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Abstract

The field of gravitational wave astronomy has grown remarkably since the first direct detection
of gravitational waves on 14th September 2015. The signal, originating from the merger of
two black holes, was detected by the two US-based Advanced LIGO interferometers in Hanford
(Washington State) and Livingston (Louisiana). The second observing run of the Advanced
LIGO and Virgo detectors marked the first detection of a binary neutron star merger, along with
its electromagnetic counterparts. The optical follow-up of the merger led to the first confirmed
observations of a kilonova, an electromagnetic counterpart to binary neutron star and neutron
star-black hole mergers whose existence was first predicted in 1970s. Following the multi-
messenger observations of the binary neutron star merger GW 170817, constraints were put on
the rate of expansion of the Universe using both gravitational wave and electromagnetic data.
These measurements could help us understand the current tension between early-Universe and
late-Universe measurements of the Hubble constant Hj.

The use of gravitational wave signals for measuring the rate of expansion of the Universe was
proposed by Schutz in 1986. Compact binary coalescences can be used as distance markers, a
gravitational wave analogue to standard candles: "Standard Sirens". Measurements of the Hub-
ble constant from standard sirens are independent from previous methods of constraining Hy.
Bright sirens are gravitational wave signals that are detected coincidentally with electromag-
netic signatures. These "bright" gravitational wave sirens are powerful cosmological probes,
allowing us to extract information on both the distance and the redshift of the source. It is
therefore important to maximise these coincident detections, and to carefully calibrate the data
extracted from any standard siren.

The work presented in this thesis can be divided into three main topics, all under the umbrella
of maximising scientific returns from observations of compact binary coalescences. These three
topics are: kilonova parameter estimation, cosmology with gravitational waves, and calibration
of advanced gravitational wave detectors.

We present work on inferring parameters from kilonova light curves. Ejecta parameters and
information about the merging time of the progenitor is extracted from simulated kilonova light
curves. We explore the consequence of neglecting some aspects of microphysics on the resulting
parameter estimation.

We also present new results on the inference of the Hubble constant through the application
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of a robust test of galaxy catalogue completeness to the current gravitational wave cosmology
pipeline. We explore the impact of adopting a robust estimate of the apparent magnitude thresh-
old m,, for the galaxy catalogues used in gravitational wave cosmology on the final inference
of the Hubble constant Hj from standard sirens, and compare the results to those obtained when
adopting a conservative estimate for my,;..

Finally, we present the first results from the prototype of a Newtonian Calibrator at the LIGO
Hanford detector. Calibrating the LIGO detectors is crucial to the extraction of the gravitational

wave source parameters that are used in cosmology with standard sirens.
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1 | Introduction

Everything starts somewhere, though

many physicists disagree.

Terry Pratchett, Hogfather

Gravitational waves are disturbances in spacetime that propagate at the speed of light. The

search for these tiny ripples gave rise to a colossal international effort spanning decades. They
were finally detected one hundred years after being first predicted. [1] The interferometric ad-
vanced gravitational wave detectors LIGO Hanford and LIGO Livingston detected the cosmic
signal emanating from the distant merger of two black holes on 14th September 2015 at 09:50:45

UTC. Since this historic detection, the field of gravitational wave astronomy has blossomed, with
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90 confirmed detections over three observing runs to date. Advanced Virgo and KAGRA joined
the network of ground-based advanced gravitational wave observatories, with another LIGO
detector planned in India.

There are many offshoots that originated from this historic detection. The discovery had ram-
ifications for many fields of physics and astrophysics, bridging together experimental physics,
astronomy, cosmology, theoretical physics and more. As a field, gravitational wave astronomy
has exploded in recent years; it will continue to expand, with the LVK network currently under
preparations for its fourth observing run (O4) set to start in Spring of 2023. [2]

Chapter 2 introduces the context for this detection and provides some background for much
of the subsequent work presented in this thesis. The rest of this chapter focuses on the detec-
tion of the first binary neutron star merger, GW170817, the resulting optical and near-infrared

counterparts to BNS mergers known as kilonovae and multi-messenger astronomy.

1.1 Gravitational Waves

Gravitational waves: Disturbances in spacetime travelling at the speed of light, gen-
erated by massive objects undergoing non-spherically and non-cylindrically symmetric

acceleration. [3]

In 1915, physics was revolutionised by the publication of Einstein’s Theory of General Rel-
ativity. [4] John Archibald Wheeler memorably summarises the underlying principle of the the-
ory: "Spacetime tells matter how to move; matter tells spacetime how to curve.” [5]

The existence of gravitational radiation arises as a natural consequence of Einstein’s theory
of general relativity. In 1916, only one year after he published his theory of general relativity,
Einstein proposed a wave solution to his equations. [4, 6]

This wave solution demonstrates the existence of oscillations in the spacetime metric that

propagate at the speed of light: gravitational waves.

1.1.1 Sources of gravitational waves

Gravitational waves are generated by any non-spherically and non-cylindrically symmetric ac-
celerating mass-energy. [3, 7] These impart a quadrupole moment of mass, which in turn pro-
duces gravitational waves.

The effect of gravitational waves is infinitesimal. Because of this, only the most powerful
astrophysical events in the Universe produce detectable gravitational waves. These events are
generated by massive astrophysical objects undergoing rapid acceleration. While the luminosity

of astrophysical signals observed in the EM spectrum scale inversely with the square of the
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distance, the amplitude of gravitational wave signals scales inversely with the distance.
Four different types of gravitational wave signals are expected from astrophysical systems:

compact binary coalescences (CBCs), bursts, stochastic and continous waves.

Compact Binary Coalescences

Compact binary coalescences are the merger of two compact objects. Compact objects are ex-
tremely dense, heavy astrophysical objects. Black holes and neutron stars are compact stellar
remnants that fall under that umbrella. CBCs make up all confirmed gravitational wave detec-
tions to date. CBCs present as a characteristic "chirp" signature, preceded by an inspiral phase.

Three types of compact binary coalescences have been detected:

e Binary Black Hole mergers (BBH)
e Binary Neutron Star mergers (BNS)

e Neutron Star-Black Hole mergers (NSBH)

Black holes are compact objects with a gravitational field so strong no object or signal can
escape their pull. They were predicted by Schwarzschild in 1916 as a solution to Einstein’s field
equation for the gravitational fields of point masses. [8] Neutron stars are dense stars made up
primarily of neutrons. They have a typical mass ~ 0.5 —3 M, with typical radii of ~ 10 km. [9]

Mergers of stellar mass binary black holes are the most commonly detected systems. We
can also expect other types of CBCs involving White Dwarfs (WD), with WD-NS/BH mergers
expected to be common in our galaxy. [10] They do not, however, have as strong a signature as
the previously described mergers, and their frequency makes them more appropriate targets for
future space-based gravitational wave detectors. [11]

The work presented in this thesis focuses on compact binary coalescences.

Burst

Burst signals are another type of transient gravitational wave signal. They are weakly mod-
elled transients of short duration. Burst searches make few assumptions on the shape of the
gravitational waveform, being instead identified through the detection of excess-power signals
and requiring signal coherence across several detectors. [12—14] Sources of bursts include core-
collapse supernovae, pulsar glitches, cosmic string cusps and magnetar flares. [15, 16] No burst
signal has been detected to date. Although one candidate burst signal, S200114f, generated a
public alert during O3, further analysis found the signal not to be of astrophysical origin. [14]
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Stochastic

Stochastic gravitational wave signals emerge from the multitude of incoherent gravitational
wave signals that make up the astrophysical gravitational wave background. Along with incoher-
ent signals from a background of distant compact mergers, primordial gravitational waves from
the Big Bang are another potential source of stochastic gravitational waves. [17] An upper limit

can be placed on the gravitational wave background from all-sky, all-frequency searches. [18,19]

Continuous

Continuous gravitational waves are emitted at a defined frequency over a long period of time.
Neutron stars that are asymmetrical with regards to their rotation axis generate continuous grav-
itational waves as they spin. [20] These asymmetries are deformations on the surface of the
neutron star. The non-detection of continuous waves puts constraints on the maximum strain of

the signals, which translates to a limit on the maximum height of the deformations. [21]

1.1.2 Gravitational wave detectors

The search for gravitational waves started in the 1960s with the resonant bar detectors developed
by Joseph Weber. These very early detectors were built to detect gravitational wave bursts
from the collapse of supernovae. [7,22] A detection was announced by Weber in 1969. The
announcement was controversial, and the result could never be replicated by other teams. [23,24]

Following this unsuccessful venture into gravitational wave detection, laser interferometric
gravitational wave detectors were proposed. [25,26]

These interferometers would make use of optical path folding in their design in order to
reach the arm lengths necessary for the detection of gravitational waves (~ 1000km), with the
lasers making many round trips in the interferometer arms. [27] As gravitational waves travel
through the interferometers, they distort space and change the optical path length L, inducing a
differential length AL change in the arms called the strain A:

_2AL
L

The two Laser Interferometer Gravitational-wave Observatories (LIGO) were built in the

h (1.1)

1990s, and began operating at design sensitivity in their data acquisition mode from November
2005 to September 2007. [28] The "Initial LIGO" observing runs did not yield any detections.
The LIGO detectors were built as two identical interferometers with 4km arms, located in Wash-
ington State and Louisiana. Following the initial observing runs, the two detectors underwent
major upgrades, and so began the era of Advanced LIGO, and of second generation gravitational
wave detectors. The Advanced LIGO detectors have been operating and detecting gravitational

waves since 2015.
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The design of the Advanced LIGO interferometric detectors is based on a Michelson inter-
ferometer with 4km arms, with each arm containing a Fabry-Perot cavity to build up the phase
shift produced by the change in length of the arms. [29]

Following Advanced LIGO’s successful first observing runs, the Advanced VIRGO detector
in Italy and KAGRA detector in Japan joined the network of ground-based gravitational wave
detectors. [30,31] Virgo started observing at the end of the second observing run, while KAGRA
joined at the end of the third observing run. Another detector with 600m arms, GEO600, is

located in Germany. [32]

Figure 1.1: One arm of the LIGO Hanford detector in Washington State.

1.2 Detecting Gravitational Waves

The first direct detection of gravitational waves was made on 14th September 2015, almost
exactly 100 years after they were first predicted by Albert Einstein. [4] The signal was observed
simultaneously by the two LIGO detectors at 09:50:45 UTC on 14th September 2015. The

source of the signal was the merger of two black holes at a luminosity distance of 4101’%38Mpc.

[1]

1.2.1 Indirect detection

While GW150914 was the first direct detection of gravitational radiation, its existence had pre-

viously been inferred from the loss of orbital energy of binary pulsars. [33] The binary pulsar
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system PSR 1913+16 was discovered by Hulse and Taylor in 1975. [33] Monitoring of the sys-
tem from 1975 to 1981 showed that the delays in pulse arrival from the system were consistent
with orbital decay that matched predictions made by a loss of energy through gravitational radi-
ation. [34]

1.2.2 Direct detection

The first direct detection of gravitational waves was made on 14th September 2015 at 09:50:45
UTC, during the first observing run (O1) of the Advanced LIGO detectors. [1] While the official
start date for O1 was originally set for 18th September 2015, the detectors were at the time
running in observing mode as part of Engineering Run 8, and the O1 dataset is defined as starting
from 12th September 2015. [35,36] Another two signals in the O1 data were later confirmed as
gravitational wave events, GW151012 and GW151226 [37,38]. The two signals also originated
from the mergers of two black holes.

Since then, signals from binary neutron star mergers and neutron star-black hole mergers
have also been detected by the LVK network. The latest data release of detected compact binary
coalescences is GWTC-3, the third Gravitational Wave Transient Catalogue. It describes tran-
sient events detected up to the end of the third observing run. [2] GWTC-3 contains 90 events

with pggro > 0.5 across three observing runs.

Pastrot The inferred probability of a gravitational wave signal being of astrophysical com-

pact binary coalescence origin.

1.2.3 GW170817

On 17th August 2017, the universe offered its most spectacular event yet to gravitational wave
astronomers; two neutron stars merged, followed by a short Gamma Ray Burst (sGRB) and a
kilonova. The event was observed all across the electromagnetic spectrum, in the X-ray, ultravi-
olet, optical, infrared, and radio bands. [39—49] The event was well-localised by the gravitational
wave detector network, with a 90% confidence skymap spanning 28 deg? (initially 31 deg?). It
was measured at a distance of d = 401“5154 Mpc. [40] The merger was found to have originated
from the host galaxy NGC 4993. The luminosity distance measurement from GW 170817 was
consistent with several measurements of the distance to NGC 4993, the most precise of which
being the measured surface brightness fluctuation distance d = 40.7 1.8 1.9 Mpc. [50-54]
The short Gamma Ray Burst associated with GW 170817 was identified 1.7s after the gravi-
tational wave "chirp", with the FERMI Gamma-ray Burst Monitor detected the sSGRB 170817A
at 12:41:06 UTC. The burst was also detected by the INTernational Gamma-ray Astrophysics
Laboratory (INTEGRAL), with a 4.20 association with the FERMI detected burst. [41,42]



CHAPTER 1. INTRODUCTION 7

Updated = O1 02 == O3 = O4 05
16 June 2022
&0 100 100-140 160-190 240-325
Mpc  Mpc Mpc Mpc Mpc
LIGO 0 ] __
30 40-50 80-115 150-260
1 Mpc Mpc Mpc Mpc
Virgo ] __
a7 (1-3)~10 25-128
Mpc Mpc Mpc
KAGRA | | ]

G2002127-v12 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2095 2026 2027 2028

Figure 1.2: Plans for future observing runs of the LVK network with BNS observing range [56]

The optical counterpart to GW 170817 was first detected by the SWOPE team and announced
under the designation SSS17A. [55] A fast-fading transient coincident with the gravitational
wave signal was observed 10.9 hours after the merger. The original search was carried out in
the i band as theoretical predictions for kilonovae showed that the light curves would be very
red. The discovery was disseminated through a GRB Coordinates Network notice (GCN) and
subsequently observed by a plethora of other instruments.

1.2.4 Future observing runs

At the time of writing, the alLIGO detectors have completed three observing runs, with Virgo
joining observations from the second observing run (O2) onwards and KAGRA joining the
network towards the end of O3.

The next observing run, O4, is set to begin during Spring of 2023, with all four detectors
joining the observing effort. Figure 1.2 shows a timeline of past and future runs with ground-

based advanced detectors, with the planned detector sensitivity for binary neutron star mergers.

1.2.5 Future detectors

Ground-based detectors

Along with the planned Advanced LIGO detector in India and proposed upgrades to the current
LIGO detectors, there are future plans for a third generation of ground-based gravitational wave
detectors. Cosmic Explorer is a proposed design for a next-generation gravitational wave obser-
vatory with 40km arms. It will detect binary neutron star mergers beyond a redshift of 1. [57,58]

The Einstein Telescope is a proposed European ground-based facility. The planned design is of
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a triangular, underground interferometer with 10km arms. [59]

Space-based detectors

The space-based gravitational wave detector LISA will explore the gravitational wave spec-
trum in a frequency window ranging from 0.1 to 100mHz, detecting sources like the mergers of
supermassive black holes. The detector was designed as an interferometer in a 3-arm configura-
tion, with each arm separated by 2.5 million km. Its orbit will be an Earth-trailing heliocentric
orbit. [60] In December 2015, the LISA Pathfinder mission successfully demonstrated the tech-
nology that will be used for LISA. [61]

1.3 Multi-Messenger Astronomy

This section presents an overview of multi-messenger astronomy using gravitational waves and

their electromagnetic counterparts, focusing on kilonovae.

1.3.1 Multi-Messenger Astronomy

The study of astronomy started with optical observations - detections made in the visible light
spectrum. As the field advanced, this expanded to the observations of different parts of the
electromagnetic spectrum. Astronomy stopped being bound to the optical realm in 1932, when
Karl Jansky, then working at the Bell Telephone Laboratories, made the first radio observations
of the Milky Way. [62] This was the start of multi-wavelength astronomy.

Photons are just one example of a cosmic messenger; the detection of cosmic rays in the
1910s by the Austrian physicist Victor Hess marked the true advent of multi-messenger astron-
omy. [63] Since then neutrinos of cosmic origin have been detected, first from the Sun and

subsequently from a nearby supernova. [64, 65]

Multi-messenger astronomy: Observations of an astrophysical object, such as a compact
binary coalescence, in more than one coincident "messenger": e.g. gravitational waves

with an electromagnetic counterpart, electromagnetic observations with neutrinos, etc.

Gravitational waves are yet another cosmic messenger; a wholly different way of looking at
the universe. As outlined in the previous section, they were only detected in 2015, a hundred
years after being originally predicted. But it wasn’t until 2017 that the era of multi-messenger
astronomy with GWs and EM truly began, with the coincident detection of a gravitational wave

signal from two merging neutron stars, GW170817, and its electromagnetic counterparts.



CHAPTER 1. INTRODUCTION 9

1.3.2 Multi-Messenger Astronomy with Gravitational Waves

Observations of the binary neutron star merger GW 170817 by both gravitational wave detectors
and EM instruments heralded a new era of multi-messenger astronomy using gravitational waves
and electromagnetic counterparts. Multi-messenger astronomy with gravitational waves offers
complementary information about astrophysical objects. The observation of coincident signals
from a source offers new insights into astrophysics, cosmology and fundamental physics. [66]

The observing campaign that followed the GW 170817 alert was the first conclusive search
for an electromagnetic counterpart to a gravitational wave signal. The observations confirmed bi-
nary neutron star mergers as the progenitors of kilonovae and short Gamma Ray Bursts (sSGRB).
The detection of a sSGRB coincident with a gravitational wave signal allowed for the measure-
ment of the speed of gravitational waves, and to place constraints on the mass of the gravi-
ton. [67]

Multi-messenger observations of BNS mergers with kilonovae can also constrain the neutron
star equation of state. [68, 69]

These observations are also important in the field of cosmology, with EM-bright compact

binary coalescences allowing us to place constraints on the rate of expansion of the Universe.

1.3.3 Kilonovae

Kilonova: Kilonovae are faint, rapidly fading optical and near-IR transients accompany-
ing BNS or NSBH mergers. They are thermal transients powered by the radioactive decay

of heavy unstable nuclei synthesised through rapid neutron capture.

Compact binary coalescences involving a neutron star can give rise to the ejection of neutron-
rich matter. This ejected neutron-rich matter has a low electron fraction. These conditions
are favourable for the synthesis of heavy elements (atomic mass greater than 140) called lan-
thanides through the rapid neutron capture process (r-process). The radioactive decay of these
unstable heavy nuclei powers the optical and near-infrared thermal transients known as kilo-
novae, or macronovae. [70, 71] Kilonovae present themselves as a long-lived, supernova-like
radiation following a compact binary coalescence. These radioactively-powered transients have
a timescale of days to weeks, and are approximately isotropic. [72] They peak in the near-
infrared at luminosities of Lpgqx ~ 10" erg s~! and are powered by the decay of radioactive
r-process material produced during the merger of two neutron stars, or a neutron star with a
black hole. [73,74] Depending on outcome of the merger, the kilonova peak can reach luminosi-

0* erg s~! for some types of remnants. [75]

ties up to Lpeqr ~ 1
Kilonovae are an important actor in the nucleosynthesis of the universe. The decompression

of the neutron rich matter ejected during the merger of two neutron stars, or of a neutron star
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with a black hole, gives rise to r-process nucleosynthesis. This nucleosynthesis process enriches
the universe with heavy elements like platinum, gold, or the lesser-known strontium, the only

element named after a place in Scotland. [75]

Nucleosynthesis: The process through which new atomic nuclei are created from existing

nucleons and nuclei.

Neutron capture mechanisms

r-process: rapid neutron capture, a process through which a heavy seed nucleus under-
goes a succession of rapid neutron captures.

s-process: slow neutron capture, a process through which a heavy seed nucleus undergoes
neutron capture. Unstable isotopes typically undergo B-decay before capturing another

neutron.

The s-process, slow neutron capture, takes place on long time-scales, ranging from ~ 100
years to ~ 10° years. It is responsible for the production of most isotopes with atomic mass
23 <A <46.[76,77]

The r-process, rapid neutron capture, occurs on very short time-scales, with ~0.01-10s be-
tween the B-decay processes in between neutron captures. [76] This process is believed to be re-
sponsible for the production of around half of the elements heavier than iron in the Universe. [78]
These elements have to be formed via successive captures of neutrons. [79]

The mechanisms behind the r-process have been understood since the 1950s, but a problem
remained: where in the Universe could we find an environment that was neutron-rich enough to

support the nucleosynthesis of the heaviest elements?

Theorising the most neutron-rich environments

The existence of kilonovae was theorised before they were observed, as a solution to the forma-
tion site of some of the heaviest elements. The neutron-rich ejecta that results from the merger
of compact star binaries was first predicted in the 1970s as the site of r-process (rapid neutron
capture) and of the formation of many heavy elements with an atomic mass A > 140. [79-82]
Born of the merger of a neutron star with either another neutron star or a black hole, they were
theorised to be the only environment neutron-dense enough to support the kind of rapid neutron
capture necessary for the formation of the heaviest elements. It wasn’t until the 1990s that hydro-
dynamic simulations showed that these mergers would eject some matter; until then, the question

of whether gravitationally-bound systems such as BNS could eject mass was still unresolved.
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Simulations showed that the dynamically expelled neutron-rich mass in the merger of two neu-
tron stars could reproduce heavy r-process elements past the platinum peak (A=195). [71,79,83]
It then took until 2017 to make the first confirmed detection of a kilonova, despite candidate ob-
servations before, such as the potential optical transient detected in 2008 following the short
GRB 080503. [84] Subsequent candidates were observed, first in 2013 accompanying GRB
130603B and in 2016 following GRB 160821B. [85, 86]

Early models showed that only a merger of compact objects involving at least one neutron
star would have a neutron density sufficient for the r-process to generate the very heaviest ele-
ments in the universe. Work on theoretical models of kilonova emission was first started by Li
and Paczynski in 1998, who gave us our first model of kilonovae. [70] The model was a simple
analytical one with parameterised heating, outputting the bolometric light curves for transients
associated with binary neutron star mergers.

Shortly after this first model, the first hydrodynamical simulations of kilonovae were re-
leased. [71, 79, 83] More theoretical work was carried out on kilonova models, their ejection
mechanisms and central engines in the 2000s and 2010s. [75, 87, 88] In 2013, it was proposed
that lanthanides, the heavy elements present in kilonovae, would make the resulting radiation
redder, dimmer and longer than previously thought. [74] The presence of those heavy elements
increase the ejecta opacity by several orders of magnitude; the opacity of the ejecta is domi-
nated by bound-bound transitions from the lanthanides, which have complex valence electron
structures. These ions have a large number of strong lines that are very optically thick, therefore
dominating the ejecta opacity despite their relatively low abundance. [89]

Kilonova modelling continues to be an active research topic, with ongoing major develop-

ments on ejection mechanisms and microphysics involved in the transients.

Progenitors of kilonovae

The progenitors of kilonovae are coalescing neutron star-neutron star or neutron star-black hole
binaries. The nature of the resulting kilonova depends on the properties of the progenitor system.

In NSBH systems, a kilonova can only occur when the neutron star is tidally disrupted
sufficiently far from the Schwarzschild radius of the black hole. This is related to both the
tidal radius of the neutron star (which is related to the mass ratio of the system and the neutron
star radius) and the radius of the innermost stable circular orbit (Rjs.,) of the black hole (which
is related to the mass and spin of the black hole). If the neutron star is "swallowed whole" by the
black hole, there is effectively zero mass ejected. Kilonovae that emerge from NSBH systems
are mostly red and peak at ~ 1 week post-merger. [75]

Several mechanisms for matter ejection have been identified in kilonovae arising from BNS
systems. These depend on the parameters of the progenitor and the nature of the resulting
merger remnant. The remnant consists of most (>90%) of the mass of the system. [91] Mass can

be ejected dynamically through tidal forces and compression at the interface between the two
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objects, or as disc wind ejecta, as matter forms an accretion disc. [75] The mass of the dynami-
cally expelled ejecta strongly depends on the neutron star equation of state, on the total mass and
on the mass ratio of the binary. [92] The nature of the disc wind ejecta is sensitive to the resulting
merger remnant; should the remnant survive as a hot neutron star for tens of milliseconds, the
neutrino irradiation will lower the neutron fraction, hereby suppressing lanthanide production
and resulting in bluer disc winds. If it promptly collapses into a black hole, the neutrino irradia-
tion will be suppressed, likely resulting in red winds. [93,94] This red kilonova would peak on
a timescale of ~ 3 days, whereas kilonovae that do not promptly collapse into a black hole peak
with a timescale of < 1 day. [75]

Searches

Kilonovae are faint objects with a rapid decay, making untriggered searches difficult with cur-
rent instruments. Due to this rapidly evolving nature, the best chance of detecting kilonovae
is through triggered searches, either from gravitational wave or sGRB detections. Archival
searches on previously released data were carried out following the detection of the kilonova AT
2017gfo. A search for kilonovae in the Dark Energy Survey data found no events. [95]

The rapid rise time of kilonovae allows us to distinguish them from supernovae. This charac-
teristic short timescale makes prompt observations of kilonovae the best way to tell them apart
from such contaminants. [96] Cuts on colour and rise time allow for the robust separation of
kilonovae from other known types of transients. [97]

Three notable kilonova candidates were observed prior to AT 2017 gfo. In 2008, a bright
short gamma-ray burst, GRB 080503, was accompanied by a faint optical counterpart consis-
tent with a kilonova. [84] Another compelling candidate was observed in 2013 following GRB
130603B. [85] In 2016, an optical counterpart was observed following sGRB 160821B. The
search included the HST, XMM-Newton and ground-based telescopes such as the Gran Telesco-
pio Canarias (GTC), the Nordic Optical Telescope (NOT), the Telescopio Nazionale Galileo
(TNG), the William Herschel Telescope (WHT), and the Karl G. Jansky Very Large Array
(VLA). The observed kilonova and afterglow were associated with a host galaxy with redshift
z=0.162. [86]

In late 2021, another kilonova was detected following the long gamma ray burst GRB211211A.
The event is notable as the kilonova was detected at 350Mpc and following a long gamma ray
burst, rather than an sGRB. The GRB was identified simultaneously by Swift’s Burst Alert Tele-
scope (BAT) and Fermi’s Gamma-ray Burst Monitor (GBM). The kilonova was detected fol-
lowing Swift observations of the GRB afterglow in the X-ray and ultra-violet. This triggered an
optical observing campaign with the Nordic Optical Telescope (NOT) and the Calar Alto Ob-
servatory (CAHA). The observations found an uncatalogued transient rapidly fading following
the detected GRB. Subsequent observations and analysis confirmed the mystery source to be a

kilonova, whose brightness and colour was similar to those of the kilonova that accompanied
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Figure 1.4: Unified data set - the light curves of AT 2017gfo. Figure from [99]
GW170817. [98]

AT 2017gfo

The detection of gravitational waves from the merger of two neutron stars, GW170817, on 17th
August 2017 engendered an intensive follow-up search campaign for an accompanying optical
signature to the merger. A kilonova associated with the merger was detected 11 hours after the
merger. [40]

These observations showed that BNS mergers are a dominant site of r-process nucleosynthe-
sis of heavy elements.

The light curves from the counterpart accompanying GW 170817 were consistent with the
release of multiple ejecta components with different lanthanide abundances. Analysis of late-
time light curves showed that at least 0.05M,, of heavy elements were produced in the aftermath
of the merger, confirming the role of neutron star mergers in r-process nucleosynthesis in the
Universe. [100]

To date, AT 2017gfo is the only kilonova detection accompanied by a gravitational wave

signal.

1.3.4 Multi-messenger Astronomy with the Vera Rubin Observatory

The Vera Rubin Observatory will survey the transient sky to unprecedented depths. With its first
light planned in 2023, it will map the sky in the ugrizY bands for 10 years during the duration of

its Legacy Survey of Space and Time. Exploring the transient sky is one of the LSST’s four main
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science themes, the other three being probing dark energy and dark matter, taking an inventory
of the Solar System, and mapping the Milky Way. [101] Based in northern Chile, it will have the
capability to observe 10,000 deg? in a single filter band within three nights with its 3.2 Gigapixel
camera and 9.6 deg? field of view. [101] During its ten year mission, each field will be visited
every ~4 days in one of the "ugrizY" filters. [102]

It is set to observe kilonovae to distances greater than those possible with the current gen-
eration of ground-based gravitational wave detector networks, with some kilonovae detectable
up to 475Mpc. [103, 104] Kilonovae are hard to detect for current instruments due to their faint
and rapidly evolving nature, making serendipitous discoveries particularly sensitive to uncon-
trollable factors such as the weather. [105] The LSST would be able to carry out GW-triggered
EM follow-up campaigns to an unprecedented depth.

The Vera Rubin Observatory could be crucial in target of opportunity (ToO) observations of
gravitational wave events during future observing runs. Along with detecting kilonovae follow-
ing BNS and NSBH triggers, it could place deep constraints on optical emissions from binary
black hole mergers. [106] While several mechanisms for EM emissions from BBHs have been
proposed, and one candidate EM event has been observed following the BBH GW 190521, none
have been confirmed to date. [107-109] The wide coverage abilities of the LSST could also be
crucial in detecting early emissions from kilonovae, which would be crucial to our understanding

of the emission mechanisms of the transients. [110]

Vera Rubin Observatory: Previously known as Large Synoptic Survey Telescope. A
planned astronomical observatory whose main mission will be carrying out an optical
synoptic survey, the Legacy Survey of Space and Time (LSST). LSST will survey the

transient sky at unprecedented depths.

Kilonovae from binary neutron star mergers on the observing horizon of aLIGO will be hard
to detect even for 4m telescopes. [111] The Vera Rubin Observatory could unveil a population
of kilonovae observed independently of any GW trigger.

LSST observations of kilonovae could also be optically triggered. If optimised, wide sur-
veys like the Zwicky Transient Facility (ZTF) and LSST could serendipitously detect kilonovae
several days post-merger. [112]

Under its current baseline strategy, the Wide Fast Deep (WFD) survey of the LSST is ex-
pected to detect a low number of kilonovae, with estimated rates between 27 and 70 events for
the duration of the lifetime of the survey. [113, 114]

While ejecta parameters can be recovered from these serendipitous discoveries, so could a
merger time and luminosity distance. If a serendipitous kilonova observation happens during a

LIGO observing run, it could be linked to potential sub-threshold or single-detector signals.



2 | Cosmology

Space is big. You just won’t believe how
vastly, hugely, mind-bogglingly big it is.
I mean, you may think it’s a long way

down the road to the chemist’s, but that’s

just peanuts to space.

Douglas Adams, The Hitchhiker’s Guide
to the Galaxy

Chapter | introduces gravitational waves and multi-messenger astronomy. Multi-messenger

astronomy with gravitational waves has applications in the field of cosmology, which will be the

16
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topic of chapter 6. This chapter introduces a brief history of cosmology, the Hubble constant

and cosmology with gravitational waves.

2.1 A Brief History of Cosmology

The Cosmos is the entire Universe that surrounds us, and cosmology is its study. Cosmology
has had its place in both science and spiritual belief for as long as people have been looking up
and into the Cosmos. Throughout the ages, cosmology has been concerned with our place in the
Universe, a curiosity arising naturally from observations of the night sky.

It was assumed for many millenia that the Earth occupied a very special, central place in the
Universe. This was the basis of the Ancient Greek cosmological model developed by Ptolemy.
In this cosmology, our home planet was placed at the centre of the Universe, orbited by the
Sun, Moon and planets. The stars were resting in the background, static sources of light. In the
1500s, Copernicus challenged this view when he proposed the heliocentric model. Even then,
this model still placed us in a special place, with the Sun at the centre of the Universe. [115]

Our understanding of the Cosmos went a step further with Newton, who believed other stars
to be just like our own Sun, with their own orbiting planets around them. In 1785, the Herschels
gave us our picture of the solar system as part of a galaxy. [115, 116] In their model, the solar
system was still at the centre of the Milky Way.

In 1952, at a meeting of the International Astronomical Union, astronomer Walter Baade
postulated that our galaxy was not unique or at the centre of the Universe, but rather a mundane
galaxy among others, not occupying any special place in the Universe. He also postulated that
the Universe was much larger than previously believed, doubling previous estimates. [115] It
was therefore a long road to our contemporary understanding of the Cosmos and our place
within it. The twentieth century heralded a new era of precision cosmology.

Cosmology is, at its core, the study of the Universe as a single system. Whereas astrophysics
is more concerned with the underlying physics that govern objects and interactions within the
Universe, the focus of cosmology is on the dynamical evolution of this single system.

This dynamical evolution of the whole Cosmos can be studied through models of the Uni-

verse and their physical parameters.

2.1.1 The Hubble constant

Gazing into the depths of the Cosmos, a peculiar phenomenon can be observed: astrophysical
objects, like galaxies, seem to be moving away from us. Not only do they appear to be receding,
but the rate at which they are moving away seemingly grows with increasing distances. This
phenomenon was first observed by the astronomer Edwin Hubble in 1929. [117]

The Hubble constant is named after Edwin Hubble, who made the first measurement of the

rate of expansion of the Universe in 1929. [117] From observations of nearby galaxies (referred
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Figure 2.1: Edwin Hubble’s original plot of the redshift-luminosity distance relationship. Figure
from [117]

to as extra-galactic nebulae), Edwin Hubble first discovered that there was a relationship between
the recession velocity v and distance r to nearby galaxies in 1929. From this work a constant of
proportionality between the two quantities was introduced, bearing the astronomer’s name: the
Hubble constant Hy.

Hy =", 2.1)
r

with v the radial velocity and r the distance. For small enough redshifts (z < 1), v = ¢z, and
we can approximate the proper distance between galaxies r to the luminosity distance dr. This

gives us the more familiar form of Hubble’s law:

dp = —. (2.2)

The Hubble constant: The Hubble constant describes the rate of the expansion
of the Universe. It is measured in units of kilometres per second per megaparsec
( km g1 Mpc_l)

While Edwin Hubble’s observations were the first observational evidence for an expanding
Universe, the phenomenon had been predicted by theory before. [118, 119] Indeed, the Hubble
constant can be derived from Friedmann’s equations. [119-121] Starting from Einstein’s field
equations, Alexander Friedmann derived a set of equations which describe the expansion of an
1sotropic and homogeneous Universe.

Friedmann’s 1922 work, seven years prior to Edwin Hubble’s paper on the recession velocity
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of nearby galaxies, describes the evolution of the relative expansion of the Universe through the
introduction of a scale factor a(z). This scale factor describes the relationship between the proper
separation of two objects at an arbitrary time ¢, x(), and the proper separation between the same

two objects at present day, xg.
t
a(t) = )ﬂ (2.3)

We can define the Hubble parameter in terms of this scale factor:

(¢
(¢

The relationship between the redshift and scale factor of the Universe can be derived from

~—

Q.

H

~—

(2.4)

Q

the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric. In the metric, spatial coordinates
are comoving; this means objects remain at fixed coordinates, with the expansion characterised
only by the scale factor a(t). [115, 119, 120, 122-125]

ds? = —c2dr* +a*(1) +1*(d6* +sin* 0d¢*) (2.5)

1 —kr?

where k is the curvature of the Universe. For light propagation:

ds=0. (2.6)

For a radially propagating ray, travelling from r = 0 to r = ry, this means that d0 = d¢ = 0.
Setting this and ds = 0 in equation 2.5:

cdt dr 2.7
alt)  V1—kr? '
To derive the time taken for the light to travel from r = 0 to r = rp, we integrate equation
2.7.

r cdt o dr
[ _dr_ 28
e a(t) Jo V1—kr?
where ¢, is the time at emission of the propagating ray and #, the time at reception at r = ry.

Now, we can imagine a second light ray being emitted from r = 0 and received at r = ry

shortly after the first one. Since the galaxies are comoving and therefore in the same coordinates,
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the emission and reception times would, respectively, be ¢, 4 dt, and ¢, + dt,. We then have:

/’r+dfr cdt /ro dr 2.9)
totdi, a(t) —Jo V1—kr? .
The left-hand sides of equation 2.8 and equation 2.9 are equal, allowing us to write the

following expression:

t te+dty
/)ﬁiz/T cdt. (2.10)
. a(t) te+dt, a(t)

Now, since the areas under the curve determined by ﬁ are the same from ¢, to ¢, and ¢, + dt,
and ¢, + dt,, and the area from ¢, + dt, to ¢, is common to both, we can conclude that the area

from ¢, to t, + dt, is equal to the area from ¢, to t, + dt,. We can then write:

to+dt, dt t+dt, dt
/ -i—z/" iy @.11)
te a(t) tr a(t)

The slices considered are narrow, which means we can approximate the area under the curve

to that of a rectangle. This gives us the expression:

dt, i,
0 (2.12)

Now, assuming an expanding Universe, a(t,) > a(t,) for any t,. Therefore dt, > dt,; the time

interval increases with the expansion of the Universe.
We can picture that each propagating light ray is actually a crest of a wavelength. Then, we

have the wavelength A o df < a(t), giving us:

— = . (2.13)
Ae alte)
For an observer on earth, 7, = fy. The redshift is defined as:
1
alto) _ (2.14)

The expansion of the Universe results in an increase of the proper distance between galaxies
with a large separation. When galaxies have small separations, they tend to form gravitationally
bound systems like clusters. These systems are subject to peculiar velocities. [126] Since the
recession velocity of galaxies is proportional to our distance to them, the effect of peculiar
velocities v, is most noticeable for nearby objects. At sufficiently small luminosity distances,
we can have v, >> vy, with vy the velocity of the Hubble flow. [127,128]

This recession speed of a galaxy cannot be directly measured. The way to measure it is



CHAPTER 2. COSMOLOGY 21

through the galaxy’s redshift. As a galaxy moves away from us, or as the space between two
galaxies expands, their characteristic absorption and emission lines get shifted towards redder
wavelengths. Conversely, when a galaxy moves towards us, these lines shift towards bluer
wavelengths (we can then speak of blueshift). [115] This technique was first used by Slipher in
1912, who used measurements of the redshift of the Andromeda galaxy to determine the velocity
at which our galactic neighbour was moving towards us. [129]

To be more specific, the redshift z of an object is defined as the fractional Doppler shift of its
emitted light due to radial motion. [130] The cosmological redshift of an object is defined as the
redshift contribution from the expansion of the Universe. Since there is a relationship between
the distance of an object and how fast the Universe is expanding at that point, cosmological
redshift can be used as a distance marker. It should be noted that this is not quite true; as the rate
of expansion of the Universe evolves with time, so does the redshift. The imparted change is
however very small, especially compared to the changes in redshift due to the change in peculiar
velocity of either the source or the observer. [131]

Edwin Hubble originally measured the value of his eponymous constant to be
Hy =500 km s7! Mpcfl. [117] Issues with the calibration used in estimating the Hubble were
raised in 1958 by cosmologist Allan Sandage. His work gave us the first reasonable estimate for
the Hubble constant, with a measured value of Hy = 75 km s ™! Mpc_l. [132]

2.1.2 The Standard Model of Cosmology

The study of the Universe as a system relies on certain assumptions about its structure. These
assumptions are known as the Cosmological Principle.

The Cosmological Principle states that, on large scales (> 300Mpc), the Universe is spatially
both homogeneous and isotropic. These assumptions underpin the standard model of cosmology.
This means that the place we occupy in the Universe is not a special one. No matter what point
in the Universe you stand on, it will look the same (homogeneity); no matter what direction you
look in, it will look the same (isotropy).

The Cosmological Principle: On large scales, the Universe looks isotropic and homoge-

neous.

The cosmological principle holds up on large scales, as observed by redshift surveys like the
Sloan Digital Sky Survey. While there is structure on smaller scales such as filaments, voids and
clustering, on those larger scales there is no distinguishable structure.

While the expansion of the Universe had been known about for a longer time, up until 1998,
this expansion was believed to be decelarating due to gravity. The deceleration was quantified
by the parameter gq. [133] It therefore came as a surprise that the expansion of the Universe was

actually accelerating. [134, 135] This supported a non-zero cosmological constant A, previously
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considered to be a "blunder" in Einstein’s equations.

The paper, published in 1998, presented observations of high-redshift Type Ia supernovae
which showed that their luminosity distances were 10 to 15% larger than what would be expected
ina A =0 Universe. [135]

The standard model of cosmology is referred to as the ACDM (A Cold Dark Matter) model.
This model underlies much of modern cosmology, including some methods for measuring the

Hubble constant.

2.2 Methods for Measuring the Hubble Constant

This section briefly introduces methods for measuring the Hubble constant. The two main meth-
ods of measuring the Hubble constant are from local observations (late Universe) and from early
Universe observations. Local observations are inferred directly on scales > 100Mpc. [136] Early

Universe methods are indirect and rely on assuming a (ACDM) Universe.

2.2.1 The Cosmic Microwave Background

The Hubble constant can be measured from observations of the early Universe.

The Cosmic Microwave Background was first observed in 1964 as a faint radiation filling the
sky in all directions. The discovery was made with the Holmdel Horn Antenna at the Crawford
Hill Laboratory.! The discovery was first reported in 1965. [139]

The CMB is radiation from the epoch of recombination which has travelled and cooled down
to a present temperature of Tp = 2.725 £0.001K. [115] On large angular scales, it contains the
imprints or primordial gravitational potential fluctuations. [140, 141]

The ability to obtain a measurement for Hy from measurements of the CMB comes from the
fact that the cosmological principle is not quite exact; small irregularities, called anisotropies,
are expected in the CMB. These anisotropies, tiny differences in temperature in the CMB of the
order of % ~ 107>, were first detected by the COBE mission in 1992. [115, 140]

The Planck mission, a successor to the Wilkinson Microwave Anisotropy Probe (WMAP)
and Cosmic Background Explorer (COBE) satellites, measures anisotropies in the cosmic mi-
crowave background. [142, 143] The physical scale of anisotropies and the temperature at which
the CMBR is emitted can be predicted theoretically. By measuring the angular scale of anisotropies
and their temperature, it is possible to estimate the distance and redshift of the CMB, which in

turn can give us an estimate of the Hubble constant. The angular power spectrum of the Uni-

Tt is amusing to note that the CMB was first thought to be pigeon excrement on the antenna rather than of
astrophysical origin - two pigeons had set up inside the antenna. However, after trapping the birds and cleaning
the equipment, the signal persisted. [137] More than 50 years later, birds masquerading as signals of astrophysical
origin are still an ongoing issue, with a mysterious signal at the LIGO Hanford detector turning out to be thirsty
ravens pecking at ice on the cryogenic pumps. [138]
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verse was found to be consistent with an inflationary, spatially flat ACDM model specified by 6
parameters. [144—146]

At the time of writing, the latest measurements from Planck give a Hubble constant of Hy =
67.4+0.5km s~ ! Mpc—! [143]

2.2.2 Standard candles

Local measurements of the Hubble constant require that we determine the distance to astrophys-
ical objects. For very distant objects, this is not straightforward; in order to use luminosity-
distance relationships, we need a reference for how bright an object is supposed to be.

Enter the cosmic distance ladder: a succession of methods for measuring the distance to
far-out astrophysical objects, with each "rung" of the ladder defined by how nearby the objects
are. The distance to nearby objects can be measured using parallax. [147]

Standard candles are astrophysical systems from which a luminosity distance can be ob-
tained, due to their well-known, characteristic luminosities. The luminosity distance d;, relates

an object’s observed flux F to its intrinsic luminosity L.

Type Ia supernovae

Type Ia supernovae allow us to probe the Universe well into the smooth Hubble flow, making
them powerful distance indicators. They are extremely luminous point sources generated by the
thermonuclear explosions of white dwarfs. [148, 149] Because all Type Ia are the result of the
same process, they have characteristic, well-known light curves.

At the time of writing, the latest local measurement of the Hubble constant released by the
SHOES team with Hubble Space Telescope observations of type la supernovae gives a Hubble
constant value of Hy = 73.04 +1.04 km s~! Mpc~!. [150]

Cepheid variable stars

Cepheids are luminous variable stars that undergo pulsations. The relationship between the
period of their variability and their pulsation, the period-luminosity relationship, makes them
ideal for measuring distances. [151] They were first observed by astronomer Henrietta Swann
Leavitt in 1908. [152] Her observations of 1777 variable stars in the Magellanic clouds led to
the discovery that the luminosity of these stars was related to their pulsation period. [153, 154]
This Cepheid period-luminosity relationship, or Leavitt Law, makes Cepheid variable stars a

powerful tool for measuring distances to nearby galaxies.

2.2.3 The Hubble tension

Early Universe and local measurements of the Hubble constant are in disagreement. At the time

of writing, the Hubble tension has passed 5o. [150]
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Figure 2.2: Plot illustrating the current state of the Hubble constant, with early vs late Universe
measurements. Figure generated with code from [155], updated with the latest SHOES results

from [150]
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Figure 2.2 shows the latest measurements of the Hubble constant from early- and late-
Universe methods. This tension could spell trouble for the ACDM model, or could indicate
the presence of some unaccounted-for systematics. This makes independent measurements of
the Hubble constant which do not rely on model assumptions or the cosmic distance ladder an

important tool for understanding the discrepancies between different Hy measurements.

2.3 Cosmology with Gravitational Waves

Section 2.2 presented an overview of methods for measuring the Hubble constant. A third
method, analogous to standard candles, makes use of gravitational wave signals as cosmological
probes. This method is independent of the other methods described in the previous section, and
could become an important tool in understanding the tension between the local and early Uni-
verse measurements of the Hubble constant. At the time of writing, the latest Hubble constant
measurement from gravitational waves comes from the analysis of the GWTC-3 data, with a
value of Hy = 681“%2 km s~! Mpc~! using the redshifted masses, and Hy = 681“2 km s~ Mpc~!
for the galaxy catalogue method. [156]

The idea of using the gravitational wave emission from mergers of compact objects to probe
cosmological parameters pre-dates the direct detection of gravitational waves by ~30 years.
In 1986, Bernard Schutz proposed that gravitational waves from compact binary coalescences
could be a new, independent cosmological probe. [157] These would later be known as standard
sirens, the gravitational wave counterpart to standard candles. Similarly to standard candles,
standard sirens yield a luminosity distance. The paper outlines a method for measuring the
Hubble constant Hy using binary neutron star mergers as dark sirens - standard sirens without
an accompanying electromagnetic counterpart.

However, unlike standard candles, which depend on knowledge of other rungs of the cosmic
distance ladder for calibration, compact binary coalescences are calibrated by general relativity.
While the distance estimates obtained from gravitational waveforms have large uncertainties
(up fo ~40%), this self-calibration means that standard sirens are not subject to the same astro-
physical systematics as standard candles, making them a powerful tool for cosmography. [158]
Gravitational wave signals from compact binary coalescences are, essentially, a self-calibrating
distance ruler, yielding absolute distances from their waveforms.

As the orbits of compact binary systems shrink during their inspiral phase, they lose energy
in the form of gravitational radiation. Information on the luminosity distance can be obtained
from this GW signal, and if observed by a network of detectors, then the host galaxy of the event
can be localised, giving us information about the redshift. The luminosity distance obtained from
the source is an absolute distance, under the assumption that the binary coalescence waveform
is accurately described by general relativity. [158]

Because the inspiral phase of CBCs is well-modelled, and thanks to breakthroughs in the
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field of numerical relativity, it is possible to obtain a distance from the entire gravitational wave
waveform of a CBC. [159-162]
If we take a BNS system located at a distance dj, = 100r;9o0 Mpc and emitting gravitational

waves at a frequency of 100 f90 Hz, we have:

r100 = 7.8 f1o5((ho3)T) ", (2.15)

where 7 is a measure of the timescale on which the frequency of the binary changes and (h3) =
(h) % 1023, and (h) is the root mean square amplitude, or strain, of the gravitational waves,
averaged over all detector and source orientations. [157] From this equation, we can see that the
luminosity distance of the system is dependent on the measured strain /# and the frequency fiqo.

While some redshift information is obtained from gravitational wave events, it is degenerate
with the chirp mass, meaning it is important to obtain redshift information through other means
for inferring cosmological parameters. [157, 163] For binary neutron stars, in the case where no
electromagnetic counterpart is observed and the host galaxy not resolved, it is possible to use
the narrow mass distribution of neutron stars to get a redshift distribution for the system. [164]
However, the redshift obtained from this method would contain contributions from the velocity

of the system along with the velocity of the Hubble flow.

Chirp Mass: The chirp mass of a compact binary coalescence is well measured from its

gravitational waveform. It is a combination of the component masses m| and m; of the
. 3/5 . .

system, with .Z = % It’s affected by the redshift of the system; the redshifted

1 7

chirp mass is .#+ = (1+z).# for a system with redshift z and chirp mass .Z .

Another method of obtaining the redshift, proposed by Schutz, is to use galaxy catalogues
to assign a probable host galaxy to a gravitational wave event. With this method, each potential
host galaxy is assigned a probability of being the true host of the GW signal for a range of
values of the Hubble constants. When we marginalise over all potential hosts and using several
gravitational wave events, an estimate of the Hubble constant can be obtained. [157, 165]

Gravitational wave cosmology offers an independent method for measuring the Hubble con-

stant, making it an important tool in starting to understand the Hubble tension.



3 Methods for parameter estimation

I often think that the night is more alive

and more richly colored than the day.

Vincent Van Gogh

This chapter outlines methods used for parameter estimation, in particular inferring ejecta
parameters from kilonova light curves. It is divided into four main sections: Bayesian inference,

kilonova models, Gaussian Process Regression and parameter estimation.

3.1 Bayesian Inference

The principles of data analysis for gravitational wave astrophysics rely on applications of Bayesian
inference. Bayesian inference is an approach to probability used extensively in many fields of
astronomy and astrophysics, including gravitational wave astronomy. This section introduces
the history and principles of Bayesian inference. The methods used in this thesis make use of

these principles.

3.1.1 History

The unusual history of Bayesian inference starts in the eighteenth century with the work of
reverend Thomas Bayes. He developed a theory to estimate the probability of an event occurring
knowing how many times it had occurred in the past. Largely unnoticed at the time, the work
was published posthumously by Richard Price, along with amended and added material. [166]
The theory was also rediscovered independently and given its mathematical form by French
polymath Pierre Simon Laplace. [167] The Bayesian approach to probability then resurfaced in
the twentieth century with many successful applications, from decision-making to optimising
searches for the wreckage of planes.

Bayesian inference was not always met with widespread acceptance; in the nineteenth cen-
tury, it was met with virulent backlash in the context of the Dreyfus affair, when French mathe-
matician Henri Poincare used Bayesian reasoning to refute the accusations made against Alfred
Dreyfus. [167]

27
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Bayesian inference knew a resurgence during World War II, with the release of Harold Jef-
frey’s The Theory of Probability. [168] The code for the German enciphering machine Enigma
was cracked by Alan Turing using a Bayesian inference technique that he developed. [167, 168]

Bayesian probability can be understood as "Probability Theory as logic"'

, as opposed to fre-
quentist approaches which focus more on calculating frequencies of random variables as proba-
bility, relying on "identical repeats". [169]

Nowadays, many scientific fields rely on the application of Bayesian inference for statistical
analyses. There are many advantages to using Bayesian inference in the physical sciences. It
particularly shines in the fields of modern astrophysics and cosmology. Some of the reasons for

this are: [170]

e The models used in cosmology and astrophysics are increasingly complex, requiring ef-
ficient and sophisticated inference tools. This is also a consequence of the recent data

explosion in cosmology.

e The field requires an approach that can effectively deal with incomplete data and biases

such as selection effects

e The limited resources of the field; strategies need to be optimised to maximise scientific

returns

e Astronomy and cosmology often have limited, complex and sometimes poor data which

cannot always be improved.

Bayesian inference is also used extensively for data analysis in gravitational wave astron-
omy. It is useful in helping discriminate gravitational wave signals from astrophysical sources
from noise, and for dealing with the high-dimensional parameter spaces of compact binary coa-

lescences.

Bayesian Inference: An approach to probability based on "plausibility" of a hypothesis
A conditional on B, p(A|B). In Bayesian inference, our degree of uncertainty is encoded

into probability distributions for model parameters or hypotheses. [169]

Any use of Bayesian inference stems from the application of Bayes’ Theorem. This equa-
tion, also known as Bayes’ rule, can be derived from basic rules of sum and product probabilities,

which are outlined in the sections below.

'A wonderfully humourous example can be found in xkcd


https://xkcd.com/1132/
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3.1.2 Principles of Bayesian inference

The sum rule and the product rule

Bayes’ theorem can be derived from two basic rules of probability: the sum rule and the product

rule.

p(A|B)+ p(A|B) =1, 3.1)
and
p(A,B|C) = p(A|C)p(B|A,C) = p(B|C)p(A|B,C), (3.2)

in which p(A|B) is the probability that A is true given B, and p(A|B) is the probability that
A is not true given B. Given that, in this situation, there are only two possible outcomes (either
A is true or it isn’t), and that the product AA is always false (the two propositions, A is true and
A isn’t true, cannot be true at the same time) the sum of these probabilities must add up to 1.
The two propositions governing the sum rule are of the Aristotelian logical type. [171]

p(A,B|C) is the probability of A and B being true given C. This is known as the joint proba-
bility of A and B. The product rule can be derived through extended logic. [169]

Bayes’ Theorem

When combining these rules, we arrive at the expression of Bayes’s theorem seen in equation
3.3.

H|I)p(D|H,T)

pit|p.1) = "EIEDED,

(3.3)

where:
e H is our hypothesis,

D is the data,

I is the background information,

p(H|D,I) is the posterior,

e p(H|I) is the prior,

p(D|H,I) is the likelihood,

p(D|I) is the marginal likelihood, or evidence.
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3.1.3 Marginalisation

Marginalisation offers a way of dealing with nuisance parameters. If a distribution depends on
parameters that are of little or no interest to us, these are called nuisance parameters.

In Bayesian inference, these nuisance parameters are dealt with through marginalisation:
that is, integrating through the entire parameter space for the nuisance parameters.

For example, for a probability p(X) depending on a continuous parameter H:

p(X) = /H (X, H)dH, (3.4)

p(X) = [ p(X|H)p(H)dH. (3

Marginalisation can also be applied to the discrete case, with p(X) depending on a parameter

H that can take n values H;:

-

N
I
_

p(X) =) p(X|Hi)p(H:) (3.6)
This is especially useful for the denominator, or marginal likelihood, of Bayes’ theorem.
Applying marginalisation to the marginal likelihood as defined in equation 3.3, in the discrete

case with a hypothesis H;, we can define the extended Bayes’ theorem:

p(DI1) = Y. p(DIH:.1)p(H). 3.7
=1

1

_ p(H\Dp(DIH;. )

.)::lp(Dle,l)p(Hi)

p(H,;|D,I) : (3.8)

3.2 Kilonova Models

An overview of kilonovae, including searches, models and detections, was presented in chapter
1.

Kilonovae can produce a diverse range of light curves. [172] These light curves differ de-
pending on the parameters of the kilonova ejecta that emerges from the merger of two neutron
stars, or of a neutron star with a black hole. The composition and other parameters of this ejecta
vary depending on the parameters of the merger, including the outcome of the merger and nature

of the remnant. [75] Outcomes of this type of merger, such as prompt collapse to a black hole or
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magnetars accelerating ejecta, vary and influence the resulting light curves. [172]

During the merger of two neutron stars or a neutron star with a black hole, matter can be
flung through different ejection mechanisms and with different parameters. The resulting kilo-
nova light curves will be dependent on these parameters. Inferring the ejecta parameters from
kilonova light curves requires that we have accurate models of kilonovae.

Kilonova models vary in complexity and in the number of ejection mechanisms they incorpo-
rate. These can range from toy models, which are often simple analytical equations, to complex
models that are the results of simulations taking into account many mass ejection mechanisms
and microphysics. [75]

The first kilonova model, with parameterised heating, was released in 1998 by Li and Paczynski.
[70] The model was a simple analytical model predicting the bolometric luminosities of a tran-
sient resulting from a neutron star merger. Twenty years later, the 1990s saw the advent of the
first hydrodynamics simulations of kilonovae. [71, 83]

Since then, kilonova modelling has been a very active field of astrophysics, especially ex-
panding following the first confirmed detection of a kilonova from the merger of two neutron
stars following the gravitational wave event GW170817. [40]

In order to infer ejecta parameters from kilonova observations, we need models that can pre-
dict the observed light curves as a function of ejecta parameters and time post-merger. The mod-
els used in the analysis presented in subsequent chapters are the 1-dimensional radiative transfer
models developed in 2017 by Kasen et al. [94] They are time-resolved spectra obtained through
the use of a Monte Carlo code that solves the multi-wavelength radiation transport equation in a
relativistically expanding medium. [94, 173, 174] These models identify two components, each

with different mechanisms for mass ejection in a binary neutron star merger:

e A dynamical mechanism (blue component): the ejecta matter is expelled during the merger,
as tidal forces on the orbital place and shock heating at the contact interface of the two
stars fling out matter from the neutron stars. Tidal forces peel away matter from the sur-
face of the approaching stars, while shock heating squeezes additional matter into the
polar regions. [71,94,175,176]

e A "wind" mechanism (red component): roughly one second after the merger, matter from
the accretion disc around the merger remnant is blown away in winds at lower velocities
than the squeezed component. [177-182] This component is sensitive to the fate of the
merger remnant, and can result in blue (remnant survives as hot NS for tens of millisec-

onds) or red (prompt collapse to a BH) winds. [94]

The red component is made up primarily of heavy r-process elements (elements whose
atomic mass is greater than 140), while the blue component is made primarily of lighter r-process
elements. The models are generated from synthesised observables obtained by numerically solv-

ing the Boltzmann equation for relativistic radiation transport in radioactive plasma. [94] The
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Figure 3.1: Example of a time-resolved spectrum for a kilonova taken from the grid of models
by Kasen et al. Both the baseline ideal transmission filters (right) and total transmission filters
taking into account instrumental effects (left) are presented. The filters are obtained from the
baseline LSST throughputs. [183]

two components that make up the light curves are spatially distinct. The parameters for each

component are the ejecta mass m,, ejecta velocity v.;, and lanthanide fraction X,

3.3 Gaussian Processes

Section 3.1 presented a brief introduction to Bayesian inference. The following section intro-
duces Gaussian Process Regression, a regression scheme that applies principles of Bayesian
inference.

The kilonova models used in the work presented in this chapter and the two following chap-
ters are the results of radiative transfer simulations. These are generated for a finite grid of
ejecta parameters, and are computationally expensive to generate. While parameter estimation
is possible using the grid of discrete models, this results in awkward posterior distributions,
multi-modalities and degeneracies.

In order to use this finite number of kilonova light curves for parameter estimation, it is
therefore best to implement an interpolating scheme for the light curves, making it possible to
generate light curves for any given set of physical parameters.

Two approaches are possible: interpolating the spectra, or interpolating the resulting broad-
band light curves. We choose to interpolate the light curves rather than the spectra. Work on
interpolating the time-resolved spectra using Gaussian Process Regression can be found in [68].

There are a number of existing interpolating schemes, such as linear interpolation or nearest-
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neighbour interpolation. Gaussian Process Regression is a powerful non-linear interpolating
scheme, which we use in this work.

Gaussian processes are a stochastic process defined as a collection of random variables, any
finite number of which have a joint Gaussian distribution - hence the name "Gaussian Process".
They are used to infer directly in function space, by describing a distribution over functions.
[184] They offer a flexible and robust way of interpolating data. They are completely defined by

a set of two functions: a mean function and a covariance function.
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Figure 3.2: Functions drawn from GP prior (left) and posterior (right) i.e. prior conditioned by
5 noiseless data points drawn from a real function f(x) = xsinx.

Gaussian Processes make use of covariance functions, which encode our assumptions about
the shape of the underlying function defining the model. [184] The untrained covariance function
defines our prior for the Gaussian Process. When the Gaussian Process is trained, the posterior
distribution of functions is updated using data points from the models. This training can be done
on either noiseless or noisy data points.

Figure 3.2 shows an example of Gaussian Process Regression. The left-hand side plot shows
sample functions drawn from the kernel of the Gaussian Process, which constitutes the prior.

The right-hand side plot shows one of these functions conditioned on five noiseless data points.

3.3.1 Training a Gaussian Process on kilonova light curves

The kilonova models used for training the Gaussian Process are the ones described in section
3.2. These models are time-resolved spectra, which are convolved with LSST filters to produce
light curves in the griz bands. The original dataset consists of 329 light curves for times up to
25 days post-merger with a 0.1 day time resolution.

Light curves are generated using the time-resolved spectra and LSST griz filters. Figure 3.1
shows an example of a time-resolved spectrum from one of the kilonova models, with the ugrizY

LSST filters. To get expected magnitudes for astronomical objects, the baseline ideal filters are
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convolved with the time-resolved spectra. [183] In order to smoothe out the numerical noise
(due to the Monte Carlo sampling) present in the models, the light curves are smoothed with a
rolling 0.5 day window. Data points beyond # = 10 days are discarded for training, along with
any data points where the models become completely unreliable - this is marked by a sudden,
sharp drop in the light curve.

The kilonova ejecta becomes optically thin at times well beyond the light curve peak. At
these times, the model is less reliable due to the approximation of local thermodynamic equilib-
rium breaking down. [94] Because the models are less reliable at later times, we only train the
Gaussian Process and run parameter estimation on the first 10 days post-merger.

We train the Gaussian Process on light curves generated from these spectra rather than the
spectra directly. This is to allow for quicker inference using broadband observations in the time
domain. This also makes the training, especially the choice of kernel function, more straightfor-
ward. A different Gaussian Process is trained on each filter band.

The smoothed griz light curves are found in figure 3.3. The figure shows all one component
light curves, including those with a lanthanide fraction of Xj,,, = 102, which are discarded in
the training. This is due to the large gap in the parameter space between light curves with X;,, =
1073 and X;,, = 10~°. Considering this subset of the models allows for better interpolation from
the Gaussian Process. This also helps reduce the amount of data points used, which is important
for training Gaussian Processes. There are 55 light curves (out of 329) with X;,, = 107°.

The complexity of Gaussian Processes goes with N2, with N the number of data points. The
complexity of GPRs also increases sharply with dimensionality. [184]

Two methods are used to get around the complexity of the dataset:
e Downsampling the data
e Using a Hierarchical Off-Diagonal Low-Rank (HODLR) solver

The kernel is chosen to be an addition of two exponential squared quadratics, one acting
on all dimensions and one acting on the time dimension only. This is to reflect the variation in
length scale for the time dimension, capturing both the rapid peak of the kilonova at 1-2 days

post-merger and the slow decay in magnitude of the light curve.

3.3.2 Training and optimising a Gaussian Process

Solver

We use a HODLR solver implemented within the george python module. [185] The HODLR
solver is based on the Hierarchical Off-Diagonal Low-Rank structure. For n-dimensional prob-
lems, the inversion of an n X n covariance matrix is required. With standard methods, the com-

plexity of this matrix inversion goes with ¢'(n3). The HODLR solver offers an &'(nlog®n)
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Figure 3.3: Smoothed models for griz bands. These are single-component light curves generated

from time-resolved spectra using the filters seen in figure 3.1, smoothed with a rolling mean with
a 0.5 day window.
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Figure 3.4: GPR predictions for a kilonova light curve using LSST g-band, with ejecta parame-
ters m,; = 0.05 Mg, ve; = 0.1 ¢ and Xj,, = 10~*. Holdout validation with this set of parameters
removed from the training.

algorithm for factorising matrices. This method can be applied to any choice of covariance
function.

The kilonova models can be treated as a 5-dimensional grid. The x-parameters fed into the
Gaussian process are time (¢), lanthanide fraction (Xj,,), ejecta mass (m,;) and ejecta velocity
(vej). The y-axis is the absolute magnitude corresponding to these parameters and the band the
GPR is being trained on. There is a separate trained GPR for each band used in the analysis,

here the griz bands.

Hyperparameters

As described previously, Gaussian Processes are trained using what we call a kernel as a prior
in the function space. This kernel will be different depending on the shape and dimensionality
of the dataset.

For the dataset in this problem, we choose a combination of two kernels. The first kernel
acts on all 4 x-dimensions, while the second kernel acts only on the time dimension.

Two kernels act on the time dimension in order to capture both the rapidly peaking epoch of
the kilonova light curve (~1-2 days) and its subsequent slow decay. Only one of the kernels acts
on the other dimensions. The lengthscales of this kernel for each physical parameter relates to
the spacing of the parameter grid from the models used for training.

With this problem, we hand-tune the hyperparameters and verify the trained model with
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holdout validation, where one part of the dataset is excluded from the training. For some
datasets, optimisation of the hyperparameters can be done systematically through optimising
the cross-validation likelihood and the marginalised log-likelihood.

An example of the output from a GPR trained on the g-band data is presented in figure
3.4, along with the true light curve. The figure shows an example of holdout validation of
the training; the light curve corresponding to a specific set of parameters is removed from the
training dataset, and the results from the trained GPR for this set of parameters are shown against

the corresponding true light curve.

3.4 Parameter Estimation on Light Curves

The kilonova parameters are inferred from the light curves for different observing bands.
Using the Gaussian process trained on kilonova models, one can define a function that de-

fines an apparent magnitude

m:y<9KN,t,X,dL), (39)

with x the band, ¢ the time in days post-merger, dy, the luminosity distance and Oy the ejecta
parameters. These ejecta parameters are m,j, v.; and Xj,,. Each magnitude m is generated by
the trained GPR.

The likelihood of the parameters given the observed data is then

p(012) =[111r(Zcrr|Z.06). (3.10)

where Zgpr is the set of magnitudes mgpg corresponding to the ejecta parameters 6, time
t, luminosity distance d; and observing band x. To get the log-likelihood in the parameter
estimation code, we evaluate the log probability density function for each sample of parameters

0 giving a set of magnitudes Ygpg

X, N _ .GPR
- 1 I MNx; =My
1 ——log(2m) — = (—MMM =+ a1
b loee 5 loem) 5 () G1D
and=x; i=0

for N observations in a set of n bands x1...x,, with my , the simulated observations, mﬁ,ﬁf the
observations generated by a GPR corresponding to a set of sampled parameters 6, and 6 = 1 mag
the uncertainty on the models.

We use NESSAT as a fast sampler. [186] NESSAT is a sampler developed by Williams et
al. which uses a machine learning algorithm known as normalising flows. Normalising flows
are generative models that produce tractable distributions, allowing for efficient and robust sam-
pling. Normalising flows work by transforming a specified, simple probability distribution into

a more complex distribution through an invertible mapping. [187]
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While NESSAT was originally developed for parameter estimation for gravitational wave
astronomy, it is well-adapted to any problems where the likelihood is computationally expen-
sive, as is the case here. Instead of using computationally expensive techniques like Markov
Chain Monte Carlo (MCMC) or Nested Sampling, NESSAT makes use of a modified nested
sampling algorithm that uses normalising flows for proposal. Other methods like parallel tem-
pering, which could deal with degeneracies, had been used in previous instances of the code,
but it was found that NESSAT greatly reduces the time taken for the parallel estimation code to
run. [188, 189]



4 Kilonova parameter estimation

Alors ce sera pour toi comme si riaient

toutes les €étoiles.

Antoine de Saint-Exupéry, Le Petit Prince

This chapter presents the results of parameter estimation on kilonova light curves using the
method outlined in chapter 3. It is split into two main sections. In the first section, we apply
the methodology previously described to real data from the AT 2017gfo DECam observations.
In the second section, we apply the methodology to simulated light curves. This second section
focuses on recovering a merger time from simulated light curves generated using a Gaussian
Process trained on models.

The first observing run of the Advanced LIGO detectors revealed 103 sub-threshold BNS
candidates with a false alarm rate (FAR) of less than 1/day. Of these none were identified as un-
ambiguous gravitational wave signals. Correlating such sub-threshold candidates with electro-
magnetic counterparts could help identify real signals. [190] The large number of sub-threshold
candidates even in just the first observing run means Target of Opportunity dedicated follow-ups
might not be possible for every BNS candidate. It is therefore more likely that a correlated EM
signal would be a serendipitous discovery. With dedicated survey strategies, a number of kilo-
novae associated with sub-threshold signals could be detected, although this number would be
affected by the duty cycles of the interferometers. [114]

There is also scope for GW searches from EM triggers. These searches typically require
time windows obtained from the EM signals. There are already pipelines in place searching
LIGO data for coincident BNS signals triggered by sGRB. Existing pipelines, like RAVEN,
search FERMI GBM data for transient events that are temporally coincident with LIGO CBC
triggers. [191, 192] Burst searches for signals accompanying supernovae are optically triggered,
with a search window of ~1.5 days [193]

We focus on the griz bands, which are the most commonly used in kilonova detection strate-
gies and also make up for the bulk of LSST observations during the main survey. Observations
in the griz bands make up for 73% of observations for the baseline strategy for the LSST survey.
This makes these four bands ideal for serendipitous, non-triggered kilonova detections through-

out the duration of the main survey. [114,194]

39
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Several observing strategies have been proposed for serendipitous kilonova discoveries. In
one strategy, nightly gi observations are used 20 nights a month, in two blocks of 10 nights.
[113] Other strategies focus on any nightly pairs of observations with an increase in cadence
for multi-band observations. [114] Similar strategies have also been proposed for other deep
surveys, for example the Zwicky Transient Facility (ZTF), a survey that currently observes the
sky with a ~3 day cadence. Proposed strategies favour nightly gri observations in order to
maximise serendipitous observations of kilonovae with wide surveys such as ZTF, with a 470%
improvement in number of detected kilonovae for nightly observations compared to a 3-5 day
cadence. [112, 195] For more distant kilonovae, the izY bands are favoured. [196] In this work

we focus on two cadences (nightly and every 5 nights) for different band filter pairs.

4.1 Parameter Estimation on Real Kilonova Light Curves

Using the DECam light curves for AT 2017gfo, we can test the method outlined in the previous
chapter on real data, looking at the effect of band and start of observations on the recovered
parameters. We choose to run the analysis on a set of observations from one instrument only
in the griz band as this replicates a scenario close to that of the simulated ones with LSST light
curves.

The dataset used in this analysis is presented in [197]. It is the result of an EM follow-up
campaign for the GW signal GW170817 by the Dark Energy Camera (DECam) in the i and z
bands over a 70deg? area. The transient AT 2017gfo was first detected by DECam in the i and
z bands at 11.4hrs post-merger. This initial detection was followed-up by observations in the

ugrizY bands. Of this dataset, we use the griz observations for up to 10 days post-merger.

4.1.1 Inferring ejecta parameters

The method outlined in the previous section is tested on observations of the kilonova associated
with GW170817, AT 2017gfo. We use the DECam griz observations up to 10 days post-merger.
As previously discussed, at later times the models are less reliable due to the ejecta becoming
optically thin, meaning that the local thermodynamic equilibrium approximation breaks down.
[94] This is why we only consider times up to 10 days post-merger.

We first run the parameter estimation code on the full light curves up to ¢+ = 10 days post-
merger to recover only the ejecta parameters. The luminosity distance dy. is fixed at d;, = 40 Mpc,
as is the merger time with the first observations at 7o = 11.4 hrs. The uncertainty on the models
is assumed to be Gaussian, with 10 = 1 mag. This conservative uncertainty budget captures
hard-to-quantify uncertainties in the models used for this analysis, such as uncertainties on the
electron fraction and heating rate which can result in differences in the predicted luminosities.
[68,198,199]

The priors on the ejecta parameters are the following:
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The priors are chosen to be uninformative and are guided by the shape of the parameter grid

for the underlying models. The models are computed for values of Xj,,, distributed uniformly in

log-space, and values of v, ; and m,; are uniformly distibuted. The lower and upper bounds are

determined by the lower and upper bounds of the computed light curves, as the Gaussian Process

performs best as an interpolating scheme, with extrapolated light curves being unreliable.
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Figure 4.1: Full parameter estimation for griz AT 2017gfo DECam observations. True values
(in orange) for ejecta parameters are taken from the best fit from the original work by Kasen et
al. [94]. The data is fitted to a two-component kilonova light curve, with each component (red
and blue) having its set of parameters (1., vej, Xiqn ). The distance dy is fixed and taken to be 40

Mpc.

Figure 4.1 shows the aforementioned parameter estimation on the kilonova ejecta parame-

ters, using the AT 2017gfo griz DECam data and with a fixed 7y and d;. The corner plot shows
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posteriors for the inferred ejecta parameters, along with the best fit values taken from the orig-
inal paper accompanying the models that were used for training the Gaussian Process, taken
from [94]. The data is fitted to a two-component ("red"/lanthanide-rich and "blue"/lanthanide-
poor) model. While not much information is recovered for some parameters, like X;,;, .4 and
Vejred» the final results are in good agreement with the best fit parameters from the original
analysis, shown in orange on the figure.
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Figure 4.2: Light curves generated from posterior samples for the best fit to AT 2017gfo against
griz AT 2017gfo DECam observations for O to 10 days. Each light grey line represents a pos-
terior sample, while the filled circles are observations made by DECam during the GW 170817
follow-up.

Figure 4.2 shows light curves generated from parameters sampled from the posterior in figure
4.1 against the DECam observations of AT 2017gfo in the griz bands. Figure 4.3 shows the same
data with the light curves corresponding to the best fit parameters from table 4.1. We show 1mag
uncertainties, which are used in the parameter estimation, around the best fit. The best-fit light
curves are a good fit to the griz data.

Table 4.1 shows results from the parameter inference for our analysis on the DECam griz
data for AT 2017gfo and other analyses presented in [94] and [68]. The results of our parameter
estimation on the griz DECam data points are in good agreement with previous analyses. Dif-

ferences in the final results can be due to the different datasets used; we only use the DECam
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Figure 4.3: Light curves for the best fit parameters with 1 mag uncertainty vs griz AT 2017gfo
DECam observations. The dashed lines are kilonova light curves generated for the best fit pa-
rameters to AT 2017gfo. These parameters can be found in table 4.1. The solid lines draw out
a 1 mag uncertainty around the best fits, while the filled circles are the actual observations from

DECam.
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Table 4.1: Table of results for AT 2017gfo ejecta parameters. This table shows the best fit results
from [94] and [68]. The analysis in this work is run only on the griz DECam observations up to

10 days post-merger, while the other fits are on the full dataset of observations.

griz dataset, while the other two analyses use the full dataset for AT 2017gfo observations. The

full dataset is shown in figure 1.4.
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Varying d,

The previous parameter estimation was run for a fixed luminosity distance d; = 40 Mpc. In
this section, we allow d;, to vary by making it a parameter of the generated light curves. Figure
4.4 shows the ejecta parameter posteriors for a flat prior on dy with 40% uncertainty bounds
around dr, = 40 Mpc. This uncertainty is larger than the uncertainty from the gravitational wave
luminosity distance obtained from GW170817 d; = 40f¥5 Mpc, but is typical of dj, inferred
from gravitational wave events. [39] The priors on all ejecta parameters are the same as described
previously for the parameter estimation with a fixed luminosity distance.

The resulting inferred parameters are similar to the parameters inferred without varying dy,
with the recovered ejecta parameters still in good agreement with other analyses.

Figure 4.5 shows the PE for a wider prior on dz, (uniform from 0 to 100 Mpc). The posteriors

are similar to the posteriors for the tighter prior on d;, and for a fixed dj .
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tight prior on dz, (uniform from 24 to 56 Mpc).
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Figure 4.5: Ejecta parameter estimation from AT 2017gfo observations in the griz bands with a
wider prior on dy, (uniform from 10 to 100 Mpc).
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Figure 4.6: Full parameter estimation for ri bands on AT 2017gfo DECam observations, with
a starting time 79 2.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True df, taken to be 40 Mpc.

4.1.2 Recovering the merger time from truncated AT 2017gfo light curves

The light curves are truncated in time and the parameter estimation code is run for various
starting times of observations. This serves as a test of the applicability of the method on real
data. The aim is to recover a merger time #y from observations that are incomplete, starting
several days after the merger.

The priors are the following:
e d; uniform 24 to 56 Mpc
e 1o uniform O to 10 days

As previously described, the prior on dy, is uniform and corresponds to 40% bounds on dj.
Figure 4.7 shows results on 7 for different starting times of observations and band combina-
tions. The results show that information is recovered on the merger time #; in all cases, and that

the prompt start of observations post-merger matters more than the choice of pair of bands. The
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Figure 4.7: Results of merger time inference on the AT 2017gfo DECam observations for dif-
ferent starting times of observations and observing bands.
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resulting posterior on g is fo = 1.72f8:§g days for the ri bands with the actual 7y being 1o = 1.45

days. The results are similar for other bands, with a recovered 68.3% interval of ~1.8 days. For
light curves truncated at 2.45 days, the recovered merger time is fy = 2.304_“%58 days for the ri
bands. For light curves truncated at 4.45 days, we get ) = 3.82‘:}:23 days in the rz bands, with
a similar posterior in other band combinations.

With the starting time of observations and cadence being equal, no choice of band com-
bination prevails over the others. However, at larger distances dy, this choice might become
more important in order to increase chances of detection and number of observations. Figure
4.6 shows an example of a complete corner plot for this analysis, with observations in the ri
bands and the light curves being truncated so that the earliest observation is at fg = 2.45 days
post-merger. All corner plots from the results in 4.7 can be found in Appendix B.

The results serve as a proof of principle for the parameter estimation pipeline.

4.2 Detectability of Kilonovae with LSST

The rest of the work presented in this chapter focuses on recovering a merger time #y from
simulated serendipitous kilonova observations.

With the baseline2018a cadence for the main survey of the LSST, only ~ 7.5 serendipitous
kilonova observations are expected. [113] In the baseline main survey strategy, each field is vis-
ited ~ 825, with visits spread over the ugrizY filters. [102] However, there are existing proposed
strategies to maximise the detection of kilonovae during the main Wide Fast Deep survey. One
such strategy, proposed by [113], could yield close to 300 GW170817-like kilonovae throughout
the WFD survey.

However, not all kilonovae are expected to be as bright as GW 170817, and will present some
variation in colour. In this section we estimate the fraction of kilonovae detectable by the LSST
for a range of ejecta parameters, over various times ¢ and luminosity distances dj.

Using the trained Gaussian Process, a large number of kilonova light curves is produced.
Each light curve is made up of two components, a red (lanthanide-rich) and blue (lanthanide-
poor) component. There is a total of 6 parameters for each light curve, sampled from priors
determined by the bounds defined by the parameter grid from the models the GPR is trained on.

All 800 light curves generated for estimating the detectability can be seen in Figure 4.8.

Each kilonova is the sum of two light curves forming the red and blue components.

m = —2.5log (107 0-4mbtue 4 10~ 0-4mrea) (4.1)

We adapt the detectability criteria outlined in [200]:
e At least two filter bands have at least one observation,

e There is at least one observation at least 20 days before,
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| _w| e | ] z| ¥

WED || 23.9 | 25.0 | 24.7 | 24.0 | 23.3 | 22.1

Table 4.2: LSST design single-visit limiting magnitudes for the WFD baseline survey. [201]

e There is at least one observation 20 days after.

We assume that the conditions for the second and third detection criteria are met in the
baseline survey.

Figure 4.9 shows the fraction of these kilonovae detectable in different bands and band com-
binations as a function of time. Detectability here is defined as the apparent magnitude of the
kilonova being higher than the single exposure LSST magnitude threshold for the quoted lumi-
nosity distance. It’s important to note that "detectability” is not the same as the detection criteria
used for kilonovae, but rather just whether the apparent magnitude makes it above the limiting
magnitude of the WFD single-visits.

The limiting magnitudes are presented in table 4.2. These are the design limiting magnitudes
for single-visit exposures in the baseline Wide Fast Deep (WFD) survey.

This shows that even for late-time observations associated with events close to the aLIGO
event horizon, some kilonovae might still be detectable. This is consistent with other work,
which found some kilonovae to be detectable up to 475 Mpc with wide-field surveys like the
LSST. [104].

Results of the parameter estimation are only presented for kilonovae with apparent magni-
tudes above the LSST WEFD threshold for a single visit. This favours certain observing strate-
gies, band combinations and cadences, especially at higher distances and 7). While Target of
Opportunity observing strategies, such as the ones used in the follow-up of gravitational wave
signals, could use longer exposure times, we stick to the WFD single visit thresholds as we are

considering serendipitous kilonova observations.
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4.3 Results on Simulated Light Curves

In this section we explore parameter estimation on simulated light curves. The light curves are
simulated using the trained Gaussian Process, as described in chapter 3.

We assume a fixed luminosity distance dy, under the assumption that the host galaxy is
identifiable for each kilonova observation. In the AT 2017gfo analysis, the effect of a larger
prior on d;, was minimal on the recovery of the other parameters. We test 4 different luminosity
distances, at d;, =100, 200, 300 and 400Mpc.

The parameter estimation is run for two different kilonova light curves, with the main dif-
ference between the two kilonovae being on the ejecta mass of each component. We label them
"blue" and "red", with the "blue" kilonova having a higher ejecta mass for the blue component,
and the "red" kilonova having a higher red ejecta mass with a more subdued blue component.
Table 4.3 shows a list of ejecta parameters for the two light curves considered in this analysis.
Figure 4.10 shows the light griz light curves for the kilonova corresponding to the aforemen-
tioned ejecta parameters. These were chosen for this analysis as they are bright kilonovae, but

have some variations in colour, as seen by the variations in brightness for some of the bands.

Kilonova | Ejecta mass Ejecta velocity Lanthanide fraction | Ejecta mass (blue) Ejecta velocity (blue) Lanthanide fraction(blue)

Blue | 0.02 M 0.19¢ 10148 0.07 M, 0.24 ¢ 10-40

Red | 0.09 M, 020 ¢ 1015 0.04 M, 0.25¢ 1040

Table 4.3: Ejecta parameters for the two kilonova light curves considered in this analysis.

4.3.1 Effect of cadence and band choice

We explore the effect of cadence on recovering the merger time. Two different cadences are
considered, a nightly cadence and a cadence of 5 days. Most serendipitous observing strategies
advocate for at least a nightly cadence over a limited time. [113,114,195,196] The prior on #j is

kept to be uniform over 0 — 10 days for both cadences:

e [f we assume follow-up from an internal (or external EM) trigger, the prior on fy would be

larger than the one determined by the cadence.

e [f we assume "blocks" of observations on consecutive nights for limited amounts of time,

that area of the sky would not have been visited regularly prior to initial detection.

Figure 4.11 shows a direct cadence comparison for observations in the rz bands for a "red"
kilonova at 300 Mpc. The importance of adopting a fast cadence for parameter estimation is

evident from the posteriors on #y. For a first observation at o = 1 day post-merger, the 68.3%
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confidence interval for the recovered merger time is ty = 1.37Jj8:§2 at a 1 day cadence against

2. ISfHE{ day at a 5 day cadence. The effect of cadence is noticeable for early time detections at
all luminosity distances. Figure 4.12 shows the same posteriors presented differently, with the
posterior on fg rather than 7y — t,,,, With 7,4 the actual start of observations.

The effect of cadence is also noticeable at greater luminosity distances and later time obser-
vations. This is due to the increase in number of observations; the greatest difference to the final
posterior comes from the total number of observations.

For distant kilonova candidates, a follow-up observation on the next night would make the
greatest difference to detectability and parameter estimation on the light curves. All results for
all band combinations, luminosity distances and kilonovae are found in Appendix B.

The largest difference from the choice of pair of bands is on detectability. The #y posterior is
more dependent on the number of observations than which bands are used. This could also be
seen in the inference on AT 2017gfo light curves, seen in figure 4.7.

Figures 4.13 and 4.14 show results on the inferred ¢y for a 5 day cadence at 300 Mpc, for
different band pairs. We can see that while the g band limits the detectability of the kilonova,
with no detection at #y = 5 days post-merger, it constrains the merger time better than other
bands. This is understood as a selection effect. As seen in figure 4.9, the fraction of detectable
kilonovae falls off more sharply for the g band than any other band. Therefore, a kilonova
detection in this band already provides some tighter constraints on the merger time #.

The effect of band choice matters less for high cadence observations, as seen in figures 4.16
and 4.15. This is because the high cadence maximises the number of observations. The best
results which do not compromise detectability, with both kilonovae still detectable at 7,53 = 5
days post-merger, are on the iz bands.

The choice of bands matters more at slow cadences and for early time observations. Taking
the example of the blue kilonova at 200 Mpc, there is little appreciable difference in the poste-

riors on the recovered fy when ¢,,; = 1 day post-merger at a nightly cadence. The recovered f

in the gi bands is 7p = 1.03f8:i§ days for a 1 day cadence and 7y = 1.391“8:;? days for a 5 day
cadence. In the iz bands, 7y = 1.14f8:ig days for a 1 day cadence and ¢y = 2.23ﬂ%§ days fora 5

day cadence. The posterior is significantly wider for the 5 day cadence in the iz bands, and more
biased.

We find that detectability increases in the riz bands. The effect can be seen particularly for
late time observations of kilonovae at distances of 300 — 400 Mpc.

Figures 4.17 and 4.18 show a direct comparison of the choice of bands for a blue kilonova
at 400 and 200 Mpc, for two different cadences.

The full results can be found in Appendix B. We only show a subset of the results here.
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Figure 4.11: Effect of cadence on recovery of ¢y for a "red" kilonova at 300 Mpc in the rz bands.

Each panel shows a different time for the first observation ¢y in days post-merger.



CHAPTER 4. KILONOVA PARAMETER ESTIMATION

300Mpc, rz, red

1.0 day cadence

tops (days)
== 1.0
B 2.0
B 3.0
4.0
5.0

\

5.0 day cadence

tobs (days)
== 1.0
= 2.0
3.0
1 40
B 5.0

to (days)

Figure 4.12: Effect of cadence on recovery of 7y for a "red" kilonova at 300 Mpc in the rz bands

57



CHAPTER 4. KILONOVA PARAMETER ESTIMATION

5 day cadence, 300Mpc, blue

gi band gr band
| ]
0.6 ! tobs (days) ] tobs (days)
g 1 1.0 ] 1.0
0.5 ! 20 i 2.0
] 3.0 ! 3.0
.‘?O.A ! 4.0 ! 4.0
a | |
@ 0.3 !
a i
0.2 .
i
0.1 !
i
0.0 .
gz band iz band
] |
06 | tops (days) | tobs (days)
. ! 1.0 i 1.0
0.5 i 2.0 i 2.0
. : 3.0 i 3.0
.*?0.4 ! 4.0 ! 4.0
a i i 5.0
§03 ! ;
a i i
02 ¢ {
i i
01 : |
0.0 | |
ri band rz band
0.6 tops (days) tops (days)
g 1.0 1.0
0.5 20 2.0
: 3.0 3.0
£04 4.0 4.0
@ 5.0 5.0
§ 0.3
a
0.2
0.1
0.0
-6 -4 -2 4 6 -6 -4 -2 4 6

0 2
t— tops (days)

0 2
t = tops (days)

Figure 4.13: Results on 7 for the "blue" kilonova, with a 5 day cadence at 300 Mpc. Results are
shown for 6 different two band combinations, for five different ;. Where a result is not included,

the kilonova did not meet the criteria for detectability outlined previously.

5 day cadence, 300Mpc, red

gi band gr band
0.6 ! !
H tops (days) ] tobs (days)
0s ‘ 20 ‘ 25
i A i Y
! 3.0 ! 3.0
.‘?0'4 i 4.0 i A0
§ 03 ! 1
a i
0.2 i
|
01 |
i
i
0.0 . -
gz band iz band
0.6 ! !
! tobs (days) ! tobs (days)
0.5 - ;8 ] ;.g
i Y i X
! 3.0 L 3.0
-‘?OA i G i 4.0
g 03 ! : 5.0
a ; i
0.2 b ;
i i
0.1 i ]
i i
0.0 . .
ri band rz band
0.6
tops (days) tops (days)
0.5 1.0 1.0
2.0 2.0
3.0 3.0
QO'A 4.0 4.0
603 5.0 5.0
a
0.2
0.1
0.0
-6 -4 -2 4 6 -6 -4 -2 4 6

Figure 4.14: Results on fy for the "red" kilonova, with a 5 day cadence at 300 Mpc.

0 2
t— tops (days)

0 2
t = tops (days)



CHAPTER 4. KILONOVA PARAMETER ESTIMATION

1 day cadence, 300Mpc, blue

gi band gr band
1.0 i i
1 tops (days) 4 tops (days)
| 10 = 10
0.8 H 20 20
: 3.0 3.0
1 4.0 4.0
206 !
0 i
2
o
Q04
0.2
0.0
gz band iz band
1.0 i
! tops (days) i tops (days)
10 10
08 i 20 - 20
: 3.0 : 3.0
1 4.0 1 4.0
206 ! ! 50
2 H
@
Q04
0.2
0.0
ri band rz band
1.0
tobs (days) tops (days)
1.0 1.0
0.8 20 20
30 30
40 4.0
206 50 50
G
c
@
Q04 !
i
i
0.2 Ii
0.0
-6 -4 -2 a 6 -6 -4 -2 6

0 2 0 2
t = tops (days) = tops (days)

]

Figure 4.15: Results on 7y for the "blue" kilonova, with a 1 day cadence at 300 Mpc.
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4.4 Conclusions

In this chapter, we have presented results from a parameter estimation pipeline that makes use of
Gaussian Process Regression as an interpolating scheme for kilonova light curves obtained from
two-component radiative transfer models. We applied this pipeline to real data and performed
parameter estimation on the DECam observations of the kilonova AT 2017gfo to recover ejecta
parameters. The recovered parameters were in good agreement with two previous studies that
used the same models for parameter estimation. Discrepancies can be explained by the fact
that other studies performed the parameter estimation on a larger dataset, including observations
from many instruments.

The focus of this chapter was on recovering a posterior on f(, the merger time of a binary
neutron star, from incomplete kilonova light curves. The analysis was first performed on trun-
cated DECam light curves for AT 2017gfo, fitting all parameters along with #5. This was done
for different band pairs from griz, and different times for 7, the time of the first observation.
No band combination seemed to prevail in this analysis, with the recovered posterior on f#(y be-
ing similar for all pairs of bands considered. For observations starting from ~ 1.5 to 2.5 days
post-merger, the recovered posterior on #y gave a time window of ~ 1.5-2 days, similar to the
GW search window for optically-triggered burst signals. At later times, from ~ 3.5 to 4.5 days
post-merger, we obtained a 68.3% credible interval on 7y of ~ 3-4 days.

We applied the same methodology to simulated observations and tested different band com-
binations for kilonovae at varying distances and with different starts of observations ¢,,, ranging
from 1 to 5 days post-merger. Results were presented for two different cadences of observations,
nightly and every 5 days. The distances considered in this section were greater than that of AT
2017gfo, ranging from 100 to 400 Mpc.

Overall, we found that we could recover some information on 7y from the truncated light
curves, even for distant kilonovae with late time observations. While some bands such as the
g-band seem to constrain #) more than others, especially at early times and for nearby kilonovae,
this could simply be due to selection effects. The luminosity in the g-band drops off sharply,
already placing constraints on the kilonova parameter estimation due to the fact that the kilonova
was detectable. Overall, the riz bands are better for maximising detectability and number of
observations, with iz the best band combination for both detectability and the recovered #.

Cadence was found to be more important than the choice of bands in recovering a posterior
on f9. For a kilonova at 200 Mpc and a nightly cadence, a time window of ~ 1 day could
be recovered for a first observation at 7, = 1 day post-merger. With a 5 day cadence, this
estimate increased to a window of ~ 2.5 days. At later times, with 7,,; = 5 days post-merger,
the posteriors on #y are uninformative for a 5 day cadence, and the window is ~ 3-5 days for a
nightly cadence. The estimated 7y is more biased for late time observations.

The recovered posterior on 7y, along with information on the localisation, could inform
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searches for gravitational wave signals, or give more weight to sub-threshold events. Information
can be recovered even from later time observations, which could open the way for GW searches
from serendipitous discoveries of kilonovae and maximise prospects for multi-messenger as-
tronomy.

There are however some caveats and sources of bias in this analysis, coming from the fact
that the results are model-dependent.

The parameter estimation presented here makes use of one-dimensional models. It should be
noted that the viewing angle of a kilonova will have an effect on the observed brightness, espe-
cially during early times. The peak luminosity could be up to ~ 20% brighter depending on the
viewing angle. This would mostly affect the earlier-time observations. The model uncertainties
are also large, with 0 = 1 mag.

Another potential issue is that we only consider the models up to 10 days post-merger, after
which they become unreliable. This has a limiting effect on the number of observations consid-
ered in this work for simulated light curves. This could lead to less informative posteriors on the
light curves for late time observations.

However, while the analysis is model-dependent, we could still recover posteriors on f
from real data, by performing the analysis on AT 2017gfo light curves. Kilonovae are however
expected to produce a diverse range of light curves, and the models used in this analysis might
not provide as good a fit to future observations.

There is still potential for kilonova-triggered gravitational wave searches, and high cadence
searches will be the key to these searches. Real-life observations would have localisation in-
formation which could be incorporated in a search pipeline, along with the information on the
merger time fy. The pipeline for parameter estimation, which incorporates Gaussian Process Re-

gression and the use of NESSAT, could be modified in the future for different kilonova models.
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Figure 4.17: Comparison of pairs of bands for a "blue" kilonova at 400 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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Figure 4.18: Comparison of pairs of bands for a "blue" kilonova at 200 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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Figure 4.19: Comparison of pairs of bands for a "red" kilonova at 200 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.



5 Inferring the ejecta parameters of a

kilonova with jet-ejecta interaction

Les gens ont des étoiles qui ne sont pas

les mémes.

Antoine de Saint-Exupéry, Le Petit Prince

Chapter 3 introduced a methodology for inferring the ejecta parameters of a kilonova from
observed light curves. Chapter 4 presents the results of applying this methodology for obtaining
a posterior on the merger time of two neutron stars 7y from late observations of kilonovae. This
chapter presents another application of the methodology introduced in chapter 3: parameter
estimation on kilonova models that incorporate different physics, namely taking into account the
effect of a relativistic jet interacting with the previously released ejecta matter. This parameter
estimation can quantify the effect of neglecting this effect on the recovery of ejecta parameters
from kilonova light curves. Kilonova modelling requires a lot of microphysics, not all of which
is modelled in the models we use for parameter estimation. If the effect of jet-ejecta interaction

is ignored, the recovered posteriors for the ejecta parameters could be biased.

5.1 Kilonovae and Jets

The physics underlying kilonovae is complex, and many physical phenomena and ejection mech-
anisms need to be taken into account to accurately model the emission coming from the tran-
sients. Accurate models require detailed microphysics, accurate radiative transfer simulations
and a solid understanding of the underlying nuclear physics. [96] The study of kilonovae and
their light curves ties in many different areas of physics and astrophysics: numerical relativity,
hydrodynamics, radiative transfer...

Different kilonova models tend to take into account different parameters and physical phe-
nomena, with not all models taking into account all parameters, mass ejection mechanisms
and microphysics that would come into play in a real kilonova. Depending on models, dif-
ferent mechanisms for mass ejection, interactions and microphysics are modelled, and others

neglected. One oft-neglected phenomenon in many kilonova models is the effect of a relativistic
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jet interacting with the previously ejected matter on the resulting EM radiation. The work pre-
sented in this chapter is based on work on the effect of jets on resulting kilonova light curves that
can be found in [202]. This section presents of short summary of this work. Previous work had
been carried out on "jetted" kilonovae, but the analysis in [202] uses actual simulations as initial
conditions for the kilonova wind and dynamics. [177,203-209] The work presented in [202]
explores the hydrodynamic interaction of a relativistic jet with neutrino-driven winds from a

long-lived neutron star merger remnant.

5.1.1 Relativistic jets in neutron star mergers

Compact binary mergers involving at least one neutron star are often accompanied by short
Gamma Ray Bursts (sGRBs). [210] The sGRBs accompanying BNS and NS-BH mergers are
thought to originate from energy dissipation in ultrarelativistic jets. [211] If matter is previously
ejected as a kilonova, the highly collimated, relativistic jets launched in those mergers can inter-
act with the ejecta. [212]

The interaction of jets with the ejecta in BNS is somewhat comparable to the interaction
present in long-duration GRBs, where an ultra-relativistic jet has to tunnel through a collapsing
star. [213-215] However, these two scenarios are not identical, due to the nature of the dynamical
ejecta from a BNS, which, unlike a collapsar whose size is fixed, is an expanding outflow. [207]

Neutron-rich kilonova ejecta contain a sizable quantity of lanthanides. These elements have
high opacities and can obscure some of the kilonova emission and make the resulting light curves
redder, dimmer and longer. [74, 89] This high-opacity material effectively acts as a "curtain",
obscuring the blue radiation and making the kilonova peak in the red. A relativistic jet could
potentially "punch" through the high opacity material, allowing some of the underlying blue
emission to shine through at earlier times. [202] This mechanism would make the kilonova look

brighter and bluer to an observer, especially at early times.

5.1.2 An excess of blue in AT 2017gfo

The kilonova AT 2017gfo associated with the gravitational wave event GW 170817 was brighter
in the bluer bands than models predicted. Several physical mechanisms have been proposed
to explain this excess of blue radiation These include spiral density waves generating a spiral-
wave wind [216], a strongly-magnetised hypermassive neutron star remnant (magnetar). [179]
Jets interacting with the ejecta could also cause the brightening of a kilonova in the blue bands.
Simulations show that it is likely GW170817 had a successful jet. [207] The radio and X-ray
emission accompanying the kilonova AT 2017gfo is interpreted as coming from a relativistic jet
observed slightly-off axis and interacting with the surrounding matter from the ejecta. [48,211,
217,218]

The mechanism described previously, through which a relativistic jet allows for bluer emis-
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sion at early times, is a potential explanation for the blue excess seen in the kilonova that ac-
companied GW170817. This would be an important consideration for inferring the physical
parameters of the ejecta. If no jet is assumed, then the resulting PE could wrongly infer the
parameters to compensate for the excess radiation. This effect could impact the recovered ejecta
velocities, masses and lanthanide fractions

When modelling this mechanism, the modelled light curves result in a better fit for the early

blue emission from the kilonova that accompanied GW170817.

5.1.3 Models of jetted kilonovae

The kilonova models used in the analysis presented in this chapter were computed from the
POSSIS code developed by Bulla. [219] For comparison, models that only have the wind com-
ponent of a kilonova are also used. Both models have the same parameters, differing only in
the presence of a jet. We will refer to the models where a jet is present as "jetted kilonova"
models. These were computed for the analysis presented in [202]. Only the kilonova emission
is modelled, with no jet afterglow present in the simulation.

The jetted kilonova models have different jet luminosities and were computed for different
viewing angles. They are also computed for different disc compositions, with a "lanthanide-rich"
and a "lanthanide-free" kilonova.

The simulations presented in [202] show that a jet would punch through the high opacity,
lanthanide-rich material, allowing the underlying radiation to escape more easily along the jet
axis. The effect is most pronounced during the first 3 days post-merger and for more luminous
jets, making the light curves brighter in the near-ultraviolet and in the short optical wavelengths,
where the line opacities are higher. The angle-dependence of the resulting radiation is also
mitigated by the presence of a jet, which makes the emission more isotropic. [202] This increase
in isotropy is explained by the jet introducing its own viewing angle dependence - the high-
opacity curtain is pushed away by the jet in the polar axis, meaning radiation can escape more
easily along the jet axis than in the wind-only kilonovae. This seemingly erases the viewing
angle dependence that is seen in the absence of a jet.

The work presented in this paper qualitatively shows that jets could incur a blue brightening
of a kilonova at early times. While not as bright as the observed AT 2017gfo light curves, the
predicted lanthanide-rich light curves with a powerful jet have peaks ~ 0.5 — 1.0 mag dimmer
than observations and have a similar decay. [202]

The models are independent from the models used for parameter estimation in this analysis,
providing a good cross-check for parameter estimation. As in previous sections, the models
used for this analysis are the ones developed by Kasen et al. [94] These models do not take into
account any viewing-angle dependence. However, using these for parameter estimation can still
allow us to make a qualitative statement on the effect of the jet-ejecta interaction on the final

recovered posteriors for the ejecta parameters.
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Figure 5.1: ugriz light curves for a lanthanide-rich composition with a jet. Three models are
presented: wind-only, 10* erg s~! jet and 10°! erg s~! jet. The data points are AT 2017-gfo
light curves. From Nativi et al. (2021) [202]
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5.2 Parameter Estimation on Kilonova Light Curves With
and Without a Jet

The previous section introduced relativistic jets and the effect of their interaction with the pre-
viously ejected matter in a kilonova, making the resulting light curves appear brighter and bluer
at early times.

If parameter estimation is carried out on kilonova light curves without taking into account the
effect of the interaction of a relativistic jet with the ejecta, then the resulting ejecta parameters
could be biased. We run the previously described parameter estimation method on the models
described in section 5.1. The models that the Gaussian Process is trained on do not take into
account any potential effects from a relativistic jet, nor do they take into account the effect of
viewing angle.

The presence of a strong jet, however, makes the emission appear more isotropic, with less
angle-dependence on the light curves when a jet is present, as seen in figures 5.1 and 5.2.

As in previous sections, the parameter estimation is run for a kilonova with two components,
red and blue (wind and dynamical). While the models in [202] are wind-only, we found that
the wind-only component of the Kasen models was a poor fit, especially for the lanthanide-free
models. The inferred parameters are the ejecta mass, lanthanide fraction, and ejecta velocity

(Mej,Vej, Xian) for each component. The luminosity distance is fixed at d; = 40 Mpc.

5.2.1 Parameter estimation on early time emission

The parameter estimation is first performed on the first 3 days of observations with a 12h ca-
dence, where the effect of the jet on the resulting emission is most prominent. Subsequently, the
effect of the jet on kilonova light curves becomes negligible. This is not necessarily a realistic
observing scenario, but it is chosen as it best exemplifies the effect of the jet’s interaction with
the ejecta on the resulting light curves. The effect of the jet will be most noticeable at early
times and with well-sampled light curves.

Figures 5.3,5.4 and 5.6 show the results of the parameter estimation for two lanthanide-free
kilonova models: one only taking into account the wind component, and one that has a jet with
an initial luminosity L; = 107! erg s~!, viewed at an angle cos 6, = 1.0. Figures 5.7, 5.8 and
5.10 show the same set-up but for a lanthanide-rich kilonova.

We choose these parameters for the jet luminosity and viewing angle as they provide the
largest difference in observed magnitude between the wind-only and jetted models. This can
be seen in figures 5.2 and 5.1. The resulting light curves are most affected by the jet inter-
action in the lanthanide-rich case. The parameter estimation is run on the griz bands, which
are common bands in optical searches for kilonovae, with the redder riz commonly used for

detecting kilonovae and g + z commonly used for constraining the colour evolution of kilono-
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Figure 5.3: Corner plot for parameter estimation on kilonovae with and without a jet. 12h
cadence, griz bands, over 3 days. 0.1 magnitude uncertainty. Both models are for lanthanide-free
kilonovae with cos 6,,; = 1.0. The jetted kilonova has a jet luminosity L; = 10°" erg s~!. The
results are for the ejecta parameter of two components, a red component and a blue component.
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Figure 5.4: Corner plot for parameter estimation on kilonovae with and without a jet. 12h
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kilonovae with cos 6,,; = 1.0. The jetted kilonova has a jet luminosity L; = 103! erg s~!. The
results are for the ejecta parameter of two components, a red component and a blue component.
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Figure 5.5: Models of wind-only and jetted kilonova with light curves generated from poste-
rior samples. Each grey line is a light curve generated from a posterior sample of kilonova
parameters, while the solid data points are the simulated observations from the kilonova models
presented in [202]. The simulated observations are for a lanthanide-free kilonova with a viewing
angle cos 6, = 1.0 and jet luminosity L; = 10°! erg s~! for the jetted case.
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Figure 5.6: Corner plot for parameter estimation on kilonova with and without a jet. 12h ca-
dence, griz bands, over 3 days. 1.0 magnitude uncertainty. Both models are for lanthanide-free
kilonovae with cos 6,,; = 1.0. The jetted kilonova has a jet luminosity L; = 10°" erg s~!. The
results are for the ejecta parameter of two components, a red component and a blue component.
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vae. [106, 113,114, 195] Results are shown for three different uncertainties on the models used
for the parameter estimation: o;, = 0.1, 0.5 and 1.0 mag.

The results show that the ejecta mass is overestimated when not taking into account the effect
of the jet on the kilonova light curves. The recovery of other ejecta parameters is also affected,
particularly the ejecta velocity v, ;. Since the jet allows the some radiation to shine through the
lanthanide curtain early, this can be expected; the effect of the jet could essentially look like the
blue component of the ejecta is being flung out at a higher velocity.

Figure 5.9 shows samples drawn from the parameter estimation fitted to the lanthanide-rich
models with and without the jet. These posterior samples are taken from the posteriors in figure
5.8, with a 0.5 mag uncertainty on the models. Figure 5.5 shows a similar fit for the lanthanide-
free model, with samples taken from figure 5.4. From the figure, we can see that the light curves
drawn from the posteriors are a good fit to the bluer g and r bands, especially for the jetted
kilonova. However, the fit is less accurate for the redder bands, especially at very early times.

It is important to note that the models used for the parameter estimation do not take into
account any effect from viewing angles, which could affect the peak luminosity by ~ 20% [94]
The models used for simulating observations are also wind-only, missing some of the very early
tidal ejecta. It can be seen from the samples plots that the wind-only posterior draws have an
excess brightness at the peak compared to the Bulla models. The jetted kilonovae are seemingly
more isotropic, and the posterior samples are a better fit. It is however still possible to make
qualitative statements about the recovered ejecta parameters by taking the parameters for the
wind-only kilonova as the "true" parameters of the kilonova.

The effect of the jet interaction on the recovered parameters is most noticeable when the
model uncertainty is small, as can be seen in figures 5.3 and 5.7. However, even when using
the standard, conservative uncertainty used in chapter 4 of ¢ = 1.0 mag, there is a noticeable
discrepancy in the recovered ejecta mass for the blue component of the ejecta. This can be seen
in figures 5.6 and 5.10.
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Figure 5.7: Corner plot for parameter estimation on kilonova with and without a jet. 12h ca-
dence, griz bands, over 3 days. 0.1 magnitude uncertainty. Both models are for lanthanide-rich
kilonovae with cos 6,,; = 1.0. The jetted kilonova has a jet luminosity L; = 10°" erg s~!. The
results are for the ejecta parameter of two components, a red component and a blue component.
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Figure 5.8: Corner plot for parameter estimation on kilonova with and without a jet. 12h ca-
dence, griz bands, over 3 days. 0.5 magnitude uncertainty. Both models are for lanthanide-rich
kilonovae with cos 6,,; = 1.0. The jetted kilonova has a jet luminosity L; = 103! erg s~!. The
results are for the ejecta parameter of two components, a red component and a blue component.
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Figure 5.9: Models of wind-only and jetted kilonova with light curves generated from poste-
rior samples. Each grey line is a light curve generated from a posterior sample of kilonova
parameters, while the solid data points are the simulated observations from the kilonova models
presented in [202]. The simulated observations are for a lanthanide-rich kilonova with a viewing
angle cos 6,,; = 1.0 and jet luminosity L; = 10°! erg s~! for the jetted case.
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Figure 5.10: Corner plot for parameter estimation on kilonova with and without a jet. 12h
cadence, griz bands, over 3 days. 1.0 magnitude uncertainty. Both models are for lanthanide-rich
kilonovae with cos 6,;,; = 1.0. The jetted kilonova has a jet luminosity L; = 10°" erg s~!. The
results are for the ejecta parameter of two components, a red component and a blue component.



CHAPTER 5. PARAMETER ESTIMATION ON JETTED KILONOVAE 80

5.2.2 Parameter estimation on lanthanide-rich kilonovae

Going forward, the analysis is performed with a more realistic cadence of 1 day, with observa-
tions being considered up to 7 days post-merger. The same bands, griz, are considered. Along
with the lanthanide fraction, there are two other parameters that come into play for this analysis:
the viewing angle of the kilonova and the luminosity of the jet. The starting time of observations
is taken to be the same as with GW170817, at ¢y ~ 0.4days. Figure 5.1 shows light curves as a
function of viewing angle for a jet-disrupted kilonova with a lanthanide-rich ejecta. The effect
of the viewing angle is most pronounced in the u band, which is not considered in this analysis,
as we focus on the most common bands for kilonova observations, griz.

In this section we present results of the previously described parameter estimation on lanthanide-
rich kilonovae. These kilonovae have a higher fraction of the heavy elements (atomic mass over
140) called lanthanides. As the jet "punches" through the lanthanide curtain, we expect the
fraction of lanthanides present in the kilonova ejecta to have an effect on the bias in recovered
parameters. This is because the lanthanide-rich material contributes to the red emission from
the kilonova; so if a jet has to drill through more lanthanide-rich material, we expect a greater
difference in the resulting light curves than when the ejecta is lanthanide-free.

Models for two different jet luminosities are presented in [202]. The most luminous jet con-
sidered in the analysis has a luminosity L; = 10°! erg s~!. The effect of the jet-ejecta interaction
on the resulting emission is dependent on the jet’s luminosity. The more energetic the jet, the
brighter and bluer the resulting light curve will be. Powerful jets also make the radiation appear
more isotropic.

Using the parameter inference method described in previous chapter, we perform a full pa-
rameter estimation on kilonova models with and without a jet interacting with the surrounding
wind ("jetted" vs "wind-only").

Figure 5.11 shows results for two jetted kilonovae and a wind-only kilonova at an observing
angle cos 0,,; = 1.0. There is a much larger bias in the recovered parameters with the more
luminous jet, especially in the recovered ejecta velocity. The more luminous jet allows more
radiation to escape from the kilonova earlier, making the ejecta appear faster when the effect
of a jet is ignored. The parameter posteriors for a jetted kilonova with jet luminosity L; =
10* erg s~! have some significant overlap with the wind-only scenario. For a more luminous
jet, there is a large bias in recovering the parameters.

Figures 5.12 and 5.13 show results comparing posteriors for a wind-only kilonova and a
jetted kilonova with jet luminosity L; = 10°! erg s~! for two different viewing angles cos 8, =
0.0 and 1.0. The effect of the jet interaction on the recovered posteriors is more pronounced for
cos 6,5, = 1.0. Figure 5.14 compares the jetted kilonova with L; = 10°! erg s~ ! and cos O, =
1.0 to two wind-only kilonovae, each with a different viewing angle.

All final results are summarised in table 5.1, showing the 90% credible interval for each pa-

rameter. The table shows the inferred v, ; and m,; of the two components for all three kilonovae
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Figure 5.11: Corner plot for parameter estimation on lanthanide-rich kilonova with cos@ = 1.0
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(wind-only, jet with luminosity L; = 10 erg s~! and L = 10°! erg s~!) and for two viewing
angles (cos 0,5 = 1 and cos 6,,; = 0). Most of the recovered parameters are similar when con-
sidering a viewing angle cos 8,55 = 0. The ejecta mass for the blue component is overestimated
by 16% in the presence of a strong jet with luminosity L; = 10°! erg s~!. When considering
a viewing angle of cos 0,,; = 1, the ejecta mass for the red component is underestimated by a
factor of ~2 while the ejecta mass for the blue component is overestimated by a factor of ~2.

The ejecta velocity for both components is also overestimated in the presence of a strong jet.

c0s 0, =0 Wind-only JetL; = 10¥erg s~ | Jet L= 107 erg s—!
Ejecta mass (red) (M) || 0.03327399% | 0.033175:504 0.033875:920
Ejecta mass (blue) (M) || 0.0106700002 | 0.01117F9-900 0.012610-0007
Ejecta velocity (red) (c) || 0.05470005 | 0.05510:907 0.0819:02
Ejecta velocity (blue) (¢) || 0.21410993 | 0.21679-903 0.21670003
cos O,ps = 1 Wind-only JetL; = 10¥erg s~! | Jet L= 107 erg s—!
Ejecta mass (red) (M) 0.044J_r8:8%8 0.06f8:8§ 0.0244:8:883
Ejecta mass (blue) (M) || 0.009270:0002 | 0.0117-00007 0.018" 000
Ejecta velocity (red) (c) || 0.053%097 | 0.07+00! 0.1575:93
Ejecta velocity (blue) (¢) || 0.210799%3 | 0.21670:004 0.2992°+3-0007

Table 5.1: Table of results for lanthanide-rich kilonovae. The lanthanide fraction Xj,,, is omitted

from this table.

5.2.3 Parameter estimation on lanthanide-free kilonovae

The previous results show ejecta parameter estimation for a jetted and a wind-only kilonova
for a lanthanide-rich ejecta. In this section, we present results for the "lanthanide-free" case.
The kilonovae considered in this analysis have a lower fraction of heavy elements. This means
the kilonova in this scenario is brighter, especially in the bluer bands. This can be seen when
comparing figures 5.2 and 5.1. All other variables (jet luminosity, viewing angle) are the same as

previously. As before, a 1 day cadence is used over 7 days in the griz bands and the uncertainty
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Figure 5.12: Corner plot for parameter estimation on kilonova with and without a jet. 1 day
cadence, griz bands, over 7 days. 0.1 magnitude uncertainty. This is for a lanthanide-rich model
with a jet L; = 107! erg s~ ! and cos 6,,; = 0.
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Figure 5.13: Corner plot for parameter estimation on kilonova with and without a jet. 1 day
cadence, griz bands, over 7 days. 0.1 magnitude uncertainty. This is for a lanthanide-rich model
with a jet L; = 107! erg s~ ! and cos 0, = 1.
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Figure 5.14: Results of the parameter estimation on a jetted kilonova (L; = 109" erg s7!,

cos B,p; = 1) and two wind-only kilonovae with different cos 6,;;. All results for a lanthanide-
richLR composition.
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on the models is taken to be 0 = 0.1 mag.

Figure 5.15 shows results for two lanthanide-free kilonovae, one wind-only kilonova and a
kilonova with a jet with luminosity L; = 107! erg s~!. Both have a viewing angle cos 6,,; = 0.
The results show some multi-modalities in the parameters for the red component. For the blue
component, v,; is slightly overestimated in the jetted kilonova compared to the wind-only one,
but the recovered ejecta mass m,; is similar.

Figure 5.15 shows the same scenario as previously described but with a viewing angle
cos B,ps = 1. As before with the lanthanide-rich kilonovae, in the presence of a jet the re-
covered ejecta mass m,; for the blue component is affected, with the mass being overestimated
in the models with interaction from a powerful jet. The effect is less pronounced than in the
lanthanide-rich models. However, all results show an overestimation of the ejecta velocity v,
for the blue component in strongly jetted kilonovae.

Figures 5.17 and 5.18 show the results of parameter estimation on those same lanthanide-free
kilonovae, for jetted kilonovae and wind-only kilonovae with different viewing angles. The jet
makes the radiation more isotropic, meaning that some information on the viewing angle is lost,
with the blue component of the jetted kilonova in both cases being more similar to the wind-only
kilonova with cos 8,,; = 0. The loss of this viewing-angle information from jetted kilonovae
could have implications for other fields (for example, cosmology) that rely on recovering angle
information from EM counterparts.

Compared to the lanthanide-rich results, there is little difference in the recovered lanthanide
fraction Xj,,. However, the ejecta mass for the blue component differs significantly, implying
the presence of more lanthanide-free material shining through the kilonova as the jet punches
through. All results still show that the ejecta mass for the blue component is slightly overes-
timated in the presence of a powerful jet, though to varying degrees depending on the initial
conditions of the kilonova wind.

All results of the parameter estimation on m,; and v,; for lanthanide-free kilonovae are
summarised in table 5.2. As was the case in table 5.1, the 90% credible intervals are presented for
each parameter, and the results are shown for the three different kilonovae and for two viewing
angles. For both viewing angles (cos 6,,; = 0 and cos 8,,; = 1), the ejecta velocity on the red
component seems to be overestimated in the presence of a jet, but the uncertainties are very
large. For a viewing angle cos 6,;,; = 0, the red component ejecta mass is again overestimated in
the presence of a jet, but the uncertainties are large enough to make this result unreliable. Other
parameters for this viewing angle are similar with or without a jet. For cos 6,,; = 1, the presence
of a strong jet mostly impacts the recovered blue component ejecta mass, with the mass being

overestimated by ~ 17% in the presence of a jet with luminosity L; = 10°! erg s~ 1.
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Figure 5.15: Corner plot for parameter estimation on kilonova with and without a jet. 1 day
cadence, griz bands, over 7 days. 0.1 magnitude uncertainty. This is for a lanthanide-free model
with a jet 10°! erg s~! and cos 6,;,; = 0.
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Figure 5.17: Results of the parameter estimation on a jetted kilonova (L; = 109" erg s—!,

cos 0,55 = 0) and two wind-only kilonovae with different cos 6,,,. All results for a lanthanide-
free composition.
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Figure 5.18: Results of the parameter estimation on a jetted kilonova (L; = 10°" erg s~ !,

cos B,,; = 1) and two wind-only kilonovae with different cos 6,,;;. All results for a lanthanide-
free composition.
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c0s 0, =0 Wind-only JetL; = 10¥erg s~ | Jet L= 107 erg s—!
Ejecta mass (red) (M) | 0.0547995. | 0.00870002 0.0977100%°
Ejecta mass (blue) (M) || 0.028870:0008 | 0.0292+3-9010 0.02860-9019
Ejecta velocity (red) (c) || 0.05570:0,, | 0.137008 0.1319%8
Ejecta velocity (blue) (¢) || 0.20870:003 | 0.212+3:903 0.21270003

cos O,ps = 1 Wind-only JetL; = 10¥erg s~ | Jet L= 107 erg s—!
Ejecta mass (red) (M) || 0.099673:9993 | 0.0993+0-9005 0.097+9:002
Ejecta mass (blue) (M) || 0.024270000, | 0.027310-0008 0.0291+0-0008
Ejecta velocity (red) (¢) 0.0509f8:8836 0.054J_r8:88§ O-ngjém
Ejecta velocity (blue) (¢) || 0.20375:992 | 0.208"5-93 0.21179:003

Table 5.2: Table of results for lanthanide-free kilonovae. The lanthanide fraction Xj,, is omitted

from this table.

5.3 Conclusions

The results of this analysis qualitatively show that if the potential effect of the interaction of
a relativistic jet with the surrounding material is not taken into account, the ejecta parameters
recovered from kilonova light curves will be biased. This is especially true of the ejecta velocity
and ejecta mass, with the effect being most pronounced in line of sight viewing angles and for
more powerful jets. The viewing angle dependence of the bias comes from the jet introducing
its own viewing angle dependency, with the radiation escaping more easily along the jet axis.
This makes the radiation appear more isotropic.

This also means that some viewing angle information could be lost if the jet-ejecta interac-
tion is not taken into account. The presence of a jet could make the resulting light curve look
like that of a kilonova with a different viewing angle.

While the results of this analysis are strongly model-dependent, by taking the results of the
parameter estimation on the wind-only kilonova as the "true" ejecta parameters, it is possible to

make qualitative statements about the impact of ignoring jet-ejecta interaction.
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Lanthanide-rich kilonovae, especially, show a large discrepancy in the recovered parameters
when neglecting the effect of a jet, especially when observed in the polar axis. In the case
of a lanthanide-rich kilonova with a strong jet and observed in the plane of the polar axis, the
estimate for the ejecta mass m,; of the blue component is doubled.

It should be noted, however, that kilonova modelling is a rapidly evolving field, and any
results from parameter estimation runs is model-dependent. There are several discrepancies
between the models used in this work, and neither incorporate all effects observable in the
emission from a real kilonova. This can be seen in the fits in figures 5.9 and 5.5, where the light
curves generated from the posteriors on the inferred parameters are not a very good fit to the
models presented in [202].

The jetted models do not incorporate jet afterglow emission that would be seen in real ob-
servations. These models also neglect the very neutron-rich matter first ejected tidal dynamical
ejecta that covers the orbital plane of the binary. On the other hand, the models used in the pa-
rameter estimation identify several mechanisms for the ejection of matter. The models used for
the parameter estimation are also 1-dimensional, but the simulations of the jetted and wind-only
kilonovae that are used to simulate observations are 3-dimensional. Viewing angle dependence
could affect the resulting peak luminosity by ~ 20%.

The real model uncertainties are also large, with the standard model uncertainty on the Kasen
models taken to be 0 = 1 mag. This work presented results for small model uncertainties, with
o = 0.1 mag. However, it can still be seen in the parameter estimation runs where 6 = 1 mag
that the ejecta mass is overestimated in the presence of a jet, compared to the models that are
wind-only.

While the results are mostly qualitative, we can still see a clear trend in the discrepancy
between the inferred parameters for the wind-only and the jetted kilonovae. The results illus-
trate the impact of neglecting the effect of jet-ejecta interaction on parameter estimation from
kilonova light curves. Depending on the scenario, the ejecta mass could be overestimated by up
to a factor of ~2. Since the mass of the ejecta from BNS systems is dependent on parameters
of the progenitor system and on the neutron star EOS, it is an important parameter to constrain
accurately.

As future simulations improve and incorporate more kilonova physics, the pipeline could be
adapted to new models for further, more quantitative studies of the impact of jet-ejecta interac-

tion on the recovered kilonova parameters.



6 Gravitational Wave Cosmology

In the beginning there was nothing,

which exploded.

Terry Pratchett

This section introduces work done for implementation into the gwcosmo pipeline. It builds
upon previous work done by Gray et al. [220] to refine the treatment of the probability of
the host galaxy associated with a gravitational wave event being within a galaxy catalogue,
p(G|Dgw,xcw)-

Chapter 2 presented an overview of modern cosmology, including a brief introduction to
cosmology with gravitational waves. This chapter goes more in-depth on methods for measuring
the Hubble constant using standard sirens, and presents the implementation of a robust statistical
test of galaxy catalogue completeness into one of the current gravitational wave cosmology

pipelines for inferring the Hubble constant.

6.1 Gravitational Wave Cosmology with Standard Sirens

With the detection of GW 150914, prospects for gravitational wave cosmology started to become
a reality. With observations of many compact binary coalescences, a precise estimate of the
Hubble constant could be obtained, through either statistical means or by the identification of
electromagnetic counterparts (such as kilonovae) to gravitational wave signals.

The best result from a single gravitational wave event to date comes from GW 170817, which
was accompanied by electromagnetic signatures that allowed astronomers to determine which
host galaxy the signal originated from. A redshift could then be obtained from the host galaxy.
Since GW170817 had an accompanying EM signal, it is known as a "bright siren". The rest
of the chapter will focus on the treatment of "dark sirens", gravitational wave signals which do
not have a confirmed detection of a coincident electromagnetic signature. This is the case for all
signals detected to date, except GW170817. [40,221] The event GW 190521, then S190521g, had
a candidate EM counterpart, ZTF19abanrhr, a flare detected by ZTF. [109] Using the uniquely
identified host galaxy associated with the potential counterpart of GW190521, a standard siren

93
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Figure 6.1: The 2017 result for Hy from GW 170817 [221]. The shaded regions show the latest
SHoEs and Planck results at the time of publication. Figure from [221].

measurement of Hy found Hy = 48f%g km s~! Mpc~! [222] However, the association between
the electromagnetic event ZTF19abanrhr and GW190521 is not confirmed.

The binary neutron star merger GW 170817 was accompanied by the observation of an opti-
cal counterpart (kilonova) and a short GRB. [40] The detection of these coincident EM signals
allowed for the identification of the event’s host galaxy, NGC 4993. Redshift information was
then obtained from host spectroscopy. [40]. The identification of the host galaxy was indepen-
dent of Hy.

The result obtained from GW 170817 gives a Hubble constant of Hy = 70fé0 km s~! Mpc~!
[221] Figure 6.1 shows the 2017 measurement of the Hubble constant using the luminosity
distance from the waveform of the binary neutron star merger GW 170817 and the redshift from
the identified host galaxy NGC 4993. [221]

6.1.1 Dark sirens

In the case of GW170817, the identification of the host galaxy from the accompanying electro-
magnetic signals generated by the event allowed for the easy obtention of redshift information
for the event.

In the case where no EM counterpart is detected, redshift information can still be obtained
through statistical means. This is the original method proposed by Schutz, relying on the use of

galaxy catalogues for obtaining redshift information about the gravitational wave source. [157]
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The rest of this chapter focuses on this statistical method, using redshift information from galaxy
catalogues as part of a pipeline for inferring the Hubble constant. This is not the only statistical
method for inferring Hy. There is a second method for inferring Hy using standard sirens in
the absence of an EM counterpart; this method jointly fits the cosmological parameters and
the source population properties of binary black holes, and does not make use of any galaxy
catalogue. [156,223]

6.1.2 The galaxy catalogue method and gwcosmo

One of the statistical methods for inferring Hy from compact binary coalescences with no EM
counterpart is known as the galaxy catalogue method. It should be noted that this method is
subject to biases, mostly due to assumptions about the BBH source mass distribution. [156] In
this method, a probable host galaxy from a catalogue is associated to each gravitational wave
event, providing a redshift. The uncertainty in the host galaxy is marginalised over for each GW
event.

This galaxy catalogue is the one currently used in the gwcosmo pipeline. A full description
of the methodology of the pipeline can be found in [224]. gwcosmo is a python package used
for inferring Hy from gravitational wave observations. It makes use of two methods: the EM
counterpart method (for the treatment of "bright sirens"), and the previously mentioned galaxy
catalogue method (for the treatment of "dark sirens"). The treatment of dark sirens implements
the method outlined by Schutz in [157].

Figure 6.2 presents a network diagram of the workings of the Bayesian framework of gwcosmo.

The parameters are:

e Hj the Hubble constant

e M the absolute magnitude of galaxies

e 7 the galaxy redshifts

e Q the cosmological parameters

e d; the luminosity distance

e s the GW source

e m the apparent magnitude of galaxies

e myy, the catalogue’s limiting apparent magnitude
e xiw the GW data associated with the GW source

e P the gravitational wave SNR threshold
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Figure 6.2: Network diagram of the parameters included in the gwcosmo methodology, from
[224]. The magnitude threshold for the galaxy catalogue m;, is highlighted, showing which
other parameters this feeds into. The boxed in parameters are inferred individually for every
galaxy considered. The magnitude threshold m,,, acts on which galaxies are considered g.

e Dgw indicating that a gravitational wave signal was detected; xgw passed detection thresh-

old pew

e g the galaxies

The diagram shows every parameter that goes into the final posterior on Hy, and how they
relate to each other. The galaxy catalogue method for statistical inference of the Hubble constant
relies on the identification of potential host galaxies in the skymap defined by the gravitational
wave event. The gravitational wave data provides a luminosity distance while each galaxy pro-
vides a redshift. The probability for each galaxy with redshift z to be the host is tested for a
range of values of Hy using the relationship dy = 1‘1—2 Marginalised over all galaxies, we obtain
a posterior on the Hubble constant. With a large number of gravitational wave events, the final
posterior will converge around the true Hy, as the redshift and distance information associated

with each true host galaxy will be associated with the same, true, value of the Hubble constant.

N
p(Holxw, D) &< p(Ho) [ [ p(xw D, Ho), (6.1)

with xgw the gravitational wave data, & corresponding to the data being above a detection
threshold SNR p;;,, = 12, and N the number of detections.
In order to use galaxy catalogues to obtain statistical information about the redshift of a

gravitational wave event’s redshift, we need to know how complete the catalogue used is. If a
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galaxy catalogue is not complete to the limit of gravitational wave detectability, the host galaxy
of the event might lie outwith the catalogue. Assuming a complete catalogue would therefore
introduce large systematics due to the assumption that the host galaxy of an event would neces-
sarily be in the catalogue. Therefore, it is necessary to carefully estimate the completeness of
any galaxy catalogue used in this method.

Figure 6.2 shows a network diagram of the parameters that feed into the gwcosmo, showing
where the galaxy catalogue completeness and m,j, come into play. A complete derivation of the
Bayesian formalism behind the gwcosmo pipeline can be found in [224].

We summarise the most relevant parts of the equations that involve the probability of the host
galaxy of the event being in the galaxy catalogue, and thus the apparent magnitude threshold
Mypy

In order to get a final posterior on Hy, we need to marginalise the probability of the data over

the two propositions G and G, with:

e g representing proposition G and G
e G representing that the host galaxy is within the galaxy catalogue

e G representing that the host galaxy is outwith the galaxy catalogue

In the gwcosmo pipeline, these depend on the apparent magnitude threshold of the cata-

logue.

p(xw|D,Ho) =Y p(xGwlg, D, Ho)p(g|D, Ho). (6.2)
8

p(Glz,Q,M,m,D,s,Hp) is approximated to a Heaviside step function around the apparent
magnitude threshold m;,, corresponding to a sharp cut-off on apparent magnitude.

Jgmar ) gz [ dQp(Dlz, 5, Ho) p(slz) p(z) p(Q) p(s|M, Ho) p(M|Ho)
[ ] p(Dlz,Q,5,Ho) p(s|z) p(z) p(Q) p(s|M, Ho) p(M|Ho ) dzd QdM
6.3)

p(G’D,S,H0> =

Equation 6.3 is, for a given Hubble constant Hy, the probability that the host galaxy for a
gravitational wave event is contained within the catalogue.
This is not the only part of the gwcosmo pipeline that is affected by the choice of myy,;

galaxies with apparent magnitudes below the threshold are discarded in the analysis.
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Figure 6.3: The latest posterior on Hy from standard sirens, using 42 compact binary coales-
cences from GWTC-3 and GW170817. These results are obtained using the galaxy catalogue
method with the K-band of the GLADE+ catalogue. Figure from [156].

6.1.3 Current measurements of H, with gwcosmo.

The latest measurements of Hy come from the GWTC-3 analysis. [2,156] GWTC-3 encompasses
all above-threshold events to date, from OI1 to the end of O3b. The results for the catalogue
method are presented in Figure 6.3.

Previous results were obtained from GWTC-1, the first Gravitational Wave Transient Cata-
logue. GWTC-1 contains eleven events, of which ten are binary black hole coalescences, and
one is the binary neutron star merger GW170817. [37] Of these eleven events, only seven are
used for Hy studies. The final result from this analysis was Hy = 69fé6 kms~! Mpc~!, a 4%
improvement over the GW170817-only result. [225]

The latest results come from the analysis of the transient catalogue GWTC-3. Of the 90
events that make up the catalogue, 47 were used for this analysis. The final result using gwcosmo
yielded Hy = 68f2 km s~! Mpc~!. [156] This latest result represents an improvement of 42%
with respect to the GWTC-1 result and 20% with respect to the GWTC-2 result.

6.2 Galaxy Catalogues

Galaxy catalogues are the output of large surveys of either the full sky or an area of the sky. They

can also vary in their depth and observing band. Choosing the appropriate galaxy catalogue is
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important for the inference of Hy from dark sirens. The catalogue needs to cover the full sky,
or, for individual events, it needs to cover the full GW skymap. The observed band is also
important, as some bands have a better-understood luminosity function. Some bands adhere
better to the assumption of a universal luminosity function; for example, in redder bands, the
galaxy brightness may be less affected by e.g. recent bursts of star formation that might depend

on the position and redshift of the galaxy.

6.2.1 Galaxy catalogues and completeness

Galaxy catalogues are essentially an inventory of galaxies. Due to limitations on measured flux,
no galaxy catalogue is complete.

Understanding the intrinsic properties of galaxy populations is one of the major challenges
of observational cosmology. The extraction of these properties is affected by selection effects

due to the limiting flux on observations of galaxies. [226]

Completeness: The completeness of a galaxy catalogue is a measure of the number of
galaxies in a survey compared to the expected number of galaxies. This is dependent on
colour, direction and luminosity distance. For a sample of galaxies with a given abso-
lute magnitude M, the apparent magnitude completeness of the sample will be primarily

dependent on luminosity distance, and indirectly on the redshift via the Hubble constant.

Section 6.3 goes into more detail about ways to determine the completeness of a galaxy
catalogue, focusing on a robust statistical test described by Rauzy. [226] This is a test of com-

pleteness in terms of the limiting apparent magnitude of a survey.

6.2.2 GLADE and GLADE+

The Galaxy List for the Advanced Detector Era (GLADE) and GLADE+ catalogues are near-
full-sky galaxy catalogues compiled especially for multi-messenger astronomy with advanced
gravitational wave detectors. [227,228] They are constructed from several surveys chosen for
depth and sky coverage.

Figure 6.5 shows the B-band completeness of the GLADE+ and GLADE 2.4 catalogues.
In this figure, the completeness is calculated based on the expected galaxy density. The ex-
pected galaxy density is calculated under the assumption that galaxies are uniformly distributed
in comoving volume. This method means that completeness can go above 100%), if the total lu-
minosity at a certain d, is higher than the expected one. In the case of the GLADE and GLADE+
catalogues, this is caused by local overdensities of galaxies around the Milky Way. [228]

The GLADE+ catalogue contains 22.5 million galaxies. It is made up of the GWGC, 2MPZ,
2MASS XSC, HyperLEDA and WISExSCOSPZ galaxy catalogues. Also included is the SDSS-



CHAPTER 6. GRAVITATIONAL WAVE COSMOLOGY 100

Galactic north 180° Galactic south 180° log n [1fde92]

3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8

Figure 6.4: From [228], galaxy number density of GLADE+.
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Figure 6.5: The normalised integrated B-luminosity completeness of the GLADE+ catalogue
and its constituents as a function of luminosity distance dy. The y-axis shows the completeness
as a percentage. The completeness is determined as a function of number of observed galaxies
compared to number of expected galaxies, under the assumptions that galaxies are uniformly
distributed in comoving volume. Where there are overdensities due to clustering/structure in a
catalogue, the completeness of a catalogue can therefore go over 100%. Figure from [228].
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DR16Q quasar catalogue. It’s complete up to a luminosity distance of d; = 47ngpc and
contains bright galaxies up to 90% of the total expected B-band and K-band luminosities up
to ~130Mpc. [228]

6.2.3 DES-Y1

The DES-Y1 catalogue is a deeper catalogue by the Dark Energy Survey. Unlike GLADE and
GLADE-+, this is not a survey with full-sky coverage. This means it is not appropriate as a
general purpose galaxy catalogue for use with gravitational wave events; it can however be used
for events for which the localisation is encompassed within the area mapped by the survey.

The Dark Energy Survey is a five-year survey mapping galaxies across an area 5000 deg?. It
comprises of around 300 million galaxies in five different filter bands grizY. For this analysis,
the publicly available year 1 survey is used (DES-Y1 or Y1A1 GOLD). [229,230]

The DES-Y1 catalogue consists of ~137 million objects over ~ 1800 deg? in the DES griz¥
filters. The 100 limiting magnitudes for galaxies are g =23.4, r =23.2,i =22.5,z=21.8 and
Y =20.1. [229] The catalogue includes photometric redshift estimates. The gravitational wave
event GW 170814 originated from within the area mapped by the DES-Y1 survey. It is a much
deeper catalogue than GLADE with its deepest overall limiting magnitude being in the g-band,
with myj,, = 23.4.

GW170814 was the first gravitational wave event to be detected by a network of three de-
tectors, having been detected by both LIGO detectors at Hanford and Livingston and by Virgo.
This triple-coincident detection means the BBH was very well-localised, with a 90% credible
region of 60 deg?. [231]

The initial skymap of 87 deg® was searched using the Dark Energy Camera and compared
to pre-existing fields to look for potential optical counterparts to the event. The sky localisation
was completely contained within the DES footprint. [232] However, no counterpart was found.

In the analysis of GW 170814 with gwcosmo, we use the g-band data from DES, as it is the
band in which the survey is most complete, with the 95% completeness magnitude limit in the
g- band quoted at 23.72 mag in a sample of high quality objects. [230]

The DES-Y1 catalogue is only used in the GWTC-1 analysis and only for the gravitational
wave event GW170814. It is not used in the subsequent GWTC-3 analysis, which exclusively
uses the K-band of the GLADE+ catalogue. DES-Y 1 does not contain K-band luminosities and
therefore cannot be used in that final analysis, which covers all events above SNR = 12 detected
to date. However, it is a useful test of the difference in posterior when using the robust method of
estimating the completeness. As surveys become deeper, more gravitational wave events could
lie in host galaxies that would be discarded if our estimate of the completeness of the catalogue

were too conservative.
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6.3 A Robust Test of Completeness for GLADE and GLADE+

In this section, we present a robust statistical test of galaxy catalogue completeness developed

by Rauzy. [226] This test of completeness is adapted to and applied to the gwcosmo pipeline.

6.3.1 Testing the completeness of a galaxy catalogue

Galaxy catalogues are typically limited by a threshold on detectable apparent fluxes. [226] This
means any galaxy catalogue will contain more objects that are closer and/or brighter. The com-
pleteness of a catalogue in magnitude and redshift is not only affected by the detection threshold,
but also by other complex observational selection effects such as galaxy colour and size. This
makes determining the completeness of a galaxy catalogue a complex issue. One way of dealing
with the incompleteness of a galaxy catalogue is by obtaining an estimate of its apparent mag-
nitude threshold. There are other methods such as by comparing the observed galaxy number
density to the expected value. [233]

In the latest instance of gwcosmo, the completeness of the GLADE and GLADE+ galaxy
catalogues is determined on a grid of HEALpix-defined "pixels", as the threshold apparent mag-
nitude myy,, 1s strongly affected by direction. [220,234] This is true of any galaxy catalogue that
covers the whole sky. The issue is more pronounced for catalogues like GLADE and GLADE+,
which are composites of different surveys with different depths and sky coverage. The catalogue
pixels are determined using HEALpix, a framework for discretising large galaxy surveys into
spherical maps. [234]

The current gwcosmo analysis uses the median apparent magnitude as a threshold for es-
timating the completeness of the catalogue. While this method avoids biases that would be
introduced by taking the faintest galaxy as a completeness threshold, it is a very conservative
estimate. This method effectively discards half of the galaxies in the GLADE and GLADE+ cat-
alogues, some of which could potentially be host galaxies of GW events. To maximise scientific
returns from the use of galaxy catalogues for cosmology with gravitational waves, it is necessary

to introduce an unbiased but not overly conservative estimate of its magnitude threshold.

6.3.2 A robust test of galaxy catalogue completeness

As described in the previous subsection, determining the completeness of a galaxy catalogue
is a non-trivial issue, and the apparent magnitude threshold is an important parameter in the
methodology behind the gwcosmo pipeline.

We outline a robust method for testing the completeness of a galaxy catalogue in apparent
magnitude. The method outlined below is fully described in [226]. Here we present an overview
of this statistical test and its application.

Essentially, this method defines a statistical test that can determine at which test magnitude
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threshold a galaxy catalogue is emptier than expected, by comparing the number of galaxies
in two samples from the galaxy catalogue rather than comparing it to the expected number of
galaxies, which would need to be obtained from a luminosity function. The test relies on the
evaluation of a statistic which tests for completeness, T¢, for different test apparent magnitude
thresholds m;g.

This method builds upon a statistical test first proposed by Efron and Petrosian in 1992. [235]
This statistical test was originally intended to test for independence in truncated data, and applied
to redshift-magnitude surveys to test for statistical independence between redshift and absolute
magnitude. In [226], the test is applied to galaxy catalogues for obtaining a robust estimate of
the apparent magnitude threshold m;j,, of a redshift-magnitude survey. One advantage of this
method is that, unlike some of the methods for assessing completeness described previously, it
does not assume any underlying luminosity function; rather, it assumes that there is a universal
luminosity function that describes the entirety of the catalogue. The exact form of this universal
luminosity function does not matter with this approach; this makes it an appropriate method for
estimating galaxy catalogue completeness with minimal information about the LF.

Since no a-priori assumptions are made about the redshift-space distribution of the tested
sample, this method is not affected by clustering or the evolution of the mean number density of
galaxies. [226]

This method requires both apparent magnitude and redshift samples for each galaxy in the
catalogue. From the (m;,z;) samples for each galaxy, one can define a luminosity distance dy ;,

an absolute magnitude M; and a distance modulus ;:

d i FT) 6.4
L= o (6.4)
M; = mi—|—5—2510g10(dL7,~), (65)
and
‘ui - 510g10<dL7i) + 25, (66)

with ¢ in km s~! and dr; in Mpc. Equations 6.4,6.5 and 6.6 assume a Hubble constant
Hy; however, this choice does not affect the resulting calculated magnitude threshold m,;,,.. The
assumed Hubble constant is only used in intermediate steps, with no change to the final result on
the statistic T and the inferred m;;,,. We assume a Hubble constant Hy = 70.0 km s~ Mpc*1

for these steps, once again emphasising that this has no bearing on the final result. Changing the
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value of Hy changes the values of both the calculated M and d; used in the intermediate steps
of the calculation. Since the final inferred magnitude threshold m;,;, then depends only on the
apparent magnitude-redshift samples, choosing any value for Hy will result in the same m,,,..

The robust test of completeness requires testing several test magnitude limits my,y to find
the true threshold m;y,.

For each galaxy in the sample with an absolute magnitude M and an apparent magnitude m:

u=m—M. (6.7)
We can define M;,, (i) such that:

Mlim(u) = myy,; — M. (6.8)

This defines the maximum absolute magnitude, Mj;,,(u), for which a galaxy with a given
distance modulus u would be visible in the sample.
For each galaxy with (M;, 1;), and assuming a test magnitude limit m,.5, we can define a

random variable ;, defined as:

F(M)

S = F M ()

(6.9)
where F is the cumulative luminosity function. The variable { is distributed within the
interval [0, 1] and independent of the sample.

This is equivalent to

"
¢ = n;l, (6.10)
1

where for each galaxy i we have

ri=S1 ni=S1US2, (6.11)

where S1 is the area drawn out by u < y; and M < M;, while S2 is defined by u > u; and
Mi

lim > M > M;. r and n are integrals corresponding to the number of galaxies in those areas.
Figure 6.6 illustrates the areas S1 and S2 along with the (M, 1) samples in one pixel of the
B-band of GLADE+. In each subsample S1 and $2, M and u are independent (by construction).
It is proven in [235] that the variables {; are independent under the null hypothesis. The

expectation E; and variance V; of each random statistic {; are:
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1 ni—l
Ei=—-andV,= ———. 6.12
M T D ) ©.12)
We define the quantity 7¢
N 1
_):1 (G- 5)
—_— l:
Ie=—F— (6.13)
YV

The expectation of 7¢ is O and its variance is unity. It can be estimated without any a-
priori assumptions about the form of the luminosity function. If the statistic is complete, then it
follows a Gaussian distribution around zero; 7¢ starts going systematically negative when there
is a deficit of galaxies fainter than M;;, (i). This deficit is caused by the test magnitude m,y
being larger than the true magnitude threshold m,,,..

The statistic 7o becoming very negative is therefore indicative of catalogue incompleteness.
This is a result of the region S2 being emptier than the region S1. Following Rauzy, we take
Tc = —3 as a threshold for determining the magnitude threshold for catalogue completeness.

Figure 6.8 shows samples of distance modulus tt and absolute magnitude M for a single
pixel in the B-band of the GLADE galaxy catalogue. Each dot represents a galaxy. The orange
line represents a completeness cut-off based on the median apparent magnitude, while the red
line shows the robust apparent magnitude threshold. Figure 6.7 shows the T¢ statistic over a
range of test limiting apparent magnitudes for the same pixel.

Since the properties of the T¢ statistic hold for any 3-dimensional redshift-space distribution
and is therefore not affected by clustering and galaxy density evolution, it is well adapted to

sub-samples of galaxies from the composite catalogues GLADE and GLADE+. [226]

6.4 Applying the Robust Test of Completeness to Galaxy Cat-

alogues for gwcosmo

In this section, we present an application of the previously outlined method to galaxy catalogues
used for cosmology with gravitational waves, along with its implementation into the gwcosmo

pipeline.
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Figure 6.6: Illustrating the S1 and S2 areas for a single pixel in the GLADE+ B-band. M vs
w with S1 and S2 for a galaxy (M;,u;). The solid blue and green lines show, respectively, the
robust and median apparent magnitude thresholds for this sample of galaxies. The orange line
shows a test limit magnitude m...
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Figure 6.7: T statistic over a range of test limiting apparent magnitude m;,g for a single "pixel"
of the GLADE catalogue with Ny;4, = 32. This shows the characteristic drop-off of the T¢
statistic when reaching the true m;j,. The threshold on T¢ is taken to be —3. This shows the
resulting estimated apparent magnitude threshold m,;,, against the median apparent magnitude.
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Figure 6.8: (M, i) samples for the same single pixel in the GLADE B-band as shown in Figure
6.7. The dash-dotted lines show the median and robust apparent magnitude thresholds for this
pixel. The apparent structure in the distribution of t comes from limits on the precision for u

(truncation errors).
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6.4.1 Implementing the robust test into gwcosmo

The method described in section 6.3 is implemented into the gwcosmo package for use with
the GLADE, GLADE+ and DES galaxy catalogues. While the statistical test itself is straight-

forward, some finer points of its application must be considered in the implementation.

Sub-sampling for large numbers of galaxies

In the B-band, the GLADE and GLADE+ catalogues contain millions of galaxies. The com-
plexity of the robust test described previously goes up with .42, making it computationally ex-
pensive and slow to determine the completeness of each individual pixel containing thousands
of galaxies.

To get around this, we sample a subset of 400 galaxies with (m;,z;) multiple times and
evaluate my, for each subset of galaxies. The final m,, is taken to be the mean of the evaluated
myy,, for the different random subsamples.

This method needs only be used with the B-band, as both GLADE and GLADE+ do not
contain many galaxies per pixel in the K-band. The sparseness of GLADE+ in the K-band can

be seen in the histogram in figure 6.20.

Selecting test apparent magnitude thresholds

In order to apply the robust test, we must choose some test magnitude thresholds. We choose
to calculate 7¢ for apparent magnitudes from m,.qiqn — 0.5 t0 Myegian +4 with a 0.05 mag step.
After testing, this was found to be the best range to determine m;,;, without sacrificing too much

efficiency during the runs.

Redshift uncertainties

The GLADE and GLADE+ catalogues have corresponding photometric redshifts and redshift
uncertainties for each galaxy surveyed. A subset of galaxies in the survey have spectroscopically
determined redshifts, resulting in a much smaller redshift uncertainty.

To propagate redshift uncertainties to the magnitude threshold estimate, we make the fol-

lowing two assumptions:

e The galaxies have a redshift

e The redshift uncertainties are Gaussian

We therefore assume the uncertainties on the galaxy redshifts are described by a truncated
Gaussian. The distribution is truncated to only allow positive redshift values (we assume every
galaxy has a redshift).

In order to sample over the redshift distributions, the magnitude threshold m,y, is estimated

for several samples of (m;, z;) for each pixel. This in turn returns a range of m, values.
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Magnitude uncertainties

Just as with redshifts, the magnitudes m; associated with each galaxy also carry an uncer-
tainty. None of the current methods for estimating the magnitude threshold of GLADE and
GLADE+ currently implement apparent magnitude uncertainties on individual galaxies. Future
work should focus on implementing these, alongside obtaining uncertainties on m,. Ignoring
apparent magnitude uncertainties on individual galaxies in this work allows for a more direct

comparison to the median method of estimating galaxy catalogue completeness.

Uncertainties on the magnitude threshold

Unlike the median method for catalogue completeness, the robust method relies on both the
apparent magnitude and redshift of each galaxy. This means having to deal with photometric
redshift uncertainties early on in the analysis.

For large numbers of galaxies, the effect of uncertainties is small as the uncertainties on z
tend to average out. However, the GLADE+ catalogue is complete to a much brighter apparent
magnitude in the K-band than in the B-band, meaning there is a lower number of galaxies in
each pixel, increasing the impact of photometric redshift uncertainties on the inference of m,,.

The comparative sparseness of GLADE+ in the K-band will become apparent in later sec-
tions when we apply the robust method. The increased impact of the photometric redshift un-
certainties would result in a larger uncertainty on the inferred apparent magnitude threshold.
In order to carry out a rigorous analysis, future instances of gwcosmo will therefore need to

implement uncertainties on the magnitude threshold.

6.4.2 Magnitude threshold maps of GLADE and GLADE+

The method described above is applied to gwcosmo. The analysis will use the GLADE,
GLADE+ and DES-Y1 catalogues. As the DES-Y1 catalogue is only used for one event and
in the GWTC-1 analysis only, this subsection focuses on the application of the robust method to
the GLADE and GLADE+ catalogues.

GLADE and GLADE+ are galaxy catalogues compiled from several surveys. Because of
this, they do not have a straightforward distribution of galaxies and therefore have a non-uniform
completeness throughout their sky coverage. [227,228] This means that in order to obtain the
most accurate result, we cannot assume a single magnitude threshold throughout the entire cata-
logue, or even throughout the patch of sky contained by each event’s skymap. A full description
of the pixelated method for gwcosmo, along with GWTC-1 results, can be found in [220].

The catalogues are divided into HEALpix pixels. HEALpix (Hierarchical Equal Area iso-
Latitude Pixelization) is a data structure with an associated library of algorithms allowing for

the discrete spherical mapping of galaxy catalogues and other large astronomical datasets. It
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effectively divides catalogues into a grid of "pixels". The grid resolution is determined by the

parameter Ny;q.. For a given Ny;4., a HEALpix map will contain a number of pixels Np;y. [234]

Npix = 12N2, (6.14)
with the same area €2 ;y:
/4
Qpir = —5—. (6.15)
3Nside

At an N;4, of 32, each pixel for GLADE and GLADE+ covers a region spanning approx-
imately 3.36 deg?, with a total number of pixels of 12,288. [220, 236] The HEALpix maps in
gwcosmo are implemented using the healpy package, a python wrapper for the HEALpix li-
brary. [234,237]

Figure 6.9 shows m;;, maps of the GLADE+ catalogue in the B-band for a HEALpix Ny;;,
of 32.

Figures 6.10 and 6.11 show maps of apparent magnitude threshold for the K-band of the
robust __ mmedian for the K-

thr thr
band in two different resolutions, illustrating that the catalogue has a deeper limit when applying

GLADE catalogue for different grid resolutions. Figure 6.12 shows m

the robust method of estimating galaxy catalogue completeness.
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Figure 6.9: A map of magnitude thresholds myj,, for the GLADE+ B-band data, comparing
the median and robust methods. The size of the pixels corresponds to a HEALpix pixel size of
Nsiqe = 32. Both scales are the same to illustrate the difference in m;,,,. Blank pixels are "empty"
pixels, containing fewer than 10 galaxies. These are not considered for analysis.
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Figure 6.10: A map of magnitude thresholds m;j, for the GLADE+ K-band data, comparing
the median and robust methods. The size of the pixels corresponds to a HEALpix pixel size
of Ny = 64. Both scales are the same to illustrate the difference in my;,. Blank pixels are
"empty" pixels, containing fewer than 10 galaxies. These are not considered for analysis. This
map represents the smallest pixel size used in the analysis.
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Figure 6.11: A map of magnitude thresholds m;,, for the GLADE+ K-band data, comparing
the median and robust methods. The size of the pixels corresponds to a HEALpix pixel size of
Niiqe = 32. Both scales are the same to illustrate the difference in m,,. Blank pixels are "empty"
pixels, containing fewer than 10 galaxies. These are not considered for analysis.
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Figure 6.12: Map illustrating the difference in m;,;, between the median and robust methods.
This is a map for the GLADE+ K-band with HEALpix Ng;;, = 32 (top) and Ng;4, = 64 (bottom)
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6.5 Results of a Robust Analysis of GWTC-1 with the GLADE
and GLADE+ B-bands

The current gwcosmo analysis uses the median apparent magnitude from galaxies in the sample
as the apparent magnitude cut-off for catalogue completeness. This method is overly conserva-
tive and throws out many potential host galaxies. To maximise results from the galaxy catalogue
method, we need to apply a non-biased but accurate estimate of the apparent magnitude thresh-
old myy,

The previous sections introduced the gwcosmo pipeline, the role of galaxy catalogue in-
completeness and a robust statistical test for estimating my,, along with its application to the
GLADE and GLADE-+ catalogues.

These tools allow us to re-run the cosmological inference analysis with the galaxy catalogue
method using a more robust estimate of incompleteness. We first run the analysis on the GWTC-
1 data, which is made up of the brightest events from the O1 and O2 runs. This represents seven
events, out of the eleven detected, in total: six BBHs and the BNS event GW170817. Since
GW170817 is a bright siren, having an associated EM counterpart and a clearly identified host
galaxy, the resulting posterior for this event is unaffected by the change in magnitude threshold
incurred by the robust analysis.

This analysis was firstly done using the B-band luminosities of galaxies in the GLADE
catalogue. We can compare the analysis results for two separate scenarios: one with a pixelated
galaxy catalogue, and one with an unpixelated galaxy catalogue.

The cosmology analysis for the detected gravitational wave events up to the end of the second
observing run (O2) is re-run on the O1 and O2 events above a certain SNR threshold. Table
6.2 shows a list of events used in this analysis. The data for this analysis comes from the
GWTC-1 catalogue of gravitational wave events. [37] Only the brightest events from the GWTC-
1 catalogue are used for this analysis, with the threshold signal-to-noise ratio so that SNR > 12
[225]

The events in the analysis have corresponding skymaps which show the localisation of the
event. In the case of GW 170814, the skymap overlaps with the DES-Y1 catalogue, a deeper
galaxy survey. The g-band of DES-Y1 is used for this event.

The analysis is done using the statistical method of inferring Hy for all events but GW170817,
which had an optical counterpart that allowed us to get redshift information. The posterior for
GW170817 is taken from the analyses in [156,225].

6.5.1 An unpixelated skymap case study

The original GWTC-1 analysis was done using "unpixelated" galaxy catalogues. Rather than

breaking down the galaxy catalogue into HEALpix pixels and treating each pixel within the
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Event name Type dr SNR
GW150914 BBH 440" 150 24.4
GW151012 BBH 108035 10.0
GW151226 BBH 450150 13.1
GW170104 BBH 990330 13.0
GW 170608 BBH 3201740 15.4
GW170729 BBH 284011320 10.8
GW170809 BBH 10307320 124
GW170814 BBH 6001359 16.3
GW170817 BNS 40717 33.0
GW170818 BBH 1060530 11.3
GW170823 BBH 19407970 11.5

Table 6.2: Table of GWTC-1 events, which includes the subset of seven events considered for
this analysis. [37] Events in the grey rows are not considered. The resulting dataset consists
of six binary black hole mergers and one binary neutron star merger. GW170817 is a bright
siren and unaffected by the robust analysis as the redshift information is obtained from the
electromagnetic counterpart.

skymap of the event, the subsample of galaxies contained within the event skymap was consid-
ered as a whole for determining m,,,. [225] We can test the robust method of completeness on an
event using an unpixelated catalogue. This method is no longer used, with the pixelated method
now favoured. Regardless, it serves as a good test of the impact of the robust method.

In the unpixelated gwcosmo pipeline, a single apparent magnitude threshold my, is calcu-
lated for the sample of all galaxies that are contained within the skymap of the event. We run the
pipeline on GW 150914 using both the median and robust methods of estimating my,, applied
to the event’s unpixelated GLADE map.

Figure 6.13 shows the Hy posteriors for GW150914 when using an unpixelated GLADE
catalogue. There is a clear difference in the final posterior, illustrating the effect of an increasing
apparent magnitude threshold.

This method is much more subject to biases if myy, 1s not treated carefully, therefore only
serves as a proof of concept. Since GLADE and GLADE+ vary with directionality, the robust
method is more adapted to the pixelated galaxy catalogues - it could overestimate the magnitude
threshold for some parts of the skymap associated with the GW event.

6.5.2 GWTC-1 with pixelated galaxy catalogues

In this section we present the analysis of O1 and O2 events with a pixelated GLADE catalogue,
using B-band luminosities. We also present results for the same analysis using the GLADE+

B-band luminosities.
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Figure 6.13: Posterior on Hy for GW150914 using the unpixelated B-band of the GLADE cata-
logue.

In the pixelated case, the galaxy catalogue is divided into equal HEALpix pixels and a mag-
nitude threshold is computed for each pixel. More detail on how the catalogues are divided into
pixels can be found in section 6.4.2. The pipeline is then run on each pixel that overlaps with
the event’s skymap, and combined at the end. This allows for a more accurate assessment of the
probability of the host galaxy being within the catalogue p(G|Dgw,xcw ), along with taking into
account the directional variability in depth of composite catalogues like GLADE and GLADE+.
A full overview of the pixelated pipeline, along with new results from the GWTC-1 analysis
originally presented in [37], can be found in [220]. This method differs from previous methods
of dealing with non-uniform galaxy catalogue completeness, such as the one presented in [233].

Figure 6.14 shows results for the GWTC-1 pixelated analysis using the robust method and
the median magnitude method. There is a slight difference in the final posterior, with the width
of the final posterior on Hy being 1.3% narrower for the 68.3% percentile when considering only
dark sirens. The final posterior with GW 170817 is 3.4% narrower using the robust method.

Figure 6.17 shows the same analysis as previously using the GLADE+ B-band instead of the
GLADE B-band. GW 170814 remains unchanged, being analysed using the DES catalogue. For
this analysis, the final posterior on Hy is 5.1% narrower when considering only dark sirens, and
7.1% narrower when considering both dark and bright sirens. This is a clear improvement when
using the robust method.

We see that in the pixelated case, the application of the robust method of galaxy catalogue
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Figure 6.14: Final posteriors on Hy for the GWTC-1 dataset using the B-band of the GLADE
catalogue. Dashed lines show results for the median method, and solid lines show the robust
method. The "Dark Sirens" dataset consists of the 6 BBHs above the SNR threshold from the

O1 and O2 observing runs.
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Figure 6.15: Final posteriors on Hy for each event in the GWTC-1 dataset using the B-band
of the GLADE catalogue. Dashed lines show results for the median method, and solid lines
who the robust method. GW170814 is included in the plot but is analysed using the DES-Y1

catalogue.
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Figure 6.16: Final posteriors on Hy for each event in the GWTC-1 dataset using the B-band
of the GLADE+ catalogue. Dashed lines show results for the median method, and solid lines
who the robust method. GW170814 is included in the plot but is analysed using the DES-Y1
catalogue.
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Figure 6.17: Final posteriors on Hy for the GWTC-1 dataset using the B-band of the GLADE+
catalogue. Dashed lines show results for the median method, and solid lines who the robust
method.
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Catalogue | Method | Result (Dark sirens) | Result (all)
GLADE | median | 68.8%7] 69.6"¢’
GLADE | robust | 68.7153 69.515°
GLADE+ | median | 64.4717; 69.41°
GLADE+ | robust 67.432 69.31%7

Table 6.3: Final results for Hy values from the GWTC-1 data, using different methods and
catalogues.

completeness results in an improved posterior on Hy.

Figure 6.18 shows the Hy posterior for the GW170814 event only using the g-band of
the DES-Y1 catalogue. As previously discussed, the DES-Y1 catalogue is much deeper than
GLADE and GLADE-+, with the pixels that make up the GW 170814 sky localisation area having
an apparent magnitude threshold ~ 25 when evaluated with the robust method. By comparison
the most complete pixels for GLADE go down to an apparent magnitude of ~ 21 in the B-band.
This makes GW 170814 the most informative dark siren of this analysis.

6.6 Results of a Robust Analysis of GWTC-3 with the GLADE+
K-band

The gwcosmo analysis on GWTC-3, the third catalogue of gravitational wave events which
encompasses all events detected from O1 to O3b, was done using the K-band of the GLADE+
catalogue. [2, 156]

While the GLADE+ catalogue is less complete in the K-band, it was found to be subject to
fewer biases than an analysis with the B-band due to the behaviour of its luminosity function.
Figure 6.19 shows the assumed and observed luminosity functions for the GLADE+ B- and
K-bands. It can be seen from this plot that the galaxy distributions in the K-band follow the
assumed luminosity function more closely than in the B-band.

The GWTC-3 analysis uses 47 gravitational wave events above a threshold SNR of 11, in-
cluding the events described in table 6.2. The analysis of GW170814 is done using GLADE+
rather than DES, as DES does not contain K-band data for galaxies, with DECam observations
only being in the grizY filters. Of the 47 selected events, 42 are BBH, 2 are BNS (GW 170817
and GW190425), 2 are NSBH (GW200105 and GW 200115) and one is the asymmetric mass
binary GW190814. [39, 156,238-240]

The GLADE+ catalogue is less complete in the K-band than in the B-band. This means

that each pixel will contain fewer galaxies. This means no re-sampling methods are needed for
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Figure 6.18: Posterior on Hy for GW170814 using the DES catalogue. comparing results with
the robust method and the median method
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Figure 6.19: The assumed luminosity function against the actual distribution of B-band and
K-band galaxies, with absolute median magnitude threshold (dotted vertical lines). Solid lines
based on my,,. While the K-band has a brighter apparent magnitude threshold, it is less affected
by galactic dust, and its distribution is closer to the assumed luminosity function than the B-
band. Figure from [156].
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Figure 6.20: Histogram for the number of galaxies per pixel for GLADE+ for the B- and K-
bands. Nyige = 32. Empty pixels (Ng, = 0) are not included. There is a peak at low but non-zero
Ngq = 0. This is due to near-empty pixels obscured by the Milky Way band.
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the (m;,z;) samples, but also means any test of galaxy completeness will be less accurate. This
applies not only to the robust method but also to the median method.

In the analysis of all GWTC-3 posteriors used for the current cosmology analysis, the dif-
ference is marginal compared to the analysis using the B-band of the GLADE catalogue with
GWTC-1 events. This reflects the fact that GLADE+ is less complete in the K-band; for most
events, even with a fainter and most accurate m,,, the potential host galaxy still lies beyond the
limits of GLADE+. However, as seen with the B-band analysis, a careful estimate of the mag-
nitude threshold will be necessary as deeper galaxy catalogues are obtained and more events
detected.

In the K-band analysis, most events are uninformative, with their posteriors being very simi-
lar to the posteriors for the "empty catalogue" case. Empty catalogue results are obtained solely
from assumptions about the BBH population. [156] The most informative event is the well-
localised GW190814A. GW190814A was a triple-coincident detection of a BBH at a distance
of 241fi§MpC with a localisation area of 18.5 deg?. [240] Figure 6.22 shows the skymap for the
event against the map of robust magnitude thresholds for the GLADE+ K-band with a pixel size
of Ngjg, = 32.

Figure 6.23 shows a comparison for the posterior on GW190814A using robust and the
median magnitude. The main difference when using the robust method is a slight shift towards
a higher H, with support for Hy > 100 km s~! Mpc~! being suppressed.

Figure 6.24 shows a comparison of the probability of the host galaxy being in the galaxy
catalogue, p(G|Dgw ,xcw ), for each pixel in the skymap. The figure shows that while the final
posterior is almost identical, this is due to the probability of the host galaxy being in the cata-
logue still being very low, even when using the robust method. It does however show a clear
trend towards increasing p(G|Dgw ,xGw )-

The final results of the GWTC-3 analysis using the gwcosmo pipeline with the robust
method and the GLADE+ K-band information are presented in figure 6.25. The results fol-
low what is seen in individual events in figure 6.21; as most events are uninformative and lie
beyond even the robust apparent magnitude limit of the GLADE+ K-band, there is no significant
difference to the final posterior on Hy.

The final result on H for the K-band GLADE+ GWTC-3 analysis is Hy = 69f§ km s~ Mpc~!
compared to Hy = 68f2 km s~! Mpc~! for the GWTC-3 results using the median magnitude
threshold. For dark sirens only, we get Hy = 681“}‘1t km s~! Mpc~! compared to
Hy= 67J_r£ km s~! Mpc~! for the GWTC-3 results using the median magnitude threshold. Us-
ing the robust method, the final posterior on Hy is 2.8% wider with GW170817 and 2.2% wider

for dark sirens only.
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Figure 6.21: Hy posteriors for all GWTC-3 dark sirens. The posterior using the robust method of
estimating catalogue completeness is presented in pink, while the posteriors from the GWTC-3
cosmology paper are in blue. [156]. Most posteriors correspond to the "empty catalogue case",
with all posteriors being very similar and uninformative.
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Figure 6.22: Skymap for GW190814A, against the robust m,j;, map for the GLADE+ K-band,
for a pixel size of Ny;y, = 32. The contours shown are the 68% and 90% confidence intervals.
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Figure 6.23: Posteriors on Hy for the robust and median methods applied to the analysis of
GW190814A, the most informative event of the GWTC-3 dataset.
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Figure 6.24: Probability of the host galaxy of the GW source being in the catalogue,
p(G|Dgw,xgw ), for each pixel of the skymap corresponding to the event GW190814A. The
dash-dotted lines show p(G|Dgw,xcw) for the median method while the solid lines show
p(G|Dgw,xcw) for the robust method. Even where events are uninformative, it is clear that
using the robust method increases the contribution from p(G|Dgw,xw )-

6.7 Conclusions and Future Work

While the final results using the GWTC-3 catalogue do not show any improvement to the final
Hj posterior, this is due to most events lying outwith the GLADE+ galaxy catalogue in the K-
band. GLADE and GLADE+ are more complete in the B-band, and a significant improvement
can be seen in the GWTC-1 analysis using GLADE+. We also note that applying the robust test
of completeness, or any test of completeness, is less informative in the K-band due to the low
number of galaxies in each pixel.

The results highlight the importance of the careful treatment galaxy catalogue completeness
when statistically inferring the Hubble constant from CBCs. While it is important not to intro-
duce any biases by overestimating the completeness of a catalogue, information is thrown away
when using an overly conservative estimate. This is an important consideration as the collabora-
tion works towards compiling deeper, more complete galaxy catalogues for gravitational wave
cosmology.

The result also highlights the important role of deep galaxy surveys for cosmological infer-
ence. This gives weight to the idea of carrying out dedicated deep EM follow-up within the sky

localisation of loud and well-localised gravitational wave events.



CHAPTER 6. GRAVITATIONAL WAVE COSMOLOGY 130

0.06 Robust, dark sirens
- Robust with GW170817
i - .
0.05 4 i D?rk sirens
: — - with GW170817
: —— Planck
= : ——- Hp=70 (km s~ Mpc~1)
H'E N
£ 0.03 I\'.
= 1\
= [
T |
S 0.02 A |
|
* |
J i
0.01 - 3 :
.‘f I
J/ I
0.00 — — —L . : — ;
20 40 60 80 100 120 140

Hplkm s~ 1Mpc~1]

Figure 6.25: Final posterior on Hy showing the difference between the robust analysis and the
median analysis. The pink lines show the posterior only using dark sirens, while the blue lines
show the posterior with GW170817.



CHAPTER 6. GRAVITATIONAL WAVE COSMOLOGY 131

6.7.1 Towards implementing uncertainties on the apparent magnitude thresh-
old

The previous discussion highlights the fact that any rigorous estimate of the magnitude threshold
myp,, Will contain uncertainties due to the uncertainties on the measured apparent magnitudes and
redshifts. This shows that for a rigorous cosmological analysis, implementing an uncertainty on
my,, in gwcosmo will be necessary. The work presented in this chapter paves the way for
implementing m,, into the gwcosmo pipeline. Implementing these uncertainties would require
a re-write of the current equations used in the pipeline. Currently, the equations approximate
p(Glz,Q,M,m,D,s,Hp) to a Heaviside step function around myp,. Implementing an uncertainty
on the magnitude threshold would require to re-derive the equations following that step, and to
implement them into the current pipeline.

The contributors to the uncertainty on m;,, with the robust method are:

e uncertainties on photometric redshifts z
e uncertainties on apparent magnitudes m

e uncertainties due to the re-sampling of galaxies for catalogue pixels with a large number

of uncertainties

6.7.2 Other future work

At the time of writing, the gwcosmo pipeline computes pixel magnitude thresholds for each
event. This is a legacy of the unpixelated method, for which a single magnitude threshold iy,
was obtained for each event skymap. As each area of the catalogue defined by an event skymap
was unique, this was necessary for the unpixelated pipeline. However, with the galaxy catalogue
being broken down into "pixels", one can simply choose the pixels contained within each event
skymap, therefore bypassing the need for computing a new map of my, for every event. This is
not yet implemented since the median method of determining m,, is fast to compute, but plans
are in place to implement the pre-computing of m;;, for the entire galaxy catalogue.

The robust method is computationally expensive, hence the need to re-sample galaxies for
pixels with large numbers of galaxies. If all m,,, are pre-computed, this means a more sophis-
ticated implementation of the robust method will be possible, without relying on re-sampling
galaxies.

Currently, gwcosmo only takes in one pixel size as an input. This can mean that some pixels
are emptier than others, which would make any test of m;, less informative for low numbers
of galaxies. Future work will focus on varying the N4, of pixels, amalgamating them with
surrounding pixels for emptier areas.

Other areas of consideration for future work will be on the assumptions about the luminosity

function. The robust method of determining the completeness of a catalogue does not take
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into account potential redshift-dependences of the luminosity function, since it assumes that the

luminosity function is universal.



7 = The Newtonian Calibrator for LI1IGO
detectors

We demand rigidly defined areas of doubt

and uncertainty!

Douglas Adams, The Hitchhiker’s Guide
to the Galaxy

The previous chapters introduce a body of work that relies on LVK observations of com-

pact binary coalescences. This work cannot be done without careful calibration of the LIGO
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detectors. Calibration fits into the framework of maximising scientific returns from CBC obser-
vations. Particularly, it has applications in cosmology, as the inferred parameters from CBCs
depend on the accurate calibration of the detectors. The extraction of astrophysical parameters
from gravitational wave data relies on the accurate calibration of the detectors. Accurate calibra-
tion is essential to gravitational wave astronomy and cosmology; without accurate calibration,
the recovered waveform would be inaccurate.

The work presented in this section is the result of work published as part of the LIGO Cal-
ibration group. My contributions consisted of the derivation of a hexapole analytical model
for the LIGO Newtonian Calibrator, along with re-deriving and implementing code for the
quadrupole from first principles used in analytical models of the Virgo Calibrator. The deriva-
tions presented in this work are my own, while the derivations presented in [241,242] have been
re-arranged by Jeff Kissel and Martin Hendry for aesthetic purposes. The two are equivalent.
My other contribution was on the Bayesian propagation of uncertainties for non-linear force

coefficients. The methodology was applied to all models used in [241].

7.1 Calibrating the LIGO detectors

The LIGO detectors, along with other interferometric gravitational wave detectors, detect gravi-
tational waves by measuring the differential arm length of the observatory. When a gravitational
wave passes through the detector, a change in differential length is induced. This differential
length variation of the interferometer arms is then measured through the ouput of the laser pho-
todiode. [27]

While the interferometric gravitational wave detectors measure a displacement, the actual
measured output will be the measured laser power at the photodiode. The output signal from
the detectors are a time-series of calibrated differential length variations between the two arm

cavities. They’re reconstructed through applying a response function. [29]

Strain: In the context of gravitational wave detectors, the strain is the displacement of

the observatory’s arm compared to the arm length.

This means that in order to get the strain from the interferometer output, we need to know
what the output looks like for a known displacement of the test masses. This is done through
calibration. The calibration of interferometers requires the application of a known force to the
test mass, which is then measured through the interferometer output. The displacement of the
test mass results in a change in DARM (differential arm length).

The calibration of the detectors needs to be done across the entire sensitive band of the
interferometer in order to accurately extract astrophysical source parameters from measured
gravitational wave signals. For the LIGO detectors, that is 20-2000Hz. [243,244]
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There are several methods for calibrating the Advanced LIGO detectors. The main method is
through Photon Calibrators (PCal). Two other methods, free-swinging Michelson and frequency
modulation, provide cross-checks. [29] Here we discuss the calibration of the LIGO Hanford

detector using another method, the Newtonian Calibrator (NCal).

7.2 Photon Calibrators

The Photon Calibrator (PCal) is a calibrating system which imparts a known, direct force on
the detector’s test mass through radiation pressure. This requires knowing the power of the laser
precisely. Absolute laser power calibration is done through power sensors called integrating
spheres, one of which, the Gold Standard, is calibrated annually at the National Institute of Stan-
dards and Technology (NIST). [245,246] Photon calibrators use an auxiliary power-modulated
laser at the end test mass (ETM). The beams shine slightly off-centre, imparting a displacement
via photon recoil off of the test mass. [29,245]

The PCal is the current, state-of-the-art calibration method used in the Advanced LIGO de-
tectors. They provide continuous calibration while the detectors are observing, and provide the
most precise calibration to date. [245] Virgo and KAGRA also make use of photon calibra-
tors. [30,247,248]

7.3 Newtonian Calibrators

Newtonian Calibrators measure the response of the interferometer by imparting time-varying
gravitational forces onto the detectors’ test masses with an oscillating mass distribution. Rotors
can be designed to impact force at any multiple of the rotational frequency f. [241]

Other calibrators which make use of gravitational forces on the test mass have been im-
plemented at the Virgo and KAGRA detectors. These calibrators are known as Newtonian or
gravitational calibrators.

One advantage of Newtonian Calibrators is that they are comparatively unintrusive. The
forces induced by the PCal laser on the test mass can induce local and bulk deformations of the
mirror. [249,250]

7.3.1 Previous Newtonian Calibrators

Prior to the implementation of the LIGO NCal prototype at LIGO Hanford, both the KAGRA

and Virgo detectors operated their own Newtonian calibrators.
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Figure 7.1: A render of the LIGO NCal. Figure from [241].

KAGRA

The design of the gravitational calibrator implemented at KAGRA, the Gcal, is similar to that of
the LIGO NCal. The rotor has two mass distributions in a quadrupole and a hexapole configu-
ration. [251]

Virgo

The Virgo Newtonian Calibrator (NCal) was first built as a simple prototype. Its rotor is sym-
metrical around its axis except for two sectors which have an opening angle of 45 degrees. It
can be simplified as a rotor made out of two masses symmetrical around the axis of rotation
for modelling purposes. [252] The set-up of the Virgo calibrator with regards to the test mass is
similar to that of the LIGO NCal, with the rotor placed off-axis from the beam axis.

During O3, a more robust set-up was built, with two rotors made up of two 90 degree sectors.
[253] The rotors were aligned with the same angle off-axis from the beam, with one "near" and

one "far" rotor.

7.3.2 The LIGO Newtonian Calibrator (NCal)

The LIGO NCal prototype was installed at the X-end of the LIGO Hanford detector during the
commissioning break between O3a and O3b, in October 2019.

It consists of a main body (disc) made out of aluminium (density 2.7 g cm~3), with cylindri-
cal cavities cut out in quadrupole and hexapole configurations. Two masses for the quadrupole
configuration and three for the hexapole configuration are inserted into these cavities. The
masses are tungsten masses (density 19.3 g cm™>) set into the main aluminium disc of the
NCal. [241] The design is similar to the design proposed in [254] and implemented at the KA-
GRA detector. [251] A full description of the hardware and installation can be found in [241].
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Figure 7.2: A render of the LIGO NCal at the LIGO Hanford X-end, showing its position relative
to the end test mass. Figure from [241].

The quadrupole set-up, being a two-fold symmetric mass distribution, induces a force on
the nearby test mass at twice the rotational frequency 2f. Likewise the hexapole configuration,

being three-fold symmetric, induces a force at 3 f.

7.4 Modelling the force coefficient of the Newtonian calibra-

tor

In order to use the NCal for calibrating gravitational wave detectors, we must estimate the am-
plitude of the force it induces on the test mass. Modelling the force amplitude from the rotating
prototype can be done in several ways. This work focuses on an analytical, point-mass expres-
sion for the NCal force coefficient. Other methods (Finite Element Analysis, Multipole) are
outlined in [241].

The analytical, point mass form of the NCal force coefficient was built upon methods de-
veloped in [254], which were applied to the derivation of the force coefficient for the Virgo
NCal. [252] The Virgo calibrator uses masses in a quadrupole set-up only. This force coefficient

equation was re-derived and extended to a hexapole set-up.

7.4.1 Off-axis quadrupole

The following derivation is independently re-derived from the methodology described in [252].
From the description of the set-up, we arrive at the same expression for the force originating
from the quadrupole configuration of the LIGO Newtonian calibrator. Another expression is
presented, which is the equation presented in the published LIGO NCal paper. Results from the

two expressions are equivalent to ~ 0.01%. The second equation is presented in the paper for
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aesthetic purposes.

The LIGO Newtonian calibrator consists of masses in a quadrupole and in a hexapole con-
figuration. In the LIGO Hanford configuration, the rotor position is off-axis from the centre of
the test mass.

The two masses m, and m in the quadrupole configuration are described by the following

coordinates:
ryg = dcos®+rycos0, (7.1)
ry1 = dsin®+rysin6, (7.2)
g = % (7.3)
and
ryy = dcos®—r,cos0, (7.4)
ryy = dsin®+rysin6, (7.5)
rp, = 2z (7.6)

Starting with the first mass m,, the distance from the test mass to the rotor mass is:

L% = (dcoqu—i—rqcosG)z—i—(dsinq)+rqsin9)2+22
= d2—|—r621—|—2drq(cos<bcose+sinCI>sin9)+Z2
= d*+r}+7>+2drgcos(®— )
(7.7)

Using

GMm
12’

we consider only the projection of the total force in the x-axis, Fy = Fcos® with ® the angle

F =

(7.8)

between F and the x-axis. Projecting the force onto the x-axis:

Fyx1 = Fy1(dcos® +rcos 0)(d* + r; + 2% 4 2dr,cos(® — 9))_1/2, (7.9)

which gives:

Fyut = GMmg(d cos® + reos 8)(d? +r} + 22 + 2drgcos(d — 8)) /2. (7.10)
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We introduce the parameter € = rd—q << 1 and rewrite the equation above:

d P+ €ecosh
Fyr = GMm codrecond) @.11)
d3(14 €2+ % +2ecos(P — 6)%/2)
Setting Z =1+ 2—22:
GM
Fyl = qu(cosdﬂ—e‘cos 6)(Z+ e3ecos(®—0)) /2. (7.12)

Setting X = &2 +2¢ecos(® — 0) and using the following Taylor expansion up to the second

order:

RYSUR 3 15x?

(Z+X) =231 T 250 + 772 (7.13)
We can re-write the force from the first test mass x-axis:
GMm 3 15
Fye1 = 7 Z 5/Z(Z—§X+g)(z)(cosdﬂ—ecos@). (7.14)

The total force from the test mass mg; projected onto the x-axis is:

M 1
Fp = Gdzmz—S/z(z — %82 —3g(®—0)+ éez cos?(® —0))(cos® +ecosB).  (7.15)

The derivation is similar for the second mass m,,, where we set X = g2 —2¢ecos(®—0). We

arrive at a final expression

GM 3 15
Fpo = dz’"Qz*S/z(z— 582 +3ecos(® —6) + i.& cos*(®—0))(cos® — ecos B). (7.16)

Adding the force contributions from both masses:

qu:qul+qu2

GM
= —dzqu_s/z ((2Z — 382) cos® — 6€2 cos 0 (cos 8 cos D + sin O sin D)

15
+ 782 cosP(cos O cos P +sin O sinCID)z)). (7.17)

Taking only the 8-dependent terms gives:
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GMm? 15 15
Fu9 = TqZ’S/2 ((—3 cosP + 27 cos> d — 27 cos ®sin® ®)cos26

15
+ (—3cosP+ 7cosz¢sin<b) sin26). (7.18)

Separating the two terms in cos260 and sin26 giving:

GM .
Fpo = 7%822’5/2(a00s29+ﬁsm29). (7.19)

Using cos® @ = 1 (3cos® + cos 3®) and cos P cos2d = 1 (cos P+ cos3P):
15
o =3cosd+ E(cosd)—kcosSCID), (7.20)
and
. 15 . .
B = —3s1nd>+ﬁ(smcb—|—sm3cb). (7.21)
Using acosx+bcosx = va® + b*sinx

GMmir?
foo = a0

15 15 2 /(15 15 2
\/(c0s¢(ﬁ—6)+ﬁcos3¢> +<smCI> (i—6>+ism3¢) , (7.22)

which can be written as:

Z7/%5in(26 + @)

GMmr2 15\* /15 \? [15 15
Fg = ———2Z/%sin(20 + @)/ [ —= ——6 — —6) =cos2®. (7.23
a6 24 sin(26 + )\/(2z> * (22 ) * (22 ) 7 cos2®- (7:23)

The square-rooted term can be written as:

115, 6x15 5 o, 115, o 115, 6x15. ,  6xI5
(22— D4 sin2 D)+ - (=2)22cos2 D — - ()2 — 2c0s? @
2(2) Z +6°(cos” @ +sin )+2(Z) cos 2(Z) ——2c0s +

15

= (— —6)cos’ @+ 67sin’ @, (7.24)

Finally, the force from the quadrupole is:

GM 15
Fy= qu £25in(26 + @) \/ (— —6)>cos? @ +67sin” P, (7.25)
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which is the same expression seen in [252]. The final expression presented in [241] is

GM 2
F, = 2_”1’1822—5/2 [(i — 2)cos(20 — @) + 6izcos(26 —39)]. (7.26)

2 &2 6Z 3
The two expressions are equivalent to ~ 0.01%.

7.4.2 Hexapole

On-axis hexapole

It is useful to start from an on-axis configuration (the NCal is aligned with the x-axis). Each

rotor mass in this configuration has coordinates r = rcos 6; with 6;:

6, =0, (7.27)
2

0, — 9+?”, (7.28)
2

0,=0— ?” (7.29)

In this configuration, each mass contribution is given by:
. GMmh
i dz

Using the Taylor expansion

F, (1+€cos6)(1+ &2+ 2ecos6;) /2. (7.30)

(1+X) 3 ~1— Sxy By H

z3... 31
2 8 16 (7.31)

to the third order we get

GMm
Fy = g L(1+€ecos0)
3.2 15 2 2 35 o 3
(1—5(8 +2£cos9)+7(8 +2€ecos0) _E(E +2€ecos0)’), (7.32)
GM 3 15 15 15
Fy, = dzmh(l—582+38C089+§S4+?83C089+782C0529+8C089
3 15 15 15
+ 583 cos 0 +3¢e’ cos? 0 + ges cos 0 + 783 cos® 0 + 783 cos® 9). (7.33)

Summing over all angles 6; for all mass contributions and taking terms only up to €3, all
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terms fall out except terms in cos>6, giving a final expression:

F,=— 7 € 5 cos (6). (7.34)

Off-axis hexapole

In the previous section, we re-derived the analytical model for a force from an off-axis quadrupole
configuration, arriving at the same final equation for the force that is presented in [252]. The
paper describes an analytical model for a rotor constituted of two masses.

The LIGO Newtonian Calibrator has two mass distributions, in a quadrupole and a hexapole
configuration. The previous derivation is based on the force estimate for the Virgo NCal. Unlike
the LIGO set-up, the Virgo calibrator does not have a hexapole mass configuration. Starting from
the same principles as the off-axis quadrupole derivation, we derive an analytical expression for
the force originating from the hexapole configuration of an off-axis rotor. This is the same

configuration as above, adapted for a hexapole. For each mass n the coordinates are now:

27

ry = dcos®+rcos(0+ (n— l)?), (7.35)
: , 2
ry = dsin®+rsin(0+ (n— 1)?), (7.36)
r, = z (7.37)
giving:

rx1 = d +rcos6 and ryy = rsin0, (7.38)

2 2
2 :d+rcos(9+?7r) and ryp = rsin(@—{—?x), (7.39)

2 2
rx3 =d +rcos(6 — ?7:) and ry3 = rsin(@—?ﬂ). (7.40)

The vertical component remains unchanged for all masses as it is not dependent on 6. The
derivation then follows the same principles as previous derivations.

Using the following Taylor expansion up to the third order:

1 3X 152 35x3

73/2  27-5/2 + 877/2 - 1629/2° (7.41)

(Z+X)32 ~

we get, for each mass i
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GM 2
Fiy, = dsz_S/z(cos<D+£cos(9 +(i— 1)?))
3 2
(73 (e +2ecos(®— (6+ (i - 1)?”))
15, , Com,
— (e +2ecos(® — )=
—|—22(8 +2ecos(®—(0+(i—1) 3 )
35, 2T
— @( +2ecos(®—(0+(i— 1)?)) )e (7.42)
Finally, when adding all contributions and using:
2 2
cos(@)-l—cos(@-l-?n)-l-cos(e—?n) =0, (7.43)
2 2
cos2(6)+cos2(0+?n)+c0s2(9—?TC) :%, (7.44)
and
2 2
cos((6 + ?ﬂ) —®) +cos((6 — ?n) —®) +cos(6 — D),
2
= cos(0 —P)+2cos(0 — D) cos(?ﬂ:),
= 0, (7.45)
all terms fall out except
& (E Zcosz(cb —6;)cos 6; — 3 20053 (®—6)). (7.46)
2Z ’ Y ’

Summing over the contributions from each hexapole mass, we arrive at a final expression:

GMmy, 5,52
Fh - 78 Z

1 2 2 2 2
(—S(COSZ(CI)— 0+ —ﬂ)cos(e - _71') +cos?*(®— 6 — —n)cos(e + _717) + cos?(® — ) cos(H))
27 3 3 3 3
35 2 2 2 2
— ﬁcosd)(cos3(d>— 9+?ﬂ)cos(9 — ?n)+cos3(cb— 60— ?n)cos(9+?n)—l—cos3(d>— 6)cos(0))),

(7.47)

which becomes equivalent to 7.34 when setting the rotor coordinates so that it is on-axis with
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Variable Value Uncertainty
Rotor Position x 723 mm 2 mm
Rotor Position y 933 mm 1 mm
Rotor Radial Position p | 1180mm | 2mm
Rotor Angle ® 52.24 deg | 0.08 deg
Rotor Vertical Position z | 10 mm 3 mm
Test mass mass 39.680kg | 10g
Tungsten cylinder mass | 1.0558 kg | 03 g
Quadrupole radius 6.033cm | 5 um
Hexapole radius 10476 cm | 5 um
Table 7.1: Parameters for the NCal along with 68% credible interval.
the test mass.
The equivalent expression presented in [241] is:
I5GMmy, 5., 7,57, 7T 3 7
Fp=——5>5—¢7 ——— —2P) + — —4dD)|. 4
=5 € [(SZ 4)cos(39 )+ 57 cos(36 )] (7.48)

The two expressions are equivalent to ~ 0.01%.

7.5 Uncertainty on the Force Coefficient

One advantage of the analytical model outlined previously is that it allows us to quickly recover
the total uncertainty on the force coefficient, along with the contribution from each parameter.

In order to get our final calibration with its uncertainty, it is crucial to understand the un-
certainty on the force estimate for whichever calibrator is used. Previous methods like the PCal
propagate uncertainties linearly, through differential equations. This is suitable for linear force
coefficients, which have a more straightforward uncertainty propagation.

However, the force from the NCal is not linear, and this type of propagation would not
fully capture any degeneracies between the parameters of the force coefficient. We therefore
apply a Bayesian framework to the propagation of uncertainties for the NCal force coefficient,
simultaneously sampling over the whole distribution for each parameter. This is in turn done for
the other two models used in the analysis, recovering a final uncertainty.

We use Monte Carlo methods to generate a distribution on the force coefficient, from which
the final uncertainty is obtained. This method returns a posterior distribution on the NCal force
coefficient.

The parameters necessary for calculating the force coefficient of the NCal, along with their
associated uncertainties, are presented in table 7.1.

With the method outlined previously, one can estimate the contribution to the uncertainty
from each component of the NCal force equation. This is only done using the analytical point-

mass model, as this is the least computationally intensive model to run. This allows us to evaluate
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Figure 7.3: Force coefficient with all uncertainties for analytical model vs. no uncertainty on x
position of rotor with regards to the test mass.
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Figure 7.4: Force coefficient with all uncertainties for analytical model vs. no uncertainty on y
position of rotor with regards to the test mass.

which aspect of the current set-up needs to improve in order to make the NCal competitive with
other calibration methods.

Some uncertainties are negligible and/or below the numerical noise from the Monte Carlo
sampling. These uncertainties are marked as "negligible" in table 7.2.

Although great effort was put into the surveying work for determining the position of the
NCal accurately, the main driver of the uncertainty on the force coefficient remains the uncer-

tainty on the position of the rotor in the x and y axes. [255]

7.6 Comparing the point-mass model to other models

This section briefly discusses the other two models used for the prediction of the NCal force
coefficient, and compares results on the predicted force from each of the three models. The

work on these two models was carried out by co-authors M.P. Ross and C. Weller and their
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Variable Value Uncertainty Contribution

Rotor Position x 723 mm 2 mm 2f:0.27% (40% total) | 3f: 0.35%(38% total)
Rotor Position y 933 mm 1 mm 2f:0.37% (54% total) | 3f: 0.45% (51% total)
Rotor position z 10.0mm | 3 mm Negligible

Test mass mass 39.680kg | 10 g Negligible

Tungsten cylinder mass | 1.0558 kg | 0.3 g Negligible

Quadrupole radius 6.033cm | 5 um Negligible

Hexapole radius 10476 cm | 5 um Negligible

Table 7.2: Contributions to final uncertainty from each parameter for the analytical point mass
model. The contributions are shown as a percentage of the mean of the force coefficient and
as a percentage of the total uncertainty. Where uncertainties are negligible, they are below the
numerical noise coming from the simulations.

group.

7.6.1 Finite Element Analysis

The Finite Element Analysis (FEA) model is the main model used in the analysis presented
in [241]. It takes into account the full geometry of the NCal, making it the most realistic model
of the three. While accurate, it is computationally expensive to run.

The FEA model works by approximating the geometry of the set-up as a cloud of finite-
element point masses. This model was developed using the PointGravity algorithm presented
in [256,257].

7.6.2 Multipole

The multipole model calculates the force coefficient by breaking down each object into its grav-
itational multipole moments. This model is based on work presented in [258-262] and imple-

mented using multipole algorithms found in in [257].

7.6.3 Comparison Between Models

Figure 7.5 shows a comparison of the force coefficients predicted by the three different models
used in the analysis. All models are in good agreement, with the point-mass analytical model
differing slightly from the other two due to not taking into account the full geometry of the NCal.
Results are shown for the 2f (quadrupole) and 3 f (hexapole) forces induced by the rotation of

the NCal. The force coefficient is not expected to be frequency-dependent in this configuration.
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Figure 7.5: A comparison of the force coefficients obtained from all three models for the 2 f and
3 f forces.

7.7 Tests of the NCal

NCal injections were performed on 4 December 2019 at the X-end of the LIGO Hanford inter-
ferometer, while the detector was in its observation-ready state. The NCal was rotated at five
different frequencies ranging from 4Hz to 10Hz, injecting 2 f and 3 f forces ranging from 8Hz
to 30Hz. Each sweep lasted two minutes.

Figure 7.6 shows the amplitude spectra from the 2019 NCal injections, clearly showing the
induced 2 f and 3 f signals for each 1f injection frequency.

From the NCal injection, we can extract a force coefficient and compare it to the one pre-
dicted by the models. The force amplitude was extracted from the injected signal using a Least-
Squares Spectral Analysis. [241,263] Statistical uncertainties from the fit dominate the uncer-
tainty on the measured force coefficient.

Figure 7.7 shows a comparison between the measured force from the NCal and the predicted
force coefficient from all three models. The first 2 f measured force coefficient has a larger un-
certainty due to the SNR being lower at that induced frequency. We can see that the measured
force from the December 2019 injection is in agreement with the predicted force, which is pre-
dicted to < 1% relative uncertainty. This provides a good cross-check of the LIGO calibration,

and could be combined with PCal in the future for increased accuracy.
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Figure 7.6: Amplitude spectra from the 4/12/2019 NCal injections at LIGO Hanford. Different
colours represent different 1f injection frequencies, as detailed in the legend. The gray shaded
area shows where the signal is aggressively high-passed and can be ignored. [241] The plus- and
triangle-shaped markers indicate 2 f and 3 f frequencies, respectively. The black crosses indicate
features unrelated to the NCal injection.
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S Conclusions

Et j’aime la nuit écouter les étoiles.

Antoine de Saint-Exupéry, Le Petit Prince

Since the first direct detection of gravitational waves in 2015, gravitational wave astronomy
has grown to be a very active and rich field of astronomy. Between future observing runs of the
LVK network, planned upgrades to the network, and new generations of instruments, we can
expect gravitational wave astronomy to continue to blossom as a field.

The work presented in this thesis focused on maximising scientific returns from several fields
related to gravitational wave astronomy. A lot of work remains to be done to fully take advantage
of the data that will come out of future observing runs by the LVK network. In particular, this
work has applications for gravitational wave cosmology. Here we will summarise the main
results of the work presented in the previous chapters.

In chapters 3 to 5, we presented a framework for parameter estimation on kilonova light
curves, presented results for recovering the merger time 7y of a binary neutron star merger from
incomplete light curves, and investigated the effect of neglecting some kilonova microphysics
on the recovered parameters. Joint detections of compact binary coalescences and kilonovae
are an extremely powerful tool for gravitational wave cosmology. While only one such bright
siren has been detected to date, it dominates the current Hy posterior obtained from the analysis
of all detected standard sirens. It is therefore essential to maximise prospects for these joint
detections, and to accurately infer the source’s parameters.

The framework introduced in chapters 4 and 5 applied a methodology presented in chapter
3 for parameter estimation on kilonova light curves. In this chapter, we showed that Gaussian
Processes are a useful tool for interpolating kilonova light curves from an existing set of models
generated for a finite parameter grid. Realistic simulations of kilonovae are computationally
expensive to generate, and research on model interpolation is an active field. The models used
in this work are one dimensional, two component models, but the pipeline could be extended to
future models.

We applied this framework to real data and obtained posteriors for the ejecta parameters of
AT 2017gfo from the DECam observations in the griz bands. The recovered ejecta parameters

were found to be in good agreement with other studies using the same models.
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Results presented in chapter 4 focused on the recovery of a posterior on the merger time of
a binary neutron star system from serendipitous, late time kilonova observations. We showed
the importance of prompt, high cadence follow-ups for kilonovae. The most important aspect of
recovering information on the merger time 7y of a BNS was the cadence of the search. Obtaining
a time window for a potential BNS could open the way for GW searches from serendipitous
discoveries of kilonovae and maximise prospects for multi-messenger astronomy. This could
also help link potential EM counterparts to sub-threshold or one-detector GW candidates. The
results support previous work on optimal cadences that proposed nightly observations in wide
surveys.

In chapter 5, we showed the importance of accurately modelling jet-ejecta interaction in
kilonova light curves. The recovered ejecta mass from the kilonova m,; could be overestimated
by up to a factor of ~ 2 where the impact of a strong jet is neglected. The ejecta mass m,;
is related to the parameters of the BNS system and to the neutron star equation of state; it is
therefore important to accurately infer this parameter.

The work presented in chapters 4 and 5 is, however, very model-dependent. Kilonova mod-
elling is a very active field of research, and models will certainly by refined in the future as more
detections are made. The principles of the pipeline can be applied to future models, incorporat-
ing more parameters.

In chapter 6, we presented results for the Hubble constant Hy after implementing a rigorous
treatment of galaxy catalogue completeness into the current pipeline for cosmology with dark
sirens. While the final result on the GWTC-3 analysis was not improved by this method, im-
provements could be seen in the GWTC-1 analysis, when a deeper band of the GLADE and
GLADE-+ galaxy catalogues was used. This shows the importance of the careful treatment of
galaxy catalogue incompleteness as they become deeper, and as more gravitational wave events
are detected.

The GWTC-1 results using the B-band of the GLADE+ catalogue gave
Hy = 69.3:];7 km s~! Mpc~! when combining the dark sirens with GW 170817, and
Hy = 67.41’3‘61r km s~! Mpc~! when considering only dark sirens. This is, respectively, a 5.1%
and 7.1% improvement on the results using the median magnitude as the magnitude threshold.

While the inference of Hp from standard sirens still relies heavily on bright sirens, with
current measurements of Hy being dominated by the posterior obtained from GW 170817, dark
sirens still provide an important contribution to the final posterior. This is especially true of
well-localised, nearby dark sirens that could have strong galaxy catalogue support.

In past mock data challenges, a sample of ~250 injected binary neutron stars with no coun-
terpart resulted in in a 2.21% uncertainty on the Hubble constant for a galaxy catalogue with an
apparent magnitude threshold of 19.5, and 3.20 % for an apparent magnitude threshold of 16.
For a complete catalogue, this uncertainty went down to 1.84%. [224] The completeness of the

galaxy catalogue used for future gravitational wave catalogues will therefore be an important
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part of placing tighter constraints on Hy from dark sirens.

The work presented in chapter 6 showed promising results, but future work will need to
focus on applying the robust test of completeness to mock data challenges in order to quantify
any potential systematics that the method would introduce.

The final chapter of this thesis presented results from a Newtonian calibrator that was proto-
typed at the LIGO Hanford detector in 2019. Calibrating the LIGO detectors is also an important
aspect of gravitational wave cosmology, since without accurate calibration, an accurate lumi-
nosity distance cannot be obtained from GW waveforms. As the number of gravitational wave
detections increases in upcoming runs, the impact of calibration uncertainties and unknown sys-
tematics could become greater, especially in fields like cosmology. [264]

Results from the first Newtonian calibrator prototype constrained the predicted force to < 1%
relative uncertainty, which is a promising start for the LIGO NCal. The work presented in this
thesis also outlines the importance of treating uncertainties in the modelling of force coefficients
carefully.

The NCal was driven again on 3 September 2020 in nominal low noise. While it will not
replace the PCal system, it could serve as a supplementary absolute reference for calibration.
The calibration work started in 2019 with the NCal prototype is still ongoing, with plans to
combine NCal calibration with PCal, and to improve the NCal set-up for increased accuracy.
One such proposed set-up would use four smaller rotors placed around the end test mass. This
set-up would improve the estimate on the distance of the NCal to the test mass, which is the main
contributor to the current uncertainty on the predicted force from the system. The KAGRA and
Virgo detectors also use gravitational calibrators, and there are ongoing developments to the
technology.

The different chapters of this thesis all presented ways to maximise scientific returns for
multi-messenger astronomy and gravitational wave cosmology. Future precise standard siren
measurements of Hy could help us understand whether or not discrepancies in current measure-
ments of the Hubble constant indicate the presence of new physics. With the Hubble tension
having recently passed the 5o threshold, now is a crucial time for precision cosmology with

gravitational waves.
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A Wind Fence

This chapter summarises work that was carried out at LIGO Hanford during the Summer of
2019. This analysis was done in the context of a potential installation of a wind fence around
the end stations of the LIGO detector. The original work can be found in the LIGO technical
note that was posted to the LIGO Document Control Center (DCC). Several logs in the publicly
accessible aLIGO LHO Logbook also summarise some of this work. [265-267] The wind fence
installation started during the commissioning break between O3a and O3b, in October 2019 and

was completed in December of the same year, during O3b.

Figure A.1: The wind fence at one of the end stations at LIGO Hanford. Photo credit: Corey
Gray
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A.1 Background

The duty cycles of the LIGO interferometers are affected by environmental factors such as earth-
quakes, thunder, and high winds. [268] Unlike LLO, when it comes to windy weather, LHO does
not benefit from the protective effect of trees. Its shrub-steppe environment leaves the detector
exposed to high winds, and gusts of wind can affect the alignments of its optics. The induced
wind-tild cannot be separated from ground movement.

We looked at the impact of wind gusts on the observing range and duty cycle of LHO during
the first two months of O3a at all three stations.

This analysis looks at the impact of wind speed at all three stations on the observing range
for binary neutron stars and the interferometer duty cycle at LIGO Hanford during the first two
months of O3. The wind speed, lock and range data analysed is obtained from the following
channels:

H1:PEM-EX_WIND_ROOF_WEATHER_MPH

H1:PEM-EY WIND ROOF WEATHER_MPH

H1:PEM-CS_WIND_ROOF_WEATHER_MPH

H1:GRD-ISC_LOCK_STATE_N
H1:CDS-SENSMON_CAL_SNSW_EFFECTIVE_RANGE_MPC

The first three channels record the wind speed at the three stations (End Station X, End Station
Y and the Corner Station) while the other two give information about the lock state of the
interferometer and its BNS observing range.

Data was obtained for GPS times 1238166018 (1 April 2019 15:00:00 UTC) to 1243566018
(3 June 2019 03:00:00 UTC). All data is obtained for maximum minute trends.

A.2 Wind Speed Data

The wind speed considered in this analysis is the maximum wind speed out of all three stations
(End X, End Y and Corner Station) as measured by the wind sensors on the roof. We use
maximum trends for the wind speed, as we want to account for the impact of gusts of wind,
rather than sustained wind speed. Directionality of the wind is ignored for the purpose of this
analysis. Other analyses focusing on the directionality of the wind during O3 have been carried
out and are available on the LIGO DCC.

A.3 Duty Cycles

In the first part of the analysis, we look at the impact of wind speed on duty cycles. We use
H1:GRD-ISC_LOCK_STATE_N for the lock status data, using 600 as the locked state. The
average duty cycle for the first two months of O3 is 74.2%.
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Hourly maximum trends are considered for the wind speed. The maximum wind speed from
all three stations is considered. Lock status is for one minute stretches (maximum minute trend).
The wind hourly trends are obtained by using pandas’

pd.DataFrame.rolling (window=x) .max () on the wind speeds.

A.3.1 Hourly wind distributions

Table A.1 shows wind speed percentiles for the first two months of O3. The full distribution is
plotted in blue in figure A.6.

percentile 5S110{20{30|40 50 60 70 |80 |90 | 95|99
wind speed [mph] | 7 | 8 | 10| 12| 14 | 16 | 18 | 21 | 24 | 28 | 33 | 43

Table A.1: Wind speed percentile values for first two months of O3, maximum hour trends.

A.3.2 Duty cycle as a function of wind speed

The duty cycle at LHO shows a strong wind-dependence during the first two months of O3.
Figure A.2 shows a histogram of duty cycles per percentile. Figure A.3 shows the same data
plotted in a different way, with duty cycle as a function of wind speed quantile. Wind speed
values for each percentile are defined in table A.1. Figures A.4 and A.5 show the duty cycle as
a function of wind speed for the first two months of O3 and for all of O2. Comparing the results

for O3 to the ones for O2, there is a much stronger wind-dependence during O3 for duty cycles.
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Figure A.2: Histogram of duty cycle as a function of wind speed quantile. Green is for time

locked, blue is unlocked.
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Duty cycle for 1 hour trend as a function of max. wind speed quantile
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Figure A.3: Duty cycle as a function of wind speed quantile for the first two months of O3.

Duty cycle as a function of wind speed for 1 hour max. wind speed
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Figure A.4: Duty cycle as a function of wind speed for the first two months of O3.
In order to get the improvement in duty cycle , we approximate the duty cycle to the average

duty cycle during low wind conditions. This ranges from 78.9% (0-20mph, 70th percentile) to
84.1% (0-7mph, 5th percentile) depending on how low wind conditions are defined.
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Duty cycle as a function of wind speed for 1 hour max. wind speed, 02
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Figure A.5: Duty cycle as a function of wind speed for O2.

Another way to get the wind-independent duty cycle is to obtain the duty cycle for a wind
distribution where all wind speeds are halved, to simulate the effects of a wind fence at both
end stations. In order to do this, the wind speeds in the original distribution are halved, and the
new distribution is convolved with the duty cycle as a function of wind speed. The resulting
wind-independent duty cycle using this method is 81.6%. Since we are dividing wind speeds by
2, there is no corresponding average duty cycle for hourly maximum wind speeds below 3mph.
This is therefore taken to be equal to the average duty cycle for 3mph. The numbers remain
approximate, as results may slightly differ depending on binning of wind data, length of trends
used, etc.

Repeating this method on O2 data gives a wind-independent duty cycle of 66.8%, a 0.9%

improvement from a baseline of 65.9%.

A.3.3 Wind speed and lockloss

We look at wind speeds around the time of lockloss. Figure A.6 shows the normalised distribu-
tion of wind speeds for all times against the normalised distribution of wind speeds when lock
is lost. There is a significant tail above 30mph for the lockloss distribution. Figures A.7 and
A.8 shows similar distributions for one minute and five minute maximum trends. While not as

relevant for duty cycles, this distribution is used for BNS range.
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Normalised wind distribution
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Figure A.6: Normalised ind speed distribution for all times (blue) and at instant of lockloss

(orange), one hour maximum trend.
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Figure A.7: Wind speed distribution for all Figure A.8: Wind speed distribution for all
times (blue) and at instant of lockloss (or- times (blue) and at instant before lockloss

ange), one minute maximum trend. (orange), Smin maximum trend.

A.4 BNS Range

The second part of this analysis looks at the impact of wind speed on BNS range while the in-
terferometer is locked. Maximum minute trends instead of hourly trends are considered for this.

The data is obtained from the output channel
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H1:CDS-SENSMON_CAL_SNSW_EFFECTIVE_RANGE_MPC. Some unusual data points need

to be discarded before starting the analysis as they record the range as being around 4000Mpc.

A.4.1 Minute maximum wind speed distribution

Figure A.2 shows the wind speed percentiles across all stations for maximum minute trends.
The full distribution is in blue in figure A.7.

percentile S110[20[30/40 |50 60|70 |80 |90 95|99
wind speed[mph] |4 | 5 | 6 | 8 | 9 |11 |12 |14 |17 |21 |25 35

Table A.2: Wind speed percentile values for first two months of O3, maximum minute trends.

A.4.2 Seasonal wind changes

Concerns have been raised over the use of the O3 wind distribution as the wind speed distribution
to be convolved with the data to estimate potential improvements, as the first two months of O3
occurred during the "windy season". However the distribution is similar to wind distributions
from O2.

percentile 5110203040 50|60 |70 8090|9599

wind speed [mph] (hour trend,03) | 7| 8 | 10 | 12 | 14 | 16 | 18 | 21 | 24 | 28 | 33 | 43
wind speed [mph] (hour trend,O2) |5 | 6 | 8 | 9 |11 | 13| 15|19 |22 |28 |33 |43
wind speed [mph] (minute trend,O3) (4 | 5 | 6 | 8 | 9 |11 |12 |14 | 17 | 21 |25 |35
wind speed [mph] (minute trend,O2) |3 | 4 | S | 6 | 7 | 9 |11 |13 16|21 |25 |33

Table A.3: Wind speed percentile values for O2 and O3.

A.4.3 BNS range as a function of wind speed

Figures A.10 to A.12 show the effect of wind speed on the BNS range. There is a wind-
dependence, although it is not as marked as with duty cycles. Figures A.10 and A.12 inform
us on the impact of wind based on the wind distribution. The dramatic drop in BNS range seen

in figure A.9 occurs mostly at low-probability high winds.
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Average BNS range as a function of wind speed (03)
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Figure A.9: Average BNS range as a func- Figure A.10: Average BNS range as a func-

tion of wind speed. tion of wind speed quantile.
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A.4.4 Improvement to BNS range if wind-independent

In order to get the improvement to BNS range if wind-independent we approximate the BNS
range vs wind function to its value in low wind conditions (0-4mph).

Considering only wind at EX and EY, the improvement is 0.454Mpc, or 1.48 % in detections
based on improvement in observing volume.

Considering the maximum wind speed for all stations, the improvement is 0.46Mpc, or
1.01% in detections based on improvement in observing volume.

Using the method described in section A.3.2 and halving all wind speeds in the distribu-
tion, the improvement is 0.67Mpc, or 1.85% in detections based on improvement in observing

volume.
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A.S Results Summary

Table A.4 presents a summary of improvements. While the improvement in BNS range is very

modest, duty cycles could be significantly improved by being wind-independent.

Average BNS range [Mpc] Average duty cycle [%]

Current 109.31Mpc 74.2%
Wind-independent 109.77 to 109.85Mpc 78.9 to 84.1%
Improvement 0.46 to 0.67Mpc, 1.01 to | 4.7t09.9%

1.65% in detections

Table A.4: Summary of improvements from wind-independent duty cycle and BNS range.

A.6 O3b Results

Between O3a and O3b, the wind fence was commissioned and installed at the two end stations
of the LIGO Hanford detector. We run the analysis above on the O3b data, using the wind speed
measured at the corner station as the maximum wind speed for the site in order to measure the
effect of the wind fence. We see in figure A.15 that the distribution of wind speeds at the time
of lockloss no longer has the characteristic tail at higher wind speeds seen in the O3a data.

We also find that the duty cycles have improved during O3b, averaging ~ 83%.T hisisclosetothe predic
independentdutycycles.
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Duty cycle for 1 hour trend as a function of max. wind speed quantile
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Figure A.13: Duty cycle as a function of maximum wind speed quantile for O3b.
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Figure A.14: Histogram of duty cycle as a function of wind speed quantile for O3b, using

maximum wind speeds at the corner station. Green is for time locked, blue is out of lock.
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Normalised wind distribution
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Figure A.15: Wind speed distribution for all times (blue) and during lockloss (orange) during

O3b, 1hour maximum trend.

A.7 Relevant Links

The research presented here is summarised in the following LHO logbook entries:
e alog 50072 [267]
e alog 49682 [266]

e alog 49542 [265]


https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=50072
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=49682
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=49542

B Supplementary Material for Chapter
4
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Figure B.1: Full parameter estimation for gi bands on AT 2017gfo DECam observations, with
a starting time ty 1.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True d|, taken to be 40 Mpc.
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Figure B.2: Full parameter estimation for gi bands on AT 2017gfo DECam observations, with
a starting time 7o 2.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True d| taken to be 40 Mpc.
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Figure B.3: Full parameter estimation for gi bands on AT 2017gfo DECam observations, with
a starting time ty 3.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True dy, taken to be 40 Mpc.
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Figure B.4: Full parameter estimation for gr bands on AT 2017gfo DECam observations, with
a starting time 7o 2.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True dy, taken to be 40 Mpc.
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Figure B.5: Full parameter estimation for gr bands on AT 2017gfo DECam observations, with
a starting time ty 3.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True dy, taken to be 40 Mpc.
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Figure B.6: Full parameter estimation for gr bands on AT 2017gfo DECam observations, with
a starting time 7o 4.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True dy, taken to be 40 Mpc.
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Figure B.7: Full parameter estimation for ri bands on AT 2017gfo DECam observations, with
a starting time ty 1.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True dy, taken to be 40 Mpc.
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Figure B.8: Full parameter estimation for ri bands on AT 2017gfo DECam observations, with
a starting time 7o 3.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True dy, taken to be 40 Mpc.
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Figure B.9: Full parameter estimation for rz bands on AT 2017gfo DECam observations, with

a starting time ty 1.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True d|, taken to be 40 Mpc.
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Figure B.10: Full parameter estimation for rz bands on AT 2017gfo DECam observations, with
a starting time 7o 3.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True dy, taken to be 40 Mpc.
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Figure B.11: Full parameter estimation for rz bands on AT 2017gfo DECam observations, with
a starting time #y 4.45 days post-merger. Real values for ejecta parameters are taken from
Kasen(2017) [94]. True d|, taken to be 40 Mpc.
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Figure B.12: Results on 7, for the "blue" kilonova, with a 5 day cadence at 100 Mpc.
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Figure B.13: Results on 7 for the "blue" kilonova, with a 1 day cadence at 100 Mpc.

Figure B.14: Results on 7, for the "blue" kilonova, with a 5 day cadence at 200 Mpc.
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Figure B.15: Results on 7 for the "blue" kilonova, with a 1 day cadence at 200 Mpc.
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Figure B.16: Results on 7, for the "blue" kilonova, with a 1 day cadence at 300 Mpc.
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Figure B.17: Results on 7 for the "blue" kilonova, with a 5 day cadence at 400 Mpc.

Figure B.18: Results on 7, for the "blue" kilonova, with a 1 day cadence at 400 Mpc.
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Figure B.19: Results on 7, for the "red" kilonova, with a 5 day cadence at 100 Mpc.
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Figure B.20: Results on 7 for the "red" kilonova, with a 1 day cadence at 100 Mpc.
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Figure B.21: Results on 7, for the "red" kilonova, with a 5 day cadence at 200 Mpc.
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Figure B.22: Results on 7 for the "red" kilonova, with a 1 day cadence at 200 Mpc.
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Figure B.23: Results on 7 for the "red" kilonova, with a 1 day cadence at 300 Mpc.
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Figure B.24: Results on 7 for the "red" kilonova, with a 5 day cadence at 400 Mpc.
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Figure B.25: Results on 7 for the "red" kilonova, with a 1 day cadence at 400 Mpc.
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Figure B.26: Comparison of pairs of bands for a "blue" kilonova at 100 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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Figure B.27: Comparison of pairs of bands for a "blue" kilonova at 300 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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Figure B.28: Comparison of pairs of bands for a "red" kilonova at 100 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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Figure B.29: Comparison of pairs of bands for a "red" kilonova at 200 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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Figure B.30: Comparison of pairs of bands for a "red" kilonova at 300 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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Figure B.31: Comparison of pairs of bands for a "red" kilonova at 400 Mpc. The figures show
results for a 1 day cadence and for a 5 day cadence. Where band combinations are not present,
the kilonova did not meet the detection criteria.
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