES14SlIrag | 02:50:15.02 | -00:44:41.9 | 2014 Dec 09 22.7 2014 Dec 18 0.47 Ia +1 GTC
65 | DES14Slaow | 02:50:35.72 | +00:56:16.6 | 2014 Sep 02 23.1 2014 Sep 23 0.472 Ia peak Magellan
66 | DES14X3jmx | 02:24:14.02 | -05:09:52.5 | 2014 Oct 25 239 2014 Nov 15 0.502 Ia +3 Magellan
67 | DES14X3tdv | 02:23:42.32 | -04:01:07.9 | 2014 Dec 28 - 2015 Jan 21 0.52 Ia peak Keck
68 | DES14Slaoz | 02:50:27.57 | -00:52:18.4 | 2014 Sep 02 232 2014 Sep 23 0.525 Ia +6 Keck
69 | DES14C3tvk | 03:28:16.64 | -28:03:49.2 | 2014 Dec 26 247 2015 Jan 28 0.53 Ia +8 VLT
70 | DES14C2vnf | 03:35:34.85 | -29:02:52.8 | 2015 Jan 09 23.1 2015 Jan 27 0.5421 Ia +5 VLT
71 | DES14X3taz | 02:28:04.46 | -04:05:12.7 | 2014 Dec 09 23.1 2015 Jan 26; Feb 06 | 0.60 SLSN-I GTC
72 | DES14X3ajv | 02:24:58.40 | -04:15:03.1 | 2014 Sep 03 234 2014 Sep 23 0.613 Ia +3 Keck
73 | DES14C3uje | 03:29:08.18 | -28:57:05.6 | 2015 Jan 09 243 2015 Jan 27 0.78 Ia +3 VLT
74 | DES14X2byo | 02:23:46.93 | -06:08:12.3 | 2014 Sep 22 23.4 2014 Oct 22-23 0.869 SLSN-I GTC, Keck, MMT
75 | DES14Clfi 03:33:49.80 | -27:03:31.6 | 2014 Aug 24 - 2014 Oct 24 1.3 SLSN-II Keck
76 | DES14S2qri | 02:43:32.14 | -01:07:34.2 | 2014 Nov 18 232 2015 Jan 21 1.5 SLSN-I GTC
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Figure 5.4: Flow diagram of the methodology used for discovering SLSNe in DES Y2
data. After the creation of the DES transients by the automated SN pipeline (green rect-
angular; Sec. 3.3.3), a series of selection processes (Sec. 5.4) were applied in order to
end up with various selection samples (blue lists; Sec. 5.5) according to the spectro-
scopic follow-up strategy. The number of the relative transients selected in each step are
reported within square brackets.
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5.4.1 Updates on Methodology

The experience gained during Y1 (Sec. 3.5.1) indicated that updates were needed on
two main parts of the whole SLSNe selection process: the way one determines the peak
magnitude of a transient and the SLSNe selection criteria used afterwards.

In the flow diagram of Fig. 5.4, the implementation of the updated SLSNe criteria is
shown as a grey box at the top, whereas the updated peak magnitude determination could
be considered as part of the DES transients green box, because it is a process applied to

all transients at the very beginning.

Peak Magnitude and Signal-to-Noise Ratio limit

For all DES transients detected by the automated pipeline (sections 3.3.3 and 5.3), I se-
lected their peak flux in each individual band, using a limit of Signal-to-Noise Ratio
(SNR) > 5. Later that flux was transformed into an apparent peak magnitude using
Eq. 1.27. The SNR limit was applied in order to eliminate the large number of artefacts,
which possessed only a handful of high flux measurements accompanied with large un-
certainties, an example of which (DES13E2aytv) is shown in Fig. 3.12 and Fig. 3.13.

Fig. 5.5 shows the DES multi-band peak magnitude distributions of all named tran-
sients in Y2, using three different SNR limits: panel (a) for > 3, panel (b) > 5 (the one
selected) and panel (c) for > 7. All three limits were used in parallel at the beginning of
Y2, with the limit of SNR > 5 being selected as the best of the three and implemented
from October 2014 onwards. The efficient performance of the SNR > 5 limit can be seen
in Fig. 5.5. Through the comparison of the three panels it is evident that SNR > 5 elim-
inates more artefacts than SNR > 3 and does not changes the shape of the distribution,
unlike the stricter limit of SNR > 7 does.

SLSNe selection criteria

At this stage, an updated version of the SLSNe criteria used in Y1 (see Sec. 3.5.1) were
implemented, as a first step for selecting SLSNe candidates. As stated before, this process
is illustrated as a grey box in the flow diagram of Fig. 5.4, and was implemented right
after all DES transients were created and their peak apparent magnitudes were calculated.
Then, all DES transients were split into two categories: hostless and transients associated

with one or more host galaxies; and they were filtered through the following four criteria:
1. Number of epochs > 4.
2. Number of observations > (Number of epochs—2)x (Number of filters —1).

3. Host galaxy - transient separation > 1lpixel (= 0.27” for DECam).
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Figure 5.5: Histograms show the peak magnitude distribution of all named DES tran-
sients from Y2, in the four DES filters - griz, using three different thresholds on SNR;
> 3 in panel (a), > 5 which was the one used in panel (b) and > 7 in panel (c). The
shaded and black histograms refer to transients associated with a host galaxy and hostless
transients, respectively. Because of the smaller number of hostless transients compared
to transients associated with host galaxies, their histograms (solid black area) are zoomed
and overploted. The dashed and solid vertical lines show the magnitude limit for the DES
SNe shallow and deep fields respectively, as listed in Table 3.1. The SNR > 5 was se-
lected and used throughout the Y2, because it is more efficient at eliminating the number
of artefacts than SNR > 3, and at the same time it does not exaggerate as SNR > 7,

which is illustrated by the change in shape of the distribution.
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4. Absolute magnitude at peak; Mpeq; < —20.0 in any band.

For hostless transients only the first two criteria were applied, whereas all four of the
criteria were applied to transients associated with a host galaxy.

The number of epochs is created by the search pipeline, which is used for the initial
discovery of each transient, and is used with a threshold of 4 epochs in order to select
objects with at least 24 days of rise time [4 epochs x 6 days which is the simulated mean
cadence as set by Bernstein et al. (2012)].

The number of observations refers to the number of times a transient was recovered
by the search pipeline in any filter, at any given epoch. For example, if a bright transient
was observed 5 times, and the search pipeline had discovered and recovered the transients
in each image of each filter, then the perfect score for number of observations would be
20. But due to weather, bad subtractions, hot pixels and also the fact that a transient may
be too faint in one or more filters, the threshold for the the number of observations was
chosen to be less than its perfect score. The formula shown in the second criterion was
adopted as a threshold for each transient, in order to account for these variations from
the perfect score in the number of observations. The number of epochs was reduced by
two, to account for the cases of bad weather and/or entire field observations that did not
pass the minimum data acceptance limit, which was set by DESDM. Also, the number of
detections in the four filters was reduced by one, to account for the cases of high redshift
transients in which the bluer bands would not be automatically detected by the search
pipeline, due to low SNR. Thus, for the transients that passed the first criterion threshold
with number of epochs of 4, 5, 6 etc, the second criterion threshold would be 6, 9, 12
instead of 16, 20, 24 which would be the perfect score.

The third criterion remained unchanged as in Y1, as it showed reasonable effective-
ness at removing most of the AGN/QSOs and variable stars, that show irregular fluctu-
ation in their brightness, but that are also consistent with the central region of their host
galaxy.

Finally, the last criterion, which refers directly to the SLSNe absolute magnitude
threshold set by Gal-Yam (2012), was performing more effectively in Y2 because the
number of host galaxies with secured z;,.. had increased; as the OzDES program was
observing through the season. Also, in Y2 we relaxed the value of M., to be < —20.0,
instead of —20.5 that was used in Y1 (see Sec. 3.5.1), in order not to exclude SLSNe that

would appear less luminous at peak, due to the incorrect 2,4, Of their host galaxies.

5.4.2 First Visual Inspection

On average, each night that SN data was collected, around ~ 500 candidates were named

as DES transients, after passing all the steps in the SN selection process described in
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Selection configuration:

# epochs = 4 5 6
# obs = 6 9 12
MAG_lower_limit = -20.0000
host separation(arcsec) = 0.260000
Transients TOTAL # = 14111
Transients + hostless = 1892
Transients + hostless + (#epo+#obs) = 103
Transients + host = 12219
Transients + host + sepa(ipx) = 8524
Transients + host + sepa(lpx) + (#epo+#obs) = 1264
Transients + host + sepa(1px) + (#epo+#obs) + MAG= 361
AfA Name snid | photo-z spec-z | <mag> mag_g mag_r mag_i mag_z |#epo #obs |arcsec |status

1) DES14E2q 5487 | 0.60 1.23 NED | 15.74 -20.99 -21.03 -20.93 0.00 | 18 31 | 0.37 |

26) DES14X3rb 12571 | ©8.28 ©.34 5DSS | 19.84 -19.80 -19.84 -20.00 -19.71 | 27 59 | 7.51 |

27) DES14X3yg 12574 | ©.79 0.00 | -20.88 -20.77 -20.92 -20.97 -20.87 | 37 70 | ©0.39 |

28) DES14X3yk 12653 | ©8.94 0.70 PanSTARRS_MM | 20.38 -20.68 -20.40 -20.20 -20.21 | 41 86 | 0.35 |
260) DES14x2dl 6306 | 0.64 -9.99 DES_AAOmega | 19.99 -18.87 -20.41 -20.46 -20.23 | 5 11 | ©.32 | SL-SNe
261) DES14C1fi 6783 | 1.19 -9.99 DES_AAOmega | 22.33 -21.98 -22.34 -22.51 -22.50 | 27 79 | ©.64 | SL-SNe
262) DES14C1fs 6904 | 0.74 0.00 | 20.67 -19.97 -20.59 -20.94 -21.18 | 24 60 | 0.82 | SL-SNe
265) DES14C3o0z 14082 | 1.25 0.00 | 22.87 -22.08 -22.95 -23.20 -23.26 | 52 183 | 2.73 | SL-SNe
277) DES14x3fpy 77395 | 0.87 ©.82 DES_AAOmega | -15.683 0.00 -19.70 -20.34 -20.06 | 8 18 | 1.29 | SL-SNe
304) DES14X1rbi 192464 | ©8.69 ©.72 VIPERS | 20.43 -19.92 -20.41 -20.70 -20.71 | 10 28 | 2.14 | SL-SNe
321) DES14S1rwf 26795 | ©.10 ©.07 sSDSS | 18.99 -18.65 -18.88 -18.31 -20.12 | 24 79 | @.65 | sne
322) DES14C2bfg 33473 | ©.66 -9.99 DES_AAOmega | -19.87 -19.13 -20.12 -20.18 -20.03 | 5 13 | @.50 | sne
323) DES14E1bgh 37394 | 0.66 0.67 PRIMUS | 15.09 0.00 -19.64 -20.03 -20.68 | 4 8 | 0.66 | sne
325) DES14C2cpo 39173 | ©.53 @.00 | 20.05 -19.95 -20.08 -20.16 -20.02 | 9 26 | 0.26 | sne
335) DES14X3mos 160359 | ©8.99 1.05 VVDS_DEEP | 14.92 0.00 -19.06 -20.18 -20.46 | 4 7] 1.18 | sne

AfA Name snid | #epo #obs |status

1) DES14E2wTk 5937 22 41
2) DES14E2up 9937 19 40

25) DES14X3qzo 186659 19 33

27) DES1452sz7 7483 18 50 SL-SNe

34) DES14Cicoz 39114 15 44 SL-SNe

36) DES14X2byo 45950 23 57 SL-SNe

| |

| |

| |

| |

| |

| |

58)  DES1452gri 175982 | |
51)  DES14Cirhg 184587 | 11 34 | SL-SHe

| |

| |

| |

| |

| |

| |

I I

52) DEs14sirah 187878 10 40 | SL-SNe
58) DES14E2slp 197238 7 27 | SL-SNe
61) DES14C1eu 6656 720 sne
62) DES14E1gw 7423 5 12 sne
65) DES14C2tz 9430 4 9 sne
66) DES1452qg 11170 20 62 sne
67) DES14E1ant 23884 6 17 sne

Figure 5.6: An example of the output list at the first visual inspection step in the pro-
cess of selecting SLSNe candidates. The very top lines show the selecting configuration,
which is done using the four criteria described in Sec.5.4.1 and then the number of tran-
sients selected from those criteria are shown. The first, multi-column table shows a short
sub-sample of the SLSNe candidates associated with a host galaxy, whereas a sub-sample
of the hostless SLSNe candidates is listed in the bottom table. Notice that the status col-
umn was filled after the first visual inspection of each candidate.

Sec. 3.3. Using the steps described so far for selecting SLSNe candidates, this number
of all DES transients was reduced to ~ 40 — 50 SLSNe possible candidates. Those steps
were implemented with the use of a semi-interactive IDL ' routine. This allowed the
downloading and updating an initial DES transients list after each SNe field observation.
After implementing the first selection criteria the semi-interactive routine was printing
a first-cut list of SLSNe candidates for visual inspection. An example of such first-cut
output list of this IDL routine is shown in Fig. 5.6.

At this stage (top grey diamond in flow diagram of Fig. 5.4), I performed the first

visual inspection of the transients listed in Fig. 5.6, using the search panel in Fig. 5.7.

'Interactive Data Language; http://www.exelisvis.com/ProductsServices/IDL.aspx
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The search panel shows the multi-band light-curve in apparent AB-magnitude space for
each transient, the colour evolution, a diagram of the inferred absolute magnitude given
the host 2,p0t0 OF Zspec and a colour-magnitude diagram as introduced by Quimby et al.
(2014) and used for selecting gravitational lensed SNe Ia, as described in Sec. 1.6.

In Appendix A several examples of visual inspection panels are presented, showing
the variety of transients that have undergone this process. Also, Appendix A presents six
transient examples, which were used to investigate whether the colour-colour parameter
space can be used as a SLSNe identification method, alongside with the colour evolution
plot that exist in the search panel shown in Fig. 5.7. The six colour-colour plots, presented
in Appendix A, at the time of this search for SLSNe did not show any evidence in support
for using them to identify SLSNe.

Also, for this first visual inspection step I used a secondary search panel, shown
in Fig. 5.8, which presents the transient’s light-curve in flux space, using both multi-
season (Y 1+2) and single season (Y2 only) data. The light-curve plots in flux space were
implemented as an update in the Y2 methodology, firstly because they illustrate the zero
flux point in each band, which helps visual inspection when looking for long rise times of
f ~ 30 days, seen in most SLSNe. The second reason for the use of the flux light-curves
was to facilitate the detection of multi-season (Y 1+2) activity, which greatly improves
our ability to detect AGN/QSO variability.

The comparison in figure 5.8, between the left-hand-side and the right-hand-side pan-
els, demonstrates that a likely AGN/QSO event (panel c+d) would show activity in both
observing seasons, whereas a SNe (panel a+b) would have on average a flat and zero flux
in Y1. When using the flux light-curves constructed with Y2 data only, then the similar-
ities between a SN (panel b) and an AGN/QSO event (panel d) resulted to the inclusion
of both objects as possible SLSNe and to the contamination of the selection sample.

The semi-interactive IDL routine had 4 status options to select for each transient
listed and plotted. Transients that show unambiguous multi-season activity (panel (c)
of Fig. 5.8) were marked as AGN/QSO and were vetoed from any future SLSNe list.The
second option was for ‘normal SNe types’, like SNe Ia recognized by their second bump
in redder bands or other non-luminous SNe recognized by their quick (< 15 days) rise
time and under-luminous (2 —19.5) peak magnitudes.

The third option was for SLSNe candidates, given to any transient that showed any
evidence for superluminous behaviour in this first round of visual inspection. Such ev-
idence where the long rise time of = 30 days or the inferred peak absolute magnitude,
given the host z,p0t0 OF Zspe. The fourth and last option was to leave the status entry
empty. This was applied for inconclusive transients that could not be typed within the
previous three options, so the transient in review would return to the initial list in order to

be revisited when new observational data were available. The most common example of
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Figure 5.7: Visual inspection panel for SLSNe candidates used in DES Y2. Top-left: Ap-
parent magnitude light-curve of a SLSNe candidate as a function of the observed phase
from peak brightness. The solid, horizontal lines represent the host galaxy magnitudes
in griz filters, whereas the dotted vertical lines show the first of each calendar month,
serving as a ~ 30 days ruler. For each spectrum that was obtained, the name of the rela-
tive telescope and the spectrum date are marked with a cross. Top-middle: Absolute peak
magnitude-M,,,, (equation 1.28) versus host 2,01, OF Zgpec. The solid, dashed and dotted
black lines show the absolute magnitude of M = [—21.0,—20.5, —20.0] respectively.
Top-right: A colour-magnitude diagram used for detection of gravitational lensed SNe
Ia (Quimby et al., 2014, see also Sec. 1.6). The colour evolution with observed phase
follows the colour-bar under the plot. The black crooked-line divides the diagram into
unlensed (left) and possibly lensed (right) SNe Ia. The open blue star marks the val-
ues corresponding to PS1-10afx (Chornock et al., 2013; Quimby et al., 2013a), a lensed
SNe Ia. Bottom-left: Multi-colour evolution plot of the transient created by using spline
interpolation (IDL) on the data from the magnitude light-curve on top.
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Figure 5.8: Light-curve plots in flux space of two SLSNe candidates from Y2;
DES14CI1fi (top row) and DES14S2jct (bottom row), that served as auxiliary panels to
the main visual inspection panel of Fig. 5.7. Individual DES filter (blue-g, green-r, red-z,
black-z) light-curves where plotted in separate sub-panels from top to bottom, whereas
the horizontal dashed lines show the zero flux limit, and the vertical dotted lines show
the beginning of each month, that DES was observing. Left panels: multi-season (Y 1+2)
flux light-curves, right panels: single season (Y2 only) flux light-curves.
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such case would be a transient that was discovered and selected by the selection process
at an early stage of its light-curve, then more data would be needed for a final decision.

By the end of DES Y2 in mid-February 2015, I had visually inspected through this
process more than 1000 transients that had passed the SNR limit and the four SLSNe
criteria, described before. The majority (~ 650) were classified as AGNs/QSOs and
were placed into a veto catalogue which excluded them from future SLSN selection;
140 transients were classified as definite ‘normal SNe’, most of which were detected
and classified by the SNe Ia search, and finally 133 transients were classified as SLSNe
candidates.

Fig. 5.9 shows flux light-curve plots of such examples: SLSNe, normal SNe, AGN
and artefacts, whereas their respective triplet postage-stamps are shown in Fig. 5.10.
Most of the time, the differences between those classes of objects were easy to identified
(e.g. DES14X1kjg designated as artefact in Fig. 5.9 shows zero flux in g and r bands,
constant flux in ¢ band and chaotic behaviour in z band flux). On the other hand, cases
like DES14C3rhw (bottom panel of Fig. 5.9) can mimic the behaviour of a SLSNe light-
curve at early times, leading to a misclassification at this selection stage.

As stated before, in Appendix A several examples of the those main candidate cate-
gories (SLSNe, ‘normal SNe’, AGNs) are presented in the form of the visual inspection
panel, shown in Fig. 5.7.

The number of 133 SLSNe candidates that were selected from this process step by the
end of DES Y2, could be considered high, given the number of historic SLSNe presented
in Chap. 2. On the other hand, the main goal of the SLSNe search to this stage, was to
eliminate the majority of transients that show clear evidence of their non-SLSN nature.
So, the expectation at the time was that the following selection-cut steps would be able

to decrease the total number of SLSNe candidates by a factor of ~ 10.

5.4.3 Second Visual Inspection

At this stage of the SLSNe selection process, a second visual inspection was found to be
necessary and thus was implemented (bottom grey diamond in flow diagram of Fig. 5.4).
Such a step was put in place to achieve the most efficient use of the spectroscopic follow-
up time and meet the spectroscopic strategy described in Sec. 5.3.2. As stated before, a
portion of the spectroscopic follow-up time was to be invested towards the confirmation
and study of interesting and rare SNe, such as SLSNe. That time was limited, so each
SLSNe candidate that was targeted for spectroscopic follow-up would have to possess a
confident classification. In addition, some of the SLSNe candidates were expected to be
targeted already as live-transients within the OzDES program, which targets any transient
brighter than m, < 21.5.
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Figure 5.9: Flux light-curves of 7 different DES transients discovered in Y2, that passed
the SLSNe selection criteria and finally were visually inspected as described in Sec. 5.4.
For each transient the four panels show the isolated time evolution of the measured flux
in each DECam filter, whereas the fifth panel shows a composite overplot of all the filters
in order to demonstrate the colour evolution. The horizontal dashed lines show the zero
flux limit, and the vertical dotted lines show the beginning of each month, that DES was
observing. The first visual inspection process (subection 5.4.2) aimed at distinguishing
the differences between the light-curves behaviour of those 7 examples.
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(b) DES14CI1fi

(c) DES14C2apq

(d) DES14X 1kjg

(e) DES14C1fkl

(2) DES14C3rhw

Figure 5.10: ‘Postage-stamps’ of 7 DES transients in the order presented in Fig. 5.9.
Each stamp was created by a 13” x 13” cutout of DECam images, taken in r-band and
close to their transient’s peak brightness. The three columns correspond to the search,
template and difference images, respectively.
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Figure 5.11: Each DES transient’s data were presented by individual web-pages contain-
ing the transient’s coordinates, model fits, observed measurements, host galaxy details,
spectral information, postage-stamps with AUTOSCAN scores and multi-season light-
curve plots. The ‘candidates-page’ was developed by Dr. John Fischer as part of the
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Figure 5.12: The ATC is a web application designed to assist the observer on the spec-
troscopic follow-up observations. It presents information for the location of each DES
transient, provides a detailed finder chart of the surrounding area, shows interactive plots
of the light-curves and previous spectra and finally, it allows multiple users to comment
or tag information about the transient. The ‘ATC-page’ was designed and developed by

Dr. Rollin Thomas.
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The second visual inspection process involved a more careful study of each of the
133 SLSNe candidates, in order to select the best sample to be sent to the telescopes
for spectroscopic confirmation. All the tools described in the previous steps (visual in-
spection panel - fig.5.7; flux light-curves - fig.5.8) were used to assist this effort. At the
same time, two additional tools were in service to help as well. First was the ‘candidate-
page’ seen in Fig. 5.11, which was developed by Dr. John Fischer as part of the DES
SNe search, in order to assist the SNe-Ia candidates selection. The ‘candidate-page’ is
used as a visualization web-page of the available data for each DES transient. As seen in
Fig. 5.11, the web-page contains various tables with each transient’s information: coordi-
nates, date of discovery, search observations/measurements, force photometry measure-
ments, SNe model fits, host galaxy details, spectroscopic observations details, DECam
postage-stamps from the area around the transient and multi-season flux light-curves.

The ‘ATC-page’ shown in Fig. 5.12, was the second auxiliary tool and was devel-
oped by Dr. Rollin Thomas as an assisting visualization tool for observers undertaking
spectroscopic follow-up of SN candidates. The ‘ATC-page’ is a web application, which
gathers and presents critical information for each DES transient e.g. coordinates (both
in decimal and sexagesimal format), interactive light-curve and spectrum plots, finder
charts with pointing stars and visibility plots for various observatories. Also, it offers
useful auxiliary information about the transient to be observed, like its observing history,
links to host galaxy information, previous comments from other observers, fits to various
SNe models to the light-curves etc.

Another semi-interactive IDL routines, similar to that described in the previous sec-
tion, was used for this second stage. For each of the 133 SLSNe candidates, I visually
reviewed all available data provided from all the tools described above. The first ob-
jective was to select objects that presented strong evidence of being superluminous in
nature and not a normal type SNe (e.g. Ia, II, Ibc), as the light-curve of each candidate
was evolving each night.

SLSNe candidates that were showing any evidence of ‘normal SNe type’ behaviour
were placed at a lower priority. Such evidence were the quick rise time to peak brightness
seen mostly in SNe-II, the lower flux peak and the second bump in the redder bands for
SNe-la. Moreover, the results of a light-curve model fitter (PSNID; Sako et al., 2008,
2011) were available within the ‘candidate-page’ and the ‘ATC-page’ for every transient.
The PSNID fitter provided the best model fits for any given transient’s light-curve — with or
without a prior on the redshift to accommodate both hostless and SNe with host galaxies —
but only included normal SN models (e.g. Ia, Ib/c and II). That information was provided
in the format of a table with the best fit parameters (e.g. probability, redshift estimation,
peak magnitude etc.) in the ‘candidate page’ (fig. 5.11); and in a plotted format alongside
the photometric light-curve in the ‘ATC-page’ (fig. 5.12).
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Table 5.3: List of 14 DES transients from Y2, that were selected primarily as SLSNe can-
didates and were sent to the listed telescopes for spectroscopic follow-up. The outcome
results of the spectral classifications are listed in the last column. In the telescopes’ col-
umn, the telescope names in bold show the first one that secured the SNe classification.
In the transient’s name column, the names in bold refers to those transients classified as

SLSNe.

# | Name M, host Zphoto host Zgpect host separ.(”) | # epochs | # obs. | Telescope(s) Comments

1 | DES14CIfi -22.34 | 1.191 & 0.085 | Pending (OzDES) 0.64 27 79 | AAT; VLT; Keck SLSN-IL; 205 = 1.3
2 | DESI4CIfs -20.59 | 0.744 £ 0.050 0.82 24 60 | VLT Uncertain

3 | DES14C30z | -22.95 | 1.253 £ 0.079 | Pending (OzDES) 2.73 52 103 | AAT; VLT AGN; SN-IIP

4 | DES14Clkyz | -22.06 | 0.982 + 0.065 | Pending (OzDES) 1.36 8 23 | AAT Pending

5 | DES14X3phi | -20.59 | 0.550 + 0.046 1.13 23 40 | AAT Pending; SN-Ia?

6 | DES14C3qzz | -21.35 | 1.148 £ 0.139 0.26 22 38 | VLT Uncertain; SN-Ic?

7 | DES14S2sz 18 50 | AAT Pending

8 | DES14Clcoz 15 44 | AAT; VLT SN-II z = 0.385

9 | DES14S1dch 15 39 | VLT Uncertain

10 | DES14X2byo Hostless 23 57 | AAT; VLT; GTC; MMT; Keck; Magellan | SLSN-I; 869
11 | DES14S2qri 11 30 | GTC SLSN-I; 5

12 | DES14Clrhg 11 34 AAT; VLT SLSN-I; 47 underluminous?
13 | DESI4ElIrpk 6 18 | VLT SN-la z = 0.57

14 | DES14E2slp 7 27 | VLT SLSN-L; z = 0.6

After a SLSNe candidate had passed all the previous steps and I had sufficient ev-
idence that it was not a ‘normal SN’, but had a rather long rising time (= 30 days)
and a host zpp0t, OF Zspe. that would put the candidate to the superluminous regime, the
SLSNe candidate was placed in one of the selection samples described in the follow-
ing section, to be sent to the telescopes for obtaining a spectrum. The SLSNe candi-
date selection samples were available and updated on the internal DES collaboration
web-services (‘wikipage’) and each SLSNe candidate was tagged on the ‘ATC-page’ as
‘superluminous-cand’. After coordinating with Dr. Chris D’ Andrea, the spectroscopic
marshal of the SN Survey, the SLSNe candidates would be chosen and sent to the se-
lected telescopes for spectroscopic follow-up. The final selection of the targets and the
telescopes/instruments was made by the spectroscopic marshal, who was in a position to
decide the most efficient use of the spectroscopic time for the purposes of the entire SN

Survey.

5.5 Selection Samples

The selection samples analysed in this section, are the final outcome of the selection
process described above and illustrated in the flow diagram in Fig. 5.4 as the blue lists at

the bottom end of the diagram.

5.5.1 Spectral Classification

Out of the 133 SLSNe candidates that passed the selection process described above, 41
transients were deemed to be high priority and placed in the observing queues of various

telescopes, and one or more spectra were obtained. Tables 5.3 and 5.4 summarize the



CHAPTER 5. DARK ENERGY SURVEY - YEAR TWO 132

1-Sep-2014  1-Oct-2014 1-Nov-2014  1-Dec-2014 1-Jan-2015 1-Feb-2015
T T T T T

20F T ]
r = ]
c | 3 DES z
i : ]
21 :_ DES g_:
& r l .
< o ]
S 22f 7 J =
S F .
g F | N ]
= I ;o de E
5 23F i ¢4 3
@ C i Y 7
§ E ! 1.7 ¢ :Eiii i% é ® % { ; .
E N $ I v\lxv \T/ \T/ N o ¥ Y E
o4l V1Y v 1Y ¥ =
. Y7 iii v r I %% v . ]
c VvV ]
: " :
250 . 1 L L L L 1 L L L L 1 . . . . 1 ]
-100 -50 0 50
Modified Julian Day — 57011.0 (days)
(a) DES14E1rpk light-curve
Rest Wavelength [\A]
2500 3000 3500 4000 4500 5000 5500 6000
T T T T T T T T 7
¥ Input: DES14C1rpk_final.txt
| No. 7: sn2001ep (la—norm; —7) ; z= 0.577\(2233)0.011
ar il ll I | \i | }
N 1 i l l“ ‘ ‘> { ‘u. J (‘”‘i )L |y | ' ‘
L | lat \ hI LI e e
2 L “ i 1A Ilwy’ il wn ,; i il P'U'
2 L MiAL T | '
= o Tt \“ ! E
&
o~
AN i
. .4000. — .5000. — .6000. — .7000. — .8000. — .9000. — 10*

Observed Wavelength [\A]

(b) DES14E1rpk spectra

Figure 5.13: The observed light-curve (panel a) and VLT spectrum (panel b) of
DES14E1rpk. The spectrum was used to classify DES14Elrpk as a SNe-Ia at a red-
shift of z = (.57, as seen in the bottom panel created by Dr. Mat Smith with the use of
SNID (Blondin and Tonry, 2007).
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Figure 5.14: The observed light-curve (panel a) and VLT spectrum (panel b) of
DES14Cl1coz. The spectrum was used to classify DES14Clcoz as a SNe-II at a red-
shift of z = 0.385, as seen in the bottom panel created with the use of SUPERFIT (Howell
et al., 2005), although the light-curve is in good agreement with a SLSNe at higher red-
shift.
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results of the spectroscopic follow-up of those 41 SLSNe candidates. Fourteen objects
were targeted primarily as SLSNe (Table 5.3). The rest were originally targeted as SNe
Ia (Table 5.4), but later in their light curves became good SLSNe candidates as they met
enough of the SLSN criteria discussed above.

Both tables show separately the hostless candidates from those associated with a host
galaxy, as this segregation was necessary for the different spectroscopic resources avail-
able in Y2 as described in Sec. 5.3.2. For example, the VLT program was primarily
targeting hostless SNe, whereas the OzDES program was targeting by design the host
galaxies of as many SNe candidates as possible.

Out of the 14 SLSNe candidates listed in Table 5.3, 4 SLSNe events were spectro-
scopically confirmed, and one more SLSNe had an indirect identification, after secur-
ing its host redshift. A detailed description and study of those objects can be found
in later sections. Two objects were spectroscopically identified as non-SLSNe, namely:
DES14El1rpk that was classified as SNe-la at = = 0.57 as seen in Fig. 5.13, and DES14Clcoz,
whose spectrum is in good agreement with a SNe-II at z = 0.385, although its light-curve
mimics almost perfectly a SLSNe at higher redshift, as seen in Fig. 5.14. Moreover, 6 ob-
jects remain uncertain as fits to their spectra (using (eg. SUPERFIT, SNID; Howell et al.,
2005; Blondin and Tonry, 2007)) could not find an unambiguous classification to any
SN class. One last object, DES14C30z, was spectroscopically classified as SN-IIP using
a VLT spectrum at late times, but earlier spectra obtained by the OzDES program had
identified it as an AGN.

Table 5.4 lists the 27 transients that were originally selected as SNe Ia for spectro-
scopic follow-up, as part of the main goal of the DES SN Survey. Some of those objects
were then selected as SLSNe candidates in the first visual inspection but remained am-
biguous in the second, more detailed examination. Some others were selected as SLSNe
candidates, after the first attempt at obtaining a spectrum had failed to reach a secure
classification and their light-curve developed similar characteristics as a SLSNe; such
an example is the transient named DES14X2agp, seen in panel (a) of Fig. 5.15. Eleven
objects from Table 5.4 were subsequently classified as SNe Ia, either by their spectra
features or by the combination of the host zy,.. and the PSNID light-curve fits. Two ob-
jects were classified as SNe-II and 12 more had unclassified spectra, most of which are
cases where the host galaxy brightness was dominating over the SNe spectral features,
like DES14E2£fb seen in panel (b) of Fig. 5.15.

One particular transient, DES14X3taz, was targeted at first as an interesting SN-Ia
candidate, as it showed a pre-peak prominent bump in its light-curve, and was sent to
the GTC for spectral confirmation. When the spectrum was obtained and analysed, there
was minimal evidence in support of a SNe Ia classification, whereas I proposed the pre-

liminary spectrum was more consistent with a SLSN-I candidate at z ~ 0.6. At a later
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Table 5.4: List of 27 DES transients from Y2, that were selected primarily as SNe-Ia and
were sent to the listed telescopes for spectroscopic follow-up. At a later stage, the listed
transients were also selected as possible SLSNe candidates. The outcome of the spectral
classifications are listed in the last column, and the names of the transients highlighted
in bold are those spectroscopically confirmed to be SLSNe. In the telescopes’ column,
the highlighted (bold) name of the telescope refer to the first one that secured the SNe
classification. In the transient’s name column, the names in bold refers to those transients
classified as SLSNe.

# | Name M, host Zphoto host Zgpeet host separ.(”) | # epochs | # obs. | Telescope(s) Comments

1 | DES14X2dl -20.41 | 0.636 £ 0.067 | Pending (OzDES) 0.32 5 11 VLT SN-Ia; z = 0.437

2 | DES14X1ps | -21.31 | 0.610 + 0.085 | Pending (OzDES) 0.48 21 55 | AAT SLSN-II ?; z = 0.61

3 | DES14X3rb -19.84 | 0.282 + 0.038 0.343 (SDSS) 7.51 27 59 | AAT Pending; SN-Ia?

4 | DES14X3afj | -18.88 | 0.307 £0.062 | 0.288 (OzDES) 0.37 19 43 | AAT Pending; SN-Ia? secured host zpcc
5 | DES14X2agp | -18.70 | 0.335 £ 0.046 | 0.304 (OzDES) 0.10 17 50 | AAT; MMT Pending; secured host 2z,

6 | DESI14E2ffb | -20.09 | 0.213 £ 0.066 | 0.209 (OzDES) 1.29 21 68 | AAT Pending; secured host 2z,

7 | DES14Clgdz | -19.12 | 0.315 + 0.084 | Pending (OzDES) 2.38 13 36 | AAT Pending

8 | DES14C3gym | -19.90 | 0.387 4 0.068 | Pending (OzDES) 0.39 31 65 | AAT Pending

9 | DES14C2kdr | -21.09 | 0.695 + 0.085 | Pending (OzDES) 0.70 10 24 | AAT Pending

10 | DES14EImli | -19.30 | 0.326 + 0.063 1.96 13 47 | AAT Pending

11 | DES14C3mpr | -19.96 | 0.691 + 0.051 0.34 15 26 | VLT SN-Ia; z = 0.79

12 | DES14C30ci | -19.68 | 0.716 + 0.056 0.39 14 24 | VLT Uncertain

13 | DES14Xloes | -21.97 | 0.706 + 0.079 1.27 13 44 | SALT SN-Ia; z = 0.3

14 | DES14X30ir | -19.91 | 0.458 £ 0.071 | 0.435 (OzDES) 0.32 20 39 | AAT Pending; SN-Ia; secured host zpcc
15 | DES14C2rsq | -20.48 | 0.629 £ 0.071 | Pending (OzDES) 0.65 9 28 | AAT; VLT Uncertain

16 | DES14X3taz | -22.10 | 0.747 + 0.079 0.15 17 25 | GTC SLSN-I; z = 0.6; pre-peak bump
17 | DES14C3tsg | -19.75 | 0.534 + 0.083 0.49 17 25 | VLT SN-II; z = 0.21;

18 | DES14S2usy | -18.66 | 0.280 + 0.060 0.54 4 15 | Magellan Pending

19 | DES14C2vnf | -20.08 | 0.644 + 0.060 0.69 6 17 | VLT SN-Ia; zpes = 0.542;

20 | DES14E2ap 11 32 | VLT SLSN-1?; z = 0.6

21 | DES14Eltb 10 32 | AAT SN-Ia; z = 0.372

22 | DES14C3nm 23 44 | VLT SN-II

23 | DES14Cljnc Hostless 12 29 AAT Pending

24 | DES14X2nzt 16 53 | VLT Uncertain

25 | DES14S1rah 10 40 Magellan SN-Ia; z = 0.199

26 | DES14X2rao 10 38 Magellan; VLT | SN-Ia; z = 0.283

27 | DES14E2slo 7 23 | VLT SN-Ia
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Figure 5.15: The observed light-curves of DES14X2agp (panel a) and DES14E2ffb
(panel b). Neither transient could be securely classified as SLSNe, even thought spectra
data were obtained for both of them. The horizontal dashed lines show the magnitude
measurements of the host galaxies, where the black crosses mark the phase where spectra
were obtained. The errorbars represent 1-o uncertainties, and the arrow symbols are 3-o
upper limits. DES14E2ffb was more than two magnitudes fainter than its host galaxy, so
the spectral classification is almost impossible, whereas DES14X2agp show strong signs
(second bump) of a SNe-Ia.
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Table 5.5: List of SLSNe candidates from Y2, that did not get a spectroscopic observation
of the transient, but are associated with a host galaxy that has a secured z5p... Those
host z,.. were secured mostly by the OzDES program during Y1 of operations and by
using public archival data from past surveys. The one transient (DES14X1rbi) that was
confirmed as a SLSNe by using the light-curve and its host z,. is highlighted in bold
fonts.

# ‘ Name ‘ M, ‘ host Zphoto ‘ host zspect ‘ host separ.(”) | # epochs ‘ # obs. ‘ Comments
1 | DES14C2dmc | -21.52 | 0.659 £ 0.028 | 0.731 (OzDES) 0.59 4 11 | SN-Ia?

2 | DES14E2fly | -19.17 | 0.440 = 0.070 | 0.515 (OzDES) 1.13 5 10 | SN-Ia

3 | DES14X3fpy | -19.70 | 0.866 + 0.038 | 0.818 (OzDES) 1.29 8 18 | SN-Ia?

4 | DES14X3kvs | -20.04 | 0.577 £ 0.042 | 0.610 (OzDES) 2.25 12 29 | SN-Ia?

5 | DES14Clmek | -20.15 | 0.675 £ 0.028 | 0.743 (OzDES) 1.01 8 15 | SN-II

6 | DES14C3o0cl | -19.13 | 0.668 +0.036 | 0.678 (VVDS“) 0.36 9 16 | Uncertain
7 | DES14Clpjy | -22.14 | 0.748 £ 0.029 | 0.854 (OzDES) 0.27 4 8 SN-Ia

8 | DES14X1rbi | -20.69 | 0.689 + 0.033 | 0.717 (VIPERS") 2.14 10 28 | SLSN

9 | DES14X2tbf | -20.01 | 0.685 +0.026 | 0.678 (OzDES) 0.33 5 9 SN-Ia

10 | DES14Clwey | -20.54 | 0.661 £ 0.057 | 0.670 (ATLAS") 0.40 7 17 | SN-Ia

11 | DES14C3vno | -22.14 | 0.845 4+ 0.135 | 2.142 (NED) 1.54 8 11 | AGN/QSO

“VIMOS-VLT Deep Survey

»VIMOS Public Extragalactic Redshift Survey
“VLT Survey Telescope ‘ATLAS’ survey
YNASA/IPAC Extragalactic Database

time, Dr. Mat Smith re-reduced the spectral data with a new version of spectral reduction
pipeline and discovered a perfect fit to a SLSN-I at z = 0.6.

Other interesting cases are DES14X1ps and DES14E2ap. The latter is a transient that
was first selected and targeted as a promising SN-Ia candidate, but the spectrum obtained
by the VLT was very noisy and a secured classification was beyond reach. After the
end of Y2 and the re-reduction of the spectral data, DES14E2ap could be classified as
a SLSNe at z = 0.6. DES14X1ps light-curve and the photometric redshift of its host
galaxy at zpn,o = 0.61 point towards a SLSNe, even though its noisy and featureless
spectrum obtained with the OzDES program, adds no additional information. More de-
tailed descriptions and studies of DES14X3taz, DES14E2ap and DES14X1ps are given

in later sections.

5.5.2 Photometric Classification

Out of the total 133 SLSNe candidates, 92 did not make it to a telescope’s target list for
various reasons. The most common reason was the candidate in question had faded by
the time we had access to observing time with particular telescopes, mostly with VLT
and AAT (OzDES). Also, the allocated Target-of-Opportunity (ToO) spectroscopic time
over the entire Y2 was limited, so priority was given towards the main DES SNe goal of
confirming SNe-Ia. Furthermore, some SLSNe candidates had noisy and low SNR light-

curves so that, their classification could not be sufficiently trusted to risk a spectroscopic
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observation. Finally, a handful of SLSNe candidates were one or more magnitudes fainter
than the host galaxy, so targeting such transients would not provide more information
than available from the host galaxy redshift (z;,..), which could be provided later on by
the OzDES program.

The 92 SLSNe candidates that did not get a spectrum can be divided into three groups,

described below:

Group A

The first group consists of SLSNe candidates that are associated with host galaxies with
secured 2., via the OzDES program or other archival data. A list of those 11 transients
can be seen in Table 5.5, most of which show good agreement between their photometry
and PSNID fits of ‘normal SNe’. Five of them have been classified as SNe-Ia in the
redshift range of 0.52 < 2z < 0.85, one object (DES14C3vno) was classified as a
possible high-redshift AGN at z,,.. = 2.14, and one object DES14X1rbi can be classified
as a SLSN that peaked at M; = —20.7 at a host redshift of z,,.. = 0.72.

Group B

The second group consists of SLSNe candidates without a secured spectroscopic redshift
of their host galaxy, because their host galaxies have not been targeted yet or the OzDES
program needs more observations to secure the redshift of those hosts. Table 5.6 lists
the 54 SLSNe candidates that fall into this group. After considering their fit results
from PSNID, and using their host z,,0, One can make a stricter selection as to what
could be considered a SLSN and what could be a normal SN, in most cases type Ia.
After re-examining the light-curve of those 54 SLSNe candidates and focusing on the
disagreement between the host z,,., and the fitted redshift from PSNID, 9 transients
were selected which can be considered as SLSNe candidates. All 9 of them are poorly
fit by any ‘normal SNe’ model of PSNID at high redshift, and their light-curves show
long rising time-scales, accompanied by high peak brightnesses, considering their host
galaxies Zpnoto-

In Table 5.6, the hosts that are designated with ‘Pending (OzDES)’ are going to re-
main in the target list of the OzDES program for the Y3 of operations — until a secured
redshift is obtained — by stacking multiple spectra together and increasing the spectra
SNR. As for the rest of the sample, the host galaxies that are associated with real SNe
transients and fulfil the magnitude limits of the OzDES program, will be targeted in Y3
in order to obtain a secured host z,,... Through this process, transients that were on the
borderline between SLSNe or SNe-Ia at high redshift (e.g. DES14X3ehq; DES14S2emj),

would be classified more confidently.



CHAPTER 5. DARK ENERGY SURVEY - YEAR TWO

Table 5.6: List of SLSNe candidates from Y2, that did not get a spectroscopic observa-
tion of the transient, but are associated with a host galaxy that has an estimation of its
Zphoto- Almost half of the hosts were observed by OzDES, but a secured redshift was not
delivered. Hence, they remain in the targeting list of OzDES for further spectra to be
obtained in the future. Also, the rest of the hosts that are clearly associated with a real
transient, are probably going to be targeted with OzDES in Y3 of operations. Highlighted
in bold are the names of the transients that show significant evidence (light-curve, host
Zphoto» bad PSNID fits etc) of their SLSNe nature. The last column shows comments after

the final classification of the 54 transients.

# | Name M, host 2photo host Zgpecr host separ.(””) | # epochs | # obs. | Comments

1 | DES14Clgm -19.50 | 0.522 + 0.060 0.47 24 40 | possible SLSN; only late times light-curve
2 | DES14E1hk -20.91 | 0.531 £ 0.045 | Pending (OzDES) 0.94 13 34 | possible SLSN;

3 | DES14X1uh -21.07 | 1.067 + 0.049 | Pending (OzDES) 0.28 20 39 flux in Y1 from first epochs; could be SLSN
4 | DES14X3ajy -19.88 | 0.534 + 0.040 | Pending (OzDES) 0.79 19 38 | SN-Ia

5 | DES14C3asw | -22.22 | 1.150 £ 0.041 0.47 45 89 | AGN

6 | DES14X3avr | -19.44 | 0.420 + 0.069 1.14 18 32 | SN-Ia

7 | DES14S1bno | -20.29 | 0.613 £ 0.060 | Pending (OzDES) 0.90 6 17 | SN-Ia

8 | DES14X2axy | -20.37 | 0.677 & 0.045 | Pending (OzDES) 2.61 7 19 | SN-Ia

9 | DES14E2cmo | -20.43 | 0.882 + 0.034 | Pending (OzDES) 0.64 5 12 | SN-Ia

10 | DES14E2bhn | -21.09 | 0.973 £ 0.072 | Pending (OzDES) 2.44 6 12 | possible SLSN

11 | DES14X1brr | -20.63 | 0.651 £ 0.060 | Pending (OzDES) 0.97 11 31 possible SLSN

12 | DES14X3ehq | -19.45 | 1.010 £ 0.083 | Pending (OzDES) 1.02 6 12 | possible SLSN or high-z SN-Ia
13 | DES14X3ehz | -19.61 | 0.940 £ 0.063 0.35 5 10 | high-z SN-Ia

14 | DES14S2elt -20.28 | 0.863 £ 0.043 | Pending (OzDES) 0.99 4 6 SN-Ia faint

15 | DES14S2emb | -20.56 | 0.703 £ 0.029 | Pending (OzDES) 0.47 5 11 SN-Ia

16 | DES14S2emj | -20.25 | 0.824 £ 0.051 | Pending (OzDES) 1.56 5 10 | SN-Ia or Ib/c faint

17 | DES14S1ewv | -21.98 | 1.230 & 0.085 0.66 16 40 SLSN; no colour evolution
18 | DES14X1gwm | -20.90 | 0.959 £ 0.065 0.40 5 9 SN-Ia faint

19 | DES14X3gyr | -19.81 | 0.948 £ 0.049 | Pending (OzDES 0.87 9 20 possible SLSN or high-z SN-Ia
20 | DES14X3pcw | -20.29 | 0.746 £ 0.065 10.20 15 24 | SN-Ia
21 | DES14Sl1jza -20.10 | 0.679 £ 0.050 0.67 4 9 SN-Ia
22 | DES14X3jmy | -19.37 | 0.809 £ 0.037 | Pending (OzDES) 2.59 7 15 | SN-Ia
23 | DES14X2jqt -19.86 | 0.699 £ 0.032 6.98 10 18 | SN-II
24 | DES14X2jsk -20.14 | 0.658 £ 0.045 0.78 5 11 SN-Ia
25 | DES14C3kfo | -19.89 | 0.658 £ 0.062 0.59 15 31 SN-Ia or SLSNe
26 | DES14C3kzv | -20.29 | 0.768 + 0.027 1.37 11 26 | SN-Ib/c
27 | DES14C3lac -19.06 | 1.013 + 0.066 0.34 5 9 high-z SN-Ia
28 | DES14C3lae -18.98 | 0.908 + 0.031 0.53 5 9 high-z SN-Ia
29 | DES14X2mgn | -20.19 | 0.907 + 0.037 0.40 4 8 faint SN-Ia
30 | DES14X2mgq | -20.24 | 0.394 + 0.061 0.28 15 48 | SN-Ia
31 | DES14X3mjf | -20.03 | 0.829 £ 0.066 | Pending (OzDES) 0.38 20 39 | SLSN strong case high-z
32 | DES14X3Ifs -19.28 | 0.953 + 0.040 0.39 8 18 | high-z SN-Ia
33 | DES14S1mkz | -19.93 | 0.802 + 0.063 0.32 4 9 high-z SN-Ia
34 | DES14S2lim -19.68 | 0.700 + 0.043 0.67 4 8 SN-Ia
35 | DES14C2mnd | -20.71 | 0.586 + 0.037 | Pending (OzDES) 0.27 12 37 | SN-Ia
36 | DES14C3mpp | -19.77 | 0.853 £+ 0.079 0.89 9 17 | SN-Ia faint
37 | DES14X2mrr | -20.29 | 0.450 £+ 0.092 0.30 16 46 | SN-Ia
38 | DES14C2ncy | -21.95 | 0.971 £ 0.074 | Pending (OzDES) 0.93 5 10 | noisy and faint light-curve
39 | DES14C20cp | -21.36 | 0.682 £ 0.058 | Pending (OzDES) 3.43 5 16 | SN-Ia
40 | DES14C20cs | -19.55 | 0.783 4 0.046 0.45 4 6 SN-Ia
41 | DES14Clngk | -20.95 | 0.813 + 0.033 | Pending (OzDES) 1.03 13 23 | SLSN strong case high-z
42 | DES14E2pkg | -20.44 | 0.776 + 0.037 1.32 5 11 SN-Ia
43 | DES14C30ko | -20.20 | 0.927 + 0.050 0.82 9 16 | revisit
44 | DES14X1qzi -19.72 | 0.623 + 0.062 1.52 7 17 | SN-Ib/c
45 | DES14E1rpi | -20.97 | 1.048 + 0.066 1.81 6 14 | promising SLSN or high-z SNIa
46 | DES14X2rbx | -21.78 | 1.223 +0.134 0.62 9 21 SN-II
47 | DES14S2tax -20.97 | 0.915 £ 0.031 0.76 6 10 | SN-Ibc
48 | DES14S1tbi -20.41 | 0.775 £ 0.078 1.24 5 14 | SN-Ia
49 | DES14E2ssz -20.40 | 0.791 £ 0.061 0.27 4 6 AGN
50 | DES14C3tny | -20.41 | 0.788 + 0.082 0.45 15 32 | potential SLSN
51 | DES14Clter -21.37 | 0.726 + 0.043 0.66 7 10 | noisy light-curve
52 | DES14Clvok | -19.90 | 0.730 £ 0.045 1.34 4 11 SN-Ia
53 | DES14C2vra | -20.46 | 0.430 £ 0.090 1.00 6 23 | SN-Ia
54 | DES14Clvsn | -21.88 | 1.121 £ 0.115 0.26 6 18 | AGN?
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Figure 5.16: Flux light-curves of four hostless SLSNe candidates that lack spectroscopic
observations, selected as described in Sec. 5.5.2. For each transient, the first four panels
show the isolated time evolution of the measured flux in each DECam filter, whereas the
fifth panel shows a composite overplot of all the filters in order to demonstrate the colour
evolution. The horizontal dashed lines show the zero flux limit, and the vertical dotted
lines show the beginning of each month that DES was observing. Such plots were used
in order to select the best cases for SLSNe (eg. DES14X1avd, DES14El11gl).
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Table 5.7: List of hostless SLSNe candidates from Y2 that did not get a spectroscopic
observation of the transient. Highlighted in bold, are the names of the transients that
show significant evidence (light-curve, bad PSNID fits etc.) of their SLSNe nature. The
columns under the PSNID caption show the results of fitting ‘normal SNe’ models to the
photometry of the transients. The last column shows comments after the final classifica-
tion of the 54 transients.

PSNID results

# | Name #epochs | # obs. best type | Ia fit prob. | Ib/c fit prob. | II fit prob. | Ia fit zpneto | Ib/C fit Zpnoro | ILfit Zppoto Comments

1 | DES14X2vk 5 9 Ia 0.977 0.801 0.888 0.676 0.633 0.721 SN-Ia?

2 | DES14X3aab 4 6 Ia 0.876 0.500 0.798 0.901 0.401 1.257 SN-Ia?

3 | DES14C3nn 24 39 Ib/c 0.352 0.643 0.144 0.360 0.108 0.796 SLSNe; visible host

4 | DES14C3aaw 5 9 Ia 0.997 0.572 0.945 0.881 0.849 1.257 SN-Ia

5 | DES14C2apm 4 8 Ia 0.816 0.229 0.659 0.958 0.414 1.177 SN-Ia?

6 | DES14C2bfh 9 21 none 0.302 0.393 0.000 0.507 0.428 0.538 SN-Ia/Ibc; missed host
7 | DES14X1avd 15 33 I 0.001 0.000 0.525 0.779 0.112 0.166 SLSNe; visible host

8 | DES14Slawy 6 14 Ia 0.260 0.089 0.093 0.345 0.128 0.388 SN-Ia

9 | DES14Xlegp 6 13 Ia 0.978 0.148 0.676 0.736 0.593 0.937 SN-Ia

10 | DES14Elhek 7 17 Ia 0.847 0.171 0.094 0.659 0.487 0.676 SN-Ia; missed host

11 | DES14Elhey 4 9 Ia 0.966 0.660 0.875 0.568 0.155 0.796 SN-Ia

12 | DES14S1ktk 4 9 none 0.551 0.145 0.634 0.898 0.177 0.968 noisy light-curve

13 | DES14E2lbh 4 10 Ia 0.998 0.843 0.417 0.665 0.654 0.745 SN-Ia

14 | DES14X3mgr 6 12 Ia 0.864 0.101 0.038 1.101 0.428 1.216 SN-Ia
15 | DES14El1lgl 13 26 I 0.000 0.000 0.749 0.329 0.092 0.128 SLSN

16 | DES14S1mlv 4 9 Ia 0.942 0.514 0.414 0.662 0.520 0.770 SN-Ia

17 | DES14X3mot 4 7 Ia 0.968 0.973 0.578 1.634 1.103 1.342 SN-Ia?

18 | DES14C3mpo 4 7 Ia 0.905 0.044 0.261 1.518 1.342 1.742 SN-Ia?

19 | DES14C3o0az 6 12 Ia 0.642 0.038 0.197 0.873 0.401 1.342 SN-Ia
20 | DES14X1ghf 4 11 Ia 0.987 0.821 0.888 0.509 0.520 0.796 SN-Ia
21 | DES14S2qrg 4 6 none 0.144 0.144 0.363 1.025 0.238 1.139 noisy light-curve
22 | DES14X3ghy 13 21 Ia 0.250 0.000 0.005 0.714 0.428 0.822 SN-Ia
23 | DES14X3qzw 17 29 Ia 0.112 0.000 0.000 0.721 0.078 0.770 SN-Ia; unidentified host
24 | DES14S2rpx 7 22 Ia 0.676 0.248 0.041 0.500 0.132 0.555 SN-Ia
25 | DES14X1rbk 7 16 Ia 0.958 0.325 0.845 0.669 0.633 0.721 SN-Ia
26 | DES14Elufo 5 19 Ia 0.731 0.000 0.000 0.334 0.055 0.069 SN-Ia; high SNR ligth-curve
27 | DES14C3ufw 11 16 Ia 0.551 0.041 0.497 0.834 0.183 1.103 SN-Ia
28 | DES14X1vpq 4 11 Ib/c 0.000 0.101 0.000 0.334 0.388 0.166 AGN?

Group C

The last group, which lacks any spectroscopic information, consists of 28 hostless SLSNe
candidates listed in Table 5.7. The absence of an associated galaxy, hence the lack of
both 2,40t and 2., makes these SLSNe candidates even more difficult to be classified.
Fig. 5.16 shows 4 examples of transients from group C: DES14X1avd and DES14E1lgl
were selected as SLSNe (due to their long rise time and colour evolution), whereas
DES14C2bth and DES14X3mgr show more similarities to ‘normal SNe’ types. Guided
only by the shape of their light curves and the poor fit results of PSNID fitter, I was able
to identify 3 possible SLSNe within this group.

The future plan for such candidates is to select those that show clear evidence of SNe
activity and tag them within the OzDES program as ‘SN faint host’. This translates into
targeting the location of the SNe, under the condition that it is observed just once, with
the expectation that the faint host galaxy redshift could be secured from galaxy emission
lines after the SNe had faded away. This method was applied by OzDES in Y2, targeting
hostless SNe that were discovered in Y1 and resulted in securing a portion of the redshifts

in question.
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Table 5.8: The final selection list of 22 SLSNe from DES Y2. The table is divided by
horizontal lines in three parts: SLSNe that were spectroscopically confirmed, those that
were classified by the use of their host z,.. and the events whose host 2z, Was used
for the classification.

# | Name My M- M M- SNe host Zpiidbhlﬁ host zgpect host separ.(") m, 1:10TS[ alamxil m, Comments
1 | DES14S2qri | -21.50 | -22.51 | -22.84 | -22.92 | 1.500 4.97 24.28 | 25.41 | 23.72 | 24.47 | SLSN-I
2 | DES14X2byo | -22.19 | -23.64 | -22.34 | -22.98 | 0.869 8.77 23.18 | 22.52 | 22.27 | 22.37 | SLSN-I
3 | DES14E2slp | -21.22 | -21.27 | -21.32 | -21.29 | 0.640 | 0.550 + 0.031 3.93 23.50 | 22.57 | 22.20 | 22.06 | SLSN-I
4 | DES14E2ap | -20.17 | -20.49 | -20.42 | -20.43 | 0.600 4.26 24.80 | 23.23 | 22.85 | 22.52 | SLSN-I
5 | DES14X3taz | -21.15 | -21.52 | -21.41 | -21.36 | 0.600 | 0.747 & 0.079 0.15 26.25 | 25.13 | 24.99 | 25.04 | SLSN-I
6 | DES14Clrhg | -19.74 | -19.80 | -19.59 | -19.79 | 0.470 297 99.00 | 26.98 | 25.87 | 24.41 | SLSN-I
7 | DES14Clfi -22.52 | -22.58 | -22.75 | -22.74 1.191 + 0.085 1.3 (VLT) 0.64 24.93 | 24.64 | 24.59 | 23.61 | SLSN-II
8 | DES14Xlrbi | -19.92 | -20.69 | -20.70 | -20.71 0.689 + 0.033 | 0.717 (VIPERS) 2.14 23.20 | 21.70 | 20.78 | 20.36 | SLSN
9 | DES14Slewv | -22.12 | -21.98 | -22.01 | -22.43 1.230 £ 0.085 0.66 22.69 | 22.53 | 22.33 | 21.88

10 | DES14Elrpi | -20.92 | -20.97 | -21.32 | -22.10 1.048 + 0.066 1.81 24.85 | 23.77 | 23.31 | 22.50

11 | DES14C3nn | -20.89 | -21.01 | -21.54 | -21.29 1.026 + 0.081 2.30 24.70 | 24.45 | 24.02 | 23.65

12 | DES14E2bhn | -20.41 | -21.09 | -22.07 | -21.23 0.973 £ 0.072 | pending (OzDES) 2.44 23.24 | 22.95 | 22.51 | 22.26

13 | DES14X3gyr | -19.88 | -19.81 | -20.41 | -21.29 0.948 + 0.049 | pending (OzDES) 0.87 23.97 | 23.10 | 22.08 | 21.61

14 | DES14Xlavd | -20.87 | -20.46 | -20.97 | -21.86 0.835 £ 0.031 10.22 23.39 | 22.74 | 22.10 | 21.86

15 | DES14X3mjf | -20.55 | -20.03 | -20.50 | -20.44 0.829 £ 0.066 | pending (OzDES) 0.38 24.05 | 23.61 | 23.19 | 23.06

16 | DES14ClIngk | -19.44 | -20.95 | -20.46 | -20.84 0.813 £ 0.033 | pending (OzDES) 1.03 22.83 | 21.84 | 20.89 | 20.53

17 | DES14C3tny | -26.89 | -20.41 | -20.23 | -20.90 0.788 + 0.082 0.45 25.72 | 25.13 | 24.70 | 24.43

18 | DES14ClIfs | -21.97 | -20.59 | -20.94 | -21.18 0.744 £+ 0.050 0.82 24.70 | 24.00 | 23.32 | 23.29

19 | DES14Ellgl | -19.38 | -20.10 | -20.03 | -19.91 0.673 £+ 0.033 6.60 23.35|22.44 | 21.94 | 21.70

20 | DES14X1brr | -20.42 | -20.63 | -20.51 | -20.46 0.651 £ 0.060 | pending (OzDES) 0.97 24.96 | 24.03 | 23.73 | 23.52

21 | DES14Xl1ps | -20.88 | -21.31 | -21.29 | -21.51 0.610 =+ 0.085 | pending (OzDES) 0.48 24.63 | 24.52 | 24.53 | 24.93

22 | DES14Elhk | -20.31 | -20.91 | -20.83 | -20.73 0.531 £ 0.045 | pending (OzDES) 0.94 23.76 | 22.48 | 21.98 | 21.56

5.6 Results

At the end of DES Y2, a total number of 22 SLSNe were selected after all the steps
described above, out of a sample of 133 SLSNe candidates that passed the first visual
inspection, described in Sec. 5.4.2. Those 22 SLSNe are listed in Table 5.8 and should
be considered as the final sample of SLSNe discovered by DES in Y2, for the remaining
of this thesis.

This section provides a detailed summary of each of the 7 spectroscopic confirmed
SLSNe, accompanied with light-curves and spectral plots. Appendix B contains several

figures, illustrating finder-charts and postage-stamps of these 7 SLSNe.

5.6.1 DES14C1fi

DES14Cl1fi is located at R.A.= 03"33™49°.80, Dec.= —27°03'31”.6 and was discovered
shortly after the beginning of Y2 observing season, on the 21" of August 2014 at m,. =
23.1, among the very first DES transients in Y2. The DES photometric light-curve of
DES14C1fi is shown in Fig. 5.17, whereas the finder chart in Fig. B.1, created by the
ATC application (Fig. 5.12) shows the sky around the target, accompanied with useful
information for further follow-up observations.

The photometric redshift of host galaxy (zpneo = 1.19) and the pre-peak light-curve
behaviour led to the selection of DES14Cl1fi as a SLSN candidate a month after discovery.
By the 22"? of September 2014, it was automatically selected as a spectroscopic target

for the OzDES program, as its brightness reached a magnitude of m, = 22.3. The first
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Figure 5.17: The observed AB magnitude light curve of DES14C1fi in the four DES SN
search filters (¢gri2) as a function of the observed phase. The crosses denote the epochs of
spectral observations as follows: OzDES, Keck, OzDES and VLT. The errorbars repre-
sent 1-0 uncertainties, and the arrow symbols are 3-o upper limits. The horizontal dashed
lines show the host galaxy apparent magnitudes in the four DES filters (griz.)
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Figure 5.18: Top panel: The rest-frame spectrum of DES14C1fi obtained on the 23"
of October 2014 (49 days past peak) by the LRIS spectrograph on the Keck telescope.
Using the host galaxy emission lines of O 11[A3727 A] and the doublet absorption features
of Mg 11[\2796, 2803 A], we were able to secure the redshift of the host galaxy at z = 1.3.
Bottom panels: Zoom-in plots to the wavelength range, so the two sets of spectral features
used to derive the host galaxy redshift, can been seen clearly.
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Figure 5.19: The reduced VLT/FORS2 two-dimensional spectrum of DES14C1fi taken
on the 29" of November 2014, almost +50 days past peak. The nebular emission lines
of O 11[A3727 A], used to derive the host galaxy redshift, are labeled.
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attempt on spectral classification, using the spectrum provided by OzDES proved to be
inconclusive, as the spectrum showed no clear SNe features of any type.

As we continued to follow the light-curve evolution of DES14C1fi, we noticed that by
mid-October — almost a month after the first spectral observation — the bluer bands started
to decline faster than the redder bands, which seemed to have flattened out, indicating
that the transient had reached peak brightness. At that point we triggered on the Keck
telescope’s ToO time available for the Y2, and requested a spectrum to be taken with
the LRIS spectrograph. Keck observed DES14C1fi on the 24" of October 2014, when
the phase of the SNe was around +9 days past peak and had faded to m, = 22.5. The
spectrum, despite the high SNR provided by the unmatched combination of LRIS and
Keck, was still featureless with no signs of SNe activity.

After ruling out the possibility of an error in the finding chart, I proposed an alter-
native explanation which was that DES14C1fi was a hydrogen rich SLSN (type II) at a
redshift greater than the host galaxy photometric redshift z > z,40t0 = 1.19. Thus the H3
[A4861 A] and Hox [A6563 A] features of a SLSN-II at redshift of z = 1.19 (10645 A and
14372 A respectively) would fall out of the observing window of the visible spectrum of
LRIS (3400 — 10275 A). This hypothesis became stronger when, a few days afterwards
when the team that constructed the Keck observations (lead by Prof. Peter Nugent and
Dr. Melissa Graham) re-reduced the obtained spectrum and discovered clear evidence
of the host galaxy redshift. As seen in Fig. 5.18, the strong nebular emission line of
O 11[A\3727 A] and the doublet absorption features of Mg 11[A2796, 2803 A] were used to
derive the host galaxy redshift of zy,.. = 1.3.

At such redshift, DES14C1fi peaked at M, = —22.57 and can be placed among the
most luminous SNe to date (Table 2.1). Furthermore, another spectrum was later ob-
tained with the OzDES program with similar results as the first attempt. On the 29" of
November 2014 one more spectrum was obtained using the VLT and the X-Shooter spec-
trograph, a 2-dimensional version which is shown in Fig. 5.19. This spectrum contains
data from all three arms of X-Shooter (UV-visible-NIR), but apart from the confirmation
of the host galaxy’s redshift, no obvious hydrogen emission is recognizable.

Finally, the observed light-curve of DES14CI1fi lasted longer than the entire DES
Y2 observing season, as the SNe pipeline was able to detect the transient in the redder
bands even on the last observing night of DES in mid-February 2015. This impressive

long-lived light-curve can be seen also in flux space in panels (a) and (b) of Fig. 5.8.

5.6.2 DES14X2byo

DES14X2byo is located at R.A.= 02"23™46°.93, Dec.= —06°08'12".3 (Fig. B.2) and
was discovered on the 24" of September 2014 at m,. = 23.4 as a hostless SNe candidate.
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Figure 5.20: The observed AB magnitude light curve of DES14X2byo in the four DES
SN search filters (griz) as a function of the observed phase. The crosses denote the
epochs of spectral observations as following: GTC, MMT, Keck, OzDES, Magellan and
2 more times with OzDES. The errorbars represent 1-0 uncertainties, and the arrow sym-

bols are 3-0 upper limits.
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Figure 5.21: The spectra of DES14X2byo as obtained in different epochs of the SNe,
from the different spectrographs/telescopes, are plotted in black. Over-ploted in orange
are the SUPERFIT best-fits of several spectral templates to DES14X2byo. Two of the
OzDES spectra, one obtained at -3 days before peak and one +21 days past peak, are
not plotted due to poor quality of the data. The spectra are labeled with the respective
telescope, the phase relative to peak and the name and phase of the SUPERFIT spectral
templates.
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By mid-October it was identified as a SLSN candidate based on the long rise time of
the light-curve, which is shown in Fig. 5.20. On the 17" of October it was placed in
the queue of the GTC for spectroscopic follow-up as a hostless, bright (M, = 21.77)
transient and a first spectrum was obtained with the OSIRIS spectrograph, resulting in a
SLSN-I classification at a redshift of z ~ 0.85.

At that stage, DES14X2byo was selected for observations using the Blue Channel
Spectrograph on the MMT and the LRIS spectrograph on Keck telescope on the 22" and
2374 of October, respectively. The high-SNR spectrum obtained by the Keck telescope,
secured the classification of a SLSN-I near maximum, at a redshift of z = 0.869, consis-
tent with narrow Mg I 2800 A absorption clearly detected at z = 0.869. An astronomer’s
telegrams (ATel #6635; Graham et al., 2014) was released shortly afterwards, announcing
both the discovery and the spectral classification.

Furthermore, a spectrum (+13 days past peak) was obtained using the IMACS spec-
trograph on the Magellan telescope on the 15" of November 2014; and also DES14X2byo
was automatically placed into the targeting list of the OzDES program due to its bright-
ness (m, = 21.47). Hence three spectra were obtained during the Y2. Fig. 5.21 shows
the available spectra obtained by the different telescopes for DES14X2byo.

The light-curve continued to rise until early November, when it reached a peak mag-
nitude of M, = —22.34 and then started to decline slowly until the beginning of February,
when it was last detected close to the zero flux limit in 2 band and the X2 field was close
to visibility limits from the CTIO. Like most SLSNe, DES14X2byo light-curve dropped
first and more rapidly in g band with the redder bands following later, with a slower de-
cline rate, as seen in Fig. 5.20. No host galaxy is visible up to this stage in DES deep

template imaging, which is complete down to m, = 24.0.

5.6.3 DES14S2gqri

DES14S2qri is located at R.A.= 02"43™32°.14, Dec.= —01°07'34".2 and was discov-
ered on the 26" of November 2014 at m; = 23.7 as a hostless SN candidate, as seen
in Fig. B.3. By late December it was identified as a SLSN candidate based on the long
rise time of the light-curve, mostly seen in z band, shown in panel (a) of Fig. 5.22. At
first DES14S2qri was not a convincing SLSN candidate due to its odd light-curve be-
haviour. Usually, SLSNe show no colour evolution in pre-peak epochs, and soon after
peak the bluer bands drop faster than the redder bands, creating a visually recognizable
colour evolution of the post-peak light-curve (similar to what was seen in DES14X2byo
light-curve in Fig. 5.20). The light-curve of DES14S2qri showed a different behaviour,

as it reached peak first in the redder bands (2 and z) and then in bluer bands (g and 7).
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Figure 5.22: Panel a: The observed AB magnitude light curve of DES14S2qri in the four
DES SN search filters (griz) as a function of the observed phase. The cross denotes the
epoch of spectroscopic observations with GTC. The errorbars represent 1-o uncertainties,
and the arrow symbols are 3-0 upper limits. Panel b: The observed spectrum (black)
of DES14S2qri as obtained by the GTC with the OSIRIS spectrograph on the 215 of
January 2015, +25 days past peak brightness. Also, plotted in blue, is the SUPERFIT best-
fit spectral template, which was used to classify DES14S2qri as a SLSN-I at a redshift of
z =1.5.
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At the beginning of January 2015, after coordinating with the SN survey’s spectro-
scopic marshal, DES14S2qri was placed on both VLT and GTC telescopes’ target lists,
as an interesting hostless transient. On the 15" of January, using the OSIRIS spectro-
graph on the GTC, we obtained a spectrum that was initially misclassified as a SNe Ia at
a redshift of z ~ 0.8. The fact that the first spectral data reduction was poor and at such
redshift the transient would be in the superluminous regime (M > —21), indicated that
something was wrong with the first classification attempt.

In March 2015, Dr. Mat Smith had re-reduced the data and obtained a secure classifi-
cation of DES14S2qri as a SLSN-I at a redshift of = = 1.5, which was announced by ATel
# 7199 (Castander et al., 2015). At such redshift, DES14S2qri peaked at M, = —22.9,
placing itself as the most luminous SLSNe to date (Table 2.1).

5.6.4 DES14X3taz

DES14X3taz is located at R.A.= 02"28™04%.46, Dec.= —04°05'12".7 and was discov-
ered on the 215 of December 2014 at m,. = 23.3 as SN candidate 0.15” away from its
host galaxy, as seen in Fig. B.4. DES14X3taz was not initially selected as a SLSN can-
didate because it violated one of the SLSNe criteria (Sec. 5.4.1), namely within 1 pixel
of the host centre. It was instead selected as an interest normal SN Ia candidate. By
mid-Januray 2015, the light-curve of DES14X3taz showed unusual behaviour presented
in panel (a) of Fig. 5.23. After initially rising for a few days, the light-curve peaked
and then it started rising again, leading to a second peak which is very unusual in SNe
light curves. This rare behaviour has been seen before as a pre-explosion outburst in SNe
IIn (Ofek et al., 2013; Margutti et al., 2014; Smith et al., 2014), as well as in a SLSN
presented by Leloudas et al. (2012), see SN 20060z in chapter 2.

DES14X3taz was selected for spectroscopic follow-up observation with the GTC as
an interesting and rare SNe with obvious signs of a pre-explosion outburst, and on the
215 of January 2015 a spectrum was obtained and DES 14X3taz was classified as SLSN-I
at a redshift of z = 0.6. Panel (b) of Fig. 5.23 shows the spectral comparison carried out
with SUPERFIT, revealing the SLSN nature and redshift of DES14X3taz.

5.6.5 DES14Clrhg

DES14Clrhg is located at R.A.= 03"38™07%.27, Dec.= —27°42/45".7 and was discov-
ered on the 1% of December 2014 at m, = 23.8 as a hostless SN candidate (Fig. B.5).
After 20 days of rising, it reached its peak brightness of m, = 22.3, as seen in panel (a)
of Fig. 5.24. At first, DES14C1rhg was placed on the OzDES target list as a hostless SNe
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Figure 5.23: Panel a: The observed AB magnitude light curve of DES14X3taz in the four
DES SN search filters (griz) as a function of the observed phase. The cross denotes the
epoch of spectroscopic observations with GTC. The errorbars represent 1-0 uncertainties,
and the arrow symbols are 3-0 upper limits. Panel b: The observed spectrum (black)
of DES14X3taz as obtained by the GTC with the OSIRIS spectrograph on the 21 of
January 2015. Also, plotted in blue, is the SUPERFIT best-fit spectral template, which
was used to classify DES14X3taz as a SLSN-I at a redshift of z = 0.6.
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Figure 5.24: Panel a: The observed AB magnitude light curve of DES14C1rhg in the
four DES SN search filters (griz) as a function of the observed phase. The crosses denote
the epoch of spectroscopic observations. The errorbars represent 1-o uncertainties, and
the arrow symbols are 3-0 upper limits. Panel b: The observed spectrum (black) of
DES14Clrhg as obtained by the VLT with the X-Shooter spectrograph on the 28 of
December 2015. Plotted in blue is the SUPERFIT best-fit spectral template, which was
used to classify DES14Clrhg as a SLSN-I at a redshift of 2 = 0.47.
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Ia candidate. Two spectra were taken on the 21% and 24" of December with the AAT
and 2dF spectrograph, resulting in a featureless spectrum.

Soon after, DES14C1rhg was identified as a SLSN candidate due to its ~ 30 days
of rise time, and was selected for spectroscopic follow-up observations for the VLT/X-
Shooter program. A spectrum was obtained on the 28" of December 2014, shown in
panel (b) of Fig. 5.24, which led to the secure classification of DES14Cl1rhg as a SLSN-I
at a redshift of z = 0.47.

The post-peak behaviour of the light-curve, in which the bluer bands start to decline
quicker and more rapidly than the redder bands, was another confirmation of the superlu-
minous nature of the transient. At this point one must highlight the fact that DES14Clrhg
peaked at an absolute magnitude of M, = —19.80, which is the lowest value to be re-
ported to date for a spectroscopically confirmed SLSN of any type (see Table 2.1). Such
‘underlunimous-SLSNe’ could support the argument that the SLSNe absolute magnitude
limit of M < —21, set by Gal-Yam (2012) (see Sec. 1.5 of this thesis), was arbitrarily
chosen in the lack of SLSNe at lower peak magnitudes.

An explanation for this, could be the limited sensitivity of the other surveys that have
discovered SLSNe up to this date. Although, PTF10hgi, PTF11rks (Inserra et al., 2013)
and SN 2006tf (Smith et al., 2008a) were characterized as ‘underlunimous-SLSNe’, as
they peaked at M = —20.24, —20.76 and —20.70 respectively (slightly lower than the
SLSNe limit of M < —21), any further discoveries of such ‘underluminous-SLSNe’
could indeed reveal the existence of a continuum that will fill the gap between the peak
brightness of SNe Ic and SLSNe.

Asnoted in Sec. 5.4.1, a selection cut at the absolute peak magnitude was applied dur-
ing the selection process of SLSNe, with a value of M,..; < —20.0. Thus DES14Clrhg
was initially selected as a hostless SNe Ia and did not pass the SLSNe selection pro-
cess described in Sec. 5.4.1. By relaxing the value of the absolute peak magnitude cut
t0 Mpeqr, < —19.5 the number of transients selected for the first visual inspection pro-
cess increased by a factor of ~ 2 and by a factor of ~ 3 when the limit was set to
Mpear, < —19.0.

5.6.6 DESI14E2slp

DES14E2slp is located at R. A= 00"33™04°.08, Dec.= —44°11'42" .8 and was first de-
tected on the 19" of December 2014 at m, = 23.4 as a hostless candidate, despite the
existence of two nearby galaxies at 3.5” and 3.9” away, as seen in Fig. B.6. DES14E2slp
brightness was rising in all four bands for almost 30 days, until it reached its maximum on
the 19" of January 2015, whereas the last observed night of the light-curve took placed a

week after, on the 26" of January, as seen in panel (a) of Fig. 5.25. The last two epochs
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Figure 5.25: Panel a: The observed AB magnitude light curve of DES14E2slp in the four
DES SN search filters (griz) as a function of the observed phase. The cross denotes the
epoch of spectroscopic observations with VLT. The errorbars represent 1-0 uncertainties,
and the arrow symbols are 3-0 upper limits. Panel b: The observed spectrum (blue) of
DES14E2slp as obtained by the VLT with the Xshooter spectrograph, around 25 days
before peak brightness. Plotted in black is the SUPERFIT best-fit spectral template, which
was used to classify DES14E2slp as a SLSN-I at a redshift of z = 0.64.
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of the light-curve provide some evidence of the SLSN nature of this transients, as the g
band starts to decline faster than the redder bands.

At an early stage of its light-curve, DES14E2slp was placed as a target for VLT
towards the end of December 2014, and a spectrum was obtained on the 28t around
20 days before peak brightness. The first attempt of classification was unsuccessful, but
subsequent re-analysis of the data by Dr. Mat Smith, indicates that the spectrum shows
some similarities to a SLSN-I at redshift of z = 0.64, as seen in panel (b) of Fig. 5.25.
For this thesis, DES14E2slp would be considered as a SLSN-I even though there is some
disagreement with the comparison spectrum (LSQ12dlf; Nicholl et al., 2014) which was
taken as a different phase in the light curve (+11 days past peak). It is worth stressing that
spectra of the early pre-peak phase of SLSNe is quite rare and therefore this spectrum has

value for comparisons with other future SLSNe.

5.6.7 DESI14E2ap

DES14E2ap is located at R. A= 00"38™59°.36, Dec.= —43°35'45".5 as seen in Fig. B.7.
It was discovered at the beginning of DES Y2, on the 21" of August 2014 at m, = 22.2
as a hostless candidate and close to its maximum brightness, as seen in panel (a) of
Fig. 5.26. Its light-curve evolution showed a slow decline, with the g band fading away
quicker than the redder bands, similar to that expected from other SLSNe. We were able
to detect this transient up to mid-November 2014, when it had faded below the detection
limit.

Soon after detection, DES14E2ap was targeted with the VLT for spectroscopic obser-
vations and on the 30" of August 2014 a spectrum was obtained. The preliminary data
reduction revealed a noisy and low SNR spectrum, without a good classification. The
spectrum of DES14E2ap was later re-reduced and a moderate match with a SLSN-I at a
redshift of z = 0.6 and at the phase of +37 days past peak, was found (using SUPERFIT;
Howell et al., 2005). At such redshift, DES14E2ap peaked at an absolute magnitude of
M, = —20.49, which is slightly smaller than the SLSNe limit of M/ < —21 adopted by
Gal-Yam (2012).

For the purpose of this thesis, I will consider DES14E2ap as a SLSN-I at a redshift

of z = 0.6, based on its light curve behaviour and spectral classification.

5.7 Modeling

Using the 22 SLSNe (Table 5.8) discovered in DES Y2, we attempt to explore the prop-

erties of their nature, by constructing their bolometric light-curves and fitting different
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Figure 5.26: Panel a: The observed AB magnitude light curve of DES14E2ap in the four
DES SN search filters (griz) as a function of the observed phase. The cross denotes the
epoch of spectroscopic observations with VLT. The errorbars represent 1-o uncertainties,
and the arrow symbols are 3-0 upper limits. Panel b: The observed spectrum (blue) of
DES14E2ap as obtained by the VLT with the Xshooter spectrograph, around 5 days past
peak brightness. Also, plotted in black is the SUPERFIT best-fit spectral template, which
was used to classify DES14E2ap as a SLSN-I at a redshift of = = 0.6. The two telluric
absorption features at 6700 and 7600 A were ignored by the fitting routine, as they are
caused by the Earth’s atmosphere.
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power source models to them, as described in Sec. 1.5.3 and adopted in Chap. 4 for
DES13S2cmm.

5.7.1 Bolometric Light-Curves

We follow the methodology outlined in Sec. 4.6 to construct bolometric light curves for
all 22 SLSNe candidates. A single blackbody SED is fit to the DES multi-colour data,
for each epoch of the light-curve that has minimum three distinct filter observations.
Firstly, the blackbody SED is redshifted to the observer frame and integrated through the
response functions of each DES filter. Then, the best-fitting parameters that synthesize
the blackbody SED, namely the temperature and radius, are determined by the fit to the
observed photometry.

Finally, the best-fit blackbody SED for each epoch is integrated in the rest frame,
over the wavelength range of 5 — 50000 A to obtain the bolometric luminosity of the
specific epoch. The errors on the bolometric luminosities were calculated from the fitting
uncertainties of the blackbody parameters.

Fig. 5.27 shows the 26 blackbody SED fits to the observed DES photometry for
the SLSNe named DES14C1fi. Whereas, Fig. 5.28 shows the bolometric light-curve
of DES14C1fi, plotted as a function of the observed-frame phase from peak magnitude.
Also in the same figure, the panels at the bottom show the time evolution of the two fit
parameters (temperature and radius). Later data points on the light-curve have larger
errorbars, as a result of low flux values in bluer bands at such epochs, which cause
larger uncertainties on constraining the blackbody SED, as seen in the last five panels
of Fig. 5.27.

For the rest of the SLSNe discovered in Y2 (Table 5.8), the respective figures of the
blackbody fits and the derived bolometric light-curves are shown in Appendix C.

Fig. 5.29 shows the bomometric light-curves, temperature and radius evolution of
8 SLSNe from Y2 that have a spectroscopic confirmation, or a host galaxy zg,.., plus
DES13S2cmm from Y1 (Chap. 4). The plot reveals the similarities and differences be-
tween those 9 spectroscopically confirmed SLSNe from DES; as the temperature and
radius evolution seem to follow the same evolution pattern, close to the linear relations
described by the cooling blackbody (see Sec. 1.5.3) introduced by Howell et al. (2013).

5.7.2 Power Source Models

Following the process used for DES13S2cmm in Chap. 4, we investigate two SLSNe
power source models for the sample of 22 SLSNe discovered in Y2 (Table 5.8): the

radioactive decay of 5°Ni, and the energy deposition from a Magnetar.
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Figure 5.27: Blackbody fits (dashed lines) to the 26 observed epochs of the DES multi-
band photometry (coloured squares) for DES14C1fi. The legend of each panel states the
observed phase-t in days from peak magnitude, and the blackbody best-fit parameters:
temperature-7'(° K) and radius- R(Ry = 10'°cm). The respective figures of the blackbody
fits of the rest of the SLSNe discovered in Y2 are shown in Appendix C.
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Figure 5.28: Top panel: The bolometric light-curve of DES14C1fi in units of 10%% erg
s~! as a function of the observed phase. Middle panel: The temperature evolution with
observed phase, as obtained by the best-fit blackbody SED on the photometry of each
epoch. Bottom panel: The radius evolution with observed phase, also obtained by the
best-fit blackbody SEDs, in units of 10'° cm. The respective figures of the derived bolo-
metric light-curves of the rest of the SLSNe discovered in Y2 are shown in Appendix
C.



CHAPTER 5. DARK ENERGY SURVEY - YEAR TWO 160

45F T T T —
E ] [} ifz=1.
= [ i i : DES14S2qri [z= 1.5]
Tur Mo WLl ]
[ E 3
N .TL ';l}i:ﬂ ;?x “‘L‘T ] * DES14X2byo [2=0.86]
% F * *ep |1 T{' E
: * ’fT T ] A DES14E2slp [2=0.64]
Py * , , ' E
25;_ E B DES14E2ap [z=0.60]
— 20F =
< F ]
2 15F 3 ® DES14X3taz [2=0.60]
Q o ]
E 10F 3
5 3 % DES14C1rhg [2=0.47]
28F .
C ] A DES14C1fi[z= 1.3]
£ 151 ]
> 1 B DES14X1rbi [2=0.72]
Z 10k -
(2] - .
2 F
g ]
T 5[ %{ . 4 DES13S2cmm [z=0.66]
C i +
ot .
_50 100

Rest Frame Phase (days)

Figure 5.29: The bolometric light-curve (top panel) of 8 spectroscopically confirmed
SLSNe from Y2 and DES13S2cmm from Y1, as derived from the temperature (middle
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perature. Also note, that the late time (> 450 days) behaviour of the radius appears to
decrease slightly with time. The colours and plotting symbols were selected to match the
following plots in this thesis.
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Table 5.9: List of 22 SLSNe discovered in Y2 and DES13S2cmm from Y1, reporting
the best-fit Magnetar models’ parameters values (7,,, B, P and t.,,), as well as the fits’
results (x2,,, x* and DoF). The table is separated into four sections: 6 SLSNe that were
spectroscopically confirmed, 2 SLSNe that have a host z,,.., 14 events that were pho-
tometrically selected as SLSNe and DES13S2cmm. The SLSNe are ordered based on
their redshift and this order was kept throughout the chapter for clarity in reference and

plotting.
# \ Name \ z \ Tim \ B \ P \ tesp (days) \ Xzed \ x> \ DoF
1 | DES14S2qri 1.500 | 17.11 | 1.12 | 3.02 24.78 0.803 8.83 11
2 | DES14X2byo | 0.869 | 31.67 | 4.73 | 0.98 18.67 2.440 | 39.04 16
3 | DES14E2slp 0.640 | 26.14 | 2.43 | 4.69 29.13 2.637 791 3
4 | DES14E2ap 0.600 | 43.94 | 3.59 | 2.33 45.06 0.650 | 11.05 17
5 | DES14X3taz 0.600 | 32.29 | 0.26 | 1.69 25.52 15976 | 31.95 2
6 | DES14ClIrhg | 0.470 | 20.38 | 5.33 | 10.95 17.83 9723 | 12640 | 13
7 | DES14Cl1fi 1.300 | 27.02 | 0.84 | 2.45 32.25 0.810 | 17.01 21
8 | DES14X1rbi 0.720 | 1433 | 142 | 6.28 26.05 0.356 1.78 5
9 | DES14Slewv | 1.230 | 23.48 | 1.92 | 3.08 22.90 1.296 15.56 12
10 | DES14E1rpi 1.050 | 13.40 | 4.26 | 8.87 15.42 0.257 1.29 5
11 | DES14C3nn 1.030 | 12.32 | 3.13 | 6.93 12.65 0.140 1.12 8
12 | DES14E1lgl 1.000 | 4890 | 0.91 | 4.67 40.70 0.656 6.56 10
13 | DES14E2bhn | 0.970 | 10.30 | 3.27 | 9.48 18.61 0.346 3.12 9
14 | DES14X3gyr | 0.950 | 27.49 | 3.31 | 8.97 28.24 0.086 0.43 5
15 | DES14X1avd | 0.840 | 45.61 | 4.21 | 4.83 26.37 0.772 10.81 14
16 | DES14X3mjf | 0.830 | 29.78 | 0.24 | 3.28 31.64 0.296 1.48 5
17 | DES14CIngk | 0.810 | 49.33 | 0.86 | 4.41 41.75 0.690 6.90 10
18 | DES14C3tny | 0.790 | 13.37 | 1.05 | 6.07 22.87 0.987 3.95 4
19 | DES14Cl1fs 0.740 | 58.61 | 2.08 | 4.32 39.36 0.819 15.57 19
20 | DES14X1brr 0.650 | 12.16 | 479 | 9.98 16.03 0.882 12.35 14
21 | DES14Xl1ps 0.610 | 40.67 | 2.72 | 3.76 47.78 1.516 | 33.35 22
22 | DES14E1hk 0.530 | 24.05 | 5.62 | 6.83 21.33 0.517 8.26 16
23 | DES13S2cmm | 0.663 | 24.71 | 1.51 | 5.39 29.19 3.736 | 82.19 22
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Figure 5.30: Top panel: The bolometric light-curve of DES14X2byo as a function of
the rest-frame phase, fitted with the Magnetar (green) and 5°Ni (blue) models. Middle
panel: The temperature evolution with rest-frame phase, as obtained by the blackbody
SED best-fit of the photometry of each epoch. Bottom panel: The radius evolution with
rest-frame phase, also obtained by the best-fit blackbody SEDs, in units of 10'° em
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Figure 5.31: Rest-frame bolometric light-curves of the 23 SLSNe listed in Table 5.9,
overplotted with the best-fit Magnetar model for each SLSNe. The plotting symbols and
colours are kept constant for the remaining of this thesis.



CHAPTER 5. DARK ENERGY SURVEY - YEAR TWO 164

Both models were described in detail in Sec. 1.5.3, where equations 1.32 and 1.36
give the bolometric luminosity as a function of time for the Magnetar and decay of *°Ni
models respectively. We fit the bolometric light-curve of the SLSNe discovered in Y2
(Table 5.8) with the two models, using the MPFITFUN routine (Markwardt, 2009) within
IDL.

Fig. 5.30 shows the best fitting curves of the two models discussed here (green -
magnetar, blue - **Ni) for the bolometric light-curve of DES14X2byo. Both models show
identical behaviour to 420 days (rest-frame) past peak, but at later times the magnetar
model drops quicker than °Ni which is a well-known difference between the models,
and is often cited as evidence favouring the magnetar explanation (see Cap.4 and Inserra
et al., 2013).

Appendix D contains the respective plots with the best fitting curves of the two mod-
els for the rest of the SLSNe sample discovered in Y2. Overall, the magnetar model
appears to fit better than the °Ni to the whole sample of SLSNe, especially in late times,
a result that confirms the findings from Inserra et al. (2013). A formal ‘goodness of fit’
test between the two models has not been done within this thesis, but such a project could
be the subject of future publications. Table 5.9 gives the best fit parameters for the mag-
netar model (7,, B, P and t.,,), as well as the fits’ results (Xfed, x? and DoF) for the
sample of 22 SLSNe in Y2, plus DES13S2cmm.

Focusing on the Magnetar model, we present Fig. 5.31 which shows the best fitting
curves of the magnetar model on the rest-frame bolometric light-curves of the 23 SLSNe,
listed in Table 5.9. A general commend from Fig. 5.31 is that the Magnetar model can fit
fairly well light-curves with a range of different shapes. This could be explained by the
diversity of the physical parameters of the model as described in Sec. 1.5.3 and presented
in Fig. 1.17. The fact that the physical parameters’ space of the Magnetar model is not
strictly constrained by the theory (Woosley, 2010; Kasen and Bildsten, 2010), results
to the good agreement between the data and the models. In the other hand, the decay of
6Ni models for example, have a physical constrain in the amount of °°Ni that is produced
during the SN explosion.

We note that several magnetar fits have very small x2,, values produced by MPFIT-
FUN. Such values indicated over-fitting (Andrae et al., 2010), namely there are a small
number of data points (eg. DES14X3gyr) with unexpected large errors and/or the model
has too many degrees of freedom. This over-fitting then translates into large errorbars
on the best-fit parameters of the model. Such large errorbars are not to be trusted, while
one can argue, based on visual inspection of the best-fit models in Fig. 5.31, that the pro-
duced parameters values are reasonable and compatible with the ones coming from more

sensible fits.
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Moreover, we note that most of the 23 SLSNe in this sample (Table 5.9) do not
possess enough data points to cover both before and after peak epochs of the light-curve,
resulting in insufficient fits of the Magnetar model, although visually one can argue that
the model fits the data well enough e.g. DES14E2slp, DES14X3taz, DES14C3nn and
DES14X3myjf etc. This situation is currently unavoidable, due to the predefined observing
season of DES, which is limited to a maximum of five and a half months per calendar
year. Because of time dilation, the observing window decreases with redshift and as a
result, the SLSNe that were not discovered early in the observing season and at an early
stage of their life, will have incomplete light-curves, leading to inadequate model fits.

We attempt to explore correlation in the Magnetar model’s parameter space using
Fig. 5.32, which shows six cross-reference plots between the four fitting parameters of
the Magnetar model for the SLSNe sample discovered in Y1 and Y2. A clear correlation
between the four parameters is difficult to be seen visually, though there is evidence for
a (linear) correlation between the explosion phase (t..,) and the rise-time parameter (7,
Eqn. 1.33), plotted in the bottom left hand side panel of Fig. 5.32.

We note the large errorbars derived for the fit parameters of some of the SLSNe shown
in those plots. As explained above, those are the results of the MPFITFUN routine’s over-
fitting (Andrae et al., 2010). Using the following selection-cut: x2,, < 0.6 and x2,, > 5.0
the SLSNe possessing the large errorbars were selected and replaced with the median
errorbars derived from the whole SLSNe sample. The result of this is shown in Fig. 5.33.
Such action can be justified by a previous argument, that despite the large errorbars the
derived parameters’ values are reasonable and compatible with the ones coming from
SLSNe with more sensible fits.

Furthermore, we explore possible correlations in Fig. 5.33 using a Pearson and Spear-
man test using pre-defined routines in IDL. For Pearson and Spearman tests the corre-
lation coefficient could have any value within the following limits: +1 (total positive
correlation), 0 (no correlation), and —1 (total negative correlation). Two sets of param-
eters shows significant correlations (one negative and one negative), whereas the rest
of the parameters’ combinations were inconclusive. Namely the rise-time (7,,,) and the
spin-down time (P) resulted to coefficient values of -0.58 and -0.63 for the Pearson and
Spearman tests respectively. Also, for the correlation between the explosion phase (tc.;)
and the rise-time (7,,), the Pearson test resulted to a coefficient value of 0.56, whereas
the Spearman test gave a coefficient value of 0.65.

We applied a selection-cut based on the values of the x?_; of Table 5.9, using 0.6 <
XZ.q < 5.0 — which resulted to the exclusion of 9 SLSNe from Table 5.9 — and per-
formed the Pearson and Spearman tests again. The correlation between the rise-time
(7») and the spin-down time () was weakened significantly. In the other hand, the posi-

tive correlation between the the explosion phase (%.,,) and the rise-time (7,,,) was slightly
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Figure 5.32: The four parameters (7,,,, B, P and ?.,),) of the best-fit Magnetar models of
the 23 SLSNe listed in Table 5.9, plotted against each other. There is visual evidence of
a (linear) correlation in some of these relations, which is to be expected as some of the
parameters will be correlated. Such a correlation can be seen between the 7 and ¢, pa-
rameters (bottom left panel). Unfortunately the errors are large making clear conclusions
hard. The plotting symbols and colours are kept constant as in previous plots and for the
remaining of this thesis.
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Figure 5.33: The four parameters (7,,, B, P and t.,,) of the best-fit Magnetar models
of the 23 SLSNe listed in Table 5.9, plotted against each other, as in Fig. 5.32, but with
adjusted errorbars for the SLSNe that passed the x? , selection cut. The plotting symbols
and colours are kept constant as in previous plots and for the remaining of this thesis.
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Figure 5.34: The four parameters (7,,, B, P and {.,,) of the best-fit Magnetar models
of the 14 SLSNe selected as described in Sec. 5.7.2, plotted against each other. Pearson
and Spearman correlation tests revealed the possible correlations between the explosion
phase (Z.,,) and the rise-time (7,,). The plotting symbols and colours are kept constant
as in previous plots and for the remaining of this thesis.
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Figure 5.35: The four parameters (7,, B, P and t.,,) of the best-fit Magnetar models
of the 11 SLSNe selected as described in Sec. 5.7.2, plotted against each other. Pearson
and Spearman correlation tests revealed the existence of two possible correlations, one
between the explosion phase (t..,) and the rise-time (7,,,); and between the spin down
time (P) and the rise-time (7,,,). The plotting symbols and colours are kept constant as in
previous plots and for the remaining of this thesis.
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strengthened, resulting to coefficient values of 0.65 and 0.66 for the Pearson and Spear-
man tests respectively. Fig. 5.34 shows the six cross-reference plots of the Magnetar
model’s parameters for the 14 SLSNe that passed this 2, selection cut.

An alternative method for selecting a more robust sample of SLSNe light curves is to
select based on light curve coverage. The best light curves have coverage before and after
peak, which significantly improves the constraints on the magnetar model parameters.
Using the light-curves of the 23 SLSNe as presented in Fig. 5.31, one can select those
SLSNe that have at least 2 pre-peak epochs and several past-peak epochs, that reach
at least a minimum of +30 days (rest-frame). Clear examples of such cases would be
DES14X2byo and DES14C1fi, whereas events such as DES14X3taz and DES14E2ap
would fail to pass this selection cut. Other events, such as DES14E11Igl and DES14X3mjf,
appear to have enough data points around peak, but at the same time the shape of the
light-curve at peak and its slow evolution, push these specific SNe examples outside the
selection cut. Other SNe that fall in the latter category are DES14C1ngk and DES14C1fs.

Using the latter selection cut, we re-run the Pearson and Spearman tests again and
find coefficient values of 0.59 and 0.65 respectively, for the correlation between the ex-
plosion phase (%.,;,) and the rise-time (7,,,). Also, the latter selection cut re-emerged the
correlation between the spin down time (F) and the rise-time (7,,), with coefficient val-
ues equal to -0.67 and -0.65 for the Pearson and Spearman tests respectively. All other
correlations tested provided an inconclusive result for the Pearson and Spearman test
(e.g. coefficient values close to zero). Fig. 5.35 shows the six cross-reference plots of
the Magnetar model’s parameters for the 11 SLSNe that passed the light-curve coverage
selection cut.

This exploration of the correlation in the Magnetar model’s parameter space revealed
that, one correlation is robust as it appears in all the selection cuts. Namely, the corre-
lation between the explosion phase (.,,) and the rise-time (7,,,) showed consistent coef-
ficient values (for both Pearson and Spearman tests). Also, the correlation between the
spin down time (F) and the rise-time (7,,) was tentative and depended on the selection
cuts applied, while the remained parameters combinations showed no correlation. Thus,
a more detailed analysis is required to investigate further these possible correlations to
‘standardise’ these SLSNe as discussed in Inserra and Smartt (2014).

5.8 Comparison of Bolometric Light-Curves

By plotting the bolometric light-curves of SLSNe on the same panel, we explored the

potential of seeing common behaviour in the evolution of the SLSNe, as we have dis-
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Figure 5.36: Rest-frame bolometric light-curves, constructed by using the Magnetar
model, of the 23 SLSNe listed in Table 5.8, plotted on the same panel in order to spot
common behaviour. The complete sample of 23 SLSNe does not show a particular com-
mon behaviour, whereas some sub-samples could be identified by such plot. The colour-
coding of the SLSNe was adopted and kept constant from previous plots.
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spotted. The colour-coding of the SLSNe was adopted and kept constant from previous

plots.
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Figure 5.38: Rest-frame bolometric light-curves, constructed by using the Magnetar
model, of the 14 SLSNe that passed the x2 , selection cut, plotted on the same panel
in order to spot common behaviour. The diversity between the light-curves can be easily
spotted, especially around peak brightness, whereas the only common behaviour appears
at very late time, where the light-curves have the same slow decline rate. The colour-
coding of the SLSNe was adopted and kept constant from previous plots.
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cussed previously in Sec. 4.7 for DES13S3cmm, which we include here in our overall
DES SLSN sample.

In Fig. 5.36 we attempt the first direct comparison of the 22 SLSNe listed in Ta-
ble 5.8 plus DES13S2cmm, by using their rest-frame bolometric light-curves as con-
structed from their best fit magnetar model. The whole sample of 23 SLSNe does not
show any obvious common behaviour. Instead, it reveals a diversity between the 23
light-curves, in contrast to what we have seen in Fig. 4.7, where the SLSN light curves
showed some similarities at approximately +25 days (rest frame) past peak.

Moreover, figures 5.37 and 5.38 illustrate the direct comparison of the bolometric
light-curves created by the Magnetar model, after applying the two selection cuts men-
tioned in the previous section, namely the x?2 , limits and light-curve coverage respec-
tively. By using those selection cuts, the SLSNe sample hopefully becomes more robust,
as the events that fail to pass the selection cuts are the less likely to be true SLSNe, as we
do not possess spectroscopic confirmation for the whole sample and/or have lower qual-
ity light curves (so worse magnetar model fits). Even though the two sub-samples can be
considered purer than the 23 SLSNe of Table 5.8, the bolometric light-curve comparison
does not reveal any strong correlation in their time evolution.

One can argue that, for the sample with the light-curve coverage cut applied, illus-
trated in Fig. 5.38, the light-curves at very late times > +100 days (rest frame) past peak,
have similar slopes. This argument is preliminary, as for such late rest-frame times most
of the SLSNe do not have any measurements, as seen in Fig. 5.31, and the slopes at those
late times are governed purely by the mathematical form of the magnetar model. A more
detailed statistical test is required to fully understand this sample of SLSNe and what

possible correlations could be seen.

5.9 Rates and Distributions of SLSNe

The redshift distribution of the 22 SLSNe discovered in Y2 by DES, is illustrated in
Fig. 5.39, whereas the apparent and absolute magnitude distributions can be seen in pan-
els (a) and (b) of Fig. 5.40, respectively.

From the absolute U magnitude distribution plot, one would notice that around half of
our sample of the 22 SL.SNe is distributed below the SLSNe absolute magnitude limit of
M < —21.0, set by Gal-Yam (2012). As noted before, this limit was arbitrarily set at the
beginning of the quest for SLSNe, and the discovery of events with absolute magnitudes
less than -21 could explain the existence of a continuum between the SLSNe and type
Ic class (—17.8 < M < —18.3). Pastorello et al. (2010a) first showed that late time
spectra of SLSNe resemble the spectra of SNe Ic, pointing towards a common physical
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Figure 5.39: Redshift distribution of the 22 SLSNe discovered in Y2 by DES as listed in
Table 5.8. The redshift bins size is set to 0.1.

origin scenario (massive Wolf-Rayet stars) with a different energy source to power the
high luminosity of SLSNe. The use of a bigger sample of SLSNe with well covered light-
curves and extensive spectroscopic follow-up, is necessary in the near future in order to
investigate thoroughly this common progenitor scenario between SLSNe and SNe Ic.

Moreover, as presented in panel (b) of Fig. 5.40, the distribution of absolute peak
magnitude could be bimodal, suggesting two populations of SLSNe-I. A similar distribu-
tion is seen in Fig. 2.5, for SLSNe-I taken from the literature. Note, that a more detailed
and robust statistical test is required to confirm this visual impression, as well as a larger
samples of SLSNe.

Cooke et al. (2012) estimated the rate of SLSNe at high redshift (2 < z < 4), using
two SLSNe, SNLS-07D2bv and SNLS-06D4eu, from archival SNLS data as described
in Sec. 2.2, and reported a lower limit of ~ 400 events Gpc™® yr~! h3,. Furthermore,
Quimby et al. (2013b) used 19 SLSNe-like events and estimated the volumetric rate in
the local volume Z ~ 0.2, of 1997 23" events Gpc = yr~! h,.

Both studies by Cooke et al. (2012) and Quimby et al. (2013b) have adopted com-
plicated and detailed calculations in order to reach to their reported SLSNe rate values
illustrated in Fig. 5.41. Both used Monte Carlo simulations to mimic the respective sur-
veys’ strategies, observations and efficiency in detecting SLSNe via simulated SLSNe

light-curves, whereas we adopted a much simpler, but less accurate process.
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Figure 5.40: Panel a: The apparent magnitude distribution of the 22 SLLSNe discovered in
Y2, separated in the four DES filters (griz). The vertical lines show the magnitude limits
in the shallow (dashed lines) and deep (solid lines) SNe fields, as listed in Table 3.1.
Panel b: The peak absolute U magnitude distribution of the 22 SLSNe discovered in
Y2. The dashed, vertical line denotes the SLSNe limit (My < —21.0) set by Gal-Yam
(2012) (see Sec. 1.5).
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Figure 5.41: Rates of SLSNe-like events as a function of redshift, as reported by Quimby
et al. (2013b) (blue) for the local Universe, by Cooke et al. (2012) (orange) for the high
redshift range and by this work’s rough estimate for indeterminate redshifts. The red
line represents the cosmic Star Formation History (SFH), as presented by Madau and

Dickinson (2014), anchor to the SLSNe rate value of Quimby et al. (2013b).
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Using the 22 SLSNe-like events we discovered in Y2, as listed in Table 5.8, we

attempted a basic calculation of the volumetric SLSNe rate, using the following equation:

Moo

R =
Verri

5.1

i=1
where N is the total number of SLSNe and V. ; is the effective volume element for each
event.

In order to calculate each V¢ ;, we adopt a few assumptions. First, in order to de-
termine the maximum volume element in which each of the 22 SLSNe was detected,
we redshifted the observed light-curve flux to the detection limits of DECam, as listed
in Table 3.1, thus determining the maximum redshift at which each event would be de-
tectable. Secondly, for each event we take into account the survey’s sky coverage and the
survey’s available observing window. The survey’s observing window of ~ 6 months per
year shrinks as it is redshifted to the maximum redshift at which each SLSNe would be
detectable.

After applying the above assumptions, we calculated a lower limit for the SLSNe rate
of ~ 206 events Gpc™® yr~! h2,, illustrated in Fig. 5.41, as compared to rates reported
in the literature to date. We found a good compatibility with what is reported in the
literature, which indicates that the number of SLSNe found during Y2 is compatible with
reasonable expectations in the literature. In Fig. 5.41, we also compared the cosmic Star
Formation History (SFH), as presented by Madau and Dickinson (2014), after we anchor
it to the SLSNe rate value at Z ~ 0.2 (Quimby et al., 2013b). This comparison was
constructed in analogy to the estimation of the Core-Collapse SNe rate from the cosmic
SFH, presented in Fig.10 of Madau and Dickinson (2014).

Moreover, Perrett et al. (2012) measured the evolution of the volumetric SNe Ia rate of
SNLS (Astier et al., 2006; Sullivan et al., 2011), within the redshift range 0.1 < z < 1.1.
They reported a SNe Ia rate of 59 - 10° events Gpc™® yr~! h2, at (z) = 0.7; which
compared to the SLSNe rate we reported above translates to one SLSNe event every
~ 290 SNe Ia events.

A more detailed and in-depth calculation of the rate of SLSNe, similar to Cooke et al.
(2012) and Quimby et al. (2013b), extends beyond the scope of this thesis, and could be
the subject of future publications.

5.10 Summary and Discussion

In this chapter, I have described in detail the search for SLSNe during the DES Y2 of

operations. Moreover, I explored the improvements on the DES SN survey that took
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place during the off-season period, involving updates on data-pipelines and spectroscopic
follow-up resources.

Furthermore, I presented in detail the updated methodology used for the SLSNe
search in Y2, illustrated by the flow-chart in Fig. 5.4, involving the reformation of
the selection criteria; enhanced with a SNR limit on the selection of the peak fluxes
(Sec. 5.4.1) and the introduction of a semi-interactive IDL routine responsible for two
steps of visual inspection processes (Sec. 5.4.2, 5.4.3). During the visual inspections
of SLSNe candidates, new tools were developed and used, such as the search panel for
SLSNe (Fig. 5.7 and App. A), the AGN/QSO veto catalogue using the multi-season flux
light-curve panels (Fig. 5.8), as well as the ‘candidates-page’(Fig. 5.11) and ‘ATC” web
application(Fig. 5.12).

All those tools and process lead to the discovery of 22 SLSNe in Y2, 7 of which were
spectroscopically confirmed and presented in detail in Sec. 5.6. Also, Sec. 5.7 presents
the construction the bolometric light-curves of all the 22 SLSNe, which were then fitted
by two power-source models: the Magnetar and *°Ni decay as described in Sec. 1.5.3.
The model fits revealed that overall, the Magnetar model was more successful, and that
was prominent when the observed light-curve was covered with both pre-peak and late-
time data.

In the quest for standardizing SLSNe in order to use them as ‘standard candles’, the
entire sample of SLSNe discovered by DES (Y 1+Y2) was used and fitted by the Magnetar
model in Sec. 5.7.2, to explore the possible correlations between the model’s parameters.
Moderate correlations between the explosion phase (%..,) and the rise-time (7,), and
between the spin down time (P) and the rise-time (7,,), were discovered. Moreover, the
bolometric light-curves of the DES SLSNe sample were compared (Sec. 5.8), without
tracing any common behaviour similar to what was seen between DES13S2cmm and
other historic SLSNe, explained in Sec. 4.7 and by Papadopoulos et al. (2015).

Finally, using the Y2 sample of SLSNe I performed a basic calculation of the volu-
metric SLSNe rate, presented in Sec. 5.9, concluding that the number of SLSNe found
during Y2 is compatible with reasonable expectations in the literature.

The standardization of SLSNe remains an open question, as the model’s parameters’
correlations were subjected to different selection cuts and could not be generalized to the
DES sample of SLSNe, while the bolometric light-curve comparison did not reveal any

common behaviour.



Chapter 6
Summary and Conclusions

In this thesis, I present a new, dedicated search for Superluminous Supernova within the
Dark Energy Survey. I started this search at the beginning of Y1 (August 2013) and
continued it until the end of Y2 of operations (February 2015). To date, it has been
a successful search providing eight new spectroscopically confirmed SLSNe including
DES13S2cmm, which was the first SLSN confirmed by DES and was studied in detail
Papadopoulos et al. (2015) and Chap. 4. The remaining seven SLSNe are as yet unpub-
lished and are presented together in this thesis for the first time. These seven new SLSNe
include interesting objects like DES14X3taz which appear to have a pre-peak bump in its
light curve like SN 20060z.

In Chap. 3, I present the infrastructure work I performed during the DES Science
Verification period. This period was dedicated to ensuring the DECam could deliver
the quality of data required for DES and involved the visual inspection of every image
obtained by DECam over a three month period. This chapter also outlines my contri-
butions to the visual inspection of DES SNe candidates, which in Y1 involved scanning
hundreds of possible transients a day. Chap. 3 also presents an overview of the DES
SN survey including details of the survey design and implementation (including plans
for spectroscopic follow-up). Finally, in Chap. 3 I present my research in designing an
algorithm for selecting SLSNe candidates from the pool of DES SNe candidates in Y1. I
present details of the common SLSNe contaminants, as well as show the first 12 SLSNe
candidates selected from Y1 data.

Chap. 4 presents a detailed examination of DES13S2cmm (2 = 0.663) the only
spectroscopically confirmed SLSN from DES Y1. The presented was published in Pa-
padopoulos et al. (2015) and includes a careful examination of the SN light curve and
possible models for powering such massive explosion. We find the Magnetar model (the
rapid spin-down of a magnetic neutron star) is the best explanation, but it is not a good
fit to the bolometric light curve of DES13S2cmm.
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In Chap. 5, I present my search for SLSNe in Y2 of DES, building upon the success
in Y1 and upgrading various parts of my search algorithm. We also had additional spec-
troscopic resources in Y2, allowing us to spectroscopically confirm 7 new SLSNe from
my sample of SLSN candidates. Major improvements in Y2 included a better, more au-
tomated, algorithm for selecting transients from DES data, which significantly reduced
the number of data artefacts in my candidates (thus reducing the visual inspection load),
as well as stricter criteria on identifying SLSNe candidates, especially to reduce AGN
contamination. Over Y2, I selected 133 SLSNe candidates from the stream of DES SN
candidates. These candidates required a further, more detailed examination to decide on
their priority for spectroscopic follow-up, to maximise this limited resource. After much
consideration, I present in Table 5.8 a list of 22 SLSNe from Y2 which I am confident of
their classification. This table includes 6 spectroscopically confirmed SLSNe, 2 SLSNe
confirmed from spectroscopic redshifts of their host galaxies, and 14 SLSNe classified
using their light curves and host galaxy photometric redshifts.

Chap. 5 also presents a preliminary study of the population statistics of the 23 DES
SLSNe presented in this thesis (22 discovered in Y2, plus DES13S2cmm in Y1). This is
already one of the largest samples of SLSNe studied together and presented a number of

interesting initial results:

e [ discover many SLSNe with peak absolute magnitudes below the defined threshold
of My = —21. This threshold is probably arbitrary and my work suggests there
maybe a continuum of SLSN peak magnitudes towards the fainter normal SNe e.g.

normal Type Ic supernova.

¢ | find the Magnetar model is consistently a better fit to the bolometric light curves
of my sample, primarily because of the long tails which the °Ni model is unable
to explain. This is consistent with recent studies (see Inserra et al., 2013) and

strengthens the case for this central engine power source.

e The distribution of SLSNe peak magnitudes could be bimodal, suggesting two pop-
ulations of SNe. This is seen both in Fig. 5.40 for my sample of 23 DES SLSNe
and in Fig. 2.5 for SLSNe taken from the literature. A more detailed statistical test

is required to confirm this visual impression, as well as a larger samples of SLSNe.

e Using the Magnetar model, I investigate possible correlations between the model
parameters and the shape and amplitude of the observed light curves. Apart from
a correlation between explosion phase and the rise-time, I found no evidence for
strong correlations and the data showed a diversity of light curve shapes. A more
detailed analysis is required to seek possible correlations to ‘standardise’ these
SLSNe as discussed in Inserra and Smartt (2014).
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e | present a crude measurement of the rates of SLSNe and find that it is consistent
with other measurements, but with a large uncertainty at present. This exercise
does confirm that the number of SLSNe found in DES over the last two seasons
(e.g. ~ 30 reasonable SLSNe candidates in Y 1+Y?2) is realistic and my search was

efficient.

e My search has highlighted important issues for future searches, including the im-
portance of a AGN veto catalogue (the biggest contaminant) and the need for
semi-automated algorithms to detect and priorities SLSNe targets for spectroscopic
follow-up. The increase in spectroscopically-confirmed SLSNe in DES Y2 was be-

cause of my improved, quicker search algorithm.

6.1 Future plans and SUDSS

DES has three more seasons to run and Y3 started in August 2015. I expect the quality of
the SLSNe candidates to improve in future seasons, based on my experience from the last
two years. I also expect an increase in the amount of available spectroscopic follow-up
time, meaning DES will likely obtain many more spectroscopically-confirmed SLSNe.

However, since Y1, it has been clear that the efficiency of detecting SLSNe in DES
data has suffered from temporal edge-effects due to the DES observing window (~ 4.5
months). These edge-effects result in curtailing many of the long SLSNe light curves,
especially at high redshift where time dilation can extend the observed light curves to
many months. These issues have a big impact on the modelling of the bolometric light
curves (see Chap. 4), as it is difficult to obtain meaningful fits to the Magnetar and *°Ni
decay models without data before and after peak magnitude. As seen in Fig. 5.31, several
SLSN light curves are incomplete because of these edge-effects.

To ease this problem, I have been involved in a complementary programme called
‘Survey Using DECam for Superluminous Supernovae’ (SUDSS) since Y1 of DES.
SUDSS is designed to extend the observing window of the DES SN Survey, thus re-
ducing the temporal edge-effects and helping to provide complete light curves. I discuss
SUDSS below.

Survey Using DECam for Superluminous Supernovae

The ‘Survey Using DECam for Superluminous Supernovae’ (SUDSS) was begun in
February 2013, at the end of Y1 DES. SUDSS was designed to obtain a large and ho-
mogeneous sample of SLSNe out to a redshift of z ~ 3 using DECam. In order to fully
capture such slowly evolving SLSNe, SUDSS was required to have a long observing sea-

son of 8-9 months per field, approximately a factor of two longer than the nominal DES
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Figure 6.1: The redshift histogram (N(z)) of SLSNe from SUDSS, all in bins of 0.2 in
redshift. The orange area shows the simulated N(z) from SUDSS after three years of
operations, the blue area shows the simulated N(z) from DES after three years of opera-
tions, the uncoloured histogram shows the distribution of our 23 SLSNe candidates from
DES Y14Y2, and the black area shows the redshift distribution of the 8 spectroscopically
confirmed SLSNe from DES Y1+Y?2.

SN Survey. Likewise, we determined that we could reduce the cadence for observing
such long-lived light curves and decided that 15 days was sufficient to give homoge-
neous, complete light curves.

SUDSS is now under-way and Fig. 6.1 shows the expected performance of this new
survey after three full years. This figure was created by assuming the SLSNe rates re-
ported by Quimby et al. (2013b); Cooke et al. (2012) and the SUDSS observing strategy
as discussed above (assuming an exposure time that is midway between the DES shal-
low and deep fields). In Fig. 6.1, we show the redshift distribution of SLSNe using
SUDSS+DES (orange) and DES alone (blue). For comparison, I also show the redshift
distributions of known DES SLSNe as presented in this thesis. Overall, SUDSS should
detect ~ 200 SLSNe (of all types) out to z ~ 2.5, which is approximately a factor of 5
more SLSNe than DES alone.

I am a member of SUDSS and helped create the first DECam observing script files,
for the first SUDSS observing run in 2013. These scripts define exposure sequences, in-

cluding controlling the telescope and instrument parameters (e.g. filter changes, exposure
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times, etc). I was also twice a SUDSS observer (16" of April and 8" of May 2014), and
both runs were successfully.

In Fig. 6.2, I show an updated light curve of DES14X3taz, which was discovered and
confirmed as a SLSN in DES Y2 (see Chap. 5). The original DES data (circles) used to
detect the early light curve of the SN is shown, including the pre-peak bump discussed
in Chap. 5. This figure also shows the additional SUDSS photometry (triangles), which
extends the light curve to second peak, confirming DES14X3taz as a SLSN. Therefore
SUDSS will not only discover more SLSNe, but will also improve the light curves of
existing SLSNe in DES. A comparison between the number of discovered SLSNe within
this thesis and the number of historical SLSNe, as they were presented in Chap. 2, sug-
gests that by the end of DES in 2018, the synergy of SUDSS and DES SN program would
be a leading factor in the research of SLSNe. Furthermore, the increase of the number
of SLSNe with high quality data, good light-curve coverage and extensive spectroscopic
follow-up is a necessity for the near future, in order to understand the underlying physical
mechanism that powers SLSNe and to explore thoroughly the possibility of using them

as ‘standard candles’.
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Figure 6.2: Example of SUDSS (triangles) and DES (circles) griz flux light-curves il-
lustrating the power of SUDSS. Where over-plotted, the solid line is the magnetar model
fitted-curves (Created by PhD student, Szymon Prajs). DES14X3taz has a puzzling and
unexplained ‘bump’ in the light curve prior to the rise of the main light curve, highlighted
by the red band. Without SUDSS, the peak of the light curve would not be observed. Plot
created by Dr. Mark Sullivan.



Appendix A

Examples of Transients Discovered in
DES Y2

This appendix presents 9 examples of DES transients discovered during Y2 which passed
the first visual inspection process, described in Sec.5.4.2. Those 9 examples are con-
structed by three transients from the three main categories of results of this first visual
inspection: SLSNe candidates (Fig. A.1), AGN/QSO (Fig. A.2) and ‘normal SNe type’
(Fig. A.3).

The 9 visual inspection panels shown here, similar to Fig. 5.7, consist of four plot
panels each. Top-left panel: Apparent magnitude light-curve of a SLSNe candidate as a
function of the observed phase from peak brightness. The solid horizontal lines represent
the host galaxy magnitudes in griz filters, whereas the dotted vertical lines show the
first of each calendar month, serving as a ~ 30 days ruler. For each spectrum that was
obtained, the name of the relative telescope and the spectrum date are marked with a
cross. Top-middle panel: Absolute peak magnitude-M,,;. (equation 1.28) versus host
Zphoto OF Zspec. The solid, dashed and dotted black lines show the absolute magnitude of
M = [-21.0,—-20.5, —20.0] respectively. Top-right panel: A colour-magnitude diagram
used for detection of gravitational lensed SNe Ia (Quimby et al., 2014, see also Sec. 1.6).
The colour evolution with the observed phase follows the colour-bar under the plot. The
black crooked-line divides the diagram into unlensed (left) and possibly lensed (right)
SNe Ia. The open blue star marks the values corresponding to PS1-10afx (Chornock
et al., 2013; Quimby et al., 2013a), a lensed SNe la. Bottom-left panel: Mutli-colour
evolution plot of the transient created by using spline interpolation (IDL) on the data
from the magnitude light-curve on top.

Also this appendix presents colour-colour plots of both SLSNe and ‘normal SNe
types’, that were discussed in Sec. 5.4.2. For each of the six SNe examples presented

185



APPENDIX A. EXAMPLES OF TRANSIENTS DISCOVERED IN DES Y2

DES r-i
01-0ct2014 01-Nov-2014____01-Dec-2014 01Jan-2015 01-Fen2015 -0.5 0.0 0.5 1.0 1.5 20 25
18 T T T T T T b T T T T T T T T T 18
[ =
| ==
20 +H
@ ;
a
P
el
3 I
S 221 : : -
(=]
g L
?_ L gﬂ’ ; 8 : ®
5t s, 8
o : : .
g 24 ¢ -+
< [ i ¢]
26— 4
15: 1 1 1 1 1 1 A 1 1 1 1 1
1'0; »0 05 10 15 20 25 3.0
P E! Redshift - z
g osp E [ —
2 E__ - 3 DESz ; 990 -686 -382 7.8 226 53.0
8 gg; E DESi BEE :"Z Observed Phase (days)
.08 2 E DESg
-100 DES14C1rhg @ z=1.09
(a) DES14Clrhg
DES r-i
01-0ct-2014 01-Nov-2014 01-Dec2014 01-dan2015 01-Feb2015 -0.5 0.0 0.5 1.0 1.5 20 25
18 T T T T T b T T T T T T T T 18
r o
L =
15}
20 +
@
a
P
el
3 I
S 221 : -
(=]
o . [
= | 2 ° g H H 4 3
IS
o [ i : i @
g 241 | 4
g I ; ;
L $ *
26 4
B0 05 10 15 20 25 3.0
" E! Redshift - z
2 E | e—
2 3 DESz ) 1020 754 -488 222 44 310
S E DESi BES :"Z Observed Phase (days)
E DESg ]
100 80 - -4 20 0 20 40 DES14S2qri @ z=0.68
MJD - 57018.0 (days)
(b) DES14S2qri
01-00t2014 01-Nov:2014 01-Dec2014 o1-dan2015 o1-Feb 2015
18 T T T T L LR
20— =
@
Q E
> [
el
3 L
'§ 22+ -
= [ : ®
b -
[ [ b i
5 241 T i? }é ¢ 1
Q > D
Q b > :
s I $
L )
26 ¢ i -+
F b
1.5F ] . -
1'0; »0 05 10 15 20 25 3.0
P \ Redshift - z
g osp ) E [ —
3 SH ) | WY S W -3 DESz ; 21 .94 67 41 14 18
S 0.0E T E DESi DES -z Observed Phase (days)
-0.5F i E DES r-i
-1.0E AN DESg .
120 -80 40 20 0 20 DES14X1rbi @ z=0.72
MJD - 57037.0 (days)
(c) DES14X11bi

186

Figure A.1: The visual inspection panels used in DES Y2, similar to Fig. 5.7, for three

examples of SLSNe candidates.
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Figure A.2: The visual inspection panels used in DES Y2, similar to Fig. 5.7, for three
AGN/QSOs examples.
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Figure A.3:
‘normal SNe’ examples.
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The visual inspection panels used in DES Y2, similar to Fig. 5.7, for three
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here, two panels show the DES r-i versus g-r and i-z versus r-i colour-colour space evo-
lution, with the phase of each data point to be represented by the colour bar on the right
hand side of the two plots. The comparison of the six plots, suggests that the SLSNe do
not uniquely occupy a certain part of the colour-colour space, thus such tools were not
used as a SLSNe identification method at the time. On the other hand, a larger sample
of SLSNe with better light-curve data coverage could be used in the future to explore the

use of colour-colour parameters as SLSNe selection tool.
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Figure A.4: Colour-colour plots of three SLSNe, where the phase evolution is colour-
coded based on the colour bar on the right-hand-side. Left: DES r-i versus g-r plot.

Right: DES i-z versus r-i plot.
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coded based on the colour bar on the right-hand-side. Left: DES r-i versus g-r plot.
Right: DES i-z versus r-i



Appendix B

Images of SLSNe

This Appendix contains images of the sky area around the 7 spectroscopically confirmed
SLSNe discovered in DES Y2 and listed in Table 5.8, presented in three different ways.
For DES14C1fi, Fig. B.1 shows a finder chart created automatically by the ATC web
application (Fig. 5.12), consisting of helpful information for any observer who wants to
construct spectroscopic follow-up observations.

For DES14X2byo, DES14S2qri and DES14X3taz, Fig. B.2, B.3 and B.4 respectively,
show colour triplet images of the surrounding sky areas. Those images were created using
SAOIMAGE DS9' software and image products provided by the DESDM group.

Finally, Fig. B.5, B.6 and B.7 illustrate the ‘postage-stamps’ triplets in separate fil-
ters for DES14Clrhg, DES14E2slp and DES14E2ap respectively, as generated by the
‘candidate-page’ (Fig. 5.11).

The order of appearance of the plots in this Appendix follows the order of presentation
in Sec. 5.6.

Thttp://ds9.si.edu/site/Home.html

192



APPENDIX B. IMAGES OF SLSNE
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RA (J2000)
Label | Mag. RA. Dec. Offset | P.A. from Target | E/W to Target | N/S to Target
(arcsec) (degrees) (arcsec) (arcsec)
1| 17.3 | 03:33:48.250 | -27:04:07.55 41.5 209.9 20.6 E 359N
2 18.8 | 03:33:49.297 | -27:02:16.91 75.0 354.9 6.7E 74.7 S
3| 20.7 | 03:33:55.906 | -27:03:59.38 86.2 108.8 81.6 W 27.8 N
4| 18.6 | 03:33:44.507 | -27:04:42.11 99.8 225.1 70.6 E 70.5 N
5| 17.6 | 03:33:47.139 | -27:05:16.39 110.6 198.7 355 E 104.8 N
6 | 19.9 | 03:33:44.891 | -27:01:33.81 134.8 330.9 65.5 E 1178 S
7 | 20.0 | 03:33:57.738 | -27:01:58.03 141.5 48.6 106.1 W 93.6S
8 | 17.1 | 03:33:44.296 | -27:05:44.21 151.6 209.0 734 E 132.6 N
9 19.8 | 03:33:42.691 | -27:05:43.82 162.7 215.7 949 E 1322 N

Figure B.1: Finder chart for targeting DES14C1fi (red square) and its host galaxy (green
diamond), with information on the location of the target of interest, as well as on the nine
surrounding pointing stars (blue circles). The ATC web application (Fig. 5.12) automat-
ically generates a finder chart for each DES transient.
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Figure B.2: Colour images (7i2) of the sky area around DES14X2byo. Left: The search
image was taken close to peak brightness (1-November-2014), with DES14X2byo in the
centre. Centre: The deep template image of the same sky area, showing no signs of a host
galaxy associated with the transient. Right: The difference of the two previous images,
clearly identifying DES14X2byo at the centre.

Figure B.3: Colour images (riz) of the sky area around DES14S2qri. Left: The search
image was taken close to peak brightness (late-December 2014), with DES14S2qri in the
centre. Centre: The deep template image of the same sky area, showing no signs of a host
galaxy associated with the transient. Right: The difference of the two previous images,
identifying the faint trace of DES14S2qri at the image centre.

Figure B.4: Colour images (riz) of the sky area around DES14X3taz. Left: The search
image was taken close to peak brightness (1-November-2014), with DES14X3taz in the
centre. Centre: The deep template image of the same sky area, showing no signs of a host
galaxy associated with the transient. Right: The difference of the two previous images,
clearly identifying DES14X3taz at centre.
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Filter ObjectID NITE MJD Search Template Subtracted

g 19947394 20141216

r 19949391 20141216

i 19949711 20141216

z 19946461 20141216

Figure B.5: Multi-filter postage-stamps from the first detection of DES14C1rhg on the
17" of August 2014. The ‘postage stamps’ are centred on DES14C1rhg.

Filter ObjectID NITE MJD Search Template Subtracted

2 2300420 20141219 57011.1

i 2304458 20141219 57011.1

r 2309494 20141219 57011.1

z 2312407 20141219 57011.1

Figure B.6: Multi-filter postage-stamps from the first detection of DES14E2slp on the
19'" of December 2014. The ‘postage stamps’ are centred on DES14E2slp, and in the
search and template images the two closest host can be seen in opposite positions from
the transient.
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Filter ObjectID NITE MJD Search Template Subtracted

g 76188 20140817 568872

i 80339 20140817 56887.2

r 77891 20140817 56887.2

z 149913 20140817 568872

Figure B.7: Multi-filter postage-stamps from the first detection of DES14E2ap on the
17" of August 2014. The ‘postage stamps’ are centred on DES14E2ap.



Appendix C

Construction of the bolometric

light-curves

This appendix presents the blackbody SED fits and the derived bolometric light-curves
of the SLSNe sample discovered in Y2 (table C.1), for completeness of section 5.7.

For each of the SLSNe in table C.1 we show two separate plots: one multi-panel
plot that contains all the blackbody SED fits to each epoch observed, and one plot that
contains three panels with the observed phase evolution of the temperature and radius of

the fitted blackbody and of the subsequent bolometric luminosity.
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Table C.1: The final selection list of 22 SLSNe from DES Y2. The table is divided by
horizontal lines in three parts: SLSNe that were spectroscopically confirmed, those that
were classified by the use of their host zy),.. and the events of which the host 2., were
used for the classification.

# | Name M, M, M; M. SNe Frost zp[l:)zdshlﬂ Fost 2 host separ.(”) o, T;:St alamxly e Comments
1 | DES14S2qri | -21.50 | -22.51 | -22.84 | -22.92 | 1.500 4.97 24.28 | 2541 | 23.72 | 24.47 | SLSN-I
2 | DES14X2byo | -22.19 | -23.64 | -22.34 | -22.98 | 0.869 8.77 23.18 | 22.52 | 22.27 | 22.37 | SLSN-I
3 | DES14E2slp | -21.22 | -21.27 | -21.32 | -21.29 | 0.640 | 0.550 & 0.031 393 23.50 | 22.57 | 22.20 | 22.06 | SLSN-I
4 | DES14E2ap -20.17 | -20.49 | -20.42 | -20.43 | 0.600 4.26 24.80 | 23.23 | 22.85 | 22.52 | SLSN-I
5 | DES14X3taz | -21.15 | -21.52 | -21.41 | -21.36 | 0.600 | 0.747 + 0.079 0.15 26.25 | 25.13 | 24.99 | 25.04 | SLSN-I
6 | DES14Clrhg | -19.74 | -19.80 | -19.59 | -19.79 | 0.470 2.97 99.00 | 26.98 | 25.87 | 24.41 | SLSN-I
7 | DES14Cl1fi -22.52 | -22.58 | -22.75 | -22.74 1.191 + 0.085 1.3 (VLT) 0.64 24.93 | 24.64 | 24.59 | 23.61 | SLSN-II
8 | DES14X1rbi | -19.92 | -20.69 | -20.70 | -20.71 0.689 £+ 0.033 | 0.717 (VIPERS) 2.14 23.20 | 21.70 | 20.78 | 20.36 | SLSN
9 | DES14Slewv | -22.12 | -21.98 | -22.01 | -22.43 1.230 + 0.085 0.66 22.69 | 22.53 | 22.33 | 21.88

10 | DES14Elrpi | -20.92 | -20.97 | -21.32 | -22.10 1.048 + 0.066 1.81 24.85 | 23.77 | 23.31 | 22.50

11 | DES14C3nn | -20.89 | -21.01 | -21.54 | -21.29 1.026 + 0.081 2.30 24.70 | 24.45 | 24.02 | 23.65

12 | DES14E2bhn | -20.41 | -21.09 | -22.07 | -21.23 0.973 £ 0.072 | pending (OzDES) 2.44 23.24 | 22.95 | 22.51 | 22.26

13 | DES14X3gyr | -19.88 | -19.81 | -20.41 | -21.29 0.948 £ 0.049 | pending (OzDES) 0.87 23.97 | 23.10 | 22.08 | 21.61

14 | DES14X1avd | -20.87 | -20.46 | -20.97 | -21.86 0.835 £ 0.031 10.22 23.39 | 22.74 | 22.10 | 21.86

15 | DES14X3mjf | -20.55 | -20.03 | -20.50 | -20.44 0.829 + 0.066 | pending (OzDES) 0.38 24.05 | 23.61 | 23.19 | 23.06

16 | DES14ClIngk | -19.44 | -20.95 | -20.46 | -20.84 0.813 £ 0.033 | pending (OzDES) 1.03 22.83 | 21.84 | 20.89 | 20.53

17 | DES14C3tny | -26.89 | -20.41 | -20.23 | -20.90 0.788 + 0.082 0.45 25.72 | 25.13 | 24.70 | 24.43

18 | DES14Clfs -21.97 | -20.59 | -20.94 | -21.18 0.744 £ 0.050 0.82 24.70 | 24.00 | 23.32 | 23.29

19 | DES14Ellgl | -19.38 | -20.10 | -20.03 | -19.91 0.673 £ 0.033 6.60 23.35 | 2244 | 21.94 | 21.70

20 | DES14X1brr | -20.42 | -20.63 | -20.51 | -20.46 0.651 £ 0.060 | pending (OzDES) 0.97 24.96 | 24.03 | 23.73 | 23.52

21 | DES14X1ps | -20.88 | -21.31 | -21.29 | -21.51 0.610 £ 0.085 | pending (OzDES) 0.48 24.63 | 24.52 | 24.53 | 24.93

22 | DES14E1hk | -20.31 | -20.91 | -20.83 | -20.73 0.531 £ 0.045 | pending (OzDES) 0.94 23.76 | 22.48 | 21.98 | 21.56
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Figure C.1: Blackbody fits (dashed lines) to the 26 observed epochs of the DES multi-
band photometry (coloured squares) for the SLSNe DES14X2byo. The legend of each
panel states the observed phase-t in days from peak magnitude, and the blackbody best-fit
parameters: temperature-7'(°K) and radius-R(Ry = 10" cm).
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Figure C.2: Top panel: The bolometric light-curve of DES14X2byo in units of 103 erg/s
as a function of the observed phase. Middle panel: The temperature evolution with the
observed phase, as obtained by the best-fit blackbody SED on the photometry of each
epoch. Bottom panel: The radius evolution with the observed phase, also obtained by the
best-fit blackbody SEDs, in units of 10'° em
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Figure C.3: Blackbody fits (dashed lines) to the 26 observed epochs of the DES multi-
band photometry (coloured squares) for the SLSNe DES14S2qri. The legend of each
panel states the observed phase-t in days from peak magnitude, and the blackbody best-
fit parameters: temperature-7'(°K’) and radius-R(Ry = 10cm).
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Figure C.4: Top panel: The bolometric light-curve of DES14S2qri in units of 103 erg/s
as a function of the observed phase. Middle panel: The temperature evolution with the
observed phase, as obtained by the best-fit blackbody SED on the photometry of each
epoch. Bottom panel: The radius evolution with the observed phase, also obtained by the
best-fit blackbody SEDs, in units of 10'° em
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Figure C.5: Blackbody fits (dashed lines) to the 26 observed epochs of the DES multi-
band photometry (coloured squares) for the SLSNe DES14E2ap. The legend of each
panel states the observed phase-t in days from peak magnitude, and the blackbody best-

fit parameters: temperature-7'(°K’) and radius-R(Ry = 10cm).
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Figure C.6: Top panel: The bolometric light-curve of DES14E2ap in units of 103 erg/s
as a function of the observed phase. Middle panel: The temperature evolution with the
observed phase, as obtained by the best-fit blackbody SED on the photometry of each
epoch. Bottom panel: The radius evolution with the observed phase, also obtained by the
best-fit blackbody SEDs, in units of 10'° em
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Figure C.7: Blackbody fits (dashed lines) to the 26 observed epochs of the DES multi-
band photometry (coloured squares) for the SLSNe DES14E2slp. The legend of each
panel states the observed phase-t in days from peak magnitude, and the blackbody best-
fit parameters: temperature-7'(°K') and radius-R(Ry = 10cm).
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Appendix D

Model fits of the bolometric light-curves

For completeness of Sec. 5.7.2, this appendix consist of the plots of the power source
models fits to the bolometric light-curves of all the 22 SLLSNe discovered during DES
Y2, as listed in Table 5.8.

The plots’ order of appearance follows the listing order in Table 5.8, which we report
again in Table D.1, listing the best-fit Mangetar models’ parameters values (7,,,, B, P and
Lexp), as well as the fits” results (Xfed, x? and DoF). Each plot panel shows the bolometric
light-curve (orange circles) of each SLSN and the best-fit of the two compelling power
source models, the Magnetar (green line) and the decay of *Ni (blue line).
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Table D.1: List of 22 SLSNe discovered in Y2 and DES13S2cmm from Y1, reporting
the best-fit Magnetar models’ parameters values (7, B, P and t.,,), as well as the fits’
results (reduced X2, x? and DoF). The table is separated into four sections: 6 SLSNe
that were spectroscopically confirmed, 2 SLSNe that have a host zy.., 14 events were
photometrically selected as SLSNe and DES13S2cmm. The SLSNe are ordered based
on their redshift and this order was kept throughout the chapter for clarity in reference
and plotting.

# | Name | z | 7 | B | P |ty (days)|reduced x* | x? |DoF
1 | DES14S2qri 1.500 | 17.11 | 1.12 | 3.02 24.78 0.803 8.83 11
2 | DES14X2byo | 0.869 | 31.67 | 4.73 | 0.98 18.67 2.440 39.04 16
3 | DES14E2slp 0.640 | 26.14 | 2.43 | 4.69 29.13 2.637 791 3
4 | DES14E2ap 0.600 | 4394 | 3.59 | 2.33 45.06 0.650 11.05 17
5 | DES14X3taz 0.600 | 32.29 | 0.26 | 1.69 25.52 15.976 31.95 2
6 | DES14Clrhg | 0.470 | 20.38 | 5.33 | 10.95 17.83 9.723 126.40 | 13
7 | DES14C1fi 1.300 | 27.02 | 0.84 | 2.45 32.25 0.810 17.01 21
8 | DES14X1rbi 0.720 | 14.33 | 1.42 | 6.28 26.05 0.356 1.78 5
9 | DES14Slewv | 1.230 | 23.48 | 1.92 | 3.08 22.90 1.296 15.56 12
10 | DES14E1rpi 1.050 | 13.40 | 4.26 | 8.87 15.42 0.257 1.29 5
11 | DES14C3nn 1.030 | 12.32 | 3.13 | 6.93 12.65 0.140 1.12 8
12 | DES14E1l1gl 1.000 | 4890 | 0.91 | 4.67 40.70 0.656 6.56 10
13 | DES14E2bhn | 0.970 | 10.30 | 3.27 | 9.48 18.61 0.346 3.12 9
14 | DES14X3gyr | 0.950 | 27.49 | 3.31 | 897 28.24 0.086 0.43 5
15 | DES14X1avd | 0.840 | 45.61 | 4.21 | 4.83 26.37 0.772 10.81 14
16 | DES14X3mjf | 0.830 | 29.78 | 0.24 | 3.28 31.64 0.296 1.48 5
17 | DES14Clngk | 0.810 | 49.33 | 0.86 | 4.41 41.75 0.690 6.90 10
18 | DES14C3tny | 0.790 | 13.37 | 1.05 | 6.07 22.87 0.987 3.95 4
19 | DES14Clfs 0.740 | 58.61 | 2.08 | 4.32 39.36 0.819 15.57 19
20 | DES14X1brr | 0.650 | 12.16 | 4.79 | 9.98 16.03 0.882 12.35 14
21 | DES14X1ps 0.610 | 40.67 | 2.72 | 3.76 47.78 1.516 33.35 22
22 | DES14E1hk 0.530 | 24.05 | 5.62 | 6.83 21.33 0.517 8.26 16
23 | DES13S2cmm | 0.663 | 24.71 | 1.51 | 5.39 29.19 3.736 82.19 | 22
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Figure D.1: The bolometric light-curve of three SLSNe as a function of the rest-frame
phase, fitted with the Magnetar (green) and °Ni (blue) models, as described in Sec. 5.7.2.
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Figure D.2: The bolometric light-curve of three SLSNe as a function of the rest-frame
phase, fitted with the Magnetar (green) and °Ni (blue) models, as described in Sec. 5.7.2.
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Figure D.3: The bolometric light-curve of three SLSNe as a function of the rest-frame
phase, fitted with the Magnetar (green) and *°Ni (blue) models, as described in Sec. 5.7.2.
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Figure D.4: The bolometric light-curve of three SLSNe as a function of the rest-frame
phase, fitted with the Magnetar (green) and °Ni (blue) models, as described in Sec. 5.7.2.
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Figure D.5: The bolometric light-curve of three SLSNe as a function of the rest-frame
phase, fitted with the Magnetar (green) and °Ni (blue) models, as described in Sec. 5.7.2.



APPENDIX D. MODEL FITS OF THE BOLOMETRIC LIGHT-CURVES 214

—— Magnetar
56Ni

45.0
44.5

44.0
435

43.0

logyo[Lyo (€rg/s)]

42.5

42.0 1 1 1 1 1
-40 -20 0 20 40 60
Rest Frame Phase (days)

/

(0]
o
—
o
o

(a) DES 14X3mif

450 T T T T T T T
—— Magnetar

445 —— °Ni

44.0

43.5

43.0

logyo[Lyo (€rg/s)]

42.5

42.0 1 1 1 1
-40 -20 0 20 40 60 80
Rest Frame Phase (days)

—_
o IIIIIIIIIIIIIIIIIIIIIIIIIIIII
o

(b) DES14C1ngk

450 T T T T T T T
—— Magnetar

56Ni

44.5
44.0
43.5

43.0

logyo[Loo (E1Q/S)]

42.5

42.0 . . .
-40 -20 0 20 40 60 80
Rest Frame Phase (days)

—
o IIIIIIIIIIIIIIIIIIIIIIIIIIII
o

(c) DES14C3tny

Figure D.6: The bolometric light-curve of three SLSNe as a function of the rest-frame
phase, fitted with the Magnetar (green) and °Ni (blue) models, as described in Sec. 5.7.2.
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Figure D.7: The bolometric light-curve of two SLSNe as a function of the rest-frame
phase, fitted with the Magnetar (green) and °Ni (blue) models, as described in Sec. 5.7.2.
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Figure D.8: ]
The bolometric light-curve of two SLSNe as a function of the rest-frame phase, fitted
with the Magnetar (green) and °°Ni (blue) models, as described in Sec. 5.7.2.
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ABSTRACT

We present DES13S2cmm, the first spectroscopically-confirmed superluminous supernova
(SLSN) from the Dark Energy Survey (DES). We briefly discuss the data and search algorithm
used to find this event in the first year of DES operations, and outline the spectroscopic data
obtained from the European Southern Observatory (ESO) Very Large Telescope to confirm its
redshift (z = 0.663 £ 0.001 based on the host-galaxy emission lines) and likely spectral type
(type D). Using this redshift, we find M, {}eak = —21.05T) 59 for the peak, rest-frame U-band
absolute magnitude and find DES13S2cmm is located in a faint, low metallicity (sub-solar),
low stellar-mass host galaxy (log(M/Mg) = 9.3 + 0.3); consistent with what is seen for
other SLSNe-I. We compare the bolometric light curve of DES13S2cmm to eleven similarly
well-observed SLSNe-I in the literature and find it possesses one of the slowest declining tails
(beyond 430 days rest frame past peak), and is the faintest at peak. Moreover, we find the
bolometric light curves of the twelve SLSNe-I studied herein possess a minimum dispersion
of 0.21 magnitudes at +25 days after peak (rest frame), which could be important for ‘standar-
dising’ such supernovae, as is done with the more common type Ia. We fit the bolometric light
curve of DES1352cmm with two competing models for SLSNe-I — the radioactive decay of
56Ni, and a magnetar — and find that while the magnetar is formally a better fit, neither model
provides a compelling match to the data. Although we are unable to conclusively differentiate
between these two physical models for this particular SLSN-I, further DES observations of
more SLSNe-I should break this degeneracy, especially if the light curves of SLSNe-I can be
observed beyond 100 days in the rest frame of the supernova.

Key words: surveys - stars: supernovae: general - stars: supernovae: DES13S2cmm

1 INTRODUCTION

The last five years have seen the emergence of a new class of ultra-
* E-mail: andreas.papadopoulos @port.ac.uk bright stellar explosions: superluminous supernovae (SLSNe; for
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a review see Gal-Yam 2012), some 50 times brighter than classi-
cal supernova (SN) types. Data on these rare and extreme events
are still sparse, with only ~50 SLSN detections reported in the lit-
erature. These events have generally been poorly studied with in-
complete imaging and spectroscopy, leaving many aspects of their
observational characteristics, and their physical nature, unknown.

Yet these SLSNe could play a key role in many diverse ar-
eas of astrophysics: tracing the evolution of massive stars, driv-
ing feedback in low mass galaxies at high redshift, and providing
potential line-of-sight probes of interstellar medium to their high-
redshift hosts (Berger et al. 2012). SLSNe have also been detected
to z ~ 4 (Cooke et al. 2012), far beyond the reach of the current
best cosmological probe, type Ia supernovae (SNe Ia). If SLSNe
can be standardised (e.g. Inserra & Smartt 2014), as is done with
SNe Ia (Tripp 1998; Phillips 1993; Riess et al. 1996), then a new
era of SN cosmology would be possible, with the potential to accu-
rately map the expansion rate of the universe far into the epoch of
deceleration (Delubac et al. 2014).

SLSNe have been divided into three possible types: SLSN-
II, SLSN-I and SLSN-R (see Fig. 1 of Gal-Yam 2012). SLSNe-II
show signs of interactions with CSM via narrow hydrogen lines
(e.g., Ofek et al. 2007; Smith et al. 2007), and thus may simply
represent the bright end of a continuum of Type IIn SNe (although
this is not well established).

SLSN-I are spectroscopically classified as hydrogen free
(Quimby et al. 2011), and are possibly related to Type Ic SNe at
late times (Pastorello et al. 2010), but normal methods of power-
ing such SNe (e.g., the radioactive decay of *°Ni or energy from
the gravitational collapse of a massive star) do not appear to be
able to simultaneously reproduce their extreme brightness, slowly-
rising light curves, and decay rates (Inserra et al. 2013). Many al-
ternative models have been proposed: the injections of energy into
a SN ejecta via the spin down of a young magnetar (Kasen & Bild-
sten 2010; Woosley 2010; Inserra et al. 2013); interaction of the
SN ejecta with a massive (3-5 M) C/O-rich circumstellar material
(CSM; e.g., Blinnikov & Sorokina 2010); or collisions between
high-velocity shells generated from a pulsational pair-instability
event (Woosley et al. 2007). These explanations are still actively
debated in the literature.

SLSNe-R are rare and characterised by possessing ex-
tremely long, slow-declining light curves (> 200 days in the rest
frame). SLSNe-R originally appeared consistent with the death of
2100M stars via the pair instability mechanism (Gal-Yam et al.
2009). However, new observations — and the lack of significant
spectral differences between SLSN-I and SLSN-R — have chal-
lenged the notion that these classes are truly distinct (Nicholl et al.
2013) and maybe better described together as Type Ic SLSNe (In-
serra et al. 2013).

In summary, the origin of the power source for SLSNe (of all
types) remains unclear, with the possibility that further sources of
energy may be viable. A more detailed understanding requires an
increase in both the quantity and quality of the data obtained on
these events. However, finding more SLSNe (of any type) with ex-
isting transient searches is challenging, especially in the local uni-
verse where the rates are only ~ 10™* that of the core-collapse SN
rate (Quimby et al. 2013; McCrum et al. 2014) thus making it hard
to assemble large samples of events over reasonable timescales,
even from large surveys. For example, McCrum et al. (2014) de-
tected only 10 SLSN candidates over 0.3 < z < 1.4 within the
first year of the PAnSTARRS1 Medium Deep Survey.

Searches for SLSNe at higher redshifts may be more prof-
itable as the rates of SLSNe appear to rise by a factor of ~10-15

at z > 1.5 (Cooke et al. 2012), perhaps tracking the increased
cosmic star-formation rate and/or decreasing cosmic metallicity:
SLSNe are preferentially found in faint, low-metallicity galaxies
(Neill et al. 2011; Chen et al. 2013; Lunnan et al. 2014). Moreover,
the peak of a SLSN’s energy output is located in the UV region of
the electromagnetic spectrum, which is redshifted to optical wave-
lengths at high redshift.

In this paper, we outline our first search for SLSNe in the
Dark Energy Survey (DES). In Section 2, we discuss details of
DES and our preliminary search, while in Section 3, we describe
the first SLSN detected in DES and provide details of its prop-
erties, including our spectroscopic confirmation. In Section 4, we
compare our SLSN to other events in the literature and explore the
possible power sources for our event. We conclude in Section 5.
Throughout this paper, we assume a flat A-dominated cosmology
with Qa = 0.28 and Hy = 70kms™! Mpc’l, consistent with
recent cosmological measurements (e.g. Anderson et al. 2014; Be-
toule et al. 2014).

2 THE DARK ENERGY SURVEY

The Dark Energy Survey (DES; Flaugher 2005) is a new imag-
ing survey of the southern sky focused on obtaining accurate con-
straints on the equation-of-state of dark energy. Observations are
carried out using the Dark Energy Camera (DECam; Flaugher et al.
2012; Diehl & For the Dark Energy Survey Collaboration 2012) on
the 4-metre Blanco Telescope at the Cerro Tololo Inter-American
Observatory (CTIO) in Chile. DECam was successfully installed
and commissioned in 2012, and possesses a 3 deg? field-of-view
with 62 fully depleted, red-sensitive CCDs.

2.1 DES Supernova Survey

DES conducted science verification (SV) observations from
November 2012 to February 2013, and then began full science op-
erations in mid-August 2013, with year one running until Febru-
ary 2014. DES is performing two surveys in parallel: a wide-field,
multi-colour (grizY") survey of 5000 deg? for the study of clusters
of galaxies, weak lensing and large scale structure; and a deeper, ca-
denced multi-colour (griz) search for SNe. In this paper we focus
on this DES SN Survey, as outlined in Bernstein et al. (2012), which
surveys 30 deg? over 10 DECam fields (two ‘deep’, eight ‘shallow’)
located in the XMM-LSS, ELAIS-S, CDFS and ‘Stripe82’ regions.
The DES SN Survey has already discovered hundreds of SN Ia can-
didates, some of which have been followed up using several tele-
scopes around the world.

This rolling search for SNe Ia is also ideal for discovering
other transient phenomena including SLSNe. Using the light curve
of SNLS-06D4eu (a SLSN-I; Howell et al. 2013), we calculate that
DES could detect such an event to z = 2.5 given the limiting mag-
nitudes for the DES deep fields. For example, assuming a volumet-
ric rate of 32 Gpc=2 yr~! from Quimby et al. (2013) and correct-
ing for time dilation, we estimate DES should find approximately
3.5 SLSN-I events per DES season (five months) in the deep fields
and many more in the shallow fields (although at a lower redshift).
This basic prediction is uncertain because: i) We have not corrected
for ‘edge effects’ that will reduce the number of SLSNe with sig-
nificant light-curve coverage; ii) The volumetric rates themselves
may evolve with redshift (e.g., Cooke et al. 2012) and have large
uncertainties (McCrum et al. 2014); and iii) We have not included
any corrections for survey completeness.

© 0000 RAS, MNRAS 000, 000-000



2.2 Selecting SLSNe candidates

We began our search for SLSNe using the data products from the
DES SN Survey. All imaging data were de-trended and co-added
using a standard photometric reduction pipeline at the National
Center for Supercomputing Applications (NCSA) using the DES
Data Management system (DESDM; Mohr et al. 2012; Desai et al.
2012), producing approximately 30 ‘search images’ per field (in all
filters) over the duration of the five-month DES season. We perform
difference imaging on each of these search images, using deeper
template images for each field created from the co-addition of sev-
eral epochs of data obtained during the SV period in late 2012. Be-
fore differencing, the search and template images were convolved
to the same point spread function (PSF).

Objects were selected from the difference images using SEX-
TRACTOR (Bertin & Arnouts 1996) v2.18.10, and previously un-
known transient candidates were identified and examined using vi-
sual inspection (or ‘scanning’) by DES team members. Over the
course of the first year of DES approximately 25,000 new tran-
sient candidates were selected in this manner, including many data
artefacts in addition to legitimate SN-like objects. A machine learn-
ing algorithm (Goldstein et al., in preparation) was used to improve
our efficiency of selecting real transients. Transient candidates were
photometrically classified using the Photometric SN IDentification
software (PSNID; Sako et al. 2008, 2011) to determine the likely
SN type based on fits to a series of SN templates. These SN can-
didates were stored in a database and prioritized for their spectro-
scopic follow-up.

During the first season of DES, PSNID only included tem-
plates for the normal SN types Ib/c, II and Ia, so a fully automated
classification of SLSN candidates was not possible. Therefore, for
this first season of DES, we searched for candidate SLSNe using
the following criteria: i) At least one month of multi-colour data,
i.e., typically five to six detections (S/N > 3.5) in each of griz;
ii) A low PSNID fit probability to any of the standard SN sub-
classes; iii) Located greater than one pixel from the centroid of the
host galaxy (to eliminate AGN); and iv) Peak observed brightness
no fainter than one magnitude below that of its host galaxy. These
broad criteria will be satisfied by most SLSNe, while also helping
to eliminate many of the possible contaminating sources.

Using this methodology, we selected 10 candidate SLSNe
over the course of the first season. We secured a useable spectrum
for one of our SLSN candidates, DES13S2cmm, which is discussed
in detail in Section 3, while none of the other candidates were spec-
troscopically confirmed. We will attempt to gain spectroscopy of
the host galaxies of these other candidates, but in several cases this
will be challenging as no host is detected in our images for a few
of our SLSN candidates .

3 DES13S2CMM

In Fig. 1 we show DES riz imaging data at the position of
DES13S2cmm: pre-explosion, post-explosion, and their difference
image. DES13S2cmm is located at RA(2000) = 02M42™32382,
Dec. (2000) = —01°21'30”1, and was first detected on 2013 Au-
gust 27 in the DES SN ‘S2’ field (a ‘shallow’ field) located in the
Stripe 82 region. DES transient names are formatted following the
convention DESY YFFaaaa, where YY are the last two digits of the
year in which the observing season began (13), FF is the two char-
acter field name (S2), and the final characters (all letters, maximum
of 4) provide a running candidate identification, unique within an
observing season, as is traditional in SN astronomy (cmm).
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3.1 Light Curve

In Fig. 2 we present the multi-colour light curve for DES13S2cmm
constructed from the first year of DES observations. We have not
included upper limits from the earlier, pre-explosion epochs avail-
able from the DES SV period in 2012-2013, as these data were
taken hundreds of days prior to the data shown in Fig. 2 and are al-
ready used to create the reference template image for this field used
in the difference imaging detection of the SNe. We use the photo-
metric pipeline from Sullivan et al. (2011) (also used in Maguire
et al. 2012; Ofek et al. 2013) to reduce the DES photometric data
for DES13S2cmm. This pipeline is based on difference imaging,
subtracting a deep, good seeing, pre-explosion reference image
from each frame the SN is present in. The photometry is then mea-
sured from the differenced image using a PSF-fitting method, with
the PSF determined from nearby field stars in the unsubtracted im-
age. This average PSF is then fit at the position of the SN event,
weighting each pixel according to Poisson statistics, yielding a flux,
and flux error, for the SN.

We calibrate the flux measurements of DES13S2cmm to a set
of tertiary standard stars produced by the DES collaboration (Wyatt
et al., in preparation), intended to be in the AB photometric system
(Oke & Gunn 1983). The photometry shown in Fig. 2 has also been
checked against the standard DES detection photometry, used to
find and classify all candidates for follow-up, and found to be in
good agreement. The light-curve data are presented in Table 1.

We correct for Galactic extinction using the maps of Schlafly
& Finkbeiner (2011), which estimate E(B — V) = 0.028 at the
location of DES13S2cmm, leading to extinction values of 0.123,
0.070, 0.051 and 0.039 magnitudes in the DES griz filters respec-
tively. We do not include these corrections in the values reported
in Table 1, but do correct for extinction in all figures and analysis
herein, including Figure 2.

3.2 Spectroscopy

On 2013 November 12, we requested Director’s Discretionary
Time at the European Southern Observatory (ESO) Very Large
Telescope (VLT) to observe DES13S2cmm, and were awarded
target-of-opportunity time within days. The closeness of the ob-
ject to the moon and instrument scheduling issues conspired
to delay observations until 2013 November 21, at which point
DES13S2cmm was approximately 30 days after peak brightness
(rest frame). A spectrum was obtained with the FOcal Reducer and
low dispersion Spectrograph (FORS2 Appenzeller et al. 1998) us-
ing the GRIS_300I+11 grism, the OG590 order blocker, and a 1”
slit, with an exposure time of 3600s (3 1200s). This configuration
provided an effective wavelength coverage of 5950 A to 9400 A.
The reduction of the FORS2 data followed standard proce-
dures using the Image Reduction and Analysis Facility' environ-
ment (v2.16), using the pipeline described in Ellis et al. (2008).
This pipeline includes an optimal two-dimensional (2D) sky sub-
traction technique as outlined in Kelson (2003), subtracting a 2D
sky frame constructed from a sub-pixel sampling of the background
spectrum and a knowledge of the wavelength distortions deter-
mined from 2D arc comparison frames. The extracted 1D spectra
were then scaled to the same flux level, the host-galaxy emission

1 The Image Reduction and Analysis Facility (IRAF) is distributed by the
National Optical Astronomy Observatories, which are operated by the As-
sociation of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.
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Figure 1. Colour images (riz) of the field surrounding DES13S2cmm. Left: Deep template image created from the co-addition of several epochs of data obtained
during the DES Science Verification period in late 2012; the likely host galaxy is indicated by the arrow. Centre: The search image taken close to maximum
light (28-Sept-2013) with the position of DES13S2cmm indicated. Right: The difference of the two previous images, clearly identifying DES13S2cmm at
center. This image demonstrates the quality of difference images used for discovery and monitoring during the DES observing season.
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Figure 2. The observed AB magnitude light curve of DES13S2cmm in the four DES SN search filters (griz) as a function of the observed phase. ‘S’ denotes
the epoch when the ESO VLT spectrum was obtained. The error-bars represent 1-o uncertainties, and the arrow symbols are 3-o upper limits. The phase
relative to peak was defined using the observed-frame r-band. We have artificially offset (in magnitudes) the ¢ and z band data for clarity.

SO e R

Figure 3. The reduced VLT FORS2 two-dimensional spectrum for DES13S2cmm. The key nebular emission lines used to derive the redshift of the host
galaxy, and therefore supernova, are labelled.
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Table 1. Light curve data for DES13S2cmm used in Fig. 2. We provide the observed calendar date, modified Julian Day (MJD), observed phase relative to

DESI1382cmm

5

peak MJID (defined relative to peak flux in the r-band), and fluxes (not corrected for Galactic extinction) with 1-o uncertainties in the DES griz passbands.

These fluxes can be converted to AB magnitudes using mag,g = —2.5logq (f) + 31.
Date MID Phase fq fr fi f=
(days)
30-AUG-2013  56534.3 -25 1138477 1705194 1730£181 19134231
3-SEP-2013 56538.3 -21 11124103 2063+129 22344186 18454288
8-SEP-2013 56543.3 -16 1369+104  2348+148  2285+198 22854277
12-SEP-2013  56547.2 -12 1373+130 23294167  2433+207 23761284
15-SEP-2013  56550.2 -9 + 26911413 28184380 21934389
24-SEP-2013  56559.2 0 20224388 37274363 31834346 35484295
28-SEP-2013  56563.2 4 1668197 3688+133  3400+187  3488+241
2-0OCT-2013 56567.2 8 1805+141  3666+166  3742+209  3169+261
10-OCT-2013  56575.2 16 1370+£108  3285+137  3636+192 31824230
14-OCT-2013  56579.1 20 12604243 31824223 34824259 26631295
25-0CT-2013  56590.3 31 8864346 17824319 29244277 31634352
29-OCT-2013  56594.1 35 6671146  1782+187  2398+267  2987+366
6-NOV-2013  56602.1 43 3444103 16984132 23264185 24334257
10-NOV-2013  56606.1 47 803+426  1338+418 26331510  1817+634
13-NOV-2013  56609.1 50 -312£276 9704252 26724281 27261426
20-NOV-2013  56616.1 57 3474195 18554239 18484307 17394331
1-DEC-2013  56627.0 68 184107 1306129  2032+176  2322+216
9-DEC-2013  56635.0 76 2594208  1322+178  1766+£225  2318+304
19-DEC-2013  56645.1 86 3024226 13054211 16974230 18084248
23-DEC-2013  56649.1 90 261+136 956+157 16671248  2038+276
27-DEC-2013  56653.1 94 41£156  1295+174  1613£201  1930+£248
3-JAN-2014 56660.0 101 2524119 1000+132 1736196 19934261
10-JAN-2014  56667.1 108 3104343 11444364  1609+408 15861387
18-JAN-2014  56675.0 116 -754236 7174220 1290+£261 18634297
25-JAN-2014  56682.0 123 306158 9924188 13824215 12544270
30-JAN-2014  56687.0 128 3454188 523+179 15184217 14044261
6-FEB-2014 56694.0 135 -346£359  1459+£376 1602465  2443+461

lines interpolated over, and the spectra combined using a weighted
mean and the uncertainties in the extracted spectra.

In Fig 3 we present our reduced 2D FORS2 spectrum,
where wavelength increases to the right along the horizontal axis
and the vertical axis is distance along the slit. We highlight
the obvious narrow nebular emission lines in the host galaxy
of DES13S2cmm, specifically [0 11] A3727 A, HB \4861 A, and
[O111] A4959, 5007 A. We assume these lines originate from the
underlying host galaxy as their spatial extent along the vertical axis
is greater than the observed trace of the main supernova spectrum.
This observation does not exclude the possibility that such emis-
sion lines come from the supernova, but it is difficult to address
this issue with our low resolution, and low signal-to-noise, data. We
note the observed emission lines are not significantly broadened or
asymmetrical, as witnessed in type IIn supernovae.

We see no evidence of any further emission lines, from the SN
and/or host galaxy. Therefore, it is unlikely DES13S2cmm is a type
II supernova (normal or superluminous).

Using these nebular emission lines, we determine a redshift of
z = 0.663 £ 0.001 for the host galaxy of DES13S2cmm, where
the uncertainty is derived from the wavelength dispersion between
individual emission lines. This measurement is consistent with the
redshift of the SN based on identifications of the broad absorption
features seen in the spectrum. As the redshift derived from the host-
galaxy spectrum is significantly more precise, henceforth we adopt
this value as the redshift to DES13S2cmm.

The spectral classification for DES13S2cmm is based on the
SUPERFIT program (Howell et al. 2005), which compares un-
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known observed spectra of SNe against a library of template SN
spectra (via x> minimisation), including the possibility of host-
galaxy contamination in the observed spectra. The spectra of the
SLSNe PTF09atu, PTF09cnd, PTF10nmn and SN 2007bi were
added to SUPERFIT to facilitate our classification and these SLSNe
spectra were found to be the highest ranked fitted templates to
DES13S2cmm and in preference to normal SN types (e.g., SN Ia).

We show our spectrum of DES13S2cmm in Fig. 4, alongside
spectra from other well-studied SLSNe in the literature at a similar
phase in their light curves (Quimby et al. 2011; Inserra et al. 2013;
Gal-Yam et al. 2009). There is a deficit of spectra for SLSNe in the
literature at these late phases for a robust comparison. However, the
broad resemblance between the spectra of PTF10hgi, SN 2011kf,
SN 2011ke and DES13S2cmm, all taken at approximately +30
days past peak, suggests DES13S2cmm is a similar object to these
other SLSNe-I. The spectrum of DES13S2cmm is also similar to
the spectrum of SN2007bi (a SLSN-R in Gal-Yam et al. 2009),
although the differences between Type I and Type R SLSNe re-
mains unclear, and either classification would be interesting given
the sparseness of the data. We also show in Fig. 4 the spectrum
of SN 2007if, a ‘super-Chandrasekhar’ SN Ia (Scalzo et al. 2010),
an over-luminous (My = —20.4) and likely thermonuclear SN
located in a faint host galaxy. This comparison clearly shows that
DES13S2cmm is unlikely to be a super-Chandrasekhar SN Ia.
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Figure 4. The VLT FORS?2 spectrum of DES13S2cmm (second from top) compared to other SLSNe of similar phase in their light curves. From top to bottom,
we also show SN 2011kf (Inserra et al. 2013), PTF10hgi (Quimby et al. 2011), SN 2011ke (Inserra et al. 2013) and SN 2007bi(classified as Type R in Gal-Yam
et al. 2009); as discussed in Section 3.2, SUPERFIT identifies these SLSNe as some of the best-fitting spectral templates to DES13S2cmm. In each case, the
light grey shows the raw data and the solid line is a Savitsky-Golay smoothed version of the spectrum. The spectra are labelled with the SN name, SLSN
type (except DES13S2cmm), redshift, and the phase when the spectrum was taken. We show the spectrum of the ‘super-Chandrasekhar’ SN Ia SN 2007if as
discussed in Scalzo et al. (2010). Note that the spectrum for 2007bi, while at a later phase than the other data, is the earliest spectral observation of this SN.

3.3 Host-galaxy properties

The host galaxy of DES13S2cmm is detected in our reference im-
ages that contain no SN light. Using SEXTRACTOR in dual-image
mode and the ¢-band image as the detection image, we measure
host-galaxy magnitudes of g = 24.24 £ 0.13, » = 23.65 £ 0.10,
1 =23.31£0.10 and z = 23.26 £ 0.17 (AB MAG_AUTO magni-
tudes). The large photometric errors are due to the relatively shal-
low depth, and poor seeing, of the template image from the DES SV
data — we cannot use the DES first-year data for the host photometry
as all epochs of this data contain some light from DES13S2cmm.
The estimated photometric redshift of the host galaxy at the
time of discovery was zphoto = 0.86 £ 0.13 (68 percentile error).
This photometric redshift was derived by the DESDM neural net-
work photo-z module code, with uncertainties estimated from the
nearest neighbour method, using data taken during SV (Sanchez
et al. 2014). Photometric redshifts (when available) are used when
selecting SLSN candidates for spectroscopic follow-up, and for
DES13S2cmm this redshift implied the event was brighter than
M[‘}eak = —21 (typical for SLSNe; Gal-Yam 2012). Since the start

of the first DES observing season the photometric catalog derived
from SV data has improved, and presently the DESDM photo-z for
the host of DES13S2cmm has improved to 2photo = 0.71 £ 0.06,
which is in better agreement with our measured spectroscopic red-
shift (z = 0.663 4= 0.001).

Using the DES host-galaxy photometry and the spectroscopic
redshift from VLT, we estimate that the stellar mass of the host
galaxy is log(M/Mg) 9.3 £ 0.3 using stellar population
models from PEGASE.2 (Fioc & Rocca-Volmerange 1997), and
log(M/Mg) = 9.0 £ 0.3 using the stellar population templates
from Maraston (2005) (both corrected for Milky Way extinction
and fixing the redshift of the templates to z = 0.663). Such a low
stellar-mass host galaxy is consistent with the findings for other
SLSNe (Neill et al. 2011; Chen et al. 2013; Lunnan et al. 2014).

We estimate the host-galaxy metallicity from our VLT spec-
trum using the double-valued metallicity indicator R23, defined as
([OI1] A3727 + [OIII] AX4959, 5007)/ H (. Fluxes and uncertain-
ties are derived individually for each emission line from fits of a
gaussian plus a first-order polynomial, with the assumption that
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there is no contamination of the galaxy emission lines from the
SN. We compute metallicities using the calibrations of Kobulnicky
& Kewley (2004) and McGaugh (1991), and use the formulae de-
rived in Kewley & Ellison (2008) to convert these metallicities into
the calibration of Kewley & Dopita (2002) — a step that allows for
direct comparison between different methods. We note that since
Haand NII A\6584 are redshifted to wavelengths beyond our spec-
tral coverage, we cannot determine the branch of the R23 function
that the metallicity lies on. However, the derived value for Ro3 is
close to its theoretical maximum, which minimizes the difference
in metallicity estimates between the two branches.

Assuming the lower (upper) branch, we find a metallicity
(12 + log[O/H]) of 8.30 (8.38) from McGaugh (1991) and 8.30
(8.42) from Kobulnicky & Kewley (2004), which is consistent with
the median metallicity of 8.35 found by Lunnan et al. (2014) for a
sample of 31 SLSNe host galaxies. The total uncertainty is dom-
inated by the calibration (~ 0.15 dex), while the statistical un-
certainty and the scatter induced by the conversion to Kewley &
Dopita (2002) are comparatively negligible. We thus find a host-
galaxy abundance ratio that is distinctly sub-solar (8.69; Asplund
et al. 2009), though not as extremely low as has been seen for other
SLSNe, such as SN2010gx (12 + log[O/H]=7.5; Chen et al. 2013).

4 RESULTS
4.1 Bolometric light-curve of DES13S2cmm

We show in Fig. 5 the bolometric light curve of DES13S2cmm.
This single light curve was constructed by fitting a single black-
body spectrum to the DES multi-colour data (requiring measure-
ments in a minimum of three photometric bandpasses for a fit),
on each epoch in the light curve (Table 1). In detail, we redshift
black-body spectra to the observer frame and integrate these spec-
tra through the response functions of the DES filters. We then deter-
mine the best-fitting parameters for a black body to the extinction-
corrected photometry and integrate this spectrum in the rest frame
to obtain the bolometric luminosity per epoch. This procedure ben-
efits from the homogeneity of the DES data as we possess approx-
imately equally-spaced epochs across the whole light curve — typi-
cally in four DES passbands — due to our rolling search. The errors
on the bolometric luminosities were calculated from the fitting un-
certainties on the black-body spectra.

We visually checked our best-fit blackbody curves for each
epoch of the DES13S2cmm light curve against the observed griz
photometry and found them to be reasonable within the errors. The
largest discrepancies were seen in the g-band where some epochs
were below the fitted curves, possibly due to UV absorption in
the underlying spectral energy distributions relative to a blackbody
curve. Inserra et al. (2013) compared the predicted UV flux (from
a blackbody curve) for two SLSNe with SWIFT UV observations,
and found the fluxes were consistent within the error. Therefore
we make no additional correction to the derived bolometric light
curve, but note that quantifiable systematic errors in the bolometric
luminosity require spectral templates, which in turn requires more
spectral data of SLSNe than is currently publicly available.

Using the bolometric light curve of DES13S2cmm, we can
determine the peak luminosity of the event and compare it to
the definition of a SLSNe in Gal-Yam (2012). This was achieved
by integrating the best-fitting black-body spectra through a stan-
dard U-band filter response function (on the Vega system) to ob-
tain the rest-frame absolute magnitude in U-band (My ). We find
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the 2013 September 24 epoch (t = 0 relative phase in Table 1)
gives the largest (peak) absolute U-band magnitude of MF*** =
—21.0570:05, which is consistent with the SLSNe threshold of
M{’,eak < —21 in Gal-Yam (2012).

We check this result using a model-independent estimate
based on the observed r-band peak magnitude. At the redshift of
DES13S2cmm, the observer-frame r band maps into the rest frame
as a synthetic filter with an effective wavelength of ~ 38004,
slightly redward of the standard U-band. Defining a synthetic filter
as such means the k-correction is independent of the SN spectral
energy distribution, and since we are in the AB system the correc-
tion is simply 2.5 log(1 + z). We apply this k-correction to the ob-
served r-band peak magnitude, as well as corrections for Galactic
extinction and distance modulus, to yield an estimated peak abso-
lute magnitude of —20.47 (AB), or —20.74 (Vega) in our synthetic
filter (where we have computed the AB to Vega conversion for
our filter). While this is fainter than our blackbody-based estimate,
Vega magnitudes are sensitive to the exact shape of the filter in this
region due to the jump in Vega from 3700-3900A; thus even the
small difference in effective wavelength between U band and our
synthetic filter can result in significant offsets. The absolute magni-
tude in our synthetic filter from the best-fitting blackbody method
yields Mgynthetic = —20.59, proving that our model-independent
estimate is consistent with our results from the blackbody fitting.

We note that the peak magnitude (Vega) for DES13S2cmm
classifies it as a SLSN, provided the magnitude is intrinsic to the
SN and not enhanced by other effects. Visual inspection of the im-
ages in Fig. 1 (including the surrounding areas) shows little evi-
dence for strong gravitational lensing which could affect the ob-
served brightness of this SN (we note that the host galaxy would
have to be lensed as well). We cannot conclusively rule out the
possibility of strong lensing, as in the case of PS1-10afx (Quimby
etal. 2014), but as discussed above the spectrum and extended light
curve of DES13S2cmm are inconsistent with a normal SN, while
the probability of such a strong lensing event in our DES data is
less than the probability of discovering a SLSN, based on the lens-
ing statistics given in Quimby et al. (2014), and the lower redshift
of DES13S2cmm and smaller search area of DES. Moreover, the
observed r — ¢ peak colour of DES13S2cmm is consistent with
the expected colours of other unlensed SNe (including SLSNe)
shown in Figure 4 of Quimby et al. (2014), i.e., DES13S2cmm is
located below the thick black line in this plot. Therefore, we do
not consider gravitational lensing further in this paper, but higher-
resolution imaging data should be obtained for DES13S2cmm, af-
ter the SN event has vanished, to provide better constraints on pos-
sible strong lensing as discussed in Quimby et al. (2014).

4.2 Comparison of bolometric light-curves

For comparison with DES13S2cmm, we also show in Fig. 5 the
bolometric light curves for eleven well-observed SLSNe-I (or Ic,
as discussed in Inserra et al. 2013) in the literature: SN2010gx
(Pastorello et al. 2010); PTF 10hgi, SN2011ke, PTF 11rks,
SN 2011kf and SN 2012il (Inserra et al. 2013); SNLS 06D4eu and
SNLS 07D2bv (Howell et al. 2013); and LSQ 12dlf, SSS 120810
and SN 2013dg (Nicholl et al. 2014). We exclude from this fig-
ure other SLSNe-I that do not possess data for at least three
passbands for each epoch over a majority of their light curves,
namely PTF09atu, PTF09cnd and PTF09cwl (Quimby et al.
2011); SCP 06F6 (Barbary et al. 2009); SN 20060z (Leloudas et al.
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Figure 5. The bolometric light curve of DES13S2cmm (red circles) compared to other SLSNe in the literature (see text for explanation). These bolometric light
curves were constructed by fitting a single black-body spectrum to the multicolour data available per epoch (requiring at least three photometric measurements
per epoch), and then by integrating the black-body spectral energy distribution to produce the bolometric luminosity per rest-frame epoch (described in detail
in Section 4.2). We show statistical errors on the blackbody fits to each epoch of these light curves, but in most cases this error is smaller than the plotting
symbol. We stress that these errors do not account for systematic uncertainties involved in the bolometric calculation (e.g., assuming a blackbody for the
spectral energy distribution of SLSNe). The phase relative to peak (y-axis) for the literature SLSNe is taken directly from the published individual studies and
not recalculated herein. The dashed lines shown in both panels represent the °®Co decay rate at late times.

2012); PS1-10ky and PS1-10awh (Chomiuk et al. 2011); and PS1-
10bzj (Lunnan et al. 2013).

The full bolometric light curves for these eleven literature
SLSNe-I were calculated using the same methodology as described
above for DES13S2cmm (i.e. using the published photometric data
and requiring three or more passbands per epoch). As a check,
our bolometric light curves for PTF 10hgi, SN 2011ke, PTF 11rks,

SN 2011kf and SN 2012il are similar to those published in Inserra
et al. (2013), with any offsets due to differences in the integration
of the blackbody curve; we integrate over all wavelengths, while
Inserra et al. (2013) integrate over the wavelength range of their
observed optical passbands (we are able to reproduce their lumi-
nosities if we follow their procedure).

In Fig. 5, the phase relative to peak for DES13S2cmm was de-
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fined as the peak of the observer-frame r-band, which occurred on
MJD 56563.2, while for other SLSNe-I we simply used the phase
relative to peak as reported by the individual literature studies. In
the case of SNLS 06D4eu and SNLS 07D2bv, Howell et al. (2013)
reported a phase based on their calculation of the bolometric light
curves, which we use herein, but note there may be greater uncer-
tainty in the definition of the time of peak for these light curves;
these SLSNe are at significantly higher redshifts than the others in
Fig. 5, and as such their bolometric light-curve is based exclusively
on data bluewards of rest-frame g-band.

The top panel of Fig. 5 shows that DES13S2cmm is one of the
faintest SLSNe-I around peak compared to the other SLSNe-I in the
literature, and possesses one of the slowest declining tails (beyond
approximately +30 rest-frame) of the SLSNe studied herein. In
the bottom panel of Fig. 5, we compare DES13S2cmm to possible
Type R SLSNe (to be consistent with the classification scheme of
Gal-Yam 2012) and find the late-time light curve of DES13S2cmm
is similar to both PS1-11ap (McCrum et al. 2014) and SN2007bi
(Gal-Yam et al. 2009), highlighting the possible overlap between
these two SLSNe types, as discussed in Section 3.2 and Inserra
et al. (2013).

Fig. 5 also demonstrates that the twelve SLSNe-I light curves
(top panel) have similar luminosities at approximately +25 days
(rest frame) past peak, close to the inflection point in the light
curves when their extended tails begin to appear. We calculate the
dispersion, as a function of relative phase, for the twelve SLSNe-I
light curves shown in Fig. 5, linearly interpolating between large
gaps in each light curve to provide an evenly sampled set of data.
We find a minimum dispersion of o(logioLbo1) = 0.084 — equiv-
alent to 0.21 magnitudes — at +-25 days past peak (rest frame), de-
rived from the seven SLSNe in Fig. 5 constraining this phase. As
commented in Quimby et al. (2011), such light curve characteris-
tics could point towards a possible ‘standardisation’ of SLSNe-I, as
with SNe Ia, leading to their use as high-redshift ‘standard candles’
for cosmological studies (King et al. 2014).

Recently, Inserra & Smartt (2014) has proposed a ‘standard-
isation’ of the peak magnitude of 16 SLSNe using a stretch-
luminosity correction similar to the Am;5 relationship of Phillips
(1993) for SNe Ia. They find that SLSNe that are brighter at peak
have slower declining light curve over the first 30 days after peak
(rest frame) and, correcting for this correlation, the dispersion of
the peak magnitude of SLSNe can be reduced to ¢ ~ 0.2. This is
similar in size to the dispersion at +25 days past peak seen in Fig. 5
and is only a factor of two worse than the dispersion obtained for
standardised SNe Ia.

Both Fig. 5 and Inserra & Smartt (2014) suggest some stan-
dardisation of SLSNe light curves is possible but further observa-
tions and analyses are required to find the best approach. For ex-
ample, the light curve of DES13S2cmm does not appear to follow
the correlation found by Inserra & Smartt (2014) as it has a faint
peak magnitude, relative to other SLSNe, but is also slowly declin-
ing towards +30 days after peak. A direct comparison to Inserra &
Smartt (2014) is difficult as our study uses different sample selec-
tion criteria (only 7 of their 16 SLSNe are included here because
of our requirement to have three passbands per epoch), while In-
serra & Smartt (2014) estimate a common synthetic peak magni-
tudes for all their SLSNe using their own time-evolving spectral
template. A more detailed comparison will be possible with further
DES SLSNe.
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4.3 Power source of DES13S2cmm

The details of the power source of SLSN-I remain unclear and are
much debated (see Section 1). Here we investigate the two popu-
lar explanations in the literature for SLSNe-I: radioactive decay of
56Ni, and energy deposition from a Magnetar.

4.3.1 Radioactive °°Ni model

As can been seen in Fig. 5, the decline rate of DES13S2cmm is
approximately that expected from the decay of 5°Co (dashed line).
This is suggestive of the SN energy source being the production
and subsequent decay of large quantities of *Ni produced in the
explosion. To test this theory we fit the bolometric light curve of
DES13S2cmm to a model of *°Ni, following the prescription of
Arnett (1982), which is the approximation of an homologously ex-
panding ejecta (Chatzopoulos et al. 2009; Inserra et al. 2013) where
the luminosity at any given time (in erg s~ 1) is given by

¢
2 )
L(t) = Myi e~ (t/m)? |:€Ni/ 7;‘ /) o=/ gy
0

Tm

£ 2 w/r
+600/ 2 (w/rm)® (e*u/m. —e*“/%)du} 5. ()
0

Tm

The energy production rate and decay rate for °Ni are en; = 3.9 x
10" ergs™ g=* and 7ni = 8.8 days, while for ®°Co these values
are eco = 6.8x10% ergs ™! g~ * and 7, = 111.3 days. The amount
of °Ni produced in the explosion is Mni, while the rise-time of the
light curve 7,,, (from Eqns 18, 19, and 22 of Arnett 1982) is given

by

k\1/2 /M ;’ 1/4
Tn = 1.05 (Bc) ( - ) 2)
Here E is the explosion energy, M,; is the total amount of ejected
mass,  is the gamma-ray opacity (assumed to be 0.1 and constant
throughout), and 3 is a constant with value ~ 13.7 (Arnett 1982).

We use d, to denote the gamma-ray deposition function: the
efficiency with which gamma-rays are trapped within the SN ejecta.
For this function we follow Arnett (1982), which is also used by
Inserra et al. (2013) and uses the deposition function defined in
Colgate et al. (1980),

5, =G[1+2G(1 — G)(1 - 0.75G)], 3)

where G = 7, /(7 +1.6), with the ‘optical depth’ for gamma-rays
approximately given by

5.53 x 10'°
): @

2
=GR GCorrimr

Here ve; = \/10E})/3M,j and is in units of cm s~1. We note that
the deposition function used in Chatzopoulos et al. (2009) has a
functional form that is similar to that used here, but in their approx-
imation 7, only deviates from ~ 1 at much later epochs, resulting
in a light-curve decay rate mirroring 5°Co and largely insensitive
to changes in the explosion energy or ejecta mass.

We thus have four parameters in our model: the explosion
epoch (%o), the energy of the explosion (E), the total ejected mass
(Mgj), and the amount of ejected mass which is 56Ni (My;). Since
high S/N spectra of SLSNe display predominantly intermediate-
mass elements, it is clear that there must be an upper limit to the
fraction of the ejecta mass which can be in “°Ni (fxi = Myi/Myj):
otherwise these elements would be subdominant to Fe-group ele-
ments. Inserra et al. (2013) assumed an upper limit of 50% on the
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Table 2. Best-fitting parameters for a variety of °Ni model fits to the bolo-
metric light curve for DES13S2cmm. fNjmax is the maximum fraction of
56Ni allowed in the ejecta for each fit; for DES13S2cmm the best-fitting
model always maximizes this value. Ejecta and ®6Ni masses are given in
units of solar masses. There are 22 degrees of freedom for each fit.

fnimax  E(10%%erg) Mg My to MID) X2

0.30 31.88 1477 443 56508.8 81.5
0.40 14.83 10.59 4.23 56510.4 76.0
0.50 8.22 8.21 4.10 56511.5 71.5
0.60 5.08 6.68 4.01 56512.4 67.9
0.70 3.38 5.62 3.93 56513.1 65.0
0.80 2.38 4.84 3.88 56513.7 62.7
0.90 1.74 4.25 3.83 56514.2 60.9
1.00 1.32 3.79 3.79 56514.6 59.4
7 T T T T
56 N| —_
6 é Magnetar ------

'
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Figure 6. Upper panel: Bolometric light curve with >6Ni (blue solid line)
and magnetar (green dashed line) best-fitting models. We plot here the 56Ni
model with fNi max = 0.5. The magnetar model is the better fit (see text).
However both models have difficulty reproducing the peak luminosity, the
post-peak decline, and the late-time flattening. Middle and Bottom panels:
Temperature and radius evolution of the best-fitting blackbody to each pho-
tometric epoch which is used to construct the bolometric light curve.

ejecta mass as being **Ni. Without a strong theoretical limit on this
value, we fit the model to the data with a variety of upper limits on
fni, varying from 0.3 to 1.0. We report the best-fitting parameters
and goodness of fit for these models in Table 2.

We find that the >*Ni model is not a good fit to the bolometric
light curve, as the best-fitting model has a x?/dof = 2.7 (x? of 59
for 22 degrees of freedom), and is physically unrealistic (fni = 1).
As can be seen in Table 2, the model prediction for Mx; is relatively
robust (3.8 —4.4M,), as this parameter is primarily constrained by

the peak luminosity of the light curve. However, to match the late
time (¢ > 30 days) flattening of the light curve a large amount
of ejecta mass or low explosion energy (see Eqn. 2) is required to
increase the diffusion time-scale, which simultaneously makes the
fit to the post-peak decline poor while predicting a much longer rise
time than is seen.

4.3.2 Magnetar model

As an alternative to the radioactive decay of °°Ni, we also fit
our derived bolometric light curve for DES13S2cmm to a magne-
tar model, which proposes that SLSNe are powered by the rapid
spinning-down of a neutron star with an extreme magnetic field
(Woosley 2010; Kasen & Bildsten 2010). In this model the input
energy is defined by the initial spin-down time (P,s, in millisec-
onds) and magnetic field strength (Bi4, in units of 10™* Gauss)
of the magnetar, and the diffusion timescale (7,,, Eqn. 2) reflects
the combined effect of the explosion energy (E), the ejected mass
(M), and the opacity (). We use the semi-analytical model out-
lined in Inserra et al. (2013). The luminosity of the magnetar model
(in erg s~ 1) is given by

B}, P2
I+ u/m)2 "
%)

t
— T, 2 wu/ T
L(t) = 4.9 x 10 ¢~/ ””257/ 2 glu/m)?
0o Tm

where 7, is the spin-down timescale, 7, = 4.7 By,? P2, days. We
do not include any additional contribution from *°Ni decay in this
model.

In Fig. 6 we include the best-fitting magnetar model to the
bolometric light curve of DES13S2cmm. The best-fitting parame-
ters of this model are a magnetic field of 1.43 x 10'* Gauss, an ini-
tial spin period of 5.28 ms, a diffusion timescale of 22.9 days, and
an explosion date of MJD 56511.0. This model has a x* /dof = 2.0
(x? of 44 for 22 degrees of freedom) and is therefore a significantly
better fit to our data than the *°Ni model. However, it is still clear
that the model does not fit well: it is unable to reproduce the factor
of two drop in luminosity post-peak within 30 days of explosion
(although it does a better job than *Ni). Intriguingly the late-time
epochs seem to fit the magnetar model well. Our time coverage
of DES13S2cmm allows us to determine whether either model is
able to reproduce detailed features of the light curve, but discern-
ing between the two models would be improved by an even longer
time-scale over which the two models cannot mimic one another;
DES alone will unlikely provide longer light curve coverage as its
observing season is typically less than 5 months a year.

5 CONCLUSIONS

In this paper we have presented DES13S2cmm, the first
spectroscopically-confirmed superluminous supernova (SLSN)
from the Dark Energy Survey. Using spectroscopic data obtained
from the ESO Very Large Telescope, we measured a redshift of
z = 0.663 £ 0.001, and assigned a classification of SLSN-I. How-
ever, we cannot exclude the possibility that DES13S2cmm is a type
R (Fig. 4 and 5) if this is in fact a distinct SLSN type.

Using this redshift and correcting for Milky Way extinc-
tion, we find the rest-frame U-band absolute magnitude of
DES13S2cmm at peak to be M5 = —21.0575-15, consistent
with the SLSNe definition of Gal-Yam (2012). Like other SLSNe
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(Lunnan et al. 2014), DES13S2cmm is located in a faint low stellar-
mass host galaxy (log(M/Mg) = 8.9 £ 0.3) with sub-solar metal-
licity.

In Fig. 5, we compare the bolometric light curve of
DES13S12cmm to eleven similarly well-observed SLSNe-I light
curves in literature, and see that DES13S2cmm has one of the slow-
est declining tails (beyond +30 rest frame past peak) of all SLSNe-
I studied herein, as well as likely being the faintest at peak. We fur-
ther find that the dispersion between the bolometric light curves of
all twelve SLSNe-I shown in Fig. 5 has a minimum of 0.21 magni-
tudes at +25 days past peak (rest frame), thus raising the tantalis-
ing possibility of ‘standardising’ these SLSNe like SNe Ia (Quimby
etal. 2011; Inserra & Smartt 2014) and starting a new era of super-
nova cosmology (King et al. 2014). Further study is required to
confirm if SLSNe can be standardised.

In Fig. 6, we fit the bolometric light curve of DES13S2cmm
with two possible models for the power source of these extreme
events; the radioactive decay of *°Ni and a magnetar (e.g. see
Inserra et al. 2013). We find that the *Ni model is not a good
fit to the bolometric light curve, as the best-fitting model has a
x?/DoF= 2.7 with an unrealistic fraction of *°Ni to ejected mass
(fni = 1). The model does provide a relatively robust prediction
for the overall ®*Ni mass (3.8 — 4.4M), as this is primarily con-
strained by the peak luminosity of the light curve, but is unable to
reproduce the late time (¢ > 30 days) evolution of the light curve.
The Magnetar model provides a smaller x? (for the same degrees
of freedom) than ®°Ni, but is likewise not a good fit to the data as it
is unable to fully reproduce the drop in luminosity within 30 days
of explosion.

In the future, DES should find many more SLSN-I. Such data
should allow us to further test these two models, especially if we
can measure the (rest frame) light curves to > 100 days (see
Fig. 6 and Inserra et al. 2013). Therefore, we have begun a new
project entitled ‘SUrvey with Decam for Superluminous Super-
novae’ (SUDSS), which will enable extended monitoring of some
DES SN fields (in addition to several non-DES fields) to over 8
months, greatly enhancing both our ability to detect many more
SLSNe and measure their long light curves.
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