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Abstract

This thesis concentrates on the efforts to identify and characterise compact mergers, in-
cluding neutron star-neutron star (NS-NS), black hole-neutron star (BH-NS) and white
dwarf-neutron star (WD-NS) mergers, with wide-field survey instruments. With the
Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) and Aster-
oid Terrestrial-impact Last Alert System (ATLAS), both located in Hawaii, searches for
kilonovae and other compact mergers have been performed. The Pan-STARRS search
identified two rapidly evolving transients with similar decline rates to the first kilonova,
AT2017gfo, in PS15cey and PS17cke from an archival search of 1975 transients asso-
ciated with galaxies within 200 Mpc. While model fits of BH-NS mergers are able to
match the peak luminosity of PS15cey, a kilonova interpretation is less likely than a
rapidly evolving supernova scenario. However, for PS17cke, a similar model fit sup-
ports a kilonova progenitor. An alternative explanation for PS17cke is a luminous blue
variable outburst, but given the high surface brightness of the host galaxy, this cannot be
confirmed without deep imaging and the lack of repeated outbursts observed by either
ATLAS or Pan-STARRS disfavours this scenario.

The ATLAS search for kilonovae returned no plausible candidates, but has iden-
tified a unique optical transient in AT2018kzr, discovered at a luminosity distance
of 236 Mpc. AT2018kzr is characterized by a peak magnitude of Mr = −17.98,
peak bolometric luminosity of ∼1.4× 1043 erg s−1 and a rapid decline rate of 0.48±
0.03 mag day−1 in the r band. The bolometric luminosity evolves too quickly to be
explained by pure 56Ni heating, necessitating the inclusion of an alternative powering
source. By incorporating the spin-down of a magnetic neutron star, the model fit to
the lightcurve can be improved and a small ejecta mass of Mej = 0.10± 0.05 M� is
measured. Spectral modelling suggests the ejecta is composed of intermediate mass
elements including O, Si and Mg as well as trace amounts of Fe-peak elements, which
disfavours a NS-NS merger, but is consistent with predictions of compact mergers in-
volving white dwarfs. Given the low ejecta mass, intermediate mass element composi-
tion and the high likelihood of additional powering, a core collapse of an ultra-stripped
progenitor or the accretion induced collapse of a white dwarf is unlikely. One possible
explanation is the merger of a white dwarf and a compact body, either a neutron star or
black hole.
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The lack of kilonova detections by ATLAS has prompted the development of an
efficiency simulation to understand the challenges of observing rapidly evolving and
intrinsically faint optical transients, like AT2017gfo. Such a simulation has been ex-
tended to estimate the 90% confidence upper limit on the rate of AT2017gfo-like tran-
sients within 100 Mpc, given no detections, of <1520 Gpc−3 yr−1. This is consistent
with the current binary neutron star merger rate measurement provided by gravita-
tional wave observations at 320+490

−220 Gpc−3 yr−1. Applying the simulation to transients
with lightcurve properties similar to AT2018kzr within 100 Mpc constrains their rate to
<340 Gpc−3 yr−1, which is on the lower end of the range inferred from population syn-
thesis studies of WD-NS star mergers at 80− 5000 Gpc−3 yr−1. Given the challenges
in observing compact mergers with existing survey projects, it is suggested ATLAS
will need to operate for another decade to observe a kilonova, though could observe an
AT2018kzr-like event in the next few years. With the advent of improved wide-field
surveys on the horizon, the need for ATLAS and Pan-STARRS to search for kilonovae
may be reduced, but their capacity to observe compact mergers involving white dwarfs
remain strong.
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Chapter 1

Introduction

...we came in?”
- In The Flesh?
Pink Floyd, The Wall (1979)



1.1 The transient sky

Despite its appearance to the naked eye, the night sky is hardly static. Transient phe-
nomena that either move or flash are found all around us and as telescopic equipment
has improved over time, their rates of discovery have only increased. Moving objects
include asteroids, near-Earth objects (NEOs) and comets, while objects that flash oc-
cupy a more diverse discovery space. Certain stars are known to vary in brightness
over time and stellar binaries give rise to bright emission if mass transfer between the
constituent bodies ignites (Bode et al., 1985). In the past, these flashes were thought
to be new stars so were termed ‘novae’. Brighter flashes still would occur at the end
of the lives of stars with mass > 8 M�. Upon exhaustion of their hydrogen fuel source,
these stars begin a process that ultimately leads to their destruction in massive ex-
plosions. Without hydrogen, heavier elements are synthesised in order to maintain
hydrostatic equilibrium via fusion reactions until such a point that it is no longer en-
ergetically favourable to continue doing so. Being unable to support itself against its
own self-gravity, the stellar core collapses, violently expelling its outer layers and re-
leasing energy on the order 1048−1050 erg. The transient emission accompanying this
explosion would become known as a ‘super-nova’ (Baade and Zwicky, 1934), but the
collapse of such massive stars would not be the only means through which supernovae
could be produced. The thermonuclear detonation of white dwarfs, a late evolution-
ary phase of stars < 8 M�, could produce explosions reaching absolute magnitudes of
M = −19, powered by the radioactive decay of 56Ni (Colgate and McKee, 1969). Our
understanding of supernovae (SNe) has improved such that a taxonomic classification
system for them has been developed, enabling the wealth of supernovae discovered to
be categorised based on their observational properties. In broad terms, SNe are clas-
sified as one of two main types based on the presence of hydrogen in their emission
spectra - Type I, if absent, and Type II, if present - which are then divided into smaller
sub-classes depending on their respective photometric and spectroscopic features (Fil-
ippenko, 1997).

Although occurring at the endpoints of massive stellar lives, core-collapse SNe do
not mark the last emission that such stars may produce. Following the SN explosion, a
compact remnant is left behind that may beget further transient phenomena in certain
binary configurations. The exact nature of the remnant is dependent on several factors
including the mass of the collapsing core. For cores < 20 M�, a dense neutron star (NS)
is formed but cores in excess of this mass collapse to a black hole (BH). In the case
of a binary neutron star (BNS) system, either NS-NS or BH-NS, their mergers give
rise to emission powered by the decay of heavier radioactive species than are emitted
in supernovae. The peak luminosity of this emission varies depending on the con-
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stituent bodies, but lies between the respective maxima of novae and supernovae. This
emission was predicted to exist long before it would ever be observed, with the names
‘macronova’ (Kulkarni, 2005) and ‘kilonova’ (Metzger et al., 2010) being coined to re-
flect its intermediate brightness in the wider context of explosive transients. Similarly,
the formation and evolution of BNS systems has long been postulated upon without
direct observational evidence. However, in recent years the detection of BNS merg-
ers has been made possible primarily through gravitational wave (GW) observations
(LIGO Scientific Collaboration and Virgo Collaboration, 2019), with electromagnetic
counterparts remaining rather elusive. The search for these events in the optical and
near infrared has revolutionised time domain astronomy, opening the door on a hitherto
unexplored parameter space of new transient objects.

1.2 Neutron stars and the r-process

It was Hulse and Taylor (1975) who discovered the first double neutron star (DNS) sys-
tem, PSR 1913+16, which exhibited variations in its pulsation period consistent with
having a compact companion similar in mass. The discovery of PSR 1913+16 afforded
astronomers a new way of testing general relativity and prompted research into the
evolution, dynamics and ultimate endpoint of DNS systems. Symbalisty and Schramm
(1982) later proposed that the most probable endpoint for any pulsar binary system
would be a merger of its constituent bodies as they in-spiral, losing angular momen-
tum to GW radiation. Such mergers were also anticipated to be a primary source of
GW radiation upon the advent of ground-based GW detectors, like the Laser Interfer-
ometer Gravitational-wave Observatory (LIGO) and the Virgo interferometer (Abadie
et al., 2010). Before PSR 1913+16 was discovered, Lattimer and Schramm (1974)
had predicted that BH-NS mergers might produce and eject r-process material1, which
was now thought to be possible in NS-NS mergers as well (Symbalisty and Schramm,
1982). Eichler et al. (1989) further proposed that these mergers would be a source of
both neutrino and gamma emission in the form of gamma ray bursts (GRBs), presenting
the possibility of electromagnetic counterparts to BNS mergers. This link between BNS
mergers and GRBs would later be elaborated upon by Kulkarni (2005) who proposed a
neutron decay model powering a central engine.

The theoretical understanding of BNS mergers improved over time with both
Davies et al. (1994) and Freiburghaus et al. (1999) developing simulations of their
orbital dynamics, merger processes and subsequent ejecta. They also made predictions
of what abundance of r-process material would be output. It would not be until Li and

1The term ‘r-process’ here refers to the rapid neutron capture process in which lighter seed nuclei
may capture neutrons on a timescale shorter than their respective β decay lifetimes to synthesise heavier
elements.
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Paczyński (1998) that models of ultraviolet, optical and near infrared emission - the
aforementioned kilonova signature - from r-process decay would be published. The
kilonova could be be appreciated through a relatively simple model that parameterised
the heating rate necessary to power the emission. This heating could follow either an
exponential decline or power law and provided respectable order of magnitude esti-
mates for the peak luminosity (L ∼ 1044 erg s−1) and characteristic timescale on which
it fades (∼1 day). Li and Paczyński (1998) acknowledged several deficiencies in their
model approach, chiefly among them being the estimates of the abundances and life-
times of the r-process nuclides powering the emission, as well as their opacities, which
were taken as average values. As the nature of this r-process nucleosynthesis became
better understood, more accurate opacities were predicted. Barnes and Kasen (2013)
would note that contemporary models of kilonova lightcurves tended to adopt opacities
typical of iron group elements. Supposing that the ejecta consisted in larger parts of
the heavier lanthanides (57 < Z < 71) or actinides (89 < Z < 103), then more robust
opacities would be necessary. Tanaka and Hotokezaka (2013) provided radiative trans-
fer simulations of these mergers and included in that r-process nucleosynthesis from
gallium (Z = 31) to uranium (Z = 92), covering the range of atomic numbers compris-
ing both the lanthanide and actinide groups and found that typical ejecta opacities were
around 10 cm2 g−1, half that of what Li and Paczyński (1998) had employed. In this
case, emission would peak more strongly in the near infrared (Barnes and Kasen, 2013)
and the resulting lightcurves would be longer lived that previously thought.

1.3 Binary neutron star formation

BNS formation occurs in the case of two gravitationally bound stars where one is mas-
sive enough to end its main sequence life as a core-collapse SN but without its compan-
ion becoming unbound (Portegies Zwart and Yungelson, 1998). If both stars undergo a
core-collapse SN without disruption, then a double neutron star (DNS) system forms.
The circumstances that can produce such a system depend on initial conditions, as well
as on interactions between the binary components.

A typical formation channel that yields a DNS binary is illustrated in Figure 1.1.
This involves a massive primary, of at least 8− 12 M�, so as to undergo core-collapse
(Jones et al., 2013; Woosley and Heger, 2015), and a generally less massive secondary
that are in close enough proximity to undergo mass transfer (stable or unstable). The
secondary may be greater in mass than the core-collapse limit or can be as low as
5− 7 M�, subject to it accreting material from the primary (Tauris et al., 2017). The
primary evolves, expands and begins overflowing its Roche lobe, transferring hydrogen
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Figure 1.1: A flowchart illustration of an example double neutron star formation that
may lead to a NS-NS merger within a Hubble time. Adapted from Tauris et al. (2017).

from its envelope to the secondary until it is stripped to a helium (He) star, which
collapses and undergoes a SN explosion. If the secondary is not disrupted by this, the
primary remains as a neutron star and the system evolves into a high mass X-ray binary
with the secondary expanding to a common envelope phase. At this point the primary
is enveloped by the outer layers of the secondary and begins to lose angular momentum
due to dynamical friction, which can cause the ejection of the secondary’s hydrogen
envelope, leaving it a stripped He-star. Here, Tauris et al. (2017) outline an additional
phase of the binary evolution that occurs in certain configurations wherein material is
transferred from the secondary to the neutron star primary (Tauris et al., 2015). The
secondary becomes ‘ultra-stripped’ at the time of it undergoing a SN explosion (Tauris
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et al., 2013), leaving the secondary as a neutron star, now part of a DNS system. Of
course, the secondary may not be massive enough to undergo core collapse in the first
place, even if it is accreting material from the primary. When this occurs, an alternate
formation channel emerges wherein the less massive star evolves into a white dwarf
(WD). The properties of white dwarf and neutron star (WD-NS) binaries are being
understood through theoretical efforts to model their evolution and dynamics (Metzger,
2012; Toonen et al., 2018).

These scenarios are somewhat simplified versions of the events as the procedure is
influenced by many factors, including the zero-age main sequence mass of the initial
stars, their orbital period and eccentricity. Natal kicks that occur at the respective ‘birth’
of a given neutron star (Janka, 2012) may disrupt the binary as well, and the collapse
of the primary to a black hole will result if its mass becomes too great (simulations by
Portegies Zwart and Yungelson, 1998, consider this probable for remnants exceeding
2 M�). In any case where a BNS system results, it will begin an in-spiral towards
a merger of its constituent bodies as they shed angular momentum through the loss
of GW radiation. This proceeds until tidal forces act to disrupt one or both bodies
(Fernández and Metzger, 2016), but how this manifests is dependent on the mass ratio
of the binary. DNS systems that have been circularised in their orbit with a near unity
mass ratio see both bodies distorted into ‘teardrop’ shapes (left panel of Figure 1.2)
but if the mass ratio is large then one body is distorted, and more significantly too
(Bauswein et al., 2013), being drawn out into a spiral arm (right panel of Figure 1.2).
In the case of BH-NS binaries, black hole spin and neutron star tidal radius become
important quantities as if the neutron star radius encroaches on the innermost stable
circular orbit (ISCO) of the black hole, it is swallowed without ejection of material. If
outside the ISCO, then the neutron star is distorted in a similar manner to high mass
ratio NS-NS systems. The distorted neutron star material is held in a disc around the
remnant core in the orbital plane while material pressed out from the contact interface
between the merging bodies is held closer to the poles. This ejected material is believed
to total anywhere from 10−4 M� to 10−2 M� (Hotokezaka et al., 2013), and can travel
at velocities of up to 0.3 c (Kyutoku et al., 2015).

1.4 Kilonova emission and powering

The decay of radioactive r-process elements synthesised in the post-merger ejecta is
the source of the optical and near infrared kilonovae emission. The Arnett formalism
(Arnett, 1982) offers a relatively simple explanation of this and has been applied to SN
ejecta in the past (Inserra et al., 2013). Consider the ejection of material with mass
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Figure 1.2: Simulations of DNS mergers for similar mass components (left) and high
mass ratio binaries (right). Adapted from Fernández and Metzger (2016).

M and velocity v with optical depth τ ' ρκR, where ρ describes the average density, κ
describes the ejecta opacity and R is the radius at some time t such that R ' vt under
spherical expansion. We may modify ρ to account for the density profile of the ejecta
with a parameter β, giving a formulation of the optical depth as:

τ =
3Mκ

4πR2β
(1.1)

An exact value of β can be obtained by fitting to numerical models (as in Bauswein
et al., 2013), though for the purposes of this description β = 3 describes the dynamical
ejecta sufficiently well. Initially, the ejecta is hot and opaque, necessitating that photons
diffuse in order to escape. This occurs on a timescale tdiff such that tdiff = R

c τ (where c

is the speed of light). Thus, we may express the diffusion timescale as:

tdiff =
3Mκ

4πβcvt
(1.2)

The material becomes rarefied enough to allow photons to escape at a time t = tdiff .
Once this occurs, we obtain the timescale on which the ejecta emission peaks tpeak,
such that tdiff ' tpeak. Hence:

tpeak '

√
3Mκ

4πβcv
(1.3)

Equation 1.3 predicts, for ejecta masses of 0.01− 0.1 M�, velocities of the order
0.1 c and opacities in the range 1− 100 cm2 g−1, that kilonova emission will peak on
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a timescale of one day to one week. However, without a source heating the ejecta, it
will cool adiabatically on expansion to the point of transparency and cease emission.
Arnett’s law then describes how the necessary provision of heat Q at some rate dQ

dt gives
rise to a luminosity L. At time t = tpeak, we obtain the expression for peak luminosity
as the heating rate at peak times:

Lpeak '
dQ

dtpeak
(1.4)

The strength of the Equation 1.4 is that it enables us to construct a lightcurve for
any arbitrary powering source, or combination of sources, so long as said powering is
a function of time. In the early application of Arnett’s law to supernovae, the radioac-
tive decay of 56Ni to 56Co, and the subsequent decay to 56Fe, gives an exponentially
declining tail to the lightcurve (Arnett, 1980). For accretion onto a compact body, the
powering goes as a power law with exponent −5

3 . From Equation 1.3, it can be seen
that the diffusion timescale for kilonovae is controlled by the ejecta mass, velocity and
opacity and, hence, these parameters will affect the luminosity output. These param-
eters do vary depending on what region of the ejecta is being considered, giving rise
to different electron fractions between the poles and tidal plane of the merger site as
well. This contributes to different heating rates over the spatial extent of the ejecta. We
discuss the contributing factors to this heating rate now.

1.4.1 Radioactive heating

Radioactive heating contributions come from the α decay, β decay and fission reactions
of r-process elements synthesised in the merger (Metzger et al., 2010) which will ther-
malise the ejecta to different degrees (Hotokezaka et al., 2016). β particles thermalise
the least, with α particles thermalising more and fission fragments the most (Barnes
et al., 2016), assuming a fixed energy release rate. This changes the energy release
according to the ejecta composition, which itself varies with the polar angle about the
merger site. Around the equator, where tidal tails of ejecta are emitted, and in the
spherical ejection of the merger, the composition is lanthanide-bearing with electron
fraction Ye < 0.3. Here, opacity is high (κ ∼ 100 cm2 g−1) which, based on 1D radiative
transfer simulations performed by Barnes et al. (2016), gives rise to emission peaking
in J and K on timescales of a few days to a week, while emission in the optical bands is
suppressed. Metzger (2017) describes this scenario as the ‘red kilonova’ model. Con-
versely, in the ejecta directed along the poles, pressed out from the contact interface
of the merging bodies, material is comparatively lanthanide-free, with a lower opacity
in the region of κ ∼ 1 cm2 g−1. In this regime, material is of a higher electron fraction,
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Figure 1.3: A schematic diagram of a neutron star merger showing typical values of
electron fraction Ye and ejecta velocity v for the two main ejecta components. Addi-
tionally, the direction of neutrino ν outflow is labelled. Adapted from Rosswog (2015).

Ye ∼> 0.3, causing emission to peak in the R and I bands on timescales of only one day.
Metzger (2017) describes this scenario as the ‘blue kilonova’ model. Figure 1.3 show
anatomically the location of these different opacity regions about the merger site.

1.4.2 Central engine powering

The presence of engine powering is dependent on the nature of the remnant core of the
merger. BH-NS mergers beget black hole remnants while NS-NS mergers usually pro-
duce a remnant black hole but can exists as a hypermassive neutron star (HMNS) for a
period of up to several seconds, depending on its spin and magnetic field. This is impor-
tant as the r-process nucleosynthesis occurs largely within the first second of the merger
(Metzger, 2017), so may influence gamma emission from the poles of the merger site.
Conversely, depending on the equation of state, it is possible for any massive neutron
star remnant to exist indefinitely as a supramassive neutron star (SMNS) where collapse
is stifled by solid body rotation. In any case, if the ejection of gravitationally unbound
material contributes to the r-process heating described in Section 1.4.1, then the re-
maining gravitationally bound material contributes to powering via fallback accretion
onto the remnant body. This occurs on timescales of several seconds, and perhaps up
to several days, following the merger (Chawla et al., 2010; Kyutoku et al., 2015) and is
characterised by a power law decline that goes as t−

5
3 , particularly at late times (Rossi
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and Begelman, 2009). The energy liberated via fallback accretion goes proportion-
ally with Mboundc2, where Mbound is the mass of bound material undergoing fallback.
The luminosity achieved is then the time derivative of this quantity (Rosswog, 2007),
though this is generally modified by an efficiency parameter to account for interactions
with the accretion disk and its wind.

In the case of a lasting SMNS remnant, it is possible to enhance the powering, at
least in principle, by contributing spin-down energy to the luminosity output. For a
2.3−2.4 M� SMNS rotating at or near the mass shedding limit (∼0.7 ms), there is rota-
tional energy of the order 1050 erg which can be liberated to supplement the radioactive
powering. This can be achieved if the SMNS is highly magnetic, as is expected once
solid body rotation takes hold with fields reaching B ' 1014 − 1015 G, due to electro-
magnetic torque that drives the energy release (Metzger, 2017). Yu et al. (2013) suggest
this injection of energy to the ejecta can provide additional powering over a period of
several days, analogous to how such ideas have been applied to superluminous super-
novae (Kasen and Bildsten, 2010; Inserra et al., 2013). There are uncertainties with
this concept, including how much of the energy sufficiently thermalises the ejecta to be
observable (Metzger and Piro, 2014).

1.5 Kilonovae and gamma ray bursts

Gamma ray bursts (GRBs) are high energy gamma ray signals that are categorised
based on their duration, with long (lGRB) events lasting in excess of two seconds and
short (sGRB) events lasting less than two seconds. While lGRBs have been linked to
various core-collapse SNe in the past (Woosley and Bloom, 2006), the origin of sGRBs
has been less certain. Fernández and Metzger (2016) highlight that their isotropic-
equivalent luminosities are of the order 1050−1052 erg s−1, necessitating they be pow-
ered by either rotational energy or accretion onto a compact body. It had been thought
that BNS mergers and sGRB events were linked (Metzger et al., 2010, and references
therein), prompting follow-up of sGRB events to identify kilonova emission. Optical
afterglows from sGRB events are faint making the observations of kilonovae therein
difficult, but past candidates have been identified that are worth discussing.

Early examples include GRB050709 (Jin et al., 2016), GRB060614 (Yang et al.,
2015) and GRB080503 (Perley et al., 2009), events detected at redshifts of 0.16, 0.125
and 0.8245, respectively. Optical follow-up of these events indicated rapid decline
consistent with a Li and Paczyński (1998) type event. A more recent example is that
of GRB130603B. GRB130603B is among the better observed GRBs with an optical
counterpart (Berger et al., 2013a; Tanvir et al., 2013), being first observed by the Swift

Burst Alert Telescope and being localised to a galaxy at a redshift of z = 0.356 (Cuc-
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chiara et al., 2013). The emission was strong in the near infrared (Tanvir et al., 2013),
with Berger et al. (2013a) noting an infrared excess peaking in the J band with absolute
magnitude of MJ = −15.2, from Hubble Space Telescope follow-up. An ejecta mass
between 0.03− 0.08 M� was inferred, which is consistent with present simulations of
kilonovae, and consistent with previous candidates Jin et al. (2016).

These candidates highlight some of the challenges in searching for kilonovae emis-
sion coincident with GRB detections. They show that optical afterglows of GRB events
are typically faint, though the toy model outlined in Section 1.4 does predict faint emis-
sion of the order M ' −16, depending on ejecta mass, velocity and opacity (Barnes
et al., 2016). A major challenge of performing follow-up of GRB events is in disentan-
gling the optical afterglow that may be serendipitously observed from any subsequent
kilonova emission that may have occurred (Perley et al., 2009; Melandri et al., 2018).
Infrared searches of sGRB events for counterparts may be more beneficial than optical
or ultraviolet (Tanvir et al., 2013). As well as this, the GRB emission is very bright,
comparatively, so can be detected to further distances than any optical emission that
follows. We also require that the GRB emission be beamed towards us, or at least that
the beaming angle is wide enough to be observed given its orientation with respect to
Earth. This depends on the binary configuration and components merging, which will
also impact how luminous the optical afterglow is and how long it is visible for. Now
in the era of multi-messenger astronomy, we are not reliant entirely on electromagnetic
detections of these events and may use GW detection to better guide search efforts.

1.6 GW170817 and its electromagnetic counterparts

On 2017-07-17, the LIGO Scientific Collaboration reported the observation of a GW
signal lasting ∼100 seconds with a combined signal-to-noise ratio of 32.4 between all
three active detectors (Abbott et al., 2017c) - GW170817. The signal was consistent
with a slow in-spiral and merger of two compact bodies with component masses in
the range 0.86− 2.26 M�, indicating this was not a merger of two black holes, as has
previously been observed (Abbott et al., 2016a,b, 2017a). Indeed, the total mass of the
remnant body was found to be 2.74+0.04

−0.01 M�, favouring a merger between two neutron
stars. GW170817 occurred at a luminosity distance 40+8

−14 Mpc, and could be localised
to a region of sky, at 90% confidence, of ∼ 28 sq. deg..

The electromagnetic observations for a counterpart occurred in stages. First was the
detection of a sGRB coincident with GW170817 (GRB170817A, Abbott et al., 2017b).
Second came an extensive optical and near-infrared follow-up campaign of the localisa-
tion region, with the first optical detection being made by the Swope Supernova Survey
(Coulter et al., 2017). This kilonova emission was identified as AT2017gfo once regis-
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tered on the Transient Name Server2. Lastly came the observations of slower evolving
emission from BNS mergers in the radio and X-ray, but these occurred on timescales
of several months to a year. This marked the first confirmed observation of a NS-NS
merger with a direct electromagnetic counterpart observed across the electromagnetic
spectrum.

1.6.1 Gamma ray observations of GRB170817A

The observation of GRB170817A coincident with GW170817 confirmed BNS merg-
ers as a progenitor of sGRBs, particularly with the probability of this being a chance
occurrence being 5.0× 10−8 (Abbott et al., 2017b). The GW and GRB signals were
separated by 1.74± 0.05 s, with GRB170817A being observed independently by both
Fermi and INTEGRAL. Goldstein et al. (2017) noted that the gamma emission com-
prised a single pulse, lasting <2 seconds, with no photons exceeding an energy of
511 keV. Its gamma ray detection profile can be seen in Figure 1.4. With its discovery,
GRB170817A became the closest sGRB event detected with the second closest having
occurred at z ' 0.111 (Berger, 2014), an equivalent luminosity distance of 515 Mpc.

The high energy electromagnetic emission from GW170817 offered an insight to
the mechanism powering sGRBs and their links to relativistic jet outflows. This had
long been postulated (Eichler et al., 1989; Kulkarni, 2005) and, as introduced in Section
1.5, was thought to be the result of a central engine capable of liberating an isotropic-
equivalent luminosity of 1050 < Lγ <1052 erg s−1. One possible scenario involves the
accretion of a torus of material within 0.1 to 1.0 s onto a compact body, establishing a
connection between accretion heating and the outburst, lasting an approximately equal
duration (Fernández and Metzger, 2016). This would also support the outflow of a jet
from the poles of the accretion source, given the lower density there. The jet then forms
as a consequence of neutrino self-annihilation causing heating that accelerates material
into collimated, relativistic jets via thermal pressure.

1.6.2 Optical and near infrared observations of AT2017gfo

The optical and near infrared follow-up campaign proved to be extensive, with many
groups making multi-band photometric and spectroscopic observations in the brief
window available. The Swope Supernova Survey made the first optical detection of
kilonova emission (Coulter et al., 2017), identifying a new source in the S0 galaxy
NGC 4993. Other groups began observing the field as well, including the Distance Less

2https://wis-tns.weizmann.ac.il/object/2017gfo

12

https://wis-tns.weizmann.ac.il/object/2017gfo


Figure 1.4: The Fermi Gamma-ray Burst Monitor (GBM) 10 - 50 keV and 50 - 300 keV
and INTEGRAL >100 keV signals of GRB170817A, shown relative to the GW170817
trigger time. The red line indicates the background estimate made by Goldstein et al.
(2016). Adapted from Abbott et al. (2017b).

than 40 Mpc project (DLT40, Valenti et al., 2017), Palomar Transient Factory (PTF,
Kasliwal et al., 2017), MASTER Global Robotic Net (Lipunov et al., 2017), the ex-
tended Public ESO Spectoscopic Survey for Transient Objects (ePESSTO, Smartt et al.,
2017), the Dark Energy Survey (DES, Soares-Santos et al., 2017) and the Japanese col-
laboration for Gravitational-wave Electro-Magnetic follow-up (J-GEM, Utsumi et al.,
2017). The transient identified, whose official International Astronomical Union desig-
nation is AT2017gfo, was faint at an absolute magnitude of −15.0 in r and −15.7 in i,
and was located 10.”6 from the core of NGC 4993 (Valenti et al., 2017; Soares-Santos
et al., 2017). DES imaging, obtained by the Dark Energy Camera (DECam), can be
seen in Figure 1.5 showing the source near discovery and following its fade from view.
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Figure 1.5: The DECam imaging of NGC 4993 near discovery of AT2017gfo and 14
days after discovery. Adapted from Soares-Santos et al. (2017).

Cowperthwaite et al. (2017) quote photometry taken covering the ultraviolet, opti-
cal and near infrared for AT2017gfo using the FLAMINGOS2 instrument on Gemini-
South as well as with the Hubble Space Telescope (HST) from 0.6 days post-merger.
From this, a bolometric luminosity of Lbol ' 5× 1041 erg s−1 was measured. A black-
body fit to the spectral energy distribution made from the photometry at 1.5 days
post-merger suggested AT2017gfo had an effective temperature T ' 8300 K and ra-
dius R ' 4.5× 1012 m, implying an expansion velocity vej ' 0.3 c. Attempts to model
the kilonova heating purely through 56Ni decay were made, but found that any single
component opacity model could not explain the observed rapid decline in magnitude.
A two component opacity model, such that the lanthanide-bearing and lanthanide-free
ejecta are modelled separately, was needed to provide a better fit to the data (Cowperth-
waite et al., 2017). Such model fits indicated that the total ejecta of each component
was in the region of 0.04 M� at a velocity of ∼0.1 c in the red and 0.01 M� at a velocity
∼0.3 c, consistent with previous models (Hotokezaka et al., 2013; Barnes et al., 2016).
Near infrared spectral sequencing of AT2017gfo with FLAMINGOS2 made at 7 epochs
between 1.5 and 10.5 days post-merger showed prominent spectral peaks 1.07 µm and
1.55 µm, which correspond to emission from lanthanides (Chornock et al., 2017).

The necessity of a two component model to understand opacity is interesting. Sev-
eral other groups attempted to describe optical and near infrared observations through
single component models with varying success. Smartt et al. (2017) adopted a blue
kilonova model to describe the optical and near infrared observations they had acquired
via GROND on the ESO 2.2 m telescope, covering Ugriz in the optical and JHKs in
the near infrared (Figure 1.6). Their attempts to model the emission in these bands
were done in the same vein as outlined by Arnett (1982) and Metzger (2017), discussed
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Figure 1.6: GROND UgrizJHKs photometry of AT2017gfo. It can be seen that the
optical bands decline much quicker than the near infrared bands, consistent with prior
models (Metzger, 2017). Points with downward arrows connected to them indicate
non-detections. Adapted from Smartt et al. (2017).

in Section 1.4. Modelling the bolometric emission as a power law decline with an
ejecta mass of 0.04±0.01 M� at velocity 0.2±0.1 c gave reasonable fits for opacities of
0.1 cm2 g−1 and 10 cm2 g−1. It should be noted that for the former opacity, the power
law exponent was quoted as −1.3 and it could fit the earlier data points better than the
later data points, while for the latter opacity, an exponent of −2.1 was needed and the
better fit was observed at the later data points compared to the earlier points.

Observations made by Tanvir et al. (2017) in the infrared tell a somewhat different
story. Imaging in YHKs was obtained from VISTA and infrared spectra were obtained
from MUSE, equipped on the Very Large Telescope, and the HST Wide-Field Cam3.
These observations were compared to models outlined by Wollaeger et al. (2018), a
multidimensional radiative Monte Carlo simulation that includes local thermodynamic
equilibrium opacities for some of the elements expected to be synthesised. These
include lanthanides (cerium, samarium, neodymium), actinides (uranium) and other
heavy elements (chromium, palladium, selenium, tellurium, bromine, zirconium). The
modelling does not include opacity as a free parameter, but it does return an estimate
of the electron fraction of the ejecta at a particular viewing angle (Tanvir et al., 2017).
At a viewing angle of θ = 20◦ the electron fraction inferred is Ye = 0.27, consistent with
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Figure 1.7: The Xshooter, FORS and GMOS spectral sequence of AT2017gfo, before
reddening corrections were applied. The epochs of the spectra are seen in the anno-
tation on the right hand side (formatted as mmdd), while the grey shaded regions are
wavelengths of low atmospheric transmission. Adapted from Pian et al. (2017).

expectations for lanthanide bearing ejecta in the late time ejecta. These near infrared
observations would seem to support a red kilonovae model, contrary to Smartt et al.
(2017) who favour a blue kilonova model. As noted in Section 1.4, the blue emission
peaks on a shorter timescale than the red emission though, so a two component model
is likely necessary for a full description of the AT2017gfo lightcurve.

Spectral observations were made by several groups, including Pian et al. (2017) who
obtained a series of spectra using Xshooter, FORS and GMOS in the days that followed
the gravitational wave trigger (Figure 1.7). The first of the Xshooter spectra shows a
blue continuum over the full wavelength coverage, peaking near 6000 Å, consistent
with theoretical predictions. This can be fit with a blackbody spectrum of temperature
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5000±200 K, which shows a large temperature decline compared to photometric obser-
vations some 20 hours prior which suggests a temperature closer to 8000 K, indicating
the event was cooling rapidly. Although only covering the optical wavelengths, the next
spectrum, taken one day later, shows how the spectral maximum had moved to a longer
wavelength, implying further cooling. The third spectrum shows the peak has transi-
tioned into the near infrared at 11,000 Å, while the whole spectrum has undergone a
noticeable change in profile. The merger ejecta had cooled to the point of transparency,
enabling identification of absorption lines in the succeeding spectra, but the identifica-
tion of these lines proves difficult owing to the abundance of mainly r-process elements
in the ejecta whose spectral properties are not yet fully understood. The expectation
was that gold and platinum would be visible in kilonovae spectra (Metzger, 2017), but
this is not necessarily observed in the obtained spectra for AT2017gfo. Smartt et al.
(2017) suggested that caesium and tellurium may be visible in the Xshooter spectra,
rather than gold and platinum. In any case, it is clear that ejecta of the neutron star
mergers are a lanthanide-bearing species.

1.7 Detection of compact mergers independently of GW triggers

The discovery of AT2017gfo demonstrated that kilonovae borne of NS-NS mergers
exist in a magnitude range visible to 1 m class telescopes and smaller, so it stands to
reason that they should be observable independently of GW triggers. Events peaking at
absolute magnitude M ' −16 in the optical within 100 Mpc will be detected at apparent
magnitudes of the order m ∼ 19 or brighter, assuming no extinction. This is above the
detection limit of many wide-field surveys in operation today that are now employing a
variety of strategies to maximise their chances of detecting kilonovae and other exotic
transients. At the same time, WD-NS systems that merge are predicted to produce op-
tical transients that yield a total luminosity of 1048−1049 erg (Zenati et al., 2019) over
several weeks. This is weaker than for a typical supernova, but brighter that a kilono-
vae (Metzger, 2017). What is curious about these transients is that they may present as
Type Ib/c SNe, lacking hydrogen but showing strong calcium emission (Zenati et al.,
2019). Simulations of such mergers predict synthesis of various elements at different
abundances depending on the WD in question. CO WD-NS mergers predict intermedi-
ate mass elements in the ejecta including silicon, magnesium and iron, but He WD-NS
are expected to show sulphur and argon instead (Metzger, 2012). One feature of the
ejecta common to both WD types is a total ejecta mass of 0.01−0.1 M�, but with min-
imal amount of 56Ni being produced in the range 10−3−10−2 M� (Zenati et al., 2019).
Although WD-NS mergers may not be strong candidates in the search for GW emis-
sion, unlike NS-NS and BH-NS mergers, if modern wide-field surveys are capable of
observing kilonovae then they will be able to discover these optical transients as well.
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Current population synthesis models place the rate of occurrence of WD-NS mergers
at 3− 15% of the Type Ia SN rate (Toonen et al., 2018). Given their luminosity, it is
reasonable to assume that current surveys are detecting these events already.

The question becomes how to maximise the capability of a survey to observe rapidly
evolving and intrinsically faint transients. NS-NS and BH-NS mergers may be identi-
fied in the localised sky areas released by the LIGO Scientrific Collaboration following
a compact binary coalescence, but WD-NS mergers currently cannot. At times when
GW detectors are not active, we must rely on ‘blind’ surveys to find the optical tran-
sients associated with these mergers. Projects such as the Asteroid Terrestrial-impact
Last Alert System (ATLAS, Tonry et al., 2018) and the Zwicky Transient Facility (ZTF,
Bellm et al., 2019) are currently at the forefront of rapid cadence observations, and rou-
tinely survey the night sky visible to them every two nights. The All-Sky Automated
survey for Supernovae (ASAS-SN, Shappee et al., 2014) uses wider-field, smaller aper-
ture, telescopes to survey to shallower depths, but with multiple units situated across
the globe, it can cover the whole sky each night. Deeper surveys that offer higher res-
olution and multi-colour coverage of smaller sky footprints, such as the Dark Energy
Survey (DES, Flaugher, 2005), are also competing to discover these types of transients,
and the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) com-
bines the depth of a 2 m telescope with the high survey cadence that a wide-field facility
provides with multi-wavelength filter coverage (Chambers et al., 2016).

Surveying a large area of the sky intuitively improves the likelihood of discover-
ing any astrophysical transient, but increasing survey area often comes at the cost of
depth and cadence. Kilonovae are among the faintest and most rapidly evolving tran-
sients known, so it would be prudent to concentrate the effort of identifying them on
the instruments that can effectively combine depth of field and high cadence without
sacrificing coverage area. WD-NS mergers, on the other hand, might be reasonably
observed by any survey that achieve a depth sufficient to routinely observe Type Ib/c
SNe. This thesis is concerned with such a search and utilises Pan-STARRS and ATLAS
to this end. In Chapter 2, we outline the observing specification of Pan-STARRS and
search with it for kilonovae, discussing the candidates found and how we may interpret
them based on available data. In Chapter 3, we consider this search from the perspec-
tive of ATLAS, focusing on other compact mergers that can be found in the parameter
space of kilonovae, including WD-NS merger events. Chapter 4 attempts to quantify
the difficulty of observing the optical emission associated with compact mergers, as
well as how to improve the efficiency with which rapid cadence surveys detect such
events. In Chapter 5, we constrain the rate of different BNS merger events using optical
measurements and contextualise this in the field of multi-messenger astronomy before
concluding in Chapter 6.
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Chapter 2

Candidates from the
Pan-STARRS Search for Kilonovae

There is this old woman.
She lives down the road.
You can often find her
Kneeling inside of her hole.
And I often ask her
“Are you looking for the mother lode?”
“Huh? No!
No, my child, this is not my desire.”
And then she said
“I’m digging for fire”

- Pixies, Dig For Fire
Bossanova (1990)



2.1 Introduction

The advent of wide-field survey telescopes has revolutionised the discovery space of
time domain astronomy, in terms of the parameter space probed and rate of discovery
of events. There is a diverse array of supernova (SN) types being found every night,
from superluminous events (Quimby et al., 2011; Lunnan et al., 2013; Chen et al.,
2015) to the emerging field of rapidly evolving transients (Inserra, 2019). In the past,
supernova surveys could be divided into high (Schmidt et al., 1998) and low redshift
(Leaman et al., 2011) searches and typically employed telescopes with apertures up to
4 m, surveying comparatively small regions of sky. For instance, the SuperNova Legacy
Survey (SNLS, Astier et al., 2006) utilised MegaCam equipped on the 3.58 m Canada-
France-Hawaii Telescope, Mauna Kea, Hawaii, with a field of view of 1 sq. deg., and
conducted surveys of regions of sky totalling between 4 and 1300 sq. deg to varying
depths. Today, programs such as the Dark Energy Survey (DES, Flaugher, 2005) con-
tinue this line of work, making use of the Dark Energy CAMera (DECam, Flaugher
et al., 2015) equipped on the Blanco 4 m telescope, Cerro Tololo, Chile. These deeper
surveys prioritised depth over cadence, as they usually sought Type Ia SNe for cos-
mological studies (Perlmutter et al., 1999), but the discovery of AT2017gfo (Coulter
et al., 2017) would emphasise a need for change going forward. While kilonovae re-
sulting from BNS mergers belonged to a parameter space of intrinsically faint objects
that such surveys could probe, their rapid evolution would necessitate a higher cadence
to maximise discovery potential (Scolnic et al., 2018a).

Of these deeper surveys, the Panoramic Survey Telescope and Rapid Response Sys-

tem (Pan-STARRS, Chambers et al., 2016) combines the depth of a 2 m class tele-
scope with the higher survey cadence that modern wide-field surveys employ. In its
current main survey mode, the Pan-STARRS twin telescope system carries out a sur-
vey for near earth objects (NEOs), funded by NASA, with images typically reaching
∼21.5−22 magnitudes for each 45 s exposure and cover around 1000 sq. deg. per night.
Since the start of the Pan-STARRS1 Science Consortium surveys in 2009, the facility
has produced numerous discoveries and benchmark papers in the time domain era. The
Pantheon sample of Type Ia SNe is now the leading sample for cosmological constraints
(Scolnic et al., 2018b) and the Foundation low redshift sample has been recently pub-
lished (Foley et al., 2018). On the more exotic transient side, the Pan-STARRS project
has made an impact in the discovery of tidal disruption events (TDEs, Gezari et al.,
2012; Chornock et al., 2014; Holoien et al., 2019; Nicholl et al., 2019), superluminous
supernovae (SLSNe, Chomiuk et al., 2011; McCrum et al., 2015; Lunnan et al., 2018),
outbursts of stars before core-collapse (Fraser et al., 2013) and faint Type Iax SNe
(Srivastav et al., 2020). A population of ‘fast evolving’ transients were studied in the
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Pan-STARRS1 Science Consortium Medium Deep Survey fields by Drout et al. (2014)
and Berger et al. (2013b). Drout et al. (2014) discovered rapidly evolving objects in the
range −16.5 > M > −20.0, which declined by at least 1.5 magnitudes in less than 25
days. These are several magnitudes brighter than AT2017gfo and declined much more
slowly.

Now, in the era of GW observations with LIGO and Virgo (Abbott et al., 2016a,b,
2017a), we are able to conduct follow-up of the localised sky areas released in the wake
of publicly announced GW signals. Pan-STARRS has conducted follow-up of the bi-
nary black hole mergers detected during the first and second LIGO observing runs (O1
and O2, Smartt et al., 2016a,b). In the first 12 to 36 hours of follow-up of AT2017gfo,
the Pan-STARRS observations, combined with image subtraction, provided the quanti-
tative early evidence for rapid photometric fading, mainly due to the pre-existing tem-
plates (Chambers et al., 2016). The key to this was having the Pan-STARRS1 Science
Consortium 3π reference images, which provide a template for image subtraction at
declinations above δ = −30◦. For the joint LIGO-Virgo observing run, O3, the Hanford
and Livingston units became sensitive to detecting gravitational waves from binary neu-
tron star mergers out to angle averaged distances of 100− 120 Mpc, where Virgo was
sensitive to approximately 50 Mpc. The horizon distance for the two LIGO detectors
was closer to 160 Mpc (distance modulus µ = 36), and we would anticipate a kilonova
peaking at an absolute magnitude of −14 > M > −16 to be detected at apparent mag-
nitudes in the range 20 > m > 22. This is comfortably above the typical Pan-STARRS
detection limits in its filter system for exposure times of 30− 960 seconds. The ques-
tion one might ask is whether Pan-STARRS, over its lifetime, has observed a kilonova
independently of a GW trigger.

In this chapter we will attempt to answer this question by considering a specific
search for kilonovae from within the Pan-STARRS NEO survey. The work presented
herein outlines the identification and analysis of two potential kilonova candidates
based on imaging obtained at the time of their respective discoveries, supplemented
with spectroscopy of the host environments made after their occurrence and subsequent
fade from view. The data content is sparse, but a large portion of the analysis details
attempts at finding a model scenario that involves at least one NS progenitor with that
data. A discussion on possible alternative explanations is provided for both objects, as
well. This work has been published in a peer-reviewed journal (McBrien et al., 2021).

2.2 Pan-STARRS and the search for kilonovae

The Pan-STARRS1 system (Chambers et al., 2016) comprises a 1.8 m telescope located
at the summit of Haleakala on Maui, Hawaii, with a 1.4 gigapixel camera, called GPC1,
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mounted at the Cassegrain f /4.4 focus. GPC1 is composed of sixty orthogonal transfer
array devices, each of which has a detector area of 4,846×4,868 pixels. These pixels
measure 10 µm in size giving a focal plane 418.88 mm in diameter, or equally 3.3◦.
This corresponds to a field-of-view of 7.06 sq. deg. The Pan-STARRS1 filter system
is similar to that of SDSS (Abazajian et al., 2009). To differentiate between the two
filter systems, we adopt a P1 subscript for the Pan-STARRS filters (gP1rP1iP1zP1yP1)
but no subscript for the SDSS filters (grizJHK). The Pan-STARRS filter system also
includes a composite gP1rP1iP1 filter called ‘wide’ or wP1 (Tonry et al., 2012; Chambers
et al., 2016). In nightly survey operations PS1 typically observes in quads of 45 s wP1

exposures, reaching wP1∼< 22 magnitudes.

Images taken from Pan-STARRS1 are processed immediately with the Image Pro-
cessing Pipeline (IPP, Magnier et al., 2020a). Through the Pan-STARRS1 3π Steradian
Survey data (Chambers et al., 2016), a ready made template of the whole sky north of
δ = −30◦ is available in its filters, as well as proprietary iP1 data in a band between
−40◦ < δ < −30◦, giving a reference sky in the iP1 band down to this lower declina-
tion limit. Frames are astrometrically and photometrically calibrated with the stan-
dard Image Processing Pipeline steps (Magnier et al., 2020a,b,c). The Pan-STARRS1
3π reference sky images are subtracted from these frames (Waters et al., 2020) and
photometry is carried out on the resulting difference images (Magnier et al., 2020c).
The detections are then processed through the Pan-STARRS Transient Science Server
(PTSS) hosted on a dedicated computing cluster at Queen’s University Belfast. The
processing involves assimilating the detections into objects and lightcurves, removing
false positives, identifying asteroids, variable stars and AGN, and cross-matching with
known galaxy catalogues to determine the most likely host and assign a photometric or
spectroscopic redshift, if known.

The Pan-STARRS Search for Kilonovae (PSSK) was introduced by Smartt et al.
(2019), outlining the effort to identify kilonovae with Pan-STARRS. The search is con-
ducted in two parts - firstly, an archival search through the 3π Steradian database for
fast evolving transients and, secondly, a real-time search through the NEO data for in-
trinsically faint and rapidly evolving objects, both volume-limited to 200 Mpc. The
details of the retroactive search are to be published soon (Smartt et al. 2021, in prep.),
which, briefly, presents the analysis of 1975 objects from a transient database of over
20,000 detections within 200 Mpc and finds two rapidly declining transients that were
worthy of consideration as kilonovae candidates. The cuts employed remove objects
with a >2 magnitude difference at peak from the peak of AT2017gfo, scaled to the dis-
tance of AT2017gfo, and objects declining at >0.1 magnitudes per day from a straight
line gradient fit where more than two data points exist. If only one data point had been
obtained, then the decline to the next 5σ limiting magnitude is used to infer a limit on
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the decline rate. The analysis was able to rule out 1758 as being either confirmed or
likely supernovae from a combination of spectral classifications, absolute magnitude
comparisons and lightcurve evolution. There were 215 (11%) that had only one data
point and could not be classified further. This left 2 that have unusual, fast declining
lightcurves - PS15cey, a rapidly declining object with detections at two epochs and
in two bands, and PS17cke, an intrinsically faint object only detected at one epoch
but with a recent post-discovery non-detection that constrained the decline rate to be
similar to AT2017gfo. The search is supplemented by the Asteroid Terrestrial-impact
Last Alert System (ATLAS, Tonry et al., 2018), who also search for transients within a
fixed local volume (Smith et al., 2020), to shallower depths than Pan-STARRS but with
significantly higher cadence. The ATLAS search is discussed in greater detail over the
remaining chapters of this thesis. With this chapter, we consider the archival candidates
found by PSSK - their identification and interpretation based on the data available.

2.3 PS15cey

2.3.1 Discovery and initial photometry

PS15cey (Figure 2.1) was discovered on MJD 57297.350 (2015-10-02 08:23:42 UTC)
with a magnitude of rP1=19.17 ± 0.03 at location RA = 22:37:00.81 and Dec = -
16:13:47.5. PS15cey was observed a total of eight times by PS1 - four times in rP1

on the night of MJD 57297 and four times in iP1 on the subsequent night, MJD 57298,
which average to iP1= 19.64± 0.03. The last previous non-detection before discovery
occurred on MJD 57246.505 (2015-08-12 12:07:12 UTC) at wP1 > 22.2. The closest
non-detection in time following the event is a shallow image from MJD 57353.200
(2015-11-27 04:48:00 UTC) at zP1 > 18.9, with the next PS1 observation of the field
being over 200 days later. No other detections of this transient were seen in PS1 data
over the period MJD 56459 to MJD 58808. The foreground extinction in this direction
is low, with Ar = 0.1 and Ai = 0.08 mag (Schlafly and Finkbeiner, 2011), implying an
intrinsic colour difference of rP1-iP1= −0.50± 0.05 mag. This could either be due to a
genuine rapid decline in luminosity of the transient, an effect of a steep colour gradient
of the photometry or a combination of both. The photometry of PS15cey is shown in
Figure 2.2.

2.3.2 Spectroscopic observations

Cross-matching with galaxy catalogues suggests a potential host in the galaxy WISEA
J223659.87-161406.7, though the host is identifiable in several catalogues. Within
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Figure 2.1: The Pan-STARRS1 discovery image triplet of PS15cey taken on the night
of MJD 57297 in rP1. Left: The target frame acquired on MJD 57297.350 (2015-10-02
08:23:42 UTC) in rP1. Centre: The reference wallpaper image used for subtraction.
Right: The resulting subtraction showing the clear detection of PS15cey. Note that the
scale gives the detector count of each pixel, which the region in white of the target and
difference frames being the effect of a gap on the Pan-STARRS chip.

LEDA, this galaxy is recognised as PGC900758, and, according to the GLADE cat-
alogue, has a redshift of z = 0.038. This is likely a photometric redshift, however, as a
spectroscopic source cannot be corroborated, and hence is not reliable enough to draw
conclusions from. Owing to this uncertainty on the redshift, a spectrum of the host
galaxy was taken with EFOSC2 at the New Technology Telescope (NTT), using Grism
#13 (wavelength coverage 3685− 9315Å), on MJD 58816.066 (2019-11-29 01:35:41
UTC) as part of the advanced Public ESO Spectroscopic Survey for Transient Ob-
jects (ePESSTO+). The data were reduced with the PESSTO pipeline (Smartt et al.,
2015) and the extended galaxy spectrum was extracted. The spectrum has identifiable
emission and absorption features, including the Na i lines and Ca ii H&K lines, as well
as some Hα emission. From these lines, we can measure a redshift to the host of
z = 0.0717±0.0006. This corresponds to a luminosity distance of 320 Mpc for cosmol-
ogy of H0 = 70 km s−1 Mpc−1, with Ωm = 0.3 and ΩΛ = 0.7. PS15cey is estimated to
be offset by 32.”4 from its host, or equivalently a physical separation of approximately
50.3 kpc. At this redshift, the host spectrum resembles those of typical S0 or Sa type
galaxies (Kinney et al., 1996), as can be seen in Figure 2.3. Given this redshift, as well,
the absolute magnitude of the existing photometry would be −18.40 in rP1 and −17.89
in iP1.

2.3.3 Decline rate measurements

If we assume that the transient did not fade significantly between the two epochs, then
rP1-iP1= −0.50± 0.05 implies a very blue colour for the spectral energy distribution
(SED). It would require a blackbody with an effective temperature of 26,500±3500 K
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Figure 2.2: The Pan-STARRS1 photometry of PS15cey with detections averaged in rP1
(red) and iP1 (yellow) across each night of observing. We overlay on this the absolute
lightcurves of AT2018kzr (diamonds, McBrien et al., 2019b; Gillanders et al., 2020)
and AT2017gfo (triangles, Andreoni et al., 2017; Arcavi et al., 2017; Chornock et al.,
2017; Cowperthwaite et al., 2017; Drout et al., 2017; Evans et al., 2017; Kasliwal et al.,
2017; Tanvir et al., 2017; Pian et al., 2017; Troja et al., 2017; Smartt et al., 2017;
Soares-Santos et al., 2017; Utsumi et al., 2017; Valenti et al., 2017), in addition to BH-
NS kilonova models attempting to describe the observed luminosity of each band. The
shaded regions indicate the range of values allowed by the errors of each model. We
discuss the model formulation and interpretation in Section 2.3.4. Phases are given
with respect to the discovery of PS15cey.

to provide this blue colour. This is extremely hot, and such temperatures are usually
only seen at shock breakout, with higher temperatures reached during the post-shock
cooling phase (Yaron et al., 2017). However, if these data were the signature of shock
breakout, then a rising supernova should have been visible in the days and weeks that
followed. There is no detection on MJD 57353.200 (2015-11-27 04:48:00 UTC), or
+51 days (from the rest frame) after discovery in Pan-STARRS, with a limit of zP1>

18.9. In ATLAS, the closest observation is on MJD 57378, and forced photometry1 on

1Forced photometry is a technique used to measure the flux at the position of transient in a difference
image where it does not have a clear, 5σ significance detection. It uses the spatial position of the transient
in a high significance detection and the point spread function (PSF) of the image from brighter stars. A
PSF model is built at the known position of the transient and is fit to the flux in the difference image,
allowing flux to be reliably recovered below the 5σ limit.
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Figure 2.3: The spectrum of the host of PS15cey taken on MJD 58816.066 (2019-11-29
01:35:41 UTC) with NTT:EFOSC2 (black). For comparison, we show scaled spectra
of typical S0 (red) and Sa (green) galaxies in the same wavelength range (Kinney et al.,
1996). From this spectrum we have inferred a redshift to the host of z = 0.0717±0.0006,
with the inset plot showing the Na i line which was used in the measurement of this
redshift.

the ATLAS survey data shows no transient to typical magnitudes of o > 18.3.

Hence, it is likely that the two photometric measurements are a signature of a
real and rapid decline. The most recent non-detections occurred on MJD 57246.505
(2015-08-12 12:07:12 UTC) at >22.2 in wP1 prior to discovery. A decline rate of
−0.5 mag day−1 is comparable to the NS-NS merger AT2017gfo. However, the se-
cure redshift of the host galaxy PGC900758 places its peak absolute magnitude at least
two magnitudes brighter than AT2017gfo, which is more similar to the peak brightness
of AT2018kzr. At the time of discovery by PS1, the intermediate Palomar Transient
Factory (Rau et al., 2009; Law et al., 2009; Kulkarni, 2013) was observing also, but has
no observations of the field of PS15cey within the months surrounding its discovery2.

2Private communications with Russ Laher, Frank Masci and Adam Miller.
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2.3.4 Interpretation of PS15cey

The secure redshift measurement of the host of PS15cey puts it significantly beyond
the 200 Mpc distance limit originally imposed for the search for kilonovae (Smartt et
al. 2021, in prep.). With the closest non-detections in time occurring approximately 50
days before and after discovery, we note that it is possible for a Type II SN of some
description to have occurred in this time, which would otherwise be a major contam-
inant in the PSSK. Our temperature estimate for this object disfavours a Type II SN
progenitor however, though it would be more consistent with a tidal disruption scenario
(Jiang et al., 2016). Tidal disruption can be ruled out, however, due to the offset from
the host visible in Figure 2.1, as genuine tidal disruption events occur in the galactic
nucleus. As such, we regard PS15cey as a fast declining transient about which we will
explore various kilonova models and also compare it to the fast transient AT2018kzr
(McBrien et al., 2019b; Gillanders et al., 2020) in this section. The peak magnitude
of rP1= −18.40 puts PS15cey 2 magnitudes brighter than AT2017gfo at peak (as in the
early photometry reported by Arcavi et al., 2017; Coulter et al., 2017; Cowperthwaite
et al., 2017; Evans et al., 2017; Smartt et al., 2017; Valenti et al., 2017). To determine if
this luminosity is plausible, we investigate models of black hole and neutron star merg-
ers (BH-NS; Barbieri et al., 2020b) and luminous kilonova (NS-NS) models in the vein
of those presented by Barbieri et al. (2020a), which employ a ‘stiff’ equation of state.

In the case of a NS-NS merger, high luminosity is achieved when the amount of
dynamical ejecta is maximised and/or an accretion disk is produced. A larger accretion
disk size and total ejecta mass will also enhance the luminosity of any kilonova-type
transient. In the models of Barbieri et al. (2020a), the combination of neutron star
masses that will achieve maximal luminosity occurs for a primary mass of 2.42 M�
and secondary of 1.00 M�. These are at the limits of what is permitted with one of the
‘stiffest’ equations of state (DD2, as explained by Hempel and Schaffner-Bielich, 2010;
Typel et al., 2010). DD2 is consistent with both GW170817 (LIGO Scientific Collabo-
ration and and Virgo Collaboration, 2019), GW190425 (LIGO Scientific Collaboration
and Virgo Collaboration, 2020c) and an AT2017gfo-type kilonova in the framework of
Barbieri et al. (2020a). This system provides a highly deformable secondary which is
disrupted by strong tidal forces from the primary. However, even these ‘bright’ mod-
els do not produce a luminous enough event to describe PS15cey, typically peaking at
luminosities which are 1.5−2 magnitudes fainter than the peak of PS15cey.

In the case of a BH-NS merger, a higher ejecta mass can be obtained by increas-
ing the black hole spin as this moves the innermost stable circular orbit of the binary
closer to the black hole (Barbieri et al., 2019). For a maximally spinning black hole
(χBH = 0.99), using the same equation of state as in the NS-NS models, the maxi-
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mum dynamical ejecta, approximately 0.24 M�, is achieved for a black hole mass of
mBH = 11.68 M� and neutron star mass of mNS = 1.00 M�. This configuration favours
strong tidal disruption of the neutron star, giving rise to a large dynamical ejecta mass,
as this material remains gravitationally unbound. A different combination of compo-
nent masses can maximise the mass of the accretion disk. This is achieved with a system
with mBH = 2.43 M� and mNS = 1.59 M�, as it has a smaller innermost stable circular
orbit and achieves an accretion disk mass of approximately 0.54 M�. Similarly, total
ejecta mass (as opposed to total dynamical ejecta) is maximised for a combination of
masses of mBH = 2.43 M� and mNS = 1.49 M�, at approximately 0.55 M�. Throughout
these models, it is assumed that no mass gap exists between the black holes and neutron
stars. These BH-NS models are capable of producing lightcurves that peak around −18
magnitudes in both r and i.

The model system which has mBH = 11.68 M�, mNS = 1.00 M�, a maximally spin-
ning BH and a NS with the DD2 equation of state can produce sufficiently luminous
emission to match both the rP1 and iP1 data points. These fits are overlaid in Figure
2.2. These fits hold for explosion epochs in the range of 0.8 to 1.2 days prior to dis-
covery, with the specific profiles shown in Figure 2.2 being for 0.8 days. A large initial
nuclear heating rate of ε0 = 2×1019 erg s−1 g−1 is also assumed. Typical initial heating
rates of r-process material varies in the region of approximately 1018−1019 erg s−1 g−1

(Metzger et al., 2010) and follows a fitting function when its variation over time is
considered, as outlined by Korobkin et al. (2012). This model bears many similari-
ties to previous BH-NS models developed (as in Barbieri et al., 2020a), but also has
some important differences. The main similarities are in the dynamical ejecta opacity
(κdyn ' 20 cm2 g−1) and opening angle θdyn ∼> 17◦. The differences, however, span wind
ejecta opacity κw, wind and secular ejecta velocities, vw and vs, and the fraction of the
accretion disk flowing into both wind ejecta ζw and secular ejecta ζs. We have adopted
values of 0.5 cm2 g−1 for κw, which would be more typical of a NS-NS merger and 0.2 c
for both vw and vs which is twice what is normally used. We have also employed 0.1
for ζw with ζs being unconstrained in the models. A typical value for ζw for a BH-NS
merger is 0.01, so it would be somewhat surprising to see so much of the disk being
directed into the wind ejecta. Therefore a luminous BH-NS merger model is a pos-
sible description for the fast decline of PS15cey, but we acknowledge that the model
parameters are at the extreme ends of the what are physically plausible.

At the time of discovery of PS15cey, LIGO would have been undergoing its first
observing run, O1 (Abbott et al., 2016c). During this time, the detectors were sensitive
to binary neutron star mergers with constituent masses 1.35± 0.13 M� to a volume-
weighted average distance of ∼70 Mpc. For black holes of at least 5 M�, however, this
distance stood at ∼110 Mpc. We discussed previously that at our chosen cosmology
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PS15cey is at a luminosity distance of 320 Mpc, far beyond the LIGO O1 binary neutron
star detection horizon, so would not have been detected if it were a BH-NS merger
event.

From Figure 2.2, we can see that PS15cey bears a strong resemblance to the fast
transient AT2018kzr (McBrien et al., 2019b; Gillanders et al., 2020). We shall dis-
cuss the characterisation and interpretation of AT2018kzr in detail in Chapter 3, but to
briefly summarise, AT2018kzr was notable for its rapid decline across optical bands
at a rate similar to the kilonova AT2017gfo. The interpretation of the photometry and
spectroscopy of this object was that it was a potential merger between a white dwarf
and neutron star (WD-NS). AT2018kzr peaked in absolute magnitude at −17.98 in the
r band, comparable to PS15cey peaking at −18.34. If PS15cey were to be similar to a
WD-NS merger event such as AT2018kzr, we would expect it to display similar spectra
and colours. AT2018kzr has colour rP1-iP1= −0.18±0.02 from the average of the syn-
thetic photometry of the earliest two spectra and the earliest two epochs of multi-colour
photometry presented by McBrien et al. (2019b). Hence, the estimated rP1 magni-
tude at this second epoch of PS15cey would be rP1=19.46, which implies a decline of
0.29 mag day−1. A similar conversion of the iP1 magnitude to an rP1 point using the
colour of AT2017gfo at 1 to 2 days (Smartt et al., 2017, r − i = 0.07 after extinction
correction) implies an equivalent rP1 band magnitude of 19.57 (for the second epoch),
and an rP1 decline rate of 0.40 mag day−1. These values of 0.3− 0.4 mag day−1 imply
a slightly slower decline rate to either an AT2017gfo-like kilonova or an AT2018kzr
event, the latter of which declined at 0.48±0.03 mag day−1 in r. However, the decline
rate is more similar to these fast transients than a typical supernova. It leaves open
the possibility that PS15cey is an extreme type of kilonova, such as those resulting
from BH-NS mergers as illustrated with the model comparison. Further searches for
luminous, fast declining objects will be important in future surveys.

2.4 PS17cke

2.4.1 Discovery and initial photometry

PS17cke (Figure 2.4) was discovered at wP1=19.69± 0.04 on MJD 57859.308 (2017-
04-16 07:24:06 UTC) at location RA = 12:34:18.90 and Dec = +06:28:27.0. The
object was only detected on one night in all four exposures taken in wP1. It was
registered on the Transient Name Server and given the IAU designation AT2017des3

(Smith et al., 2017). We note that PS17cke was discovered approximately 4 months
before AT2017gfo, so would have been overlooked as a kilonova candidate at the time.

3https://wis-tns.weizmann.ac.il/object/2017des
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PS17cke lies in the nearby star-forming host galaxy NGC 4532. It is in a high surface
brightness region of the irregular host, making image subtraction difficult. NGC 4532
has a heliocentric velocity recorded in the NASA/IPAC Extragalactic Databse (NED)
of 2061 kms−1 or z = 0.00671±0.00001 (e.g. Binggeli et al., 1985), which would cor-
respond to a distance of 27 Mpc for our adopted cosmology. However, it lies in the
direction of the Virgo galaxy cluster and is either in the cluster or its recessional veloc-
ity is significantly perturbed by Virgo’s mass. The correction for Virgo, Great Attractor
and Shapley used in NED (by Mould et al., 2000), implies a kinematic distance of
14 Mpc while direct estimates (Tully-Fisher and H I correlation methods) report dis-
tances between 10 - 20 Mpc (see Tully and Shaya, 1984; Yasuda et al., 1997, for two
of the extremes). NGC 4532 is toward the subcluster B around M49 in the southern
regions of Virgo, to which Mei et al. (2007) estimate a distance of 16 Mpc. Hence,
for this work, we adopt a distance 15± 5 Mpc and an equivalent distance modulus of
µ = 30.9±0.8 to NGC 4532, which we will propagate the distance uncertainty through
the discussions of the nature of the transient.

In the weeks surrounding the discovery of PS17cke, the field was observed a total of
36 times across 7 epochs by PS1. Typical 5σ limiting magnitudes of the individual 45
second images in this period were between 21<wP1< 22, but the high surface brightness
of NGC 4532 reduces the sensitivity of the difference images at the location of the tran-
sient. None of these difference images, nor any historical image from Pan-STARRS1,
produced an independent 5σ positive detection at the location of PS17cke. The lack
of detection just 4.06 days later was the reason this object was uncovered from the
sample of 1975 objects within 200 Mpc in Smartt et al. (2021 in prep.). To further con-
strain detections and detection limits, we forced photometry at the position of all of the
Pan-STARRS1 45 s difference images at the location of PS17cke from MJD 57805.481
(2017-02-21 11:32:38 UTC) to MJD 58879.594 (2020-01-31 14:15:21 UTC). A point
spread function (PSF) was calculated for each target image and a flux measurement
using this PSF was forced at the astrometric position of PS17cke. All of the images
were in the wP1 filter and the data typically consist of a sequence 4× 45 s exposures
per night, but on some nights a sequence of 8× 45 s was available. All images were
taken in normal survey mode and were not targeted observations of PS17cke itself. The
forced photometry is reported in microJansky units in Table 2.1 on a nightly basis. The
nightly forced flux is the average of the flux measurements from the individual images,
with the error being the standard deviation. These were converted to magnitudes if the
significance of detection was greater than 5σ.

In addition we also co-added the individual 45 s frames to visually inspect them for
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Figure 2.4: The Pan-STARRS1 discovery image triplets of PS17cke at the three epochs
of our photometry. From left to right the panels show the target frame for a particular
epoch, then the reference frame used for subtraction (which is the same for all epochs),
then finally the resultant subtraction frame. Top: The most recent pre-discovery detec-
tion and subtraction frames of PS17cke made on MJD 57846.506 (2017-04-03 12:08:41
UTC) via a forced photometry measurement in wP1. Middle: The discovery epoch de-
tection and subtraction frames made on MJD 57859.308 (2017-04-16 07:24:06 UTC)
in wP1. Bottom: The most recent post-discovery non-detection and subtraction frames,
included to emphasises the rapid decline of PS17cke, made on MJD 57863.369 (2017-
04-20 08:51:35 UTC) in wP1.

any sign of significant positive flux. The transient is not significantly detected in the
images −17.9 days before discovery and +4.1 days after to the limits quoted in Table
2.1. However, positive flux appears in the frames from MJD 57846.485 (2017-04-03
11:38:24 UTC, 12.8 days before discovery). On this night an 8× 45 s sequence of
frames was taken. Each image had a positive flux residual of less than 5σ significance
but the average and standard deviation of the eight flux measurements implies a com-
bined ∼6.5σ detection corresponding to magnitude wP1=21.09± 0.16. Inspecting the
forced photometry lightcurve and image data across all epochs, indicate that the high
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Table 2.1: Photometry and flux measurements of PS17cke. The flux is in µJy and is
a forced photometry measurement at each epoch in the difference frames. Where a
magnitude limit is quoted, it is the 5σ limit based on σ being the uncertainty in the
forced photometry flux. The flux errors are the standard deviation of multiple frames
where they exist (ATLAS and PS1), and the exposure times are total sum of frames on
that night.

MJD Epoch (days) Facility Filter Exposure time (s) AB magnitude Flux (µJy)
57828.569 -30.739 ATLAS o 9 × 30 >17.19 -88 ± 96
57830.566 -28.742 ATLAS o 4 × 30 >17.86 -76 ± 52
57832.551 -26.757 ATLAS o 14 × 30 >17.29 -79 ± 88
57833.551 -25.757 ATLAS o 4 × 30 >14.36 -628 ± 1306
57834.549 -24.759 ATLAS o 4 × 30 >17.47 -67 ± 74
57836.553 -22.755 ATLAS c 5 × 30 >19.91 9 ± 8
57837.529 -21.779 ATLAS o 8 × 30 >15.63 -448 ± 405
57838.534 -20.774 ATLAS o 2 × 30 >18.70 -72 ± 24
57840.511 -18.797 ATLAS c 2 × 30 >19.54 -36 ± 11
57841.416 -17.892 PS1 wP1 180 >21.40 6 ± 2
57842.524 -16.784 ATLAS o 4 × 30 >17.36 -344 ± 82
57844.516 -14.792 ATLAS c 4 × 30 >18.49 -5 ± 29
57845.506 -13.802 ATLAS o 2 × 30 >17.53 -214 ± 70
57846.503 -12.805 ATLAS o 4 × 30 >17.09 -501 ± 105
57846.506 -12.802 PS1 wP1 360 21.09 ± 0.16 13 ± 2
57849.480 -9.828 ATLAS o 4 × 30 >17.95 -120 ± 48
57857.481 -1.827 ATLAS o 3 × 30 >15.79 -182 ± 348
57858.473 -0.835 ATLAS o 4 × 30 >17.73 -104 ± 58
57859.308 +0.000 PS1 wP1 180 19.69 ± 0.02 47 ± 1
57861.537 +2.229 ATLAS o 4 × 30 >18.11 -1898 ± 41
57862.288 +2.980 UH2.2m V 20 − −

57862.542 +3.234 ATLAS o 4 × 30 >17.97 -215 ± 47
57862.857 +3.549 SALT wP1 5 − −

57863.369 +4.061 PS1 wP1 90 >20.96 4 ± 3
57864.765 +5.457 SALT wP1 5 − −

57865.258 +5.950 NTT V 200 21.86 ± 0.18 5 ± 2
57865.521 +6.213 ATLAS o 4 × 30 >18.00 -53 ± 46
57866.520 +7.212 ATLAS o 4 × 30 >14.29 282 ± 1395
57868.505 +9.197 ATLAS c 2 × 30 >18.57 -25 ± 27
57869.511 +10.203 ATLAS o 4 × 30 >17.25 -170 ± 91
57870.331 +11.023 PS1 wP1 180 >20.96 -1 ± 3
57876.400 +17.092 ATLAS o 1 × 30 >14.62 -312 ± 1026
57881.374 +22.066 ATLAS o 4 × 30 >18.11 -33 ± 41
57882.393 +23.085 ATLAS o 6 × 30 >17.19 -91 ± 96
57883.477 +24.169 ATLAS o 4 × 30 >16.42 -3 ± 196
57884.398 +25.090 ATLAS o 9 × 30 >17.38 -52 ± 81
57886.375 +27.067 ATLAS o 4 × 30 >17.36 -116 ± 82
57892.419 +33.111 ATLAS o 5 × 30 >19.17 -32 ± 16

surface background leaves positive and negative residuals in the difference images at
similar levels to the ‘source’ detected in this -12.8 day epoch. Hence, it is not com-
pletely secure if this is a real detection of transient flux. To check the reality of this
forced positive flux, we co-added the 8 frames and applied aperture photometry, but
allowed the centroid to vary. This produces a measurement of positive flux of similar
significance to that in the combined difference image measurements at a position which
is 0.”23 offset from the centroid of the high signal-to-noise detection on the discovery
epoch, indicating that this was not ambiguously transient flux. Two further tests were
carried out to determine if this flux was real. A higher quality reference stack was con-
structed with all PS1 wP1 images outside the timeframe of possible detection, giving
a deep 660 s frame made from 4× 30 s and 12× 45 s images. We applied the standard

32



PS1 IPP difference imaging pipeline to this, combined with forced photometry. The
results are plotted in Figure 2.5. Again, we measured similar positive residuals in the
difference images at the position of PS17cke on the −12.8 day epoch. However, in
all cases there is a consistent residual and positive flux measured at this position with
an average of around 6µJy. We attribute this to imperfect image subtraction due to a
combination of high surface brightness, probable colour gradients within the PSF and
the wide wP1 filter employed. Inspection of the image frames after subtraction indi-
cated this residual flux was likely to be residual diffuse flux rather than point like. We
also used exactly the same data (i.e. the deep PS1 reference stacks) to run the photpipe
difference imaging pipeline (Rest et al., 2005). This has been employed for accurate
photometric measurements in PS1 data by Rest et al. (2014) and Scolnic et al. (2018b),
with excellent results. We find similar results to those from the IPP difference imaging.
There are some positive residuals but they are significantly variable within a night and
across the 45 s frames. A higher positive flux is again found on the −12.8 day epoch,
but we do not find it to be a convincing PSF-like source. Given that we are detecting
an average background residual of 6µJy above zero, the excess flux in the combined
−12.8 day epoch is around 3σ above this. For completeness, we have attempted the
subtraction with hotpants (Becker, 2015). The resulting difference images it produces
contain some flux at this early epoch of a similar significance to the photpipe subtrac-
tions. In the discussion of the nature of the object (Section 2.5), we consider the two
possibilities of this being a real detection and using it as an upper limit.

2.4.2 Spectroscopic observation attempts

Four attempts at taking a spectrum of PS17cke were made, but for these either no spec-
troscopic 2D images could be obtained or there is no visible source in said images that
could be identified and extracted. The first attempt was with the SuperNova Integral
Field Spectrograph (SNIFS, Lantz et al., 2004) on the University of Hawaii’s 2.2 m
telescope on MJD 57862.288 (2017-04-19 06:54:41 UTC). The object was not identi-
fiable in a 20 s acquisition image, so the observation was aborted and no spectrum was
taken. Soon after, an observation was made by the Southern African Large Telescope
(SALT) with the Robert Stobie Spectrograph (RSS) on MJD 57862.857 (2017-04-19
20:34:07 UTC). Although identification of the object was not clear in a 5 s acquisition
image, the spectroscopic observation proceeded. The SALT:RSS spectrum totalled an
integration time of 2000 s. There are clearly two bright objects or regions in the spec-
trometer slit, with position angle 113.0◦ east from north, which can be identified as the
bright star USNO-B1 0964-0213613 and a bright knot in the galaxy NGC 4532 some
45.”6 away. These were separated by exactly 90.4 pixels on both the acquisition image
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Figure 2.5: The ATLAS flux lightcurve for the entirety of its duration of operation
forced at the location of PS17cke. The red dashed line denotes the Pan-STARRS dis-
covery epoch of PS17cke. We show as well in the inset plot our PS1 forced photometry
of PS17cke spanning the date range of MJD 57800 to MJD 57870 overlaid on the AT-
LAS data. PS17cke is not identified in the ATLAS data and does not appear to show a
monotonic increase in flux in the Pan-STARRS data over any one night (Table 2.1).

and the 2D spectrum and hence we are confident of the slit position. This means the
1.”5 slit employed in the observations missed the position of PS17cke. A subsequent
attempt was made with SALT:RSS to observe PS17cke on MJD 57864.765 (2017-04-
21 20:45:24 UTC) with the total integration time of 2300 s. Similarly, the same two
objects could be identified on the 2D spectroscopic frame and the acquisition image
and the transient was unlikely to have been included in the slit.

A further spectrum was attempted on MJD 57865.258 (2017-04-22 06:11:56 UTC)
with EFOSC2 at the New Technology Telescope within the ePESSTO program (Smartt
et al., 2015). Three acquisition images were obtained to identify the target, two with
an exposure time of 40 s and one with 120 s, but the target is not immediately obvious
nor resolvable in any of these. The acquisition images were taken in the V band and
have a measured zero-point magnitude of 25.33, based on calibrations to reference stars
in the Pan-STARRS catalogue, colour corrected to the Johnson-Cousins filter system.
An attempt to observe the spectrum was made, with a 1000 s exposure with Grism #13
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Figure 2.6: An NTT:EFOSC2 image triplet of PS17cke. Left: The target frame com-
posed of a co-add of the acquisition images taken for the MJD 57865.258 (2017-04-22
06:11:56 UTC) spectrum in Johnson-V . Centre: The reference frame used for im-
age subtraction, acquired on MJD 58872.319 (2020-01-24 07:39:42 UTC). Right: The
resulting subtraction. Detection of PS17cke is difficult by manual inspection, but a
photometric magnitude can be measured from this frame.

(wavelength coverage 3685−9315Å). We do not believe that this spectrum had properly
acquired the target due to the faintness of the object amongst the density of resolvable
point sources in the host galaxy. The spectrum extracted shows a blue continuum with
narrow emission lines, most likely from the host, including Hα, [O iii] and [Si ii]. We
have measured a secure host redshift of 0.00682±0.00053 from the centroids of these
lines, by fitting Gaussian profiles to each.

2.4.3 Later and forced photometry

In order to determine if PS17cke has flux present in the NTT:EFOSC2 200 s acquisition
image, we took a deep reference frame to use for image subtraction. We observed a set
of 12×100 s images with the NTT:EFOSC2 on MJD 58872.319 (2020-01-24 07:39:42
UTC) and produced an aligned, co-added image as shown in Figure 2.6. This was sub-
tracted from the MJD 57865 acquisition exposures to identify any net flux from the
object obscured by the host. There is evidence of some positive flux in the difference
frame at the location of PS17cke (Figure 2.6). The flux corresponds to a V band mag-
nitude of 22.86±0.18, measured via PSF fit. As with the Pan-STARRS1 subtractions,
the high surface brightness of the host leaves subtraction residuals across the host and
the detection of this positive flux corresponds to a marginal detection. Either this is real
positive flux, or given the errors, it corresponds to a 5σ upper limit. In both cases, it
confirms that the object faded rapidly and we consider both options in Section 2.5.

We have also forced photometry in all difference images made by the ATLAS sur-
vey (Tonry et al., 2018) to check for any outbursting signature at this sky position. As

35



described by Smith et al. (2020), ATLAS typically observes with a sequence of 4×30 s
exposures every two nights, with gaps due to weather, with difference images of de-
tections of positive sources being carried out automatically. We forced photometric
PSF measurements at the the position of PS17cke and found no significant flux in the
history of ATLAS imaging. The fluxes relevant to the period around the PS17cke dis-
covery epoch are reported in Table 2.1, along with corresponding 5σ upper limits for
magnitudes. We note as well that there appears to be no significant detections made by
other groups such as ASAS-SN (Shappee et al., 2014) or ZTF (Bellm et al., 2019) at
the location of PS17cke.

2.5 Discussion and interpretation of PS17cke

The nature of PS17cke is dependent on the reality of the forced flux measurement on
the night MJD 57846.506 (12.8 days before discovery) being real or not. As discussed
in Section 2.4, in each of the 8×45 s images on that night, there is excess flux but each
are ∼< 5σ. Combining the flux measurements formally leads to a ∼6σ detection above
the zero level, but since there seems to be a baseline residual flux of around 6 µJy, this
excess is only 3σ above that. The forced photometry is shown in the inset panel of
Figure 2.5 where the level of the significance can be judged.

2.5.1 PS17cke as a kilonova

We first assume that this flux on MJD 57846 is not significant and is due to imper-
fect subtractions at this position, due to the large surface brightness fluctuations. From
Figure 2.7, we can see that in the period of time allowed between that most recent Pan-
STARRS1 non-detections before discovery (MJD 57846) and after discovery (MJD
57863) that it would be possible for an AT2017gfo-like event to occur and subse-
quently fade from the view of Pan-STARRS1. In Figure 2.7, we have shifted the r

band lightcurve of AT2017gfo back in time by 9 days from maximum and note the
decline of PS17cke from discovery to the next subsequent non-detection is of com-
parable rapidity. Given this, it opens the possibility that if PS17cke were a genuine
kilonova, it may have been detected after maximum light and on decline. The decline
of PS17cke from detection to below the detection limit occurs at a rate of approximately
0.523 mag day−1, which is indeed similar to the decline rate of AT2017gfo. If it were
similar to AT2017gfo, that would imply a merger date around MJD 57850.3± 0.5, 9
days prior to our PS1 discovery. At this epoch, LIGO was observing with both the
Livingston (L1) and Hanford (H1) units4. The combined uptime of both detectors

4https://www.gw-openscience.org/detector_status/
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Figure 2.7: The wP1 absolute lightcurve of PS17cke converted to Sloan-r (Tonry et al.,
2012) with the discovery exposures and surrounding non-detections averaged per ob-
serving epoch. We note the origin of each data point - the +0.000 day point is the dis-
covery detection with Pan-STARRS1, the -12.802 day point (shown as an open circle
due to its uncertain nature) is the result of net flux being found in our Pan-STARRS
forced photometry and the +5.950 day point is from net flux in the NTT:EFOSC2
acquisition frames for the attempted classification spectrum. Overlaid is the r band
lightcurve of AT2017gfo shifted in time to demonstrate the plausibility that a fast fad-
ing event such as a kilonova could have occurred in the period of time between the most
recent observations before and after discovery, as well as upper limits from ATLAS as
these are closer in time than for PS1. The red bands denotes the regions of time where
neither LIGO detector was active in the days preceding discovery of PS17cke.

achieved approximately 65% completeness of the day to a depth of near 70 Mpc (LIGO
Scientific Collaboration and Virgo Collaboration, 2019). Unfortunately, without 100%
uptime of at least one detector, it is possible that any kilonova behind PS17cke could
have occurred without GW detection. The data point from the NTT imaging on MJD
57865.258 (+5.950 days) suffers from the same uncertainty after image subtraction. We
do detect excess flux at the position of PS17cke, but at about 3σ significance. However,
whether this is a detection of faint flux or an upper limit is not critical to the kilonova
interpretation, since the level of the flux, or inferred limit, support the conclusion of a
rapid fade within 4− 6 days. Although we have only one secure data point, it is clear
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that this rapid fade is compatible with an AT2017gfo type kilonova.

However, if the forced photometry flux on −12.8 days is real and secure, and the
errors are reflective of a real detection, then the lightcurve is not compatible with
AT2017gfo, as is clear from Figure 2.7. There is no way to shift the lightcurve to match
any part of AT2017gfo. We may more quantitatively explore this by considering com-
parisons to the diverse array of kilonova lightcurve models that have been developed
by several groups in recent years. These account for different binary combinations,
ejecta parameters and heating rates, so offer several plausible profiles to compare to.
We have chosen a number of these to see which provide a favourable comparison to the
lightcurve of PS17cke, beyond the simple comparison to AT2017gfo in Figure 2.7 and
to determine if a kilonova interpretation is physically plausible if the first detection is
real.

Our first attempt to model the lightcurve of PS17cke was achieved using the PO-
larization Spectral Synthesis In Supernovae code, possis, presented by Bulla (2019).
possis is a three dimensional Monte Carlo radiation transfer code capable of synthesis-
ing flux and polarisation spectra of supernovae and kilonovae, as well as lightcurves
for both, by treating opacity and several ejecta parameters as time-dependent proper-
ties. The specific grid of models we are comparing to was presented recently by Di-
etrich et al. (2020) which give dynamical ejecta mass Mej,dyn, post-merger wind ejecta
mass Mej,wind, half-opening angle of the lanthanide-rich region φ and viewing angle
θobs (given as cosθobs) as free parameters. Nominal values for the allowed ranges of
these parameters are 0.001 < Mej,dyn < 0.1 M�, 0.01 < Mej,wind < 0.4 M�, φ < 90◦ and
θobs < 90◦. The formal ‘best’ fits to the r band PS17cke data are shown in Figure 2.8.

The top left panel of Figure 2.8 is an attempt to fit all three data points on the
lightcurve assuming that the merger time corresponds to the date of the earliest detec-
tion. It appears impossible to obtain a fit to all three data points, if the forced photom-
etry flux at -12.8 days is real. The fits shown give ejecta masses that tend to the most
extreme values allowed on the grid with Mej,dyn = 0.001 M�, the minimal allowed mass,
and Mej,wind = 0.13 M�, the maximum allowed mass. The top right and bottom panels of
Figure 2.8 both discount this first data point and fit only the second and third. They do
so for different assumed merger times of 7 days prior to discovery in the middle panel
and 5 days prior to discovery in the bottom panel. The best fit parameters of these fits
are Mej,dyn = 0.001 M�, Mej,wind = 0.09 M�, φ= 60◦ and cosθobs = 0.7 (θobs = 45.57◦) in
the middle panel, and Mej,dyn = 0.02 M�, Mej,wind = 0.05 M�, φ = 15◦ and cosθobs = 0.3
(θobs = 72.54◦). Both fits do adequately describe the data, but constraining the parame-
ters any further than this requires a more precise knowledge of the merger epoch. We
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Figure 2.8: A comparison of the lightcurve of PS17cke with several models from the
grid presented by Dietrich et al. (2020). Lightcurve data, including ATLAS and Pan-
STARRS upper limits, have been converted to Sloan-r. Top left: An attempt to fit
all three data points, assuming the earliest detection equates to the merger time. The
best fit viewing angle of this plot is 15◦. Top right: An attempt to fit the final two
data points in time using a merger time equal of 7 days prior to discovery. The best fit
viewing angle of this plot is 60◦. Bottom: An attempt to fit the final two data points in
time using a merger time equal of 5 days prior to discovery. The best fit viewing angle
of this plot is 60◦.

show as well in these panels the combined ATLAS and PS1 upper limits from epochs
surrounding the discovery of PS17cke, corrected from their native filters to r by as-
suming a similar SED to AT2017gfo, but do not observe any discrepancies between the
model fits and the upper limits.

In the case of the first model, which assumes the merger time was the same as our
earliest photometric data point on MJD 57846.506 (2017-04-03 12:08:38 UTC), we
note that both L1 and H1 were observing to depths of 70− 80 Mpc, though given the
quality of the fit in the top panel of Figure 2.8, we do not believe that this is representa-
tive of a true merger epoch. The second model, however, uses a merger time of 7 days
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prior to discovery (MJD 57852). On this epoch, the combined detector uptime reached
100% to similar distances as before. Likewise, the third model used a merger time of 5
days prior to discovery (MJD 57854) where coverage from both LIGO units was more
sparse. We estimate the combined detector completeness was approximately 63% on
this epoch.

The recently published models of Kawaguchi et al. (2020) provide another suit-
able point of comparison. These models, based on those of Tanaka and Hotokezaka
(2013), also come from a radiative transfer code with photon transfer simulated by
Monte Carlo calculations for various profiles of ejecta density, velocity and elemen-
tal abundances. Of particular note among the Kawaguchi et al. (2020) models are
those of the fiducial case of a binary neutron star merger that undergoes a prompt col-
lapse to a black hole and a scenario in which the binary neutron star merger begets a
long-lived supermassive neutron star (SMNS) remnant. The chosen models, per Ta-
ble 1 of Kawaguchi et al. (2020), are BH_PM0.001, BH_PM0.01, SMNS_DYN0.003 and
SMNS_DYN0.01. BH_PM0.001 and BH_PM0.01 describe the prompt collapse of the
merged neutron stars for lanthanide-rich post-merger ejecta masses of 0.001 M� and
0.01 M� respectively, though both have a dynamical ejecta mass of 0.001 M�. On the
other hand, SMNS_DYN0.003 and SMNS_DYN0.01 describe the formation of a long-lived
SMNS following the merger that accelerates the post-merger ejecta to higher velocities
than in the previous models. For these, a common post-merger ejecta mass of 0.05 M�
is adopted while dynamical ejecta masses of 0.003 M� and 0.01 M�, respectively, are
employed.

Kawaguchi et al. (2020) present simulated lightcurves of these merger scenarios for
grizJHK and we show the comparison of the decline of PS17cke to the r band models
in Figure 2.9 for a distribution of viewing angles on the ejecta over 0◦ < θ < 90◦. As
with the possis models, we include the ATLAS and PS1 upper limit data, converted
to r, when interpreting the model comparisons. There are no models that can fit the
data if we assume that the first point at -12.8 days is real and a reliable measurement.
If it is treated as a non-detection and upper limit then at least three of the models can
reasonably reproduce the data, though with some variation in the predicted merger
time between them. In the case of the prompt collapse models, they are typified by low
ejecta masses which is supported by numerical simulations performed by Hotokezaka
et al. (2013). The ejecta becomes suppressed by the prompt collapse, which in turn
contributes to a lower luminosity lightcurve. We see this in the left panels of Figure 2.9,
with all lightcurves being fainter than at least -15.5 magnitudes for both model sets. Of
these models, if we were to assume the merger time is equivalent to or in the region of
the discovery epoch of PS17cke, we would observe that BH_PM0.01 provides a better
fit than BH_PM0.001, with both being broadly consistent with the limits imposed by
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Figure 2.9: A comparison of the PS17cke lightcurve with several models presented by
Kawaguchi et al. (2020). The chosen models include ejecta profiles that describe sce-
narios of prompt collapse to a black hole and the formation of a long-lived supermassive
neutron star (SMNS), with various combinations of post-merger and dynamical ejecta
masses. Top left: A prompt collapse model with post-merger ejecta mass 0.001 M�.
Bottom left: A prompt collapse model with post-merger ejecta mass 0.01 M�. Top
right: A SMNS model with dynamical ejecta mass 0.003 M�. Bottom right: A SMNS
model with dynamical ejecta mass 0.01.

ATLAS and PS1. At the same time, both the SMNS_DYN0.003 and SMNS_DYN0.01
models provide good fits to the data if the merger time is taken to be 2 days before
discovery (MJD 57857). We must note here that due to uncertainty in the opacity
values used to produce these models, it is possible their brightness at epochs ∼< 1 day
is overestimated. Hence, we do not attribute a large significance to the coincidence of
BH_PM0.01 with PS17cke or the discrepancy of the ATLAS and PS1 upper limits with
SMNS_DYN0.003 and SMNS_DYN0.01 that can been seen in the right panels of Figure
2.9.

On the epoch of discovery the combined detector uptime was approximately 98%
to a typical distance of 60 Mpc. Two days prior to this, the merger epoch inferred
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by the SMNS model comparisons, we estimate the combined detector uptime to be
approximately 99% to a similar distance.

2.5.2 PS17cke as a luminous blue variable outburst

If the first data point at -12.8 days is real, then the analysis in Section 2.5.1 indicates
that it is difficult to interpret the transient as a kilonova. Another possible explanation
for the origin of such an intrinsically faint event is in an outburst from an unstable
massive star such as a luminous blue variable (LBV, Humphreys and Davidson, 1994).
LBVs are often discovered in nearby (d < 25 Mpc) galaxies at absolute magnitudes
−11 > M > −13, which is consistent with this object. A comparison of the lightcurve
of PS17cke to previously discovered objects with notable outbursts offers some insight
to this object being a LBV. SN2009ip was first discovered on 2009-08-26 (Maza et al.,
2009) and has been observed for several years since its discovery. It notably showed re-
brightening several years later (Drake et al., 2012) and is now known to be the result of
an outbursting LBV in NGC 7259. Observations presented by Pastorello et al. (2013)
in the years since its discovery provide an extensive UBVRI lightcurve for comparison.
For PS17cke to fade below the most recent non-detection following discovery it must
decline by 0.523 mag day−1. By simply measuring the rise and decline between succes-
sive points in the R band lightcurve of SN2009ip we can identify at least five regions
where the decline exceeds this limit for PS17cke. Similarly, we can compare PS17cke
to the LBV in NGC 3432, formally known as SN2000ch (Pastorello et al., 2010). There
are at least two regions of the V band lightcurve presented by Pastorello et al. (2010)
that exceed the decline rate limit. While this is not conclusive proof that PS17cke is a
LBV outburst, it indicates it is a plausible explanation.

Although numerous LBVs have been discovered that have exhibited repeat out-
bursts, perhaps most famously η Carinae (Humphreys et al., 1999) but also the events
discussed by Maund et al. (2006) and Smith et al. (2011) as well as Pastorello et al.
(2010, 2013), it is unclear if this is a ubiquitous trait of this class of objects. Of course,
supposing PS17cke is a LBV, the detection of a repeat outburst would immediately
disqualify it from consideration as a kilonova candidate. As discussed in previous sec-
tions, we have forced photometry throughout the history of Pan-STARRS observations
between MJD 57805 and MJD 58879 and find no significant flux excess above 21st

magnitude. For more complete temporal coverage and a search for activity at the posi-
tion of PS17cke, we have analysed all ATLAS data at this position (Tonry et al., 2018;
Smith et al., 2020). We have generated forced photometry at the location of PS17cke
from the ATLAS images and manually inspected all exposures for the duration of its
survey. We note that there are significant detections (>5σ) at several epochs including
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MJD 57893, MJD 57904 and MJD 58545. An inspection of the exposures show that
the majority of these are failed subtractions resulting in excess flux from the host con-
taminating the forced photometry measurement or other detector artefacts and we rule
them out as real detections. We have measured our archival forced photometry at the
location of PS17cke in ATLAS in units of flux density (microJansky) and plotted this
in Figure 2.5. That we do not detect PS17cke is perhaps unsurprising as the discovery
magnitude in PS1 was wP1=19.69±0.04. For ATLAS, this is below the detection limit,
so we would require an even brighter outburst to occur for ATLAS to detect it.

What is necessary to conclusively identify whether PS17cke is a LBV is deeper
imaging data that shows a luminous point source at its location. We have inspected the
deeper imaging data from NTT:EFOSC2, (totalling 1200 s in the V band) from MJD
58872.319 (2020-01-24 07:39:42 UTC). The image quality of the combined frame was
0.”69 but this was not deep enough or high enough in resolution to determine if a stellar
point source (or compact stellar cluster) exists at the position of PS17cke. There is no
clear detection of a resolved source, but there is some extended emission at the position.
To conclusively distinguish between a LBV type outburst and a kilonova candidate will
require Hubble Space Telescope imaging, both in the optical and NIR. This would
determine if there were a point source to absolute magnitudes of M ∼ −5 and hence if
it is a stellar outburst. If there was no detection of a point source then a faint transient
such as a kilonova is a candidate.

2.5.3 PS17cke as a faint transient

We have discussed two promising explanations of the nature of PS17cke - those of a
kilonova borne of either a NS-NS or BH-NS merger and the outburst of a LBV star. In
recent years, several intrinsically faint and fast fading transients have been discovered,
themselves explainable through unique explosion and merger scenarios. We outline a
few in this section and briefly discuss the plausibility of a comparison between them
and PS17cke.

2.5.3.1 Fast evolving luminous transients

Fast evolving luminous transients (FELTs) are a category of many classes of transient
phenomena characterised by a rise to maximum of <10 days and subsequent fade from
view in <30 days. Numerous FELTs have been detected over the years, with prominent
examples being those of KSN2015K (Rest et al., 2018), iPTF14gqr (De et al., 2018) and
iPTF16asu (Whitesides et al., 2017), as well as several of the objects discussed by Drout
et al. (2014). While these objects do decline rapidly (0.21 mag day−1 in g in the case of
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iPTF14gqr, De et al., 2018), they are often too bright at maximum light to be compared
to a kilonova progenitor, or are just too long lived. In this paper, we presented model
comparisons of NS-NS merger scenarios that spanned a peak absolute magnitude range
of −10 > Mr > −15 and BH-NS merger scenarios that can reach Mr ' −18. For context,
the brightest of the above objects is iPTF16asu, peaking at −20.4 in g (Whitesides et al.,
2017). An object as bright as these occuring in the host of PS17cke would have been
detected at an apparent magnitude of 21 > mr > 16, well above the detection limit of
PS1 and, for many objects, above that of ATLAS as well. With regards to our ATLAS
limits, we note the most constraining limits are between -9.828 days at o > 17.95 and
-0.835 days at o > 17.73 (there is an additional limit between these at -1.827 days, but
this is shallower at o > 15.79). Any FELT that could describe PS17cke would need to
essentially fit into this ∼9 day period without being discrepant with our PS1 discovery
point, but none of the outlined objects above are capable of this.

2.5.3.2 Fast, blue optical transients

Fast, blue optical transients (FBOTs) evolve on similar timescales to FELTs but also
exhibit a strong blue colour (g− r < −0.2) and blackbody temperatures of 10,000 to
30,000 K (for a review of this category of objects, we refer the reader to that of In-
serra, 2019). Objects that can be considered FELTs, such as those discussed in the
previous section, are often considered to be FBOTs as well. Some standout examples
of FBOTs, particularly because of their blue colour, include SN2018gep (Ho et al.,
2019), AT2018cow (Prentice et al., 2018; Perley et al., 2019) and SN2019bkc (Chen
et al., 2019; Prentice et al., 2020). We encounter similar problems as with FELTs when
comparing FBOTs to PS17cke in that they are often too bright or their evolution is
not as rapid as would be necessary to describe PS17cke. FBOTs have the additional
diagnostic of colour and temperature information, but unfortunately this is lacking for
PS17cke. Still, we believe that if PS17cke were an FBOT that it should have been
observed by ATLAS during at least one epoch. As with FELTs, any FBOT that could
describe PS17cke would need to be shorter lived than ∼9 day else it would have been
observed by ATLAS. The objects discussed here represent some of the fastest evolving
events currently known, but it appears that the only AT2017gfo is capable of this feat.

2.5.3.3 Type Iax supernovae

Type Iax supernovae (SNe Iax) are a subclass of normal Type Ia supernovae charac-
terised by typically lower luminosities and lower ejecta velocities. Their classification
name is derived from the prototypical SN Iax event, SN2002cx (Li et al., 2003; Foley
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et al., 2013). For a review of this type of object, we refer the reader to that of Jha
(2017). Several objects belonging to this subtype have been discovered over the years
that could provide a worthy comparison to PS17cke, including SN2008ha (Valenti et al.,
2009; Foley et al., 2009), SN2010ae (Stritzinger et al., 2014) and SN2019gsc (Srivas-
tav et al., 2020). Respectively, these objects peaked at −14.2 in V , −15.3 in V and
−14.0 in r. We note that these are somewhat brighter than PS17cke, but is plausi-
ble given that it likely would have been discovered later in its evolution. These SN
Iax events display varying declines rates as well. SN2008ha was quoted as declining
fastest in bluer bands with ∆m15(B) = 2.03±0.20 mag while for SN2010ae this stands at
∆m15(B) = 2.43±0.11 mag (Stritzinger et al., 2014). SN2019gsc is quoted as declining
at a rate ∆m15(r) = 0.91±0.10 mag, which gives an approximate nightly decline rate of
∼0.06 mag day−1. Although similar in magnitude, these events prove to be too longer
lived than PS17cke, which disfavours them for comparison. It is difficult to compare
further without multi-wavelength coverage or spectroscopic follow-up.

2.5.3.4 WD-NS mergers

We previously compared PS15cey to the suspected WD-NS merger AT2018kzr
(McBrien et al., 2019b; Gillanders et al., 2020), so for completeness shall do the same
for PS17cke. AT2018kzr was a significantly more luminous event than for what we ob-
serve in PS17cke, peaking at −17.98 in r, which places it in the category of a FELT. Un-
like other FELTs, however, AT2018kzr exhibited a strikingly rapid decline, approach-
ing the rate at which AT2017gfo-like kilonovae decline, at 0.48±0.03 mag day−1 in r.
We find this decline rate a much more favourable comparison than the previous objects
considered. The difference in peak magnitude can be explained if PS17cke is later in
its evolution than our lightcurve suggests. This is plausible, given the near 12 day gap
in observations prior to discovery. For reference, AT2018kzr had a rise time of within 3
days of its discovery, which, if a similar mechanism is responsible for PS17cke, we note
is not discrepant with the data, even though it is not significantly constraining. Simi-
larly, as AT2018kzr approaches the rapid decline of AT2017gfo, it would be plausble
that a WD-NS merger could have occurred in the time between the previously outlined
constraining ATLAS limits and the PS1 detection of PS17cke.

2.5.3.5 Luminous red novae

One possible interpretation of PS17cke is in the form of a massive stellar explosion
such as a LBV, however, LBVs are not the only stellar explosions we may compare
to. Luminous red novae (LRNe) are another type of stellar explosion that result from
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the merging of two stars rather than as a consequence of instability and outburst from
a single star. The earliest example of a LRN is M85 OT2006-1 (Kulkarni et al., 2007)
which was discovered in the outskirts of M85 in the Virgo cluster, though its classifica-
tion as a LRN is debated (Pastorello et al., 2019b). Since its discovery, numerous other
LRN candidates have been identified, displaying similar characteristics, with magni-
tudes peaking in the gap between those of novae and supernovae. Examples of these
include AT2017jfs (Pastorello et al., 2019a) and AT2018hso (Cai et al., 2019). A study
of LRN performed by Pastorello et al. (2019b), which included six other LRN candi-
dates beyond those mentioned here, found that these objects typically occupy magni-
tude space between −13 and −15 magnitudes and in many cases exhibit a secondary
peak and plateau in their lightcurves. While it is reasonable to assume that PS17cke did
occupy this magnitude range, we do not observe a plateau for it or indeed any additional
rebrightening of the lightcurve. As such, we do not feel PS17cke is likely to be a LRN.

2.5.3.6 Failed supernovae

Lastly, we consider the possibility that PS17cke may be ‘failed supernova’ - the result
of a massive star collapsing to a BH without undergoing a SN explosion (Heger et al.,
2003). A survey for failed supernova candidates presented by Gerke et al. (2015) with
the Large Binocular Telescope (LBT) yielded one event of note which Adams et al.
(2017) refer to as N6946-BH1. N6946-BH1 was a red supergiant (RSG) star in the
galaxy NGC 6946 that experienced an optical outburst before subsequently fading from
view (Adams et al., 2017). The loss in brightness from outburst to fade spanned at least
5 magnitudes, though was not well sampled in UBVR or gri imaging from LBT or
the Isaac Newton Telescope. The temporal sampling of the NGC6946-BH1 candidate
does not provide a decline rate on the few day timescale that we observe for PS17cke.
However, there is a physical reason to disfavour this scenario. The death of a RSG in the
mass range of 18 ∼< M� ∼< 25 has been predicted, through hydrodynamical simulations,
to produce a short, optical transient (log L/L� ' 107 for approximately 3− 10 days)
that gives rise to fainter (log L/L� ' 106), but longer lived (∼1 year) emission from the
disruption of its hydrogen envelope following collapse of the helium core (Lovegrove
and Woosley, 2013). The secondary emission is noted to be much redder, reminiscent
of LRNe. The Lovegrove and Woosley (2013) timescale of approximately 1 year is
due to the dynamical timescale for a massive RSG. The time for free fall collapse of a

spherical body is tdyn ∼
(

2R3

GM

) 1
2 giving a timescale of 0.5 years for a 20 M� RSG with

R ' 1000R�. Therefore, the rapid decline is not physically consistent with either the
dynamical timescale of the star, nor the hydrodynamical calculation of Lovegrove and
Woosley (2013).

46



2.6 Conclusions

Of these two candidates, PS15cey and PS17cke, it is likely that only one is a genuine
kilonova candidate. Though rapidly declining, PS15cey would be more appropriately
described by an alternative rapidly evolving transient scenario, as shown by the compar-
ison to AT2018kzr (McBrien et al., 2019b; Gillanders et al., 2020). Supposing PS17cke,
on the other hand, is a genuine kilonova candidate, it would be the first detected without
an associated GW signal. Prior to the discovery of AT2017gfo, and indeed the com-
mencement of PSSK, the only kilonova candidates known were those associated with
sGRB events, detected as optical (Perley et al., 2009; Jin et al., 2015, 2016) or near-
infrared afterglows (Berger et al., 2013a; Tanvir et al., 2013). At this point what would
distinguish between the kilonova interpretation of PS17cke and the LBV interpretation
is deeper imaging of the host. Hubble Space Telescope imaging would be ideal to re-
move atmospheric seeing from an already difficult to resolve site. The LBV scenario
predicts that a luminous star must be visible at the position at M ∼< −5, while the kilo-
nova explanation would survive if there were no single massive star at the location.
This would imply a kilonova explanation is plausible but not definitive. One final point
we note is that the uncertainty in the explosion epoch of PS17cke, and PS15cey as well,
renders the search for a high energy counterpart of the level of GRB170817A, rescaled
to their respective distances moot, and that no high energy counterpart temporally or
spatially coincident with either event has been recorded.
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Chapter 3

AT2018kzr and the diversity
of compact mergers

Chris: “I’m joined by our crisis correspondent, Spartacus Mills. Spartacus, this is
huge history happening, isn’t it?”
Spartacus: “It’s bigger than that, Chris - it’s large!”

- The Day Today
Episode 3: Meganews (1994)



3.1 Introduction

Modern survey strategies have been moving towards use of wider-field imagers to scan
large sky areas in a shorter space of time, though generally to a reduced depth compared
to past, deeper surveys. The advantage of this is to afford higher cadence observations
of the same regions of sky. For instance, the Catalina Real-Time Transient Survey
(CRTS, Drake et al., 2009) utilised the 0.7 m Catalina-Schmidt telescope in Tucson,
Arizona (Larson et al., 2003), surveying with a single 4k× 4k pixel CCD chip. The
platescale of 2.”5 per pixel gave each exposure an 8 sq. deg. field of view to depths
of V ∼ 19− 20 magnitudes. The facility was capable of observing 1200 sq. deg. per
night in sets of 4× 30 s exposures. With technological improvements, the capacity of
these wide-field surveys has only improved, from the Palomar Transient Factory (PTF,
Law et al., 2009; Rau et al., 2009) to the La Silla-QUEST survey (Baltay et al., 2013).
Today, instruments like the Zwicky Transient Facility (ZTF, Bellm et al., 2019) and
the Asteroid Terrestrial-impact Last Alert System (ATLAS, Tonry et al., 2018) are the
benchmark for high cadence observations, both capable of observing the entire sky
every few nights (Smith et al., 2020).

Efforts to identify kilonovae with these surveys have so far yielded no significant
detections (Andreoni et al., 2020; Smith et al., 2020). With such optical advances en-
abling the parameter space of kilonovae (i.e. faint and fast evolving) to be probed more
thoroughly, it has also caused the diversity of supernova explosions in this same space
to expand. From Type Iax objects, such as SN2002cx (Li et al., 2003), to .Ia candidates
including SN2002bj and SN2010X (Poznanski et al., 2010; Kasliwal et al., 2010), Ca-
rich Type I supernovae like SN2005E (Perets et al., 2010; Valenti et al., 2014) and other
shorter lived events interesting in their own right like SN2005ek (Drout et al., 2013),
iPTF14gqr (De et al., 2018), iPTF16asu (Whitesides et al., 2017) and KSN2015K (Rest
et al., 2018). Within the parameter space of these events is a subset of rapidly evolving
objects, commonly referred to as fast transients. The definition of ‘fast’ has changed
over time as more of these objects have been discovered, but in general they display
rise and fall times much shorter than for typical supernovae, appearing and fading from
view in a matter of weeks (Rest et al., 2018). The fastest optical transient known is
the premiere kilonova, AT2017gfo (Abbott et al., 2017c; Andreoni et al., 2017; Ar-
cavi et al., 2017; Coulter et al., 2017; Chornock et al., 2017; Cowperthwaite et al.,
2017; Drout et al., 2017; Evans et al., 2017; Kasliwal et al., 2017; Lipunov et al., 2017;
Nicholl et al., 2017; Tanvir et al., 2017; Pian et al., 2017; Troja et al., 2017; Smartt
et al., 2017; Utsumi et al., 2017; Valenti et al., 2017), but fast supernova-like transients
rivalling its decline rate have been discovered as recently as in the last few years. The
most prominent examples are AT2018cow (Prentice et al., 2018; Perley et al., 2019) and
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SN2019bkc (Chen et al., 2019; Prentice et al., 2020), with the fastest fading event, sec-
ond only to AT2017gfo, being that of AT2018kzr (McBrien et al., 2019b). The nature
of AT2018kzr warrants an in-depth discussion as our current understanding suggests it
is similar to AT2017gfo in more ways than just its photometric evolution (Gillanders
et al., 2020).

In this chapter we shall consider such a discussion. The work presented herein
spans the discovery and initial photometry of AT2018kzr, as well as the spectroscopic
follow-up undertaken for this object. Models to describe the bolometric lightcurve of
AT2018kzr are produced and reported in this chapter too, and a section of the discus-
sion is dedicated to interpreting spectral models of the early spectra of AT2018kzr in
an effort to understand the explosion scenario. The work presented here on the dis-
covery, photometry and lightcurve modelling is unique and has been published in a
peer-reviewed journal (McBrien et al., 2019b), while a more extensive analysis of the
spectral data products has been performed by other members within the ATLAS team
(Gillanders et al., 2020).

3.2 Instrumentation and discovery

AT2018kzr was independently discovered by both ATLAS (as ATLAS18bchu) and ZTF
(as ZTF18adaykvg) within 2 hours of each other on the night of 2018 December 28.
ZTF operates using the Palomar 48 inch telescope, at Palomar Observatory, with a field
of view of 47 sq. deg. in gri (Bellm et al., 2019). In a typical 30 s exposure, it can see
down to r = 20.5 (5σ), and surveys at a rate of approximately 3760 sq. deg. per hour
(Graham et al., 2019). Conversely, ATLAS operates with two 50 cm units situated on
the Hawaiian mountains of Haleakala and Mauna Loa that observe in tandem. Each unit
has a field of view of 29 sq. deg. and they observe with two composite filters, ‘cyan’ c

and ‘orange’ o, approximately covering the same wavelength ranges as Sloan gr and ri

(Tonry et al., 2018). They can achieve depths of o = 19.5 in a typical 30 s exposure and
together cover ∼24,500 sq. deg. per night, subject to observing conditions (Smith et al.,
2020). Between ATLAS and ZTF, it is possible to survey the whole visible sky every
night and each have their own strategy matched cadence with the combination of both
allowing a holistic search for rapidly evolving transients. Both survey projects have
constructed reference images of the available sky to allow image subtraction, object
detection and transient alerts in real time (e.g. Stalder et al., 2017; Fremling et al.,
2019). All public ZTF alerts are ingested into the transient alert broker lasair (Smith
et al., 2019a), and this provides a feed to various follow-up programs including the
extended Public ESO Spectroscopic Survey for Transient Objects (ePESSTO, Smartt
et al., 2015).

50



58 263 269 275 281 286 292 298 303 309 31

Figure 3.1: RGB composite images of the host of AT2018kzr, SDSS
J082853.50+010638.6. Left: the GROND gri exposures from +3.731 days. Right:
the NTT:EFOSC2 gri exposures taken at +68.676 days (Table 3.1). The host is a blue
star-forming galaxy with a bright core.

ZTF made the earliest detection of AT2018kzr on MJD 58480.422 at r = 18.58±
0.11 (Fremling, 2018) and it was ingested into the public alerts broker lasair (Smith
et al., 2019a), while ATLAS detected it in a 30 second image on MJD 58480.499 with
magnitude o = 18.75± 0.14. Note that phases are quoted with respect to the ZTF dis-
covery epoch through this chapter, unless otherwise stated. ATLAS has the closest
non-detection in time, with four images taken at a midpoint of MJD 58478.520 (−1.902
days) and a combined 3σ upper limit of o> 19.66. The rapid rise triggered an ePESSTO
classification spectrum on MJD 58482.317 (+1.895 days) and again on MJD 58483.247
(+2.825 days, Razza et al., 2018; Pineda et al., 2018), which suggested a preliminary
Type Ic classification. AT2018kzr is coincident (0.”6 offset) with the blue, g = 20.5,
galaxy SDSS J082853.50+010638.6.

3.3 Follow-up observation campaign

Observations were made over a period of two weeks following discovery, during which
time the transient faded rapidly (see Table 3.1). The follow-up campaign included
optical and near infrared imaging as well as optical spectra being taken from various
instruments. Much of this follow-up was performed by ePESSTO, which combines
wide-field discoveries from ZTF, ATLAS, Pan-STARRS (Chambers et al., 2016) and
ASAS-SN (Shappee et al., 2014) in the PESSTO Marshall and who make rapid spectro-
scopic follow-up on the European Southern Observatory’s New Technology Telescope
(NTT), at La Silla Observatory, Chile.

51



Table 3.1: The griz photometric log of AT2018kzr. All magnitudes, with the exception
of ATLAS and ZTF data, were measured following host subtraction to reduce galactic
flux contributions. The epochs used as templates for this are denoted with ‘ref’ for the
relevant instruments. Magnitudes of the galaxy core from different catalogues are given
at the base of the table for comparison.
a, b denotes that these are AB magnitudes in the ATLAS o and c filters respectively.
c denotes magnitudes obtained via aperture photometry, as opposed to PSF photometry,
due to trailing in the input images.

Date MJD Phase g r i z Instrument

20181223 12:23:02 58475.516 −4.906 >19.0 − − − ZTF
20181224 12:11:31 58476.508 −3.914 − >18.90a − − ATLAS
20181226 12:28:48 58478.520 −1.902 − >19.80a − − ATLAS
20181228 10:07:48 58480.422 0.000 − 18.58 ± 0.11 − − ZTF
20181228 10:34:01 58480.440 0.018 − 18.54 ± 0.11 − − ZTF
20181228 11:26:59 58480.477 0.055 18.14 ± 0.08 − − − ZTF
20181228 11:36:22 58480.484 0.062 18.25 ± 0.09 − − − ZTF
20181228 11:58:04 58480.499 0.077 − 18.75 ± 0.14a − − ATLAS
20181228 12:11:05 58480.508 0.086 − 18.62 ± 0.13a − − ATLAS
20181228 12:25:10 58480.517 0.095 − 18.76 ± 0.14a − − ATLAS
20181228 12:38:46 58480.527 0.105 − 18.52 ± 0.11a − − ATLAS
20181229 10:24:06 58481.433 1.011 − 18.54 ± 0.08 − − ZTF
20181229 11:28:27 58481.478 1.056 − 18.62 ± 0.11 − − ZTF
20181230 12:02:52 58482.502 2.080 − 18.68 ± 0.16a − − ATLAS
20181230 12:15:50 58482.511 2.089 − 18.58 ± 0.66a − − ATLAS
20181230 12:21:36 58482.515 2.093 − 17.83 ± 0.55a − − ATLAS
20181230 12:40:19 58482.528 2.106 − 18.70 ± 0.35a − − ATLAS
20181231 06:34:28 58483.274 2.852 18.83 ± 0.01c 18.88 ± 0.01c 19.07 ± 0.02c 19.08 ± 0.04c GROND
20190101 03:40:23 58484.153 3.731 19.66 ± 0.09 19.33 ± 0.05 19.46 ± 0.02 19.62 ± 0.02 GROND
20190101 04:19:27 58484.180 3.758 18.92 ± 0.03 18.68 ± 0.04 18.43 ± 0.03 − LCOGT
20190102 00:33:32 58485.023 4.601 20.49 ± 0.06 19.75 ± 0.12 19.74 ± 0.10 20.06 ± 0.16 IO:O
20190103 05:32:53 58486.231 5.809 21.37 ± 0.03 20.52 ± 0.01 20.58 ± 0.03 20.28 ± 0.02 GROND
20190103 09:10:04 58486.382 5.960 − 20.34 ± 0.22 − − P60
20190103 12:04:56 58486.503 6.081 − >20.51b − − ATLAS
20190104 00:51:08 58487.036 6.614 22.02 ± 0.06 20.98 ± 0.19 20.96 ± 0.06 20.88 ± 0.10 IO:O
20190104 07:42:01 58487.321 6.899 22.04 ± 0.05 21.41 ± 0.02 21.35 ± 0.02 20.96 ± 0.02 GROND
20190105 01:04:36 58488.045 7.623 22.24 ± 0.09 21.78 ± 0.17 21.53 ± 0.11 20.93 ± 0.20 IO:O
20190105 07:56:24 58488.331 7.909 22.72 ± 0.05 22.33 ± 0.03 22.25 ± 0.06 21.63 ± 0.04 GROND
20190106 00:17:30 58489.012 8.590 22.82 ± 0.09 22.11 ± 0.20 21.87 ± 0.11 21.28 ± 0.12 IO:O
20190107 07:09:55 58490.299 9.877 22.91 ± 0.03 22.72 ± 0.06 22.98 ± 0.08 21.98 ± 0.06 GROND
20190108 07:21:57 58491.307 10.885 23.14 ± 0.05 22.94 ± 0.05 22.61 ± 0.07 22.06 ± 0.05 GROND
20190109 07:10:43 58492.299 11.877 23.32 ± 0.07 23.25 ± 0.07 − >21.84 GROND
20190114 05:08:34 58497.214 16.792 23.74 ± 0.07 23.83 ± 0.08 23.20 ± 0.05 − EFOSC2
20190127 07:11:23 58510.300 29.878 >24.44 >24.94 >24.11 − EFOSC2
20190205 03:08:28 58519.131 38.709 ref ref ref ref GROND
20190307 02:20:35 58549.098 68.676 ref ref ref − EFOSC2
20190426 20:27:41 58599.853 119.431 ref ref ref ref IO:O
SDSS DR15 Host Model 20.58 ± 0.05 20.37 ± 0.05 20.25 ± 0.08 20.35 ± 0.32 SDSS
SDSS DR15 Host Petrosian 20.64 ± 0.13 20.40 ± 0.09 20.17 ± 0.19 - SDSS
PS1 3π Host Kron 21.39 ± 0.08 20.64 ± 0.10 20.48 ± 0.06 21.17 ± 0.29 PS1
PS1 3π Host Aperture 21.43 ± 0.08 20.62 ± 0.08 20.59 ± 0.05 21.07 ± 0.17 PS1

3.3.1 Imaging and photometry

Ground-based grizJHK photometry was collected as part of the GROND-ePESSTO-
ATLAS survey (GREAT, Chen et al., 2018) using GROND (Greiner et al., 2008), along
with griz photometry from the Liverpool Telescope (LT) and gri photometry from
the NTT with EFOSC2. As the transient faded rapidly and was coincident with its
host galaxy (Figure 3.1), difference imaging was essential for all epochs. This was
carried out using the hotpants subtraction algorithm (Becker, 2015). The reference
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Table 3.2: The Swift UVOT photometric log of AT2018kzr. These magnitudes are not
host subtracted. All phases are presented in the observer frame with respect to the ZTF
discovery epoch, MJD 58480.422.

Date MJD Phase UVW2 UV M2 UVW1 U B V

20190101 15:54:43 58484.663 4.241 21.55 ± 0.31 21.31 ± 0.35 − − 19.85 ± 0.36 19.41 ± 0.49
20190102 05:35:31 58485.233 4.811 − − − 21.20 ± 0.33 20.29 ± 0.35 −

20190102 17:48:28 58485.742 5.320 23.15 ± 1.74 − 21.77 ± 0.34 21.35 ± 0.45 21.34 ± 1.19 −

20190102 19:24:57 58485.809 5.387 − − 21.73 ± 0.34 − − −

20190103 15:33:07 58486.648 6.226 − 21.79 ± 0.26 − − − −

20190103 19:43:40 58486.822 6.400 22.14 ± 0.19 21.83 ± 0.18 21.83 ± 0.21 − − −

20190104 23:36:57 58487.984 7.562 − − − − − −

20190105 22:53:45 58488.954 8.532 21.50 ± 0.27 − − − − −

epochs used for the GROND, LT and NTT images are listed in Table 3.1. Photometry
was measured with point spread function (PSF) fitting on the difference images, with
the image zero-points set from Pan-STARRS1 reference stars in the field (Chambers
et al., 2016; Magnier et al., 2020b). A strikingly rapid decline was measured across
all the griz bands at rates ∆g = 0.48 ± 0.03 mag day−1, ∆r = 0.48 ± 0.03 mag day−1,
∆i = 0.54± 0.04 mag day−1, ∆z = 0.39± 0.04 mag day−1, all measured over the nine
night period for which GROND was observing. Prior to the discovery of AT2018kzr,
the record for the fastest declining supernova-like transient was held by SN2019bkc
which declined at a rate of ∆r = 0.41± 0.01 mag d−1 (Chen et al., 2019). Likewise,
from the compiled optical photometry of AT2017gfo (Andreoni et al., 2017; Arcavi
et al., 2017; Coulter et al., 2017; Chornock et al., 2017; Cowperthwaite et al., 2017;
Drout et al., 2017; Evans et al., 2017; Kasliwal et al., 2017; Lipunov et al., 2017;
Nicholl et al., 2017; Tanvir et al., 2017; Pian et al., 2017; Troja et al., 2017; Smartt
et al., 2017; Utsumi et al., 2017; Valenti et al., 2017), it is possible to measure its decline
rate as the fastest optical transient to date. Doing so gives ∆g = 0.63±0.07 mag day−1,
∆r = 0.50±0.03 mag day−1, ∆i = 0.46±0.01 mag day−1 and ∆z = 0.41±0.02 mag day−1

(assuming a linear decline). In the redder bands, riz, the similarity between AT2018kzr
and the kilonova AT2017gfo is more apparent (see Figure 3.2 for a comparison). There
appears to be no significant near-infrared flux in the GROND JHK images after image
subtraction so we do not consider them further here.

In addition, eight epochs of ultraviolet imaging were taken with Swift. Due to its fast
fading, AT2018kzr was only recovered in four epochs in UVW2, and three in UV M2
and UVW1. The Swift data are presented in Table 3.2, though we note these magnitudes
have not been host subtracted as host contributions were considered negligible in the
exposures.
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Figure 3.2: The combined ZTF, ATLAS, GROND, LT and NTT lightcurves com-
pared to the compiled lightcurves of two other notable fast transients - those being
AT2018cow (Prentice et al., 2018) and the kilonova, AT2017gfo (Andreoni et al., 2017;
Arcavi et al., 2017; Chornock et al., 2017; Cowperthwaite et al., 2017; Drout et al.,
2017; Evans et al., 2017; Kasliwal et al., 2017; Lipunov et al., 2017; Nicholl et al.,
2017; Tanvir et al., 2017; Pian et al., 2017; Troja et al., 2017; Smartt et al., 2017; Ut-
sumi et al., 2017; Valenti et al., 2017).

3.3.2 Spectroscopy

A total of twelve spectra were taken beginning on MJD 58482.317 (+1.895 days) with
the aforementioned initial NTT:EFOSC2 classification spectrum from ePESSTO. This
initial spectrum showed a strong, blue continuum with relatively weak features. A
second NTT:EFOSC2 spectrum was taken on MJD 58483.247 (+2.825 days) along
with a third NTT:EFOSC2 spectrum on MJD 58484.172 (+3.750 days) with a broader
wavelength coverage (3400− 10300 Å as opposed to the former 3700− 9300 Å). On
MJD 58487, three optical to near-infrared spectra were taken, one with the Robert Sto-
bie Spectrograph (RSS) on the Southern African Large Telescope (SALT), one with
the Very Large Telescope’s (VLT) Xshooter spectrograph and one with GMOS-N on
the Gemini North telescope. Additionally, the Low Resolution Imaging Spectrometer
(LRIS) on the Keck Telescope was used to obtain a spectrum on the subsequent night,
and a second Gemini:GMOS-N spectrum was taken on MJD 58489.437 (+9.015 days).
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Another NTT:EFOSC2 spectrum was obtained on MJD 58490.316 (+9.894 days) but
was of a very low signal-to-noise, showing no identifiable emission or absorption fea-
tures. One more Keck:LRIS spectrum was taken on MJD 58494.356 (+14.136 days)
showing faint emission most notably around 8500 Å. The final spectrum taken was
a VLT:Xshooter spectrum from MJD 58525.119 (+44.697 days) that showed narrow
nebular emission lines from the host galaxy but no detectable flux from AT2018kzr.
The [O ii] doublet λλ3726.03, 3926.47 was resolved into two components and a dou-
ble Gaussian with full width at half maximum FWHM = 1.7 Å was fit to the pro-
files. The [O iii] λ5006.84 line was also detected and the mean of all three centroids
gave z = 0.05298 ± 0.00005. For the cosmology we adopt (H0 = 70 km s−1 Mpc−1,
Ωm = 0.3 and ΩΛ = 0.7), this equates to a luminosity distance of 236 Mpc. This fi-
nal VLT:Xshooter spectrum was also used to subtract the host continuum flux from the
later-time spectra, which we define as those taken from MJD 58487 onward.

A spectroscopic log can be viewed in Table 3.3. We note that that +6.818, +9.015
and +9.894 day spectra taken with VLT, Gemini and NTT are of low signal, likely due
to a misalignment of the target within the slit or as a consequence of the rapid decline,
so are not considered further in the analysis1. Attempts at classifying AT2018kzr using
the remaining spectra proved challenging. Template matching with SNID (Blondin and
Tonry, 2007) suggested a different classification for spectra at each new epoch, though it
was clear no hydrogen was present in the emission (Figure 3.5). For instance, the earli-
est NTT spectra at +1.895 days favoured a Type Ib description, of the like of SN2008D
pre-maximum, while the +2.825 day spectrum favoured a Type Ic description, akin to
SN1997ef at +13.8 days. The Keck spectrum taken at +7.056 days, however, suggested
a Type Ia at maximum. After this epoch, the spectral features become hard to identify
by cross-correlation, but evidence of nebular emission from 7,000− 8,000Å is visible
in the Keck +14.136 day spectrum. The significance of this emission is discussed in
Section 3.4.2.

3.4 Analysis of the data products

The rapid photometric evolution and uncertain spectral classification suggested a
unique progenitor was the origin of AT2018kzr. The rate of decline, in particular,
would be difficult to describe using a 56Ni powered ejecta model, so we explore al-
ternatives to this picture using the Arnett formalism introduced in Section 1.4 as well

1We do not believe the low signal is a result of these observations occurring in poor weather.
Records at Cerro Paranal, La Silla (http://www.ls.eso.org/lasilla/dimm/meteo.html) and
Mauna Kea (http://mkwc.ifa.hawaii.edu/archive/satellite/index.cgi) indicate generally
good observing conditions on the nights these spectra were obtained.

55

http://www.ls.eso.org/lasilla/dimm/meteo.html
http://mkwc.ifa.hawaii.edu/archive/satellite/index.cgi


Table 3.3: The spectroscopic log of AT2018kzr. All phases are presented in the ob-
server frame with respect to the ZTF discovery epoch, MJD 58480.422.
a denotes the resolution is for the Grism#11 with EFOSC2.
b denotes the resolution is for the Grism#16 with EFOSC2.
c denotes the spectra are of low signal, being observed either in poor conditions or with
the transient not centred in the slit.

Date MJD Phase Telescope Instrument Spectral Range Spectral Resolution

20181230 07:36:05 58482.317 1.895 NTT EFOSC2 3700 - 9300 Å 355
20181231 05:56:13 58483.247 2.825 NTT EFOSC2 3700 - 9300 Å 355
20190101 04:06:59 58484.172 3.750 NTT EFOSC2 3400 - 10300 Å 390a, 595b

20190104 05:45:10 58487.240 6.818c VLT Xshooter 3100 - 10300 Å 3300
20190104 08:19:41 58487.347 6.925 Gemini GMOS-N 4200 - 9000 Å 1918
20190104 11:27:55 58487.478 7.056 Keck LRIS 3000 - 10300 Å 1050
20190104 15:17:01 58487.637 7.215 SALT RSS 3600 - 8300 Å 1277
20190106 10:29:17 58489.437 9.015c Gemini GMOS-N 4200 - 9000 Å 1918
20190107 07:35:21 58490.316 9.894c NTT EFOSC2 3700 - 9300 Å 355
20190111 08:33:05 58494.356 14.136 Keck LRIS 3000 - 10300 Å 1050
20190211 02:50:46 58525.119 44.697 VLT Xshooter 3700 - 20700 Å 3300

as a comparison to fast fading themonuclear explosion models presented by Sim et al.
(2012). Additionally, clear spectral modelling would be necessary to understand the
composition and explain the curious features presenting in the spectral sequence.

3.4.1 Lightcurve modelling and comparison

Using the griz photometry (Table 3.1, Figure 3.2), a bolometric lightcurve was con-
structed with superbol (Nicholl, 2018), which integrates under blackbody fits to the
spectral energy distribution estimated at each epoch of observation. This is presented
in Table 3.4. The pre-discovery ATLAS limits and reference NTT frames constrain the
bolometric luminosity at the epochs of -1.902 and +30.348 days.

We first consider whether rapidly declining models that are 56Ni powered are con-
sistent with the observed data. To do so, we show a set of thermonuclear explosion
models for low mass carbon-oxygen (CO) white dwarfs (WDs) presented by Sim et al.
(2012) in Figure 3.3. The Sim et al. (2012) models have a CO core that accretes a
sufficiently large helium (He) layer prior to the ignition of core nuclear burning such
that the He layer itself instigates a detonation, giving rise to the He-layer Detonation
(HeD) scenario. This primary detonation has been theorised to extend into the CO core
wherein a secondary detonation may occur, describing the Edge-Lit Double Detonation
(ELDD) scenario. Two sets of models are presented for each scenario, one being the
nominated standard system (Model S) with a core mass of MCO = 0.58 M� and enve-
lope mass of MHe = 0.21 M�, and another being a specific low mass system (Model L)
where the core mass is reduced to MCO = 0.45 M�. Similarly, the He-shell detonation
models (.Ia models) of Shen et al. (2010) are also either too faint, too slowly evolving
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Table 3.4: The bolomeric luminosity estimate from the griz photometry of AT2018kzr,
made using superbol (Nicholl, 2018).

Phase Lbol [ erg s−1]
-1.902 < 1.164×1043

0.009 1.368±1.902×1043

1.034 9.638±7.901×1042

2.848 8.395±1.256×1042

3.728 3.811±0.886×1042

4.598 1.734±0.363×1042

5.808 9.226±2.167×1041

6.618 5.572±0.488×1041

6.898 4.446±1.177×1041

7.628 3.532±0.789×1041

7.908 2.061±0.797×1041

8.598 2.606±0.672×1041

9.868 1.545±0.922×1041

10.878 1.343±0.606×1041

11.868 1.016±0.433×1041

17.278 6.683±3.016×1040

30.348 < 5.346×1040

or too red to be viable explanations. From Figure 3.3, we disfavour a low mass, ther-
monuclear explosion, but shall consider other scenarios where 56Ni is the predominant
heating source for completeness. We also disfavour powering from other radioactive
isotopes, such as 48Cr or 52Fe, which may have a shorter lifetime than 56Ni (Dessart
et al., 2014). The energy release per unit mass from the decay of these isotopes is no-
tably lower than that of 56Ni and therefore would necessitate a larger quantity of each
to be synthesized compared to the amount of 56Ni synthesized in order to explain the
lightcurve evolution of this object.

To more quantitatively describe the extent to which 56Ni is responsible for power-
ing the emission, we refer to the Arnett formalism described in Section 1.4. From this
we may constrain the ejecta mass expected from the opacity, photospheric velocity of
the ejecta and an estimate of the rise time of the bolometric lightcurve (Arnett, 1982).
Additionally, we may explore other power mechanisms, either separately or combined
with any 56Ni powering present. Supposing an opacity of 0.1−0.2 cm2 g−1, velocity of
the order of 104 kms−1 and a rise time <3 days, we anticipate an ejecta mass ∼<0.1 M�.
For parameter estimation we utilise two independent powering models, and a combina-
tion of both, to fit the bolometric lightcurve using the formalism and methods described
by Inserra et al. (2013). The powering sources include pure 56Ni radioactivity and en-
ergy from the spin-down of a magnetic neutron star. To produce a peak luminosity of
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Figure 3.3: The bolometric lightcurve of AT2018kzr in comparison to several fast
evolving thermonuclear progenitor models detailed by Sim et al. (2012).

L ∼ 1043 erg s−1 a mass of 0.17 M� is required if 56Ni is the sole powering source:

L56Ni(t) = 7.8×1043
(

M56Ni

1M�

)
e−t/τ56Ni ergs−1 (3.1)

Following equation 3.1, semi-analytical solutions for such a pure 56Ni model are
unable to adequately fit the decline rate, as shown in Figure 3.4 (dash-dotted line). We
show our formal ‘best fit’ model for 56Ni only powering, based on a reduced χ2 statistic,
which has an ejecta mass of 0.28 M� assuming an opacity of κ = 0.1 cm2 g−1 and 56Ni
mass of 0.07 M�. Such an ejecta mass has a 5 day rise to peak, a blackbody temperature
of Teff ∼ 9,000 K and would require a velocity of around 20,000−30,000 kms−1. Such
a model could be scaled up to fit the peak with a significantly higher mass of 56Ni, but
declines much too slowly to match the observed data.

An extra powering source is therefore required, and hence we incorporate additional
energy input from a central engine. We employ a magnetar spin-down component as
conceived by Kasen and Bildsten (2010) and Woosley (2010) and further generalised
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Figure 3.4: The bolometric lightcurve of AT2018kzr along with several model fits of
the powering source including pure 56Ni heating, pure magnetar spin-down energy and
a mix of the two.

for lightcurve fitting by Inserra et al. (2013)2. The luminosity output of such a de-
scription, given a 45◦ angle between the magnetar spin axis and magnetic axis, is given
by:

LMag(t) = 4.9×1046 B2
14 P−4

ms
1(

1 + t/tp
)2 (3.2)

Here, B14 gives the magnetar’s magnetic field strength in units of 1014 G, Pms gives
the magnetar’s rotation period in milliseconds and tp is the spindown timescale of the
magnetar. Our model thus supplements 56Ni decay powering (Equation 3.1) with pow-
ering from the magnetar’s rotational kinetic energy as it spins down (Equation 3.2).
These models assume an explosion energy of 1051 erg, a magnetar radiation opacity
of 0.01 cm2 g−1 and an electromagnetic radiation opacity of 0.1 cm2 g−1. This latter
opacity is chosen as it is within the limit allowed for electron scattering, assuming it is
not influenced by line contributions. We first considered only the magnetar spin-down

2The code for this model is available at https://bitbucket.org/andersjerkstrand/
lcmodels/src/master/
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component in the absence of 56Ni powering and found a reasonable fit that implied an
ejecta mass of 0.1 M�, along with an initial magnetar spin period of P = 25 ms and mag-
netic field of B = 25×1014 G. This fit is shown in Figure 3.4 (dashed line). In general, it
adequately describes the rapid decline of AT2018kzr but falls below the luminosity of
the final data point on the lightcurve. For these fit parameters the spin-down timescale
for a magnetar would be approximately 7 days. Hence, given the lifetime of AT2018kzr
the input magnetar energy would only decline by a factor of a few. However, the out-
put magnetar energy declines by a factor of nearly 100 in this time, implying the rapid
evolution is driven by declining trapping of the magnetar radiation.

It is possible to add a small quantity of 56Ni to the magnetar model to slow the
decline in the tail of the lightcurve and enable a better fit to the late lightcurve. The
model fitter achieves this by combining the luminosity functions of Equations 3.1 and
3.2 along with the respective powering component’s energy deposition functions to
derive a resultant luminosity profile. We observe that 0.02 M� of 56Ni is required to
cause a noticeable change in the fit profile, but that this is insufficient for the fit to
encompass the final data point (Figure 3.4, solid line). Further increases in 56Ni produce
less physically plausible fits as the 56Ni fraction begins to tend to unity. Furthermore,
the bolometric luminosity at this point is uncertain by 0.2 dex. Scaling the +14.136 day
Keck:LRIS spectrum to the gri photometry at +16.792 days and integrating the spectral
flux gives a luminosity log Lbol = 40.7 dex indicating the model may not be significantly
discrepant with the data. Both the magnetar only and magnetar supplemented by 56Ni
heating models favour an ejecta temperature in the range of 16,000− 18,000 K and
photospheric velocity of ∼0.1 c at time when the bolometric lightcurve is at its peak.

3.4.2 Spectral analysis and modelling

Our early spectra were modelled with the radiative transfer code tardis (Kerzendorf
and Sim, 2014) and a model fit is shown in Figure 3.5 for the NTT:EFOSC2 +2.825
day spectrum. There are four strong absorption features with minima at 3900, 4300,
5000, and 6100 Å, which are reproduced in our model by Ca ii, Fe ii and Si ii, with a
model velocity of ∼12,000 kms−1. The model is primarily composed of oxygen (O,
∼75%), with significant amounts of intermediate mass elements, primarily silicon and
magnesium (Si and Mg, ∼10% each), along with some iron (Fe) group elements. To
reproduce the Fe ii features in our observed spectra we require ∼3% of the total ejecta
mass to be Fe in our model. We previously found that if 20% of the ejecta is 56Ni, it
impacts the lightcurve fit. For this composition, a similar effect is noticed if as much
of the 5− 10% of the ejecta is 56Ni and, hence, a large amount of 56Ni in the ejecta is
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Figure 3.5: The early spectral sequence of AT2018kzr comprised of the first three NTT
spectra with phases shown relative to the ZTF discovery epoch. Overlaid in red on the
+2.825 day spectrum is a tardis (Kerzendorf and Sim, 2014) model investigating the
composition of the progenitor. Additionally, the early spectral sequence of AT2018kzr
along with several comparison spectra of fast transients including SN2005ek (Drout
et al., 2013), AT2017gfo (Smartt et al., 2017) and AT2018cow (Prentice et al., 2018).
Phases of the comparison spectra are given with respect to the object’s maximum light.
The spectra have been dereddened and corrected for redshift.
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Figure 3.6: The Gemini:GMOS-N spectrum and two Keck:LRIS spectra (black). The
final VLT:Xshooter spectrum at +44.697 days has been heavily smoothed (green) and
subtracted from these spectra to remove host contamination. The spectra have been
rebinned to approximate 5 Å per pixel resolution. Overlaid on the Keck:LRIS +7.056
day spectrum is a spectrum of SN2018byg at +27 days (red, De et al., 2019) from its r
band peak highlighting the similarities between these two objects despite their signif-
icantly different evolutionary timescales. The shaded region indicates the wavelength
range over which Fe ii emission occurs.

disfavoured.

The temperature, ejecta mass and luminosity required for the spectral fit in Figure
3.5 are consistent with the lightcurve model, with some discrepancies. The model spec-
trum is +7 days after explosion, whereas the lightcurve fit implies this spectrum should
be 4−5 days after explosion. This may imply the ejecta is not in homologous expansion
and given the simplicity of the magnetar model for the lightcurve, where the hydrody-
namics of the pulsar wind bubble is not numerically modelled, we do not consider this a
serious physical inconsistency. The ejecta velocity implied by the lightcurve modelling
stands at a factor of three greater than that by the spectral modelling. This is likely the
result of a longer rise time than is assumed by the lightcurve model, a non-homologous
expansion of material or the ejecta being non-spherical.
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In Figure 3.6, we show the two spectra taken at approximately +7 days from
Gemini:GMOS-N and Keck:LRIS (see Table 3.3) as well as the Keck:LRIS spectrum
from +14.136 days. As the transient faded rapidly, contamination from the host galaxy
became significant at these epochs. The VLT:Xshooter spectrum from +44.697 days,
which is purely host flux, was smoothed and subtracted from the spectra. The spectra
were scaled and subtracted such that the final host subtracted spectra matched the differ-
ence image photometry through synthetic photometry in the riz bands. The flux levels
are not reliable below 4500 Å due to the strong host flux at these wavelengths. There
is a remarkable similarity between the Keck:LRIS +7.056 day spectrum of AT2018kzr
and a SN2018byg spectrum taken +27 days from its r band maximum. SN2018byg,
discussed by De et al. (2019), has been presented as the result of a double detonation
of a CO WD surrounded by a He shell, much like the models presented by Sim et al.
(2012). The spectra around peak for SN2018byg are noted by De et al. (2019) to show
line blanketing from Fe group elements indicative of a large Fe mass in the outermost
layers of the ejecta. The features at 4500 and 5500 Å are weaker in the spectrum of
AT2018kzr. De et al. (2018) attribute the features to Ca ii and Ti ii in SN2018byg. By
+14 days, the 5500 and 6500Å features have disappeared, leaving a strong and broad
feature centred on 8450Å. The obvious candidate is the Ca ii triplet, however the cen-
troid of the feature is ∼120 Å (∼4200 kms−1) offset from its rest wavelength position.

3.5 Potential explosion scenarios

The observational data shows AT2018kzr is the fastest declining supernova-like tran-
sient apart from the kilonova, AT2017gfo. A NS-NS merger progenitor is disfavoured
for AT2018kzr due to the tardis spectroscopic model composition which is predom-
inantly intermediate mass elements including O, Mg, Si and Ca, along with a small
fraction of Fe. The lightcurve and spectra cannot be explained only through radioactive
powering by 56Ni instead favouring a magnetar powering mechanism. This powering
mechanism provides a model that is quantitatively a good fit to the data with an ejecta
mass of Mej ' 0.1 M�, and a neutron star with period P ' 25 ms and magnetic field of
B ' 25× 1014 G. He-detonation or a thermonuclear model are also disfavoured due to
the fast and luminous light curve, which is physically inconsistent with 56Ni powering.
Three possible progenitor scenarios and explosion mechanisms are worth considering
that have previously been investigated and predict low mass ejecta with intermediate
mass elements and an alternative power source to radioactive decay. These are an ultra-
stripped core collapse of a massive star, accretion induced collapse of an oxygen-neon
(ONe) WD, and a WD-NS merger.
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3.5.1 Ultra-stripped core collapse

In Section 1.3, we discussed how an ultra-stripped star may be produced by the inter-
action of a NS with a main sequence companion after the common envelope phase of
their evolution. The core collapse of such a star model has been previously applied to
rapidly declining transients such as SN2005ek (Drout et al., 2013) utilising the models
of Tauris et al. (2013). This model has a He-star with a total mass before explosion
that is only just above the Chandrasekhar limit (e.g. 0.05−0.20 M�, Tauris et al., 2015)
which, due to mass-loss from the common envelope phase and accretion onto a neu-
tron star companion, is pulled into a tight orbit. The progenitor transfers material to
a compact companion and experiences iron core collapse while only just above the
Chandrasekhar limit. In the case of SN2005ek, we show a comparison between its
bolometric lightcurve and that of AT2018kzr in Figure 3.7 as well as the Tauris et al.
(2013) model that was fit to it (Drout et al., 2013). This ultra-stripped model, with
Mej = 0.1 M� and M56Ni = 0.05 M�, is not luminous enough and does not decline at the
required rate to describe AT2018kzr. It is also unlikely to produce as rapidly rotating a
remnant as would be necessary to support the discussion in Section 3.4.1. For a given
He-star, the largest component of angular momentum will be held in the envelope rather
than the core. Rapid stripping of the envelope via mass transfer to a compact compan-
ion does not normally facilitate redistribution of angular momentum to the core. This
is supported by multi-dimensional simulations of Müller et al. (2018) which lead to
slowly spinning progenitors, far from the 25 ms rotation rate required to provide the
observed luminosity.

3.5.2 Accretion induced collapse of a white dwarf

The accretion induced collapse (AIC) of an ONe WD has been predicted to lead to
a rapidly rotating neutron star in which magnetic fields may be large (up to 1015 G,
Dessart et al., 2007). These simulations predict a magnetically enhanced explosion
leaving behind a rapidly rotating millisecond pulsar, along with an ejection of ∼0.1 M�
of material with only traces of 56Ni. The He-star + ONe WD binary simulations of
Brooks et al. (2017) show that the accretion from a He-star companion can lead to an
outer layer structure on the ONe WD that is composed of O, Ne, Si and Mg. The
1.0 − 1.3 M� WD grows, reaching close to the Chandrasekhar limit, which triggers
electron capture in the core resulting in AIC. The composition of the WD calculated by
Brooks et al. (2017) is compatible with our estimates from the spectral models. How-
ever, several simulations have predicted significantly heavier elements should charac-
terise the ejecta of AIC events. Metzger et al. (2009) and Darbha et al. (2010) predict
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Figure 3.7: The bolometric lightcurve of AT2018kzr compared to that of SN2005ek
(Drout et al., 2014), along with an ultra-stripped He-star core collapse model used to
describe it (Tauris et al., 2013).

a composition rich in Fe-group elements, while the Dessart et al. (2007) simulations
produce ejecta with a low electron fraction and a composition dominated by elements
heavier than Fe. It appears none of these models produce the intermediate mass element
composition apparent in our spectra. The Dessart et al. (2007) simulations imply that an
AIC which produces a magnetar remnant will yield an ejecta mass ∼0.1 M�, similar to
this work, but that this ejecta will by comprised predominantly of r-procress elements,
which is not observed in the spectra. An additional discrepancy arises when the ejecta
velocity is considered. The AIC simulations of Darbha et al. (2010) for ejecta masses
of 10−2 M� and 3×10−3 M� assume an ejecta velocity of the order 0.1 c which, while
consistent with the lightcurve modelling in Section 3.4.1, conflicts with that presented
by the spectroscopic modelling of Section 3.4.2. It is worth noting that the Arnett-based
models in Section 3.4.1 are a rather simple description of a homologously expanding
ejecta at a constant opacity, unlike the radiative transfer simulations of tardis.
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3.5.3 White dwarf - neutron star mergers

The WD-NS merger scenario involves the production of an accretion disc following the
tidal disruption of a sufficiently massive WD as it inspirals with a NS companion. The
disc will be comprised of WD material, provided the WD has mass ∼>0.65 M� (Margalit
and Metzger, 2016), and the temperature and mid-plane density are predicted to be high
enough to support burning of WD material to higher mass elements (Metzger, 2012).
For a CO WD, the ejecta may contain the intermediate mass elements observed in
AT2018kzr (O, Si, Mg) in addition to 10−3 − 10−2 M� of 56Ni (Metzger, 2012). This
56Ni can only power a faint optical transient of peak luminosity ∼1040 erg s−1. However,
high velocity winds from the disk can produce shocks that thermalise the kinetic energy
of the winds to power characteristic luminosities of 1043 erg s−1 (Margalit and Metzger,
2016). Interestingly the timescale of the powering falls off as Ė ∼ t−5/3. This is similar
to the magnetar powering function (t−2) and hence would likely result in a similar
lightcurve. Schwab et al. (2016) suggest another possible channel to produce a rapidly
rotating neutron star remnant is through the merger of two WDs, potentially avoiding
thermonuclear runaway and creating a massive, rapidly rotating WD that will likely
collapse (Gvaramadze et al., 2019).

Of these scenarios, we disfavour the ultra-stripped core collapse scenario, owing
predominantly to the fact that it would not accommodate such a rapidly rotating neu-
tron star as we are suggesting here, and AIC for the uncertain ejecta composition and
velocity. Instead, we favour the WD-NS merger scenario as it is consistent with an
ejecta mass of Mej = 0.1±0.05 M� and the requirement from the bolometric lightcurve
modelling that the powering mechanism be supplemented by an additional component,
likely a rapidly rotating magnetar. The spectral modelling indicates a composition of
primarily intermediate mass elements. In the case of AIC, it is unlikely that this would
be observed based on current models (Dessart et al., 2007; Metzger et al., 2009; Darbha
et al., 2010), however such a composition is plausible for a WD-NS merger (Metzger,
2012). This claim is also supported by the more detailed spectroscopic analysis of
AT2018kzr presented by Gillanders et al. (2020) recently.
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Chapter 4

The detection efficiency of
compact mergers with ATLAS

“I push buttons. I turn dials. I read numbers.
Sometimes I make up little stories in my head about what the numbers mean.”

- Fantastic
Fallout: New Vegas (2010)



4.1 Introduction

In Chapters 2 and 3, we discussed several rapidly evolving and intrinsically faint tran-
sients uncovered in the search for kilonovae by both ATLAS and Pan-STARRS. We
would like to better quantify why finding objects of this calibre is so challenging for
all-sky surveys. With ATLAS, we have access to a set of instruments with a competitive
cadence and depth, compared to other operating wide field surveys. Our typical depths
reach 19th magnitude in both of its filters, and, at a 2 day cadence, ATLAS should be
readily able to detect kilonovae resulting from neutron star-neutron star mergers, peak-
ing at absolute magnitudes of M ∼ −16, to distances of 60−100 Mpc. In the past, AT-
LAS has discovered and observed several events of note, such as AT2018kzr (McBrien
et al., 2019b; Gillanders et al., 2020), AT2018cow (Prentice et al., 2018; Perley et al.,
2019) and SN2019gsc (Srivastav et al., 2020), demonstrating its capability in detecting
rapidly evolving events that decline at rates rivaling the kilonova and faint events with
peak magnitudes similar to the kilonova. Unfortunately it has not made a convincing
optical-only detection of a kilonova independent of a gravitational wave trigger, raising
the question of whether these events are inherently rarer, harder to detect or a combina-
tion of both.

The issue is that what ATLAS should be capable of observing does not always
align with what it actually is observing (or is not, in this case). In the absence of a
direct observation of kilonova emission from either a binary neutron star or neutron
star-black hole merger, we must reconcile what ATLAS has the capacity to observe
with the subsequent lack of detections made. The solution lies somewhere between
understanding our detection efficiency of this unique class of astrophysical transient and
their volumetric rate in the local universe. In this chapter, we shall discuss the ATLAS
search for kilonova candidates, in the context of all-sky surveys, and consider a means
of gauging its detection efficiency of these fast and faint events. We shall assess the
challenges that lie in attempting to identify kilonovae and compare this with detections
made of other unique and exotic transients. The work presented in this chapter has
not yet been published on its own, but will form part of a publication authored by the
ATLAS team in the near future.

4.2 All-sky survey kilonova searches

The discovery of AT2017gfo prompted many survey telescopes to begin reanalysing
their data archives for objects previously observed but unrecognised as kilonovae and
to develop new strategies to identify these fast and faint transients in real time searches.
In Chapter 2, we discussed the efforts of Pan-STARRS in this regard as well as the
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plausible candidates identified. In this section we will discuss some of the searches
performed by other groups using both wider-field and deeper imaging instruments com-
pared to Pan-STARRS and how they might contrast with ATLAS.

4.2.1 Dark Energy Survey

The Dark Energy Survey supernova program (DES-SN, Bernstein et al., 2012) is a
continuous survey of 10× 3 sq. deg. fields with the 4 m Blanco telescope at the Cerro
Tololo Inter-American Observatory (CTIO, Flaugher et al., 2015). DES-SN is con-
ducted alongside the normal Dark Energy Survey program at CTIO (Flaugher, 2005)
and can be divided into two survey strategies - a ‘shallow field’ search, averaging 23.5
magnitudes per exposure over eight of the ten fields, and a ‘deep field’ search on the
remaining two to an average depth of 24.5 magnitudes. Both strategies make obser-
vations in griz, but at different cadences that typically allow each field to be visited at
least once per week in all filters. The precise exposure time breakdown and number
of visits made are detailed by Kessler et al. (2015). Doctor et al. (2017) performed
a search through the first two years of DES-SN data obtained in an effort to identify
previously unrecognised kilonovae from the supernova sample - the initial selection
criteria for which includes events that have been observed at least twice and prefer-
ably on different nights, depending on the depth of field. In the shallow fields 3487
candidates were identified while in deep fields, this figure stands at 1236 candidates.
At the same time, Doctor et al. (2017) employed the snana software package (Kessler
et al., 2009) to perform a lightcurve simulation of kilonovae that enabled measurement
of their DES-SN recovery efficiency. A set of models presented by Barnes and Kasen
(2013) were utilised in the lightcurve generation, with several combinations of param-
eterised velocity and ejecta mass made such that a total of nine different lightcurves in
each filter are available spanning peak absolute magnitudes of −11 > M > −16. Addi-
tionally, salt-ii (Guy et al., 2007) models of Type Ia supernova and templates of core
collapse events (Kessler et al., 2010) were included to simulate a background popula-
tion. A set of quality filters are applied to both the observed and simulated samples
including cuts on the epochs on which detections occur and in what filters, as well as
flux ratios of particular bands against one another to differentiate between the supernova
and kilonova population. While no kilonovae were recovered in the observed samples,
the simulated sample affords an opportunity to study how each quality filter influences
the recovery efficiency of kilonovae. The most effective filters in suppressing the su-
pernova background were noted to be those that imposed restrictions on observations
being made too long before or after each event was triggered on, removal of objects
associated with galaxies at a photometric redshift zphoto > 0.3 and setting a minimum
colour requirement of i− z > 0.5. Doctor et al. (2017) concluded that in the identifi-
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cation of ‘bright’ kilonovae (those with absolute magnitude nearing Mi = −16.2) that
searching in iz should be sufficient for discovery.

4.2.2 Zwicky Transient Facility

The successor to the Palomar Transient Factory (PTF, Law et al., 2009), the Zwicky
Transient Facility (ZTF, Bellm et al., 2019) is an all-sky survey conducted from Palo-
mar Observatory with the 48-inch Samuel Oschin telescope, P48. P48 has a 47 sq. deg.
field of view and observes in gri achieving typical depths of 20.5 magnitudes in 30 sec-
ond exposures, with the public ZTF stream being comprised of paired gr observations
at a 3 day cadence. In a study of 514 fields observed routinely, ∼24,150 sq. deg. in total
sampled over all three filters, Andreoni et al. (2020) recently presented a search for kilo-
novae by ZTF. The study was perform in two parts, both as an all-sky search, querying
the ZTF databases for all objects observed during the first 23 months of observing at
least 3 times with no more than 12 days between the earliest and latest detections, and
a galaxy targeted search requiring only 2 detections separated by no more than 6 days
with an association with a galaxy within a projected offset radius of 100 kpc at a dis-
tance 10< d < 200 Mpc. Respectively, these searches returned 10,419 and 1,569 candi-
dates. For these candidates, forced photometry was collected using the ForcePhotZTF
code (Yao et al., 2019) and then stacked. Simulating their efficiency of recovering kilo-
novae was achieved using the simsurvey package (Feindt et al., 2019). A set of quality
filters were applied to the samples, imposing restrictions on lightcurve duration (re-
moving objects lasting longer than 14 days) and requiring a certain threshold rise or
fade time be observed. This threshold was set by considering a grid of kilonova models
generated by possis (Bulla, 2019). The grid of binary neutron star merger models pre-
sented by Dietrich et al. (2020) were utilised, totalling 308 lightcurves, in combination
with a grid of neutron star-black hole merger models presented by Anand et al. (2020),
adding a further 891 lightcurves to the analysis. The model lightcurves imposed fading
thresholds of 0.57, 0.39 and 0.27 mag day−1 in g, r and i respectively, assuming a linear
decline. The quality cuts reduced the sample size to 645 which, upon manual inspec-
tion of image and lightcurve data, decreased further to 24 across both the all-sky and
galaxy targeted search. Of these, none were found to be viable kilonova candidates.

4.2.3 ATLAS volume limited sample

ATLAS has been observing since late 2015 with its first unit at Haleakala Observa-
tory (HKO), on the island of Maui, and a second unit joining the operations in January
2017 from Mauno Loa Observatory (MLO), on Big Island. Although founded as a
survey for asteroids and near-Earth objects that present an impact hazard, the scien-
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tific exploitation of ATLAS extends beyond this to objects that vary in brightness over
time, as well as moving sources. Smith et al. (2020) introduced the ATLAS transient
sample, volume limited to within 100 Mpc. The control of this sample extends from
MJD 58019 (2017-09-22 UTC) to MJD 58820 (2019-12-03 UTC) and is sensitive to
transients peaking in absolute magnitude M ' −16 and brighter. In this time, a to-
tal of 540 transients were identified and registered on the International Astronomical
Union (IAU) Transient Name Server (TNS) that were associated with galaxies within
100 Mpc, using a maximum association radius projected to a physical offset of 50 kpc
from the galaxy core. 433 of these transients have been spectroscopically classified,
and, although the majority of these are thermonuclear or core collapse supernovae,
1.1% are cataclysmic variable stars (CVs), novae or stellar variables, and 0.6% are tidal
disruption events (TDEs), intermediate luminosity red transients (ILRTs) or luminous
blue variable (LBV) outbursts. No kilonovae were identified in the spectroscopically
confirmed sub-sample. Of the 107 unclassified objects, a manual inspection of their
lightcurve and imaging data reveals that 101 have supernova-like lightcurves while the
remaining 6 are CV candidates, stellar sources or failed subtraction artefacts; hence it
is unlikely any of these are genuine kilonova. Details of the ATLAS 100 Mpc volume
limited sample of transients are currently being prepared for publication in the near
future by the ATLAS team.

The exposure history of ATLAS begets a cadence library, which we term a ‘quality
control’ (QC) file, that we may employ to produce a similar efficiency calculator to
DES-SN and ZTF. From the beginning of its operation to an arbitrary cut-off date of
MJD 59022 (2020-06-22 UTC), ATLAS has made 1,488,891 exposures with its two
units, the observational parameters of which form our QC file. In Figure 4.1, we show
the variations in ATLAS seeing, exposure zero point magnitudes and the 5σ limiting
magnitudes measured for both the HKO and MLO units. The period of time considered
for the Smith et al. (2020) volume-limited sample is highlighted in red. The panels
encode how weather and technical issues affect the observations ATLAS make. For
instance, the improvements to the seeing of ATLAS MLO were made by a realignment
of the Schmidt corrector on that unit, while ATLAS HKO lost several weeks of obser-
vation to an ice storm atop Haleakala between MJD 58530 to MJD 58560. With no
observed kilonovae candidates, we consider a computational means of gauging our ef-
ficiency to detecting these events, the outline for which is discussed in the next section.
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Figure 4.1: The variations in seeing, zero point and 5σ limiting magnitude of all ex-
posures made by ATLAS MLO (left) and HKO (right) from MJD 57377 (2015-12-21
UTC) to MJD 59022 (2020-06-22 UTC). Orange and cyan points denote observations
made in the ATLAS o and c bands, respectively. The shaded region denotes the period
of time considered by the Smith et al. (2020) sample.

4.3 Simulation outline

The DES-SN and ZTF attempts to identify kilonovae in their survey streams lead to the
development of efficiency simulations through the application of snana and simsurvey.
With ATLAS, we have searched for kilonovae independent of gravitational wave trig-
gers to no avail and hence perform our own efficiency simulation to quantify why our
volume-limited sample includes no kilonovae. The ATLAS efficiency simulation gen-
erates a population of lightcurves belonging to the type of transient being investigated
and distributes them over the volume of space probed by the ATLAS units. We obtain a
detection efficiency measurement for that transient type from the ratio of events recov-
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ered to events simulated. The application of snana and simsurvey have demonstrated
that we require two components to operate an efficiency simulation.

1. a means of constructing a population of lightcurves to attempt to recover, per the
observational parameters of the instrument; and

2. an agreement of when those lightcurves are considered recovered by the detection
software of the instrument on any given epoch observed.

The efficiency simulation is described in detail in appendix A, though we will con-
sider a brief outline of its operation now. Simulation parameters can be specified from
a settings file, including the path to the QC file, which contains the ATLAS observation
history, and the path to the desired transient lightcurve file, from which a template fit
is obtained. The simulation begins a main loop that generates a transient object and
attributes to it an explosion epoch, redshift and sky coordinates so as to distribute the
transient in an artificial universe. The template lightcurve fit can be modified, then, to
produce the lightcurve that would be observed by ATLAS, based on its exposure his-
tory. Observation footprints occurring from around the explosion epoch of the transient
are collected from the QC file and, from these, the footprints that would contain the
transient, given its location on the sky, are selected. The epochs of these exposures
allow the construction of a ‘recovered’ lightcurve, as would appear in the ATLAS data
stream. Subject to this lightcurve meeting the ATLAS detection criterion, the transient
may pass or fail a recovery check here. Regardless of the outcome, another transient
is created and the process begins anew until a specified number of transients have been
made (the precise number of which is also specified in the settings file). A program
flow diagram is shown in Figure 4.2 to aid understanding here. For the remainder of
this section, we will emphasise how the template lightcurve generation is performed
as well as how the ATLAS detection criterion is specified, as these decisions will vary
between executions depending on the precise nature of the transient being studied.

4.3.1 Template lightcurve generation and distribution

While the theoretical understanding of kilonovae is improving over time, only one event
has ever been observed in the optical-near infrared - AT2017gfo - whose photometric
properties we may use as a template for lightcurve generation. AT2017gfo was not
observed by ATLAS, though a compiled optical-near infrared lightcurve has been pre-
sented in the literature (Andreoni et al., 2017; Arcavi et al., 2017; Chornock et al., 2017;
Cowperthwaite et al., 2017; Drout et al., 2017; Evans et al., 2017; Kasliwal et al., 2017;
Tanvir et al., 2017; Pian et al., 2017; Troja et al., 2017; Smartt et al., 2017; Soares-
Santos et al., 2017; Utsumi et al., 2017; Valenti et al., 2017). With the ATLAS filters
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Figure 4.2: A flowchart demonstrating how the efficiency simulation operates. Ap-
pendix A explains in greater detail what the various stages involve.

being composites of several Sloan filters, then to first order the average of Sloan gr and
ri provide representative lightcurves of AT2017gfo in ATLAS c and o respectively (see
Tonry et al., 2018, for approximate translations between the ATLAS and Sloan filter
systems). To provide a meaningful measurement of the detection efficiency, we gener-
ate of the order 105 lightcurves, based on the template of AT2017gfo. Their distribution
in time is uniform while the distribution over the volume probed assumes an isotropic
universe.
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For completeness, we also generate template lightcurves of different transients to
contrast how detection efficiency will vary with peak magnitude or decline rate to help
contextualise the detection efficiency measurements of AT2017gfo. The decline rate of
AT2017gfo has been rivalled by only a few supernova-like events in recent years, most
notably AT2018kzr (McBrien et al., 2019b; Gillanders et al., 2020), but its brightness
is significantly higher, by at least 2 magnitudes at the time when the lightcurves peak.
As such, the inclusion of a population of AT2018kzr-like events allows us to explore
how the peak brightness achieved by a given transient impacts its likelihood of being
recovered even when its decline occurs in a similar time frame to a kilonova. Likewise,
we include a population of Type Ia supernova lightcurves to investigate how the com-
bination of brighter peak magnitude and slower decline - contrasting with AT2017gfo
in peak brightness and decline rate - will impact recovery.

4.3.2 ATLAS detection criteria

The ATLAS efficiency simulations observe the same detection criteria for generated
lightcurves as the ATLAS data processing pipeline does for real transients. The normal
ATLAS tiling pattern involves making a sequence of four slightly dithered 30 seconds
exposures over the period of an hour at any given pointing. The data processing and
difference imaging pipeline regards extracted sources as detected if they are recovered
to at least 5σ significance in a minimum of three of these exposures (Tonry et al., 2018).
Hence, simulated events will be considered recovered if they are brighter than the 5σ
limiting magnitude of three exposures contained in the ATLAS QC file on any single
night. We record which simulated events satisfy this detection criterion, in addition to
which do not and for what reason. It is possible for objects to not be recovered as a
consequence of not being seen in at least three exposures made at one pointing or if the
event occurs at a time and sky location where ATLAS does not observe for the duration
of the transient. The efficiency simulation also checks for events that fall into observing
gaps, though we only expect this to be influenced by the coverage of ATLAS HKO, per
Figure 4.1. With this information, we can ascertain the proportion of events that are
recovered relative to the proportion that are observed but not recovered and those that
are not observed at all.

The requirement that a simulated event be observed at least three times on one ob-
serving epoch is our only detection criterion. We are not imposing cuts based on colour
despite ATLAS observing in two filters, as it rarely observes the same field in both
bands simultaneously. Additionally, the 5σ limits employed in recovering detections is
representative of the ATLAS chip that made that exposure as a whole - intra-chip vari-
ations are not fully described. We might expect, in practice, some difference between
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the 5σ limit measured at any individual point on the detector and the average across the
whole chip, such as from galactic flux contributions or detector artefacts. We discuss
the impacts that this has on our results in Section 4.5.3 in greater detail.

4.4 Performing the efficiency simulations

We may begin performing a series of efficiency simulations for our chosen input events.
These include templates of AT2017gfo and AT2018kzr, both rapidly evolving and de-
clining at similar rate, but differing in peak brightness by approximately two magni-
tudes, and a model Type Ia supernova lightcurve.

4.4.1 Simulation specification

For each input event, we perform a set of simulations each distributing 100,000
lightcurves across a range of redshift values and sky locations assuming an isotropic
universe. With every successive simulation, the maximum distance of the redshift
distribution is increased, from a minimum of 10 Mpc up to a maximum distance of
100 Mpc, both to complement the 100 Mpc volume limited sample (Smith et al., 2020)
and to investigate how efficiency varies over distance. We choose to increase the up-
per limit in equivalent 10 Mpc steps, though it is possible to use a smaller increment
if desired. We restrict the declination range according to what region of sky ATLAS
most routinely observes. In Figure 4.3, we show a heatmap of the pointings of all ex-
posures ATLAS has made according to our QC file. As can be seen, ATLAS observes
the whole sky north of δ ' −40◦, but observations are more frequent near the equa-
tor. If we impose a requirement for ATLAS to have observed a region of sky at least
∼1000 times then our distribution of objects over declination in described by the range
−40◦ 6 δ 6 +80◦. We retain this range for all simulation sets.

Events are uniformly distributed in time over the duration of ATLAS’ exposure
history. We consider a longer period of time than the Smith et al. (2020) volume-
limited sample, spanning from MJD 57377.19706 (2015-12-21 04:43:46 UTC), ap-
proximately when ATLAS MLO began operating, to MJD 59022.61851 (2020-06-22
14:50:39 UTC). No kilonovae candidates have been identified in this additional sur-
vey period. Figure 4.4 illustrates the variation in 5σ limiting magnitude of both units
combined in this time. Considering them together, the ATLAS temporal coverage is
complete such that no observing gaps broad enough to miss an event as brief as an
AT2017gfo-like kilonova exist. Hence, any events not recovered in the simulation due
to a lack of temporally coincident exposures will be due to out-of-season explosions.
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Figure 4.3: A hexagonally binned heatmap showing the distribution of ATLAS point-
ings over the duration of its survey MJD 57377.19706 (2015-12-21 04:43:46 UTC) and
MJD 59022.61851 (2020-06-22 14:50:39 UTC) across a Mollweide projection of the
sky. The scale gives the total number of ATLAS exposures, made by both ATLAS units,
per projection bin.

Figure 4.4: The full extent of our QC file for both ATLAS units, in terms of its limiting
magnitudes of both observing units as a function of time. The data shown considers
a longer period of time than the Smith et al. (2020) study (Figure 4.1, bottom panels)
with the precise data used in the trial simulation shown in the shaded region.

For in-season explosions, the simulation code performs a check for ATLAS exposures
about the sky location of each event, such that the event itself is contained within their
footprints, and these exposures are used to ascertain which events are formally recov-
ered as per the detection criterion.
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Figure 4.5: The template lightcurves and corresponding polynomial fits to the con-
structed co lightcurves of AT2017gfo (left) and AT2018kzr (right) used in their respec-
tive simulation sets. Points highlighted with a square are artificial insertions to constrain
the fit, particular with respect to the rising limb of each curve.

4.4.2 Lightcurve properties

In the case of the AT2017gfo and AT2018kzr-like simulation sets, we obtain template
lightcurves by performing polynomial fits to the constructed co lightcurves of each
event. These are shown in Figure 4.5. The temporal sampling of each event is sufficient
that a polynomial of order 7, in the case of AT2017gfo, and 6, in the case of AT2018kzr,
can describe the data. We note that neither of these events were well observed during
their respective rises, so we have inserted artificial data points to these curves to con-
strain the fits at early times. For AT2017gfo, the approximate 11 hour delay between
gravitational wave signal (Abbott et al., 2017c) and optical counterpart identification
(Coulter et al., 2017) provides a stringent limit, while for AT2018kzr, it was estab-
lished that its rise time could be constrained to within 3 days of discovery (McBrien
et al., 2019b, see Chapter 3). For the template Type Ia lightcurve, we make use of the
models of Hsiao et al. (2007) to generate lightcurves of a standard Type Ia supernova.
Briefly, the Hsiao et al. (2007) models form a spectral time series derived from a multi-
tude of heterogeneous spectra for a sample of Type Ia events (Hsiao et al., 2007, report
using at least 600 spectra for 100 different objects, but that the sample is growing for
successive versions of the models). Following colour corrections of the spectral sample,
and weighting of the spectral features based on their respective strengths, the spectra
may be ‘mangled’ together to produce the time series, with magnitudes measured in the
ATLAS band passes (Tonry et al., 2018) directly via synthetic photometry. The model
lightcurves in ATLAS co are shown in Figure 4.6.

The generated lightcurves are converted into apparent magnitudes based on their
assigned redshifts and are corrected for Milky Way extinction based on their locations
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Figure 4.6: The template Type Ia lightcurve produced with the models of Hsiao et al.
(2007) to be used in its own simulation set, contrasting with the AT2017gfo- and
AT2018kzr-like sets.

on the sky. We utilise the Schlegel et al. (1998) dust maps for extinction corrections,
which assigns E (B−V) values that are converted to extinction values based on the
methods of Schlafly and Finkbeiner (2011). Note that, as with the AT2017gfo and
AT2018kzr template lightcurve formation, we assume the average extinctions of Sloan
gr and ri are representative of ATLAS c and o, respectively.

4.4.3 Simulation results

We show the variation in efficiency of the AT2017gfo-like, AT2018kzr-like and model
Type Ia simulations sets in Table 4.1. This table gives the fraction of events gener-
ated that were recovered, per the detection criterion, for each simulation set performed,
gradually increasing the maximum distance limit that transients could be placed at in
10 Mpc increments. As expected, the efficiency of recovering a given transient de-
creases as transients are distributed to greater distances, but the extremity of this decline
varies between the objects. The model Type Ia lightcurve displays the highest recovery
efficiency over the range of distances considered, peaking at 93.7% recovery at 10 Mpc
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Table 4.1: Efficiency values produced for all simulations in the three sets performed.
The distance measurement indicates the maximum equivalent distance that simulated
lightcurves could be placed during the distribution of events over redshift.

Distance Efficiency
[Mpc] AT2017gfo AT2018kzr Type Ia

10 0.537 0.634 0.937
20 0.479 0.625 0.932
30 0.416 0.613 0.927
40 0.358 0.597 0.923
50 0.304 0.580 0.913
60 0.261 0.564 0.905
70 0.221 0.557 0.893
80 0.181 0.543 0.880
90 0.148 0.534 0.861
100 0.118 0.526 0.841

but lowering to 84.1% at 100 Mpc. The AT2018kzr-like simulation set can be seen to
decrease by a similarly shallow amount from 63.4% at 10 Mpc to 52.6% at 100 Mpc.
Contrary to both of these sets, the AT2017gfo-like simulation series demonstrates the
lowest likelihood of recovery initially and the most pronounced decline, falling from
53.7% to only 11.8% recovery from 10 to 100 Mpc.

We present these efficiency variations graphically in Figure 4.7, along with curve
fits to aid in their description. Both the AT2018kzr-like and model Type Ia simula-
tion sets can be described by a linear decline over the distance range considered, while
the AT2017gfo-like set is better described by an exponential decline. The gradients
of the linear fits are ∼0.001 Mpc−1, likely due to AT2018kzr peaking in brightness
within a magnitude of a typical Type Ia, but their intercepts differ at 0.647± 0.003
for the AT2018kzr-like set and 0.958± 0.005 for the model Type Ia set. Given that
the peak brightness of these events means they will remain observable far beyond
100 Mpc, we are not attempting to extrapolate these fits beyond the distances simu-
lated and use them to indicate this maximum recovery efficiency that ATLAS may
achieve. The AT2017gfo-like set, on the other hand, has an exponential decay con-
stant of −0.016±0.001, implying the ATLAS recovery efficiency halves approximately
in 40 Mpc increments. Likewise, we infer a maximum allowed recovery efficiency of
0.648±0.013 for AT2017gfo-like kilonovae with ATLAS.
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Figure 4.7: The variation of recovery efficiency values presented in Table 4.1 for the
three simulation sets performed over distance. Over-plotted are linear and exponential
regression models describing their decline.

4.5 Discussion and interpretation

Given the maximum brightness (between −18 and −19 in absolute magnitude for both
ATLAS co) and time over which they decay, it is no surprise that the model Type Ia
template reaches the highest recovery efficiencies over the distance range considered
and that it displays such a minimal decline. Similarly, AT2018kzr-like events, peaking
in brightness around M '−18 in optical bands, show the same gradual loss of efficiency
over distance, even if they decay from a lower value initially. This is to be expected as
the main reason why Type Ia events would not be recovered is from the Sun obscur-
ing observations, as well as their occurring in regions of high Milky Way extinction,
making it either impossible for ATLAS to observe them or at least minimising the time
they are observable for. AT2018kzr, by contrast, remained observable for only a period
of 16−17 days (to a depth of r ∼ 24 magnitudes from the deep NTT imaging) making
these out-of-season events more frequent among their population. At the same time,
this shorter duration introduces the possibility that objects are simply missed while
ATLAS is observing, continually falling below the sensitivity limit. This is most pro-
nounced for the higher distance events that may only remain above the detection limit
for a few observing cycles. The AT2017gfo-like simulation set suffers on two fronts -
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the first being the lower peak brightness and the second being the shorter lifetime that
AT2017gfo exhibited over AT2018kzr (∼14 days), both having the effect of reducing
the control time over which such objects are detectable. In this section, we will discuss
the implications of where objects from each simulation set are lost and what might be
done to rectify this.

4.5.1 Distribution of recovered transients

For comparative purposes, we shall consider the distribution of events across the sky
that satisfy the detection criterion for the simulations of the three template lightcurves to
60 Mpc, as shown in Figure 4.8. The panels of Figure 4.8 give the density of recovered
events across the sky in hexagonal binning and scaled to the same amount to emphasise
differences in intensity. For the model Type Ia lightcurves, we recover 90.5% of the
generated lightcurves to 60 Mpc, while for the AT2018kzr-like and AT2017gfo-like
lightcurves, this figure stands at 56.3% and 26.1% respectively, as per Table 4.1. This
difference gives rise to a stark contrast in the intensity between the three distributions.
For all three simulation sets, it is clear that Milky Way extinction is a large contributing
factor in the loss of transients. This is most notable for the AT2017gfo-like set where
73.9% of the events distributed between declinations of −40◦ < δ <+80◦ to a maximum
distance of 60 Mpc are not recovered. It should be added that for these fainter events,
the recovery fraction decreases towards the poles in addition to this proximity to the
Milky Way plane (as can be seen in the top panel of Figure 4.8). In the case of proximity
to the Milky Way plane, it is worth remembering that kilonovae like AT2017gfo are
fainter at peak by as many as 2 magnitudes compared to AT2018kzr and the model
Type Ia simulated, meaning even mild extinction corrections can push objects below the
detection limit more readily. Nearer the poles, however, the total number of exposures
made by ATLAS per unit time is reduced, impacting recovery negatively. With the
increasing distance of each successive simulation, a greater proportion of AT2017gfo-
like lightcurves will be lost due to their occurring in high extinction regions of sky than
compared to the AT2018kzr-like and model Type Ia populations.

This disparity in brightness is responsible for the gradual decline in efficiency with
distance of the AT2018kzr-like and model Type Ia simulations, and, similarly, the rapid
decline in efficiency of the AT2017gfo-like simulations. We are then interested in un-
derstanding the distribution in redshift of recovered events for the AT2017gfo-like set.
Figure 4.9 shows the distribution of the redshifts of recovered events against that of
all events generated for each simulation in the AT2017gfo-like set as histograms. In
an isotropic universe, the redshift distribution of all generated events is cubic. This is
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Figure 4.8: Hexagonal binned density plots of simulated events across the sky dis-
tributed to 60 Mpc that are recovered in the AT2017gfo-like (top), AT2018kzr-like
(middle) and model Type Ia (bottom) sets.

also true of the recovered populations from 10 to 60 Mpc, but from 70 to 80 Mpc the
distribution begins to plateau in the more distant bins. At 90 Mpc, the plateau ends
and begins a decline in the highest distance bins, which becomes more exaggerated at
100 Mpc. The plateau and subsequent decline is indicative of the maximum distance
limit at which AT2017gfo-like kilonovae being reached, given their peak brightness,
justifying the 100 Mpc limit of the Smith et al. (2020) volume limited sample in the
context of searching for AT2017gfo-like kilonovae. The exact magnitude limit of AT-
LAS varies over time and with each filter used, but typical values for it are o > 19

83



and c > 19.5, however we note that both filters are sensitive to depths of 20th magni-
tude regularly. Other transients, and indeed other kilonovae, may be detectable beyond
100 Mpc though the incompleteness of galaxy catalogue redshifts introduces problems
in associating such discoveries with hosts.

4.5.2 Distribution of non-recovered transients

The reason for a given generated object to not be recovered is retained during each
simulation so we may better quantify these losses. Generated lightcurves that are only
observed on two or fewer epochs on one night at most, are not recovered as they do not
satisfy the detection criterion of three 5σ detections on one night. Additionally, objects
that explode at a time or at a location of the sky that ATLAS does not observe for the
duration of their respective lightcurves are not recovered. An independent check for
objects occurring during observing gaps of ATLAS is also performed for each object
but, as noted, this is largely redundant given the cadence of ATLAS. Figure 4.8 em-
phasises how extinction corrections restrict the recovery of objects, particularly in the
fainter population of AT2017gfo-like lightcurves. Performing an identical simulation
set for the AT2017gfo-like template that does not apply extinction corrections allows
us to better quantify this.

In Figure 4.10, we show the proportion of events recovered to those events lost due
to their not satisfying the detection criterion and to occurring at a time and location
where ATLAS did not observe for their lifetime, for both simulation sets that apply and
do not apply the effects of Milky Way extinction. Without applying extinction, more
events satisfy the detection criterion and fewer events are lost, which is intuitive. The
number of events lost to a lack of coincident exposures remains consistent between the
two simulation sets, however, at ∼39%, indicating that this outcome is not impacted by
the brightness of the object under consideration1. Hence, we note that effects which
cause objects to be viewed as fainter, such as extinction or their occurring at a greater
distance, impact on the proportion of events lost for not satisfying the detection crite-
rion, while objects lost to a lack of coincident exposures relate more to the cadence of
ATLAS limiting the total number of nights a particular object may be observed.

To expand on this point further, we show the spatial distribution of events lost due
to a lack of coincident exposures in Figure 4.11 for the 60 Mpc simulations of all three
input lightcurves. These non-recovered events are more evenly distributed over the sky,

1We also observe this is constant percentage loss of events to a lack of coincident exposures in the
AT2018kzr-like set (∼33%) and the model Type Ia set (∼4%).
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Figure 4.9: Stacked histograms of the distribution of redshifts of recovered events
(green) and all events generated (blue) for each simulation performed in the
AT2017gfo-like set as the percentage of the total number of events generated.
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Figure 4.10: The proportion of outcomes for the 100,000 events generated for each
AT2017gfo-like simulation, styled as an abundance plot. Solid lines account for ex-
tinction corrections while dashed lines do not.

not being effected by distance or extinction, though do show some increased occurrence
at RA values in the range 0◦ <α< 120◦. In comparing this to Figure 4.3, we can see that
this region is not observed as frequently as the RA values outside the range (∼1500 total
exposures here, to >2000 outside of it). This is likely due to the effect of weather, as
this corresponds to the period of October through February, approximately. The model
Type Ia lightcurve employed here remains above Mc = −14 and Mo = −16 magnitudes
for over 100 days, so even if exploding out-of-season, is sufficiently bright for long
enough that a large proportion of events may be observed on emerging from behind
the Sun (or similarly observed before being obscured by the Sun). By contrast, both
AT2017gfo and AT2018kzr remain observable to the same depth for a matter of weeks,
if not days, meaning not only that a higher proportion of the simulated events will occur
out-of-season, but also giving a much briefer window to observe such events on or prior
to their emergence from behind the Sun.
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Figure 4.11: The distribution of simulated events across the sky that are not ob-
served by ATLAS for the duration of their lightcurves, placed out to 60 Mpc, in the
AT2017gfo-like (top), AT2018kzr-like (middle) and model Type Ia (bottom) sets.

4.5.3 Variations in limiting magnitudes

Another factor to consider is how the 5σ limiting magnitudes of each exposure in the
QC file are derived. The 5σ limiting magnitude for any exposure utilised in this work
is a measurement representative of the state of the chip as a whole at the time of ex-
posure. Consequently, intra-chip variations are not properly captured, be they from de-
tector artefacts, over-subtraction near bright sources or the result of poor flat-fielding.
We would like to quantify what the offset between the average 5σ limiting magnitudes
from our cadence library (referred to internally, and henceforth, as MAG5SIG) across
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the chip and those at a specific location on the chip are. To do this, we obtain a sec-
ond set of forced photometry for each exposure at a number of chosen sky locations.
We collect imaging data from the exposures around each specified location and force a
point-spread function (PSF) there across all images using the tphot algorithm (Tonry,
2011; Sonnett et al., 2013; Smith et al., 2020), to measure the contained flux in micro-
Jansky µJy along with an error, dµJy. From the definition of AB magnitudes, we can
convert this error to a 5σ limit as:

m5σ = −2.5 log10
(
5×dµJy

)
+ 23.9 (4.1)

To investigate the effects of galactic flux variations on AT2017gfo-like kilono-
vae, we perform forced photometry at three locations. These are at the locations
of AT2017gfo itself, the core of NGC4993 and an approximate midway point be-
tween the two. This should enable us to quantify the effect and gradation of host
flux moving radially outward from the galaxy core. From the NASA/IPAC Extra-
galactic Database (NED), NGC4993 is located at coordinates αNGC4993 = 13:09:47.7,
δNGC4993 = −23:23:02. AT2017gfo was located at α17gfo = 13:09:48.08, δ17gfo =

−23:22:53.2, some 10.”24 away from the galaxy centre, from PS1 measured astrom-
etry (accurate to 0.5′′). Our midway case will be approximately halfway between these
at 5′′ North of NGC4993. We show an aggregate scatter plot of the MAG5SIG values
>17 magnitudes against the difference between MAG5SIG and the 5σ limiting magni-
tudes derived from forced photometry with Equation 4.1 at these locations in Figure
4.12 in addition to the distribution of this difference at all locations.

For each distribution in the difference between forced photometry-derived 5σ limits
and MAG5SIG values we compute the mean and median offset as well as the standard
deviation of the distribution. These are annotated on the top right, bottom left and
bottom right panels of Figure 4.12. We include measurements of both the mean and
median to ascertain if there is a skew in any of the distributions. It can be seen that
at the location of AT2017gfo, the median offset in magnitude is −0.02±0.11, while at
the location of NGC4993 this stands at −0.01± 0.13 and at the location between the
two it is −0.00±0.12. All mean and median values are between 0.00 and −0.02 for the
three comparisons. Additionally, each distribution has the same value for the mean and
median, indicating the distributions are not skewed and could adequately be described
by a Gaussian function. The standard deviations of the distributions are all very similar
as well, taking values between 0.11 and 0.13. This would suggest there is no significant
offset in the 5σ limits measured by the ATLAS data processing (MAG5SIG) and via
forced photometry at a specific location about lenticular galaxies, viewed face-on. An
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Figure 4.12: Top left: A scatter plot of the 5σ limiting magnitudes from our QC file
(MAG5SIG) used in the simulations that are >17 magnitudes against the difference in
the 5σ limiting magnitudes measured by tphorce (Smith et al., 2020) for all three
separations from the host galaxy. Top right: The distribution in the difference between
tphorce limiting magnitudes and MAG5SIG values at the location of AT2017gfo. Bot-
tom left: The distribution in the difference between tphorce limiting magnitudes and
MAG5SIG values at the location of NGC4993. Bottom right: The distribution in the
difference between tphorce limiting magnitudes and MAG5SIG values at a location 5′′

from NGC4993.

interesting counter-comparison could be made by considering events in galaxies viewed
edge-on, but this raises the question of host environments of kilonovae as well as their
formation channels.

Having computed the efficiency of recovery of ATLAS for AT2017gfo- and
AT2018kzr-like transients as a function of time-volume, we may now begin to investi-
gate what physical constraints this information enables us to place. It is now possible
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to impose a limit on the rate of occurrence of both transient types in the local universe
based on the capacity of ATLAS to detect them as they occur. Such rate estimates have
been made using GW and GRB observations, with optical constraints becoming more
common as survey telescopes adapt their capabilities to detect more rapidly evolving
transients.
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Chapter 5

Constraints on the rates of AT2017gfo-
and AT2018kzr-like transients

“...well, science knows it doesn’t know everything.
Otherwise, it’d stop.”

- Dara Ó Briain (2008)



5.1 Introduction

In Chapter 4, we presented a measurement of the ATLAS recovery efficiency of several
transients events in a volume of space limited to 100 Mpc. We may now use this mea-
surement to estimate the rate of those transients in the local universe. For kilonovae,
the reason ATLAS has not made a detection of this type of event lies somewhere be-
tween understanding the recovery efficiency of the instrumentation and their inherent
rate of occurrence in the local universe. Having now measured the former in the case of
AT2017gfo-like kilonovae, we may set upon constraining the latter. Similarly, we have
performed a measurement of the efficiency with which ATLAS detects brighter, but
still rapidly evolving AT2018kzr-like transients, so shall extend our rate estimation to
it. We are not inferring any rate of Type Ia supernovae in this volume as, although mea-
surements of the efficiency of a template Type Ia event has been performed, estimates
of their rate in the context of ATLAS has been presented by Smith et al. (2020).

The discovery of AT2017gfo demonstrated the strengths of multi-messenger astro-
physics as it was detected not only as a gravitational wave (GW) signal (Abbott et al.,
2017c), but across the electromagnetic spectrum, from gamma (Abbott et al., 2017b)
through optical and near infrared (Coulter et al., 2017; Andreoni et al., 2017; Arcavi
et al., 2017; Chornock et al., 2017; Cowperthwaite et al., 2017; Drout et al., 2017;
Evans et al., 2017; Kasliwal et al., 2017; Tanvir et al., 2017; Pian et al., 2017; Troja
et al., 2017; Smartt et al., 2017; Soares-Santos et al., 2017; Utsumi et al., 2017; Valenti
et al., 2017) and into X-ray (Margutti et al., 2017) and radio (Hallinan et al., 2017) as
well. With so many signals to explore when searching for kilonovae, many independent
constraints on the rate of occurrence of these events exist that we may compare to for
the derived rate of ATLAS we shall present. For suspected white dwarf-neutron star
(WD-NS) mergers, it has not been confirmed if such multi-messenger signals can be
utilised to aid detection. Rates estimates have been made from population synthesis
models (Portegies Zwart and Yungelson, 1999; Tauris and Sennels, 2000; Kim et al.,
2004; Toonen et al., 2018) and inferred from observations of galactic WD-NS systems
(Davies et al., 2002), but they are uncertain and hold only within the Milky Way. Sub-
sequently, the only rate estimates for WD-NS mergers in the local universe are the
optical-derived estimates presented in this work. In any event, producing upper limits
to the rate of either event is a crucial step in understanding their rarity and also enables
us to construct better search strategies to maximise the total number of both events we
will discover. The work presented in this thesis will form part of the ATLAS-authored
publication mentioned in Section 4.1.
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5.2 The rate of AT2017gfo- and AT2018kzr-like events

For both AT2017gfo- and AT2018kzr-like events, we now estimate their rate of occur-
rence in the local universe. We constrain these rates to 90% confidence limits as AT-
LAS has not made a detection of an AT2017gfo-like kilonovae while for AT2018kzr, al-
though ATLAS did observe it, it occurred at a luminosity distance greater than 100 Mpc.
Hence, over the distance range simulated, and considered by the ATLAS volume lim-
ited sample, we do not possess detections of either events.

5.2.1 Deriving a volumetric rate

The volumetric rate of a transient R is defined as the number of events of that transient
type N occurring in a particular volume of space V that is observed for some time T .
ATLAS observes ∼24,500 sq. deg. per night with each of its units, so routinely probes
a large volume of space, though not simultaneously. The day-night cycle, weather and
technical losses impinge on ATLAS observations, meaning we probe an effective time-
volume according to the recovery efficiency of the transient in question, ε. Having
computed ε in Chapter 4 (presented in Table 4.1) for both AT2017gfo and AT2018kzr-
like transients as a function of this time-volume, we may derive their respective rates
as:

R =
N
εVT

(5.1)

In counting discrete events occurring over a given period of time and in a given
region of space, we employ Poisson statistics for this calculation. Consider the proba-
bility P of a transient from of a population of k events occurring in a particular interval
of time in some region of space with an expectation value λ.

P (k,λ) =
λke−λ

k!
(5.2)

Lacking a detection of either event within 100 Mpc over the time considered in the
previous simulations, we modify Equation 5.2:

P (0,λ) =
λ0e−λ

0!
= e−λ (5.3)

Hence, the 90% confidence upper limit is recovered when e−λ = 0.1, giving an ex-
pectation value of 2.3. As such, the upper limit describes the rate which begets 2.3 de-
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Table 5.1: The probed time-volume measurements of efficiency ε and associated upper
limit estimates for the rate R of AT2017gfo and AT2018kzr-like events, based on the
simulations performed in Chapter 4.

Distance Volume Time AT2017gfo AT2018kzr
[Mpc] [Gpc3] [yrs] ε R [Gpc−3 yr−1] ε R [Gpc−3 yr−1]
10 3.81×10−06 3.35 0.537 < 335000 0.634 < 284000
20 3.07×10−05 3.35 0.479 < 46700 0.625 < 35800
30 1.03×10−04 3.35 0.416 < 16000 0.613 < 10800
40 2.46×10−04 3.35 0.358 < 7810 0.597 < 4690
50 4.79×10−04 3.35 0.304 < 4720 0.580 < 2470
60 8.28×10−04 3.35 0.261 < 3180 0.564 < 1470
70 1.31×10−03 3.35 0.221 < 2360 0.557 < 940
80 1.96×10−03 3.35 0.181 < 1930 0.543 < 640
90 2.79×10−03 3.35 0.148 < 1670 0.534 < 460
100 3.84×10−03 3.35 0.118 < 1520 0.526 < 340

tections of the transient under consideration in the effective time-volume proved by AT-
LAS. We will estimate this 90% confidence upper limit on the rate for both AT2017gfo
and AT2018kzr.

5.2.2 Upper limits on the rate

From Table 4.1, we have the detection efficiencies of both AT2017gfo and AT2018kzr-
like events as a function of the time-volume probed by ATLAS. We similarly compute
upper limits of the rate of detection of both transients as a function of the time-volume
probed, per Equation 5.1. We present these variation in these upper limits over distance,
per the simulations performed, in Table 5.1.

It can be seen that the rate estimate of both transient types become more constrained
with increasing distance while their recovery efficiencies decrease over the same range.
At 100 Mpc, we observe that AT2017gfo-like events occur at a rate <1520 Gpc−3 yr−1,
recovered at an efficiency of 11.8%, where AT2018kzr-like events occur at a rate
<340 Gpc−3 yr−1, but are recovered at an efficiency of 52.6%. We show the variation
of rate graphically for both transient types in Figure 5.1, along with how the enclosed
probed volume of the simulations increases. For both events, it can be seen that with
an increasing distance, and thus volume probed, the estimated rate limit decreases.
We note that our choice of parameters for both simulation sets used to measure the
efficiency of recovery of each transient type are identical, such that the probed time-
volume is the same for each. Hence, the difference in the estimated rate of AT2017gfo
and AT2018kzr-like transients is due to their differing efficiency measurements. With
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Figure 5.1: The variation of the rate of AT2017gfo-like (green) and AT2018kzr-like
(red) transients with increasing volume (black) probed by ATLAS.

their greater recovery efficiency, AT2018kzr-like transients are more readily observed
with ATLAS, though the fact that none are found in an increasing volume with each
simulation suggests that they are rarer in occurrence. It is intuitive that AT2018kzr-like
events are rarer as their brighter nature makes them more readily recoverable over a
greater distance range. As such, a lack of detections over that range is a consequence
of a more constrained rate. Conversely, AT2017gfo-like events, owing to their fainter
magnitude, are more challenging to recover, opening the possibility that events of their
ilk occur more frequently but go undetected. Both events decay at similar rates in
optical bands (∼0.5 mag day−1), and the detection of AT2018kzr by ATLAS, with its
two day cadence, shows that we are capable of observing objects that fade this rapidly.
However, AT2018kzr and AT2017gfo peaked almost two magnitudes apart, meaning
the depth of ATLAS is the primary limiting factor on its ability to observe kilonovae
independent of a gravitational wave trigger.
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Figure 5.2: A comparison of the BNS merger rate estimates produced by different
groups, spanning optical (green, Kasliwal et al., 2017; Doctor et al., 2017; Yang et al.,
2017; Andreoni et al., 2020), gravitational wave (GW, blue, Abbott et al., 2016c, 2017c;
LIGO Scientific Collaboration and Virgo Collaboration, 2020b), short duration gamma
ray burst (sGRB, red, Dichiara et al., 2020; Jin et al., 2018; Coward et al., 2012; Della
Valle et al., 2018; Fong et al., 2015), galactic double neutron star (DNS, yellow, Pol
et al., 2020; Kim et al., 2015; Kalogera et al., 2004) and population synthesis studies
(grey, Chruslinska et al., 2018).

5.3 Comparison to the literature

Measured over the volume ATLAS probes within 100 Mpc, we estimate an upper limit
on the rate of 1520 Gpc−3 yr−1 for AT2017gfo-like kilonovae and 340 Gpc−3 yr−1 for
AT2018kzr-like events. It is now possible to compare our derived kilonovae rate esti-
mate to those presented by other groups, and through other multi-messenger signals, in
the literature. A summary of these rates can be viewed in Figure 5.2. AT2018kzr, on
the other hand, is a suspected WD-NS merger and the first event of its kind observed.
While no observational estimates of their rate have been made before now, we may
compare to recent population synthesis studies performed for context. We include this
in Section 5.3.4

96



5.3.1 Gravitational wave measurements

Following the first LIGO observing run, O1, Abbott et al. (2016c) presented a
90% confidence upper limit on the rate of binary neutron star (BNS) mergers of
<12,600 Gpc−3 yr−1. This measurement holds for neutron star component masses in
the range 1.35± 0.13 M� to an angle averaged distance of 70 Mpc. The result was
derived by a Bayesian analysis of the Poisson distribution of events across the time-
volume probed while LIGO was observing. The discovery of GW170817 during the
second observing run, O2, constrained this limit further, by using <12,600 Gpc−3 yr−1

as a prior, to 1540+3200
−1220 Gpc−3 yr−1(Abbott et al., 2017c). The component mass distri-

bution for this value, however, is flat between 1 and 2 M�.

During the third observing run by LIGO, O3, several BNS triggers were announced
though no optical/near-infrared counterparts have been identified. One of the more
promising triggers was GW190415 (LIGO Scientific Collaboration and Virgo Collab-
oration, 2020a), caused by the merger of two bodies of mass 1.12M� and 2.52M�.
While the component masses are within the range thought to be possible for neutron
stars, the merger chirp mass and resulting total mass extend beyond the range for known
binary neutron star systems, raising the concern that this event involved a merger with
at least one black hole. Still, assuming this is a binary neutron star merger, it updated
the LIGO-Virgo neutron star merger rate to 1090+1720

−800 Gpc−3 yr−1. With O3 now con-
cluded, the LIGO-Virgo BNS rate has been updated once more to 320+490

−240 Gpc−3 yr−1

(LIGO Scientific Collaboration and Virgo Collaboration, 2020b) based on the BNS
mergers observed during the first half of the observing run, O3a. It is to be expected
that the full offline analysis of O3b mergers will constrain this value further, and indeed
for this to be true through O4 and O5.

5.3.2 Optical and near infrared measurements

Many optical and near infrared groups - comprising both wide field and galaxy tar-
geted surveys - have attempted to constrain the rate of kilonovae using optical imaging
data in the wake of the discovery of AT2017gfo. The Palomar Transient Factory (PTF,
Law et al., 2009), predecessor to ZTF, upon completion of a search for events resem-
bling AT2017gfo in their data streams, performed a Monte Carlo simulation, similar to
that of Andreoni et al. (2020), that imposed a limit of 800 Gpc−3 yr−1 for AT2017gfo-
like events (Kasliwal et al., 2017) to 3σ significance. Conversely, the Distance Less
Than 40 Mpc (DLT40, Tartaglia et al., 2018) quote a rate of 9.9×104 Gpc−3 yr−1(Yang
et al., 2017) based on a study of ∼2200 galaxies within a 40 Mpc search radius. How-
ever, prior to AT2017gfo the most robust estimate on the rate of kilonovae had been
made by DES. In Section 4.2.1, we discussed the DES-SN program and their strat-
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egy for identifying kilonova candidates in their acquired data set. The snana (Kessler
et al., 2009) simulations employed to characterise their recovery efficiency on a grid
of model lightcurves (Barnes and Kasen, 2013) similarly presented the opportunity
estimate of the rate of kilonovae. Given the range in peak magnitudes of the model
kilonovae (−11 > M > −15) considered and the varied depth afforded by the two search
fields in DES-SN, Doctor et al. (2017) presented 90% confidence upper limits on the
rate of bright (peaking at Mi = −16.2) and faint (peaking at Mi = −11.4) kilonovae
of 2.4×104 Gpc−3 yr−1and 1.0×107 Gpc−3 yr−1, respectively. The DES rate estimates
were among the first made for kilonovae independent of associated gravitational wave
triggers, prior to the discovery of AT2017gfo.

The most recent rate estimate has been made by ZTF, from the study discussed in
Section 4.2.2. Though no convincing kilonova candidates were identified, Andreoni
et al. (2020) set upon constraining the rate of kilonovae in the local universe. This was
achieved by using the simsurvey Python package to recover a population of input tran-
sients across a time-volume surveyed according to a list of pointings, with associated
filters, sky brightness measurements and zero points, for a given instrument, akin to
the work presented for ATLAS in Chapter 4. The number of events to simulate was
decided by integrating an assumed initial rate, either constant or as a function of red-
shift, over the time-volume considered with lightcurve properties attributed based on
an input sample and object redshifts set by a distribution between two limiting value.
The process is repeated to create a Monte Carlo simulation of initial rates and using
several different input lightcurves. Per Andreoni et al. (2020), these input lightcurves
included a flat 3 day lightcurve model at absolute magnitude −16 in gri, a grid of lin-
early decaying models with decay rates distributed between 0.3 and 1.5 magnitudes
per day and a set of kilonovae models derived from the best fit to AT2017gfo, made
by Dietrich et al. (2020), assuming likeness to AT2017gfo but with a distribution of
viewing angles. The rate measurements are taken from simulations wherein the recov-
ered number of kilonovae events is 3, setting a 95% confidence level from the Poisson
statistics of small samples (Gehrels, 1986). For AT2017gfo-like lightcurves, the rate
is constrained to <1775 Gpc−3 yr−1, though this increases to <4029 Gpc−3 yr−1 if the
distribution of AT2017gfo-like events over viewing angle is considered. Our efforts are
consistent with this, as can be seen in Figure 5.2.

5.3.3 Short gamma ray burst measurements

The coincident discovery of a short duration gamma ray burst (sGRB, GRB170817A)
with the gravitational wave signal (GW170817, Abbott et al., 2017b; Goldstein et al.,
2017) solidified the link between sGRBs and BNS mergers. The sGRB population of-
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fers another means of deriving an independent rate estimate for kilonovae in the local
universe. Prior to the discovery of GRB170817A, several groups had measured the
rate of sGRB events occurring, which we may consider as congruent with the rate of
kilonovae. For instance, Coward et al. (2012) presented a sample of Swift observed
sGRB events with redshifts z ∼< 0.5. Though their beaming angle is uncertain, assuming
isotropic emission constrains the rate to 8+5

−3 Gpc−3 yr−1, while correcting for beaming
with coincident optical or X-ray emission raises this to 1100+700

−470. Similarly, Fong et al.
(2015) estimated a rate of 270+1580

−180 Gpc−3 yr−1 (corrected for beaming), based on a
sample study of 103 sGRB events observed by Swift, Fermi and Konus-Wind. Jin et al.
(2018) estimated, from a study of five sGRB events including those discussed by Jin
et al. (2015) and Jin et al. (2016), a rate of 1109+1432

−657 Gpc−3 yr−1. With the discov-
ery of GRB170817A, Della Valle et al. (2018) placed the rate at 352+810

−281 Gpc−3 yr−1,
with a caution that beaming angles of sGRBs borne of BNS mergers may be below
40◦ to explain the discrepancy between this and the then most recent LIGO rate of
1540+3200

−1220 Gpc−3 yr−1(Abbott et al., 2017c). The most recent rate estimate for sGRBs
comes from Dichiara et al. (2020), who in a study of sGRBs observed by Swift over 14
years within 200 Mpc estimated a rate of 160+200

−100 Gpc−3 yr−1.

5.3.4 Galactic binary neutron star and population synthesis studies

Lastly, we consider rates inferred from binary neutron star (BNS) systems within the
Milky Way. Events of the like of AT2017gfo are produced in the merger of a double
neutron star (DNS) system, several of which are known in the Milky Way (Hulse and
Taylor, 1975). Kalogera et al. (2004) presented a rate estimate of the galactic DNS co-
alescence rate from observations of pulsar binaries. The distribution of these binaries
over the Milky Way was simulated along with a galactic inspiral rate to infer a DNS
coalescence rate of 83.0+209.1

−66.1 Myr−1, to 95% confidence. Assuming a galaxy num-
ber density of ∼10−2 Mpc−3 (Della Valle et al., 2018), this translates to a merger rate
of 830+2091

−661 Gpc−3 yr−1. More recently, Kim et al. (2015) inferred a DNS coalesence
rate of 21+28

−14 Myr−1 at 95% confidence while Pol et al. (2020) inferred 37+24
−11 Myr−1

at 90% confidence. Assuming the same galaxy number density, these become rates of
210+280

−140 Gpc−3 yr−1 and 370+240
−110 Gpc−3 yr−1, respectively. The galactic DNS merger

rates and BNS merger rates reported by LIGO had long been discrepant, but the
most recent LIGO O3a value suggest they are actually consistent with one another.
In terms of population synthesis models, which simulate the evolution of binary star
systems from main sequence to core collapse and subsequent merger of the remnant
neutron stars, where applicable, Chruslinska et al. (2018) provide a rate estimate of
600+600

−300 Gpc−3 yr−1.
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These population synthesis models are a useful point of comparison for our esti-
mates of the rate of WD-NS mergers producing AT2018kzr-like transient events. Pop-
ulation synthesis studies of WD-NS binary systems performed by Portegies Zwart and
Yungelson (1999) and Tauris and Sennels (2000) gave typical values of WD-NS merg-
ers in the Milky Way of 10−5−10−3 yr−1 which generally agreed with and attempts to
constrain this merger rate from observations of white dwarf - pulsar binaries (Davies
et al., 2002). Kim et al. (2004), in a similar study, suggested the merger rate was likely
nearer this lower limit, estimating their rate to be in the range (0.2−10)× 10−6 yr−1,
though these are expected to be low as they are not corrected for pulsar beaming. A
more recent paper by Toonen et al. (2018), in which a robust set of population syn-
thesis models of WD-NS binaries has been presented, quote this range as spanning
8× 10−6 − 5× 10−4 yr−1, assuming that Milky Way star formation occurs at a rate of
3 M� yr−1. We may extrapolate this to a volumetric rate in the local universe by as-
suming the same galaxy number density as Della Valle et al. (2018), 10−2 Mpc3. Doing
so gives a merger rate in the range 80− 5000 Gpc−3 yr−1, in broad agreement with the
rates shown in Table 5.1.

5.4 Discussion and interpretation

Our upper limit on the rate of AT2017gfo-like kilonovae in the local universe is in
agreement with the measurements made by other programs, though we observe that
optical-only measurements are among the least constraining. The most constraining
rates are those provided by sGRB detections and, in the advent of LIGO O3a, gravita-
tional waves. Indeed, the most recent estimate of the rate of binary neutron star mergers
by LIGO stands a factor of 3 below the O2 estimate (LIGO Scientific Collaboration and
Virgo Collaboration, 2020b) with an upper bound (810 Gpc−3 yr−1) a factor 2 below the
ATLAS estimate made in this work. While more constraining, the LIGO rates indicate
that in a 100 Mpc volume, up to 10− 11 BNS mergers, and thus kilonovae, should be
occurring each year, of which ATLAS can detect at least 1. Likewise, our estimate of
the rate of AT2018kzr-like events suggest they are of a similar rarity to what LIGO indi-
cate kilonovae borne of BNS mergers are. With an absence of detections from ATLAS
in a 100 Mpc radius, the question we might ask now is ‘where are they all?’.

5.4.1 How many events were we expecting to observe?

Predictions on how many kilonovae we might hope to observe with ATLAS are de-
pendent both on the estimated rate of occurrence of kilonovae and the observational
parameters of ATLAS. Scolnic et al. (2018a) provided a simulation of multiple sur-
vey telescopes, including ATLAS, to estimate how many kilonovae each could expect
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to detect with their observational capabilities. The work used snana (Kessler et al.,
2009) to generate a range of kilonova lightcurves, per the models of Barnes and Kasen
(2013), and simulate their recovery by different astronomical surveys. While the Scol-
nic et al. (2018a) study employed real observational data for many of its simulated sur-
veys, incorporating a cadence library of observation dates, zero points, sky noise data
and point-spread functions, as well as the transmission functions of the filters adopted
by each survey, for ATLAS, this was restricted to average values. A constant volumetric
rate of kilonovae of 1000 Gpc−3 yr−1 is assumed to predict that ATLAS will observe,
over 5 years of survey, 8.3 kilonovae, though we note that no convincing counterparts
have yet been identified.

The disparity between prediction and observation depends on two main factors. The
first is the rate assumed by Scolnic et al. (2018a), though this is a minor discrepancy
now with the available LIGO O3 rate estimates. Although these stand a factor of 3 less
than the Scolnic et al. (2018a) assumed rate, their upper bound is broadly in agreement.
However, if we anticipate that the true value is not as high as this upper bound then,
from Equation 5.1, we might expect only 2.7 events to be detected in the 5 years consid-
ered, instead of the original 8.3. The second point to consider is that the average values
for cadence, depth and sky area surveyed adopted to describe the ATLAS observational
capacity probe a different effective time-volume than we have considered in this work.
Scolnic et al. (2018a) have assumed an ATLAS sky area coverage of 11,000 sq. deg.
on a cadence of 1.3 days to a depth of 20.3 magnitudes in ATLAS co. This probes an
effective time-volume approximately 5.5 times larger than what we have considered in
this work (see Table 5.1). Hence, a truer representation of the number of kilonovae AT-
LAS can expect to discover will be ∼20% of what is quoted by Scolnic et al. (2018a),
corrected for a more constraining rate. This places the number of potential detections
at or below unity, more consistent with the lack of detections made so far.

AT2018kzr was discovered almost as a by-product of the search for kilonovae. It
had been predicted that a WD-NS merger could give rise to an optical transient reaching
peak luminosities of ∼1040 erg s−1 from 56Ni powering with ejecta comprising interme-
diate mass elements (Metzger, 2012). Given sufficiently high velocity winds in the disk
ejecta, it would be possible to produce shocks that are capable of thermalising the ki-
netic energy output to luminosities of 1043 erg s−1(Margalit and Metzger, 2016). The
spectroscopic modelling of Gillanders et al. (2020) supported this as a plausible explo-
sion scenario for AT2018kzr. A standard formation scenario of such a binary system
usually involves a NS primary in a wide orbit with an intermediate mass main sequence
star secondary that undergoes unstable Roche lobe overflow upon the secondary leaving
the main sequence (van den Heuvel and Bonsema, 1984). WD-NS systems do occur in
our galaxy (Damashek et al., 1982; van den Heuvel and Taam, 1984; Lyne, 1984), but
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their precise rates are not well studied. It is reasonable to assume that WD-NS systems
form through a similar binary evolution channel to that which produces DNS systems
(Tauris et al., 2017) and that they are perhaps a more common outcome than DNS
systems given that only one supernova explosion occurs. The simulations by Toonen
et al. (2018) demonstrate the many formation channels that can yield WD-NS bina-
ries, including scenarios where the WD forms before the NS and vice verse, and what
diversity exists across the population, based on their respective initial conditions. We
might expect their rates to be a factor of a few greater than those discussed in Section
5.3.4, meaning it is plausible that AT2018kzr is the only WD-NS merger we might have
expected to observe.

5.4.2 What are we finding instead?

Previous searches, both archival and in real time, for kilonovae in the ATLAS data
streams have highlighted some of the observational challenges of identifying events of
this calibre. Probing the parameter space of AT2017gfo has lead to the discovery of
several objects of note - not only AT2018kzr (McBrien et al., 2019b; Gillanders et al.,
2020), but also AT2018cow (Prentice et al., 2018; Perley et al., 2019) and SN2019gsc
(Srivastav et al., 2020). While it is possible to observe genuine, interesting transients
in this parameter space, they are rare and it is space that is flooded by contaminants.
The first archival search with ATLAS yielded several objects resembling kilonovae
that ultimately proved not to be kilonovae, and no events resembling AT2018kzr. The
‘kilonova-like’ objects were unfortunately found to be contaminants of one form or an-
other. This included technical issues, such as cross-talk1, and also many astrophysically
real sources either declining at a rate comparable with (∼0.5 mag day−1) or peaking in
magnitude similar to AT2017gfo (−14 > M > −16). In the case of objects that cannot
be associated with a host galaxy, we lose the absolute magnitude information as a diag-
nostic and instead rely solely on the rapid decline. Consequently, stellar outbursts, such
as classical novae and galactic cataclysmic variables (CVs), become our main contami-
nant in archival searches for kilonovae and enter into the parameter space of AT2018kzr
as well.

Indeed, the most promising candidate identified from that archival search was that
of ATLAS17fqi. ATLAS17fqi was discovered on MJD 57895.24808 (2017-05-22
05:57:14 UTC) at coordinates (09:31:46.26, -30:19:26.7) and at an apparent magni-
tude 17.18±0.06 in c. It was registered on the TNS with the designation AT2017egc2,
and was found to be associated with the galaxy ESO 434- G 011 (z = 0.0086, 35 Mpc),

1Cross-talk is an effect whereby flux from a point source saturating the ATLAS chip on one amplifier
bleeds out and manifests as fainter point sources on the other amplifiers.

2https://wis-tns.weizmann.ac.il/object/2017egc
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offset from its core by 2.256 arcmin. ATLAS17fqi was observed a total of three times
on this night and a further six times on the night of MJD 57899, four nights later, all in
c. The decline between these epochs was measured to be ∼0.1 mag day−1, more gradual
than for an AT2017gfo-like kilonova, but more rapid than for a typical supernova. What
eliminated ATLAS17fqi from consideration as a kilonova candidate was deep imaging
of the source obtained with the NTT. Imaging data in Sloan g, totalling 7200 seconds of
integration, was acquired in April 2018 by the ePESSTO program (Smartt et al., 2015)
which revealed a point source at the location of ATLAS17fqi with magnitude ∼24.6.
This is too faint to be observed with Pan-STARRS, which would otherwise complement
our search for faint sources with ATLAS. The precise magnitude is less important than
the fact that a counterpart can be identified at its location a year from discovery. We
show the ATLAS discovery frames and the NTT exposure in Figure 5.3.

These stellar outbursts are a primary contaminant in the search for kilonovae with
wide field instruments. Classical novae appear in nearby (d < 30 Mpc) galaxies and
globular clusters at apparent magnitudes m < 18, above the detection limit of ATLAS.
Their distances tend to places them at absolute magnitudes of −6 > M > −10, occu-
pying a fainter range than kilonovae (Della Valle and Izzo, 2020). CVs, conversely,
must be foreground objects in the Milky Way, usually at unknown distances. While
this means their absolute magnitudes are not immediately known, they are much too
faint to be extragalactic, but do decline by several magnitudes in a short space of time
and have a relatively high sky density. Hence, CVs often prove to be foreground con-
taminants. With ATLAS, we have been building a sample of CVs so as to understand
the decline rates of these objects, since the literature on the topic is not developed. We
have collected a sample of 488 objects (as of 2020-11-12) that appear to be CVs - they
lack hosts and deeper PS1 imaging shows a non-extended source at or near the discov-
ered location of each object. Of these, only 26 are spectroscopically classified as CVs,
while 1 is classified as a nova and 1 a LBV. For this sample, we have forced photom-
etry at their respective locations over the extent of ATLAS’ observational history and
identified the regions where a decline occurs. This involves selecting the regions of
the lightcurves where each event is detected on at least two epochs to 5σ significance
above magnitude m< 19 and whose first and last detections, per this criteria, occur with
two months of each other and with no longer than 8 days between adjacent detections.
We measure the decline by fitting a linear slope to each lightcurve, as a preliminary
analysis of the non-forced lightcurves generally showed a linear decay in magnitude
over time. Hence, the gradient of the fit describes the decay rate in magnitudes per day.
The distribution of this decline rate sample is shown in Figure 5.4.
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Figure 5.3: Top: The ATLAS discovery triplet of ATLAS17fqi (AT2017egc) showing
the target discovery frame (left), the reference image used for subtraction (centre) and
the resulting difference image (right). Bottom: The deep NTT frame taken approxi-
mately one year after discovery, cropped, with the location of ATLAS17fqi highlighted.

The quality filters reduce the sample size from 488 to 52 objects in c and 47 in
o for which a decline rate can be measured. From Figure 5.4, we can see that most
CV candidates decline at a rate <0.25 mag day−1 in either filter. The mean µ values of
these distributions are µc = 0.14±0.20 mag day−1 and µo = 0.11±0.05 mag day−1, with
median values 0.11 mag day−1 for each filter. While this does suggest the c distribution
is skewed by a small amount, it can be seen that there are outliers in the decline rates
at >0.28 mag day−1 and <0.00 mag day−1 in c only. Negative decline rates belong to
events with rising lightcurves, a phase in the lightcurve that is not always observed by
ATLAS for these outburst events. It is possible that some fast evolving supernovae
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Figure 5.4: The distribution of decline rates measured for the ATLAS CV sample
in c (cyan) and o (orange). Bars for these filters are stacked and overlaid with the
approximate decline rates of AT2017gfo in griz.

without known hosts have entered the sample which may be the source of either the
rising objects or the events declining at 0.3−0.4 mag day−1. An inspection of the events
9 events that decline at rates greater than 0.2 mag day−1 (5 in c, 3 in o and 1 in both)
shows these events as possessing either no clear galactic host or association with a
catalogued stellar counterpart. We show a summary of these events in Table 5.2.

Studies into CV populations have found events that decline at rates >0.2 mag day−1,
so it is likely these candidates, given their hostless nature, belong to this regime. In any
case, it is only these candidates that overlap with the decline of AT2017gfo, particularly
in iz, but not the majority of the CV candidate population. The modal value for decline
in both ATLAS filters is ∼0.1 mag day−1, a factor of five slower than for AT2017gfo in
r. Hence, while CVs are on the more rapid end of the decline rate spectrum, they do not
significantly broach the parameter space belonging to kilonovae similar to AT2017gfo.
So long as sufficient lightcurve data is obtained, it is possible to use the decline in mag-
nitude to rule candidates out as CVs in the search for kilonovae, even if their absolute
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Table 5.2: The fast declining members of the ATLAS CV candidate population, where
decline rate in either filter is measured to be >0.2 mag day−1. Note that ATLAS20yuh
has had a decline rate measure in both ATLAS co.
(1) - this is an orphaned transient, with no host.
(2) - associated with a galaxy in the PS1 catalogue. The closest galaxy in NED is
WISEA J205006.48+011225.6, located 0.104 arcmin away.
(3) - likely CV outburst or variable star, being associated with a PS1 identified stellar
source (separation 0.”2).
(4) - stellar source associated with N1ZM019810 in the Guide Star Catalog.
(5) - likely variable star, being associated with a PS1 identified stellar source (separation
1.”0).
(6) - known CV, observed by ASAS-SN and CRTS.

ATLAS ID IAU name RA Dec Decline rate Notes
[degrees] [degrees] [mag day−1]

Cyan measurements
ATLAS19yrx AT2019tej 321.81523 +26.64456 0.213 (1)
ATLAS19yya − 84.21748 −36.26666 0.225 (1)
ATLAS20yuh AT2020sjx 312.52594 +1.20874 0.300 (2)
ATLAS19bdll AT2019wnm 14.79054 +34.64324 0.301 (3)
ATLAS20xyt AT2020rsz 270.03924 +35.76466 0.402 (4)
ATLAS20sld AT2020poy 280.12541 +11.09278 0.440 (1)

Orange measurements
ATLAS18tzk AT2018fgc 278.03992 +12.71844 0.210 (5)
ATLAS20yuh AT2020sjx 312.52594 +1.20874 0.229 (2)
ATLAS18mah − 116.77642 −13.56419 0.236 (1)
ATLAS20rca AT2020nzh 203.46543 −43.40791 0.259 (6)

magnitudes are not known.

5.4.3 Where do we go from here?

Identifying kilonovae independently of gravitational wave triggers with ATLAS is a
challenging endeavour and, similarly, the occurrence of AT2018kzr-like events appears
to be rare. The absence of detections thus far and our rate estimates made demonstrate
this fact. It appears that the occurrence of kilonovae in the local universe is still a
novel phenomenon, and while the discovery of AT2018kzr shows that ATLAS is able
to observe such rapidly declining transients, without improvements in depth we may be
forced to wait a long time before observing an event of the like of AT2017gfo. If we
take the current LIGO rate of 320+490

−240 Gpc−3 yr−1 as the true rate, then we can estimate
that ATLAS would need to observe for 15.9 years with both units for a 90% chance of
making a single detection (or 6.3 years, taking the upper limit of 810 Gpc−3 yr−1).

It is, however, worth exploring other possibilities that may enable the detection of
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kilonovae with ATLAS, particularly with the upcoming addition of two units at the
South African Astronomical Observatory and at El Sauce, Chile. The present two
units, based in Hawaii, are capable of surveying the whole northern sky while the
planned third and fourth units will enable whole sky coverage on a nightly cadence.
The exponential decline in recovery efficiency for AT2017gfo-like kilonovae presented
in Chapter 4 indicates that to improve our chances of detecting kilonovae we must sur-
vey to greater depths than ATLAS is capable of. The high cadence ATLAS affords
is better suited to rapid follow-up of localised sky areas, as in the wake of gravita-
tional wave triggers during the LIGO-Virgo observing runs undertaken to date. The
LIGO O3-O4 recess is expected to last for up to 18 months, time which ATLAS may
spend following up on other multi-messenger signals. For instance, sGRB events, now
known to accompany BNS mergers (Abbott et al., 2017b), could be followed for nearby
triggers to identify optical emission. The median sGRB redshift is ∼0.48, and the near-
est sGRB after GRB170817A occurred at z ∼ 0.111 (Berger, 2014). At this nearest
redshift, we would need to be able to observe down to 24.5 magnitudes to identify
a source at absolute magnitude M = −16, perhaps making this not the most feasible
search one could construct with available surveys. Using GRB detections as an ad-
ditional diagnostic to identify AT2018kzr-like events should be possible, in principle,
but is similarly not expected to be a hugely beneficial diagnostic. The accretion of
ejecta onto the merger remnant is capable of powering a relativistic jet that manifests
as a long-duration gamma ray burst (lGRB, Fryer et al., 1999; King and Pringle, 2007).
However, the simulations of Metzger (2012) show that the mass of material accreted
onto the remnant surface may only comprise as little as 1% of the original WD mass
giving rise to relatively weak emission.
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Chapter 6

Conclusions

“Isn’t this where...
- Outside The Wall
Pink Floyd, The Wall (1979)



6.1 Overview of the work presented

This thesis has discussed the efforts to identify compact mergers using wide-field sur-
veys as well as their classification with various follow-up programs. These include
binary neutron star (BNS) mergers, found through the detection of kilonova emission
released in the wake of the merger, and the first suspected compact merger involving a
white dwarf (WD). With Pan-STARRS, the ongoing search for kilonovae (Smartt et al.,
2019; McBrien et al., 2021) has found two candidates, of which one could plausibly
be described as a kilonova. Both were observed prior to the discovery of AT2017gfo
(Abbott et al., 2017c; Coulter et al., 2017), so understandably were overlooked at the
time of their discovery. With ATLAS, however, no such convincing kilonova candi-
dates have been observed yet, but other rapidly evolving and intrinsically faint tran-
sients have been discovered in the search. In an effort to find evidence of compact
mergers involving neutron stars, we have identified another interesting transient type
that can be explained by either a WD-NS or WD-BH merger scenario. The former
interpretation is supported by bolometric lightcurve fits that are supplemented by mag-
netar powering, meaning a NS is present. The later interpretation, however, remains
plausible as the lightcurve peak may be powered in part by disk winds following the
merger. AT2018kzr (McBrien et al., 2019b; Gillanders et al., 2020) is perhaps the first
merger of its kind observed thus far and its discovery raises many questions about this
particular transient type in terms of their photometric and spectroscopic evolution, as
well as their rates of occurrence and host properties.

To expand on the lack of kilonova detections made by ATLAS, an efficiency sim-
ulation of AT2017gfo-like events was performed over the first 3.35 years in which
ATLAS was observing with two units. This demonstrated that in a volume of space
limited to 100 Mpc (per the discussion of Smith et al., 2020) ATLAS can achieve a
recovery efficiency of 11.8% for AT2017gfo-like events. By contrast, events of the
like of AT2018kzr are recovered to an efficiency of 52.6% over the same time-volume.
With these figures, estimates of the upper limits on the rate of both types of transient
were made to 90% confidence, standing at <1520 Gpc−3 yr−1 and <340 Gpc−3 yr−1 re-
spectively. The ATLAS-derived AT2017gfo-like rate estimate is consistent with other
published estimates of the rate of kilonovae through optical observations (Doctor et al.,
2017; Andreoni et al., 2020) though is not as constraining as present gravitational wave
(GW) estimates of BNS merger rates (LIGO Scientific Collaboration and Virgo Collab-
oration, 2020b). We show a summary of recent AT2017gfo-like merger rates in Table
6.1. The rate of AT2018kzr-like events is among the first volumetric rate estimates
made for WD-NS events from observation, though it is noted to be more constraining
than otherwise suggested by population synthesis studies of WD-NS mergers (Toonen
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Table 6.1: A summary of the recent rate estimate of AT2017gfo-like merger events,
including the LIGO BNS merger rates for comparison (Abbott et al., 2016c, 2017c;
LIGO Scientific Collaboration and Virgo Collaboration, 2020b; Yang et al., 2017; Doc-
tor et al., 2017; Andreoni et al., 2020; Kasliwal et al., 2017).

Group Rate
[Gpc−3 yr−1]

LIGO O1 < 12,600
LIGO O2 1540+3200

1220
LIGO O3a 320+490

−220
DLT40 < 99,000
DES < 24,000
ZTF < 1775
ATLAS < 1520
PTF < 800

et al., 2018), which can be extrapolated to <5,000 Gpc−3 yr−1. This is curious, though
still intuitive, as their brighter nature compared to AT2017gfo-like events indicates they
will be more easily observed when they do occur, however the fact that none have been
observed apart from AT2018kzr implies they are inherently rarer.

In this final chapter we shall consider the results presented in this thesis and discuss
their implications for the continued search for compact mergers, both with existing
technology and as part of future programs.

6.2 Kilonova candidates found thus far

Prior to the commencement of this work, the only confirmed kilonova was that of
AT2017gfo (Abbott et al., 2017c; Andreoni et al., 2017; Arcavi et al., 2017; Coulter
et al., 2017; Chornock et al., 2017; Cowperthwaite et al., 2017; Drout et al., 2017;
Evans et al., 2017; Kasliwal et al., 2017; Lipunov et al., 2017; Nicholl et al., 2017; Tan-
vir et al., 2017; Pian et al., 2017; Troja et al., 2017; Smartt et al., 2017; Utsumi et al.,
2017; Valenti et al., 2017). Before its discovery, candidates had been found in the opti-
cal and near infrared afterglows of short duration gamma ray burst (sGRB) discoveries
(Perley et al., 2009; Berger et al., 2013a; Tanvir et al., 2013; Jin et al., 2015, 2016).
The Pan-STARRS Search for Kilonovae (PSSK), discussed in Chapter 2, raised two
further candidates from optical detections - PS15cey and PS17cke. PS15cey stood out
for possessing a rapid decline approaching that of the kilonova AT2017gfo across two
optical bands in Pan-STARRS. Owing to uncertainty in available catalogue redshifts,
we obtained spectroscopic observations of the host of PS15cey and measured a secure
redshift, z = 0.0717± 0.0006, which placed it outside the bounds of PSSK (200 Mpc
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volume limit), at a luminosity distance of 320 Mpc. The redshift measurement also
revealed that its peak absolute magnitude was at least two magnitudes brighter than
AT2017gfo, which disfavours a neutron star-neutron star (NS-NS) merger progenitor
scenario for this object. It was possible to model the available photometry with lumi-
nous kilonova models borne of BH-NS merger scenarios (Barbieri et al., 2020a). These
favour a maximally spinning black hole merging with a low mass neutron star and
fits can be produced to maximise dynamical ejecta and total ejecta mass for differing
combinations of primary and secondary masses. Comparisons to AT2018kzr also seem
promising, both being of a similar peak magnitude and showing rapid declines on a par
with AT2017gfo. Without proper spectroscopic follow-up, however, it remains difficult
to discern between these two possibilities and either are plausible.

PS17cke, on the other hand, is a plausible kilonova candidate. With one secure de-
tection and deep limits indicating a rapid fade, the decline rate is similar to AT2017gfo
and a range of kilonova model lightcurves. Our forced photometry at the position of
PS17cke over the history of both the Pan-STARRS and ATLAS surveys found one
marginal detection at −12.8 days before discovery. We employed several checks to ver-
ify this including the construction of a customised deep reference stack in PS1 and cre-
ation of difference images using two different subtraction and analysis pipelines (Rest
et al., 2005; Magnier et al., 2020a). The flux at this epoch can be attributed to residu-
als from the subtraction process, and it cannot be confirmed as a genuine point source
detection. Interpretation of the physical nature of PS17cke is dependent on whether
this −12.8 day point is real. Assuming it is not, then our detections and limits allow a
favourable comparison of the lightcurves of several NS-NS and BH-NS merger mod-
els, including those presented by Dietrich et al. (2020) and Kawaguchi et al. (2020).
These models match the measured decline rate and are consistent with the upper lim-
its available. Depending on the model, we suspect the merger would have occurred
between 2 and 7 days prior to discovery. For the majority of this time, we note that
LIGO was observing with at least one detector online, making it highly likely that if
a GW signature had been produced in concurrence with the optical signal of PS17cke,
it would have been observed. However, there are periods during which neither LIGO
detector was locked and working and it is possible that a merger occurred during one
of these windows and was missed. In this 2−7 day period prior to discovery the com-
bined downtime of both LIGO detectors was 13%, so it is possible a genuine kilonova
was missed. If the earlier significant data point at −12.8 days is interpreted as a real
detection, then a kilonova model is inadequate in describing the data and we consider
a LBV outburst explanation more likely. Previously observed LBV outbursts, such as
SN2000ch (Pastorello et al., 2010) and SN2009ip (Maza et al., 2009; Pastorello et al.,
2013), do experience multiple periods of rapid decline in their lightcurves comparable
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to PS17cke, but we only observe this outburst once for PS17cke in the history of PS1
and ATLAS survey data. This is peculiar as we would expect multiple periods of out-
bursting were this a genuine LBV. We consider other faint and fast declining transients
but find these even less likely to fit the observational constraints. Deeper imaging from
a space-based telescope is required to distinguish between these scenarios.

PS15cey and PS17cke represent examples of the kind of objects we are searching
for in the local universe independent of GW triggers within the Pan-STARRS Search
for Kilonovae (PSSK, Smartt et al., 2019) and the ATLAS volume limited survey
(Smith et al., 2020, within 100 Mpc). This may be a fruitful search for degenerate
mergers in the gap between the LIGO-Virgo Consortium observing runs of O3 and O4
with available wide-field surveys. Such degenerate mergers would include events like
AT2018kzr, whose discovery may help to constrain the nature PS15cey further, and
may also discover kilonovae beyond the horizon distances of the GW detectors or in
periods when they are not locked and observing.

6.3 Prospects for discovering kilonovae with current surveys

If wide-field instruments operate by balancing survey cadence, and thus area covered,
with the depth they can observe to, then the work presented in this thesis would suggest
that maximising depth would be a viable strategy if discovering kilonovae is the sole
scientific goal. Within this thesis, we have discussed the search for kilonova candidates
with Pan-STARRS, as part of PSSK (Smartt et al., 2019), and with ATLAS, as part of
a transient science project to be published by the ATLAS team. Between these, PSSK
has presented one plausible kilonova candidate in PS17cke (McBrien et al., 2021), but
ATLAS lacks a convincing counterpart. Additionally, Pan-STARRS detected the first
kilonova, AT2017gfo, though in targeted observations and not ‘blind’, where ATLAS
did not1. At first glance, it appears that Pan-STARRS is the superior instrument for
identifying events of the magnitude of AT2017gfo, however it is worth emphasising
that the consideration of PS17cke as a kilonova candidate is only plausible and not
confirmed, as yet.

Indeed, one might wonder at this point whether observations for kilonovae with
Pan-STARRS enable us to constrain their rate any more stringently than with ATLAS.
Unfortunately, performing an efficiency simulation and subsequent rate estimate for
Pan-STARRS, as was done for ATLAS in Chapters 4 and 5, presents some challenge.
On a technical level, the code written for the ATLAS efficiency simulation would re-
quire significant generalisation to be applicable to Pan-STARRS, given their differ-

1This is not to say that ATLAS could not detect AT2017gfo. At the time of the merger, ATLAS was
simply not targeting its RA range.
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Figure 6.1: Contour plots with isolines of constant rate for different combinations of
control time for supernovae and kilonovae. Rates shown are calculated with Equation
6.1 assuming 1 detection (left) in PS17cke and 0 detections (right), giving the 90%
confidence upper limit.

ent detector geometry, observing patterns and filter systems. We may gain insight
to what rate Pan-STARRS would estimate by correcting the normal SN rate, given
the number of SNe (NSN) and kilonovae (NKN) detected by Pan-STARRS, as well as
their control times (TSN and TSN, respectively). If we take the normal SN rate to be
RSN = 1.25× 105 Gpc−3 yr−1 (Leaman et al., 2011; Li et al., 2011), then we approxi-
mate the rate of kilonovae to be:

RKN = 1.25×105 ·
NKN

NSN
·

TSN

TKN
Gpc−3 yr−1 (6.1)

As of 2020-12-29, Pan-STARRS has detected 2495 SNe candidates, not includ-
ing superluminous events. These are detected transients found associated with a host
galaxy, or otherwise, that have been vetted by human scanners and show some change
in their lightcurves (either a rise or fade, but not periodic variations). Supposing control
times of 40±10 days for a standard SN and 2±1 days for a kilonovae, then we obtain a
rate RKN = 1000+2300

−830 Gpc−3 yr−1 if PS17cke is the only kilonova detected. Of course,
the precise value obtained with Equation 6.1 will vary with the respective control times
used, though we may still utilise these estimates to aid discussion. We show contour
plots to highlight what rates estimates different combinations of control times beget in
Figure 6.1.

In Chapter 5 with ATLAS, we produced a 90% confidence upper limit on the rate
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of AT2017gfo-like kilonovae, given no detections, of <1520 Gpc−3 yr−1. Supposing
PS17cke is not a kilonova, which remains a plausible description until deep imaging of
the host is obtained, the Pan-STARRS estimated rate is constrained to a 90% confidence
upper limit of <2300 Gpc−3 yr−1. This is consistent with our ATLAS rate measurement
and, more broadly, the current LIGO BNS merger rate estimate of 320+490

−240 Gpc−3 yr−1

(LIGO Scientific Collaboration and Virgo Collaboration, 2020b). The formulation of
these rate estimates is less robust than the ATLAS rates derived in Chapter 5, so we
are not attempting to draw more significant conclusions from this beyond a statement
that observations with Pan-STARRS, while beneficial for identifying kilonovae in the
first place, are unlikely to constrain their rate significantly. This is somewhat implied
by the rate estimates produced by other groups discussed in Section 5.3 - optical rate
measurements are among the least constraining currently available. Deriving a rate
with the routine Pan-STARRS NEO survey, in the way that has been performed with
ATLAS, is possible, though the lack of a fixed survey volume and varied use of filters
would make constructing it more difficult.

This is not to say that searching for kilonovae with current wide-field surveys is
a wasted effort. The discovery of AT2017gfo clearly demonstrates that, and the AT-
LAS rate measurements presented in this work are among the most constraining op-
tical limits available. The efficiency simulations discussed in Section 4.4 show that
there is a clear preference for discovering AT2017gfo-like events at lower distances
(AT2017gfo itself occurred 40 Mpc away, Coulter et al., 2017), but our discussion in
Section 5.4 indicates that such ‘nearby’ events are rarer. Indeed, through the third
LIGO-Virgo observing run, O3, the nearest BNS merger trigger announced was for
the event GW190425 (Ligo Scientific Collaboration and VIRGO Collaboration, 2019;
LIGO Scientific Collaboration and Virgo Collaboration, 2020b) at a luminosity distance
of 156± 41 Mpc. ATLAS and Pan-STARRS both covered the localisation area of this
event, totalling 7461 sq. deg. in the 90% confidence contour. Respectively, they tiled
to 37.2% (McBrien et al., 2019a) and 28.1% (Smith et al., 2019b) completeness in the
first 24 hours, and found new transients within these areas, though none were deemed
associated with the trigger itself. For completeness, we note that ZTF covered 46%
of the localisation area in the first 48 hours (Coughlin et al., 2019). The issue is that
events like AT2017gfo are rare and have a reduced likelihood of occurring in the local
universe (< 100 Mpc away). ATLAS and Pan-STARRS can continue with follow-up
campaigns of GW triggers through LIGO O4 and O5, but it is likely the occurrence of
BNS mergers will be found to be less common than previously thought.
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6.4 Prospects for discovering kilonovae with future technology

At the beginning of this thesis, in Section 1.7, we remarked that a kilonova peaking at
absolute magnitude M ∼ −16 at 100 Mpc, without being observed through extinction,
will be observed at an apparent magnitude m ∼ 19. While this is above the detection
limit of surveys like ATLAS, it represents the effective maximum distance to which
they can recover kilonovae. Pan-STARRS, by contrast, can identify sources down to
magnitudes of m ∼ 20.5 to 200 Mpc, but at a lower cadence than ATLAS. To increase
the likelihood of discovering kilonovae independently of GW triggers with wide-field
surveys, one must increase the time-volume probed. This can be achieved by increasing
survey depth or covering a larger area of sky. The addition of two additional units in
the southern hemisphere to the ATLAS project will aid this latter point, but the former
challenge is something to be tackled by future survey projects.

6.4.1 Next generation surveys

The next generation of survey telescopes are expecting to make unprecedented discov-
eries, in terms of volume and quality, in the field of time domain astronomy. Chiefly
among these is the Vera C. Rubin Observatory (formerly the Large Synoptic Survey
Telescope), the site of an 8.4 m telescope under construction on Cerro Pachón, in the
Coquimbo Region of Chile (LSST Science Collaboration, 2009, 2019). From the Vera
C. Rubin Observatory, a 10 year survey of ∼18,000 sq. deg. will be conducted, now
referred to as the Legacy Survey of Space and Time (LSST). LSST will observe in the
ugrizy filters and in single exposures will reach 5σ depths of 23.9 (u), 25.0 (g), 24.7
(r), 24.0 (i), 23.3 (z) and 22.1 (y). The majority of the observing time will be dedicated
to this wide-field survey though a portion will be dedicated to smaller field, but higher
depth observations. The intent of LSST is to study dark matter and dark energy but it
will undoubtedly discovery many interesting transients in serendipitous observations.
This is expected to include kilonovae, given the depth and survey area that LSST will
be capable of observing.

The predictions of Scolnic et al. (2018a) are useful to discuss here as a point of com-
parison to the existing surveys already investigated in this work. Scolnic et al. (2018a)
simulated the LSST Wide Fast Deep (WFD) survey that will comprise the majority of
the program’s duration, in addition to the Deep Drilling Fields (DDF) that the remain-
ing time will be utilised for. Their predictions are that LSST WFD will discovery 69
kilonovae while LSST DDF will discover 5.5 per 10 years of survey to redshift z = 0.25.
Recall that this assumed an initial BNS merger rate of 1000 Gpc−3 yr−1, consistent with
the current LIGO upper limit, but we acknowledge these may be an overestimate by
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a factor of 3. Still, for LSST WFD, if it were to discovery 23 kilonovae in 10 years
(equivalently 2− 3 per year) it would be a significant improvement on both ATLAS
and Pan-STARRS. This is interesting as this prediction assumes a much lower cadence
than what is utilised by both ATLAS and Pan-STARRS. For LSST WFD, Scolnic et al.
(2018a) take cadences in the ugrizy filters of 30, 35, 18, 19, 21 and 18 days, respec-
tively (LSST Science Collaboration, 2019), where ATLAS observes with a near nightly
cadence and Pan-STARRS every 7− 10 nights typically. The strength of LSST is in
the increased depths in these filters, capable of seeing events to redshifts z = 0.25 and
thereby increasing the control time of the kilonovae observed and the volume in which
they can be discovered in. With such depth, it opens the possibility of finding kilonovae
in the optical afterglows associated with sGRB events as well. The nearest sGRB event
prior to the discovery of GRB170817A occurred at z = 0.111 (Berger, 2014), though
with a median redshift for the sGRB population of z = 0.48, LSST will only be de-
tecting afterglows on the lower end of the redshift distribution. Still, this is a marked
improvement on the prospects of performing follow-up observations of sGRB events
than currently available with ATLAS and Pan-STARRS.

6.4.2 Improved lightcurve analysis and photometric classification

The observational capabilities of LSST are impressive, from a design standpoint, but
the volume of data it will produce emphasises some of the logistical challenges with
the continued development of wide-field surveys. It is expected to produce 15 terabytes
of information every night (Jurić et al., 2017), which necessitates the use of a data
management system to process, reduce and distribute the data to various brokers. This
is at the extreme end of data production, but as a field, astronomy is heralding in the era
of ‘big data’ with large scale projects such as the Square Kilometer Array (Aharonian
et al., 2013), Wide-Field InfraRed Survey Telescope (Spergel et al., 2015; Hounsell
et al., 2018) and the Laser Interferometer Space Antenna (eLISA Consortium, 2013)
expected to launch before the end of the decade. ATLAS is anticipating the operation of
an additional two units in the coming years that will double its data production rate. At
present, each ATLAS unit produces 0.2 terabytes per night (Smith et al., 2020), which
can be processed such that human scanners may begin searching for good transients
from the ingest in the same day. With an additional two units, the technical demand
increases, but the real challenge lies in processing the increasing volume of data rapidly
enough that genuine candidates may be identified and classified in as short a time as
possible. This is true of the variety of supernovae (SNe) that modern surveys discover,
as well as the variable stars and CVs that contaminate the background.

Detecting kilonovae has an additional time constraint due to their rapid decline
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(∼0.5 mag day−1), which stresses the need for immediate classification. With the fu-
ture developments to ATLAS, it may become necessary to attempt to classify objects
photometrically in order to prioritise them for spectroscopic follow-up as queuing all
discoveries for spectroscopic classification is likely to become unfeasible. Machine
learning algorithms, and in particular Recurrent Neural Networks (RNN), present a
means of classifying transient discoveries from their lightcurve data alone. RNN are a
form of feedforward neural networks that provide a means of classifying an input data
sequence that varies in time, such as the lightcurves ATLAS constructs for objects over
the duration of its survey. An example of such an algorithm ATLAS is experimenting
with is the Real-time Automated Photometric IDentification package (rapid, Muthukr-
ishna et al., 2019), which intends to provide a means of classifying transients based
on early photometry, with classification accuracy improving as the lightcurve evolves.
RAPID can be trained to distinguish between normal Type Ia, Ia-91bg-like, Iax, .Ia,
Ib/c and II SNe, as well as superluminous SNe (SLSNe), intermediate luminosity op-
tical transients (ILOTs), pair-instability SNe (PISNe), Ca-rich gap transients (CaRTs)
and tidal disruption events (TDEs) and provides a score to reflect the probability of a
given transient being each of the classification types. Training such an algorithm to
recognise kilonovae in the ATLAS data streams requires that ATLAS detects kilono-
vae in the first place, unless one trains it on model data, but given that it scores all
outcomes on an execution, it may be a possible to classify based on a process of elim-
ination. Other machine learning algorithms, such as Convolutional Neural Networks
(CNN), are available, though compared to RNN, CNN find more frequent use in clas-
sifying imaging data over time-varying sequences in astronomy.

6.5 Detection of other compact mergers

The discovery of AT2018kzr demonstrates that ATLAS is capable of detecting objects
that decline at rates rivalling that of AT2017gfo. Likewise, the Pan-STARRS discovery
of PS15cey and PS17cke shows how it may probe for faint objects similar to kilonovae.
While the nature of PS17cke is that a kilonova interpretation of the data is plausible,
for PS15cey, this is less certain. In Chapter 2, we outlined an alternate explanation of
PS15cey in the form of an AT2018kzr-like merger-nova. Between this and AT2018kzr
itself, perhaps modern survey telescopes are better suited to identifying these unusual,
but no less bright, objects than they are kilonovae. The simulation sets shown in Chap-
ter 4 are a testament to this as a major strength of ATLAS is its two night cadence,
which enables detection of rapidly evolving objects so long as they are suitably above
the detection threshold. ATLAS has made its share of notable discoveries of pecu-
liar transients, including AT2018cow (Prentice et al., 2018), SN2019bkc (Chen et al.,
2019) and of course AT2018kzr (McBrien et al., 2019b) whose nature is still debated.
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In this work, we suggested that plausible descriptions lie in a WD-NS merger scenario
or the accretion induced collapse (AIC) of a white dwarf, but not in an ultra-stripped
SN explosion. The detailed spectroscopic analysis of its early spectra, presented by
Gillanders et al. (2020), favoured the WD-NS scenario. In their analysis, Gillanders
et al. (2020) outlined which explosion scenarios could successfully describe various
features of AT2018kzr’s photometry and spectroscopy, including its peak brightness
and rapid rate of decline, the velocity, mass and bulk composition of the ejecta and
the relative strengths of iron emission to nickel. Of the proposed scenarios, only the
WD-NS merger description could feasibly produce all of these features. We note that
there is some uncertainty in whether the peak brightness can be achieved, given that
our interpretation would require shock-heating in the ejecta disk, as well as the ejecta
mass, as discussed by Gillanders et al. (2020).

One of the main discrepancies discussed in Chapter 3 was of the ejecta velocities
measured by the lightcurve and spectral modelling. The lightcurve modelling sug-
gested an ejecta velocity as high as 30,000 km s−1 where the early spectral modelling
suggested a velocity of 17,000− 18,000 km s−1. This discrepancy was attributed to
the relative simplicity of the Arnett-based lightcurve model employed, in assuming a
homologously expanding shell of material. It would be interesting to see if a more so-
phisticated lightcurve model could produce a closer match with the spectral modelling.
For instance, the Monte Carlo code mosfit (Guillochon et al., 2018) provides a means
of exploring other SN models applied to events previously. To provide an example, the
56Ni decay models supplemented by magentar powering discussed in Section 3.4.1 can
be reproduced in mosfit along with models of Type Ic SNe or kilonovae. It should be
noted that kilonovae models in themselves are disfavoured by the composition implied
by the spectral modelling, but it would enable us to explore whether other radioactive
species beyond 56Ni are involved, such as r-process elements. A pure magnetar power-
ing model with a robust handling of statistical uncertainties would be a useful point of
comparison as well, which can be achieved with mosfit.

Although the combination of bright but rapidly evolving lightcurves does allow
ATLAS to detect such mergers, at present AT2018kzr is the only WD-NS merger
known, assuming it is so. In Chapter 5, we discussed the limits on the volumetric
rate of AT2018kzr-like events we could impose on a 100 Mpc limited volume of space.
In this work, we placed an upper limit on this rate of 340 Gpc−3 yr−1 to 90% confi-
dence which is in broad agreement with, and if not more constraining than, the inferred
rates of WD-NS mergers from population synthesis studies (Toonen et al., 2018) at
80−5000 Gpc−3 yr−1. While we acknowledge the uncertainty in extrapolating to these
rates, given it assumes a constant galactic number density of 10−2 Mpc−3 (Della Valle
et al., 2018), it is reasonable to assume that the ATLAS rate could be underestimating
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the true value as it holds only for events of the like of AT2018kzr. Other WD-NS merg-
ers will display some variation in lightcurve features compared to AT2018kzr, perhaps
if the proposed disk shock-heating powering the lightcurve peak is not as strong. The
extrapolated population synthesis model rates imply that by now ATLAS should have
observed 34 WD-NS mergers, which is a high number. The ATLAS transient sample
presented by Smith et al. (2020) provides an overview of the classification of the 540
transients discovered in the period considered. Of these, 107 have not been classified
and 62 are classified as stripped envelope SNe, to which AT2018kzr bears a strong
resemblance. The spectral modelling of Gillanders et al. (2020) is quite firm on the
composition of AT2018kzr, so it is reasonable to assume other WD-NS mergers will
present as Type Ic SNe. Hence, between the classified stripped envelope events and
the unclassified sources, it is possible that ATLAS has observed more WD-NS mergers
but simply not recognised them as such. This indicates that we should carefully model
their lightcurve data to see if any can be described by appropriate fits.

6.6 Closing remarks

Compact mergers beget optical transients of varying peak brightness and rate of evolu-
tion, be they from the merger of two neutron stars (Li and Paczyński, 1998; Metzger
et al., 2010), a neutron star and black hole (Metzger, 2017) or a neutron star and white
dwarf (McBrien et al., 2019b; Gillanders et al., 2020). It is clear that the detection of
kilonovae is difficult with current technology but that the prospects of detecting other
compact mergers remains strong. The rate of discovery of kilonovae will likely increase
moving into the next generation of wide-field surveys, but we note that new challenges
are equally likely to emerge. It appears that surveys like ATLAS, Pan-STARRS and
ZTF have been breaking into a new parameter space of optical transients, that being of
faint (M < −16) but rapidly evolving transients, and with surveys such as LSST on the
horizon, we can anticipate this parameter space becoming more thoroughly explored.
There are yet unanswered questions and problems about kilonovae, such as their lu-
minosity function (Anand et al., 2020) and nucleosynthesis yields (Pian et al., 2017),
which require more observations to begin to solve. Answers may come in some part
as advances in the time domain era continue, but we suspect this will prompt yet more
questions as well, as we may only be scratching at the surface of this parameter space.

119



Appendix

Description of the
efficiency simulation code



A.1 Overview of the code

The efficiency simulation code is a collection of Python 3 modules that generates in-
put lightcurves of a particular transient, distributes them over a range of redshifts and
sky coordinates, and performs a recovery of them given the observational history of AT-
LAS. The lightcurves are attributed based on an input template lightcurve of a particular
object. In this thesis, templates of AT2017gfo and AT2018kzr, as well as a model Type
Ia lightcurve (Hsiao et al., 2007), have all been used. By generating a sufficient number
of lightcurves and distributing them across the time-volume that ATLAS probes, the
proportion of events recovered relative to the number of events generated describes the
recovery efficiency of that transient. The code generates objects individually and at-
tributes to them properties used for distribution before performing recovery. Repeated
iterations of this process enables measurement of the efficiency, with the precise num-
ber of iterations being controlled by the user.

The first stage of execution is to create a class object for each transient and attribute
to it the properties of redshift, explosion epoch, right ascension (RA) and declination
(Dec) and to generate for it a lightcurve in both ATLAS filters for the chosen template.
Through the appendix, we stylise this class as a Transient() object. Once attributes
are set, the code collects the ATLAS exposures with footprints that would contain the
transient, given its location on the sky, and that were made around the time the event
occurs. The ATLAS exposure history is contained in a quality control (QC) file which
must be supplied during execution. The QC file contains the specific pointings and
exposure times of every ATLAS observation made, along with observation zero point
magnitudes, seeing values and sky brightness information. Recovery of the simulated
lightcurves is achieved by comparing the magnitude at the times ATLAS was observing
with the 5σ limiting magnitude of the exposures containing each transient, with events
considered recovered if they are brighter than this limiting magnitude in three exposures
made on any one night. The main modules of the code are described here:

1. common_tools.py: This module instantiates the Transient() class object and
attributes to it properties including redshift, RA and Dec, explosion epoch and
a lightcurve in the ATLAS filters. The common_tools.py module is also re-
sponsible for reading in the survey parameters to be used on execution from a
specified settings file and creates the directory where results will be saved for a
given simulation.

2. settings.yaml: User input to the imitation survey is controlled through the
settings file. We chose to use the YAML format for ease of use, given its human-
readable syntax. We show the contents of an example settings file in Figure A.1.
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3. data_generator.py: The data generator module is responsible for processing
the two main data input components of the simulation - the transient lightcurves
that will be recovered and the specified QC file. The transient lightcurves are
constructed based on a general polynomial fitting to a given template lightcurve,
while the QC file is queried for overlapping footprints with a given transient once
its sky location and temporal properties are set.

4. survey.py: As our survey capacity is inferred from the QC file, this module is
responsible for recovering exposures on the transient lightcurves then flagging
which transients would be recovered based on the preset detection criteria.

5. output_plots.py This handles data visualisation once the survey has con-
cluded and includes making coordinate distribution maps of the transient sample
that outline which events passed and failed recovery and where they are on the
sky, as well as plotting the survey timeline and variations in the limiting magni-
tude of both ATLAS units.

6. run_sim.py: The imitation survey is run from this module. It consists of a main
function that calls other modules in the necessary sequence for the efficiency
simulate to complete. It is intended to be a ‘black box’ in terms of operation
with user input specified before execution from settings.yaml. The code is
intended to run without needing to prompt the user for additional input and pro-
vides a progress bar during operation.

A.2 Preparing input and output

The required inputs of the efficiency simulation code are the QC file to be used
and the template lightcurve file in absolute magnitudes measured in the ATLAS fil-
ters. The paths to these files are specified in the settings file under QC_file and
transient_data_file, respectively. The required columns from the QC file are read
into a singular pandas.DataFrame1 and are specified under qc_columns in the set-
tings file, which includes the exposure times (qc_time), exposure RA and Dec values
(qc_ra and qc_dec), exposure filter (qc_filter) and the 5σ limiting magnitude of
the exposure (qc_limits).

The simulation results are output if the save_results value is set to True. In
this case, the code will create an output sub-directory for the simulation, within the

1Note that pandas cannot accept certain characters in the column headings when reading, such as
mathematical operators, so plain text formatting is preferred when specifying column headings.
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Figure A.1: The contents of a typical YAML settings file needed for the ATLAS effi-
ciency simulation.

main results/ directory, with the name specified under results_directory in the
settings file. The output plots produced by the output_plots.py module are created
automatically at the simulation end, but recovered lightcurves may be saved by setting
plot_mode to True. It is advised not to do this if simulating any more than a few
hundred transients on a given simulation.

A.3 Template lightcurve fit

Provision of the template object lightcurve is the responsibility of the user. The column
headings that must be included in the template file are phase, in units of days, for the
time axis, though whether this is phase with respect to maximum light or discovery is
left up to the user, c and cerr for the c band absolute magnitudes and associated errors
and o and oerr for the o band absolute magnitudes and associated errors. No comment
character should be included at the start of the column heading line. The efficiency
simulation reads the lightcurve data and fits a kth degree polynomial such that the fit
parameters can be used to create a transient lightcurve at an arbitrary point in time. The
degree of the polynomial fit is specified in the settings file under polynomial_degree.

Depending on whether the phase column is given with respect to peak brightness
or discovery will affect how two other parameters in the settings file must be defined.
These are lower_fit_time_limit and upper_fit_time_limit. Functionally, they
describe the start and end points of the time domain over which the lightcurve is to be
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fit. Hence, if the template lightcurve phase is with respect to discovery epoch, we
generally set lower_fit_time_limit to zero and upper_fit_time_limit to the
temporal extent of the template lightcurve in days. However, if phase is with respect
to maximum light then lower_fit_time_limit should be a negative number that
spans the period, in days, from maximum light back to the first epoch of observation,
and likewise, upper_fit_time_limit should span from maximum light to the most
recent epoch of observation.

A.4 Transient class and property setting

In having a dedicated Transient() class we may attribute properties including red-
shift, sky coordinates and explosion epoch, as well as lightcurve information for each
simulated transient to the class itself. All class variables and attributes are given here,
in the order the code assigns them:

1. Transient.iteration. This is a counter for simulated transients when instan-
tiated. The code creates a new transient object, attributes to it properties and
performs lightcurve recovery before moving on to the next object, making this
variable the iteration count of the simulation. The total number of iterations to be
performed is given in the settings file under sample_size.

2. Transient.redshift. The distribution of lightcurves over the time-volume
probed assumes an isotropic universe, hence the redshift distribution must go as
a cubic relation. Individual redshifts are assigned according to a weighted prob-
ability distribution function that places the majority of the sample at the higher
redshift end2.

Consider the volume contained between two redshift limits, one lower and one
upper. If we divide this volume into a set number of volume shells then it is
clear that a larger volume is contained in the outermost shells compared to the
innermost shells. Thus, in an isotropic universe, one is more likely to find a
transient at a higher redshift as there is a larger volume to probe for it. The user
specifies the lower and upper redshift limits and the number of redshift shells
to divide the space into from the settings file under lower_redshift_limit,
upper_redshift_limit, num_redshift_bins, respectively. If we divide the
space between our lower and upper redshift limits into a set number of n shells,
then we may perform a weighted random choice of shell such that our specific

2Note that the ‘higher redshift’ here is relative. Conventionally, high redshift is taken to be z ∼ 1 and
beyond, far further than the distance range considered in the application of the efficiency simulation in
this thesis. However, the code favours use of redshift to convert the lightcurves to apparent magnitudes,
not a physical distance, despite this being more appropriate.
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redshift value is set by assuming a linear distribution between the lower and upper
redshift bounds of that specific shell choice. With a sufficiently large number of
shells, we recover a cubic distribution of objects over redshifts.

We attribute weights to the shells according to the ratio of the volume of a sin-
gular shell to the total volume of all shells. To briefly outline this calculation,
consider the ith shell in our division of n shells (where i < n). It will have volume:

Vi =
4
3
π
(
R3

i −R3
i+1

)
(A.1)

In this, Ri is the equivalent radius of the lower redshift boundary of the ith shell,
in units of distance. Hence, Ri+1 is the equivalent radius of the lower redshift
boundary of the i + 1th shell, identical to the upper radius bound of the ith shell
with no overlap or spacing between shells. The volume of this shell is simply the
difference in the two spherical volumes of the upper and lower redshift bounds.
The code employs redshift, however, and not a physical distance value, so we
express this volume as:

Vi =
4
3
π

c
H0

(
z3

i − z3
i+1

)
(A.2)

where c is the speed of light and H0 is the Hubble constant. We use a value of
H0 = 70 km s−1 Mpc, but do not assume a cosmological model as the efficiency
simulation is only being applied to distances less than 100 Mpc. The probabilistic
weight wi of a transient being located in the ith shell can be taken to be the ratio
of its volume to the total volume of all shells:

wi =
Vi

n∑
i=0

Vi

(A.3)

At this point, the code selects a shell at random, weighted by the calculated shell
weights, and returns the upper and lower redshift bounds of that shell to the
main function. These values can be passed to the Transient() class method for
setting redshift which assigns a redshift by returning a random uniform floating
point decimal number between these two bounds. Hence, a sufficiently large
number of redshift bins should be specified to recover the desired cubic relation
with redshift.

Lastly, given the latitude ATLAS observes from, it is not capable of observing the
whole sky, so the volume it probes is not a shell of a sphere, but rather the segment
of that shell visible from Hawaii. While we could correct the shell volumes to
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account for this, it does not change the weights attributed to each shell as the
correction factor essentially divides out from the numerator and denominator in
Equation A.3.

3. Transient.ra and Transient.dec. ATLAS is a rolling all-sky survey so will
observe across the full range of RA (α) values, including the plane of the Milky
Way. This extends from 0◦ to 360◦ with no need to be controlled from the
settings file. Dec (δ), however, is restricted by the geographic location of AT-
LAS. ATLAS routinely scans the sky between Dec values of −40◦ and +80◦,
but can observe beyond these bounds. The user may specifiy what they con-
sider an appropriate range for the lower and upper Dec limits of the survey
and define this from the settings files under lower_declination_limit and
upper_declination_limit, respectively. For the purposes of the simulation
sets presented in Chapter 4, we retains the declination bounds of −40◦ < δ <+80◦

as the pointings in this range had each been observed at least 1000 times over the
period of time considered. As with redshift, a uniform linear distribution be-
tween these bounds is insufficient in assigning Dec. Between two bands of equal
declination width, a lesser amount of sky area is contained in the band nearer to
the poles. Hence, we weight the distribution according to a cosδ term to give
declination closer to the equator a higher probability of being chosen. Similar to
before, we divide the declination space between the lower and upper declination
limits into bands of width set under declination_band_width in the settings
file, then perform a weighted random choice of which band to place the transient
in. Once the band has been chosen, the specific Dec value is set by assuming a
linear distribution between the lower and upper bounds of the declination band.

4. Transient.expl_epoch. The explosion epoch is set by a uniform random
number generator that distributes values linearly between two predefined lim-
its. These limits are specified in the settings file, under survey_begin for the
lower limit and survey_end for the upper limit, and should broadly relate to the
duration of the ATLAS survey. Control over these parameters is extended to the
user in the event that they should choose to investigate a different period than is
considered in this work.

5. Transient.timeline_c and Transient.timeline_o. These are arrays for
the times at which exposures temporally coincident with the transient were made
and are used for lightcurve generation. The values are obtained during the check
for ATLAS footprints coincident with the time and sky location of each transient.
This process is described in Section A.5.

6. Transient.mag_c and Transient.mag_o. These are arrays for the magni-
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tudes, in each filter, at the epochs of exposures wherein the exposure footprints
overlap with the location of the transients. The method for obtaining these values
is outlined in Section A.6.

7. Transient.extinction_c and Transient.extinction_o. These are the
foreground galactic extinction values, in each filter, measured in the direction
of each transient. The application of extinction is an optional stage of execution
and, if not desired, returns a default value on output of the results.

8. Transient.detected. This is a boolean flag that indicates whether the tran-
sient has been recovered or not, per the detection criterion of ATLAS. It is per-
formed after lightcurve generation and on conclusion of the recovery checks.

9. Transient.detection_count. This is simply a count of the total number of
exposures a given transient was recovered in. The detection threshold is set to a
minimum of three recovered exposures on one night, however.

10. Transient.reason. For events that satisfy the detection criterion, this acknowl-
edges those events that are recovered. However, events that are not recovered can
be lost for several reasons, including not being recovered in a sufficient number
of exposures on one night or occurring on a region of sky and/or at a time when
ATLAS was not observing. The specific cases are discussed in greater depth in
Chapter 4.

A.5 Identifying temporally and spatially coincident footprints

Once the transient is instantiated, and its properties attributed to it, we next identify
which exposures in the QC file would be capable of observing it. To do this we must
find the exposures with footprints that would contain the transient, given its RA and
Dec, and which exposures were made at the time of explosion of the transient. We refer
to these exposures as coincident with a given transient.

We first check for temporally coincident exposures to ensure that each transient
has not occurred during an observing gap. This involves collecting the exposures that
occur within the period of time we expect the transient to remain visible for, about its
explosion epoch. From the template lightcurve fitting, we established that the settings
lower_fit_time_limit and upper_fit_time_limit control the temporal domain
of our fitting function. Hence, we use these parameters to define the window about
the explosion epoch to collect exposures in. If we refer to the explosion epoch of the
ith transient in a simulation as t0,i, then the temporal coincidence check will gather all
exposures in the range:
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t0,i−lower_fit_time_limit < t0,i < t0,i +upper_fit_time_limit (A.4)

The next coincidence check is for those footprints that would contain a given tran-
sient, given its location on the sky. Footprints ‘overlapping’ with the transient can be
found for any exposure with a central pointing within half of the width of the chip of the
transient, vertically and horizontally, given ATLAS has a square chip. The STA1600
chip both units employ measure 10.56 k × 10.56 k pixels at a platescale of 1.80” per
pixel, giving an angular width and height of approximately ∆x = 5.46◦. This chip width
can be specified in the settings file through the parameter chipwidth, in the event the
user wishes to discount potential edge effects. Our selection criteria about RA and Dec
is expressed as:

αfootprint−
∆x
2

cosδtransient < αtransient < αfootprint +
∆x
2

cosδtransient (A.5)

and

δfootprint−
∆x
2
< δtransient < δfootprint +

∆x
2

(A.6)

A.6 Transient lightcurve generation

The temporal and spatial coincidence checks produce a list of times exposures that were
made by ATLAS and that contain the simulated transient. From the template lightcurve
fitting, we have a function of time that produces sets of corresponding magnitudes for
the transient, in each filter. Hence, we may generate the lightcurve that ATLAS would
have observed for the simulated transient by feeding the times of these exposures into
the lightcurve fitting function. The magnitudes are then converted from absolute to
apparent magnitudes according to the redshift value that the transient was assigned.
The exposure times for each filter, and their corresponding magnitudes, are stored in the
Transient() class itself under the Transient.timeline_c and Transient.mag_c
variables for cyan and Transient.timeline_o and Transient.mag_o variables for
orange. For each time of exposure used to generate a corresponding magnitude, there
is an associated 5σ limiting magnitude for the exposure. To identify which exposures
would actually make a detection of the transient, we make a simple comparison between
the two values at all epochs concerned.

It is possible to include the effect of Milky Way extinction on the generated
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Figure A.2: The throughput of the ATLAS co filters (Tonry et al., 2018) compared to
the Sloan gri filters (Abazajian et al., 2009).

lightcurves if do_extinction is enabled in the settings file. We employ the Python
dustmaps package (Green, 2018) which queries the Schlegel et al. (1998) extinction
maps at the sky coordinates of each transient to obtain the E (B−V) value at its location.
This is converted to an extinction value in the Sloan filters per the methodology pre-
sented by Schlafly and Finkbeiner (2011). We adopt the average of Sloan gr as a proxy
for ATLAS c and the average of Sloan ri as a proxy for ATLAS o as the ATLAS filters
are effectively composites of these three Sloan filters, per Figure A.2. If extinction cor-
rections are performed, the Transient() class variables Transient.extinction_c
and Transient.extinction_o will be updated, otherwise they retain their default
initialisation values of −99.999.

A.7 Transient recovery and results output

The code performs the exposure recovery and performs a count of all exposures that
each transient is recovered in, which is saved under Trasient.detection_count.
Transients are considered formally detected if they are recovered in three exposures
made on one night. If a given transient is recovered, Transient.detected is set
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to True, but if it is not recovered it remains False. There are several reasons why
a transient may not be recovered, which is conveyed by Transient.reason. The
potential outcomes of a given transient, and value attributed to Transient.reason
include:

• The transient is recovered for satisfying the detection criterion.
Transient.reason is set to ‘Detected’.

• The transient occurs in an observing gap meaning no exposures were made to
recover it. Transient.reason is set to ‘No temporal coincidence’.

• Exposures were made around the time an event occurred, but none contain the
transient. Transient.reason is set to ‘No spatial coincidence’.

• The transient is contained in an insufficient number of exposures to satisfy the
detection criterion. Transient.reason is set to ‘Insufficient detections’.

Two results files are produced and stored in the results directory specified, popu-

lation.csv and efficiency.csv. The first of these stores the information of the transient
population generated for the simulation and contains a table of all of the Transient()
class variables instantiated. The second file contains the counts of events passing and
failing the recovery check as well as their percentage of the whole simulated population.
The percentage of the population that passes the recovery check is our measurement of
the recovery efficiency of the particular transient type being simulated.

A.8 Code availability

The efficiency simulation code is available on GitHub from https://github.com/
OMcBrien/imitation-survey. While the repository itself is public, and includes
example lightcurves to work with under transients/abs_AT2017gfo.csv (kilonova) and
transients/abs_SN2019ata.csv (Type Ia SN), the QC file used through this work is not
included. QUB staff and students can access the QC file, and an example output results
directory, from starbase under home/sne/atlas/atlas_efficiency_sim/.
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