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Abstract

The first decade of gravitational wave (GW) detection using the global ground-based
GW detector network has facilitated a new era of neutron star observation. From
the GW signal produced when two neutron stars (NSs) inspiral and merge, one can
directly measure the masses of the two NSs and, importantly, their tidal deformability,
a direct measure of the behaviour of matter in the system. This parameter is unique
to GW astronomy and therefore offers an independent method to infer the neutron
star (NS) equation of state. Due to lack of precision in measurement of NS macroscopic
parameters, the equation of state — the relationship between the pressure and density
within the ultra-dense neutron-rich matter of a neutron star — is still widely unknown.
Though there are various inference schemes to infer the NS equation of state given
electromagnetic (EM) and GW observation, these are often computationally and

temporally expensive processes.

Recently, the introduction of machine learning (ML) tools in astronomical data
analysis have facilitated the handling of large amounts of data and the processing
of this data efficiently, to find broad trends or features. These tools will become
necessary when considering future GW detection, where we expect increased sensitivity
of detectors as well as orders of magnitude more detections, including those of binary
neutron star (BNS) mergers. In this thesis, we apply ML methods, notably a type of
generative ML model called a Normalising Flow, in developing tools through which we
can infer the NS equation of state in current and future observation of gravitational

waves (GWs) from BNS mergers.



We firstly introduce a Normalising Flow trained to perform the mapping of equation
of state data conditioned on BNS event parameters. Once trained, the Flow can
be conditionally sampled to return an equation of state posterior given posterior
samples from a single GW event in less than 1 second. Simulation studies demonstrate
the validity of the Flow result, alongside the equation of state posterior for the GW
event GW170817, which is in agreement with the existing accepted result. The tool
facilitates rapid follow-up of GWs from BNS mergers for improved communication

with EM astronomers.

In setting the scene for hierarchical inference of the NS equation of state given
multiple observations of GWs from BNS mergers, we discuss the performance of Nor-
malising Flows in mapping complex high-dimensionality data sets. The introduction
of a new equation of state training data set makes use of an autoencoder for data
compression, which achieves root-mean-squared (RMS) error on the equation of state
reconstruction on the scale of 1072 for normalised mean-subtracted equations of state.
We demonstrate abnormalities in the Normalising Flow’s performance in mapping
regions of the equation of state space, which manifests as severe spikes and troughs
of probability. We highlight the dangers of inconsiderate application of Normalising
Flows to mapping any high-dimensionality data set. We finally introduce the regen-
eration Flow, built to learn the mapping of the joint data and conditional spaces at
once, such that it can be sampled repeatedly during training for unlimited training
data generation. We demonstrate how this improves Normalising Flow training and
reduces the fluctuations in magnitude of probability over the surface of the learned

data space, promoting generic learning.

We apply the improved Normalising Flow to hierarchical analysis of the neutron
star equation of state, firstly in inferring the combined equation of state given the first
two BNS merger observations. We make use of a full ML parameter estimation (PE)
pipeline to perform a simulation study of inferring the true equation of state given
multiple simulated BNS events associated to three known equations of state. We
demonstrate that as we increase the number of events, the quality of sampling the

equation of state posterior decreases, suggesting a highly multi-modal space and/or

i



inaccurate model. We introduce an alternative method for hierarchical inference
which is more robust by using the Normalising Flow instead to sample. With the new
method, the result of combining information from up to 16 BNS events associated
to two out of three simulated equations of state produce a constrained equation of
state posterior which agrees with the truth. We highlight the computational expense
of the workflow; inference of up to 16 events with the new method takes less than
1 hour. This validates the use of Normalising Flows for hierarchical inference of the
NS equation of state in future observing runs, when the number of events are expected
to be in the 10s. We suggest substantial future work to improve the sampling quality
and, beyond this, tests for the next generation of GW detection to validate the use of

Normalising Flows in understanding neutron star matter.
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Chapter 1

Introduction to gravitational waves

and neutron stars

We begin introducing NSs by deriving their equations of structure in section 1.1 within
the context of General Relativity before outlining our current best understanding of
NS structure in section 1.1.1. Primarily, we focus on what we can learn from GW
observations of NS mergers; to do so, we introduce GWs in section 1.2 alongside
detection methods (section 1.2.2) and data modelling (section 1.2.3). We focus on the
parameters of interest with respect to observations of GWs from binary NS mergers
in section 1.3 to set the scene for how we can use gravitational wave data to better
understand the NS equation of state. We introduce section 1.4 with discussion of the
first measurement of GWs from a BNS merger, GW170817 (section 1.4.1). We then
summarise observations of NSs made over the decades since their initial discovery
(section 1.4.2) and discuss how well we can currently determine NS parameters. Finally,
we briefly introduce Bayes inference in section 1.5 and discuss how this is applied to
GW PE (section 1.5.1), laying the groundwork for techniques and theory introduced

in later chapters.



1.1 An introduction to neutron stars

Our scientific understanding of neutrons, let alone NSs; is relatively modern, with
the announcement of the discovery of neutrons being made by Chadwick less than
100 years ago in 1932 [5]. Soon after, Baade and Zwicky introduced the concept of
supernovae [6], a proposed end state of stellar evolution where a dying star collapses.
A supernova can result in the complete collapse of material into a singularity or a
partial collapse, leaving material behind. In an attempt to account for the energy
release in the process, Baade and Zwicky ‘tentatively’ suggested that a supernova can
represent the transition of an ordinary star into a NS. While their discussion of what
constitutes a NS is brief, Landau likewise anticipated the existence of dense stars
which look like giant nuclei [7] in a similar period. We now know that these stars do
indeed exist, and are ultra-dense stellar remnants, with masses on the order of 1 Mg
and radii of ~ 12 km [8]. NSs are born from the compressed iron core of a type-II
supernova, where the material from a massive star collapses and rebounds from the
core, leaving behind a (potentially) rapidly spinning, highly magnetised NS in the
expelled material. Much of the early discussion surrounding the proposed existence of
NSs sought to understand late stages of stellar evolution and how stars fuel themselves
[9] - early intuition proved to be correct in postulating what happens when they can

no longer do so.

Later in the decade, the discussion of stellar energy sources continued and gained
more clarity [10]. Meanwhile, Einstein’s Theory of General Relativity [11] was gaining
traction as an acceptable theory of the description of gravity. It has since proved to
be both locally in agreement with Newtonian dynamics and a valid descriptor of the
wider universe [12]| through decades of experiment. We refer the reader to [13, 14] for
a deeper theoretical background into General Relativity (GR). NSs are interesting
laboratories in terms of tests of GR; the highly compacted nuclear matter within a
NS curves spacetime dramatically [15] and it is unclear how matter behaves under
strong forces like those of stellar collapse, which cannot be replicated on Earth (for
reference, the highest pressures that can be achieved terrestrially are those from a

2

diamond anvil cell [16] or shock wave experiments [17], at order 10'2 dyn cm~2 and



at order 10" dyn ecm™ respectively). In 1939, Oppenheimer and Volkoff [18], and
independently Tolman [19], applied Einstein’s theory to understanding the equations
of structure of the NS. These equations of structure are the Tolman-Oppenheimer-
Volkoff (TOV) equations of hydrostatic equilibrium, which aim to determine a NS’s

mass and radius given a description of the NS’s internal structure assuming GR holds.

We begin our derivation of the TOV equations by introducing Einstein’s field

equation which describes the generation of curvature in spacetime by mass-energy:
G =8nT, (1.1)

where G is the Einstein tensor, characterising gravity and is a descriptor of the
geometry of spacetime, and T is the stress-energy tensor, detailing how matter and
energy in spacetime affect its curvature [13|. In order to use equation 1.1 to understand
the structure of a NS in GR, we need a stress-energy tensor, T, which describes the
matter within the NS and how much mass-energy is contained within a unit volume
[13]. We first construct the stress-energy tensor and we make some assumptions to
simplify the problem: firstly, we assume the NS is static and is non-rotating, spherically
symmetric and in its entirety a perfect fluid. A perfect fluid is one which experiences
no shear stress or anisotropic pressure. We define its 4-velocity as u*, where for a
static star u* = (1,0,0,0), and with the density of mass-energy, p, and isotropic

pressure, P, we define the stress energy tensor
™ = (p + P)u"u” + Pgh”, (1.2)

where similarly uu”g,, = 1 for the static fluid, given a metric g,, (discussed later
in the derivation). The expression for the four velocity is symmetric and diagonal as

TH =0 if u # v. Local conservation of momentum further requires Tﬁfv =0.

The field equations above also include the relationship of pressure and density with
the star’s baryon number density and temperature: P(n,T) and p(n,T) respectively.
While NSs have temperatures of millions of Kelvin during the majority of their life
span |20], they are cold with respect to nuclear standards. We demonstrate why by

treating NS matter as an ideal Fermi neutron gas (most baryons in a NS are neutrons,



as opposed to ~50% as in ordinary symmetric matter) and estimating the Fermi
temperature. This treatment applies the Pauli exclusion principle which requires that
a system of fermions provides an intrinsic pressure, without any thermal contribution.
We calculate the Fermi energy, Er for a NS at densities near nuclear saturation density

014

i.e. psat = 2.7x 10 g cm™3, the density of the nucleus of an atom, via [8]

Er

n2 (372N \?/3
(” ) : (1.3)

Vv

- 2my,
where m,, is the neutron mass and N/V is the number density of neutrons per unit
volume. We expect all stable NSs to reach nuclear saturation density within the
outermost 10% of their radius, and then exceed it. The Fermi temperature of pure
neutron matter at this density is found to be Trermi ~ 3 X 10'! K [13], a temperature
greater than the temperature NSs reach within the first few seconds after birth via
emission of neutrinos. Thousands of years into their existence, NSs continue to cool
further to temperatures of ~ 10% K [20]. Since the temperature of a NS older than a

few seconds has T < Ty, a NS can be treated as having T = 0, or considered ‘cold’.

Returning to equation 1.2, we need relationships for the composition of the star,
P(n) and p(n), and a metric tensor, g,,. The metric tensor, or solely ‘metric’, serves
to describe the local structure of spacetime around the star which we assume to be
flat. This is given by

ds? = —dt* + dr* + r*dQ?, (1.4)

where ds is the distance interval in spacetime, ¢ is time, r is the radial distance and
dQ? = d6* +sin” 6 d¢, (1.5)

where 6 is the polar angle and ¢ is the azimuthal angle [13]. This standard metric for
flat spacetime is modified to allow for curvature induced by the gravitational influence
of a (neutron) star. Therefore, the simple flat metric of equation 1.4 becomes

-1
oM oM
ds? = —(1 - —)dz2 + (1 -~ —) dr? + r2dQ? (1.6)

r r

where M is the total mass of the star and we are in the regime where ¢ = G = 1. This

applies for radial co-ordinates external to the star, i.e. r > R where R is total stellar



radius. This is the Schwarzschild metric for describing the gravitational field around

a spherical star.

The expressions for P(n) and p(n) in equation 1.2 can be described by the equation
of state of NS matter, a relationship between the pressure and density as a function
of the baryon number density (and temperature, but we apply T = 0). One can
describe the equation of state given a full description of the microscopic matter within
the star or a phenomenological model, or anywhere in between. A full discussion of
possible equation of state models is given in chapter 2 section 2.1. By incorporating
all knowledge together as in [13], one arrives at the Tolman-Oppenheimer-Volkoff
equations of hydrostatic equilibrium:

dP  —(p+P)(m(r) + 47r3P)
dr r(r—2m(r)) ’

(1.7)

d
d_’? = 4nr?p. (1.8)

In the above, m(r) is the mass of the NS contained within radius » where m(r = 0) = 0.
The only requirement in solving these equations is, besides an initial assumption of
abiding by GR, the equation of state. The energy density contained within the star is
a source of gravity and the pressure of the material prevents the collapse of the star
to a black hole (BH). Therefore, the TOV equations encode the structure of a NS in
GR.

The solutions to the TOV equations are found in the limit where P(R) = 0, where
R is the total radius of the star as P — 0. At total radius R, we can determine the
total enclosed mass M = m(R). Solutions over the range of pressure [P(R), P(R = 0)]
determine the M (R) relationship of the NS, a direct analogue to the equation of state
[21]. Therefore, through the TOV equations, one can relate an equation of state of
high density nuclear matter to observable macroscopic properties of NSs and vice
versa; from observation of NS properties one can place constraints on viable equations
of state of NS matter. The TOV equations are the route from observation to theory

in the case of NSs in GR.

Despite assumptions made to simplify the derivation and therefore calculation of



the TOV equations, solving the TOV equations to obtain the macroscopic parameters
of total mass M and radius R of the NS is still difficult. In chapter 2, we discuss
methods which use the TOV equations to obtain the macroscopic parameters of a NS
and the inverse: inferring the underlying structure of an observed NS by integrating

equations 1.7 and 1.8 or otherwise.

By deriving equations 1.7 and 1.8, Oppenheimer and Volkoff stated that a NS could
not have a stable mass greater than 0.7 Mg and assumed that it was ‘unlikely that
static neutron cores can play any great part in stellar evolution’ [18]. We are now aware,
however, that these two statements do not hold. Firstly, Tolman, Oppenheimer and
Volkoff neglected to account for the effects of nuclear matter at such high densities [22];
this is the primary discrepancy between their stable mass limit and the observations
of NSs that have been made. The influence of nuclear theory and experiment on
understanding the composition of NS matter is discussed more in chapter 2. Secondly,
not only have observations of NSs with M > 2 Mg been made [23|, but we also now
know that NSs are the remnant of a type-II supernova, a late stage of stellar evolution
[24], and have made multiple observations of NSs within a supernova remnant (see
[25] for a recent observation). We next summarise our current understanding of NS

structure but discuss modern EM and GW observations further in section 1.4.

1.1.1 The structure of a neutron star

Our current best understanding of a NS is presented in figure 1.1.1: we describe an
ultra-dense stellar body with thin outer layers composed of a stiff outer and inner
crust, where nuclear matter gradually increases in density as we move inwards into
the star before the high density supranuclear core, which has density greater than

nuclear saturation density pgat. We discuss the composition of the NS layer-wise.

The density of the outer crust of a NS spans the range of 104 g cm™ to 101! g em™
[26] and consists of a lattice of neutron-rich ions surrounded by an electron gas; this
enforces charge neutrality. Nucleons cluster to form lattice structures of ®Fe in the
outermost and lowest density regions, and as density increases moving deeper into

the crust, even heavier nuclei become the most prominent and favourable. As density
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Figure 1.1.1: Ilustration of NS shell-like structure. From light to dark blue, in
layers of increasing density, are the outer crust, inner crust, outer core and inner core.
The two crust layers occupy around 10% of the total radius, R, of the NS. The outer
crust has densities less than nuclear saturation density, which is surpassed near the
crust-core transition density as density increases further still towards the inner core.

increases, the nuclei also become more neutron-rich [27].

The inner crust follows on as a distinct region beginning at the neutron-drip
density of around 10" g cm™3, which signifies the point at which nuclei can no longer
retain neutrons and they ‘drip’ from heavy nuclei [28]. The inner crust therefore
consists of a Coulomb lattice but now surrounded by a fluid of degenerate neutrons and
electrons. At the most dense region of the inner crust, closest to the core of the NS,
the separation between individual nuclei becomes comparable to the radii of the nuclei
themselves [29]. Nuclei are thought to find it energetically favourable to rearrange
themselves from the stable spherical structure we are familiar with into ‘nuclear pasta’;
structures which emulate that of pasta shapes (e.g. cylindrical resembling spaghetti
or flat, broad sheets resembling lasagne sheets) [30, 31|. This pasta layer may have a
thickness of ~ 100 m but due to its density may be responsible for up to half of the
total mass of the NS crust [29].

The entire crust (inner plus outer) constitutes around 10% of the total NS radius,



but contributes to only around 1% of the total NS mass [32]. The large contribution of
the core of the NS to the overall mass and radius, observation and measurement of the
parameters of NSs gives us insight into the behaviour of matter at the extreme densities
within the core of a NS. The involvement of the crust in determining the macroscopic
properties of the NS is subdominant in comparison to the core [33]. Despite this, the
crust of a NS is interesting observationally with respect to phenomena which occur
on the surface of the star, for example thermal x-ray emission from the crust [34],
starquakes [35] and millimetre-high mountains on the surface which may be the source
of gravitational radiation [36]. The relative influence of the crust also demonstrates

just how dense the core of a NS can become.

The crust-core transition density is around nuclear saturation density, psat =
2.7x 10" g cm™ [34]. At this density, the uniform nature of matter is restored but
instead as a fluid of free neutrons, protons and electrons where the vast majority of
nucleons are of course neutrons. These densities cannot be replicated through terrestrial
experiment (see chapter 2 for discussion of terrestrial high density nuclear matter

experiments) and so astrophysical observation is the primary source of information.

Above approximately twice the nuclear saturation density, we reach the inner core
of the NS, where the composition is currently unknown. Particles beyond that of
baryonic matter, with more energetically favourable arrangements of quarks at such
high densities, for example hyperons or pion condensates - may appear, however the
nature of this matter is uncertain. The observation of NSs with mass > 2 Mg has
prompted further discussion into the composition of NS cores; to support such a high
mass NS, where the majority of the mass is contributed by the ultra-dense core of the
star, what composition of matter can support itself against the intense gravitational

force?

As previously introduced, the equation of state is the relationship that describes the
evolution of pressure with density inside the NS. Through observation of macroscopic
parameters of NSs, via methods which will be introduced in section 1.4, we can employ

the TOV equations to relate macroscopic observables like mass and radius to the



equation of state (this method is introduced in chapter 2 section 2.2.1). Through
measurement of macroscopic parameters, we can then infer the equation of state of
NS matter, and inform our current understanding of high density nuclear matter,
and therefore our understanding of the structure of the NS. As such, observation is
essential to further our knowledge of NS structure and the equation of state, and our

primary method of observation discussed in this work are GWs.

1.2 Gravitational waves

The field of GW research has grown considerably since the first detection of GWs from
a binary black hole (BBH) merger in 2015 [37]. Since then hundreds of GWs from
binary BH mergers have been made, including both those presented in the third and
fourth LIGO Scientific, Virgo and KAGRA (LVK) Collaboration Gravitational-Wave
Transient Catalogs (GWTC-3 and GWTC-4) [38, 39]. The network of ground-based
detectors currently consists of two LIGO detectors in North America, Virgo in Italy
and KAGRA in Japan. More details of these detectors are discussed in 1.2.2. All
observations thus far have been that of a compact binary coalescence (CBC); an
observation of the merger of two compact objects that produces a GW signal which we
have a well-understood theoretical model to compare to. These include the observation
of GWs from a BBH mergers but also BNS mergers, with substantially lower masses
and matter in the system to now consider, as opposed to a singularity with no matter
present. The mass in a BNS system alters the inspiral of the two components in
comparison to a BBH system of the same mass, and so has to be treated differently.
GWTC-3 and GWTC-4 discuss the range of official GW observations made to-date,
only two of which have been confident BNS mergers. We discuss the specific details of
BNS mergers and the measurement of the parameters of the system in section 1.3. To
date, no detection has been made of GWs from a non-CBC origin; these would include
modelled and long duration signals (for example, continuous gravitational waves (CWs)
from spinning NSs with crust asymmetries), unmodelled transient signals (for example,
‘burst’” GWs from supernovae) or unmodelled and long duration signals (for example,

a background of GW radiation, akin to the cosmic microwave background radiation



(CMBR)). It is hoped that as current detectors gradually improve in sensitivity
and the next-generation of observatories gain traction, a more diverse catalogue
of observations will be available. These observations would move towards further
confirming or presenting deviations from GR or, more prevalent to this thesis, offering

more observations of NSs, whether via CBCs, CWs or something else entirely.

1.2.1 General Relativity and gravitational waves

We have previously introduced Einstein’s GR and how it allows us to determine
equations of structure of ultra dense spherically symmetric stars. We now demonstrate
how GR predicts that the asymmetric acceleration of massive objects in spacetime
cause perturbations through the fabric of spacetime, propagating as GWs. We begin
again from Einstein’s field equation (equation 1.1) which, as previously introduced,
details how spacetime guides the movement of matter and how mass dictates the
curvature of spacetime. The LHS of equation 1.1 defines the Einstein tensor, G, given
equivalently by
1

G/JV = Ruv — ERg#V’ (19)

where Ry, is the Ricci tensor, describing the curvature of spacetime and where R
is the Ricci scalar, a further contracted version of R,, via R = g,,R*’. The Ricci
tensor is a function of the metric and it’s derivatives. We refer the reader to [13] for
details. The metric tensor g,, can be expressed as a flat Minkowski spacetime metric

Nw = (=1,1,1,1) with a small perturbation:

8uv = Nuv + huv (110)

where ‘small” implies that the perturbation |h,,| < 1. By asserting the fact we are
in an empty spacetime with no mass or energy, we let T, = 0 and through solutions

following [13], we arrive at the simplified form of the linearised Einstein field equations,

% o\
(erV )hw =0, (1.11)

where V2 is the Laplace operator [40] and fzw = hyy — %nwh is the trace-reversed

metric perturbation with & = n*h,, being the trace. The solution to this equation
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takes the form of a plane wave:

hyy = Ayy exp(ikex®). (1.12)
This result informs us that GWs are transverse waves which propagate through space
with polarisation A,, and wave tensor k, at the speed of light. There exist two
fundamental polarisations of GWs; plus, Ay, and cross, hx which are functions of
the two possible degrees of freedom of the polarisation tensor, Ay, or Ayy, in the
transverse-traceless gauge where hy,, = hy,. Each of these polarisations, for GWs
propagating in the z—direction, alter the orientation of free particles in the x — y
plane similarly, but at an angle to one another. A GW propagating in the z—direction
will generally deform free particles in the x — y plane as a linear combination of
both polarisations. The magnitude of disruption caused by a GW, h, is the strain,
describing the relative change in proper distance between two points in spacetime as

a GW passes through.

We noted at the beginning of this section that GWs were the result of the
asymmetric acceleration of massive objects in spacetime. When we have a source at

large distance r, we find the quadrupole formula:
2 .
hij = ;Qij(t —7) (1.13)

where ¢ = x0 and Qij = / plxix; — %r26l~ j)d3x is the reduced quadrupole moment
[41]. This tells us that GWs are produced by a ‘time-varying mass quadrupole
moment’ [42]; we require an asymmetry in the mass distribution to produce GWs.
GR prohibits both monopole and dipole gravitational radiation due to mass and
momentum conservation, respectively. Quadrupole radiation is the first detectable
moment. We therefore need non-spherical mass distributions and non-axisymmetric
motion to produce gravitational radiation. Astrophysically, this means we can produce
GWs through the inspiral and eventual merger of compact objects, such as black
holes (BHs) or NSs. We will cover methods of producing GWs from NSs in particular

in section 1.3.1.
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1.2.2 Ground-based gravitational wave detectors

All currently operational ground-based GW detectors are laser interferometers 43,
44, 45]. While the individual details of these detectors vary, their designs are all
based on that of the Michelson interferometer. A Michelson laser interferometer is
an instrument composed of two perpendicular arms, down which light travels and
reflects at the end to then return and be recombined. The interference pattern of the
recombined light informs the observer of the path the light has followed in each of
the arms. In a laser interferometer for GW detection, each of the perpendicular arms
are optical cavities [46]. A laser input is split in two by a beamsplitter [47] such that
laser light travels down each of the perpendicular arms and is circulated within the
cavities so to build power [48]. The mirrors which reflect the light at either end of the
cavity are highly reflective [49] and act as the gravitational test masses [47]. Upon the
output, the laser light is recombined, either constructively or destructively. When a
GW passes through the interferometer, the relative lengths of each of the arms changes
on a minute scale. It is the relative change in arm length which determines whether
the output signal constructively or destructively interferes and therefore whether a

GW has passed through or not.

If we suppose a GW signal with amplitude % is arriving at Earth to change the
relative arm lengths, L, and Ly, of the ‘x’ and ‘y’” arms of an interferometer where

L, = Ly, = L then by [50, 37|, the change in arm length AL is approximated by
AL ~ hL. (1.14)

Therefore, increasing the arm length increases the measurable difference in arm
length for a given strain signal. The magnitude of the strain signal for a BBH signal
of two 30 My BHs, one of our aforementioned CBC signals, merging at a distance
of 400 Mpc away is of the order of 1072! m (comparable to the first BBH merger,
GW15091 [37]). It is this reason that typical arm lengths of operational GW detectors
are on the order of kilometres: if GW strain /4 is on the scale of 107! m by the
time it reaches observers on Earth and the interferometer arm length is 4 km for the
Laser Interferometer Gravitational-wave Observatory (LIGO)-like detectors, then the

measurable difference in arm length given equation 1.2.2 is AL ~ 107'8, the limit

12



of sensitivity of the advanced detector network [51]. The arm length is also chosen
with respect to the frequency response of the detectors; the length of the detector
arm is a defined fraction of the wavelength of expected GWs arriving at the detector
for maximal distortion measure [52] of signals from CBC sources. This limits the
scope of current ground-based interferometric detectors to observation of a number of

astrophysical sources.

There are currently 4 ground-based interferometric GW detectors which have
been in active observing mode in the current (fourth) observing run. The two LIGO
detectors in North America (Livingston, Louisiana and Hanford, Washington [43])
both have 4 km arms [47] and made their first observation of a GW signal in 2015:
two merging BHs of masses 36?2 Mg and 29Jj My at a distance of approximately
400 Mpc away, named GW150914 [37]. During the second observing run, the Virgo
detector [44] near Cascina, Italy joined the network just over two weeks prior to
the first observation of GWs from the merger of two NSs [53], titled GW170817 [54].
More recently, the KAGRA detector, based at the Kamioka observatory in Japan [45],
joined the advanced interferometric detector network for the beginning of the fourth
observing run [55|. Like Virgo, KAGRA also has a smaller size than both Advanced
LIGO detectors with arms of 3 km but has been built into a mountain to reduce the

effect of seismic noise sources [45].

There are planned additions to the current advanced detector network [56, 57| in
the coming years, prior to the planned next generation of detectors [58, 59| (briefly
discussed in chapter 2 section 2.3). Expanding the network geographically increases
the fraction of the total sky which is observed by a GW interferometer at a given time,
but also increases confidence in and the SNR of a detection; a signal is more likely to

be accepted as real if it is present in the measured strain of more than one detector.
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1.2.3 Modelling gravitational wave data

We can express the output signal from a GW detector, d(t), in terms of the GW strain

signal h(t) plus detector noise, n(z):
d(t) = h(t) + n(r). (1.15)

Once we have observed data d(t), we wish to determine the confidence of the presence
of a signal h(t) within noise n(t), and infer the parameters of the source which
produced the signal. GW signal strain, h;, can be expressed in either the time or
frequency domain and is a function of the parameters 6 of the source, such that we
can express the strain instead as h(t,0). We split parameters 6 into two categories:
intrinsic and extrinsic. Extrinsic parameters are those which change how the detector
perceives the signal and describe the positioning and orientation of the source relative
to the interferometer [60]. Examples of these parameters are sky location, distance
to the source and time of coalescence. Intrinsic parameters, however, are parameters
which are inherent to the source itself. These parameters influence how the waveform
evolves, e.g. masses and spins. We can use our theoretical knowledge of what a GW
signal should look like for a given set of parameters 6 using a waveform approximant,
built using computationally intensive numerical relativity simulations [61, 62] or
instead using phenomenological methods which model the amplitude and the phase
of the signal independently in the frequency domain [63]. See [64] for a review of
current waveform building methods. Different waveform approximants express the
GW waveform produced by a given source using different levels of complexity and
including different features, for example precession of the orbital plane of the binary
(e.g. [65]). In terms of binary NS waveforms, we are interested in waveform models
which allow for a measurable tidal disruption of each of the components in the binary
close to merger. We discuss the specifics of parameters measured from GWs from a

BNS merger in section 1.3.1.

Given a bank of example waveforms spanning the parameter space of potentially
observable binary systems, one can perform matched filtering (see [66] and references
therein), the method of matching a waveform approximant to observed strain data to

find the best-fit waveform via search over waveform parameters. All published GW
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events to date have been identified via matched filtering as a search method [64] (with
the exception of complementary analyses to existing matched filter results), where
the data is constantly scanned for potential template-data matches. Other search
methods do exist (for example [67]), including those using machine learning methods
(see chapter 3 section 3.4 for discussion). With the bank of template signals of a
variety of CBC events, we measure the signal-to-noise ratio (SNR) of the template
waveforms given the signal within the noise in the detector as a function of frequency.
The template waveform which returns the largest matched-filter SNR beyond a given
threshold - defined so to mitigate the influence of noise artefacts - is the optimal
template. Given the threshold has been surpassed, one can claim a detection has been
made of a CBC event with parameters of that of the template waveform. Once we
can confidently claim a detection has been made, one can then begin to determine the

underlying parameters of the signal more precisely.

1.3 Gravitational waves from neutron stars

We made an assumption that a NS is static and spherically symmetric in section 1.1
in order to derive the TOV equations of NS structure. In this regime, the exterior
spacetime is given by the Schwarzschild metric, which describes the spacetime around
a spherically symmetric stellar body [68]. However, if the NS is in a perturbing tidal
field induced by a companion NS, the star will have its shape distorted. The deformed
star’s external spacetime and gravitational field is thus affected, leaving the star
in a now spatially inhomogeneous external field, with both stars tidally distorting
one another. The existing quadrupole moment due to binary motion is modified,

accelerating the production of gravitational radiation.

The tidal deformability of a NS, A, is a measure of the degree of deformation of
the star when it is in an external tidal field: an external perturbing gravitational field
which induces a tidal force within the NS [69]. The tidal deformability measures the

ratio of the induced quadrupole moment, Q;;, to the perturbing tidal field, g;;:

A= —Qij. (1.16)
8,']'
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The perturbing tidal field &;; has units 1/ length? and Q; ; has units length? [68] and
so A can be considered as a ratio with units of length®. This suggests that A is a
sensitive function of the NS radius, R, where A o« kR. The constant « relates A and
R via the tidal Love number ko for quadrupolar deformation |70, 71| through

2
A= E@R? (1.17)

The tidal Love number is a dimensionless constant which depends on the equation
of state of the NS with values ranging between 0.2 — 0.3 [68]. Alternatively, we can
express the tidal deformability as a dimensionless quantity instead, where we introduce
the compactness, C = M /R, a measure of how much mass is contained within a unit
of radius:

A

2
A= — = ~kyCO. 1.18

We will primarily use and infer the dimensionless tidal deformability in future discus-

sion but will use the terms interchangeably.

Observation of GWs from NSs allows us to measure this tidal parameter as it
impacts the phase of the GW. Currently, the most prevalent (and only) source of
GWs from NSs are those from binary NS or neutron star-black hole (NSBH) mergers,
however there are other theorised sources of GWs from NSs. These include, but are

not limited to:

e Continuous gravitational waves: Emission of GWs from isolated NSs is predicted
to be produced from the rotation of stars with non-axisymmetric matter com-
position, which results in a time-varying mass-quadrupole [72], a requirement
for GW production (as introduced in section 1.2). The non-spherical matter
includes NSs which have features on the surface, known as ‘mountains’ which
are millimetres high [73]. While this variety of GWs are yet to be observed,
such a signal is expected to be a continuous sinusoid, slowly decaying over time
as the pulsar spins down. There are a few particular targets in the search for
CWs, for example the Crab and Vela pulsars [74, 75, 76]. Through observation

of their EM emission, one can estimate the frequency of GWs they would emit.

16



1. Inspiral 2. Inspiral with . [ 4a. BH ringdown ]
tidal disruption
[ or ]

®

3 A=0
— A= 500

4b. Short-lived

hyper-massive
neutron star

remnant then 4a.

Strain (x107%)

~0.08 —0.07 ~0.06 ~0.05 —0.04 ~0.03 ~0.02 ~0.01 0.00
Time (s)

Figure 1.3.1: The inspiral waveform of two 1.4 Mg NSs with A; = Ay = 500 in
purple and A; = A = 0 in grey are plotted in the time domain. The waveform was
made using the IMRPhenomD_NRTidalv2 waveform approximant. Four stages of the
evolving inspiral waveform are illustrated above, with two potential outcomes of the
post-merger phase included.

o GWs from supernovae: The creation of a NS via the collapse of a massive star
onto its core during a supernova, as introduced in section 1.1, releases significant
amounts of energy. While most of this energy is released in the form of neutrinos
[77], and our current understanding of supernovae stems from our observation
of EM radiation from NSs, we additionally expect to observe the emission of a
‘burst” of GWs from such an event [78]|. Observation of GWs would allow us to
explore the behaviour of ultra-dense matter at the core of the supernova, during

the course of the compression and release, before the ultimate production of a

NS.

1.3.1 Gravitational waves from binary neutron star mergers

In a NS binary system, each component of the merger is subject to the gravitational
field induced by its companion star. The induced quadrupole moment, a result of being
in the perturbing gravitational field and having its shape distorted, as introduced

above, affects the binding energy of the system. The life of a NS binary system is
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detailed in figure 1.3.1: we present the time-domain gravitational waveform of a binary
NS system of two 1.4 Mg NSs with a combined tidal deformability of A; = Ag = 500.
Four stages of the merger are highlighted and illustrated: point-particle-like inspiral,
late-stage inspiral with tidal disruption, merger and ringdown. Initially, the two
stars are slowly inspiralling and emitting GWs; a result of the intrinsic quadrupole
moment from being in a binary system. At this stage, the measured tidal interaction
is negligible; the system could equivalently consist of two BHs (no matter present in
the binary system, therefore A =0). As the inspiral progresses, binding energy is lost
from the system in order to instead deform the NSs and the stars fall closer together
[79], with a non-negligible and measurable tidal interaction in the GW phase. This is
evident in figure 1.3.1 by comparing the GW evolution of two NSs with A1 = Ay = 500
to the waveform of an equivalent system (i.e. same masses of components) instead
composed of BHs with A; = As = 0. In the case of two BHs, there is no matter in the
system to be tidally perturbed and so there can be no tidal deformability parameter.
As a result, the waveform proceeds towards merger due to the emission of gravitational
radiation due to the quadrupole moment induced solely by being in a binary system.
The result of the eventual merger of the two NSs - whether a NS or BH - depends on
the masses of the two components but in the immediate aftermath, the remnant, if a
BH, emits gravitational radiation in the ringdown phase, until settling (noted as 4a in
figure 1.3.1). Alternatively, the two NSs may coalesce to form a hyper-massive NS,
which exists for < 1 second (noted as 4b in figure 1.3.1) before collapsing to a BH,
and similarly ringing down (returning to 4a). The GWs emitted by the hyper-massive

NS depend on the mass and equation of state of the short-lived star.

The tidal effects directly impact the phase of the GW signal in the late stages

of inspiral. In the frequency domain, the GW phase is [68, 80, 81| expressed as a

post-Newtonian (PN) expansion of x = (”Gc—g/lf)z/ % via

W(f) =2nfte+ e — % L+ ¢pp_pn(x, 1) + Yida (X, 7, A1, A2) | (1.19)

+—
128nx5

where f is the frequency of the GW, ¢, is the time of coalescence and ¢, is the

mimo

7, where

phase of the coalescence. The symmetric mass ratio is given by n =

M = mi + my is the total mass of the binary and m; and my are the masses of the
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two component NSs (where convention states that m; > my). The second term in
the square brackets ¥ pp_py(x,1n) represents the terms that express the gravitational
phase of a point-particle waveform i.e. that used to express the waveform of a binary
BH merger. Waveforms of BNS systems are often expressed as that of a point-particle
with some correction to account for tidal effects. The tidal correction to the phase
Wtidal 1s given as [80]

39

3115~, 6595
: JA1LA) = ——Ax5 ——\1—4nsA|x 1.20
Wtidal (X, 17, A1, A2) = 64 * 361 (1.20)

Terms with xV in this expansion are referred to as the N™ PN order; the first PN
order - the leading term proportional to x which is contained within ¥ pp_pyn(x,n)
- is the most influential on the measured phase of the gravitational radiation. The
dimensionless combined tidal deformability, A arrives at the 5" PN order, much less

prominent than the effect of the intrinsic time-varying quadrupole:

A=

3 (1+77-310>) (A1 + A2) +V1 =4 (1+97 - 119°) (A1 - Ag) |,  (1.21)

where A1 = A1/ m‘;’ and Ao = Ao/ mg are the component dimensionless tidal deformabil-
ities. The 6™ PN order includes §A, a parameter which quantifies the correction to

the combined tidal deformability, given as:

o1 13272 8944
A=-|yi—d7 1- Ap+A
o 2[ ’7( 1319’7+1319'7)( 1+A2) +
15910 32850 , 3850
- n+ +
1319 7" 1319 " T 1319

;73)(/\1 —~ Ag)]. (1.22)

The correction to the dimensionless combined tidal deformability enters at too high a
PN order to affect the phase enough to be measured well [82] with the sensitivity of
current ground-based GW detectors. Therefore, with only a measurement of A it is
not possible to detach the tidal deformability of the components Aj 2 from a single

measurement. A measurement of A would break the degeneracy.

Figure 1.3.2 presents 4 different gravitational waveforms in the time domain and
how their phase accumulates differently when the magnitude of combined dimensionless
tidal deformability A varies. In the early stages of inspiral (> 0.1 seconds before

merger), all waveforms appear nearly identical. In later stages (< 0.1 seconds before
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Figure 1.3.2: Four waveforms of a BNS system which consists of two 1.4 Mg NSs with
A = 0,50, 500, 5000 made using the IMRPhenomD_NRTidalv2 waveform approximant.
The grey waveform representing the system with A = 0 is for comparison purposes:
this would be the equivalent waveform for a system of two 1.4 Mg BHs, which mergers
at the canonical 7. = 0.

merger), the tidal effects begin to differentiate each of the waveforms causing them to
evolve differently. For larger A, the phase evolves more rapidly and as such the binary
inspirals more quickly and the two stars merge more quickly relative to a BNS system
with a smaller A. A larger A is the result of larger A12; for a given mass of star, a
larger A suggests that the star is less compact as per equation 1.18 and so the matter
in the star is more extended. As such, the star is more easily disturbed by tidal forces,
a quality which accelerates the inspiral. The implications of small or large A on the
equation of state and composition of NS matter is discussed in chapter 2. In contrast,
a small A suggests the star is more compact, with more compressed mass per unit
radius. The star is less easily deformed and the matter requires more energy to be

disturbed. NSs with small A are able to get closer together during the inspiral stage,
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Figure 1.3.3: Relationship between mass and dimensionless tidal deformability for
a variety of NS equations of state. 100 piecewise polytropic equations of state are
presented in the m — A plane within the range of known (observed) NS masses.

resulting in a longer waveform and a later merger of the two components.

For realistic NSs, i.e. my 2 ~ [1,2] Mg, with realistic internal structure (meaning
the equation of state), tidal deformabilities are large. Figure 1.3.3 presents the
relationship between mass and tidal deformability for a variety of piecewise polytropic
NS equations of state, the details of which are covered in chapter 2 section 2.1. This
particular model is widely accepted as a realistic phenomenological NS equation of
state model in the literature. NSs belonging to each of these polytropic equations
of state in P — p would live on the equivalent m — A curve in figure 1.3.3. The plot
presents a variety of equations of state within the range of mass at which NSs have
been observed, mainly as radio pulsars. For a given NS mass, e.g. 1.6 Mg, the range of
possible tidal deformabilities for a range of equations of state span more than an order

of magnitude. Our current best understanding of the NS equation of state means that
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for a given mass measurement, the tidal interaction is still broadly unknown and spans
a broad region of parameter space. It is key, therefore, to observe NSs and measure

their tidal deformability parameters to be able to constrain the equation of state.

1.4 Observations of neutron stars

1.4.1 GW170817

The first observed GW event originating from a binary NS merger, GW170817 [54],
provided a completely independent measurement of NS masses [83, 4] which comple-
mented the existing NS binary mass measurements [84| from binary radio pulsars.
The detection additionally allowed for the first ever measurement of the NS tidal

deformability:.

The estimated masses of the components of GW170817 are in the range of
[0.86,2.26] Mg, in agreement with average masses of NSs [85] and below known
masses of BHs [86]. However, the masses of the components alone does not eradicate
the possibility that GW170817 is the merger of at least one black hole. We need
further evidence of matter in the system to prove that they are NSs and not solar
mass BHs. Proof of matter in the system is evident through either emission of EM

radiation from the merger or non-zero measurement of tidal effects.

The initial measurement of the tidal parameters of GW170817 in [54] allowed A4
and As to vary independently with no prior assumption or constraint. This assumption
equivalently allows for Ajo = 0 if either of the components are instead BHs. This
analysis resulted in constraint on A of < 800 at 90% confidence, a result which has
since been replicated [87, 83|, corroborating the support for smaller A. The authors of
[54] present different relationships for a variety of equations of state of NSs, ranging
from very compact and high pressure NSs with small A to those more extended with
larger A, alongside the tidal measurement in the A; — Ag plane. They find their
constraint in the A; — Ao space prefers equations of state which prefer more compact

stars, a result in agreement with radius measurements from x-ray measurement (see

22



section 1.4.2).

More complex inference of A2 in [4] makes the assumption that the two compo-
nents of GW170817 are indeed NSs which have the same equations of state. This
assumption places stricter constraints on the properties of each of the components, re-
stricting the prior to eliminate regions of parameter space which would be inconsistent
with properties of a BNS merger (as we currently understand it). The implications
of a more stringent analysis on the understanding of the nature of NS matter for

GW170817 is discussed in chapter 2 section 2.2.1.

The short gamma-ray burst, GRB 170817A, detected 1.7 seconds after the time
of coalescence of GW170817, further validated the source of gravitational radiation
being a BNS merger [88, 89|. Alongside the near-coherent timing of these two signals,
the improved localisation of GW170817 due to information from both LIGO detectors
and Virgo meant that the sky map associated to the event was small: the GW event
was localised to 28 deg?. Therefore both GRB 170817A and GW170817 were able to
be associated to the same host galaxy, NGC 4993, and the resultant kilonova of the
event was found in multiple wavebands of EM radiation [90]. Assuming GRB 170817A
was a product of a BNS merger, independent analysis was performed to investigate
the properties of the merger [91, 92, 93]. These analyses have their own assumptions
and model-dependencies which account for how the EM counterpart varies relative to
the mass and composition of the component NSs. Observation of the kilonova and
it’s light curve, which decays in the days and weeks following the merger, informs us
of the material ejected in the merger, the quantity of which is determined again by

the properties of the component NSs (i.e. compactness and tidal deformability) [94].

To date, there have been two observations of GWs from BNS mergers: GW170817
(as discussed) and GW190425 [95]. We focus our discussion on GW170817 due to the
greater confidence in its origin as a BNS merger, a title further assured by the EM
counterpart and non-negligible tidal measurement. Additionally, GW170817 remained
in the detector’s sensitive band for > 1 minute and had a matched-filter SNR of 32.4
[96]. Comparatively, GW190425 had an SNR of 12.9 in LIGO Livingston and 2.5 in
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Virgo (LIGO Hanford was not observing at the time), meaning it was only classified
as a confident detection in one detector. This is detrimental to the sky map associated
to the event, which extends over a large area of the sky. This makes EM follow up
investigations much more difficult. Inference of the source properties yields a higher
mass system than that of GW170817, but cannot rule out the possibility of the system
consisting of at least one black hole [95]. As can be inferred from figure 1.3.3, a higher
mass NS has a lower A and therefore, the parameter makes a smaller alteration to the
waveform. Combined with the smaller SNR of the event, inference of the parameters

of GW190425 is less informative than that of GW170817.

The two BNS merger events observed by the ground-based GW detector network
have indirectly inferred the rate of galactic NS mergers to be less than expected,
relative to pre-observing expected rates. By considering the binary pulsar population
as determined by radio observation [97] and supernovae rates from population synthesis
estimates [98], it was expected that BNS mergers would be the most prominent source
of GWs. As the observing runs commenced, this rate evolved and was reassessed
relative to the new observable volume of events in the universe due to change in
sensitivity of the detector, as well as including the prior on the merger rate to include
the observation of GW170817. The updated rate was therefore [110, 3840] Gpe 3yt
[53]. The addition of GW190524 as an independent event restricts the expected rate of
BNS mergers further to 1090236%0 Gpc3y~! [95]. The current rate remains consistent

with estimated rates of the galactic NS population which are in known NS binaries,

observed via pulsar measurements [99).

1.4.2 Modern electromagnetic observations of neutron stars

NSs were first discovered by Bell Burnell while a PhD student. Their identification of
a regularly repeating radio signal was found to be a rapidly rotating NS [100] with jets
of radiation emanating from it’s magnetic poles, known as a pulsar. Since this first
detection, radio observations of pulsars have formed the majority of NS observations
to date [101]. After the first observations made of radio emission from NSs following

Hewish et al. [100] came the identification of the NS-pulsar binary system PSR
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B1913+16 by Hulse and Taylor [102]. The two bodies in this binary are indeed NSs,
but only one body is emitting radiation as an observable pulsar. Both bodies, however,
are orbiting one another and as a result, are emitting GWs continuously (the reasons
why are discussed in section 1.3). Energy is thus lost through the form of gravitational
radiation and as a result, the orbital period of the pulsar slowly decays [103|. Hulse
and Taylor indeed observed a delay in the orbital phase of PSR B1913+16 and in
1993, won the Nobel Prize in Physics for this discovery [104].

Since these two fundamental discoveries of NS systems, observations have been
made of thousands of NSs through a variety of media. These observations have
ultimately led to a greater understanding of their internal structure and extreme
surroundings. Growing numbers of observations of binary pulsar systems in the decade
following the discovery made by Hulse and Taylor found that the precise determination
of the pulsar spin frequency as well as understanding of relativistic orbital effects
allows for measurement of component masses [105]. Through measurement of the
Keplerian parameters of the binary system and accounting for relativistic effects of
the radio signal passing through the gravitational potential well induced by the binary
[106], the component masses can be uniquely determined via the Keplerian mass
function [107|. These masses were found to be broadly consistent with a theorised
universal mass of 1.4 Mg [105]. This mass was expected to be ‘canonical’ given the
nature of their supernova birth from the iron core of a massive star [84, 23|, meaning

all NS were expected strictly to have a mass of around 1.4 M.

However, in more recent years, more precise observational methods have allowed
for improved mass determination [108, 109].Employing the method of measuring
component masses given measurement of NS spin frequency and Keplerian orbital
dynamics with a correction for strong field gravity, Martinez et al. [109] find potentially
the smallest mass of NS to be measured: 1.174 + 0.004 Mg. Identification of very
small NS masses gives more information about the potential evolution of the NS
and its progenitor [110]. For such a small mass NS to exist, it is possible that its
progenitor was likewise smaller in mass due to being accreted by the companion NS,

which underwent the supernova explosion prior. Therefore, the supernova collapse
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involved less matter collapsing onto the iron core, and therefore less mass compressed

into the soon-to-be NS.

The mass range of NSs is now understood to be broad, from the aforementioned
lower limit set by Martinez et al. to an unknown but confidently > 2 Mg upper
limit, supported by recent observations of high-mass radio pulsars [23, 111, 112]. So
far, the maximum NS mass is found to be that of 2.35 £ 0.17 Mg [113], belonging to
a NS accreting material from a low-mass (< 1Mg) companion. By measuring light
curves of different wavelengths and fitting for parameters of the system relative to
an underlying theoretical model following [114], the authors can then use the system
binary parameters to determine component masses using the method outlined above.
There are many factors which are at play in determining the upper limit of masses
for NSs, primarily whether the NS is in a system where it is accreting matter from
a companion. We will not discuss said systems, but rather acknowledge that these
systems can support a stable NS of high mass. High mass NSs are interesting targets
as it can allow us to place an upper limit on the maximum pressure supported before
collapsing to a BH [85], and therefore place constraints on viable equations of state

via the TOV equations.

Measurement of the radius of a NS is less straight-forward and is subject to
assumptions which accrue large uncertainties [115]. Most ideal are simultaneous mass
and radius measurements [116], first attempted via observation of x-rays from NSs in
binary systems. Ozel [117] applied the method of Van Paradijs [118] to determine the
mass and radius of x-ray bursts from NSs in accreting binaries. The luminosity of
such bursts depend on the radius of the explosive photosphere of the NS and its mass.
However, the method used is prone to uncertainty which originates from the lack of
understanding of the NS atmosphere, and model uncertainties impact the quality of

the measurement [119].

Detection of NSs in a low-mass x-ray binary (LMXB) allow for observation of
thermal emission from the stellar surface when the system is accreting less material

from the companion compared to the systems described above [120], or not at all. The
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thermal emission, a remnant of heating from previous accretion, is faintly measurable
with x-ray observatories and measurement of their angular size along with knowledge
of their distance allows for measurement of the NS radius. For observations of
NSs where we have a good estimate of their distance (in a well-known globular
cluster, for example), radii measurements are estimated to be [8,16] km [119]. Again,
uncertainties around the NS atmosphere contribute error towards the measurement,
along with uncertainties regarding the amount of x-ray absorbing matter in the

interstellar medium.

Radius measurements of NSs almost entirely consisted of those of x-rays from
NSs in LMXBs, until the NS Interior Composition Explorer (NICER) collaboration
made their first observations of the pulsar PSR J0030+0451 [121, 122, 123|. Aboard
the International Space Station, the x-ray instrument observes hotspots on the NS
surface whose emission, when not on the rotational pole of the rapidly spinning star,
is modulated. This is observed as an x-ray pulse which has propagated through the
curved gravitational potential of the NS, providing a measurement of both total mass
and equatorial radius [124|. Their first observation of PSR J0030+0451 returned
constraints of M = 1'44t%.ﬁ Mg and R = 13.022%‘%3 km [121]. This result agrees with
the independent companion analysis of Riley et al. [122] and together their results

provide direct constraint of the composition of cold, supranuclear NS matter via

combined inference of mass and radius and integration of equations 1.7 and 1.8.

1.5 Bayesian inference

We introduce Bayesian inference as a method to infer the probability of a system’s
parameters, given an observation of GWs emitted by that system. We wish to use
the observation of a given GW event to inform our knowledge of the parameters of
the source, while accounting for our current knowledge of those parameters and our
understanding of how likely we are to observe such a signal with those parameters.
This formulation allows us to assign probability on an event-by-event basis, but also
combine theoretical knowledge and our understanding of previous GW events into our

current understanding of new events.
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We begin with Bayes’ theorem:

p(hl6, M)p(6]M)
p(h|M) ’

p(6lh, M) = (1.23)

where p(élh, M) is the posterior probability of parameters 6 given observed GW
strain h and a chosen model, M. Representing our initial understanding of the source
parameters given our chosen model but regardless of the observed data is the prior,
p(8|M). The probability of observing the GW strain & given our model M and its
parameters g is the likelihood, p(hlé, M). The evidence is given as p(h|M), which acts

to normalise the posterior probability distribution, such that

/p(Glh,M) do =1, (1.24)

however, we focus our discussion on the prior, likelihood and posterior. The posterior
probability density p(§ |h, M) of parameters 6 of a GW source is a joint probability
density distribution on all N parameters of the source, both extrinsic and intrinsic.
For analysis of a BBH merger, the posterior density distribution consists of N = 15
dimensions [125] describing the nature of the signal. In order to find the marginalised
posterior probability density for a single parameter, for example the mass of the
primary component in the merger m1, one can marginalise over all other parameters

to obtain the marginal 1-dimensional posterior probability density:

p(@ilh,M):/p(Hilh,M) ]—[dek. (1.25)

k#i

In practice, we express the posterior probability density of all N= 17 parameters of
a BNS system together in PE in order to construct credible intervals and regions
of confidence. The total number of parameters for a BNS system accounts for tidal
parameters (discussed in section 1.3) and neglects parameters which accounts for the
eccentricity of the system, assuming the orbits of the two NSs around one another
have been circularised by the time we come to observe GW emission from the inspiral.
By marginalising, we are finding our estimate of the posterior probability density
p(§|h, M) accounting for uncertainty in all other N — 1 parameters defined by the
joint posterior probability density.
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1.5.1 Parameter estimation

GW PE applies the method of Bayesian inference to find the posterior probability
density of parameters of a GW source given detection of a noisy signal, d(¢), introduced
in equation 1.15. This can equivalently be expressed in the frequency domain, such

that
d*(f) =h"(f) +n*(f) (1.26)

given that the Fourier transform is a linear transformation. Once we have observed
data where we believe there to be a GW signal present, we find the joint posterior
probability density, p(é |d(f)), on a set of unknown parameters 6 given observation
of a signal over a range of frequency d(f). This requires some set up, primarily in
construction of the priors on each of the parameters p(§) and the choice of likelihood
p(d( f)|§). The likelihood is a description of the measurement made [126] and in
GW data analysis it is common to use a Gaussian likelihood. The noise in a GW
detector is characterised by the power spectral density (PSD), S,(f), likewise a
function of frequency. We choose to perform the analysis in the frequency domain
as the prominence of a given source of noise changes as a function of frequency. The
likelihood is therefore modelled as the product of independent probabilities across

frequency bins. We give the likelihood as

w1 —|d*(f;) - h* (8, )I?
@00 = 3 s (e ) (1.27)

where h*(ﬁ, f;) is a theoretical model of the GW signal expected given parameters 6

i.e. a template waveform [127].

We must also choose our prior probability distributions to perform Bayesian
inference. The choice of prior for a given parameter 6 expresses our knowledge of
this parameter prior to any measurement or observation being made. Once we have
made an observation and have inferred the properties of this parameter given some
method, we can then update our prior knowledge of the parameter via equation 1.23.
Often, we have no prior knowledge of the parameters we are measuring, and in such
a scenario we choose to have a minimally informative prior. A uniform prior gives

every region of the parameter space equal probability, but is not invariant under
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parameter transformation. The least informative prior, therefore, is the Jeffrey’s
prior [128]. Alternatively, we can have the prior distribution express our existing
knowledge of a given parameter. For example, in GW inference of NS parameters,
we can use mass priors which are informed by existing observations of NSs through
EM observation or nuclear experiment (see chapter 2 section 2.2.1). See [129, 130] for
related work on using physics-informed priors in inference of properties of NSs with
GWs. Given the choice of likelihood and priors, we wish to evaluate the posterior
probability of the parameters . Due to the high dimensionality of the full posterior
probability distribution, we need efficient sampling methods to evaluate the function
of the space without resulting to stepping along a grid which is inefficient in such a

high dimensionality space.

1.5.1.1 Markov-chain Monte-Carlo

One example of a stochastic sampling method is MCMC which provides an efficient
method to sample from the posterior probability distribution, our target distribution
p(x), the most generic implementation being through evaluation of the Metropolis-
Hastings algorithm [131, 132]. We define the current state of the sampler, x;, as a
Markov chain, which is a sequence of random variables where the future state x;41
depends only on the current state, and is independent of any previous steps. To
determine the transition from step x; to x,1, we must propose a potential step to be
taken. To do so, we define a proposal distribution, which is based on the current state
x; of the sampler. Often, this proposal is a Gaussian distribution centred around x;.
Our proposed step is a sample drawn from proposal distribution x” ~ g(x’|x;) which
depends on the current step of the algorithm. We evaluate the relative probabilities
of the current state and the proposed state via [133]

x")q(x|x’
p(x)q(x'|xr)
If @ > 1, the step is accepted and x;41 = x”. Otherwise, the state is assigned probability
a and is accepted or rejected relative to u ~ U[0, 1], where we accept the proposed

sample x;41 = x" if @ > u, otherwise it is rejected and x;41 = x;. This random walk

is performed indefinitely, unless the user defines a condition at which to stop or a
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finite run time, with the result being samples from the target distribution, p(x), the

posterior probability distribution.

In order to make this process computationally efficient, there are many variants
of the standard MCMC set-up. Ensemble MCMC is the process of performing the
Metropolis-Hastings algorithm in parallel with multiple ‘walkers’, where each walker
explores the target probability distribution while in communication with the other
walkers. This is a computationally efficient extension for problems in high dimensions;
more walkers can explore the probability distribution more effectively. Additionally,
when problems are multi-modal, an ensemble of walkers prohibits getting stuck on
local maxima or minima. A very common example of ensemble MCMC is given by

the python package emcee [134], the use of which will be discussed in chapter 6.

By sampling the ‘chains’ at the end of the MCMC sampling routine, i.e. the path
of steps taken by each of the walkers in the ensemble, one can accrue posterior samples.
It’s standard to first allow the walkers time to settle in the parameter space, and then
sample late stages of each of the walker’s paths, leaving an initial ‘burn-in’ stage [126].
To determine sampling quality, one can measure the autocorrelation length, a measure
of the number of steps required to produce statistically independent samples of the
target distribution, or posterior probability density [134|. An alternative measure
is the number of unique steps taken by the walkers. This measures the acceptance
rate of proposed samples and can flag potential issues with the multi-modality of the

target distribution, or the choice of proposal distribution.

1.6 Conclusion

In this chapter, we have firstly introduced the concept and theory behind NS physics,
and how we can relate their equations of state to their macroscopic parameters
through General Relativity and the TOV equations. We covered our current best
understanding of the structure of a NS. More relevant to the current work, we
also introduced GWs through a common reference point in General Relativity, and

discussed how we can detect, model and infer source parameters of GWs. To do so,
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we additionally introduced Bayes’ theorem, which will become particularly relevant

for statistical and computational methods employed in this thesis.

Next, we covered the specifics of how GWs observed from the merger of BNSs
provides a unique method through which to understand the composition of NS matter.
The measurement of the tidal deformability of a NS is unique to GW observation
and is complementary to our current understanding from EM observations. The
observation of the GW event GW170817 in particular provided constraints on the
tidal deformability of a NS for the first time, and alongside the EM emission from the

event, confirmed its status as the merger of (at least one) NS.

Our current understanding of NS structure is by no means comprehensive. Since
being hypothesised and later observed for the first time as a radio pulsar, extensive
observations have been made using a variety of methods. Radio observations of NSs
continue to dominate our catalogue of understanding, but recent observations of binary
NS mergers with GWs have offered a new method through which we can observe and

measure NS parameters, but also to understand better the composition of NS matter.

As ground based GW detectors improve and as the next generation of detectors
begins, we hope to add to our current collection of GW observations of NS mergers,
and perhaps observe GWs from NSs from a different origin (for example, continuous
GWs or those from the post-merger phase). Our current understanding of NSs may
evolve, and particularly mysterious properties of NSs may no longer be so. In the
next chapter, we learn more about the NS composition and their equations of state,
and how we can infer the composition of a NS from observation of their macroscopic

parameters.
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Chapter 2

The dense matter equation of state

Our previous introduction of NSs - how they come to be, our current best understanding
of their composition and their local environment - classified them as some of the
most extreme bodies in our universe, with the most dense matter we know of. It is
uncovering the nature of this matter and its true composition which is the goal of

many of the studies listed in this chapter.

In chapter 1 we introduced how, through employing General Relativity and making
assumptions about the state of the matter in a NS, we can arrive at the TOV equations.
These equations encapsulate the structure of a NS and describe a relationship between
macroscopic observables of a NS and its internal structure. The internal structure is
given by the equation of state of neutron-rich matter, the only input required (apart
from boundary conditions) to solve the TOV equations [22]. We introduce the equation
of state as the foundational relationship between the pressure, P, temperature T and
density p (or alternatively energy density, €) of a fluid. The ideal gas law, P = nkpT,
for example, is an equation of state of an ideal gas. However, NSs are far from ideal;
the temperature of a NS, while high by stellar standards [20], is very low relative to
the Fermi temperature [22] and so can be approximated as having zero-temperature
(discussed in chapter 1). With this treatment, we therefore consider the equation of

state of a NS to be a relationship between P and p within the star.

The equation of state is bounded at the low density crust to have P = 0 and
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increasing pressure as we approach the core. As such, an equation of state of NS
matter is a monotonically increasing function of pressure with density. This satisfies
thermodynamic stability; the pressure only increases as density increases as we travel
further into the star. Another physical requirement for a valid equation of state is
causality: the speed of sound within a NS should never be greater than the speed of
light. The speed of sound in a NS describes the stiffness of the equation of state [135]

and is calculated as it’s gradient
5 dP
S de’

c (2.1)

where € is the energy density. For ¢ = 1, causality requires that ¢2 < 1 as an absolute

limit and thermodynamic stability requires that ¢? > 0 [136].

Stiff equations of state are those where the pressure increases rapidly with density
and therefore supports more repulsive force to combat the gravitational force pushing
down on the star. An illustration of a stiff and a soft equation of state is given in
figure 2.0.1. A stiff star can support a larger radius for a given mass, and is therefore
more extended. Therefore the tidal deformability A (introduced in chapter 1 section
1.3), is also large. Conversely, soft equations of state are those where pressure does
not increase as steeply with density, with NSs of smaller mass and smaller volume

(radius), which are more difficult ton tidally deform with small A.

The true, universal equation of state of NS matter is currently unknown; the region
of uncertainty, particularly at the highest densities within the inner core - is wide and
so could exhibit some exotic phase of matter, or even phase transitions, the effect of
which are illustrated in figure 2.0.2. Here, the phase transition appears as a sharp
change in density at a given pressure, signifying a transition between two phases
of matter within the star. Figure 2.0.2 presents one example of a first order phase
transition, expected to occur within the core of a NS where the behaviour of matter
at such high densities is widely unknown, however similar behaviour may also occur
at the crust-core boundary. The presence of phase transitions may also be probed by
observation of macroscopic observables of the NSs through features in the relations

between those observables, for example NS mass, m, and radius, R [137].
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Figure 2.0.1: Illustration of two example equations of state in pressure vs. density
demonstrating the difference between soft and stiff behaviour.

The equation of state of low density NS matter - the crust of the NS - describes
constituents of matter which we are familiar with terrestrially, i.e. protons, neutrons
and electrons [34] albeit in an extreme astrophysical environment [2]. The behaviour
of such matter, up to and around nuclear saturation density, can be probed by physical
experiment (discussed in section 2.2). Analyses often can comfortably make the choice
of using a fixed crust equation of state without this assumption having influence on
the overall result [138, 139]. Theoretical models attempt to model the NS equation
of state based on our best knowledge of high density nucleonic matter extrapolated
to densities beyond which we can reach with terrestrial experiments. However, to
truly constrain the equation of state, we use information gleaned from astrophysical
observations of NSs; by measuring the macroscopic parameters of NSs - mass m, radius
R and more recently tidal deformability A - we can infer the composition of matter

required to support such a star with these properties.
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Figure 2.0.2: Illustration of an example equation of state in pressure vs. density
with a first order phase transition.

In this chapter, we discuss different equation of state modelling methods, before
discussing inference methods which constrain the NS equation of state at different den-
sities. We then focus on equation of state inference using data from GW observations,
briefly reviewing the literature on current inference methods. We finally introduce
equation of state inference for the next-generation of ground-based GW detectors and

discuss the upcoming challenges and requirements for future tools.

2.1 Modelling the neutron star equation of state

A variety of equation of state models exist which aim to describe the P — p relationship
within the star with a given physically-informed composition of matter. These include
quark models [140], nucleonic models [141] and hybrid models [142], each of which
are built to describe the matter within a NS on a microscopic scale. An example of

such an equation of state is SLy4 [143], a member of a family of SLy equations of
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state [144| which describe high density pure neutron matter [145], and as such are
common in the analysis of NS composition. SLy4 is a hadronic unified equation of
state, meaning that from crust to core, the composition of the NS matter is described
by the same equation of state. Equations of state like SLy4 are built to describe the
behaviour of this matter under the extreme conditions present in a NS, and as such
obey the physical laws that define matter at this density, namely thermodynamic
stability and causality. There are many alternative models which are built to describe
the nature of matter within a NS with different underlying physical phenomena in
precise detail - those cited above are just a few. However physically informed models,
including SLy4, are complex and require many parameters to describe them. Also,
they each describe the NS interior using one physical description of the composition

of matter.

Alternatively, we can describe the NS equation of state with phenomenological
models; these are relations which instead aim to describe the behaviour of the equation
of state relationship in pressure and density, rather than being defined by nuclear
theory. These are common in inference methods, where we use observation to infer
the parameters of a given model in order to describe the overall equation of state.
This is less computationally expensive than solving a physically motivated equation
of state or integrating the TOV equations. One equation of state model whose use is
prevalent in the literature is the piecewise polytropic equation of state [146] of Read
et al., where the P — p relationship is represented as a series of adjoining polytropes

up to a maximum density. A polytropic equation of state is described by:
P(p) = Kip" (2.2)

where the pressure P of the i"" polytrope is a function of rest-mass density p and
adiabatic index I'; with coefficient K;. Beyond a minimum density, pg, polytropes are
built for a series of density intervals, described by their own K; and I';, each bounded
such that p;-; < p < p;. Read et al. demonstrate in [146] that 6 parameters, pg, I'1,

o1, I'2, p2 and I's, are necessary to construct a 3-piece polytropic model, given that

K, = . (2.3)
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Figure 2.1.1: Plot of pressure vs. density of an example piecewise polytropic
equation of state with 3 pieces, parameterised by adiabatic indices I'1 23 and with
joining densities pg1.2.

However, if densities between adjoining polytropes are fixed, only 4 parameters are
therefore necessary: pg, I't, I'2, I's. This allows the user to define the pressure at pg,
where Py = P(pg) and the rest of the pieces by their respective I'; between the fixed
densities. Read et al find that using fixed adjoining densities of p; = 107 g cm™
and pg = 109 g cm™3 reduces the residual when fitting a given set of theoretically

motivated equations of state to a minimum.

Carney, Wade and Irwin (not the author) [147| compare the piecewise polytropic
model to an alternative parameterisation: Lindblom’s spectral representation [148].
Lindblom states that this alternative parameterisation can reconstruct a set of realistic
equations of state with a smaller number of parameters than Read et al. within a
comparable margin of error. Additionally, they state that the parameterisation is
suitable for complex (with phase transitions) at a comparable accuracy to piecewise

polytropic equations of state, as well as simple (smooth) equations of state. Lindblom
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suggests that the spectral method can be improved further to tackle phase transitions
in the equation of state by using more spectral parameters, and modelling the equation
of state above and below the phase transition pressure with different fits, however this
increases the complexity of the fit. When tasked with reconstructing the simulated
parameters of a GW signal of a BNS merger associated to a known equation of state,
Carney, Wade and Irwin [147] find that both the polytropic and spectral models
recover near identical tidal information from the signal, demonstrating that each
equation of state model interprets the same information relative to the true underlying
equation of state, and any inconsistency in information learned is not due to the
equation of state model choice. However, in reconstructing the true simulated equation
of state, the polytropic model introduces additional statistical error at the joining
densities of each of the polytropic segments, an error which is entirely avoided by
using the spectral model which builds a smooth P — p relationship. Both models
are, however, flexible in the construction; for example, the polytropic model can be
represented by less parameters than is presented in [147], mitigating error induced at

connecting pieces.

A unified approach to modelling the high density equation of state is a solution
somewhere between full nuclear descriptions of the equation of state and phenomenolog-
ical models. Davis et al. [2| propose an efficient construction of NS equations of state
by extracting nuclear parameters from the high density equation of state described
phenomenologically (for example, piecewise polytropic) and using these parameters
to calculate the low density equation of state. As a result, the low density equation
of state is described by a meta-model [149], a ‘model of models’ which constructs
an equation of state given nuclear parameters which have existing constraints, for
example given nuclear laboratory experiments or observation. The crust equation of
state is stitched to the core equation of state at a matching density point, which occurs
somewhere near saturation density by detaching the nuclear parameters from the given
equation of state at this point and carrying these to create the low density equation of
state. This equation of state construction method is such that each equation of state
is consistently and uniquely described by nuclear parameters from high to low density,

with a minimal number of parameters. The benefits of this will be described in the
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section 2.3, where we consider equation of state constraints with future GW detectors.

2.2 Inferring the neutron star equation of state with
observations

While we intend to build models which match the observed physical phenomena or
describe the underlying physics, we also wish to use our observations to inform our
understanding of the equation of state. Different observations of physical phenomena
provide us with information on different density regions of the nuclear equation of state.
Figure 2.2.1 from [130] presents example equations of state over a broad pressure and
density range and the different methods by which we can constrain the equation of
state in different density regimes. Up to twice the nuclear saturation density, terrestrial
nuclear experiments can probe the equation of state of high density neutron-rich matter
through experiments which are discussed more in depth in the next paragraph. From
2psat t0 around 4pgar, GW observations of BNS mergers, in particular the inspiral
phase where we measure the tidal interaction of the two components (as introduced
in chapter 1 section 1.3) provide observation of the behaviour of neutron-rich matter
at these densities. Beyond this, we require observation of EM emission from NSs and
also observation of GWs from the post-merger phase of two NSs, where we might
support high mass NSs, hosting ultra-dense matter for a very short period before

eventual collapse.

Understanding the equation of state of high density nuclear matter through
terrestrial experiments [150, 151, 152, 153] is a difficult task, given the densities that
are required to be replicated are around and above the nuclear saturation density,
Psat = 2.7 % 101 g cm™3. At this density inside a NS, we expect the composition of
matter to be highly asymmetric, where the number of neutrons is much greater than
the number of protons. To understand the behaviour of matter under these conditions,
terrestrial experiments aim to measure the nuclear symmetry energy, J, a parameter
which quantifies the difference between symmetric nuclear matter (equal quantities of

protons and neutrons) and pure neutron matter [154]. In the high density regime, this
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parameter describes the energy required to go from symmetric to pure neutron matter
[155] and is key to understanding the overall behaviour of the system. The slope of
the symmetry energy, L, evaluated at saturation density, determines the pressure
of symmetric nuclear matter (at psat) [154]. By providing the dominant source of
pressure at this density, L is therefore known to be positively correlated with the NS
radius [156]; a larger L at saturation density infers a more rapid increase in energy
required to maintain the system with density and therefore a stiffer equation of state

and larger radius for a given mass [157, 154].

The parity radius experiment (P-REX) aims to measure the thickness of the
‘neutron skin’ in Pb2%® [152], mimicking a NS crust. In neutron-rich nuclei, the radius

of the volume that neutrons occupy become larger than that of the protons due to
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Figure 2.2.1: A plot of number density in units of nuclear saturation density (ngat)
vs. pressure for example high density nuclear equations of state. Different regions are
shaded in different colours, representing the regions of density or pressure which are
informed by different experimental or observational constraints. From [130].

41



differences in binding energy (a direct impact of the symmetry energy of asymmetric
matter) [158]. Assuming that the same physical phenomena are operating on the
neutrons within the lead isotope as are inside a NS, measurement of the thickness of
the neutron skin allows for direct inference of the saturation density and its slope,

and provides complementary information for inference of the NS radius [155].

In the higher density regime, above 2pg,t, we rely on astrophysical observations.
Given that NS densities can reach up to ~ 10psat within the core [96], observation
of astrophysical phenomena provides a means of measurement of the properties of
high density neutron rich matter. Measurement of NS masses and radii through a
variety of electromagnetic means has thus far placed constraints on the NS equation
of state, and in particular constrains the equation of state through the direct mapping
from M — R to P — p relationships [21]. The details on observation of macroscopic
parameters of NSs through a variety of electromagnetic methods are discussed in

chapter 1 section 1.4.2.

Additionally, the maximum mass of the NS is defined by the pressure at the highest
densities within the star; Ozel and Psaltis [160] found that varying the pressure at
densities of around ~ 7pg, varies the m — R mostly in the determination of the
maximum mass allowed by the equation of state. Inference of the maximum allowed
mass via observation is difficult, and is defined currently by a few select observations
of heavy NSs [161, 162]. From these observations, lower limits have been placed on
the maximum allowed mass, which enforces that all valid equations of state must

allow for such massive NSs to be stable.

The past few decades of NS observations and nuclear experiment have thus resulted
in various constraints being placed on our current knowledge of the NS equation of state.
The result of these constraints are expressed in figure 2.2.2 from an analysis performed
by Ng et al [159]. The figure presents the combined equation of state constraint from
multiple methods including radio observation of heavy pulsars and x-ray observation
of millisecond pulsars (primarily by the NICER experiment [123, 163, 122, 121]), both

introduced in chapter 1 section 1.4.2, alongside constraints from GW observations of
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Figure 2.2.2: Equation of state constraints from radio observation of massive pulsars
(blue), GW observations of BNS mergers (orange), and observation of x-ray emission
from millisecond pulsars (green and purple) from an analysis performed in [159] which
uses nuclear-informed priors (grey).

BNS mergers. Their analysis includes constraints from nuclear theory and experiment
through use of a nuclear-physics-informed prior developed by [2|. More details of this
data set will be discussed in 5 section 5.1 when we incorporate it into our analysis. It
is clear from figure 2.2.2 (and complementary analysis which is in broad agreement;
for example, [164, 165, 166]) that the current observations, theory and experiment
have constrained the equation of state space so to rule out particularly soft equations
of state from the nuclear-informed prior, and each of the electromagnetic constraints
broadly agree on a general trend. However, from all existing observations, including
those not discussed here (for example [167, 94]), which aim to observe the behaviour
of NS matter as it undergoes further compression, none are particularly strong to

provide a very stringent constraint on the equation of state currently.
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2.2.1 Inferring the neutron star equation of state with GWs

Observations of GWs from merging NSs allow us to measure the dimensionless
parameters A and A from the gravitational waveform, which are the combined tidal
deformability of the system and the difference in tidal deformability of the components,
respectively. As discussed in chapter 1, these parameters appear in the gravitational
waveform of a BNS merger at the 5" post-Newtonian order [168]. As stated in chapter
1 equations 1.21 and 1.22, these are by definition reparameterisations of the individual
dimensionless tidal deformability of each component, A; and As, and the symmetric
mass ratio, n [169]. It is not trivial to recover the tidal deformability of each of the
components; §A is not as well recovered from the waveform as A with current GW

detectors [168], as discussed fully in chapter 1 section 1.3.1.

2.2.1.1 Universal relations

In seeking a method to resolve the individual component tidal parameters, Yagi
and Yunes [82] discuss universal relations: relationships that have been found to
exist between macroscopic parameters of NSs that are approximately independent
of equation of state. The reason of the universality of these relations is currently
unknown, but it is thought to be at least in part due to the similarity of NSs in the
region which we probe with the parameters that we measure [170]. However, the
matter composition in these regions of interest is by no means well-defined and so
this alone cannot explain the universality. In practice, these relationships allow us to
automatically recover parameters of a BNS given measurements of others, assisting
the broader task of parameter estimation [82]. The primary universal relation which
is relevant to this work is the Binary Love relation. This is a quasi-universal relation
between the symmetric Ag = (A1 + Ag)/2 and anti-symmetric Ay = (A2 — A1)/2 tidal
deformability of two NSs in a BNS merger. While the relationship between A7 and Ao
for a given mass of NS depends heavily on the equation of state, it has been found that
the relationship between A, and Ag does not. Therefore, by solving simultaneously,
one can resolve the component tides more easily. In PE of a GW signal from a
BNS merger, measurement of A, and Ag therefore allows for accurate recovery of

both individual tidal deformability parameters of each star [82]. However, universal
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relations assume a simplified BNS system, where both stars are cold [171], slowly and
uniformly rotating in GR [172], and do not account for phase transitions within the
stars [173]. Continued independent measurement of these macroscopic parameters

can therefore (in)validate universal relations moving forward.

2.2.1.2 Brief literature review

Currently, we are limited by the number of joint observations of both mass and
radius/tidal deformability of the same source. Therefore, we rely on Bayesian inference
methods to use individual measurements to infer probabilities of given equations of
state. This allows us to incorporate prior knowledge, e.g. from nuclear theory, into
the analysis. We refer the reader to chapter 1 section 1.5 to recap the theory of
Bayesian inference if required. We discuss Bayesian inference within the context of

GW observations of NSs only.

Prior to any detection of GWs from NS mergers, or of GWs from any CBC for that
matter, Read et al. [174] used numerical relativity to simulate BNS merger waveforms
as deviations from that of BBH waveforms (often modelled as point particles) in
order to estimate the deviation induced by the presence of matter in the system. By
simulating the late stages of inspiral and merger of two 1.35 Mg NSs, each associated
to a underlying realistic piecewise polytropic equation of state [146], they expected
that Advanced LIGO would be able to distinguish between a BNS waveform produced
and that of point particles at an effective distance of 100 Mpc with a single Advanced-
LIGO-configuration GW detector. Read et al. projected that one observation of a
BNS merger at a distance of 100 Mpc could constrain the NS radius to within ~ 10%,

or approximately 1 km. This can be equivalently considered as an error in pressure in

014 3

the P — p plane; at a density of 5 x 10** g cmm™ one can determine the pressure to

within ~ 10?3 dym cm™2.

Del Pozzo et al. [79] performed a similar but fully Bayesian investigation to
determine how many detections of BNS signals with second generation GW detectors
(Advanced LIGO era) would be required to achieve considerable constraints on the

NS equation of state, given the BNS waveform is discriminable from that of point
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particles. They suggest that O(10) observations of BNS mergers would be enough to
constrain the equation of state in the m — A plane, providing distinguishable preference
for either stiff or soft equations of state. However, their analysis considers only 3
distinct equations of state defined in the literature, rather than a continuous array
of parametric equations of state and a spectrum of stiffness vs. softness. Another
Bayesian analysis was completed by Chatziioannou et al. [175] in order to determine
whether GW observations of NS mergers could distinguish between different internal
compositions of NSs. They found that an observation of a GW signal with an SNR of
20 could provide indication of possible non-nucleonic equations of state (potentially
non-NS in nature), while an SNR of 30 could either confirm or deny entirely. To
differentiate between different flavours of non-nucleonic equations of state, higher SNR
observations are required, but the authors state that second generation GW detectors
(advanced LIGO) will not be able to differentiate between equations of state that

differ only at high central densities (i.e. NSs with exotic inner core content).

The announcement of the GW observation of the BNS merger GW170817 came in
October 2017 [54], the highest SNR GW event at the time [38]. This observation was
the first of it’s kind: direct observation of properties of ultra-dense matter undergoing
tidally induced stress and strain. The LIGO-Virgo collaboration soon published their
own equation of state inference from the event [4] in which they present constraints on
the NS parameters and composition with two methods, incorporating information from
the EM follow-up campaign post-announcement [176, 177, 90, 178]. Their method
samples uniformly in symmetric tidal deformability, Ag € [0, 5000], among all other
parameters of interest in PE (method discussed in chapter 1 section 1.2). The authors
then apply the Binary Love universal relation [82] to return the asymmetric tidal
deformability, A, and thus the component tides, A; and As. The second method
samples directly the parameters of Lindblom’s spectral model [148|, y;, where the rest-
mass density is a function of these parameters and pressure, p(p;7y;),which is inverted
to give the equation of state in P(p). Sampling the equation of state parameters
directly allows for physical constraints on the equation of state to be directly enforced
in the analysis, and for all physically viable equations of state to be valid within

the prior bounds set on the equation of state parameters. The TOV equations are
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integrated to recover A; and As, and as such both methods can be compared in
determining the tidal deformability of both components. The LHS of figure 2.2.3
presents the joint A; — Ay posterior of the component NSs of GW170817 from [4]. The
shaded green region presents the posterior given from the method which employs the
binary love universal relation. The green, blue and orange solid lines present the 90%
credible intervals for posteriors found using the universal relations, the parameterised
spectral equation of state and a result from an alternative analysis performed by
the collaboration [83|, where component tidal deformability parameters are sampled
independently and the TOV equations are solved to find the possible equations of
state, which is not assumed to be common between the two NSs. The shaded region
represents the region which violates convention (A; < Az2) and so is unphysical. The
solid black lines present the A; — Ao relationship for given equation of state models
from the literature. Both of the analyses they perform prefer softer equations of
state where tidal deformability is smaller, inferring more compact stars. The RHS of
figure 2.2.3 also presents the equation of state posterior as declared in [4]. Relative to
their equation of state prior bounds, their result pushes to a softer equation of state
posterior to both 50% and 90% confidence. This is in agreement with the LHS figure;
a softer equation of state makes for a slower increase in pressure with density into the
core of the NS. This means there is less pressure support throughout the star against
the intense gravitational force, and a smaller radius of NS. A smaller, compacted NS

is less easily tidally disturbed as a result.

The collaboration’s method of returning the equation of state posterior — through
building equations of state given the posterior samples in equation of state parameters
v, and integrating the TOV equations along with the mass samples to return tidal
deformability — adds significant computational time at each stage. Adding extra
dimensions to sample over in PE is non-trivial, alongwith the added constraint of
integrating the TOV equations for each of the 1000s of equations of state. In chapter
4, we discuss a method to return a non-parametric equation of state posterior without

need for any of these additional steps beyond standard PE after a BNS merger event.

After the observation and initial equation of state inference published by the
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Figure 2.2.3: LHS: joint A; — Ag posterior from GW170817, where the shaded green
region is the posterior to 90% confidence, compared to example equations of state from
the literature in solid grey lines. Results from other analysis methods performed in [4]
are presented in blue and orange solid and dashed lines to 90% and 50% confidence,
respectively. The shaded lower grey corner represents the out-of-bounds Ay > Ao
region. RHS: plot of pressure vs. density for the equation of state posterior to 50% and
90% confidence in dark and light green bands, respectively, from [4]. Their training
prior bounds are presented in dashed pink lines. The upper and RHS plots present
1-dimensional cumulative probability densities for p1, p2, and ppax as well as Py, Po,
and Prax.

collaboration [4|, more sophisticated analyses and discussion of how to improve
constraints by combining information from multiple BNS mergers were the next topic
of discussion. One example is that of Landry and Essick [179]|, who introduce a
non-parametric method of inferring the NS equation of state given observation of BNS
mergers using Gaussian process regression [180], also known as Gaussian processes.
As discussed above, parametrising the NS equation of state restricts the equation
of state to a small number of parameters which describe a pre-defined morphology.
This is an efficient alternative to describing existing equation of state models with
fewer parameters, however in inference, this can severely limit the extent to which
the equation of state can be described, especially if the true, universal equation of
state exhibits strong features characteristic of phase transitions which the chosen
parameterisation cannot emulate to high precision without an increase in number of
parameters [148, 147|. Alternatively, Gaussian processes allow for a ‘statistical map’
to exist between mass and tidal deformability parameters of an event, [mj 2, A1 2],
and a diverse set of synthetic non-parametric, thermodynamically stable and causal

equations of state which align with current observational and experimental constraints.
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The Gaussian process models the underlying functional relationship between energy
density u and pressure P as a multivariate Gaussian. Each realisation from the function
that the Gaussian process describes is a selection of correlated random variables. The
Gaussian process is a construction of a conditional distribution for a set of arbitrary
points in the function space f;, where f; = f(x;), conditioned on known values f*; in
this case, some known equations of state from nuclear theory:
pURLEE At

IR (24)

p(filxi, {f7.x;}) =

Once conditioned on candidate equations of state informed by nuclear theory, individual
samples from the Gaussian process yield physically motivated samples from the
equation of state prior. The corresponding m — A relationship associated to each
synthetically generated equation of state by integrating the TOV equations and the
GW likelihood (modelled by a kernel density estimate (KDE)) can be calculated via

Monte Carlo integration.

The authors applied their method in [181] to inferring the NS equation of state with
data from GW170817 and find that soft equations of state are preferred, consistent
with other prominent analyses, even with their most diffuse prior. Landry, Essick and
Chatziioannou [182] demonstrate the extension of the workflow to combine information
from multiple astrophysical sources, notably from the seminal constraints placed on

the mass and radius of the first pulsar observed by NICER [163].

2.2.2 Combining information from multiple GW events

Since the observation of GW170817, many tools have been developed to infer the
equation of state of individual BNS merger events and constraints have been placed
on the composition of high density nuclear matter. These constraints, however, are
limited by the uncertainty on the measurement of macroscopic parameters, and the
limited number of detections made. Future ground-based detectors will have improved
sensitivity and bandwidth and thus will measure parameters of interest with greater
precision [58, 59]. Additionally, the number of BNS mergers is expected to increase

[183] with many more opportunities for observation and further constraint. However,
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we now need adapted tools to be able to combine the information from multiple
observations for improved constraint. We introduce hierarchical Bayesian inference

before introducing existing methods.

2.2.2.1 Hierarchical Bayesian inference
As covered in chapter 1 section 1.5, Bayes’ theorem expresses the posterior probability
density function (PDF) of parameters Q given observed data h as

p(Q, M)p(h|Q, M)
p(h, M) '

p(Qlh, M) = (2.5)

where p(Q, M) is the prior probability of parameters 52, p(hlf), M) the probability of
observing data h given parameters ﬁ, or the likelihood of parameters 52, and p(h, M)
the evidence supporting the observed data. In the case of GW observations of CBC
signals, if we have N BNS merger events, we assume that each measurement of GW
strain, A is statistically independent. We wish to determine the combined probability
of the parameters 52, which each describe a property of the NSs, given all N events.
For this we combine the individual likelihoods of observing each of the N events given

the parameters Q [184]:

p(hi|Q, M). (2.6)

1=

p(Qlh, M) « p(Q,M)
i=1

This does not require the determination of the individual event posteriors, but rather
is a computationally effective way to determine an overall posterior from an arbitrary
number of observed events. Hierarchical Bayesian inference methods concern them-
selves with instead having an efficient likelihood calculation, p(h,-lfl, M) which can be
combined. Information from each BNS merger event is given through the measured
parameters of the system, 5, which in particular includes my, mo, A1 and Ag, among
other observable parameters, for example the spins of the two NSs. Analyses which
investigate low and high spin scenarios have upper limits on the prior of 0.05 and 0.89
respectively. The overall equation of state posterior given N BNS merger events is

given by:

N
p(@lh,M) « p(@M) || / p(hil€, 6;, M) p(6:19, M) db;. (2.7)
i=1
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where we have marginalised over the GW observable parameters 6. Our overall goal is
to then infer the set of parameters Q which is common to all events. The mathematical
explanation of hierarchical Bayesian inference in introduced again and in more depth

in chapters 5 and 6 when in use.

2.2.2.2 Current hierarchical inference methods

The analysis discussed previously of Del Pozzo et al. [79] use a Bayesian method to
combine information from multiple BNS sources. By assuming a universal equation of
state, they find the combined posterior on the tidal deformability by constructing the
likelihood, L(dilg, A12) of observed data for the jth event, d;, where A1 9 are coefficients

of a linear expression of the tidal deformability, A:
A(m) = Ao + A1 (m — 1.4Mo) /Mg (2.8)

and 6 are other observed parameters of the system. The parameter space is explored
by evaluation of the likelihood given the prior through nested sampling in the manner
of [185]. In simulated signals which are built with parameters that are associated
to a true underlying equation of state, they find, after a few tens of sources are
incorporated into the analysis, the true tidal deformability is recovered and is clearly
distinguishable from the others, each of which are respectively associated to a soft,
moderate and stiff equation of state. However, to re-cap the literature review in
section 2.2.1.2; the method employed by the authors uses only 3 strict equations of
state from the literature, rather than a continuous set of parameterised equations of
state that may be soft or stiff to different degrees, and so despite their clear result, the
analysis differs in comparison to those which employ purely parameterised equations
of state. The analysis of Del Pozzo et al. further investigates with how many BNS
events it would be apparent that macroscopic parameters of the BNS system (standard
data products of parameter estimation) prefer softer/stiffer equations of state. The
simplified parameterisation of A here restricts the way in which we express the A(m)
relationship for the three discrete equations of state used in the analysis. The authors
find the gradient of their model of A(m) as a straight line difficult to measure but the

intercept, or measurement of A at a mass of 1.4 Mg, is easier to determine.
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Lackey and Wade [80] instead infer the parameters of an equation of state model
directly given a ‘realistic’ population of N BNS events. Their realistic population
corresponds to a year of advanced LIGO observation with an expected event rate of 40
mergers of two 1.4 Mg NSs detected per year with SNR > 8 [186]|. They wish to find
the posterior PDF p(fl, 6 |h) of equation of state parameters Q and parameters of the
system 6 given observed GW data h. The inferred equation of state parameters Q are
that of the piecewise polytropic model of Read et al. [146] while the GW parameters
6 they consider are a reduced set of parameters which assume zero spins, meaning
their overall combined equation of state and GW parameter space is 11-dimensional.
By marginalising over the non-equation of state sensitive parameters (distance, right
ascension, declination, phase, inclination, time of coalescence, phase at coalescence,
and difference in dimensionless tidal deformability, 6A, assuming this parameter is not
measurable at advanced LIGO sensitivity), they construct quasi-likelihoods for the
equation of state-sensitive parameters 9;1 = {my, mo, A, log(p1),I'1,I9, '3} along with
equation of state parameters Q for each of the N events. Marginalising over extrinsic
parameters reduces the dimensionality of the problem and retains only the equation of
state-sensitive information, given that the equation of state-insensitive parameters that
we have marginalised over and the piecewise polytropic parameters are independent.
Additional assumptions are made so that the problem simplifies to calculating the
quasi-likelihood of each of the N events via additional marginalisation over masses
{m1, ma} and taking the product via equation 2.6. The posterior PDF is sampled using
Markov Chain Monte Carlo (MCMC) and each posterior sample of Q corresponds
to an equation of state in the P — p plane. Their result is consistent with the true
injected equation of state but with sharp features which are spikes in uncertainty
associated to the transition densities between polytropic pieces, an error which is a
direct consequence of their choice of equation of state parameterisation. With > 5
events, they state that the analysis is dominated by the loudest 5 events, and more
than 5 events does not significantly improve the constraint of the equation of state or
measurability of intrinsic parameters. They discuss how more sophisticated equation
of state parameterisations are necessary to ensure that the chosen parameterisation

does not negatively impact the recovery of the equation of state, especially when
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considering more complex equations of state.

Golomb and Talbot [187] use a GMM, a linear combination of multi-dimensional
Gaussians, to model the multi-dimensional likelihood of each event in their analysis.
Constructing this GMM acts as an analytical model for the likelihood .l:(hlé) of
observed data h modelled by parameters 4. They likewise use equation 2.6 to explore
the parameter space and evaluate the likelihood of given equations of state Q and the
prior p(Q), using nested sampling to do so. The computational time taken to perform
their analysis scales with the number of events. They quote that each likelihood
evaluation took < 50 ms in a combined analysis of 37 events - this is repeatedly
calculated during nested sampling and so dictates the overall time taken, which
depends on the sampler settings and performance. They state that the time taken to
complete one likelihood evaluation is comparable to that of hierarchical analyses of
the mass distribution of a BBH population in the same detector set up [188], meaning
the increased complexity of NS parameter and equation of state inference does not

inhibit their analysis.

In comparison, the ‘rapid’ analysis of Ray et al. [189] instead uses a kernel
density estimate (KDE) to mitigate the cost accrued with increasing number of events
by re-using posterior samples in mass and tidal deformability [m1, ma, A1, A2] from
single event PE analyses, standard data products of a GW detection. The likelihood
of a 4-parameter spectral equation of state represented by parameters y given a
reparameterised set of parameters of the NS component masses and tides (chirp mass,
M, mass ratio ¢, and tidal parameters A, assuming the posterior distribution of BNS

observable parameters is largely independent of 6]\) is given as:
£6i7) ~ [ pla.AM 0.7 1m)dg (29)
which is modelled by a KDE through
1 ~
£07)~ [ Kila. AMa . 710 dg (210)

By substituting the above into equation 2.6, they can evaluate the approximate

posterior of equation of state parameters, ¥ which models the overall Q, given the
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prior p(€) and sample the posterior distribution using MCMC. They quote that for
10 BNS events, their analyses takes on the order of ~ 1 day to complete.

Current hierarchical analyses focus on simplifying and accelerating the likelihood
calculation of equation 2.6 so that the combinatorial process is not limited by costly
likelihood evaluations. Expressing the likelihood using either a KDE or a GMM is an
effective solution to quick individual likelihood evaluation but the analyses still scale
with number of events and/or posterior samples per event and are limited in their
flexibility while remaining computationally inexpensive. The analyses summarised
above operated primarily with regards to high density equation of state inference; the
methods broadly choose to parameterise the equation of state using phenomenological
models, which limit the ability to express complex equations of state. These assump-
tions are valid within the bounds of the advanced ground-based GW detector network,
where numbers of BNS mergers remain low and where measurement accuracy is not
expected to be particularly constraining. In next generation detectors like ET [58]
or Cosmic Explorer (CE) [59], BNS mergers are expected to be detected at a rate of
approximately 10° per year [58] and as such we require analysis which can combine
information from the 10° events within a sensible timescale which is also computa-
tionally inexpensive. Additionally it will be beneficial to have tools which tolerate
more precise parameter measurement and consistently map macroscopic parameters
to the equation of state without losing information due to modelling inaccuracies or

generality.

2.3 Future gravitational wave detectors as probes of
the neutron star equation of state

Next generation ground based GW detectors ET and CE have proposed sensitivities
at least an order of magnitude greater than that of the design sensitivity of the current
ground based detectors [58, 59]. The improvement in sensitivity refers to the noise
curve, a measure of the magnitude of disruption in spacetime that the detector is

sensitive to as a function of the frequency of the GW emission. As a result, it is
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expected that the NS equation of state will be constrained to such a level that the
NS radius can be determined, through integration of the TOV equations, to within
hundreds of metres of uncertainty (on the percent level of the total radius) [190]. Both
ET and CE are more sensitive relative to current ground-based detectors but also
across a wider band of frequency [59], however the ET/CE sensitivity improvement is
not uniform over their frequency bands [191]. In the case of detection of BNS mergers,
this also means that more of the inspiral signal is detectable as well as the post merger
signal [192]. Figure 2.3.1, from [58] but from analysis completed in [192], presents the
noise curves of previous, current and future ground-based GW observatories in strain
per VHz (the square root of the power spectral density) as a function of frequency.
The grey lines associated to different ground-based GW detectors represent the limit
of sensitivity of each of these instruments, below which a signal with a given stain
per VHz will not be observable. A mock-BNS signal at a distance of 100 Mpc is
plotted in blue, to demonstrate that, with the current advanced LIGO set-up, we can
in principle observe the NS inspiral from the early stages of inspiral (up to 500 Hz) to
just before the merger (~ 2000 Hz). However, with ET, the merger itself and also the

post-merger signal will also be detectable.

In the next generation of ground-based GW detection, we expect on the order
of 10° observations of BNS mergers per year [58] and approximately 103 of these
mergers to have an EM counterpart [193|. Pipelines for fast and efficient detection
[194, 195, 196] and parameter estimation [3, 197, 198, 199] of these GW signals are
increasing in their numbers. Efficient identification and inference of the vast number
of signals facilitates rapid communication with observers, while also minimises the

amount of compute power spent on analysing the many, many signals [200].

Once PE of these observations is performed, rapid equation of state inference
would provide EM astronomers with complementary information which could further
inform whether an EM counterpart will be observable. Ozel and Freire [120] state that
the fate of the merger remnant depends on the equation of state, therefore determining
whether we expect subsequent emission of EM or GW radiation as the remnant NS

settles or complete expulsion of material, leaving behind a remnant BH. The mass
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Figure 2.3.1: Plot of detector strain per VHz as a function of frequency of GW signal.
Noise curves for different ground based observatories are plotted in grey alongside a
mock BNS waveform. The point-particle-like stage of the BNS waveform is highlighted
in green and the region at which the tidal effect become prominent is highlighted in
yellow. The post-merger signal is highlighted in red. The merger and post-merger
signal will be observable with ET. From [58].

of the material ejected from the kilonova resulting from a BNS merger also depends
on the equation of state [201]; conversely, Zhao et al. [202]| explored how kilonova
lightcurves can be used to probe the NS equation of state. Qiumu et al. [203] find
that softer equations of state have more ejecta material as well as brighter kilonova
emission. Therefore, rapid knowledge of the equation of state post-BNS merger could
inform astronomers if EM emission will be visible, minimising wasted observation

time.

To better understand how next-generation detectors will compare when observ-
ing BNS mergers, Chatziioannou [191] found that a GW170817-like event observed
with next-generation detectors would have an SNR of 1000. Further, they found
that observing 100 sources each with an SNR of 200 would give an uncertainty on
(dimensionless) A of 100, error of ~ 10%, for a 1.6 My NS when considering the m — A

equivalent representation of the equation of state (see chapter 1 figure 1.3.3 for an
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example and typical scales of A possible with current equation of state constraint).
As measurement precision improves with more sensitive detectors and the number of
observations increase drastically, we need to be careful in how we infer the equation
of state using measured parameters. With current detectors, quasi-universal relations
have been proven to be valid and be an effective method to infer one macroscopic
parameter after measurement of another (see section 2.2.1.1). However, in current GW
detectors, measurement precision of macroscopic parameters is still very broad, where
discrepancy can be hidden. Suleiman and Read [204] find that using quasi-universal
relations to extract parameters with next-generation detectors adds additional un-
certainty, broader than the uncertainty present with direct inference. As a result, it
will be necessary to infer the equation of state directly rather than use equation of

state-insensitive relations.

Finally, the uncertainties associated with uninformed crust-core matching for
non-unified equations of state become, in the future with next generation detectors,
comparable to measurement uncertainty [205]. The assumption of a unique crust
equation of state is no longer valid and the uncertainty associated to the choice of
crust model may now express itself as an incorrect determination of macroscopic
parameters [2|. Therefore unified equations of state, like those introduced in [2], are

the necessary choice for equation of state inference with next generation detectors.

2.4 Conclusions

This chapter has introduced the concept of the equation of state: a fundamental
relationship between the pressure and density of a NS. We have introduced current
methods to model the equation of state phenomenologically, including using the
piecewise polytropic parameterisation which will be particularly important when
introducing the equation of state data used in chapters 4 and 5. We also introduced
unified equations of state, which are particularly important when considering equation
of state inference with next generation GW detectors, where the assumption of a fixed

NS crust equation of state may no longer be valid.
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Not only can we model the P — p relationship with phenomenological and theory-
informed models, we can use both observation and experiment to inform our knowledge.
We have introduced how nuclear experiments may tell us about physical phenomena
in the NS crust, near nuclear saturation density, and the nature of the microphysics.
Astrophysical observation, including observation of GWs from BNS mergers, is cur-
rently our only method of observing the result of interactions of neutron-rich matter
at ultra-high densities, several times nuclear saturation densities. The underlying
physics of neutron-rich matter at such high densities as those present in a NS is still
very much unknown, and our measurement accuracy of NS macroscopic parameters

therefore remains limited.

We also briefly summarised some key pieces of work which aim to infer the NS
equation of state from GW observations of BNS mergers. Since the observation of
the first BNS merger event, GW170817, work has progressed from speculation of the
possible levels of equation of state constraint from BNS merger events to how we can
simplify the analysis to be non-parametric and unbiased as well as computationally
efficient. Equation of state inference with next-generation GW detectors is therefore
a challenge with many complex features to be considered, including the drastic
increase in number of observations expected. Although detector sensitivity will be
drastically improved when compared to current ground-based observatory sensitivity,
new problems come to the fore-front of analysis, especially with regards to scale and
precision of techniques. Primarily, methods to cope with equation of state inference
from multiple events both quickly and efficiently will be necessary. To help solve this

issue, we look to Machine Learning methods.
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Chapter 3

An introduction to Machine Learning

for scientific data analysis

We introduce ML, firstly with basic neural networks and the fundamentals of training
and learning, before introducing more complex networks. Primarily, we introduce
both Normalising Flows and autoencoders, two types of network which are pertinent
for later chapters. We conclude with a literature review of current applications of ML

in GW data analysis.

ML is the method of automating computational algorithms to identify patterns
and trends within or to emulate large data sets. Once ‘trained’, i.e. once the algorithm
has found its own optimal state in order to understand the data set to a certain
degree of confidence, the algorithm can then be used on new data to identify trends
and patterns quickly and effectively. The use of ML is now prevalent in a variety of
scientific disciplines, including GW data analysis. In this chapter, we give a broad
overview of the fundamentals of ML while focusing on its applicability to modern

scientific data analysis.

As scientific instruments become more sensitive with capacity for vast amount
of data to be stored, traditional methods to process this data become slow and

computationally expensive [206]. ML offers a solution in such a scenario; models can
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Figure 3.1.1: An example of a fully connected neural network architecture. Input
data of n dimensions is passed to n input neurons before passing through a series of
hidden layers of different numbers of neurons. Data is finally passed through to m
output neurons.

parse vast data sets and interpret not only broad trends but intricate detail within the
provided data. Additionally, most off-the-shelf ML tools are built to be compatible

with graphics processing units (GPUs) for further parallelisation and acceleration.

Given that tools to apply a Machine-Learning-based method to your given data
analysis problem are more abundant and accessible than ever, it is the task of the
user to develop a model which is best suited to the task at hand. Various types of
ML methods exist, the details of which we will cover in later sections before focussing
on two select methods. We begin by introducing the most simple neural network
architecture, the multi-layer perceptron, to discuss the fundamentals of building ML

models for data analysis.

3.1 An introduction to neural networks

An artificial neural network is an algorithm which is built to be analogous to the
human neural network, the series of connections which process information in the

human brain. In an artificial neural network, this structure is emulated as a network of
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interconnected neurons, which are operators on a given input, X, to produce an output,
y. The simplest deep neural network architecture is that of a multi-layer perceptron
(MLP), or fully-connected neural network. In an MLP, neurons are arranged in layers,
where all neurons of a given layer are connected to those in the previous and subsequent
layers. An illustration of this network architecture is presented in figure 3.1.1. The
input layer of an MLP is the input data consisting of n parameters. This input layer
then feeds to subsequent layers of different numbers of neurons, often called ‘hidden’
layers, before finally reaching m output neurons. The structure of an MLP can be
designed relative to the problem at hand; more complex networks with more layers
and more neurons per layer can perform more complex tasks. Any function can be
approximated to any desired accuracy given that you have enough hidden layers within
the network [207|. However, as functions increase in complexity, one can imagine the
computational cost of building such networks increases significantly. Neural network
layers designed to perform more complex tasks, or to take more complex inputs e.g.
high dimensionality data sets, without dramatic increase in computational cost are

discussed in section 3.1.3.

The computation performed on the j™ element of the i*" input layer x; ; to find

k'™ layer, where k =i+ 1, can be expressed as [206]

n
O'(ij'k xl-j+l;k). (3.1)
j=1

where we take the sum over all layer inputs, n, and multiply the input by the element

the output layer yj of the

Yk

w i of the weights matrix Wj associated to the k'™ output layer, length m, given by

wi1 wWi12 ... Wim
wo1r W22 ... Wy

W, = (3.2)
Wnp1 Wn2 .. Wum

Each element of Wy is a weight given to the input-output neuron pair, where a larger
weight associates more importance to the input neuron and where by is a bias vector
[208]. We also introduce the activation function, o-, which acts on the operation to

add complexity and non-linearity [208]. Without the activation function, o, the MLP
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would remain a series of linear computations, regardless of how many layers were in

the network.

A selection of activation functions are plotted in figure 3.1.2. Different activation
functions operate to serve different purposes; a common function used between
layers of neurons in a network being the Rectified Linear Unit (ReLU) [209, 210],
ReLU(x) = max(0,x), a non-linear function which rids the network of negative values
during training. This ensures stability and allows the neural network to perform more
complex tasks. Activation functions are also often used on the output of the network
to restrict the output to be within a given range. For example in a network built to
perform binary classification (i.e. true or false) , one might wish to use a sigmoid
activation function

sig(x) = (3.3)

1+ exp(—x)
on the output layer of the network. The result of applying the activation on input X
is such that sig(x) = [0, 1] represents the probability of the classification given some

threshold, say 0.5, where sig(X) < 0.5 is false and sig(X) > 0.5 is true.

3.1.1 Training and learning

Neural networks can be built to serve a variety of purposes relative to the given input
data and the desired function of the network. As such, neural networks can be trained

using different methods. Three broad categories are:

e Supervised learning: N training data inputs x; where i = 1,..., N are associated
to a label or class, 6;, that the model is then trained to predict or learn the
association to. The performance of the model is determined as the ability of the
model to learn the correct class relative to the true class, 6;, in classification, or
learn the true value of a given labelled quantity in regression. Once trained, it

can classify previously unseen data.

e Unsupervised learning: the model is provided with training data inputs x; and
is trained to learn the general behaviour and features of the input data. The

model is trained based on its understanding of the input training data set, and
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Figure 3.1.2: Example of three common neural network activation functions. Blue:
ReLU, purple: sigmoid and pink: tanh.

once trained can be used to recognise patterns or associations among new data,
without any introduction of labelling or naming. Examples of unsupervised
learning include anomaly detection [211], data clustering [212] and dimensionality

reduction, which is discussed in section 3.3.

e Reinforcement learning: an neural network, called an agent, is trained to interact
with an environment and autonomously learns via trial and error. The agent can
freely act within its environment and receives rewards or penalties for actions
taken, where the goal of the agent is to accumulate the maximal number of

rewards.

In this work we primarily cover supervised learning, and so will lean most heavily on
this method in the next sections when discussing more concepts of neural network

training.
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Any neural network, the MLP included, is trained relative to a loss function
which represents the performance of the network during training given its current
input and status. The loss is a function of the network input and the neural network
trainable parameters (as well as the target ¥ in supervised learning), L(X, (W, 5)),
and is calculated at the final layer of the network. Like the activation function, it is
a chosen function relative to requirements of the network and the method used to
train the network. One example of a commonly used loss function is binary cross-
entropy (BCE). This is particularly useful for binary outputs from a network i.e. ‘true’
or ‘false’ like our previous example of a binary classification network. In this example
network, 6; is the true label associated to the i*" network input x;, where 6; € (0, 1)
and y; is the predicted probability of the label of x; from the network where y; = [0, 1].
Therefore, the BCE loss is

N
1
BCE = - ; 0;log(y;) + (1 - 6;) log(1 — y;) (3.4)

where we take the average BCE over N instances of training data [213]. As the BCE

loss decreases, the closer the model’s prediction y; is to the true label 6;.

The goal of training the neural network is to minimise the loss; this means that,
in supervised learning, the output of the network is comparable to that of the given
label or class that we are comparing to. Therefore, training a neural network is an
optimisation problem of finding the parameters of the loss function (the optimal weights
and biases) which minimise the loss. This optimisation routine is back-propagation
[214]: we initialise the neural network with randomly selected weights w;; and then
update the weights throughout training with the goal of minimising the loss. As with
regular function minimisation, the minimum of the loss function corresponds to a
derivative of 0. We calculate the loss throughout training and its derivative with
respect to all of the weights, W, in the network. The computational intensity of this
calculation (noting we likely have millions of weights w;; in our network) is lessened
by back-propagation’s chain rule calculation of the derivative of the loss with respect
to all weights before updating them [215]. We therefore update the weights in such a
way as to decrease the loss. This optimisation procedure is called gradient descent;

we calculate the gradient of the loss with respect to the neural network parameters

64



continually throughout training, moving in the direction of the lower gradient, lowering

the loss, aiming for the global minimum.

Updating the weights to reflect the update of the network output down towards
lower losses is called a backward pass, whereas the preceding pass of the training
data through the network to calculate the loss is the forward pass. The magnitude
of step taken in the loss function is determined by the learning rate; large learning
rates correspond to large steps through the neural network hyperparameter space,
potentially avoiding fine features of the space. Alternatively, small learning rates may
get stuck in local minima, never fully finding the truly optimal network configuration.
As such, the learning rate is a hyperparameter which can be optimised for when

testing network architecture, much like the number or depth of layers.

One full pass of training data is generally classed as an epoch, but this is not
often done in one pass, as this becomes computationally expensive with lots of data,
or impossible relative to memory constraints. Instead, the training data is often
split into batches, and the gradient is calculated, back-propagated and the network
optimised to minimise loss relative to each batch. The final loss after one epoch is
the average loss over all batches; see equation 3.4, where we take the average over N
instances of training data. This is repeated for N, batches and the average loss over
Ny, batches found, however the network has been updated multiple times during each
epoch relative to the decisions made after each batch. All together, this process is
titled stochastic gradient descent, ‘stochastic’ referring to a random selection of data
for each batch from the training data set [208]. Different optimisation procedures exist
[216, 217| but we will focus on stochastic gradient descent for all following related

discussion.

The network is trained over many epochs, so that the average loss per epoch
gradually decays over training through optimisation of the weights and biases before
plateauing, signifying that the network’s potential for learning is saturated. This is an
idealised scenario; the loss does not always decrease monotonically and fluctuations in

the gradient can make for a noisy average loss per epoch. Additionally, the average
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loss per epoch that is reached in saturation may not represent the global minimum,

but may be a restriction of the depth and complexity of the network hyperparameters.

To summarise, a simple neural network is trained as follows: a forward pass of the
training data through each of the layers within the network to the output is performed
to calculate a loss, L(X, (W, Z)), at the output of the neural network, relative to
a known truth or target if supervised. The gradient of this loss is calculated via
back-propagation, and a backward pass updates the weights and biases in the network
so to minimise the loss function. This process is repeated for a number of epochs,

minimising the loss until training is completed.

3.1.2 Training data

The main ingredient for training a neural network, besides the network itself, is of
course the training data. The number of input neurons of the network is typically
associated to the number of parameters or attributes of our input data. In contrast, the
number of output neurons is then typically associated to the goal of the neural network.
For example, the previous network we proposed to perform binary classification may
have a single neuron at the output, which is trained to output the classification

probability which is a single number between [0, 1].

Standard practice with a data set for neural network training is to split the training
data set into three portions: training, validation and testing. The majority of the
data is used for training the network as described above, with two smaller fractions
retained for validation and testing. The entire training and validation sets are passed
to the network independently on each epoch, with similarly independent training
and validation losses calculated as a result. Unlike the training loss, the calculated
validation loss does not influence the back-propagation stage and so does not inform
the update of the trainable parameters of the network. This allows the validation
data to serve as an independent portion of the data which only tests the network’s
performance on data from the same distribution but previously-unseen. This ensures
the network is not overfitting, or memorising the specific details of the training data

set. The testing data set is then used once the network has been trained and optimised
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to test its performance on data that, again, is from the same overall distribution but
has not been used in training or validation. This ensures we are testing the network
on data that we know is in agreement with the overall distribution of training and

validation data, but is independent.

It is also necessary to have an appropriate quantity of training data so to present
the network with enough examples of what we would like it to learn. This quantity,
again, is a function of the complexity of the problem. High-dimensional and complex
problems demand lots of training data so to provide enough example data points
within the training data space to provide a broad picture of the information we would
like the network to learn. We also wish to present the network with enough data so
that the network generalises well; we wish for our network to learn the general trends
and patterns of the training data and associated classes. If too little data is used
for training, the network runs the risk of learning individual features (for example,
clusters of data points or local modes) or even memorising data points. Memorising
individual features or data points would present as overfitting in the calculation of
training and validation losses; training loss would continue to decrease as the network
finds parameters which are capable of building a network which emulates the training
data perfectly, while the validation data, an independent data set, is an outlier and so
the validation loss instead increases. The result is a network which then struggles to

generalise and which cannot perform well on new and previously unseen data.

3.1.3 Different types of neural network

An multi-layer perceptron (MLP) is one simple example of a neural network, how-
ever different network architectures can parse more complex input data with less

computational expense. Two examples are:

Convolutional neural network: Commonly used with 2- or 3-dimensional image
data sets, the input image is convolved through the use of a kernel, which is a filter
which is applied to the (for the case of our example here) 2-dimensional input of
shape d x d. The kernel, a matrix of size [ X [ where | < d, passes over the image,

where the elements of the matrix are multiplied by the pixel values in the image
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[218] (the kernel does not have to be square, but we choose this for the sake of our
example). The choice of the matrix elements within the kernel define the function of
the kernel, but in the case of image classification, the kernel often functions to identify
the key features of the image. Once features are identified, the resulting feature map
[219, 218] is a representation of the image with features which have been amplified by
the kernel highlighted. The goal is to abstracts the input image gradually through
multiple convolutional layers so that the network learns the key features through
which to classify or perhaps reconstruct the input image [220]. Convolutional networks
often include some convolutional and some fully connected layers, so to control the
dimensionality of the output of the network [221], alongside stages of max pooling,
which acts to downsample the image via scanning a similar kernel to that described
above across the image or feature map. Instead of highlighting features, the max
pooling stage selects the maximum pixel value and reduces the size of the original
image or feature map to a smaller output image, but one which still retains the main

features.

Recurrent neural network: Designed for use with sequential training data, where
the network is provided with the next piece of the sequence at a time [222|. The
recurrent network includes, alongside its inputs and outputs, a ‘memory’ allowing it to
retain information from previous stages of the series, identifying sequential behaviour
[223, 224]|. As well as being intuitively suited to time series data, where recurrent
networks can be used to predict behaviour, they often also find use in language
processing [225], where the series of language input can either be interpreted such
that the network can predict the next steps or ‘respond’. One variant of a recurrent
network is a long short-term memory network [226], which adapts upon standard
recurrent neural networks but with an improved short-term memory, allowing the
network to identify patterns over longer sequences with better behaviour in training

227].
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3.2 Normalising Flows

Our earlier example of a neural network designed to perform binary classification
is an example of a network designed to perform a discriminative task; in this case,
assigning the output y; of the network a probability between [0, 1]. However the next
network we introduce falls into the category of generative ML where a network instead
learns a its own mapping of the training data input, otherwise referred to as the latent
space Z, which can then be sampled from. These new samples are from the same
statistical distribution of the samples which were used to train the model but are
entirely independent samples from the distribution, hence ‘generative’. Examples of
generative models include generative adversarial networks (GAN)s [228] and diffusion

models [229].

A Normalising Flow is a type of generative ML model which is trained to perform
both sampling and density estimation of potentially complex distributions [230]. To do
so, the model is trained to perform the transform from latent space, Z, described by
a standard Gaussian probability distribution, pz(z), to a more complex distribution,
px(x) in the data space X. The transformations can be considered to be steps which
are taken to evolve the Gaussian latent space to the more complex data distribution.
The overall probability density of the spaces must be preserved in transforming
from data to latent, and the reverse. Therefore we require the transformations to
be invertible and differentiable |231]. The transformations are performed by neural
networks parameterised by hyperparameters ¢, where x = f~1(z, ¢) is the forward
transform and z = f(x, ¢) is the inverse transform for x = {x1,...,x,} where x; € R

and similarly z = {z1, ..., z,} where z; € R.

In the case where we wish to perform a conditional transform from the data space
X to the latent space Z given some complementary information - for example, a label
or class, 0 - we use conditional Normalising Flows. The probability density of x given
conditional information @ can be expressed as a change of variables of two probability

density functions [231]

0 (x, 916)
T) : (8:5)

pxio(x16) = pz(f(x.616)]6) ‘det(
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where we are taking the absolute value of the determinant of the Jacobian, an n x n

matrix given by

(00 01 021 |
0x1 Oxo 7 Oxy,
972 0z 9z
Bf(x, ¢) — ox1  Oxg Ut Oxy (3 6)
0x
920 Oz 9zn
| Ox1  Oxo " Oxy |

The Jacobian measures the change in volume from data to latent space and ensures the
transformations are tractable. Therefore we can act in the simpler latent distribution,
which is easy to sample from and evaluate the probability of, and then perform
the inverse transform x = f~1(z) to return samples from the target space X where
x ~ px(x). Therefore the Jacobian determinant must be tractable and the neural
network transforms must be invertible, both features which make Normalising Flows

unique.

Given that the individual neural network transforms are invertible and differen-
tiable, a series of such transforms will also have these properties [231]. Therefore, we
can build more complex Flow models which overall perform more complex transforms

by constructing the network from a series of k simpler transforms,

2k = fk(xp, #10) - fio1(xk—1,010) - ... - fi(x1, 016), (3.7)

where x; = x and x; = fr—1(xx-1,¢|0). The change of variables via the Jacobian
determinant are repeatedly applied and so the requirements of invertibility and differ-
entiability are upheld [232]|. Repeated transforms and therefore repeated calculation of
the change of variables means that we require a Jacobian determinant which is easy to
compute [230]. We consider two main families of Normalising Flow (Flow) transforms
in this work which have easy to compute Jacobian determinants, real non-volume

preserving (RealNVP) and spline Flows.

3.2.0.1 Real non-volume preserving Flows

RealNVPs [233] are one type of affine transform, which transform the data space

location x; given scaling parameters Bi and scale «;

S (xiy @i, Bi) = aixi + Bi (3.8)
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where @ # 0 to preserve invertibility [231] in the i transform. To enforce this, we set

@; = exp a; where a; is not constrained such that

f(xi, @, Bi) = exp(a;)x; + ;. (3.9)

This transform is invertible, in that we can rearrange for x; by performing the inverse
transform f~!(z;, @;, 8;). In both the forward and inverse transforms, the parameters
which control scale and translation, @; and f;, remain the same and therefore are
not inverted. These parameters can therefore be as complex as we like, and can
be modelled by neural networks described by parameters ¢. The Jacobian of the
transform of equation 3.9 as defined by 3.6 is triangular such that each diagonal
element is

log

0 s *
det 0/ (xi, ¢) =log |o;| = @] . (3.10)
0x

These transforms are, on their own, limited in there expressivity. Transforming a
simple Gaussian distribution pz(z;) via a single transformation like that of equation 3.9
would return a scaled but ultimately similarly Gaussian distribution [231]. Therefore,
stacking multiple layers of affine transforms as in 3.8 as affine coupling layers [233]
introduces more complexity, while the individual calculations themselves remain very

simple: referring back to equations 3.7 and 3.10, this is simply

log

det (fk(xk»¢|9) : fk—l(xk—1’¢|9))‘ = log | det (fk(xk,¢|9)) - det ( fk—l(xk—1,¢|9))‘

= log

det (fk (xk, ¢|9))+ det ( Se—1 (X1, ¢|9))‘

_ k

k
(3.11)

where the log Jacobian determinant is just a sum of the k£ diagonal terms, corresponding

to the k-dimensional data and latent spaces.

3.2.0.2 Spline flows

Another method is to represent transforms as a series of monotonic spline functions
[234, 235, 236]. This method leans on the possibility of having any function f to

perform the transform in equation 3.5 given it is easily invertible and is differentiable.
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Examples of spline or piecewise functions used include cubic splines [236], piecewise

polynomials [235] and neural splines [234].

In the cubic spline case [236], each of the K segments of the splines which describe
the transform f are monotonically increasing cubic polynomials. By defining K + 1
points in the data and latent spaces {(xy, zk)}kkzo as the joining pieces between the K
segments, one can construct a differentiable cubic spline which passes through these
points and is monotonic between points. The spline function is constructed of K
piecewise segments, where each segment is a simple function which meet at define

start x; and end x;,1 points. A cubic spline transform can be expressed as
fi = @iy + @iy (X — xk) + apy (x —x)+ 4 gy (X — xi)K (3.12)

such that the derivative is

df(x — xi)

y = gy + 208, (X —xk) + oo+ (K + Dag, (x — x) KL (3.13)
X

Via equation 3.6, the log of the absolute value of the Jacobian for a series of transforms
described by equation 3.13 is the sum of the logarithms of equation 3.13, akin to
equation 3.11. Evaluating the data space X at location x involves finding the segment

in which x lies and computing the Jacobian determinant of equation 3.13.

3.2.1 Training a normalising flow

We train a Normalising Flow to perform the forward mapping z = f(x, ¢|6) from the
more complex data space X to Gaussian latent space Z. Likewise with the MLP,
we train the flow to minimise a loss which is the measure of the difference between
the Flow’s learned data distribution p?\,ow(x, #|60) and the true target distribution
pf\fue (x). The difference between two probability distributions is measured by the KL
divergence, such that

PR()

X T 3.14
pIv(x, ¢16) (314)

Dir. (P2 (0)||p1™ (x, 616)) = / P (x) log

flow

In training, the Flow’s probability distribution p,°%(x, $|6) is attempting to model

pf\f“e(x) as accurately as possible. The KL divergence quantifies the difference in
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information enclosed within each distribution and is measured in nats. If the two
distributions are identical, the amount of information enclosed is the same and Dkr, = 0.

We wish to minimise the KL divergence between p%ue (x) and pgl(‘)w (x, ¢|0) such that

DkL(pR"®)|Ip™ (x, 616)) = <10gp3§ue(x)> - <10gpfiv°w(x, ¢|9)>
x~phe () - pe ()

(3.15)

where the angle brackets take the Monte Carlo sum for the average probability over

samples from the target distribution p}“ue (x) given the target and Flow distributions

respectively. The first term of equation 3.15 is constant, as the target probability

distribution is static and is the probability distribution which we are training the flow

relative to, and so can be neglected. As we train the Flow, the second angle bracket

term evolves and we incorporate this into our loss

L = Dxr(pg" Py (%, 416)). (3.16)

Given equation 3.15 and neglecting the first angle bracket term, we find

N
1 flow
L~ Y ;logpx (x, 00). (3.17)

where the Monte Carlo sum is approximated by finding the average loss over N discrete
training data points from the data distribution for x; € {x} where i = (1,...,n). By
taking the logs of both sides of equation 3.5 and then substituting in, we find

af(xi,me))'.

o (3.18)

L~ —% Z‘ log pz(f (x:, $10)18) +log

det (

We minimise the KL divergence via back-propagation, as introduced in section 3.1.1,
optimising the weights and biases of the network hyperparameters. The inclusion of the
conditional term, ¢, does not affect the optimisation of the network hyperparameters,

¢. Once trained, the Flow then allows us to perform two main operations:

e Sampling: Sampling points in the data space X involves sampling points from
the latent space Z where z ~ pz(z) and then performing the inverse transform

x = £z, ¢) to return samples x px(x).



Encoder Decoder

Input Output
data data

Figure 3.3.1: Input data with n attributes is passed into an encoder with initial layer
size of n neurons. The number of neurons in subsequent layers decreases to a reduced-
dimensionality latent representation of the input. The decoder then reconstructs the
latent representation to an n dimensional output.

e Fwaluating the probability density of points: evaluating the probability density
of a point x in the data space X requires evaluating px(x, #|6). This is found
via equation 3.5, where we compute the inverse transform (f(x, ¢|0)|@) and the

Jacobian determinant.

The two methods of sampling and evaluating with a Flow model are different operations
in the same space. Clarifying the differences between these operations is particularly

important for discussion in chapter 5.

3.3 Autoencoders

An autoencoder is a ML model which is a variant of the traditional fully connected
neural network. A standard autoencoder consists of two main parts, an encoder and
a decoder, where each are typically mirrored architectures of each other. This is
illustrated in figure 3.3.1: the encoder takes training data of n parameters as n input

neurons and condenses the data to a lower dimensionality latent space representation
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on the output. The decoder then accepts points from the latent space as input and
decodes the information to the same dimensionality as the input training data to the
encoder. The goal of a standard autoencoder is to reconstruct the training data given
as input as accurately as possible in a bottleneck-like workflow. The network, similar
to previous discussion, is trained to minimise the loss; in this case it is the error on
the output of reconstructing the input data. This is given as the mean-squared error

loss [237| of a batch of training data
1 2
S C—x)?
MSE = — ;:1 (yi — %)) (3.19)

where x; is the it training data sample in a batch and y; is the output of the
autoencoder given the x;, averaged over D total instances in a batch of training data.
The loss of each data sample is averaged over all the dimensions of the input/output,
returning a singular loss. In passing a batch of data to the autoencoder, we further
average the loss. As discussed previously, the loss is back-propagated in order to
optimise the weights and biases of the network to allow the network to reconstruct

the input data as accurately as possible.

With linear fully-connected layers, an autoencoder essentially is an MLP with a
bottle-neck-like structure designed for data compression. However, it is simple to
incorporate layers of different architectures, for example convolutional or recurrent
layers. This then makes the autoencoder suited to image compression or anomaly

detection [211] of time series, for example.

Once trained, the latent space of a standard autoencoder can be used as a reduced
dimensionality representation of the input, which non-linearly encodes the key infor-
mation to be able to uniquely reconstruct any piece of data. Due to this, autoencoders
are effective tools for simple data compression, due to their flexibility and the presence
of non-linear activation functions. However, sampling any region of the autoencoder
latent space without knowledge of its boundaries, structure or general shape may
result in decoding regions of the space which returns an invalid or nonsense output.

For this reason, an simple autoencoder is not by-nature generative.



A wvariational autoencoder, however, combines the generative mechanism with the
autoencoder architecture [238]. Instead of training the encoder to output a latent
space vector, a variational autoencoder is trained to output the mean u and standard
deviation o of a Gaussian distribution N (u, o). During training, the Gaussian that
is defined by the latent outputs of the encoder is then sampled from z ~ N(u, o)
and the sample z is then passed to the decoder, as in a regular autoencoder, to be
decoded. The loss function of a variation autoencoder is composed of two parts: the
MSE quantifying the reconstruction error and the KL divergence between the learned

latent distribution and a unit Gaussian

D
Lvag = %;(y,- )% + Drr(N (s ) [N (0, 1). (3.20)

The latent space of a trained autoencoder is therefore Gaussian (or very close to this)
such that when one encodes a series of data points to the autoencoder latent space,
the latent space appears Gaussian, where similar inputs are encoded to similar regions
of the autoencoder latent space. In a regular autoencoder, there is no restriction on
the construction of the latent space by design, and so similar inputs may likewise

cluster, but not in any defined way.

A conditional variational autoencoder is a further extension to this, where the
latent space is again trained to be Gaussian, but latent vectors are encoded given
a conditional label y [239]. The latent distribution is then sampled relative to this
condition z ~ N(u, o|y) and the sample z is decoded. While this remains a conditional
generative model, a conditional variational autoencoder is not tractable [240] like a
Normalising Flow, and one is not mapping from input to learned latent representation
and back, but rather in one direction through two network structures (encoder and
decoder), introducing more sources of error. Additionally, the conditional variational
autoencoder latent space is limited to be a parameterised probability distribution with
mean u and standard deviation o, or some other similarly parameterised distribution
[241] . This can be restrictive for problems which are better suited to more complex

or multi-modal latent representations.



3.4 Current applications of Machine Learning in
gravitational wave science

We focus our review of the broader use of ML for data analysis particularly on GW
data analysis and instrument science. Over the past decade, many ML pipelines have
been introduced to either support and accelerate or offer a completely new method of
performing GW data analysis. We discuss some key challenges of GW detection and

analysis and introduce some ML techniques which aim to combat this.

GW detection is limited by fundamental sources of noise which are inherent to
the detector design and hardware (discussed in chapter 1 section 1.2). Also limiting
are the presence of detector glitches, bursts of noise in the detector which can appear
signal-like or which crop-up at regular intervals with no known source [242]. These
instances of noise have magnitudes comparable to that of the desired signal and appear
in the detector’s sensitivity band [243], impacting real signal detection. Gravity Spy
[244] is a pipeline which utilises a data set provided by ‘citizen scientists’ - volunteers
who label ‘images’ of detector glitches relative to some provided examples. The
result is a labelled training data set of GW detector glitches in the time-frequency
domain [245]. This data set is used to train a convolutional neural network which
classifies glitches present in the GW detector. Once trained, the tool can be used to
quickly sift through instances of excess power measured in the detector and to then
identify glitches and their periodicity. Recent glitch investigations using other ML
techniques including autoencoders have also investigated whether auxiliary channels
of the interferometer (channels which record the behaviour of sub-systems of the
interferometer, rather than the strain h) can improve our understanding of glitch

sources and common theses amongst glitches [246].

Different GW signal types have their own challenges related to their detection.
CBC signals are the only signal type to be detected thus far. As discussed in chapter
1 section 1.2, the general signal types - CBC, burst, continuous and stochastic -
fall into two broad categories: modelled and unmodelled signals. Burst GWs are

short-duration and are unmodelled due to the unknown or complicated astrophysical
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processes associated to their source. The uncertainty associated to a signal of this
type makes it difficult to confidently identify such a signal relative to noise. The
burst low-latency pipeline MLy of [247| also uses a convolutional neural network to
perform real-time analysis of unmodelled burst GWs from, for example, core-collapse
supernovae and cosmic strings. Low latency analysis benefits from use of ML models
due to rapid processing of large amounts of data and identification of generic patterns
within said data. The convolutional network identifies generic signal morphology
of the unmodelled signal while an additional statistic quantifying cross-correlation
amongst ground-based detectors improves confidence in the result. The pipeline loosens
strict requirements of well-modelled identification of signal and instead focusses on
identification of excess noise, generic morphology and correlation amongst detectors.
Their tool has competitive sensitivity to standard burst pipelines [248| and can operate

on suitable timescales for low latency (around 1 second).

In contrast, CBC signals have been detected in vast numbers (at the time of
writing, the LIGO-Virgo-KAGRA collaboration had declared more than 200 confident
detections of GWs from CBCs [39]). Commonly, matched filtering techniques [249]
are used to identify CBC signal amongst noise, but this requires a very large bank of
template waveforms of all potential GW signals from sources with a variety of properties.
As our detection of CBC signals becomes more sensitive and extends to broader regions
of or makes for a higher dimensionality parameter space, especially in next generation
ground-based detectors, matched filtering becomes a more expensive method for
detection, as our template banks need to therefore increase in size and/or dimension.
An application of ML to improving matched filtering has already been attempted [250].
Alternatively, full ML pipelines have been developed to have lightweight and rapid
identification of CBC signal (once the network is trained) [251, 252, 253, 254, 195, 194].
The different pure ML methods developed vary in their details, but often suffer from
biases which inhibit generalisation and therefore detection quality over the broad prior

range of all potential GWs observed from CBCs [194].

Parameter estimation investigates the properties of the source which produced the

GW signal. Pipelines like Bilby [255] and LALInference |?] calculate the posterior
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probability of source parameters, for example masses and spins, through evaluation of a
Bayesian likelihood. ML techniques for parameter estimation aim to speed up existing
sampling methods (for example [256]) but also to complete a whole independent
analysis [257, 258, 259]. The authors of [199] use a Normalising Flow to return
a posterior distribution on parameters of a BBH merger in seconds, compared to
traditional analysis time scales of ~hours. Their Flow is trained to map parameters of
a GW signal to a Gaussian latent space conditioned on an embedding of the simulated
waveform that is associated to those parameters with added detector noise. While
training is expensive (~ 10 days on NVIDIA A100), PE can be repeatedly performed
for individual events after this, with very quick turn-around time of around 20 s per
GW event. This workflow has recently been extended to PE of BNS mergers in [258]
with similar work completed in [3] including extension to neutron star equation of

state (EOS) inference.

Astrophysical interpretation of cosmological parameters [260, 261] and GW popula-
tion properties [262, 263, 264] also make use of ML tools, which broadly speed up not
only individual analyses but also hierarchical methods [265]. Population analyses suffer
from large computational cost due to handling whole populations of (simulated) GW
observations - a cost which only increases as, again, detectors improve in sensitivity
and we observe more events over a broader parameter space. ML techniques are
particularly useful here, introducing flexibility in the ability to emulate a complex
distribution of population and cosmological parameters at a considerably reduced
computational cost. Once modelled, we can then which would be otherwise costly to

evaluate.

Next generation detection and analysis of GW signals will need to consider improved
detector sensitivity meaning longer signal duration [59] and a larger number of observed
signals [183], with the potential of not only identifying new signal types but also of
uncovering new physics. Investigations into how ML can help with such analyses are

already underway [266, 267, 268, 269, 270).



3.5 Conclusion

We have introduced ML methods and how these may be applied to scientific data
analysis. ML methods in the era of modern scientific discovery, with vast quantities
of data and multi-messenger observation, offer efficient and rapid solutions. We
introduced the fundamental building blocks of neural networks and what it means
to train one - and how to train one well. This involves crafting a network which
has appropriate structure relative to your problem, having plenty of training data to
work with, and then optimising the network relative to figures of merit (primarily the

training loss).

We also introduce two important network types: Normalising Flows and autoen-
coders. Normalising Flows are a generative ML model used for density estimation of
complex data distributions. The neural network that underpins a Flow is trained to
perform the forward mapping from complex multi-dimensional data space to simple
Gaussian latent space of the same number of dimensions. By quickly and easily sam-
pling from a multi-dimensional Gaussian, one can perform the inverse mapping using
the Jacobian determinant to then return samples from the complex data distribution.
We highlighted conditional Normalising Flows in particular, as the association of label

to complex data samples will be particularly important in later chapters.

We introduce autoencoders next, a neural network with a bottle-neck like structure,
trained to pass input data through a smaller dimensional latent space and out again, so
to reconstruct the input data. These networks are adept at both anomaly detection and
dimensionality reduction, which we will cover in particular in later chapters. We finally
summarise the uses of ML in the field of GW data analysis. Not only has ML been
prominent in the development of new tools to solve otherwise computationally intensive
problems, it has additionally supplemented existing pipelines to accelerate analyses.
In the next chapter, we demonstrate how a Normalising Flow can allow us to infer
the neutron star equation of state very quickly using PE samples from observations
of binary neutron star mergers. This is a very quick and model-agnostic tool while

additionally allowing us to perform the inverse problem of inferring the equation
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of state from individual neutron star mass and tidal deformability measurements.
In later chapters, we demonstrate how an autoencoder can compress complex and
highly-detailed neutron star equation of state data before applying the Flow method

to hierarchical inference of the neutron star equation of state.
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Chapter 4

Rapid neutron star equation of state

inference with Normalising Flows

Observations of CBC signals containing at least one NS were, prior to the first
Advanced LIGO and Virgo observing runs, thought to be the most likely candidates
for detection [271|, with the LIGO-Virgo collaboration predicting 0.0004 — 3 BNS
detections during the first observing run, assuming ‘optimistic astrophysical rates’
[272]. As discussed in chapter 2, prior to the detection of any GW signal, much effort
was devoted to anticipating just how well we could constrain the equation of state of
high density nuclear matter with incoming GW signals from BNS mergers, and how
many signals would be necessary to do this to a significant degree. Much of this work
was based on numerical simulations of BNS mergers and then subsequent Bayesian

analysis assuming steady rates of observation of BNS mergers in the observing run of

advanced LIGO discussed in chapter 2 section 2.2.1.

The first observing run [53] instead saw two BBH mergers, and the improvement
in sensitivity of the Advanced LIGO and Virgo detectors prior to the second observing
run [273] brought 3 more BBH signals, along with the first highly anticipated BNS
merger [54]. As introduced in chapter 1, GW170817 was identified through matched
filtering of the observed strain data with known template gravitational waveforms.

The signal remained in the sensitive frequency range of the detectors for more than a
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minute before eventual merger, with an SNR of 32.4 - the loudest GW event observed
at the time [83]. The operation of a three-detector network at the time of observation
(both Advanced LIGO detectors in North America as well as Advanced Virgo) allowed
for precise sky localisation of the event - an area of 28 deg? - providing EM astronomers
with the opportunity to search for associated counterpart signals. GW170817 was
followed by a short gamma-ray burst (GRB) [88, 89] alongside emission in the x-ray,
ultraviolet, optical and radio bands [176] originating from the host galaxy NGC 4993
[274]. The breadth of observations of this single event across different wavebands
supported the existing evidence provided from the gravitational wave signal that

GW170817 was the merger of two NSs.

PE of the GW signal, discussed in chapter 1 section 1.4.1, uncovered individual
masses of the components to be m; € (1.36,1.60) My and mo € (1.17,1.36) Mg

assuming spins of the component stars are low (y < 0.05), with total mass of the

4+O.04

001 Mo, both measurements to 90% confidence [54]. These align with

system 2.7
current measurements of NS masses [120], mostly dominated by radio observations of
galactic NSs (discussed in chapter 1 section 1.4.2), and further suggest that the two
components of the binary are indeed NSs. However, in the announcement of GW170817
[54], the authors do not exclude the potential of GW170817 being composed of more
exotic compact objects [275], for example quark stars [276] or boson stars [277, 278|.
For the entirety of this chapter, and indeed this thesis, we will assume GW170817 is

the result of two coalescing NSs.

Announcement of the first observation of a BNS merger facilitated many indepen-
dent investigations to infer the equation of state of nuclear matter (|279][280]|181]
for example). This included the LIGO-Virgo collaboration’s complementary analysis
to that of the original announcement [4], discussed in chapter 1 section 1.4.1. By
assuming the astrophysical origin of the event and that the equation of state of NS
matter is universal, they can more-so constrain the inference of the dimensionless
tidal deformability and thus the equation of state through integration of the TOV
equations. They also discuss another method involving the parameterisation of the

equation of state; by direct estimation of equation of state parameters during PE,
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one can then reconstruct a parameterised equation of state posterior. Both of these
methods are discussed in detail in chapter 2 section 2.2.1.2. Both of their results, first
assuming universal relations and inferring tidal parameters and secondly inferring
equation of state parameters and enforcing physical constraints, prefer softer equations
of state and suggest that the combined dimensionless tidal deformability parameter,

A (introduced in chapter 1 section 1.3.1) is small.

Inferring macroscopic parameters of the NSs in PE and integrating the TOV
equations to return an equation of state posterior adds an additional computationally
expensive and time-consuming stage to equation of state inference. PE of source
parameters of a BNS system is already by nature expensive, relative to PE for a
standard BBH signal, for example, due to the larger parameter space; typically, a BNS
PE run requires 107 likelihood evaluations [125]. Along with integration of the TOV
equations to return the equation of state posterior, which takes around ~ 1 second per
equation of state [281], the entire method becomes temporally and computationally
expensive for large data sets posterior samples from GW events, typically 1000s
of samples. Alternatively, inferring the equation of state parameters during PE
returns a posterior on parameters of the spectral equation of state parameterisations
alongside macroscopic parameters of the system, increasing the dimensionality of
the likelihood space, and therefore increasing the computational complexity of the
sampling. This also strictly represents the equation of state posterior in this relatively
simple parameterisation, and does not incorporate more complex physics. Methods to
infer the NS equation of state from GW170817 that followed [4] and their efficiency

are reviewed in chapter 2 section 2.2.1.2.

In this work, we use ML methods to rapidly infer the NS equation of state once
PE samples of the macroscopic parameters of the system are available from a GW
observation of a BNS merger. We train a Flow to learn the mapping from equation
of state space to standard Gaussian latent space conditioned on event information
associated to each equation of state - namely the mass, m, and dimensionless tidal
deformability, A, of each component. Once the Flow is trained, we can sample from

the latent space conditioned on PE samples from a BNS event and return the equation
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of state posterior in less than 1 second, significantly lowering the computation cost
compared to non-ML based inference pipelines (see 2 section 2.2.1.2). In addition to
returning an equation of state posterior quickly, the method is inherently flexible; the
Flow can be trained on any equation of state parameterisation, or on a collection of
multiple equation of state models. We additionally use a data compression scheme
which decomposes the training equations of state into an independent set of parameters
which do not depend on the equation of state parameterisation but rather the common
morphology. Fast and model agnostic inference of the NS equation of state complements
the current growth in low-latency PE as a method for informing potential EM follow-up

of BNS merger events.

4.1 A recap of Normalising Flows

As introduced in chapter 3, a Normalising Flow is a generative ML model which learns
the invertible and tractable mapping from a given N-dimensional complex distribution
to a simpler latent distribution of the same dimensionality. This mapping is performed
by a series of transforms, which are described by neural network hyperparameters,
namely the number of neurons, transforms and residual blocks per transform. In
training, a conditional Normalising Flow learns to map samples x from the data space

X to a standard Gaussian latent distribution Z, conditioned on label y, such that:

) = pzi (i) aer 2252, (1.1

where f is the function which describes the mapping from data to latent space,
f: X — Z. The Jacobian of the function evaluated at sample x in the data space is

af(xly).
ox

given by the partial derivative we require the Jacobian determinant to remain

tractable and easily computable for successful inverse sampling.

In this work, we train a conditional Normalising Flow to map a parameterisation
of the equation of state plus additional parameters, constituting the data space
Q, conditioned on component masses and tidal deformabilities of a BNS system,

6 = [m1,mo, A1, A2], such that we train

(4.2)

3f(9|9))‘
0Q '

Paie(Q16) = pzie(F(Q10)19) ‘det(
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The Flow is trained to learn the forward mapping - the transformation of a 10—dimensional
reduced equation of state data space (which will be introduced in detail in section
4.2), Q, to Gaussian latent space Z, conditioned on event information associated to a
given equation of state, 8. Once trained, the Flow performs the inverse transform; a
latent space sample z is drawn from the 10-dimensional Gaussian latent space which
is inversely mapped to an equation of state sample Q conditioned on event sample 6.
This process is repeated V6 € p(6|h), where h is GW strain, given that samples 6 lie
within our training prior bounds (discussed in detail in section 4.3.1) to build up an

overall equation of state posterior, p(€|6).

4.2 Data

The training data for the conditional Flow requires two data sets; one which represents
the data space, Q, which the Flow maps to the Gaussian latent space, Z, and another
for the conditional labelling of each mapping, 8. Our data space which we wish to map
is that of the equation of state, where the conditional labels are event information
associated to each equation of state. We will first discuss the details of the equation
of state data and its compression before discussing the processing of the conditional

labels.

The equation of state training data, presented in figure 4.2.1 consists of 10°
equations of state varying in energy density on a fixed grid of pressure values. Each
equation of state is a piecewise polytropic parameterisation [146] constructed of 3
pieces with transition densities at 5 x 10 g cm™ and 10'® g em™. Each piecewise
polytrope is stitched to a common crust equation of state at 6.7 x 1013 g cm™, defined
by the SLy4 equation of state [143| (see chapter 2 section 2.1). The choice of piecewise
polytropic equation of state in this analysis reflects the wide use of this equation of
state parameterisation in the literature, however the analysis facilitates the use of any
equation of state, given that the user is aware the choice of equation of state prior in

this Bayesian analysis will ultimately influence the final equation of state posterior.

Each equation of state in our training data set has a maximum allowed density, pmax,
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Figure 4.2.1: Plot of pressure vs. density of all 10° equations of state in the training
data prior in blue, with highlighted examples in purple. The training prior bounds are
in light pink, representing the stiffest (upper) and softest (lower) equations of state in
our training data set. Each equation of state is stitched to the common low density
crust equation of state SLy4 [143] at 6.7 x 10'3 g cm™ and is constructed of a 3-piece
polytrope.

which defines the maximum density at which the equation of state is thermodynamically
stable and causal (concepts discussed in the introduction of chapter 2). This maximum
density is directly related to the maximum allowed mass, m,,,,, of the NS for this
equation of state (see chapter 2 section 2.2 for discussion of maximum mass of a
NS). To select an event associated to this equation of state, one uniformly samples
component masses mi and mo between 0.5 Mg and m,,,,, where mq > mo. The choice
of 0.5 Mg as a lower limit was chosen so to match that of [4]. Setting these prior
bounds define the region within which we can conditionally sample with the Flow: we
cannot trust the Flow to behave well when evaluating out-of-distribution (OOD) data.
This includes both evaluating the equation of state data space beyond the bounds of

the training data distribution or conditionally sampling in-distribution equation of
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state data given OOD conditional data.

Given a table of energy density for each equation of state in the training data
set, we interpolate the relationship between energy density and mass (relationships of
macroscopic parameters for each of the equations of state are found by solving the
TOV equations for each equation of state in the data set). The maximum allowed
density is defined via interpolation of the maximum allowed mass. Once found, the
component masses m; and mg are sampled uniformly between a lower limit of 1 Mg up
to the allowed maximum mass for a given equation of state, and likewise interpolated
with respect to energy density to find the central energy densities of each of the
component NSs, p; and ps. Similarly, the maximum allowed density pqy is found via
interpolation of the maximum allowed mass and these three parameters are collected
to form a set of auziliary parameters, which will contribute towards the Flow’s training
data space, Q = [EOS, p1, p2, Pmax]- The energy density and tidal deformability are
likewise interpolated and the central energy densities for each NS are mapped to the
component tidal deformabilities, A; and Ao, where inversely to the mass convention,
A1 < As. The full set of conditional training data is presented in figure 4.2.2. We
present the 4-dimensional conditional data space as 6 = [my,mo,log A1, log As] to
reduce the dynamic range of the tidal deformability parameters. The conventions are
clear in the strict boundaries at my = mg9 and A; = Ao, upheld by the mass convention

and interpolated to the tidal deformability parameter.

This scheme is such that each equation of state is associated to a single BNS event
[m1, ma, A1, Ao] for the purposes of training. Alternatively, one could generate single
NSs associated to each equation of state, or data related to an NSBH (which would
involve different mass priors for each component and a tidal deformability of 0 for
the BH). The scheme also allows for simple data augmentation; one does not have
to stop at 1 BNS event but can generate many, so to show the Flow many different
events associated to each equation of state. Figure 4.2.3 shows what many events
associated to 1 equation of state looks like in the m — A plane; this is analogous to
the pressure-density plane and is indicative of the type of relationship we are training

the Flow to identify.
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Figure 4.2.2: Corner plot of 1- and 2-dimensional marginalised distributions of
[my1,ma,log(A1),log(A2)] conditional training data. Extending outwards, each of the
contours represent 68%, 95%, and 99.7% probability.

4.2.1 Using principle component analysis to compress the

data

To reduce the complexity of the training data before passing to the Normalising
Flow to learn the mapping, we wish to compress the equation of state data without
losing unique information associated to each individual P — p relationship and over-
generalising. Reducing the dimensionality of the data space the Flow will be trained

to learn has a direct impact on the training time and simplifies the input data
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Figure 4.2.3: Plot of mass vs. tidal deformability of an example equation of state
in the m — A plane. Each purple square and pink circle represent component 1 and
2 of a BNS event respectively, where m; > my. There are 10 events presented, each
generated to be associated to the same equation of state from the training data set

via the interpolation scheme discussed in section 4.2, the relationship presented as a
black dashed line.

such that the model is required only to learn necessary features of each equation of
state. To reduce the equation of state training data to a size more conducive for the
training of the Normalising Flow, we use principal component analysis (see [282] for a
comprehensive introduction). This method allows us to decompose the multivariate
training data set of M equations of state from N points in density (along the pressure

grid) to d orthogonal principal components, where d < N.

We can define our equation of state training data as a matrix, £, with dimensions
M x N, where each row is an equation of state from our training data, and each column
represents one of the 300 points along each of our equations of state in P — p. We

find the covariance matrix, C, of our training data Q which is a symmetric matrix
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with dimensions M x M, which describes the covariance of the i™ and j™ equations
of state, €; and Q;, from the training data, s;;, in upper and lower triangles. The

matrix diagonal elements, s?, describe the variance of the i*! equation of state [283]

such that
2
S1 $12 ... 81§
521 s% e 82j
C = (4.3)
2
_Sjl Sj2 ... SM_

We find the M eigenvectors of the covariance matrix C, where the eigenvalue associated
to each eigenvector informs us how much variance is aligned with each eigenvector. The
more variation quantified by a given eigenvalue, the less informative the eigenvector
is. Therefore the eigenvalues associated to each eigenvector are inversely proportional
to the quantity of information encoded in the eigenvector. The eigenvector with
the largest eigenvalue is the first principal component; this component describes
the most variance of the equation of state parameter space. The second principle
component is the eigenvector with the second largest eigenvalue, and so on, until we
have d principle components which describe the maximal variance of our training

data.

We use the scikit-learn [284| implementation of Principal Component Analysis
to compress the 105 points along each of the 10° equations of state in the highest
density region (105 points of piecewise polytropic equations of state) to a linear
combination of 7 orthogonal principal components, plotted in 4.2.4. These 7 principal
components are the 7 most prominent eigenvectors to describe the distribution of the
10° training data points. The figure presents the data space distribution which will

be modelled by the Flow, alongside three auxiliary parameters (not plotted here).

The number of principal components were selected relative to their respective
explained variances; each principal component explains a magnitude of variance of the
space. Figure 4.2.5 shows the cumulative explained variance ratio of the 7 principal
components used for our equation of state training set. We demonstrate how one

wishes to select a number of principal components which describe the parameter space
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Figure 4.2.4: Corner plot of 1- and 2-dimensional marginalised distributions of the
7-dimensional PCA-compressed equation of state training data. Each component has
been scaled to mean 0 and standard deviation 1. Extending outwards, the contours
contain 68%, 95%, and 99.7% of the samples.

as fully as possible, without selecting so many as to overwrite the goal of compressing
the high-dimensional space. The selection of 7 components in this case, was optimal
for the magnitude of information preserved but also with regards to the input to the
Normalising Flow. Together, the 7 principal components account for 99.975% of the
variation of the training data set. Reducing to 6 components accounts for 99.96%,
and increasing to 8 components accounts for 99.98%. We choose 7 as a middle-ground

number of parameters which account for greater than 99.9% of variation in the data
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Figure 4.2.5: Number of principle components used to represent the equation of
state training data vs. cumulative explained variance ratio for 1 to 10 principle
components. The inset plot presents the cumulative explained variance ratio for
principle components in the range [5,10] on a smaller y-scale. The 7 principal
components used in the analysis a cumulative explained variance of 99.975% of the
original training data.

set with a reasonable number of parameters. Chapter 5 discusses the quality of data

compression via PCA compared to other Machine-Learning-based methods.

Once compressed, the reduced-dimensionality representation of the equation of
state is collected alongside the auxiliary parameters. The auxiliary parameters are
logged before being incorporated into the larger data set to reduce their dynamic range;

01415 orders of magnitude different

by nature, p1, p2 and ppax are on the scale of 1
from the scaled principal component (PC)s (see figure 4.2.4). The 10-dimensional
data set constitutes the data space, Q = [PCA1_7, p1, 02, Pmax], Which we wish to
map to the Gaussian latent space, Z, with the conditional Normalising Flow. Each

of the 10 dimensions of the data space are scaled to zero mean and unit standard

93



deviation, respectively, to have all dimensions of the data be on a comparable scale.
This is standard good-practice and has been found to improve the Flow’s ability to
train. Similarly, each BNS event associated to each equation of state (a 4-dimensional
vector consisting of [m1, ma, log A1, log Ag]) likewise has each parameter independently
scaled to zero mean and unit standard deviation, where Aj 2 are also logged firstly

before being scaled to reduce their dynamic range.

4.2.2 Hyperparameter selection and optimisation

A Flow model was initially trained with 11 transforms, 4 blocks per transform and 50
neurons. The model was trained for 5000 epochs at an initial learning rate of 0.005
which was decayed to 0 over the course of training with Cosine Annealing. A batch
size of 4096 was used. Over the course of training, the training and validation losses
were both found to decay appropriately but with large KL divergence between the
learned latent space and a standard Gaussian. Training and validation losses for this
model, named the ‘complex’ model, alongside that of the simple model (discussed
later), can be found in figure 4.2.6. In this figure, the purple training and validation
losses reach a lower loss than of an alternative model, given in blue. This appears
to suggest the Flow trained to produce the purple training and validation losses is
performing better, however, further tests proved this not to be the case and rather

that the complex Flow, was overfitting.

To find a new model whose performance improved upon that of the complex model
in minimising the KL divergence and in testing (discussed more in the following sec-
tions), hyperparameter sweeps were performed using the hyperparameter optimisation
software, Weights and Biases (or wandb) [285]. wandb runs training iterations of the
Flow many times over with a different model architecture each time. The hyperpa-
rameters for each model are initially selected uniformly from a range defined by the
user, and each subsequent model’s hyperparameters are selected depending on the
performance of a chosen figure of merit in the previous training iteration, for example
validation loss. The method through which Weights and Biases selects the next set of

hyperparameters relative to the user’s chosen figure of merit can also be defined by the
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] | Hyperparameter range |

Number of neurons [128,256]
Number of transforms [2,6]
Number of residual blocks [2,4]

Table 4.2.1: Table of ranges of neurons, transforms and residual blocks sampled in
hyperparameter optimisation with Weights and Biases.

user; this can be entirely random or can be selected via Bayesian optimisation. For
this work, Bayesian optimisation was used with the goal of minimising the validation
loss. At the end of a hyperparameter sweep, the user has access to figures of merit
of interest for each model, so to compare overall performance and find an optimal
model architecture. Hyperparameter sweeps through different model architectures are
useful in helping the user to understand why a given model learns the data space, X
(or learns the mapping of your data space to a unit Gaussian) better than another.
Understanding, for example, why one data set may require more neurons in the
Flow architecture as opposed to more transforms can promote interpretability of the
model’s understanding of the underlying data distribution, and also improve the user’s

understanding of the data.

A hyperparameter sweep of different models aiming to learn the conditional
mapping from equation of state space to a standard Gaussian was performed with
hyperparameters sampled uniformly in the ranges given in table 4.2.1 . The sweep
was run with the aim of reducing the validation loss, so to avoid overfitting. Weights
and Biases allows users to toggle what figure of merit is of interest to discover what
hyperparameters are most important relative to this figure of merit. We investigated,
for this purposes of finding a suitable model for this Flow’s training, what models in
the hyperparameter sweep performed best relative to minimising the KL divergence.
It was found that the number of neurons and number of transforms were negatively

and positively correlated with the KL divergence, respectively.

As a result of a hyperparameter sweep, a smaller network architecture was found to
be optimal for our problem. As such, a Flow, hereon the ‘simple Flow’, with 2 blocks

of 3 transforms with 151 neurons was trained. The network was, likewise with the
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complex model, trained for 5000 epochs with an initial learning rate of 0.005, decayed
over training to 0 with cosine annealing. The network was also found to benefit from
the use of the nflows attribute LULinear = ‘lu’; this accounts for correlation in the
auxiliary parameters and avoids overfitting [286]. The use of this attribute in training
the Flow was found to improve the minimisation of the latent KL divergence, between
the learned Gaussian latent space and a true Gaussian distribution, as shown in figure
4.2.6 (b), which shows a smaller KL divergence of the simple model (blue) compared
to the complex model (purple). Figure 4.2.6 (a) shows a larger overall training and
validation loss for the simpler model (blue) but a smaller gap between training and
validation loss than that of the complex model (purple), demonstrating improved

generalisation (no gap between higher validation and lower training losses).

4.3 Inference

4.3.1 Convex hull around conditional data space

In using the Flow for inference and for conditionally sampling given some event
information, we want to be sure the event information we are using to conditionally
sample from the Flow are from within the training data prior bounds on the con-
ditional space. In section 4.2, we discussed the prior bounds which we generated
6 = [m1,ma,log A1,log Az] training data from; the subsequent conditional training
data is presented in figure 1.3.3. In inference, we can then conditionally sample the
Flow using any conditional label, Q ~ p(€Q|6), provided 6 belongs within these bounds.
These bounds represent a physical boundary, within which all possible BNS events lie.

Therefore, this is a boundary we wish to enforce through use of a convex hull.

A convex hull describes an N-dimensional convex set in which all points that
constitute the set and all lines that connect any two given points within the set all lie
within the bounds of the set (hull). As such, one can walk between any two vertices
(or points) within the hull without stepping outside of the hull. From [287], a convex
shape is defined as:

Theorem 1. A set P C R? is convex if pq C P, for any p,q € P.
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a function of training epoch for the simple (blue) and complex (purple) models.



By constructing a convex hull with the conditional training data set 6, we create a set
which encloses all training data points and the space between them. We construct
a convex set, H: the smallest convex set that encloses out training data set ®, and
is the convex hull of ®. We use the scipy.special implementation to construct
a convex hull around the [m1, ms,log A1,log Az] training prior. Once constructed,
[m1,ma,log A1, log A2] event samples can be assessed as to whether they lie within
the bounds of the convex hull or not (a boolean result). This ensures that conditional
data we use in inference is physically motivated and so expect the Flow be able to

sample within the training prior bounds.

4.4 Training the Normalising Flow

Different Flow architectures were trained and tested on a variety of figures of merit
before settling on the optimal network architecture. As discussed in chapter 3 3.2,
network performance is assessed relative to training and validation loss performance,
the latent KL divergence between the learned latent representation and a true Gaussian,
as well as the performance on the task the model has been trained to complete - in

this case, conditionally sampling Q ~ p(€Q|6).

Two Flow architectures were investigated for the purpose of this work. The first
architecture, the complex model, was found to struggle in sampling equations of
state when given conditional data from certain regions of the mass-tidal deformability
space. It became apparent that the complexity of the Flow meant that it overfit
to the conditional data 6, such that sampling with conditional data which did not
belong to the training or validation data returned out-of-distribution equations of
state. A smaller network was built to tackle some of the sampling issues, which we
refer to as the ‘simple’ model. In developing this model, various techniques were
introduced to the inference scheme to reject unphysical results and ensure that we
were sampling with physically relevant event information. These will be discussed in
the coming subsections. The initial large model was likewise tested with these new
features and with the same learning rate and batch size as the simple model. The

different initialisations of these models and their development alongside testing on the
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required task will be discussed here with results presented.

Once we have a well-trained model, we use the Flow to perform the conditional
mapping: Q ~ p(Q|0). The samples, 6, we wish to map from are PE samples from any
BNS merger event, but first and foremost to test our analysis, we wish to conditionally
samples from the BNS merger event GW170817. The PE samples used are those of
the first Gravitational Wave Transient Catalogue, GWTC-1 [53] [288]. In our analysis,
we use samples of 6 = [m1,mo,log A1,log As] associated to the PE performed with
the frequency domain waveform model IMRPhenomPv2_NRTidal [289] with low-spin
priors. As the analysis was performed post-EM follow-up, the re-analysis of PE for
the catalogue was able to take advantage of the improved sky localisation using the
precise position of the kilonova [176] and redshift associated to the source galaxy to
obtain source-frame masses [290|. The GWTC-1 posteriors, however, do not assume
a common equation of state and as such the mass and tidal deformability of each
component can vary independently. This is accounted for in our pre-processing of
the samples before use in the Flow; our constraints therefore reject around 50% of
all posterior samples by enforcing the m; > my boundary. Posterior samples from
GWTC-1, before pre-processing is applied, are presented in figure 4.4.1. The posterior
samples p(6|h) included in the catalogue uphold our existing mass convention mj > ms
but does not restrict each of the NSs to belong to the same equation of state, so that
A1 2 vary independently. This means that some of the posterior samples from the
event are outwith our training prior bounds. We can see that, due to the loud nature
of the event (discussed in chapter 1 section 1.4.1), the joint m; — my joint posterior is

well-constrained, whereas the log A; —log As joint posterior is much broader.

The first equation of state inference performed by the LIGO and Virgo collab-
orations following GW170817 [4] published PE samples of component masses and
tidal deformability [291]. There are three sets of posterior samples from this initial
analysis, two of which are associated to their parametric approach to inferring the
equation of state of GW170817 (one enforcing the maximum mass of each equation
of state must be > 2Mg, and one not) and one associated to the approach which

applied universal relations, introduced in 2 section 2.2.1.1. We compare our final result
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Figure 4.4.1: Corner plot of 1- and 2-dimensional marginalised posterior distributions
of [my,ma,log(A1),log(A2)] from GWTC-1 for GW170817 in pink with samples
within the convex hull in purple, plotted on the training data prior (blue). The
contours contain 68%, 95%, and 99.7% of the samples.

to their parameterised approach with the maximum mass constraint so to compare
directly to [4]. However, we choose to use the PE samples from GWTC-1 for use in

our analysis as these are the least influenced by additional assumptions/constraints.

We keep only the PE samples from GW170817 which belong within the convex hull,
introduced in section 4.3.1, that describe the bounds of our training data prior in the
m — A space. Figure 4.4.1 also shows samples from the event posterior that lie within

the bounds of the convex hull. By cutting with respect to the convex hull we reject
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4703 (58.2%) posterior samples, 3144 of which are associated to A; < Ag violation
(a convention which we uphold in inference). The remaining points lie beyond the
bounds of which our Flow has been trained on. This could be due to being associated
to regions of the parameter space which our equation of state prior training data does

not support event information for, or may be beyond our lower mass bound.

4.4.1 Assessing inference quality

Table 4.4.1 presents the main differences between the complex and the simple model in
training performance. We compare training time using the same graphics processing
unit (GPU) hardware (NVIDIA GeForce RTX 3090), the difference in training times a
consequence of the size of model trained, alongside the final latent space KL divergence
and training and validation losses reached. We compare the relative model sizes, and
see that the complex model is, indeed, more complex in that it consists of more
transforms, neurons and residual blocks, and therefore takes longer to train. The

learning rate and batch size used in training both models are the same.

Although the initial large model was found to train well with no evidence of
overfitting, the latent space KL divergence was found to reach a minimum of 1.228
nats, where we expect this to be < 1. Some posterior samples returned by the Flow
when conditionally sampling with data from GWTC-1 Qawrc-1 ~ p(Q|0cwTtc-1)
were found to have low outlier values of log-probability. Figure 4.4.2 (b) presents
the log-probability of equation of state posterior samples Qawrc-1 returned by the
Flow when conditionally sampling with PE samples from GWTC-1, 8gwrc-1- There
are clear outliers from the main high probability population of posterior sampling.
Although the log-probability of samples returned by a Normalising Flow in inference
is relative, and a negative log-probability posterior sample is not by definition a bad
result, we set log-probability = 0 a threshold for rejection based on figure 4.4.2 (b),
where there are clear outliers from the general trend of high probability samples. We
use this metric as a complementary indicator of a badly-trained model alongside other

statistically sound indicators (from table 4.4.1, discussed above).

The consequence of retaining low probability samples from Qawrc.1 and projecting
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‘ Complex model Simple model

Training time 2h 38m 1h 11m
Final latent KL div. (nats) 1.228 0.380
Final training loss -27.556 -23.209
Final validation loss -28.641 -22.789
# transforms 11 3
7# blocks 4 2
7 neurons 50 151
Learning rate 0.005 0.005
Batch size 4096 4096

Table 4.4.1: Table to compare the structures of and figures of merit related to the
complex and the simple models respectively.

from the 10-dimensional equation of state space to the P — p plane, is exhibited in
4.4.2 (a), which presents sampled equations of state Qawrc.1 projected to the P — p
plane with behaviour that can be labelled as unphysical. Unphysical equations of
state are those which in the P — p plane violate thermodynamic stability and/or
causality or which extend beyond the prior training bounds (bounds in the P — p).
The source of these unphysical equations of state are thus investigated and we test
whether an equivalent analysis performed with the simple Flow network can minimise

their quantity and influence on the overall posterior.

4.4.1.1 Testing edge-case conditional samples

We test the possibility that the aforementioned unphysical equations of state, pre-
sented in figure 4.4.2, are a result of mapping samples from the Flow latent space Z
conditioned on event samples € which are on the edge of the convex hull constructed
around the conditional training data. We investigate the correlation between the
log-probability of the equation of state sample returned by the Flow and the dis-
tance of the 6 = [my, ma,log A1,log Az] used to conditionally sample the equation
of state space to the edge of the convex hull. This is calculated as the distance of
the my, mo, log A1, log Ag data point to the nearest line segment between two points
belonging to the conditional training data set €, which was used to make the convex
hull H. The convex hull is a hard boundary which essentially constructs a fence around

the edges of the my, ma,log A1, log Ao training prior. This is in contrast to the Nor-
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Figure 4.4.2: (a) Plot of pressure vs. density for Q ~ p(Q|0gwrc.1) from the
complex model projected into the P — p plane. The training prior bounds are given as
dashed purple lines. (b) Histogram of probability of samples Q.
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malising Flow, which constructs an approximate distribution through transformations
of a standard Gaussian, whose bounds extend to [—co, co]. It’s not immediately clear
how well edge cases of the training data set are mapped by the Flow, even though the

convex hull would consider these to be completely viable.

007 log-probability < 0
0 log-probability > 0
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0 L e
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Figure 4.4.3: Histogram of distance to the nearest line segment for GW170817 event
samples which match to a low log-probability equation of state sample in red or a high
log-probability equation of state sample in green with the initial large Flow model.

Figure 4.4.3 presents two histograms of the distance of conditional samples 6 awTc-1
from their nearest simplex. The green histogram corresponds to samples Qgreen ~
P(|0cwTtc-1) which have probability p(Qgreen|@awTc-1) > 0 and the red corresponds
t0 Qreq ~ p(Q|0awTc-1) which have probability p(Qeq|@cwTc.1) < 0. We compare
the outlier log-probability Q.4 samples and high log-probability Qgreen samples
(presented in figure 4.4.2) to their corresponding conditional label’s distance from its
nearest line segment. The respective histograms overlap across the range of distances
that points lie from their nearest line segments, with negative log probability equation
of state samples Q,.q being associated to conditional samples at further distances
from line segments. We find such preference to be very slight, but importantly we
do not find that the low log-probability equations of state samples are associated to
conditional samples which are very close to line segments, in particular closer than

their high log-probability counterparts.

Therefore, it was proposed that there were regions of the 6 = [m1, ma, log A1, log Aa]
conditional space which were not learned well by the Flow. These could be regions

of the parameter space which are not well populated in training, and therefore not
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Figure 4.4.4: 4 plots of different parameterisations of mass m and tidal deforma-
bility A for both components in the conditional training data set, in grey, alongside
GW170817 event samples which map to low (high) probability equation of state
posterior samples in red (green) with the complex model.

well understood by the Flow. Figure 4.4.4 presents different parameterisations of
the condition parameter space, with the prior training points in grey alongside high
and low log-probability points in green and red, returned from sampling the complex
Flow with samples from GW170817, respectively. Different parameterisations of the
space aim to present projections of the 4-dimensional space such that one can find the

appropriate representation which makes clear the region which is not learned well or
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has an abundance of low probability samples relative to high probability. Figure 4.4.4
demonstrates that, firstly, mass and tidal deformability samples which are beyond the
space occupied by the prior p(6), in grey, lead to low log-probability equation of state
samples. This is an accepted truth and one which we use the convex hull to enforce
and to mitigate the use of unphysical conditional samples beyond our training prior
bounds. However, subfigures a, b and ¢ of figure 4.4.4 all present high (green) and low
(red) log-probability samples occupying overlapping regions of the training prior space.
Therefore, none of these parameterisations display the low log-probability samples of
fcwTc-1 occupying a given region of the conditional parameter space within the prior
bounds that high log-probability 6awrc.1 does not. Subfigure d presents the low
log(probability) samples lying beyond the bounds of the training prior and therefore
in agreement with our existing knowledge. Therefore, particularly in plots (a) and (c)
of figure 4.4.4, it appears there are unidentifiable regions of the conditional parameter
space within the prior bounds which the Flow cannot sample confidently, indicating
overfitting; the network appears to be over-complicating the problem and has overfit

to the training data set, lacking the ability to interpolate over the space.

To simplify the problem, a smaller network was trained, the details of which are
given in table 4.4.1. This smaller network trains quickly (in just over 1 hour compared
to 2.5) and reaches a lower latent KL divergence than that of the complex model (see
figure 4.2.6). While the overall training and validation losses reached at the end of
training are greater than that of the more complex model, the training and validation
losses are more in agreement and show no issue in generalising. With the smaller Flow
model, the equations of state sampled with the GWTC-1 PE samples as conditions no
longer have low log-probability outlier posterior samples, as seen in figure 4.4.5 (b),
and can return almost entirely physically viable equations of state, see figure 4.4.5 (a),
with only a few outlier equations of state beyond the prior bounds in P — p, which

can likely we attributed to the intrinsic uncertainty associated to the Flow.
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Figure 4.4.5: (a) Plot of pressure vs. density for Q ~ p(Q|0gwrc.1) from the
complex model projected into the P — p plane. The training prior bounds are given as
dashed purple lines. (b) Histogram of probability of samples Q.
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4.4.2 Removing unphysical results

Despite ensuring the conditional labels are within the bounds of our training data
prior, we may still produce equations of state which lie beyond the training prior
bounds of our equation of state data distribution (see figure 4.4.5 (a)). This is due
to an intrinsic property of the Normalising Flow; we train the Flow to learn the
mapping from 10-dimensional data distribution, Q, which represents our equation of
state and auxiliary parameter information, to a 10-dimensional unit Gaussian latent
distribution, Z. The unit Gaussian is not bounded and so extends [—o0, 0o], meaning
that when one conditionally samples from the Flow, there is a potential of sampling
the edges (low probability regions) of the latent Gaussian distribution z ~ p(z) and
mapping to a low probability region of the data space (beyond the bounds of the
training distribution). The Flow is not trained with respect to hard boundaries in the

10-dimensional space, and so we should expect there to be some leakage.

Low probability posterior samples in the edges of the 10-dimensional equation of
state prior distribution are entirely reasonable outputs from the Flow but can produce
unphysical results when projected back to the P — p plane. To prevent this projection,
we wish to apply a boundary in the 10-dimensional reduced equation of state space
which will retain samples that lie within the bulk of the posterior and exclude outliers,
essentially enforcing a step function prior which does not invalidate the use of the

Flow in generating samples.

4.4.2.1 Gaussian Mixture Model

Gaussian mixture modelling is a probabilistic method used to represent a multimodal
data set as a superposition of unimodal Gaussians [292|. The result is a GMM, a
probability density function of a weighted sum of Gaussian component densities. This
method provides a non-parametric method to model the general shape of a distribution

and identify regions of high/low probability. It is classed as a supervised ML method.

Given dataset x, we may represent the data set with a GMM composed of M
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Gaussians, expressed as
M
p(x) = > wiN (x|, %) (4.4)
i=1

where w; are the individual weights of each Gaussian component, normalised such
that Z,M w; = 1. The Gaussian distribution representing the i*" Gaussian N (x|u;, = ;)
has mean y; and covariance matrix ¥; [293|. Each Gaussian component is represented

by the function

(el £ = ———
8l %) = i

exp {—%(x — )" (x - ,u,-)}. (4.5)

By iterating through sets of GMM parameters to find the optimal set of parameters
which maximise the probability of the GMM at the equation of state training data
points, p(Qraining) = ngl WiN (Qtraining |17, Z;), we find the optimal 10-dimensional

GMM to represent our 10-dimensional equation of state training data [294].

We used the scikit-learn implementation of GMM to model the 10-dimensional
reduced equation of state training prior distribution, Q, with a superposition of
22 Gaussian distributions. In using GMM to model this distribution, we can set
a probability threshold defined by the least probable training prior point in the
10-dimensional space, min(p(¢raining)), Which has a given probability density as
determined by equation 4.4. This sets a threshold, beyond which samples are lower
probability than our most extraneous training samples, and therefore are outside
of our region of interest. We chose to use 22 Gaussian components to model the
training prior equation of state distribution so to ensure the modelling of the space
was detailed and all features were accounted for. An equivalent result could have likely
been achieved with a smaller number of Gaussian components, however the analysis
remains lightweight. Figure 4.4.6 shows the training prior for equation of state plus
auxiliary parameter data in blue alongside the GMM in purple. The 1-dimensional

histograms show that GMM emulates the equation of state training data accurately.

The GMM was evaluated via equation 4.4 at the equation of state posterior
samples Qawi7os17 returned by the Flow when conditionally sampling via Qawi7o817 ~

p(Ql0cwi7os17) using both the complex model and simple models. The probability
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Figure 4.4.6: Corner plot of 1- and 2-dimensional marginalised distributions of
the 10-dimensional equation of state training data distribution (blue) and the GMM
(purple), composed of the superposition of 22 Gaussians, constructed to emulate this.
The contours contain 68%, 95%, and 99.7% of the probability.

threshold with respect to which samples are evaluated are the same for both models,
as this is set relative to the underlying training data distribution. Table 4.4.2 presents
figures of merit which have been evaluated with respect to both the simple and
complex models. As can be found in table 4.4.2, 82.25% of equation of state plus
auxiliary parameter posterior samples Q p(Q|0cwTc-1, in hul) Were rejected relative
to the GMM probability threshold for the complex model. This demonstrates the

complex Flow is returning equation of state posterior samples of low probability,
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beyond the bounds of our prior training data distribution. When projected back to
the P — p plane in which we normally present the equation of state, we see the result
of retaining low probability samples. Figure 4.4.2 (a) again highlights the result of
converting the output of the Flow from scaled PCs to equations of state in the P — p
plane. It is clear that low probability samples are overwhelming the equation of state
posterior distribution and push beyond the training prior bounds; these present as
equations of state which disobey the physical requirements of an equation of state,
namely thermodynamic stability which is maintained by having an equation of state

which is continuous and where pressure increases monotonically with density.

In contrast, when using the simple model, the GMM threshold rejects 15.64% of
the equation of state posterior samples generated when conditionally sampling with
GWTC-1 [my,mo,log Aq,log Ao] samples, a significantly smaller quantity compared
to the complex model, suggesting the simpler model finds it easier to conditionally
sample from the Flow within the training prior bounds defined by the equation of

state training data which is modelled by the GMM.

Samples close to the GMM boundary may also have relatively low log-probability
relative to the general distribution of equation of state posterior samples. Again,
this is inherent to the nature of the Flow and the lack of hard threshold in the
10-dimensional equation of state data space, which is instead modelled loosely by
a GMM probability threshold. As a result, relatively low log-probability equation
of state posterior samples may produce equations of state in the P — p plane which
subtly extend beyond the training prior bounds. As discussed previously, these are
the bounds of what we believe to be physically valid equations of state, and so any
equation of state which extends beyond these bounds can also be rejected. Therefore,
we perform one final stage of sample rejection which consider any equation of state in
the P — p plane which extends beyond the most stiff and soft equations of state (the
pink bounds in figure 4.2.1). This accounts for the lack of explicit boundary in the
10-dimensional equation of state data representation. From the edges of the equation
of state prior training data distribution in the P — p plane, 15.69% of remaining

(post-GMM) samples from the complex model are rejected from beyond the edges of
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the training prior space, and 6.85% of samples from the simple model.

Each model returns less equation of state posterior samples than [mq, ma, A1, A2]
event samples that were used in the analysis, however the initial large model returns
equations of state from only 26% of the original gwrc.1 set and the current model
returns 75%. It is evident that, without the post-processing steps, the initial large
model would have returned an almost entirely invalid equation of state posterior
distribution, with respect to known physical constraints. This was curtailed by
training of a simpler model, which better understood the general features of the
equation of state space and whose equation of state posterior samples survive post-
processing steps. However, an additional merit of the Flow method is that, even if
one is limited by the number of conditional samples from a given event, the Flow can
return any number of equation of state posterior samples. Each conditional sampling
of the latent space is unique, and so one can sample the latent space distribution N
times with the same conditional sample 8, and return N independent equation of state
posterior samples from the given distribution, as you can sample as many times as

you wish from the learned distribution (sampling the same number of times for each

condition).
‘ Complex model Simple model
# rejections via GMM 2776 (82.25%) 528 (15.64%)
# rejections via prior bounds 94 (15.69%) 195 (6.85%)

Table 4.4.2: Table to compare complex and simple models on the number of samples
retained after pre- and post-processing stages.

4.5 Results

Results below are presented using the simple model. We present the equation of state
posterior when conditioning on GWTC-1 posterior samples from GW170817 (these
are samples which lie within the bounds of the convex hull only), along with injection

studies to test the Flow’s ability to recover the true equation of state.
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4.5.1 GW170817

The GWTC-1 samples from GW event GW170817 make no prior assumptions with
regards to a common equation of state or enforce the constraint that m; > mo.
Similarly, no universal relations are incorporated in the PE, so we assume no inherent
correlation between the tidal parameters. We collect the mass and tidal parameters
for use in the Flow; for this one event, we have ~ 8000 samples in total which are then
passed through the convex hull, such that we keep all samples which belong within
the prior bounds over which our Flow was trained. We also enforce the convection

that mq > m9 and therefore that A; < As.

Equation of state posterior samples are returned by conditionally sampling with
the Flow Qawizos17 ~ p(l0cwrc-1, in huil). Equation of state samples Qawizos17
are then evaluated with respect to the probability threshold set by the GMM and
some are rejected. Finally, equations of state are then projected into the P — p plane
and assessed with respect to the training prior bounds in the P — p plane. The result
is 2500 valid equations of state which have been collectively sampled by the Flow in
0(0.1) s. Once sampled in the reduced equation of state representation, it takes < 1 s

to convert the posterior samples to equation of state curves in the P — p plane.

The final equation of state posterior is presented in figure 4.5.1, presented alongside
the result published by the LIGO-Virgo collaborations in [4]. We present results
as 50% and 90% confidence intervals of density as a function of pressure, alongside
cumulative probability densities p1, p2 and p,.c and by interpolation Pq, Po and P4y
The confidence intervals derived from our equation of state posterior presented here
agrees well with the result presented in [4], with only slightly tighter constraints in
the mid-density region. The deviation of our result from that presented in [4] appears
to be most constraining at the region of density where the central densities of the NS

components are most likely to lie, in the range [8 x 1014,1 x 10'°] g cm™3.

The slight discrepancy between the results could possibly be due to the difference
in the training prior distribution; the lower boundary on component mass prior is

identical in both analyses, but differs in the maximum mass upper boundary [83]. The
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Figure 4.5.1: Plot of density p vs. pressure P of the equation of state posterior
returned by the Flow, compared to the result of the LIGO-Virgo collaboration. The
plot shows 50% and 90% confidence intervals in dark and light blue for the equation
of state posterior returned by the current Flow model when conditionally sampling
with m — A posterior samples in mass and tidal deformability from GW170817 that
lie within the bounds of our convex hull. The spectral equation of state result from
[4] is given in black solid and dotted lines for the 50% and 90% confidence bounds.
The cumulative probability densities in component central and maximum density and
pressure from the Flow analysis are plotted above and to the right, respectively. The
equivalent information is not available from the LIGO-Virgo analysis. The training
prior bounds, representing the stiffest and softest equations of state in our training
prior are given in light pink.

bounds on the uniform mass prior used by the LIGO-Virgo collaboration in recovering
the mass and tidal deformability posterior samples are 0.5 Mg < my and mg < 7.7 M.
The result we compare to in 4.5.1 is that which involves sampling the parameters of a
spectral parameterisation of the equation of state directly in PE alongside the masses,

tidal deformability, and other parameters ey, (which we consider extrinsic for this
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analysis), for the joint posterior probability p(8ext., m1,m2,Y0,¥1,¥2,Y¥3). The upper
mass boundary in this analysis is defined by the maximum allowed mass for each
equation of state in the training data set. The maximum of these maxima therefore
define our maximum mass boundary as 3.07 Mg. Therefore, the mass priors for both
analyses are different. For this analysis, we keep only the GW170817 samples that
belong within the bounds of the training prior distribution, whereas the analysis
performed by the LIGO-Virgo collaboration do not make explicit cuts; their physical
requirements placed upon the equations of state are inbuilt into the equation of
state parameterisation they sample the posterior of, so does not need to be explicitly

enforced [4], and so this introduces further variability between the the analyses.

We note the speed and computational efficiency of the analysis: once posterior
samples associated to an event are available, the Flow analysis can return an equation
of state posterior in the P — p plane in < 1 second. This does not add additional
complexity or computational demand to the existing sampling process of macroscopic
parameters that are standard data products of a GW observation. The training
process of the Flow is the main temporal and computational demand of the workflow,

however only needs to be completed once for use in all subsequent BNS merger events.

4.5.2 Testing on perfect measurements

When we have a distribution of event samples p(6|h) from PE from a BNS merger,
we carry the error of the measurement through the Flow and present the equation
of state posterior with an error which is due to the Flow’s uncertainty but also
that of the PE itself. By using an infinitely precise measurement, we present only
the uncertainty due to the Flow. Therefore, to assess the quality of the Flow’s
inference, we present the result of conditionally sampling the Flow given a single
previously-unseen [m1, ma, A1, A2] posterior sample. By sampling with one condition
only (but repeatedly), we mimic the scenario of an infinitely precise measurement of

the parameters of a BNS merger.

We generate an event associated to a true underlying equation of state from our

validation data set; the Flow has not been trained on this data and as such we can
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Figure 4.5.2: Plot of density p vs. pressure P of the equation of state posterior
returned from repeatedly conditionally sampling with a single [my, ma, A1, A2] sample.
50% and 90% confidence intervals are presented in dark and light blue for the equation
of state posterior. The known equation of state, given in dark blue. The cumulative
probability densities in component central and maximum density and pressure are
plotted above and to the right, respectively. The training prior bounds, representing
the stiffest and softest equations of state in our training prior are given in light pink.

use it for validating performance. Figure 4.5.2 presents the result of evaluating the
Flow with a ‘perfect’ measurement of a BNS merger. The true underlying equation of
state that the event is associated to is presented in dark blue, and this remains in the
90% credible intervals for the extent of the pressure grid of the equation of state. The
equation of state posterior, presented in credible intervals, is found to constrain much
more at a mid-range density region (around 4 — 5 x 10'* g cm™3) as opposed to at

015

high density; upwards of 1 x 10" g cm™. This demonstrates the Flow’s uncertainty

here, and at which densities current measurements are most constraining. It is not
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currently expected that single event analyses will be able to constrain the high density
equation of state particularly strongly, and as such the combination of multiple events
is necessary to constrain more precisely. It is therefore evident that the Flow can
recover the true equation of state with no GW measurement uncertainty present in

the measurement.

4.5.2.1 Probability-probability plot

To validate the statistical consistency of the analysis, we present a p-p plot in
figure 4.5.3. The figure presents 10 curves, each representing a dimension of the
reduced equation of state space which the Flow returns a posterior in (7 principle
components and 3 auxiliary parameters). The plot presents the fraction of true
parameter values that lie within a given confidence interval as a function of confidence
interval. Lines which trace the diagonal within the bounds of expected confidence

intervals demonstrate statistical consistency of the analysis.

The plot is constructed by running the Flow with conditional data, [m1, ma, A1, As],
which is associated to a known true equation of state. As a result, all tests involved in
constructing the p-p plot are independent of noise on measurement of the parameters of
the BNS system from the GW signal and allow us to verify the quality and constraining
power of the Flow independently. Each sample y of event information is passed to the
Flow in order to return 2000 draws from the equation of state posterior, which are
then compared to the known truth. This process is repeated 100 times and constructs
the results which are presented in figure 4.5.3, giving a combined p-value of 0.7301.
The p-p plot presented in figure 4.5.3 indicates no biases as all parameters trace the
diagonal (with some small level of noise) and all individual p-values are statistically

consistent.

4.5.3 Injection study with simulated event

To further validate the ability of the Flow in returning an accurate and, in particular,
statistically consistent equation of state posterior distributions, we simulate a BNS

merger event associated to a true underlying equation of state. We wish to mimic
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N=100, p-value=0.7301
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Figure 4.5.3: A p-p plot of the 10 parameters inferred by the Flow, which are the 7
principle components representing the equation of state and the 3 auxiliary parameters.
The p-value for each individual parameter is given, alongside the overall p-value for
the result of 0.7301. This result was found by running 100 different instances of the
Flow with ‘true’ conditional data from the validation data set. The grey regions show
the 1, 2 and 30 confidence intervals for the curves.

the PE of a true GW event, where we know the true equation of state associated
to the event, so to assess whether the Flow can identify the underlying equation of
state, particularly when we have noise associated to the GW event. We process the
simulated merger event using standard PE tools to provide conditional data such that
the Flow can recover the true equation of state. Using the validation data set, we

select an equation of state and set of auxiliary parameters and sample an associated
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] Waveform parameter True value ‘

Component spins, x1.2 0
Inclination angle, 6;, 0.4
Orbital phase at coalescence, ¢, 1.3
Polarisation angle, ¢ 2.659
Time of coalescence, ¢, 1126259642.413
Luminosity distance, Dy, (Mpc) 70 Mpc
Right ascension, «a 1.375
Declination, 6 -1.2108

Table 4.5.1: Table of true parameters used to simulate a GW signal in order to
perform PE in component masses and tides.

set of event information [m1, mo, A1, A2]. We use the event information as an injection
in GW PE with the Bayesian PE software bilby [295]. We provide bilby with the
macroscopic parameters associated to our true equation of state [mq,ma, A1, As]
alongside additional parameters which are required for the injection but which are
equation of state-insensitive so are selected for the convenience of the sampling. These
are presented in table 4.5.1 and are chosen to match that of a standard BNS example
injection provided by bilby software [295, 296]. We initialise bilby to analyse a
4 second signal centred on the merger time at a frequency of 4096 Hz. The choice
of a 4 second signal lies in the assumption that the majority of our information
from the GW merger of the two NSs comes from the late stages of BNS inspiral,
where the tidal parameters are influential the gravitational waveform (see chapter
1 section 1.3.1). The injection parameters, presented in table 4.5.1, are used to
generate a waveform model in the IMRPhenomD_NRTidal [297] waveform family which
is injected into simulated detector noise. Assuming a 3 detector network, bilby then
performs PE using, in this case, the nested sampling algorithm nessai [298, 256] to
return posteriors on the parameters of the system (presented in figure 4.5.2). This
simulated signal is of particularly high mass, especially in m1, and has been processed
to be within the bounds of the convex hull, defined by the training prior bounds in
[mq,ma,log(A1),log(As)], represented by the purple distribution in figure 4.5.4. As
such, the posterior samples from the simulated event remain within the bounds of the
conditional training data prior, as can be seen in the reduction of volume between the

pink and purple distributions.
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Figure 4.5.4: Corner plot of 1- and 2-dimensional marginalised distributions of
(m1,ma,log(A1),log(A2)) conditional training data (blue) and all posterior samples
(pink) from a simulated event associated to a known equation of state alongside
samples within the bounds defined by the convex hull (purple). The contours contain
68%, 95%, and 99.7% of the samples.

From bilby, we obtain 9230 posterior samples 6, where mass and tidal parameters
are expressed as chirp mass M, mass ratio g, combined dimensionless tidal deforma-
bility A and a parameter which describes the difference in the individual dimensionless
tidal deformabilities §A. This is a common choice in PE for more efficient sampling.
We undo this parameterisation and retain only the component masses and tidal
parameters [my,mo, A1, A2]. These posterior samples from the simulated event are

passed through the convex hull, so to retain only those which lie within the training
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prior bounds of our Flow in the [m1,mo,log(A1),log(A2)] space. The latent space,
Z, is sampled conditionally given posterior samples 6 from the simulated GW event
to return equation of state posterior samples in the data space, Q ~ p(Q|6). Posterior
samples outwith the training prior bounds in the equation of state space (relative
to the GMM and the training prior bounds in the P — p space) are rejected and we
present the final equation of state posterior in figure 4.5.5. Similar to figure 4.5.1,
the equation of state posterior is presented in confidence intervals of 50% and 90%
alongside the true equation of state in dark blue. The true equation of state remains
within the 90% confidence intervals for the entirety of the density range that all
equations of state span, and the level of constraint remains comparable to that of the
GW170817 posterior in figure 4.5.1. Likewise, the 1-dimensional cumulative posterior

densities for p1, po and pmax agree with the true values, given by vertical lines.

This test demonstrates that the Flow understands the mapping from macroscopic
parameters to equation of state, and can recover the true underlying equation of state,
which gives confidence in the validity of the equation of state posterior presented for

true events.

4.6 Conclusions

This work demonstrates the success of using Normalising Flows to rapidly infer the NS
equation of state using observations of BNS mergers. Observations of BNS mergers
provide us with the opportunity to measure the tidal deformability of each component
of the system, which is a direct measure of the presence of matter in the system,
which can be used to complement existing electromagnetic analyses to infer the ultra-
high density nuclear equation of state. To complement collaborative discovery, rapid
analyses are necessary so to communicate findings quickly and make electromagnetic
astronomers aware of potential follow-up opportunities. This analysis makes possible
the rapid inference of the equation of state of single BNS merger events through

Machine Learning methods.

The Flow is trained to learn the distribution of plausible equations of state

121



<
/\ 1 = True p.y LL'-LL
e i
Q [ — Y "
Q T pea
N— 770 piax
& O E T LI | II T T T T T LI | I T T T E
1036 - E
B ] :
35 -
5 1035 +
~— 3 ]
S :
<, 1034 4 E
al ; ]
. Training priors -
]_033 3 —— Injected EOS q —mers
] B Flow 50% CI 1 —mer
] Flow 90% CI { = ii;
1032 T LILIL I T T T T T LI II T T T T |

1014 1015 0 1
p [g/cm?] p(Pe > P)

Figure 4.5.5: Plot of density p vs. pressure P of the equation of state posterior
returned from conditionally sampling with simulated PE samples in [m1, m2, A1, As]
associated to a true equation of state. 50% and 90% confidence intervals are plotted
in dark and light blue for the equation of state posterior returned by the current Flow
model and the true equation of state is given in blue. The cumulative probability
densities in component central and maximum density and pressure are plotted above
and to the right, respectively. The training prior bounds, representing the stiffest and
softest equations of state in our training prior are given in light pink.

conditioned on event information associated to each equation of state, and as such can
be used in inference to return O(2500) physically feasible equation of state posterior
samples in =~ 0.1 seconds. Pre- and post-processing steps are applied to ensure that
both the conditional inputs to the Flow and the subsequent output are within the

bounds of what is believed to be physically reasonable.

The method is explicitly model-agnostic: although the Flow is trained on piecewise

polytropic equation of state data, the Flow is not trained to learn the parameters
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of this chosen parameterisation and as such the output is model independent. The
Flow equivalently could be trained on a different parameterisation or a mixture of
many, and it is this choice of equation of state training data which defines the prior
and as such can be as broad or as constraining as the user wishes. Additionally, the
use of PCA to reduce the equation of state before passing to the Flow allows for
model-independent compression and only compresses relative to the morphology of
the equation of state and does not require equation of state-specific parameterisation

of the data.

The Flow model was applied to the first gravitational wave observation of the
merger of two NSs, GW170817. Future work could consider the comparison of the
Flow result to that of standard stochastic sampling, so to truly assess the quality of
the Flow in conditions consistent with the rest of the analysis pipeline. While the
equation of state constraint in the P — p plane using information from this event is
small relative to the breadth of the prior, the constraints of this analysis broadly
agrees with existing analysis published by the LIGO-Virgo collaborations [4] and is
produced very rapidly. This also constitutes the result from a single BNS merger
event: it is expected that future observing runs of current ground based observatories
will bring observations of more BNS events [299] and with this we expect tighter
constraints on the ultra-high density nuclear equation of state through the combination
of information from these events. Normalising Flows are an ideal potential tool for
the development of hierarchical inference methods, as will be demonstrated in the

following chapters.
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Chapter 5

Equation of state data: modelling and

compression for inference

In chapter 2 section 2.1, we introduced different methods of modelling the NS equation
of state and in section 2.2 we discussed how the quality of NS equation of state
inference is influenced by the choice of model employed in the analysis. We now
consider appropriate equation of state modelling and data compression methods with
regards to NS equation of state inference given many observations of GWs from BNS
mergers in the third generation of GW observation. In chapter 2 section 2.2.2; we
introduced the likely increase of number of BNS mergers in third-generation detectors
due to increased sensitivity; there are expected to be ~ 10° BNS mergers per year
observed by ET alone [300]. The increase in number of observations would allow for
unprecedented accuracy of inference of the NS equation of state, and calls for effective
hierarchical analysis to combine information from all events into one overall equation

of state inference from GW observations.

In third-generation GW observation with ET or CE, we expect to be able to
improve our sensitivity to individual GW events such that we can resolve not only
the combined dimensionless tidal deformability, A, well but also the difference in
dimensionless tidal deformability, A, in parameter estimation of the gravitational

wave signal, which is not possible with current GW detectors [300]. See chapter 1
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section 1.3.1 for the introduction of these parameters. Improved measurement of these
parameters means that we can then resolve the individual tidal deformabilities of each
of the component neutron stars more effectively, allowing for substantially improved
inference of the NS equation of state with single events, which only improves as we
accumulate many. In advance of this next generation of detection, it is pertinent to
ensure that our inference schemes incorporate well-considered modelling methods of
the NS equation of state, leaving room for the widely unknown high density region

and allowing for flexibility in the extremities without making sweeping assumptions.

In current equation of state inference, phenomenological high density equation of
state models are an acceptable choice in inference schemes due to its simplicity and
therefore minimal number of parameters [146, 148]. These generic models account
for our current lack of understanding of the high density equation of state and do
not assume any physically motivated model. Phenomenological equations of state are
usually stitched to a single unique crust equation of state, modelled by a physically
motivated equation of state. However, for future equation of state inference with
third generation gravitational wave detection the assumption of a fixed crust equation
of state is no longer valid; in future gravitational wave detection, the sensitivity of
detection has been suggested to be comparable to the error accrued with inconsistent
crust-core equation of state matching [2]. Therefore, we need an equation of state
model which allows for broad and generic treatment of the high density equation of
state and makes no assumptions about the crust equation of state. In this chapter
we employ the unified equation of states of Davis et al [2] which employ piecewise
polytropic equations of state at high density to their own maxima and a nuclear
metamodel at low density, down to the crust-core boundary at 4 x 1011 g cm™3,

described in section 5.1.

In order to employ this equation of state parameterisation, we wish to compress
the equation of state data for use in inference methods. For use in a Normalising Flow
framework similar to that of chapter 4 for example, we compress the equation of state
data to reduce the number of parameters (or dimensions) we are performing inference

over to make our computational methods more efficient. In this chapter, we introduce
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using an autoencoder to compress the unified equation of state data. Previous work
employed PCA to compress piecewise-polytropic-only equation of state data, but we
find with the increased complexity of the unified equation of state data, we require

more complex compression methods which will be discussed in section 5.2.

The goal of this chapter is as follows: we wish to employ our new equation of
state data set and compress this using an autoencoder with convolutional layers. We
then train a conditional Normalising Flow to learn the mapping from the complex
multi-dimensional compressed equation of state data space to a multi-dimensional
unit Gaussian, conditioned on BNS merger event parameters, m1, ms, A1 and As. The
Flow training follows that of chapter 4 but instead is used to conditionally evaluate
the learned Flow data space instead of sampling, a distinction which will be discussed

in section 5.4.

We find that Normalising Flows struggle to generalise in learning the compressed
equation of state data space and appears to learn unforeseen artificial underlying
structure. The following analysis focusses on the structure found in the compressed
unified equation of state data, however we note that the structure was also present
when using a different compression of this data and also when using the purely
piecewise polytropic equations of state of chapter 4. We present only the results
relevant to the newly introduced data, but note this is not a unique feature of this
data and assert caution generally. We present the results of tests which aim to identify
the artificial structure the Flow has learned and outline the attempts to mitigate
artificial structure learning. In an effort to improve the generalisability of the Flow
and mitigate the artificial structure learning, we introduce a simple augmentation
method which uses an additional Normalising Flow during training to improve training
quality. In summary, we present the need for caution when training a Normalising
Flow on an expensive and potentially sparse training data set and demonstrate the
flexibility of Normalising Flows for supporting hierarchical inference of the neutron

star equation of state, performed in chapter 6.
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5.1 Unified equation of state data

In this work, we choose to use unified equations of state of [2]. These equations
of state are described by a meta model at low density and a piecewise polytrope
at high density and are constructed with Crust Unified Tool for Equation-of-state
Reconstruction (CUTER). The authors account for the current uncertainty in the
high density equation of state by employing a standard approach of the widely
accepted piecewise polytropic parameterisation of Read et al. [146|. In this work,
we use piecewise polytropes with 3 pieces which are represented by 3 polytropic
parameters, [y, ['1 and I'y and 2 joining densities p; and p2, plotted in figure 5.1.2,
where p2 > p1. In order to have a ‘complete description’ of the NS EOS while allowing
for uncertainty in the high density equation of state - that is, each equation of state is
individually unique over its full density range and is described by the same nuclear
model throughout - the authors extract nuclear parameters from the high density
equation of state near the crust-core transition density to be used in constructing
consistent low density equations of state with a meta model [301, 149|, matched at a
baryon number density of nmaten. A set of ~ 10% 3-piece polytropic equations of state
(introduced in chapter 2 section 2.1) are generated with transition densities randomly
to be between nyatch and 10ng,¢, 10 times nuclear saturation density expressed in
terms of the baryon number density, ng. The polytropic indices are chosen randomly

in the range [0, 8].

The nuclear parameters (likewise introduced in chapter 2 section 2.1) associated
to the piecewise polytropic equations of state are extracted below but near ng,;. At
these low densities, we can make safe assumptions about the nucleonic content of the
matter and therefore define the energy per baryon ey of nucleonic matter at zero T

as an expansion of the asymmetry parameter §

enuc(np, 8) = eis(np) + iy (np)d> + th (np, 6) (5.1)

where
€is (nB) = (nBa Nsat> Esat, Ksat» Osat> Zsat m;at’ Am;at, b) (52)
€iv (nB) = (nB7 Ngat, szm, Ksyma Lsyma stm’ Zsym, m:at’ Am:at, b) (53)
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Figure 5.1.1: Corner plot of 1- and 2-dimensional marginalised distributions of
the nuclear parameters used to construct the low density region of the neutron star
equation of state training data as described in [2].
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Figure 5.1.2: Corner plot of 1- and 2-dimensional marginalised distributions of the
polytropic parameters used to construct the high density region of the neutron star
equation of state training data using the method outlined in [2].
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are the isoscalar and isovector energies respectively, and 7, is a kinetic energy term

[2]. The terms in equation 5.1 are functions themselves of the baryon number density

k
sat

np and nuclear parameters presented in figure 5.1.1: mg, and Am?* . being the effective
mass in symmetric matter and the isosplit in neutron matter, respectively, Eg,¢ the
energy of symmetric matter, Kg the isoscalar compressibility, Qsa¢ the isoscalar
skewness, Zg,¢ the isoscalar kurtosis, J or Jsyy, the symmetry energy, Lgym the slope
of the symmetry energy, Kgym the isovector incompressibility, Qsym the isovector
skewness, Zsym the isovector kurtosis and b which ensures the zero density limit
[159]. These parameters include those which can be inferred from nuclear experiment
(introduced in chapter 2 section 2.2.1) and are used to construct detailed nuclear-
physics-informed equations of state. For details on these parameters and how they

are used for equation of state construction we refer the reader to |2, 149, 301]. We

wish to know the energy per baryon ey, at different levels of asymmetry, &, where

(5.4)
np

for n, and n,, the number density of neutrons and protons respectively. After
extraction of these parameters from the high density piecewise polytropic equations
of state at n < npatch in the ranges provided in table 5.1.1, one can construct the set
of low density equations of state using the meta-model of [149] up to npaten- At the
stitching point, the monotonicity of pressure is ensured [2]. The density of nyaten 1S
chosen to be above ngy¢, or around the crust-core transition density so not to allow
for phase transitions (not restricted from the polytropic equations of state) at high

density.

The result is a training data set of 97000 ‘consistent and unified crust-core’

[2] equations of state, presented in figure 5.1.3. The production of this data takes
O(1) day and we are limited by off-site production of said data. Each equation of state
in the figure consists of 300 points in pressure on a fixed density grid beginning at
4x 10" g cm™3, signifying the boundary between the inner and outer crust, given the
outer crust of the neutron star is currently well understood and able to be investigated
experimentally (see chapter 2 section 2.2). Each equation of state has its own minimum

pressure Py, maximum allowed pressure Py, and maximum allowed density pmax.
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Parameter \ Range
Nsat [0.15,0.17]
Esa [-17.0-15.0]
Ksat [190.0,270.0]
Osat [-1000.0,1000.0]
Zsat [—3000.0,3000.0]
Jsym [26.0,38.0]
Lsym [10.0,80.0]
Ksym [-400.0,200.0]
Osym [-2000.0,2000.0]
Zsym [-5000.0,5000.0]
m*/m [0.6,0.8]
Am* [m [0.0,0.2]
b [1,10]

Table 5.1.1: Table of ranges sampled for nuclear parameters used to construct the
low density meta-model equation of state.
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Figure 5.1.3: Training data set of 97000 unified equations of state in pressure on a
fixed grid of density in blue, beginning at 4 x 10" g cm™ extending to each equation
of state’s maximum allowed density and pressure. Three example equations of state
are presented in purple. The softest and stiffest equations of state in the training data
set are given by the lower and upper training prior bounds, respectively, in pink.
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5.2 Compression of equation of state data

In chapter 4, when working with piecewise polytropic equations of state in high
density only, we used PCA to compress the equations of state to a vector of 7 principle
components and then performed the inference on the principle components (and
auxiliary parameters) with the Normalising Flow (see section 4.2). The current unified
training data equations of state are extended over a larger density range with more
expressive behaviour - particularly at the transition from inner crust to outer core -
and unique maximum allowed pressures and densities. We find compression via PCA
smoothed out features of the equations of state, and did not retain the desired level
of detail. Figure 5.2.1 shows the reconstruction of a given equation of state from the
training data set after compression of the equation of state via PCA with numbers of
PCs in the range [7,19]. Despite the number of PCs used, the reconstruction fails to
match the true equation of state at densities around 104 g cm™3. Figure 5.2.2 presents
the residuals of the true equation of state and the same reconstructions for the range
of numbers of PCs used. The left hand plot is presented at a different scale to the right
hand so to show the quality of recovery at different density ranges of the equation
of state. All reconstructions have a difference in pressure of 1032 dyn cm™2 from the
true equation of state at a density of ~ 101 g cm™, a difference which manifests as a
clear deviation from the truth. The right hand plot shows errors in pressure on the
scale of 103* dyn cm™2 at densities of ~ 7 x 10 g cm™3, with the largest error given
by the smallest number of PCs, as expected. The maximum number of components
tested (19), demonstrates the same error at low densities as the minimal number of
components used and still has ~ 10% error at the highest density and pressure region.
The reduction in error mostly appears to be due to the PCs not being able to express
sharp changes in the equations of state, like phase transitions or boundaries, with
small numbers of PCs, as would be desirable in this analysis. In principle, one could
express infinite detail with infinite PCs, however to use PCA as a data compression

method, we require npca < ndata points-

To have high quality data compression with a lightweight and flexible method we

instead use an autoencoder. Introduced in chapter 3 section 3.3, an autoencoder is
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Figure 5.2.1: Plot of pressure as a function of density for an example equation of
state from the training data set in the dashed black line and the reconstruction of the
same EOS after PCA compression with different numbers of principle components in
different colours.

a neural network architecture built in a bottleneck-like structure, with two discrete
parts: an encoder and a decoder. Training data is passed to the encoder and is
compressed through a series of hidden layers to a latent space of a user-defined size,
usually smaller than the input data size. From the latent space, the data is passed to
the decoder where the network then again expands back out in size, commonly in a
path mirrored to the encoder, with the aim of reconstructing the network input. The
network is trained to minimise the MSE loss between the input and the reconstructed
output. In dimensionality reduction, we are interested in training the autoencoder
to be able to encode our training data to a reduced-dimensionality representation of
the input in the latent space. We can use the reduced representation for analysis and

then use the decoder to express our result in the original data format.

We use an autoencoder with 2 initial convolutional layers in the encoder and com-

press the 300 points of each equation of state through the convolutional layers followed
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Figure 5.2.2: Plot of pressure as a function of density for the residuals of recon-
structed equations of state after PCA compression with different numbers of principle
components relative to the true equations of state, presented at different density
regions and pressure scales. The LHS presents the residuals at the low density equa-
tion of state below 1.5 x 104 g cm™ and the RHS plot presents the residuals above
1.5 % 10" g ecm™. The pressure scales are different in each of the plots to reflect the
different density ranges covered.

by a series of linear layers, gradually decreasing in size, to a final autoencoder latent
space of 12 dimensions. We use ReLU activation functions between the convolutional
and linear layers of the network network up to the final layer of neurons before the
latent space, or bottleneck. Once trained, we can pass the original set of training
data to the autoencoder and return the output of the encoder, presenting the training
data in its reduced form. In order to compress the training data consistently, we first
take the log of each equation of state in pressure along the log density grid to reduce
the dynamic range. We then scale all equations of state to [0,1] along a [0,1] mock
density grid by scaling each equation of state by its Pmin, Pmax, Pmax and the global
Pmin- These parameters are retained in the analysis so to recover the same initial level
of detail. We discuss incorporating these parameters into the analysis later in this

section. Finally, we subtract the mean equation of state from the [0,1] scaled set to
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remove generic behaviour and allow the autoencoder access to reconstruct fine detail
of each equation of state. This reduced training data set is then autoencoded to a

latent representation of 12 dimensions.

The autoencoder was trained to minimise the MSE loss, discussed in chapter 3
section 3.3, between the input scaled training equation of state and the reconstructed
output. We trained for 2000 epochs and achieved a final MSE loss of 1079, representing
the error between the true and reconstructed equation of state averaged over the
whole density range and the training data batch. A more intuitive error is that of the
RMSE, where RMSE = VMSE = 1073, inferring we have an average error of 1073 on
each equation of state in the [0,1] scale. The training and validation losses are plotted
in figure 5.2.3 where there is no evidence of over-fitting. We have very slight evidence
of underfitting, which may be due to an over-simplified model or a lack of training
data to fully describe the 12-dimensional space. This discrepancy is small, however, in
relation to the losses achieved so we do not investigate further. Figure 5.2.4 presents
the reconstruction of an example equation of state from the validation data set using
the trained 12—dimensional autoencoder. In comparison to the reconstruction from
the PCA-compressed equations of state, the autoencoder manages to reconstruct the
equation of state to a higher scale of accuracy which is quantified by the MSE loss.
The true equation of state is uniquely matched across the entire density range of
the equation of state, including at the areas around 10'* which were problematic
in the PCA cases. The extremities are also matched to the truth, including at it’s
unique maximum pressure and density, parameters which are carried alongside the 12

autoencoder latent space points.

The main advantage to the autoencoder approach is, like the PCA approach, its
non-parametric and model-agnostic nature, which is consistent with later stages of
the analysis. Autoencoding a training data set of a different parameterisation of the
neutron star equation of state (not the unified training data set we have introduced
above) would follow the exact same method, the only requirement being optimising
the network training relative to the new data. We choose to train with a training

data set of 10° different unified equations of state. However, alternatively, one could
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Figure 5.2.3: Training (blue) and validation (purple) MSE loss for the 12-dimensional
autoencoder.

autoencode a training data set of a mix of neutron star equations of state from a
variety of parameterisations (for example, piecewise polytropic and spectral at the
high density) so to allow for a latent space which may reconstruct EOSs belonging to

different or made up of a mix of parameterisations.

By performing inference in the 12D autoencoder latent space, one can then
sample regions of the autoencoder latent space that do not belong explicitly to the
training data set but are within the bounds of the training data, potentially with a
unique morphology. As stated above, we carry Ppin, Pmax, and pmax as 3 additional
parameters in inference. This means our inferred equations of state can be projected
entirely from the autoencoder latent space to the original P—p representation presented
in figure 5.1.3 and we can infer the extremities of each equation of state as well as the
morphology and behaviour over the density range. Therefore, our overall equation

of state data space that we perform inference in consists of 15 dimensions and is
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Figure 5.2.4: Plot of P vs. p of an example reconstruction of an equation of state
from the validation data set using the 12—dimensional autoencoder.

presented in figure 5.2.5. Each dimension has been scaled relative to its own mean and
standard deviation to have mean 0 and standard deviation 1. The first 12 dimensions
from the left are the autoencoded latent space dimensions and the final 3 on the right

are the 3 additional maxima and minima for P and p.

5.3 Hierarchical Bayesian inference

Given we expect the number of observed BNS events in the next generation of
gravitational wave detection to increase dramatically, our goal is to develop an
inference scheme which can combine the information of all N events together into one
combined inference of the NS equation of state. Therefore, we develop a hierarchical
Bayesian framework where we can adapt the Flow method from chapter 4 to instead
allow us to calculate and combine the likelihood through Bayesian methods. We build

on the introduction from chapter 2 section 2.2.2.1.
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Figure 5.2.5: 15-dimensional compressed equation of state training data space
consisting of 12 autoencoded latent dimensions and 3 additional scaling parameters.
The contours represent 68%, 95%, and 99.7% of the samples respectively.
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If Q represents our 15D compressed equation of state data space, we wish to
express equation 2.6 in terms of the observed parameters 8, which includes my, mo,
Ay and Ag (or alternative parameterisations of) among others. By marginalising over

0, we express equation 2.6 in terms of the parameters measured given event i:
N

p@iny « p@ [ [ pihi.on pajo do. (5.5)

i=1

which simplifies to

N
p@ii) « p@ [ [ phlon poio do. (5.6)
=1

where p(Q) is the equation of state prior probability density. The strain data of event
i does not depend on the EOS, only the measured parameters of event i, ;. We apply

Bayes’ theorem again such that

N
p(Oilhi)p(hi) p(Qlo:)p(6:)
p(Qlh) < p(Q) D/ =0 O (5.7)

The prior used to compute the posterior samples, p(6;), is exactly the same prior used

to train the Flow, and therefore the above expression simplifies to

plain « 2 I [ ptainy pioy ao (5.8)
i=1

By taking the Monte-Carlo sum over the posterior samples of event i, we find that

N
p@lh) o« p(@™ [ ] <p<sz|el-)> : (5.9)
i=1 p(8i~p(0i|hi))

Therefore, our overall posterior probability density on the equation of state space given
information from N gravitational wave events can be found by taking the Monte-Carlo
average over posterior samples for each of the N events and then taking the product
over N events and including the equation of state prior (1 — N) times. By applying
Bayes’ theorem to the likelihood p(h;]6;) of equation 5.6 to return the posterior

p(0;|h;), we can then use samples 6; from the posterior of event i.

The goal is to adapt the method of chapter 4 to train a Flow to map the 15D
equation of state data space, Q conditioned on event parameters 6 = [mq, ma, A1, As]

via equation 3.5 for a conditional Flow given in chapter 3 section 3.2:

det(w) ,

o7 (5.10)

p(Ql6) = p(f(Q[6)]6)
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Once trained, we wish to use the Flow to return the probability density of Q given
information from the i*" event’s parameters, 8;, p(€|6;). This requires us to be able to
propose equations of state, Q, in the Flow’s data distribution, evaluate the likelihood
given 6; and repeat. This process is usually automated by sampling algorithms like
MCMC (introduced in chapter 1 section 1.5.1.1) that, when given access to a likelihood
and a prior function, can efficiently traverse the multi-dimensional data distribution
and return a posterior probability given some information. The simpler the likelihood
surface is, the easier these algorithms find the process and the more computationally
efficient they are. We next discuss the complexity of the 15-dimensional data space
for this problem, and in which way the presence potential artificial structure apparent

through extensive testing.

5.3.1 Training the Normalising Flow

Following the method employed in chapter 4 section 4.4, the Normalising Flow was
trained to perform the forward mapping from compressed equation of state data
space Q to latent space Z, conditioned on properties of mergers of neutron stars
associated to each of the equations of state, 8. Training data sets for both the data
space Q and conditional space 6 were generated following the methods employed
in chapter 4 section 4.2. To recap, this involves selecting an equation of state €;
from the training data set and selecting its relevant TOV information - both the
equation of state in pressure P; on the fixed grid of density p and the associated
relationships between macroscopic parameters (mass, m, and tidal deformability, A,
amongst others) are standard products of the CUTER [2] analysis. By finding the
maximum allowed mass for the selected equation of state, mpyax;, two component
masses are uniformly sampled m; 1, m;2 ~ U[1, mpyax;] Me. These two masses, m; 1
and m; 2, represent two neutron stars which belong to the i*™" equation of state and are
part of a binary merger system. Through interpolation of the component masses, one
can obtain allowed central densities p.1, pc2 of the neutron stars and, subsequently,
tidal deformabilities, A1, As. The allowed component masses and dimensionless tidal
deformability parameters for two neutron stars are collected into 6; = [m1, ma, A1, As]

and used as conditional information in training the Normalising Flow.
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] | Hyperparameter range

Number of neurons 32
Number of transforms 2
Number of residual blocks 1
Number of epochs 1000
Learning rate 0.005
Batch size 4096

Table 5.3.1: Table of hyperparameters and settings for training the conditional Flow.

A single binary neutron star merger system with parameters 6; is generated for
each of the 10° equations of state Q; and collectively this constitutes the training
data used to train the Normalising Flow. The Flow is a Coupling Neural Spline Flow
[234] trained with hyperparameters and settings given in table 5.3.1. Training takes
~ 30 minutes on an NVIDIA GeForce RTX 3090 GPU. We choose to keep the Flow
lightweight with small numbers of transforms and neurons per transform so to reduce
the computational cost of training the model and to have a more lightweight model
when it comes to repeatedly calling the trained model in inference. A lightweight
model with small numbers of hyperparameters also aims to achieve a more generic
understanding of the mapping from data space Q to latent space Z. Further discussion

in this chapter will make the reasons behind this decision more apparent.

5.4 Evidence of learned artificial structure

In chapter 4, we used the trained Normalising Flow to conditionally sample the Flow
latent space given posterior samples from single BNS merger events. This returns a
posterior probability distribution in the equation of state data space, Q. We performed
this analysis using PE samples from the real gravitational wave event GW170817 to
produce our main result (see chapter 4 figure 4.5.1). We use the same GW event
posterior samples for testing how the Flow evaluates the probability of proposed
equations of state for consistency and to directly compare the quality of sampling vs.
proposing equations of state. As introduced in chapter 3 section 3.2, a trained Flow

can be used for two main functions:
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e Sampling the data distribution: this involves conditionally sampling the data
space to produce samples Q ~ p(Q|fevent) through randomly sampling the
Gaussian latent space Z and performing the conditional inverse mapping to

return samples from the Flow posterior p(€|6).

e Fvaluating the probability of defined points in the data distribution: points
Qprop in the data distribution are proposed and their conditional probability
P (QproplBevent) evaluated by performing the forward mapping to the latent space

Z and evaluating the relative probability in the simple Gaussian latent space.

As stated above, our method in chapter 4, circulated around using the Flow to sample
the learned posterior Q ~ p(Q|0event). Now that we wish to evaluate the probability
of equations of state given information from multiple events via the methods discussed
in 5.3, we want to propose regions of the equation of state space, Qprop and then
evaluate the probability of the proposed points, p(Qprop|€event). This is what sampling
methods like MCMC or Nested Sampling will do; survey the space via their own
respective algorithm and evaluate the probability of selected regions and then make
decisions on where to survey next based on what they find. We test the Flow’s ability
to evaluate the probability of proposed equations of state. We summarise each stage

of testing at the end of their respective sections to make the conclusions clear.

5.4.1 Proposing equations of state

We test the trained Normalising Flow in evaluating the probability of points Qprop
in the equation of state data space p(Qproplf), given the same conditions used
in sampling Qqamp ~ p(2|6). We propose equations of state in the 15-dimensional
compressed space from a Gaussian distribution, Qqayss, centred at u = 0 with standard
deviation o = 0.5. This distribution is proposed here such that it aligns with the
scaled 15-dimensional data distribution that the Flow has been trained to map. The
proposed points Qqauss are presented in figure 5.4.1 in pink alongside the sampled
distribution of points, Qeump ~ p(L]0170817) given when sampling with PE samples
from GW170817, 8170817, in purple. The training data prior distribution is given in blue.

The distribution of proposed points Qaauss Overlaps with the sampled distribution
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Figure 5.4.1: Corner plot of 1- and 2-dimensional marginalised distributions of
training equations of state (blue), sampled points from the conditional Normalising
Flow (purple) and proposed equations of state (pink) from a Gaussian distribution
with o = 0.5. We present 5 out of the total 15 dimensions. The full figure can be
found in the appendix section 7.1 figure Al.

Qgamp. in the vast majority, with some extension of Qgauss beyond the prior bounds
in some dimensions due to highly correlated 2-dimensional projections. However, we
expect the probability of p(Qqauss|@170817) to be for the most part comparable to the

probability of p(Qsamp.|0170817), allowing for some outliers.

However, we find that the proposed distribution p(Qaauss|@170817) has very low

log(probability) compared to the points which are sampled. Figure 5.4.2 presents the
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log(probability) distribution of the sampled equations of state from the trained
Flow given conditions from GW170817, p(Qsamp.|f170817), on the right and the
log(probability) distribution of proposed Gaussian equations of state given the same
condition, p(Qaauss|@170817) on the left. Sampling from the Flow given conditional
information produces points that lie within the prior bounds of the 15D space, but
when log p(Qqauss|f170817) is evaluated with the Flow given the same condition, the

log(probability) of these points are significantly different. We compute the difference

Alog prob. = |max(logp(gsamp.|‘9170817)) - maX(lOgp(gprop|9170817))| (5-11)

which, for Qprop = Qgauss With o = 0.5 gives Ajgg prob. = 1052. The most probable
equation of state from the Gaussian distribution has log(probability) 1052.13 smaller
than that of the maximum probability sampled point, or the most probable samples
from Qgauss is exp(1052) less likely than the most probable sample from Qgamp..
These log(probabilities) suggest that Qgauss are all situated outwith the training prior
distribution, while it does not appear to be entirely beyond the bounds of either the
training prior or the sampled distributions Qgamp. in figure 5.4.1. Points proposed
from such a distribution as this Gaussian mimics points that would likely be proposed
in early stages of a sampling algorithm, suggesting that an algorithm would struggle
to explore this space, as many, if not all, of the proposed regions early on in sampling

would be disfavoured.

To ensure that points belong within the bounds of the prior training distribution,
we instead propose equations of state around the maximum probability point from the
sampled equation of state distribution, Quax sample, Where p(Qumax samplel@170817) =
max(p(Qsamp.|0170817)). Figure 5.4.3 presents again the prior training distribution
and Qgump ~ p(2]6170817), but now alongside a new proposed Gaussian distribution
QGauss at max centred at mean p = Quax sample and with standard deviation o = 0.1.
This proposed distribution is much smaller in volume and is centred on a region of the
parameter space which the Flow has deemed to be very probable given the information

from the event GW170817. We evaluate the probability p(Qaauss at max|0170817)-

Figure 5.4.4 presents a histogram of log p(Qqauss at max|@170817) alongside the prob-
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Figure 5.4.2: Histograms in log(probability) of sampled equations of state given
GW170817 (purple) and Gaussian proposed equations of state given the same condition

(pink).

abilities p(Qsamp.|0170817). Again, we find the log(probabilities) of proposed equations
of state evaluated relative to the same conditional information are significantly lower
and less probable than log p(Qsamp.|0170817). The proposed equations of state around
a maximum probability region in a small volume are around 4 orders of magni-
tude smaller in log(probability) than that of the local sampled point. For the small
Gaussian proposed around Qgauss at max, We find Ajgg pron. to be ~ 440, such that
max(log p(QGauss at max|0170817)) is exp(440) less likely than log p(Qmax samp.|0170817)-
This would normally indicate that Qaauss at max 18 proposing samples in a very unlikely
region of parameter space, which it is not relative to how the Flow has sampled the Q
space. In a 15-dimensional parameter space, which is intuitively difficult to visualise,
the distribution of points within each dimension is often not as one would imagine, but
for a small volume of proposed samples around a high-probability region, we would
expect some points to be of comparable probability, and definitely within the bounds

of the training prior distribution.
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Figure 5.4.3: Corner plot of 1- and 2-dimensional marginalised distributions of
training equations of state (blue), sampled points from the conditional Normalising
Flow (purple) and proposed equations of state (pink) from a Gaussian distribution
with o = 0.1. We present the first 5 out of the total 15 dimensions. The full figure
can be found in the appendix section 7.1 figure A2.
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Figure 5.4.4: Histograms in log(probability) of sampled equations of state given
GW170817 (purple) and Gaussian proposed equations of state around Qmax sample
given the same condition (pink).

Summary of section: proposed equations of state from both a Gaussian distribution
which spans the prior volume and one centred around the maximum likelihood sample
spanning a fraction of the prior volume have log(probabilities) orders of magnitude
less than that of the equations of state which are sampled by the Normalising Flow.
The Normalising Flow appears to evaluate points within the prior space as having
very different probabilities depending on if they are proposed to or sampled by the
Flow.

5.4.2 Assessing training and validation data performance

We further test the Flow’s ability to generalise to non-sampled points by assessing
performance of evaluating the conditional probability of both training and validation

data points, p(Qtrain|@) and p(Qya1.|0). We plot the training and validation losses
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Figure 5.4.5: Training (blue) and validation (purple) loss for the conditional Flow
trained as per equation 5.10 with unified equation of state data.

from the training of the conditional Flow in figure 5.4.5; the training and validation
data sets are selected from the same data distribution of the entire 97 000 equation of
state data set, where 25% are set aside for validation. The training and validation
data sets are independent of one another, with no duplicated samples, but stem from
the same underlying distribution. Their respective data sets are plotted alongside one
another in the appendix section 7.1 figure A3. Throughout training the validation
loss steadily decreases alongside the training loss showing no evidence of traditional
over-fitting. Therefore, it appears the Flow evaluates well both the training and

validation data sets throughout training.

Evidence of over-fitting would normally appear as an increase in validation loss
over the course of training as training loss continues to decrease. This signifies that the
Flow is over-specifying to the training data points themselves and cannot generalise

well enough to perform well on the validation data also, given the current scenario
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we have in which they stem from the same distribution. This can happen with too
little training data where there is so little that the Flow can instead memorise the
individual data points or trends of the training data and therefore performs badly
when testing on validation data, unseen during training. We plot the training and
validation data together in figure 5.4.6, where both data sets clearly occupy the same
distribution in all 15 dimensions, which is in agreement with the loss plot of figure
5.4.5, as the training and validation performance throughout the training routine is

consistent with one another.

We likewise plot the training and validation data in the conditional space, G¢yain
and Oy, consisting of parameters [my, ma, A1, A2], in figure 4.4.1. The gravitational
wave event PE samples for GW170817, 6170817, are also plotted in pink contours
and have been passed through the convex hull so to be within the bounds of the
training data prior (see chapter 4 section 4.4.1.1 for details). In section 5.4.1, we
found vastly different log(probabilities) between equations of state that had been
proposed and sampled, but each relative to the same conditional term, p(Qprop|€170817)
and p(Qsamp.|0170817) respectively. Therefore, we wish to assess Qpop from other
distributions of data, namely training and validation equations of state, given Oy;ain,

Oval., and O170817-

We use the Flow to evaluate the probability of training equations of state given
training p(€train|0train), validation p(Qtrain|fval) and event p(Qirain|6170817) condi-
tions and present the results in figure 5.4.7. We vary the conditional term to test
the potential of over-fitting conditionally, i.e. if the Flow can evaluate Qq;ain, with
training data conditions @iy but struggles with conditions outside of the training
data set, including 0170817. We find the distributions of p(Q¢rain|Gtrain), P (Ltrain|Oval)
and p(Q¢rain|@170817) are comparable suggesting all are similarly valid given a set of
conditions. This demonstrates we are not over-fitting with respect to the conditional

term.

If over-fitting is instead occurring in the equation of state data space, then evalu-

ating the probability of proposed validation data should achieve low log(probabilities)
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Figure 5.4.6: Corner plot of 1- and 2-dimensional marginalised distributions of
training (purple) and validation (blue) data in [m1,m2,log(A1),log(As2)] alongside
the PE samples from gravitational wave event GW170817 (pink). Contour plot of
The contours represent 68%, 95%, and 99.7% of the samples respectively.
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Figure 5.4.7: Histograms of log(probabilities) of proposed validation equations of
state evaluated relative to conditions from training, validation and event data sets.

by the Flow, even though it appears the loss plot in figure 5.4.5 that this is not
the case. Figure 5.4.8 presents the result of evaluating validation equations of state
relative to training p(Qya1|Otrain), validation p(Qya1lOyval) and event p(Qya1l0170817)
conditional samples. We find no evidence of outlier log(probabilities) when evaluating
non-training data equations of state with a variety of conditions, which aligns with
the loss plot presented in figure 5.4.5. We therefore conclude that the training and
validation data belong to the same data distribution which the Flow has learned well

and instead the lack of generalisability is in moving away from this distribution.

To test the ability of the Flow to generalise to data beyond that of the training
and validation data distributions, we add noise on a small scale to the validation data
and perform the same test of evaluating the probability of these proposed equations

of state given a variety of conditions. Gaussian noise is added to the validation data
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Figure 5.4.8: Histograms of log(probabilities) of proposed validation equations of
state evaluated relative to conditions from training, validation and event data sets.

on a scale of 1% of the standard deviation of the data set (scaled to have standard
deviation o = 1). The original validation data Q. is plotted alongside the noise-
added validation data sy val in the appendix, section 7.1 figure A4. It is clear that
Qnoisy val differs on a very small scale to Qy,), so much so that when plotted alongside

each other they are almost irresolvable.

Figure 5.4.9 presents the results of evaluating the probability of noisy validation
equations of state given training p(Qnoisy vallftrain), validation p(neisy vallfval) and
event p(Quoisy vall#170817) conditions. The noise-added validation equations of state
are far less probable than that of the original validation data set, even though the data
sets differ from one another by a very small percentage of added noise. Regardless
of the conditional term, a significant fraction of the noise-added equations of state

are around exp(100) less probable than the original validation equations of state. It
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Figure 5.4.9: Histograms of log(probabilities) of proposed noise-added validation
equations of state evaluated relative to conditions from training, validation and event
data sets.

therefore appears that the validation data belongs to the same structure or overall
distribution as the training data that the Flow finds easy to learn. Adding a small
magnitude of noise to the distribution moves the data beyond the structure which the

Flow has learned and the Flow struggles as a result.

To further demonstrate the alignment of validation data on the grid that the
training data belongs to, we add the same 1% Gaussian noise to the validation data
during training. Figure 5.4.10 presents the first 100 epochs of training a Flow with
added Gaussian noise on the scale of 1% noise of the standard deviation of the
validation data space. This Flow is identical to the original Flow trained for this
analysis, the only difference in the training regime being the addition of noise to
the validation data. We see clear and extreme over-fitting, where the validation loss

increases as the training loss continues to decrease. This suggests the validation
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Figure 5.4.10: Training (blue) and validation (purple) loss plotted as a function of
training epoch for training the conditional Normalising Flow with noise on validation
data.

data with such small scale noise is starkly different to the training data distribution,
and strongly suggests that the training and validation data sets belong to a shared
underlying distribution which the Flow can learn. When conditionally sampling
Qqamp ~ p(L]6), the Flow can then sample from the structure it has learned which
is associated to high log(probabilities). Evaluating the probability of regions of the
15-dimensional data space with randomly proposed equations of state Qo given the
same sets of conditions is difficult, as we are not likely to propose equations of state

from the underlying structure, which we are as of yet blind to.

Summary of findings: The trained conditional Normalising Flow evaluates the
log(probability) of training and validation data points as comparably probable (re-
gardless of the conditional term) even though the validation data is not seen by the

Flow during training. By adding a small magnitude of noise to the validation data,
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we find the Flow determines the noise-added validation points to be far less probable,
even though they are visually irresolvable. By training with noise-added validation
data, we find severe overfitting. We propose the potential of artificial structure which
the Flow has learned in the equation of state training data which the validation data

likewise belongs to.

5.4.3 'Training an unconditional Normalising Flow

We have thus far demonstrated the ability of a conditional Flow to over-fit to an
underlying data structure, regardless of the conditional term. We suggested that
changing the conditional term, 6, did not affect the overall magnitude of log(probability)
in section 5.4.2, but to fully test this, we remove the conditional term entirely to
remove any dependency of it from the Flow. We train an unconditional Normalising
Flow with the same architecture as the original conditional Flow (hyperparameters
given in table 5.3.1) to map the 15-dimensional equation of state prior prior training
data space, Q, to a 15-dimensional unit Gaussian via

9f(Q)
0Q

p(Q) = p(f(Q) ‘det( ; (5.12)

noting the absence of the conditional term, 6. Once trained, we can sample from the
Normalising Flow Qgamp ~ p(€2) to return samples from the learned prior distribution.
Likewise with the trained conditional Flow, we can also evaluate the prior probability

of proposed equations of state p(Qprop).

Figure 5.4.11 presents the 15-dimensional training data distribution Q;4i, alongside
1000 randomly sampled points, Qgump. from the learned unconditional Flow. We
propose a Gaussian distribution of equations of state Qo centred at u =0 and with
a standard deviation of oo = 0.5. We see the unconditional Flow has learned the data
distribution well and that the sampled points Qgamp. align well with the training data

Qtrain-

Figure 5.4.12 plots the relative log probabilities of the training data equations of
state Qtrain, those randomly sampled from the trained Flow Qgamp. and the Gaussian

proposed equations of state Qpop. Both the training equations of state and those
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Figure 5.4.11: Corner plot of 1- and 2-dimensional marginalised distributions of
training equations of state (blue), sampled points from the unconditional Normalising
Flow (purple) and proposed equations of state (pink) from a Gaussian distribution.
We present the first 5 out of the total 15 dimensions. The full figure can be found in
the appendix section 7.1 figure A5.
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Figure 5.4.12: Histograms of log(probabilities) of proposed equations of state from
a Gaussian distribution (pink), training equations of state (purple) and equations of
state sampled by the unconditional Flow (blue).

sampled from the Flow have comparable and reasonable log(probabilities), however, the
Gaussian proposed equations of state are significantly less probable, with Ajgg prob. =
286 from equation 5.11. Again, this means the most probable proposed equation
of state is around exp(286) less probable than that of the most probable sampled
equations of state Qgamp., with the distribution of the log(probabilities) of Qprop
extending beyond —10%, suggesting these are severely improbable equations of state

which are on a scale of exp(109) less probable than that of any Qqamp. -

As discussed previously, our Gaussian proposal Qo is not perfect and we expect
some equations of state from this distribution to be beyond the reaches of the
edge of the training data prior, especially in a high dimensionality space. However,

log(probabilities) of this magnitude are not expected. This further suggests that a
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Flow, whether conditional or not, can learn the training data distribution well, even
in 15 dimensions, and the underlying structure it belongs to. The Flow then struggles
to generalise beyond this and operate in regions of unknown parameter space, which

may be between training and validation data points.

Summary of findings: an unconditional Normalising Flow trained to map the
equation of state prior data space experiences the same behaviour; the Flow assigns
proposed and sampled equations of state with vastly different log(probabilities). This
suggests the structure is inherent to the compressed equation of state data distribution

and how the Flow maps it.

5.4.4 Identifying artificial data structure

We now focus on trying to identify the structure which it appears the training and
validation data belong to, which the Flow has been able to identify. Previously,
we investigated whether issues arose due to handling data which lay outwith the
training data distribution i.e. beyond the edges or physically outside the distribution
which was learned. We learned this was not the case, but rather that there are
specific points within the bounds on the training data distribution which have vastly
different log(probability) to other points within the bounds. We therefore propose
the presence of some structure within the learned distribution which the Flow has
identified. Therefore, when we use the Flow to sample from this space Q ~ p(Q|6),
the Flow produces high probability samples €samp. which belong to the structure but
evaluating randomly placed samples Qo which do not belong to the underlying ‘grid’
are of low probability. We note that by ‘grid” we mean some underlying structure in
15 dimensions, not necessarily a uniform spacing of points in each dimension (which
does not appear to be visible in 1— and 2—dimensional projections of the autoencoded

training data).

These features of the data space make sampling methods very difficult. Evaluating
the 15-dimensional space is already difficult for sampling methods, and this is only
exacerbated by having a space which has inherent but unknown structure. Sampling

methods will find it difficult to find the high probability regions of the space when the
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Figure 5.4.13: Corner plot of 1- and 2-dimensional marginalised distributions of
points from the equation of state training data prior (grey), sampled points from the
Normalising Flow (blue) and two proposed equations of state (pink and purple) which
we traverse between. We present the first 5 out of the total 15 dimensions. The full
figure can be found in the appendix section 7.1 figure AG.

surface is not (for the most part) smooth but are instead on sharp peaks surrounded
by multi-dimensional troughs, or voids, of low probability space. We demonstrate
the spike-like features by passing through the 15-dimensional space from one sampled
location, Qsamp., to another. To do, we randomly select two sampled equation of state
points, Qsamp, 1 and Qgamp, 2 and plot a 15—dimensional straight line path between
these points. We take 100 total steps between Qgamp, 1 and Qgamp, 2 in 15—dimensions,

evaluating the probability of points Qsteps along our path.
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Figure 5.4.13 presents a corner plot of a small region of the first 5 out of the total
15 of the equation of state data space. The region plotted is populated by support
from both the prior and points sampled by the Flow Qgamp and so there is no evidence
we are near the edges of the space. We focus in around the most probable sampled
point Qpax sample When sampling with 6170817 such that p(Qmax samplelf170817) =
max (p(Qsamp.|0170817)), as introduced previously. We wish to walk through regions of
the equation of state data space which return high and low log(probability). To do so,
we propose equations of state around the maximum probability sample Qpax sample
from the Flow given conditions 617pg17. In this example, we propose equations of state
in a 15-dimensional diagonal line through the maximum probability sample, Qgteps,
beginning and ending +0.01 in all 15 dimensions around the maximum log(probability)
sample Qpax sample- For each proposed equation of state from the diagonal line of
Qgteps, We find the average log(probability) given all samples from the event 6170s17,

given the Monte Carlo sum over posterior samples 6 in equation 5.9.

In figure 5.4.14, we show the average log(probability) given 6170s17 of 100 steps taken
through the most probable location Qpax sample in the 15-dimensional space. Over the
course of a very small distance of +0.01 in 15 dimensions away from Qax sample, the
log(probability) drops by almost 2 orders of magnitude in both directions, suggesting
the region directly surrounding the most probable sample is highly improbable, or
exp(100) less probable. However, in the surrounding regions of the most probable
sample, there are other sampled points beyond a distance of +0.01 which we are aware
are of comparable probability to the maximum probability sample, as demonstrated
by figure 5.4.2. With no explicitly visible structure to the sampled points Qgump. in
this small region of space, this suggests artificial structure on a scale that is not visible

in our current projections.

We plot samples zgteps from the Flow latent space, Z, for this journey through the
maximum probability sample Qax sample in the Flow data space Q in figure 5.4.15.
The figure presents four different 2—dimensional projections of 2 out of the 15 total
dimensions of the Flow latent space. We plot a unit Gaussian for comparison, and

demonstrate that sampled points in the data space Qawirosir ~ P(Q|0cwi70s17)
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Figure 5.4.14: Average log(probability) over samples of path taken through +0.01
in 15 dimensions walking through the maximum probability sample as given by the
Flow.

which have undergone the forward transform to the Flow latent space, are Gaussian,
as expected. The blue points which represent the latent samples zgwi7os17 generally
overlap with the samples from the unit Gaussian in grey. The figure additionally
presents the samples from the data space Qgieps Which are associated to the steps
taken along the path between two sampled points. Their equivalent samples in the
Flow latent space, zZsteps, present a snake-like path which extends beyond the breadth
of the unit Gaussian and learned latent space. For a walk along a 15—dimensional
straight line through the Flow data space forward-transformed into the Flow latent
space, a path of points in the latent space would still be expected, but we would expect
this path to remain within the bounds of the unit Gaussian, somewhere near the
centre. In some extreme cases, for example dimensions 12 and 14, the path extends

up to 20 latent units beyond where would be expected. This further justifies that
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Figure 5.4.15: 2—dimensional scatter plots of the Normalising Flow latent space
given the forward mapping of Qgwi7osi7 (blue), Qsteps (purple) and an example unit
Gaussian (grey).

the proposed regions of the equation of state data space Qpop, lie beyond the Flow’s
understanding of the training data such that the mapping from data space to latent

space cannot be performed as expected.

We additionally walk between 4 sampled points — Qgamp. 1, Qsamp. 2, Lsamp. 3 and
Qqamp. 4 — in the 15-dimensional equation of state data space, Q, to demonstrate the
spike-like features of sampled points and low log(probability) space elsewhere. Figure
5.4.16 shows the first 5 out of the total 15 dimensions of the equation of state data
space € alongside the training data prior and points sampled by the Flow Qgamp.
conditioned on Ogwivosi7. The four different colours of crosshairs represent the 4
randomly selected points: Qsamp. 1, Qsamp. 2, Lsamp. 3 and Qqamp. 4. We walk from

point 1 in order until we reach point 4.

Figure 5.4.17 presents the log(probability) evolution as we follow the path of
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Figure 5.4.16: Corner plot of 1- and 2-dimensional marginalised distributions of
points from the equation of state training data prior (grey), sampled points from the
Normalising Flow (blue) and four proposed equations of state (pink, purple, green
and yellow) which we traverse between. We present the first 5 out of the total 15
dimensions. The full figure can be found in the appendix section 7.1 figure A7.
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Figure 5.4.17: Evolution of log(probability) of proposed equations of state between
points conditionally sampled by the Flow. Sampled points occur at steps 0, 100, 200,
300.

Qqamp. 1, Lsamp. 2, Lsamp. 3 10 Qsamp. 4. We take 100 steps in the 15-dimensional
space between each of these sampled points, and so steps 0, 100, 200, and 300 in
figure 5.4.17 land on the sampled points. It is between these sampled points that the
log(probability) drops dramatically, potentially by more than an order of magnitude,
meaning a difference in probability of exp(10), which is especially present between
points 2 and 3. We note that this difference in magnitude of log(probability) is less
than that shown in figure 5.4.14, where steps are taken over a smaller distance through
the 15—dimensional space. This suggests the presence of fine features with very low
log(probability) around high log(probability) spikes, relative to broader steps across
the space. Referring to figure 5.4.17, we see that these points have support from
the prior (as expected and as previously clarified in figure 5.4.1) and their path, too,

remains within the bounds of the training prior, as far as we can tell from 1-D and
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2-D projections. Figure 5.4.17 demonstrates the spike- vs. trough-like behaviour
that we anticipated. Sampling algorithms traversing the space looking for regions of
high probability will struggle to find the spike-like features of the space and likewise

struggle to leave the vast swathes of low log(probability) samples.

In attempting to identify the artificial structure learned by the Flow, we consider
potential sources of the structure. While there is no clear grid-like structure of the
points Qgamp. which are sampled by the Flow, we must consider that we view the
sampled points as 1— and 2—dimensional projections of a 15—dimensional space, where
12— of the dimensions are an autoencoded latent representation. In the original
training data (which is scaled and then autoencoded), there is no evidence of structure
in the P — p plane presented in figure 5.1.3, such as branching, clustering, or repeated
equations of state on a grid. However, we consider that perhaps the 12—dimensional
autoencoder is not optimal for representing our P — p training data. Therefore, we

explore different number of dimensions for compression via the autoencoder.

Summary of findings: By following a straight line in 15 dimensions through a small
region around the maximum log(probability) sample, we find a spike of log(probability).
We repeat this process but walking between 4 sampled points, where we see repeated
drops in log(probability) of O(10) between sampled points. When performing the
forward transform of a walk through high and low log(probability) regions of the
equation of state space, we find the walk extends beyonds the bounds of the unit
Gaussian we expect all points in the data distribution to map to. This suggests the
Flow has not learned a generic representation of the training data distribution as it

cannot map any region to the latent Gaussian.

5.4.5 Low-dimensionality representation

It was expected that we were perhaps over-representing the EOS data by encoding the
equation of state data to a higher number of latent dimensions than were necessary. If
over-representing the data with too many latent dimensions, this may result in a lower-
dimensional manifold existing in a higher dimensional space, e.g. a 2—dimensional

plane in a 3—dimensional box. When we then evaluate the probability of a given
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point in the high dimensional space, we then are likely to sample beyond the plane of
information present. If the Flow has learned the presence of the low-dimensionality
manifold, then points beyond this (in a higher-dimensional cloud around the plane)
are very likely to be considered improbable, as we have previously found. We consider
the possibility that perhaps encoding the 300 points in P — p to an autoencoded latent
space of 12—dimensions is too many. Perhaps the autoencoder struggles to stretch
the information from the equations of state training data to 12—dimensions, or the
Flow identifies a lower-dimensionality representation better suited to the data. We
investigate the possibility that a smaller number of latent space dimensions would
eradicate this problem, by training an autoencoder as outlined in section 5.2 to encode
the same training data set to latent spaces of dimensions d where d € [2,11]. It is
thought that there potentially exists a lower dimensional representation which is more
suited to the problem and that using additional dimensions to describe the equation

of state data becomes redundant.

Figure 5.4.18 presents training and validation loss as a function of training epoch for
each of the trained autoencoders with latent spaces of dimension d where d € [2, 11].
Each autoencoder was trained with identical training data (described in sections 5.1 and
5.2) for 1000 epochs with learning rate 0.005 and batch size 1024. The autoencoders
trained also have architecture identical to the initial autoencoder, introduced in section
5.2; this ensures that our test of the different autoencoders in performing the tasks
we will outline below only considers the change in size of latent space. Of course,
testing different autoencoder architectures to find the most optimal for the task at
hand using its given latent space dimensionality is desirable, but for the current tests
we choose simplicity and neglect optimising the hyperparameters of the autoencoder
and instead test changing the latent space size only. We find with figure 5.4.18 that
autoencoders with latent spaces of dimensions 4, 8, 9, 10, and 11 have comparable
losses to that of the 12-dimensional autoencoder (loss presented in figure 5.2.3). We
choose to investigate these models further. Autoencoders with latent spaces of size
3 and 5 both struggle to train effectively and have losses which do not decay over
time but rather remain stagnant at a significantly higher loss than the other models.

We therefore neglect testing autoencoders of this size further, as they would require
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further investigation and optimisation. We additionally find that autoencoders with
latent spaces of size 2 and 6 also train with no evidence of overfitting but with final

losses which are approximately an order of magnitude greater than those listed earlier.

We compare the quality of equation of state reconstruction with each of the
autoencoders with latent spaces of d dimensions where d = 2,4,6,7,8,9,10,11 in
figure 5.4.19. To do so, we select an equation of state from the training data set and
use each of the trained autoencoders to encode and decode this equation of state
(one full pass of the trained autoencoder), comparing the decoded equation of state
to that of the true input. We additionally present the residual of the reconstruction
in the lower figure. We find that autoencoders with latent spaces of size d = 2 and
d = 6 give equations of state which differ from the true equation of state (black dotted
line) most, which is in agreement with the increased MSE loss presented in figure
5.4.18. The reconstruction differs from the true equation of state most at its kinks and
extremities i.e. where the true equation of state deviates from the generic diagonal
line trend. We find in particular than an autoencoder with 4 latent dimensions has
comparable (and in some regions, better) reconstruction quality to autoencoders with
d = 7 dimensions or more. It appears beneficial to use an autoencoder of reduced
latent space dimensionality for future analysis as it can reconstruct equations of state
at a comparable accuracy to autoencoders with many more dimensions. Additionally,
a smaller latent space size is beneficial for later stages of analysis, where we can train
Flow to learn the mapping of a smaller data space and, in performing hierarchical
analysis, have sampling methods operate in a smaller number of dimensions, which

allows for more efficient sampling.

Further, we train a conditional Normalising Flow as outlined in section 5.3.1
to learn the forward mapping from d + 3 dimensional equation of state plus scaler
data space to d + 3 dimensional Gaussian conditioned on event information, as per
equation 5.10. Once trained, we perform the tests we have previously used to assess
the performance of the 12—dimensional autoencoder in section 5.4 to assess the
performance of the conditional Flows trained to map d + 3 dimensional autoencoded

latent spaces. The primary test we perform is assessing the log(probability) distribution
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Figure 5.4.18: MSE training (solid) and validation (dashed) loss plotted as a function
of training epoch for autoencoders with variety of latent space dimensions d where
de[2,11].

of p(Qaauss at max|@170817) for each of the d + 3 dimensional Flows, the result of
which is presented in figure 5.4.20. For autoencoders with d =9, 10, 11, we find the
log(probabilities) are very large and negative and are on a comparable magnitude
to that of the original 12-dimensional autoencoder (see figure 5.4.4). The results
demonstrate that there is support for p(Qgauss at max|0@170817) With log(probability)
at a magnitude comparable to that of p(Qsamp.|0170817) when using the Flows trained
on the autoencoded spaces with d = 6,8 but with significant outliers. The Flow
trained using the autoencoded latent space with d = 4, however, shows a entire
log(probability) distribution which is very comparable to that of the log(probabilities)
of p(Qsamp.|0170817) With a d + 3 dimensional conditional Normalising Flow. With
a higher dimensionality data space, one would expect a larger and more negative
log(probability) distribution when assessing the probabilities of randomly selected
points within the space. However, it is clear that for spaces with d = 9 and above,
there are much more significant outliers to the distribution, compared to spaces of

much smaller dimensionality.

Finally, we use each of the conditional Flows to ‘walk’ around the maximum likeli-
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the training data set (black dashed line) and the reconstruction of this equation of
state using autoencoders with different numbers of latent space dimensions (various
colours, upper) and the residual of the reconstruction (lower).
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hood sample Qax samp. given by conditionally sampling each of the d + 3 dimensional
Flows given 6170817. Figure 5.4.21 presents the log(probability) range spanned for
all Flows trained on autoencoded latent spaces of d = 2,4,6,7,8,9,10,11. Flows
trained to perform the conditional mapping from autoencoded spaces with d = 11
and d = 10 experience a change in log(probability) when travelling through the small
volume of space of upwards of 3 orders of magnitude, a difference in probability on
a scale of exp(1000). In the inset of figure 5.4.21, we visualise this figure again in
region of log(probability) around 0. Flows trained with autoencoded latent spaces of
sizes d = 4,6 and 7 (plus scaling parameters) have a change in log(probability) which
is more comparable with what one would expect in such a small volume of space.
In particular, the latent space of d = 4 dimensions shows almost no change in log
probability across the walk which is more realistic for such a test, and is indicative of
a lack of peaks and troughs of probability in this small volume of d + 3-dimensional

space.

It is for the reasons outlined above that we choose to move forward in using the
d = 4 dimensional autoencoded latent space as our equation of state data space for
future work. We therefore use the conditional Normalising Flow trained to map a d +3
(7—dimensional once we include pmax, Pmin, Pmax) space equation of state conditioned
on @ as this Flow has provided evidence that it is the least afflicted by learned artificial
structure, but is not necessarily entirely absent. Therefore we must act to mitigate

other potential sources of learned artificial structure.

Summary of findings: We reduce the number of autoencoder latent space dimen-
sions which we then use to represent the equation of state data space to d =4. We
find an improvement in the variation in magnitude of log(probability) over the space,

and less evidence of the features of peaks and troughs, or learned structure.

5.5 Data augmentation with Normalising Flows

We consider that the performance of the Flow may also be limited by our quantity

of data. The Flow has been trained with 97 000 equations of state in the Flow data
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Figure 5.4.20: Histograms in log(probability) of proposed equations of state given
GW170817 for Flows trained using d + 3 dimensional autoencoded data, where
d =4,6,7,8,9,10,11,12. Each of the four figures shows histograms which have
a similar log(probability) range.

space with one [m1, mo, A1, Ao] label per equation of state as a conditional term 6. It
has been considered that in high numbers of dimensions, this quantity of data was
not enough for the Flow to generalise to, especially if it contains or emulates some
unknown artificial structure which the Flow can learn easily. However, equation of
state data is expensive to generate; the process of randomly generating a high density
phenomenological equation of state, detaching the nuclear parameters to construct
the meta-model and then solving the TOV equations for the macroscopic parameters
takes ~ 1 second per equation of state [281]. Although this is ~ 1 day of computation,
we require external bodies to produce the data required for the analysis. Additionally,
increasing the bulk quantity of training data that is processed per epoch makes the

training process lengthier and more expensive.
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Figure 5.4.21: Log(probability) evolution walking through maximum probability
sample using Flows trained using d + 3 dimensional autoencoded latent spaces where
d=4,6,7,8,9,10,11,12. The inset plot shows the same paths but at a focussed range

of log(probability) around 0.

We introduce a Normalising Flows method which allows us to achieve our goal
of presenting the Flow with more training data examples over the course of training
while keeping the training costs down. The method allows for cheap and effective
data production that can be done locally and rapidly with little impact to the
current training routine. Firstly, we construct a combined data set of 11 dimensions
consisting of the 7 equation of state data dimensions (d = 4 latent dimensions
from the autoencoder and 3 scaling parameters) and the 4 conditional dimensions,
[mq, ma, A1, As], presented in figure 5.5.2. We then train an unconditional Normalising
Flow to model this combined data space

of(Q,m,N\)

0Q,m,A | (5:13)

p(Q,m,A) = pz(z)|det

such that we can then randomly sample from the Flow and return samples from this

combined data space. Sampling from the Flow is very efficient; we can produce 10°
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random samples in around 1 second, which consist of 10° equations of state in the
7-dimensional data space and one event associated to each equation of state in the

[m1, ma, A1, A2] space.

During training we can then continuously sample from this Flow, henceforth the
‘regeneration Flow’ to generate training data. Once sampled, the 11 dimensions are
separated into the 7 data dimensions Q and the 4 conditional dimensions 6, and
training of the conditional Flow resumes normally as described in section 5.3.1. We
sample from the regeneration Flow 10° times on every training epoch, of which
there are 1000 in total. By the end of training, the Flow has now seen 10® discrete
training data samples in both the data Q and conditional 6 spaces. Sampling from
the regeneration Flow during training adds ~ 1000 seconds on to Flow training time
(sampling from the regeneration Flow once per epoch), but at a significant gain;
by sampling from the regeneration on each epoch, we expose the Flow to orders of
magnitude more samples from the training data distribution, so the increased time is
outweighed by the gain in total number of pieces of training data. We validate on a
random selection of 25000 equations of state from the real training data set, to ensure
the regeneration Flow remains to produce samples that are consistent with the true

data set.

The results of training the regeneration Flow are presented in figures 5.5.1 and
5.5.2. Firstly, figure 5.5.1 presents the training and validation losses for training
the regeneration Flow with an architecture of 1 residual block, 2 transforms and 32
neurons per transform. The entire training routine of 500 epochs took less than 10
minutes with a batch size of 4096 and at a learning rate of 0.001 which decays during
training with cosine annealing. Figure 5.5.2 presents a set of 10 samples from the
regeneration Flow in blue on top of the 11-dimensional combined equation of state Q
and event data 6 training set in purple. We see the samples from the regeneration
Flow agree well with the training distribution, further clarifying the Flow has learned

the 11-dimensional data distribution well.

We employ the regeneration Flow in training the conditional Normalising Flow
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Figure 5.5.1: Training (blue) and validation (dashed purple) loss for the 11-
dimensional regeneration Flow trained as per equation 5.13.

by sampling from the regeneration Flow on each training epoch in order to provide
the training data. We train the conditional Flow with the same architecture as
the regeneration Flow to maintain simplicity and remove sources of potential over-
complication. The plot of training loss over time for the conditional Flow trained using
the regeneration Flow is presented in figure 5.5.3. We see the Flow learns consistently
throughout and the training loss evolves well relative to the validation loss, which is
the loss evaluated given a data set of size 10* which is sampled from the regeneration

Flow once at the beginning of training and which is then used throughout training as

validation data and is never replaced.

However, our initial tests of training and sampling performance of the original
conditional Flow (section 5.4.2) did not show any concerning results, especially in loss
performance. Therefore we complete the same tests of evaluating the probability of

proposed samples and traversing the space through regions of known high probability
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Figure 5.5.3: Training (blue) and validation (purple) loss for the conditional Flow

trained using the 11-dimensional regeneration Flow.

to fully test the result of data augmentation.

5.5.1 Testing the augmented conditional Flow

We complete the same test introduced in section 5.4.1 of evaluating the log(probability)

of p(QGauss at max|0170817), equations of state Q proposed from a small Gaussian

distribution centred around the maximum likelihood sampled point, conditioned on

event samples 6 from GW170817. We plot the corner plot of these proposed samples

QCauss at max alongside those sampled by the Flow given event information Q ~

p(Q|0awir0s17), which we discovered the Flow attributed vastly different magnitudes

of log(probability) to, along with the prior training data in section 5.4.1 figure 5.5.4.

Again, we do not find that the proposed samples Qcauss at max are on the extremities of

the space and find the point selected which the Gaussian has been constructed around

(the most probable sample returned by the conditional Flow given event samples
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Figure 5.5.4: Corner plot of 1- and 2-dimensional marginalised distributions of
training equations of state (blue), sampled points from the regeneration-Flow-trained
conditional Normalising Flow (purple) and proposed equations of state (pink) from a
Gaussian distribution.

Qnax prob = Max(p(Q|0cwizosi7))) to be surrounded by other Qgamp. sampled by the

Flow which we know to be of comparable probability.

The histogram of log(probabilities) of proposed equations of state around the
maximum likelihood point are presented in figure 5.5.5. We find the log(probabilities)
of the proposed equations of state Qqauss at max are of comparable magnitude to those
sampled Q ~ p(Q|0awi70o817) With significant overlap in both of the distributions. Ad-
ditionally, we find that the log(probability) distribution of p(Qcauss at max|@cwi70817)
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Figure 5.5.5: Histograms in log(probability) of sampled equations of state given
GW170817 for the regeneration-Flow-trained conditional Flow (purple) and Gaussian
proposed equations of state around Qpax sample given the same condition (pink).

extends beyond the maximum of log(probability) of points Q ~ p(Q|0cw1i70s17). This
suggests the Flow has found the region of maximum probability in the 7-dimensional
space, and find that our chosen pax prob is not necessarily the true maximum, and
that points nearby have higher log(probability). In sampling Q ~ p(Q|0cw170817),
we are sampling a finite and relatively small number (~ 2000) of points in the 7-
dimensional space, and therefore do not necessarily sample the true maximum. This
suggests the 7-dimensional space does not have the same level of learned structure as

perviously found and instead finds a smooth and comparably probable surface.

We next evaluate the probability of regions of the space in a path through the
maximum likelihood point as previously performed in section 5.4.4 . Similar to
previous tests, we evaluate the probability of points +0.01 in 7 dimensions around

Qunax prob- Figure 5.5.6 presents the log(probability) evolution over this path, aver-
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Figure 5.5.6: Log(probability) evolution walking through the maximum probability
sample using a conditional Flow trained using the 11-dimensional regeneration Flow.

aged over all event samples 170s17. We see the log(probability) evolve on a scale
of 0.3 log(probability) which is starkly different to our previous change of 100 in
log(probability). We also see a result which is in agreement with the findings from
figure 5.5.5, where the log(probability) of Qmax prob given 6170817 is not the true
maximum, and that points at a distance of 0.01 from Q,ax prob in 7-dimensions are
actually more probable. This is expected from a smooth 7-dimensional volume of

points which we sample finitely from.

This method of data augmentation has improved the Flow’s understanding of the
space and has constructed a mapping which appears to be free of evidence of learned
artificial structure. The augmentation process is a cheap and effective solution for
problems which are limited by the quantity of data available. It allows the user to

generate more samples from an existing data distribution. Note, these additional
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samples are not ‘new’ samples from a posterior, but are additional synthetic samples
from the posterior we currently have. Providing the conditional Normalising Flow
with additional samples for training inhibit the Flow’s ability to learn any structure
or memorise as there is a larger quantity of training samples and also introduces
the regeneration Flow’s own intrinsic noise on learning the true training data. A
Normalising Flow will not learn the data perfectly, and so even if the regeneration Flow
learns 11-dimensional artificial structure, when sampling the Flow’s learned mapping
of the 11-dimensional space, we sample given the Flow’s own intrinsic uncertainty
which obscures the learned structure. This has proven, alongwith the reduction in
dimensionality of the autoencoded latent space from 12 to 4 dimensions, to be helpful

in allowing the Flow to learn a generic understanding of the mapping.

Summary of findings: We introduce a ‘regeneration’ Flow, an unconditional
Normalising Flow trained to learn to map the joint Q and 6 space. Once trained,
the Flow can be sampled from during training of the conditional of equation of state
prior Flows to augment the training data and provide more training data examples,
obscuring the structure present with the Flow’s intrinsic noise. As a result, the Flow

learns the generic behaviour of the equation of state data space.

5.6 Conclusion

This chapter discusses the equation of state data we wish to use for future hierarchical
inference of the neutron star equation of state, before introducing the compression
methods used. Subsequently, we discussed evidence of learned artificial structure that
arose when using the Normalising Flow in a new capacity of evaluating the probability
of regions of the equation of state data space rather than conditionally sampling the
space directly, with the ultimate goal of hierarchical inference of the neutron star

equation of state.

The new data introduced is a set of unified equations of state which are solved via
the TOV equations to obtain their respective mass and tidal deformability parameters.

These consist of piecewise polytropic equations of state at high density, each of which
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is adjoined continuously to a low density equation of state described by a nuclear meta
model. Each equation of state has a unique minimum pressure, maximum pressure and
maximum density and is more expressive than a simple polytrope and spans a broader
density range. This ensures the analysis is next-generation-proof, where we can no
longer assume a fixed crust equation of state in equation of state inference. However,
the more complex equations of state require a more involved compression method,
which retains the unique features of each of the individual equations of state to allow
for high quality inference. It is for this reason we choose to employ an autoencoder
with convolutional layers. We compress the equations of state to a latent space of 12
dimensions, retaining an additional 3 scaling parameters such that we can reconstruct
the equations of state fully after compression. This also allows us to maintain as many

unique features of individual equations of state as possible.

Hierarchical analysis aims to infer the underlying true equation of state given
multiple observations of neutron star observables. In this case, we wish to combine
information from multiple GW observations of BNS mergers for an overal inference of

the neutron star equation of state.

However we find that in using the conditional Normalising to evaluate the proba-
bility of proposed equations of state instead of sampling like was done in the previous
chapter, that the conditional Normalising Flow severely struggles. This is potentially
detrimental for hierarchical inference because we want to use sampling algorithms to
survey the parameters space and evaluate the likelihood at given points. We find the
Flow shows no signs of traditional overfitting but struggles to generalise to equations
of state not from the data set we use to train the Flow. We test proposal equations of
state from a variety of distributions and also try to walk through the space to visualise

the proposed ‘structure’ that the Flow has managed to over-specify to.

We find that reducing the dimensionality of the compressed equation of state space
from 12— dimensions to 4 helps significantly. We do so by retraining the autoencoder
to instead compress the 300 points along each equation of state to only 4 dimensions.

Doing so allows the conditional Normalising Flow which is trained using this data to
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perform much better on tests such as evaluating the probability of regions of space
around sampled equations of state and also in the lack of variation in log(probability)

found when walking through regions of parameter space.

Additionally, we introduce a Normalising Flow method to augment our training
data set. We train a conditional Normalising Flow to model the data and conditional
spaces together. During training, we can then sample from this unconditional Flow.
We find this helps the conditional Flow to learn a smooth surface with no evident
structure using our tests. This is helpful for high-dimensionality problems where
the amount of training data can be critical in the quality of your tool but may be

expensive to generate.

We find that the main evidence of structure most likely was due to training a Flow
model with too many dimensions than were necessary for the problem at hand. This
means we may have had dimensions involved in the problem which did not contain any
valuable information. In asking the Flow to then evaluate randomly proposed regions
of the space which were beyond the valid region of information for this dimension
(for example, a plane within a higher-dimensional volume of space), the Flow cannot
perform well. Higher dimensionality problems are difficult to visualise and also to
present in 2 or 3 dimensions which is what we are limited to in trying to find and
present the cause of the problem. Our regeneration Flow method also allows us
to generate more training data examples to improve training, and have supported

evidence that the artificial structure in the space is no longer present.

To conclude, we wish to express the need for caution when applying Flow models to
new sets of training data, especially in high numbers of dimensions or where training
data is limited. By exploring issues that arose early during our application of hierar-
chical analysis, we were able to work around some issues in dimensionality reduction
and employ a new but simple method Normalising Flows for data augmentation. We

can now perform hierarchical analysis of the neutron star equation of state.
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Chapter 6

Hierarchical inference of the NS EOS

With the framework developed in chapter 5, we now wish to perform hierarchical
inference of the NS equation of state. In chapter 5 section 5.3.1, a Normalising Flow
was trained to map a compressed representation of our equation of state training
data conditioned on BNS merger properties. Our NS equation of state training
data, introduced in section 5.1, consists of unified equations of state with nuclear
meta-model low density and piecewise polytropic high density. The equations of
state each span an region covering the NS inner crust to the inner core of the NS,
where each equation of state has its own unique crust. These specifications of the
equation of state training data are particularly pertinent when considering hierarchical
analysis of the NS equation of state in next generation GW detection. As previously
mentioned in chapter 2 section 2.3, both improved tidal deformability measurement
and the expected increase in number of BNS merger observations with next generation
detectors are expected to improve the quality of equation of state inference, so much

so that we can no longer assume a fixed crust equation of state.

In the previous chapter, we laid the groundwork for hierarchical inference of the NS
equation of state, but identified some problematic behaviour in how the conditional
Flow learned the mapping to the equation of state training data, €. Through several
stages of testing in section 5.4, artificial features were identified in the learned Q space

and manifested as peaks and troughs of probability, making any future sampling of the
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space very difficult. By reducing the dimensionality of the autoencoded latent space
which constitutes Q in section 5.4.5, we removed problematic probability evaluations
of regions of Q by the Flow. We additionally introduced the ‘regeneration Flow’ in
section 5.5, an unconditional Normalising Flow which is trained to learn the combined
data and conditional training data spaces such that we can sample from this and

augment the training data sets.

By building on the the findings of chapter 5, we wish to perform hierarchical
inference of the NS equation of state. We firstly reintroduce hierarchical Bayesian
inference in section 6.1 and set up the Flow-based probability function for combining
information from multiple GW events via MCMC in section 6.1.1. We demonstrate
the performance of the pipeline in section 6.2 in combining information from the two
currently known real BNS merger events before introducing the simulated GW event
data. We discuss previous use of this event data in repeating methods introduced
in chapter 4 to infer the NS equation of state from a single simulated events, and
then discuss expanding this to multiple events. We present the results of combining
information from multiple events with the previously affirmed methods in section
6.3.2 and discuss a different method in section 6.3.3. We present results for multiple
simulated equations of state next, before discussing computational requirements and

time taken to perform the analysis in section 6.4.

6.1 A recap of hierarchical Bayesian inference

In chapter 5 section 5.3, we introduced a Bayesian framework for combining information
from multiple observations of GWs from BNS merger events into one overall inference
of the NS equation of state. Here, we briefly recap the key points. The equation of
state data space Q - discussed at length throughout chapter 5 - is represented by a
compressed 7—dimensional data space, consisting of an autoencoded representation
of the equations of state and their respective scaling parameters. Each equation
of state is associated to a BNS merger event, which is represented by parameters
6 = [my,mo, A1, A2]. We combine information from multiple observed BNS merger

events to infer the true equation of state through hierarchical Bayesian inference.
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Through manipulation of Bayes theorem, covered fully in chapter 5 section 5.3, we
arrive at the posterior probability density of Q given observed GW strain data h

N

p(@lh) o pe(@' N [] <pcond<sz|el->> . (6.1)

i=1 p(0i~p(6lhi))
where p,(Q) is the equation of state prior probability density. It is through this
framework that we can use our trained Normalising Flow to calculate the posterior
probability density pcond(2]6;) of a given equation of state for a given set of posterior
samples from the i*" event, and then combine the information from multiple events.
Equation 5.10 in chapter 5 section 5.3 describes the Normalising Flow which is trained
to do so, mapping the equation of state data space Q to Gaussian latent space Z
conditioned on BNS merger event parameters 6 for rapid probability estimation. A
Normalising Flow can evaluate O(10°) probabilities in < 1 second and so we can
evaluate many iterations of p(Q|6;) at once very quickly and therefore explore the

posterior probability density efficiently.

6.1.1 Summary of method

To perform the analysis as outlined above, and as discussed in chapter 5 section
5.3, we wish to propose possible equations of state Q to the Normalising Flow and
evaluate the probability density given conditions; posterior samples in |[m1, ma, A1,
Aso] as measured with GWs from BNS merger events. The proposal of equations of
state to the Normalising Flow for probability evaluation is performed using MCMC
which, given access to a probability function can propose equations of state from a
user-defined proposal distribution — in this case the prior p() — and can then traverse
and survey this space with the provided probability function and propose new points

in this space.

In chapter 1 section 1.5.1.1, we introduced MCMC as a stochastic method of
sampling a probability distribution. We use emcee [134], a particular python imple-
mentation of MCMC, which performs ensemble sampling of the equation of state
posterior probability density. A series of walkers evaluate the probability of multiple

locations of the equation of state in parallel relative to a probability function. In this
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case, the probability function is finding the posterior probability density pcond(€2]6).
We run MCMC for a defined number of steps through the equation of state data space,
after an initial burn-in stage. By evaluating the probability of equations of state Q
conditioned on 6 (posterior samples from multiple individual events) — as defined in
equation 6.1 — using the Normalising Flow on a GPU, individual posterior probability
evaluations are quick. While each Markov Chain is inherently sequential, we evaluate
the probability of Q given a whole set of posterior samples 6 from a given event and
find the average, before repeating for multiple events. We can use the GPU effectively
so to perform as many of these evaluations and calculations in parallel, before then
moving to the next stage of the Markov Chain. The ensemble sampling of emcee
allows for parallelisation of all walkers’ probability evaluations. As such the overall

sampling routine is cost-efficient.

The workflow we follow for this work is presented in figure 6.1.1. The conditional
Normalising Flow pcond(€2]|6) is trained as is described in chapter 5 section 5.5.
To recap, we train the conditional Normalising Flow using the ‘regeneration Flow’
PrG (L, 0), an 11-dimensional unconditional Flow trained to learn the joint equation
of state Q and event # parameter space. Once trained, the regeneration Flow can be
sampled from via Q, 0 ~ pra(Q, 6) where 8 = mq, mo, A1, A2 and the equation of state
data Q detached from the event data so to train the conditional Normalising Flow
Peond (Q|m1, ma, A1, A2). In chapter 5 section 5.5, we introduced how the introduction
of the regeneration Flow reduced the effect of artificial structure in the Flow’s learned
data space. This allows us to propose new equations of state and evaluate their

probability p(Q|6) without falling into gaps within the learned structure. This

phenomenon is discussed extensively in chapter 5.

Our evaluation of the posterior probability p(Q|h) requires consideration of the
equation of state prior probability, p(€), which we similarly model using a Normalising
Flow, p,(Q) as introduced in chapter 5 section 5.4.3 equation 5.12. Once trained,
samples can be drawn from the Flow Q ~ p,(Q) accompanied by their prior probability
densities. This unconditional Flow is likewise trained using the regeneration Flow

PrG (L, 0) in order for the training data prior for both the unconditional prior Flow
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Figure 6.1.1: Block diagram of workflow of the original Flow-based method for
hierarchical analysis. This includes the use of regeneration, conditional, prior and
PE Flows. Samples 6; are generated from the PE Flow for use in MCMC while the
conditional and prior Flows are used in MCMC to evaluate probability of proposed Q
given 6;.

and the conditional Flow to remain consistent. With regards to the prior Flow p,(Q),
training with the (first 7 dimensions of the) regeneration Flow incorporates a small
amount of noise into p,(Q) without fundamentally changing the behaviour of the
data space which is it learning the mapping of, while additionally providing more
training examples of Q to learn from. Chapter 5 found that the use of the regeneration
Flow pra (€, 0) in training both p, (L) and p.ond(€2|6) also solved issues surrounding
artificial structure so we use the regeneration Flow to more safely model the prior,
as well as to train pconq(R|6). Using a Normalising Flow to represent our prior
probability density allows for very quick sampling of the prior itself but also for very
fast evaluation of the prior probability of randomly proposed points, in this case

equations of state p,(Q), which we have no alternative analytic way to evaluate. We
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perform the analysis by taking data from observations of GW events from N BNS
mergers in [m1, ma, A1, A2], evaluating the probability of equations of state given
data from these N events in a MCMC to return posterior samples from the posterior

probability density in the 7—dimensional compressed equation of state space.

6.2 Applications to real events

We firstly apply this analysis to combine information from the real BNS merger events
GW170817 [54] and GW190425 [95]. As discussed in chapter 1 section 1.3, these two
events are currently the only two observations of GWs from BNS mergers. These
events had vastly different SNRs from one another and therefore different precision
in the measurement of mass and tidal deformability of each of the component NSs.
We introduce GW190425 to this analysis to demonstrate hierarchical inference using
Normalising Flows, and compare to the previous single event study of GW170817
made in chapter 4 presented in figure 4.5.1.

6.2.1 Data

We randomly select 256 samples from the full set of posterior samples from Third
Gravitational-Wave Transient Catalog (GWTC-3) and Gravitational-Wave Transient
Catalog from the First Half of the Third Observing Run (GWTC-2.1) for the GW
events GW170817 and GW190425, respectively. We choose to use 256 posterior
samples per event as this is the minimal number of samples we need so as to represent
the posterior without biasing the result with too little samples but also not too many
as to become a computational burden. Appendix B presents the plots in justification
of using 256 samples. The posterior samples for both events that are within the convex
hull — defined by the boundary of the conditional training data 8 — are presented in
figure 6.2.1 alongside training data 6. In chapter 1 section 1.4.1 we discussed how
GW190425 had a much smaller SNR of 12.4 compared to that of GW170817 with
32.4, the loudest observed event by the global ground-based detector network for a
long time before being surpassed in the fourth observing run [39]. This is apparent

in figure 6.2.1 which shows GW190425 with a broader event posterior probability
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Figure 6.2.1: 1- and 2-dimensional marginalised distributions of posterior samples of
[m1, ma2,log A1, log Ag] from GW events GW170817 (purple) and GW190425 (pink)
on the training data prior (blue). The contours represent 68%, 95%, and 99.7% of the
samples respectively.
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distribution than that of GW170817, especially in the spread of the outermost contour
of the joint distribution of log A1 and log Ao, which defines for 99.97% of all posterior
samples. Therefore, we expect a reduced level of constraint in the equation of state
space from single event analysis with GW190425 than we do for that of GW170817.
We pass 256 posterior samples from each event in [mq, ma,log A1,log A2] from both
GW170817 and GW190425 to the hierarchical analysis. We run MCMC for 5 x 103
steps with 200 walkers with a 10 step burn-in stage. This analysis took just over 2
hours to combine the information from the two events into a combined 7—dimensional
equation of state posterior using the batching method described in section 6.1.1 which

efficiently packs data onto the GPU for processing.

6.2.2 Results

We plot the result of the combined analysis in figure 6.2.2 alongside the individual
event posteriors for both GW170817 and GW190425. These were found following
the method applied in chapter 4 of using a trained conditional Normalising Flow to
sample the individual events’ equation of state posterior given posterior samples from
a single BNS merger event. The purple and pink distributions therefore represent
Q170817 ~ p(Ll0cwiros17) and Qigoa2s ~ p(L|0cwigo425) respectively. As expected,
given the wider spread of posterior samples 6 due to the much smaller SNR of the
event, the single event equation of state posterior associated to GW190425 is much
broader than that of GW170817, and in some cases leaks beyond the edges of the
prior. The single event posteriors presented in figure 6.2.2 have not gone through any
post-processing stages and so some samples lie beyond the training data prior. This
is a manifestation of the intrinsic uncertainty of the Flow, which has, as previously
mentioned, been training using the regeneration Flow. These multiple stages that
construct the Flow introduces uncertainty which do not fundamentally change what

the Flow is learning but does introduce some noise.

In contrast, the result of the MCMC analysis in blue represents posterior samples
from p(Q|h gwi70817,  Gw190425). The combination of information from both GW

events returns a smaller, shared volume of the purple and pink distributions as appears
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Figure 6.2.2: 1- and 2-dimensional marginalised distributions of posterior samples in
the compressed equation of state space given information from both GW170817 and
GW190425 (blue) alongside their single event posteriors (purple and pink, respectively)
alongside the training data prior (grey). The contour for each figure represents 90%
of the respective total number of samples.
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Figure 6.2.3: Plot of pressure vs. density of a projection of the combined equation of
state posterior given GW170817 and GW190425 in blue. The single event GW170817
result is presented as a purple boundary. The LIGO-Virgo-KAGRA (LVK) result
from GW170817 is presented in the black dashed boundary. The training data prior
for the combined analysis is given by the pink prior bounds. The inset displays the

zoomed-in posterior in the region of [1,5] x 104 g cm™3.

in the 1- and 2—dimensional projections in figure 6.2.2. This demonstrates that the
walkers are finding regions of the 7—dimensional space which is commonly favoured by
both GW170817 and GW190425 given evaluation of the probability of these regions

using the conditional Normalising Flow.

We also express the result of combining information from these two events in
figure 6.2.3 in the P — p plane. We compare the combined GW170817 and GW190425
result to that of chapter 4 figure 4.5.1 and, likewise in the chapter 4 result, the
equation of state inference performed by the LVK collaboration in [4]. Each of these

previously declared results express their posterior in the P — p plane in intervals of
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50% and 90% confidence, however their respective choices of presentation differs from
the current result. Both the LVK and chapter 4 results determine the regions of
confidence in the P — p plane, with the LVK result slicing in pressure and chapter 4
slicing in density. Only the 90% boundary for both of the aforementioned results are
presented in figure 6.2.3. For the result of this Flow-based combined analysis, the
90% confidence equations of state in blue are determined from their 7—dimensional Q
representation. To do so, a KDE is constructed around the 7—dimensional equation
of state posterior, from which the samples within the 90% confidence interval are
determined. These samples in the 7—dimensional equation of state space are then
decoded and the results are presented in figure 6.2.3 in blue. The workflow discussed
in this chapter for the combined analysis (and introduced in chapter 5 section 5.2)
allows for each equation of state to be presented to its own maximum density and
pressure. Therefore, the upper density region of the equation of state posterior differs
from the LVK and chapter 4 results, which restrict each equation of state in reaching
a common maximum density or pressure, respectively. The workflow discussed here
allows for a more flexible equation of state posterior, and does not restrict the equation

of state within a common band.

We find that the hierarchical inference result given both GW170817 and GW 190425
constrains more in P — p when compared to the single event results from chapter 4
and that of the LVK collaboration in [4]. We find the addition of GW190425 in the
analysis is particularly powerful in the density range of [1,4] x 10" g cm™. The
component masses of GW190425 are both more massive than that of GW170817 (see
figure 6.2.1) with comparable tidal deformabilities. For a given tidal deformability,
a higher mass suggests a stiffer equation of state, which is reflected in figure 6.2.3
where the equations of state from the combine result appear to have a steeper gradient
than the bounds on the chapter 4 result suggest. Additionally, there is less support
at high densities and pressures compared to the GW170817 result from chapter 4
and that of the LVK. We also find the constraint extends below the lower density

limit of both the chapter 4 and LVK results, with equation of state constraints within

013 3

the prior bounds from 2 x 1 g cm™” onwards. We note the change in prior on

both the conditional training data 6 between the three different analyses and the

193



equation of state Q. This accounts for the difference in upper density /pressure limit,
and the shape that the equations of state take in this region. For the LVK result
presented in figure 6.2.3 from [4], the prior on equation of state is defined by their
choice of equation of state parameterisation. As introduced in chapter 1 section 1.4.1
and chapter 2 section 2.2.1, [4] use the spectral parameterisation (introduced in 2
section 2.1) to represent their equations of state, and choose a prior range over the
spectral parameters so to represent a broad range of physically valid equations of
state [4]. The analysis here differs from that of chapter 4 purely in the training data
used, as both analyses are non-parametric and model-agnostic. But we note both
analyses also use different compression methods so the compressed data spaces which
inference is performed in is also different. This limit was a particular choice made
by each of the analyses, and is not simple to account for so to make the analyses
compatible for comparison purposes. The prior on the analysis performed here in the
combination of both events, however, is broader and extends a larger density range
than the aforementioned analyses. While the shape of the upper pressure limit varies
and is softened slightly above 101% g cm™, we believe the change in training data is

beneficial to improving the result for third-generation analyses.

6.3 Simulation studies

In addition to the combination of information from the two current BNS merger
events, we discuss the performance of the analysis in the combination of many more
simulated events. We wish to perform simulation studies of hierarchical inference of
three different equations of state of varying softness/stiffness. We do so by simulating a
multitude of GW events associated to this underlying equation of state and performing
the hierarchical analysis with PE samples associated to the simulated events. We wish
to test the analysis on inferring three different equations of state from the validation

data set, presented in figure 6.3.1.

The chosen equations of state are presented in the P — p plane in figure 6.3.1.
We demonstrate three randomly selected equations of state which feature 3 distinct

examples of possible behaviour. The stiffest equation of state in the density range
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Figure 6.3.1: Plot of pressure vs. density for three simulated equations of state from
the validation data set alongside the prior training data in grey and the bounds on
the prior training data in pink.

2x 10 g em™ to 4 x 10 g cm™ is given by the pink-red line, with the steepest
gradient and therefore the larger increase in pressure across this density. In contrast,
at the lower end of this density range, the soft equation of state, in blue, has the the
smallest change in pressure for a given change in density out of the three equations
of state highlighted. The behaviour of each equation of state evolves beyond these
definitions out of this density region; the training data chosen for this analysis allows
for the equations of state to be expressive over a broad density range and to have
unique maximum pressures and densities. The ‘medium’ equation of state merely
gives a third example, which is neither extremely soft or stiff. The equations of state
given in figure 6.3.1 are equivalently plotted in the m — A plane in figure 6.3.2. In this
figure, we instead plot the individual events which are simulated so to be associated to
each of the stiff, soft or ‘medium’ equations of state. As discussed in chapter 1, each

equation of state in P — p has an equivalent relationship in m — A, where A evolves
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Figure 6.3.2: Mass vs. tidal deformability for three example equations of state from
the validation data set. Dots along each equation of state represent a single NS with
the darker shade of a given colour of dot associated to the first component star of the
merger and the lighter shade being the second component star of the merger.

with m as A ~ C™®, where C = M /R is the compactness, a measure of the amount of
mass M per unit radius R. It is clear from this figure that the stiff equation of state
has more support for high mass NSs and supports higher tidal deformability at a given
mass. This is because for stiffer equations of state, there is more pressure support
against the gravitational force, and so NSs have a larger radius. As radius R increases,
the tidal deformability therefore increases dramatically, due to the fifth power on
radius. A larger tidal deformability means the star is easier to distort via tidal forces.
Alternatively, the softer the equation of state, the smaller the tidal deformability. Soft
equations of state are associated to less massive NSs which are more compacted and
therefore have a smaller radius. Thus, given our previous argument for stiff stars, soft
equations of state support smaller tidal deformability for a given mass indicating they

are less easily deformed.
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6.3.1 Parameter estimation data

For the simulation studies introduced in section 6.1.1, we require a method to simulate
PE for multiple observations of GWs from BNS merger events. In order to test the
success of our pipeline, we wish for each of these events to be associated to a true
underlying equation of state that we can infer through combining information from
multiple BNS merger events. Methods to simulate PE of mock GW merger events
already exist for the current era of GW observation. We previously introduced the PE
software bilby [295] which, for simulation purposes, allows the user to specify true
mass and tidal deformability parameters for a given BNS merger event which may be
associated to any equation of state. Once these parameters are defined, a waveform
is produced relative to the defined parameters, and has noise added associated to a
given PSD (introduced in chapter 1 section 1.2.3). With the noise-added waveform,
one can then perform PE as normal, via stochastic sampling methods, as is discussed

in chapter 1 section 1.5.1.

However, simulation studies for the third generation of GW detectors must take
into consideration the change in how long a BNS signal will be observable for in
the detectors sensitive frequency range; for ET at design sensitivity, a BNS merger
signal may be in-band and observable for multiple hours [302]. PE of this signal
with current stochastic sampling methods would potentially take thousands of central
processing unit (CPU) hours [200]; computational cost increases alongside increasing
SNR and signal length. This is a computational burden which will become prohibitive
as numbers of observations increase. Alongside the increased cost of PE comes the
subsequent equation of state inference, which adds additional expense and time
requirement (see chapter 2 section 2.2.1.2 for discussion), all of which takes place
before the information from multiple events is combined together in hierarchical

inference.

Hu et al. [3]| present a ML-based workflow of performing PE for 3G-era BNS
signals and subsequent inference of the equation of state together within O(1 second).

With a method similar to that of [258] but applied to long-duration BNS mergers in
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particular, Hu et al. use a conditional Normalising Flow, ppg(6|h) to perform full
PE on long-duration precessing BNS merger signals detected by 3G detectors and

subsequently infer the equation of state following the work of chapter 4.

Hu et al. train a conditional Normalising Flow, ppg(6|h) following the notation of
chapter 3 section 3.2, on a selected region of BNS parameter space, 8 which will be
observable with 3G detectors. They find it difficult to train a Flow which covers the
entire BNS signal parameter space, so instead divide the parameter space into the
low SNR regime which covers the range [20, 50] and the high SNR regime with SNRs
in the range [200, 500] and train a different Flow model for each. We consider only
the low SNR model for our work here as this covers the majority of observable BNS
mergers with 3G detectors [3]. To train the conditional Normalising Flow ppg(6|h),
the authors first generate training data by sampling chirp mass, M uniformly in the
range [2,2.1] which corresponds to GW signals which are in the low SNR regime.
Additionally A is sampled uniformly in the range [0, 1600] and A is determined by
component masses and A. The authors note the relatively tight range of A used for
training; the upper limit is chosen to reflect the findings from GW170817 [54]| but
note that a wider prior in A would benefit for application of the model to lower mass
systems. They note this as a potential avenue of improvement for the model but use
the current upper limit as a proof-of-concept. Other parameters required to construct

the waveform are sampled relative to common choices [3].

The prior on parameters of interest 6 is consistent with the training data prior on
0 for the equation of state conditional Flow, pcong(|0). The specifics of the prior
on the conditional term 6 for this Flow are pertinent to the training process only.
Beyond this, we only look to ensure that any conditional terms lie within this prior
when sampling or evaluating using the equation of state Flow, which is the case for
the 8 samples generated using the PE Flow. We enforce this by applying the convex
hull defined by the training data prior boundary on 6 to ensure event samples belong
within the bounds of the 6 training prior (introduced in chapter 4 4.3.1). Figure
6.3.3 presents an example set of posterior samples in 6 generated using the PE Flow

ppr(0|h). We demonstrate that the example event posterior samples, while broad
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Figure 6.3.3: 1- and 2-dimensional marginalised distributions of posterior samples
in (my,ma,log A1,log Ag) from an example simulated ET-observed GW event on the
training data prior (blue) with the true parameters of the event highlighted in pink.
The contours represent 68%, 95%, and 99.7% of the samples respectively.

over the prior range in the 2—dimensional projections, are within the bounds of the
training data prior and obey the harsh bounds on the space, particularly in upholding

conventions of m; > mo and Ay < Ag.

Once parameters are sampled, a gravitational waveform can be generated. However,
long-duration BNS waveforms, observable from frequencies as low as 5 Hz until merger,
sampled at standard sampling rates used in current PE analyses may have up to

10s of millions of data points. Therefore, compression techniques are necessary to
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compress the waveform to something more suitable for the Flow analysis. The authors
employ a multi-banding (the process of adapting the sampling rate depending on
the frequency interval of the waveform you are sampling [303, 304]), singular value
decomposition (SVD) (analogous to PCA, a compression of the waveform onto linear
bases) and finally two neural network architectures to compress the long-duration
GW signal observed in multiple channels of an arrangement with both CE and ET
into a single vector of length 128. The authors note that plenty of training data is
required to avoid overfitting, likely due to the high dimensionality of the problem
(17—dimensional data space and 128—dimensional conditional space). Training takes

O(weeks) on a NVIDIA A100 GPU.

In inference of real events in the third generation of GW detection, one can
then pass the observed long-duration BNS waveform to the Flow as a condition
and return posterior samples from the Flow’s data space. The authors additionally
employ importance sampling [305] to improve confidence in the result by resampling
the network output to cover for potential network inaccuracy [306]. The samples
from the Flow output are the proposal samples for importance sampling, which are
then reweighted based on the ratio of the ‘true’ analytical and Flow-determined
probabilities. An example set of posterior samples are presented in figure 6.3.3. The
posterior samples 8 for a third-generation simulated event are comparable in volume
to the posterior of the event GW170817 (see figure 6.2.1), which was an exceptionally
high SNR event. Relative to current-generation posterior samples (again, relative to
figure 6.2.1), we find the posterior deviates from the prior in A; and Ag, indicating

more information being present in the tidal measurements.

6.3.1.1 Validating with single event equation of state inference

We firstly demonstrate the equation of state inference quality and discuss the com-
putational cost of a single event simulation study performed in [3]. For this work,
we firstly simulate BNS mergers associated to a true equation of state using the
method outlined in chapter 4 section 4.5.3. With a given event’s parameters, we use

the pipeline described here to generate mock PE associated to the event, by firstly
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generating the BNS merger waveform, adding noise, and then performing PE using
the conditional Flow for PE ppg(6|h). All other parameters required to build the
gravitational waveform are not defined by the equation of state. Instead, these are
sampled uniformly from bounds discussed in [3] so to be within the bounds of what
the PE Flow ppg(6|h) has been trained on. The process of generating O(1000) PE

samples for a simulated event takes O(1 second).

In order to infer the equation of state of the simulated event, PE samples are passed
to another conditional Normalising Flow pconq.(€2]|0) trained as is outlined in chapter
4. To recap, a conditional Normalising Flow is trained to perform the mapping from
compressed equation of state data space conditioned on parameters 6 = my, mo, A1, Ao
of a BNS event associated to each equation of state. In inference, one can then
conditionally sample the pcong.(22|6) with PE samples 6 from a given BNS merger
event and return samples from the equation of state posterior Q ~ pcona.(2]6). In Hu
et al. [3], the conditional Normalising Flow for equation of state inference pcong. (€2/6)
is trained as is outlined in chapter 5 section 5.3.1 with equation of state training data

which was introduced in section 5.1.

Two BNS events were simulated associated to a single equation of state from the
validation data set and GW signals were simulated for these events with SNRs of 39
and 390, and using the low and high SNR PE Flow models ppg(60|h) respectively,
PE samples are produced. The PE samples for each event are then passed to the
equation of state Flow pconq. (2]60) for equation of state inference, and the results are
presented in 6.3.4. The equation of state posterior for both a low and high SNR event
are presented in light and dark blue bands, respectively. While both event equation
of state posteriors agree with the true equation of state, the high SNR event is more
constraining, as one would expect. Both posteriors additionally agree on the general
trend of the equation of state, with the constraint in increasing SNR tightening in
both low and high density, remaining consistent with the true equation of state. While
increasing the SNR of a single BNS merger event, does improve the level of constraint
in P—p, the result does highlight that hierarchical analyses which combine information

from multiple BNS merger events are necessary to truly constrain the NS equation of
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Figure 6.3.4: Plot of P vs p for the equation of state posterior associated to two
simulated BNS merger events to 90% confidence. The confidence intervals are defined
in the 7—dimensional compressed equation of state data and projected to P — p.
The light blue band corresponds to the SNR 39 measurement, while the dark blue
corresponds to the SNR 390 measurement. The true equation of state is given by the
bold blue line and the prior boundaries are presented in grey.

state.

6.3.2 Results of hierarchical inference

We test the validity of the analysis firstly on the ‘medium’ simulated equation of
state so to introduce the stages of the analysis and demonstrate it’s effectiveness
in section 6.3.2.1. We discuss the results of the hierarchical analysis through the
‘original’ method, introduced in section 6.1.1, and discuss a new avenue through which
to perform the analysis in section 6.3.3, before demonstrating the agreement of the
two methods in section 6.3.3.1. We additionally discuss the performance of the new

method on inference of ‘stiff” and ‘soft’ equations of state in sections 6.3.3.2 and 6.3.3.3

respectively.
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6.3.2.1 Medium equation of state result

We first perform hierarchical inference using PE samples from up to 128 events, using
our ‘original’ method, which have been generated using the method outlined in section
6.3.1 and are associated to the ‘medium’ equation of state presented in figure 6.3.1.
This equation of state was selected randomly from the validation data set for training
the 11—-dimensional regeneration Flow. We assign ‘medium’ as a label as, out of the
three equations of state randomly selected, it is neither the softest or the stiffest.
Figure 6.3.2 reflects this labelling, as it allows for NSs with tidal deformability up to
~ 3000 and an upper limit on mass of around ~ 2.12 Mg. These limits on the allowed
parameters defined by this equation of state are relatively standard (see chapter
1 section 1.4 for discussion of our current knowledge of limits on NS macroscopic

parameters).

Data is collected from all 128 events and 256 PE samples — which belong within
the bounds of the convex hull defined by the training data prior on 6 — are randomly
selected from each event. The reason for using 256 samples per event is justified
in section 6.2.1 with further discussion in appendix B. We perform MCMC using
information from 4, 32 and 128 events. Walkers are initially proposed as samples from
the prior Flow Qprop ~ pprior(). The algorithm is run for a total of 5 x 103 steps
after an initial 10 burn-in steps. The conditional Flow evaluates the probability of
a proposed location Qprp. given posterior samples 6; from the i™ GW event where
0; ~ ppE(0]h;). The trained prior flow p,(€) (introduced in equation 5.12 of chapter
5 section 5.4.3) evaluates the prior probability of the proposed sample p,(Qprop) and,
the posterior probability p(preplh) is found via equation 6.1.

After running for a total of 5 x 10® steps with 200 walkers, there are 106 total
samples from the posterior. Standard MCMC algorithms expect between 20% and
50% unique total probabilities [134], however we find that in evaluating the posterior
probability p(Q|h) with information from 4 BNS merger events given equation 6.1 and
performing MCMC, that we return 9.96% unique samples. As we increase the number

of events that we combine information from, the fraction of unique samples decreases
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Figure 6.3.5: 1- and 2-dimensional marginalised distributions of posterior samples
in the compressed equation of state space given information from 4 (red), 32 (yellow)
and 128 (green) GW events associated to a true ‘medium’ equation of state on the
training data prior (grey). The contour represents 90% of the samples.

further and the results from 4, 8, 16, 32, 64 and 128 events using this (which we refer to
as ‘original’) method are presented in figure 6.3.13. In attempting to combine results
from 64 events or more, the algorithm accepts less than 3% of the proposed steps,

suggesting the walkers, once proposed from the prior at the beginning, are static for

97% of the total 5 x 103 steps.

We present posterior samples from these MCMC runs in figure 6.3.5. From the

total 10% posterior samples from all steps of all 200 chains, we select 10 uniformly
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spaced samples from the chain of each walker, resulting in 2000 total posterior samples.
After a 103 step burn-in, we expect the chains to have had the opportunity to search
for the bulk of the posterior and now to be uniquely moving around the Q space on a
scale consistent with the uncertainty on the posterior. The statistical properties of
the walkers should not be changing as we continue to sample the rest of the chain.
Therefore, selecting uniformly spaced samples from each of the chains should return
independent posterior samples from the posterior probability density. However, with
less than 10% unique steps, it suggests the chains are finding it difficult to move to
new regions of the parameter space and are preferring to remain static. This suggest

there are significant regions of the parameter space which are highly improbable.

Figure 6.3.5 presents the 2000 samples that have been selected from the chains for
results from the combination of 4, 32 and 128 events. We find the 2—dimensional 90%
contour for the 32 and 128 event results agree on the same region of parameter space
in most projections but are more constrained than that of the 4—dimensional result.
However, in increasing from 4 events, the posterior for 4 and 32 events tends further
from the truth and becomes much more multimodal. Given we also found that the
number of unique steps taken by the walkers in the 32 and 128 event cases are 4.60%
and 2.73% comparatively, it suggests the posteriors are similar because statistically
the runs are performing similarly and not evolving as desired. It’s also clear that
as we increase the number of events, the equation of state posterior becomes more
multimodal, suggests the walkers become associated to peaks of probability in the
parameter space and struggle to explore elsewhere, which would be in agreement with

the low sample acceptance rate.

Individual event likelihood evaluations with the conditional equation of state Flow
Peond (£2]6) with equation 6.1 are weakly informative, as we know that the information
provided from an individual or select set of BNS merger events provides support for
much of the equation of state parameter space and so we expect to need many events
to begin to truly infer the equation of state posterior. This may be suggestive of
multiple things, first and foremost being a badly trained conditional Flow pconq(€2]6)

which produces noisy posteriors. However, the results of chapter 5 suggest this has
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been mitigated. Alternatively, more samples 6 per event could improve the calculation
of the average in equation 5.9; this was tested by increasing the number of samples
beyond 256 up to the maximum number of samples per event, however, there was
no change in the statistical behaviour of the walkers. Running MCMC, however,
without the removal of any prior information via equation 6.1 improves the statistical
behaviour of the run significantly, but is mathematically incorrect given what we
wish to achieve. We briefly state these findings so not to labour the issue, but in
summary we find that the division of N evaluations of the equation of state prior
pr(Q) in equation 6.1 significantly affects the movement options of the walkers. In
order to tackle both sampling a potentially multimodal equation of state posterior and
accounting for an influential prior given equation 6.1, which may also have features
which alter the sampling quality upon division many times over, we look towards a
new approach which makes use of previous ways we have used the Flow which are less

at-risk of potential structure.

6.3.3 Gaussian Mixture Model method

The issues discussed above in using a Normalising Flow to evaluate the seemingly
multimodal posterior probability density of proposed regions of the equation of
state space given conditional information complement the findings of chapter 5. With
multiple sources which now suggest that using the Flow for evaluation of defined regions
of what appears to be a very complex space, we wish to now combine information
from multiple events in a way that does not require us to evaluate regions of the

equation of state space p(Qprop.|#) but rather via sampling Q ~ p(£216).

We therefore wish to follow the method of chapter 4 and use the conditional Normal-
ising Flow pcond(2]6) to sample individual event posteriors Qevent ~ Pcond (2]Gevent)-
In MCMC, proposed equations of state, or the steps of the individual walkers, are
instead evaluated relative to each of the individual event posterior probability dis-
tributions, and the information from multiple events is then combined together. In
order to remove any potential for learned artificial structure, or small artificially

enhanced modes of information that may be modelled by the Normalising Flow, we
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wrap each event’s equation of state posterior with a GMM (see chapter 4 section
4.4.2.1 for background). This ensures that each event’s equation of state posterior
is defined purely by a superposition of Gaussians, as is defined in chapter 4 section
4.4.2.1. Therefore, the posterior probability density of a proposed equation of state

as determined by the information from multiple BNS mergers is

=

p(Qlh) « p (@' [ ] &), (6.2)
i=1
where
M
gi(Q) = > wipN (Qlpij, Z). (6.3)
j=1

Relative to equation 6.1, we replace the Normalising Flow used to evaluate pconq(€2/6)
with the GMM g;(Q) given in equation 6.3, which models the equation of state
posterior for the i™ event. However, we retain the Normalising Flow peond(Q/6) to
generate the samples Q to which we fit the GMM. This workflow is illustrated in figure
6.3.6. We additionally model the equation of state prior p(Q) with a GMM. This is
to remove additional subtraction of features which may be learned by the equation of
state prior Flow and enforces that the prior is consistent with the method through

which we have chosen to collate information from multiple events, now performed by

GMMs.

6.3.3.1 Inferring the medium equation of state with a Gaussian Mixture

Model method

We repeat the method applied in section 6.3.2.1 combining information from multiple
GW events, but instead evaluating the posterior probability given in equation 6.2
through combining information from individual equation of state event posteriors,
each modelled by a GMM as in equation 6.3. We likewise take 10® burn-in steps
followed by 5x 103 steps by 200 walkers. We again select 2000 total posterior samples
by selecting 10 evenly spaced samples from each walker’s chain, assuming the walkers

are statistically independent.

Figure 6.3.7 presents the equation of state posterior after combining information

from 4 GW events associated to the ‘medium’ equation of state, marked as crosshairs
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Figure 6.3.6: Block diagram of the workflow of the GMM method for hierarchical
analysis. This includes the use of regeneration, conditional, prior and PE Flows.
Samples 6; are generated from the PE Flow and are used to sample Q; ~ pcond (2]6;) to
construct event-wise GMMs. The prior Flow is likewise sampled such that Q ~ p,(Q)
to construct a GMM to model the equation of state prior. GMMs which represent
each event’s equation of state posterior and the prior are then used in MCMC for the
multi-event analysis.
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Figure 6.3.7: 1- and 2-dimensional marginalised distributions of posterior samples in
the compressed equation of state space given information from 4 GW events associated
to a true ‘medium’ equation of state using both the original method (pale red) and the
GMM method (dark red) on the training data prior (grey). The contour represents
90% of the samples.
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Figure 6.3.8: Plot of pressure P against density p of the equation of state posterior
to 90% confidence given the combination of 4 GW events from an ‘medium’ equation
of state using the original method (dark blue) and the GMM method (light blue).
True equation of state plotted in bold blue line. Training prior bounds in P — p are
plotted in pink.

in the figure. The figure presents both the result using the original conditional
Flow-based method and the result when the GMM method was applied instead. In
both the 2—dimensional and 1—dimensional projections, the results for both methods
broadly agree. This gives confidence to our new approach. In most dimensions, the
true equation of state belongs within the 90% contour. In the maximum p and AE2
dimensions, the truth appears to lie between two modes which are present in both

dimensions posteriors.

Figure 6.3.8 presents the 90% confidence interval (CI) result for 4 events from
both the original and GMM methods in P — p alongside the true equation of state
which we are aiming to infer (see previous KDE method discussion). It appears

that the result from both methods find similar regions of the equation of state space
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desirable. Both results span a broad range of the prior, where the result for the original
method is slightly more constrained than that of the GMM method, which has more
outlier equations of state. The GMM method additionally returns equations of state
which violate the requirement of a monotonically increasing function of pressure with
density. This is not an enforced requirement in the analysis, but is not allowed in the
training data. The bounds in the P — p plane are defined purely in the 2-dimensional
projection, and this boundary is not defined in the 7—dimensional space. To account
for the training prior boundary in the 7—dimensional space, we follow the method
used in chapter 4 which applies a GMM which models the training data prior in the
compressed equation of state space. The least probable sample from the training data
set as evaluated by the GMM then defines a probability threshold. If equations of
state are sampled with probability less than this threshold, they are rejected. This
prohibits severe outliers from the 7—dimensional space being projected into P — p. All
equations of state for both methods in figure 6.3.8 have been passed through such a
threshold. Therefore, equations of state which are beyond the training prior bounds
in P — p are from probable regions of the equation of state data space relative to
the prior training data. This reminds us that in using either a Normalising Flow
or GMM to model the autoencoder latent space, the autoencoder does not enforce
that the latent space has any physical meaning on requirement on its shape, unlike
a variational autoencoder. Regions of the autoencoder latent space which are not
training data points themselves can’t be guaranteed to produce anything valid. We

take this into consideration for future inference results.

Additionally, the equations of state at 50% confidence appear to split into two
branches, a result which may be a manifestation of the multimodality of the 7—dimensional
space. By this, we mean that independent modes in the 7—dimensional space are
decoded from clusters in 7 dimensions to clustered 2—dimensional P — p equations of
state. We assume therefore that the branching is artificial and does not make any
claim about a potential invalid gap between valid regions of the equation of state
posterior. Given this assumption, we calculate the pressure range at nuclear saturation
density, psat to be 5.99 x 1033 dyn cm™ to 90% confidence and 2.41 x 1033 dyn cm™2

to 50% confidence, which demonstrates the increased contraction around the truth as
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we increase the number of GW events we combine information over.

We compare the number of unique steps for both methods in combining information
from 4 GW events. Figure 6.3.13 presents the number of unique steps taken by the
walkers in MCMC using both the original method of evaluating the probability of a
given equation of state (using the conditional Flow) and the GMM method associated
to the ‘medium’ equation of state. The evolution of number of unique steps for both
the GMM and original methods are very similar for the same simulated equation of
state. This suggests both methods are finding the equation of state space difficult to
sample and are finding very improbable regions of the equation of state space. In the
GMM analysis, we model the equation of state posterior associated to each event with
a GMM, and likewise model the equation of state prior probability distribution with
a GMM. In doing so, we generalise these spaces with a superposition of Gaussians; 4
Gaussians were used to make both the event-specific and the prior GMMs. This aims
to remove any fine features or intricate modelling of either the event equation of state
posteriors or the equation of state prior. For sampling statistics like those presented
for the GMM method in figure 6.3.13, this suggests the posterior is inherently difficult
to sample, and the division of the equation of state prior N times is a strong effect.
This is in agreement with the result discussed in section 6.3.2.1, where we stated that
in using the original equation of state pure-Flow based method but not dividing any
prior via 6.1 resulted in more statistically valid sampling. We find the same result in
removing the division of the prior in equation 6.2; we find that the walkers accept
far more proposed steps and the MCMC runs are much more statistically valid. We

compare the combination of information from more GW events to compare the quality

of the GMM results further.

b

Figures 6.3.10 and 6.3.12 present the result of inferring the same true ‘medium
equation of state with information from 8 and 16 GW events, respectively, using both
the original and GMM methods. With more events, the results from the two methods
begin to differ, with the original method providing more support broadly across the
entire prior training space. In the 1-dimensional marginalised distributions, the

original method appears more multimodal. The GMM result appears more consistent
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Figure 6.3.9: 1- and 2-dimensional marginalised distributions of posterior samples in
the compressed equation of state space given information from 8 GW events associated
to a true ‘medium’ equation of state using the original method (brown) and the GMM
method (orange). The contour represents 90% of the samples.
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Figure 6.3.10: 1- and 2-dimensional marginalised distributions of posterior samples in
the compressed equation of state space given information from 8 GW events associated

to a true ‘medium’ equation of state using the original method (brown) and the GMM
method (orange). The contour represents 90% of the samples.
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Figure 6.3.11: 1- and 2-dimensional marginalised distributions of posterior samples
in the compressed equation of state space given information from 4 (red), 8 (orange)
and 16 (yellow) GW events associated to a true ‘medium’ equation of state using the
GMM method on the training data prior (grey). The contour represents 90% of the
samples.

with the truth than the original method result in the 2—dimensional distributions; in
most projections, the truth lies within or on the 90% probability contour. For the
original method result, there are multiple small regions bounded by the 90% contour,
especially on the edges of the training prior. Due to the unstable nature of the original
method result, we choose to move forward with the GMM approach and test how

many events we can combine over and remain stable.
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We present the results of combining information from 4, 8 and 16 events associated
to the same ‘medium’ equation of state using the GMM method in figure 6.3.11.
While the result of combining 4 events differs from the others with a broader posterior
which fills more of the prior, the result of combining 8 and 16 events are very similar
in their 2—dimensional contours. In the 1-dimensional marginalised histograms, it
is clear that in increasing from 8 to 16 events, more weight is placed in secondary
modes and the posterior becomes more multimodal. In figure 6.3.13, we find that
the increase from 8 to 16 events also means a reduction in number of unique steps
from 6% to 4%. While this number aligns with the increase in number of modes in
the posterior, both of these quantities are very low, and are much lower than would
be desirable for an MCMC run. For these reasons, we produce the results in P — p
for combinations of up to 16 events for the following simulation studies. It appears
that inference of the equation of state using more than 16 events is uninformative
due to the properties of our method which presents itself as low quality sampling
statistics. We leave inference of more events to future work, once the multimodality of
the equation of state posterior is better understood and/or the sampling performance
is improved. For the next and fifth observing run of the current ground based detector
network, the number of observed BNS events is expected to be 28‘_“% [299], and so we
demonstrate the performance of our pipeline for these purposes; while 16 is less than
the expected median value of BNS observations, it does lie within the expected range

of [7,72].

The equation of state posterior after the combination of information 16 GW
events is projected into P — p and presented in figure 6.3.12 (see previous KDE
method discussion). The 90% confidence equations of state span the prior range and
interestingly, the increase from 4 to 16 events has removed the non-thermodynamically-
stable equations of state from the higher pressure and density regions. This suggests
these equations of state in the 4 event result, presented in figure 6.3.8 were on the
edges of the parameter space which still had support in the 4 event case, whose
support is no longer present in the 16 event result. Given 16 GW events, we find the
compression of the equation of state posterior at nuclear saturation density pgat to 90%

and 50% confidence to be 5.29 x 1033 dyn cm™2 and 3.35 x 1033 dyn cm™ respectively.
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Figure 6.3.12: Plot of pressure P against density p of the equation of state posterior
to 50% (dark blue) and 90% (light blue) confidence given the combination of 16 GW
events from an ‘medium’ equation of state using the GMM method. True equation of
state plotted in bold blue line. Training prior bounds in P — p are plotted in pink.

Compared to the pressure contraction to 50% and 90% confidence given 4 GW events,
we find the increase from 4 to 16 events has marginally decreased the error on the
inference of the equation of state at saturation density at the 90% confidence level,
while the 50% confidence result is more significantly constrained in the 16 event result

compared to 4.

6.3.3.2 Inferring the stiff equation of state with Gaussian Mixture Model
method

We also present results of combining information from multiple events associated to a
true ‘stiff” equation of state, presented in dark pink in figure 6.3.1. Out of the three
equations of state presented, this equation of state presents the steepest gradient in

the 101 — 10'% g cm™ density range. Figure 6.3.2 presents the m — A relationship for
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Figure 6.3.13: Plot of fraction of unique steps vs. number of events for different
MCMC runs for various simulation studies associated to the ‘medium’; ‘soft’ and
‘stiff’ simulated equations of state using the GMM method. We additionally include
the inference of the ‘medium’ equation of state using the original purely Flow-based
method.

this equation of state, where we see support for larger A for a given mass, implying a
more extended star with larger radius and therefore is more tidally deformable. The
equation of state also supports higher mass NSs, compared to the other equations
of state discussed, and supports very high tidal deformability for NSs of mass 1 M.
Additionally, the m — A relationship shows some kink-like behaviour which is thought
to represent compactification of stiff equations of state [137|, where an equation of
state has a phase transition (introduced in chapter 2 section 2.1) where the pressure
drops suddenly at a given density, or at the edge of a region of NS material. A NS
with such an equation of state becomes more compacted as a result, relative to a NS
associated to an equation of state without a pressure drop. These pressure drops are

not necessarily perceptible in the P — p relationship in figure 6.3.1.
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Figure 6.3.14: 1- and 2-dimensional marginalised distributions of posterior samples
in the compressed equation of state space given information from 4 (red), 8 (orange)
and 16 (yellow) GW events associated to a true ‘stiff” equation of state using the
GMM method. on the training data prior (grey). The contour represents 90% of the
samples.
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The equation of state posterior from the combination of information from 4, 8 and
16 events is presented in figure 6.3.14. Relative to the result for the ‘medium’ equation
of state, we find that the 4 event result does not differ as much from either of the 8 or
16 event results. In the 1-dimensional marginalised histograms, the result for 4 events
appears more multimodal than that of the ‘medium’ equation of state in figure 6.3.11,
and the results for higher numbers of events remain multimodal with different levels
of support for different modes. In most dimensions, the truth remains on the edge of
or outside the 90% contour of the posterior, regardless of the number of events we
are combining information from. The posteriors from the combination of 4, 8 and 16
events being similar is in agreement with the number of unique steps taken by walkers
in each of the analyses, presented in figure 6.3.13. For the stiff equation of state, the
number of unique walkers is consistent, regardless of the number of events we are
combining information from. This suggests that for this particular simulated equation
of state, the approximation to the posterior determined by MCMC is multimodal from
early combination of events and does not become any more significantly multimodal,
at least up to ~ 100 events. This is in contrast to the previous simulation of the
medium equation of state in section 6.3.3.1, where the multimodality appeared to get

worse with increasing number of events.

Figure 6.3.15 presents the P — p projection of the equation of state posterior
after combination of 4 and 16 events to 90% confidence (see previous KDE method
discussion). The figure presents a decrease in spread of pressure at a given density
when combining 16 instead of 4 events. The result for 16 events additionally appears
to separate into two main modes, one of which is in agreement with the true equation

0'4 g cm™ and then disagrees. Notably, the stiffest region

of state up to around 2 x 1
of the equation of state posterior is in the region of [2,4] x 104 g cm™, at the top

end of which the two modes appear to recombine.

We believe the feature of the two modes or branches in figure 6.3.15 to be an
artifact, rather than something physically relevant. The branching of the equations
of state in P — p appear to be a direct result of multimodality in the 7—dimensional

equation of state space. Modes or clusters of samples in a given region of P — p
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Figure 6.3.15: Plot of pressure P against density p of the equation of state posterior
to 90% confidence given the combination of 4 (dark blue) and 16 (light blue) GW
events from a ‘stiff’ equation of state. True equation of state plotted in bold blue line.
Training prior bounds in P — p are plotted in pink.

space appear to decode to clusters or branches of very similar equations of state.
We consider two independent branches of equations of state to suggest that there
is support which spans that given region of density, so we choose to ignore the gap
and therefore calculate the uncertainty at given density values as if the gap was not

034 dyn ecm™2 at 90% confidence for 4

present. The span of pressure at pgay is 1.02 X 1
events compared to 3.37x 1033 dyn cm™2 for 16 events. The breadth of the equation of
state posterior in P — p at 90% confidence for the 4 event result for the stiff equation
of state is broader compared to the medium equation of state result, which has width
of around half of the width quoted for the stiff result. However at 16 events, the
compression is more comparable to that of the medium result, suggesting there is

more significant contraction of the posterior for the stiffer equation of state compared

to the medium. In moving from 4 to 16 events the equation of state posterior in
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P — p does compress beyond the training prior bounds at the 90% confidence level and
does compress in a way that is broadly consistent with the truth. We note that our
choice of events we combine information over is randomly selected from the GW event
prior, so some events may be more influential than others. In future work, we suggest
combining information over multiple iterations of randomly selected events from the
GW prior to test the true scale of compression possible. Additionally, with a more
stable analysis tool, one could calculate to what level we would expect constraint on
the equation of state at saturation density given the expected number of events in the

fifth observing run or in next generation detection. We leave this for future work.

6.3.3.3 Inferring the soft equation of state with Gaussian Mixture Model
method

Finally, we discuss a ‘softer’ equation of state. The chosen simulated equation of state
is soft in the sense that it is an equation of state with the least steep gradient we are
considering, but with a larger allowed max pressure. We perform the same analysis,
except now with 4, 8 and 16 events associated to this equation of state. We can see
from figure 6.3.2 that this equation of state supports smaller tidal deformability for
a given mass of NS. Therefore, this equation of state is less easily deformed under
tidal forces and has a smaller radius, suggesting a NS which is small in volume and is
well compacted. This equation of state has the lowest maximum allowed mass out
of all equations of state discussed here due to the smaller volume and therefore less

material contained within the star, owing to less total mass.

Figure 6.3.16 presents the equation of state posterior after the combination of
information from 4, 8 and 16 GW events. Similar to previous results, the 4 event
result is broader in the 2—dimensional contours than that of the 8 and 16 event results,
however the truth lies on the edges of the 90% contour after the combination of 4
events in most dimensions, and beyond the posterior when combining information from
more events. In combining information from 4 compared to 8 events, the posterior
contracts in volume and removes support from the edges of the equation of state prior

and instead focusses on the primary mode. In doing so, this removes support from

222



EOS prior
— Original method result - 4 events
GMM method result - 8 events
I GMM method result - 16 events
Ni
1l
a
z
R
m (G5
=
- [
z
‘,E’ N
5 (@ < l
=
i}
-
0 c 0
E N (ﬂ}‘ I/‘ C
[_}ﬂ A A
=
A
= w G AO i
g ST WY v; v V) jH
= Q L
I
A 3 g
= | &6 ¢ q Q B |
Z
‘;
O & =
Q LK) £ / Vap) ’\
¥ o OM & ! O ) €
=
v
R ﬂ
e S
AE latent 1 AE latent 2 AE latent 3 AE latent 4 Min P Max P Max p

Figure 6.3.16: 1- and 2-dimensional marginalised distributions of posterior samples
in the compressed equation of state space given information from 4 (red), 8 (orange)
and 16 (yellow) GW events associated to a true ‘soft’ equation of state using the
GMM method on the training data prior (grey). The contour represents 90% of the
samples.
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regions of the posterior which is actually consistent with the truth. This is particularly
clear in the 2—dimensional maximum pressure and maximum density plane; the result
which combines information from 4 events shows a clear second mode which agrees
with the true equation of state. However, as the number of events increase, support

for the second mode decreases and eventually shifts away from the truth.

Figure 6.3.13 presents the number of unique steps associated to the MCMC runs
for this simulation study for the ‘soft’ equation of state. When combining information
over 4 events, the number of unique steps is 4 — 8% higher than the same metric
for the runs which aim to infer the other equations of state we have introduced. As
the number of events increase, this number does not decrease steadily but remains
relatively consistent (apart from the significant dip at 64 events which we attribute to
issues with computational resources, see section 6.4). This suggests that the equation
of state posterior surface which is being explored in this run as opposed to the others
has more features of comparable probability, which the walkers find it easier to move
around amongst or between. We see the support for the second mode around the true
equation of state wanes as we increase the number of events. If the posterior we are
looking for in this case is on a sharp peak which the MCMC algorithm finds difficult to
identify, as the walkers explore during the run they may instead find broader regions
of the equation of state posterior space which is ‘probable enough’, instead of the true
peak, leading to inconsistency with the truth. Alternatively, the likelihood model,
modelled by the Flow or GMM, may not be accurate enough and accumulation of

error over 8 or 16 events is enough to return an incorrect probability function.

We plot the projection of the equation of state posterior from the 7—dimensional
result into the P — p plane and present the projected posteriors after combination
of information from 4 and 16 events to 90% confidence in figure 6.3.17 (see previous
KDE method discussion). Likewise with figure 6.3.15, the posterior for 16 events is
a more compressed result than that of 4 events, but with some similar branching
features. The posterior in figure 6.3.16 for 16 events is multimodal — especially visible
in dimensions 1 and 2 — and therefore the most logical reason for the branching is a

direct reflection of the multimodality of the 7—dimensional posterior. Given that the
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Figure 6.3.17: Plot of pressure P against density p of the equation of state posterior
to 90% confidence given the combination of 4 (dark blue) and 16 (light blue) GW
events from a ‘soft’ equation of state. True equation of state plotted in bold blue line.
Training prior bounds in P — p are plotted in pink.

posterior for 16 events in figure 6.3.16 does not find the true maximum pressure and
density, it is therefore clear why the 16 event result in figure 6.3.17 does not extend
the full breadth of the true equation of state. Given that we follow the previously
described logic of assuming the branching features are artificial, we therefore place
errors on the equation of state at pga¢ of 3.69 X 1033 dyn em~2 and 3.28 1033 dyn cm™2
at 90% and 50% confidence respectively. We assert that the 16 event result includes

3

04 g cm™3,

the true equation of state to 90% confidence up to a density of around 6 x 1
beyond which it no longer agrees and tends to a stiffer result. Both the 4 and 16
event results project to similar regions of the P — p space to 90% confidence. Relative
to figure 6.3.16, both posteriors in 7 dimensions are very similar and find a common
(if incorrect) mode in the 7—dimensional space. This mode projects to a branch in

figure 6.3.17 which is disfavoured in moving from 4 to 16 events, which agrees with
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the result of increasing the number of events in the 7—dimensional result. Otherwise,
the posteriors are only slightly different between the two results, and therefore the

very little change in the error on pressure agrees with what we find in both figures.

6.3.4 Discussion of potential structure

Akin to the results from chapter 5, the above results of sections 6.3.2 and 6.3.3 present
multimodality in the 1— and 2—dimensional projections of the 7—dimensional equation
of state posteriors. We consider in the discussion of the above results if the spike-like
modes are physical. The spikes are evident not only in the projected figures (for
example, figure 6.3.11) but also in the statistical qualities of the MCMC sampling
itself. The sampling struggles to accept steps that are proposed, suggesting that much
of the parameter space is of very low log(probability) relative to some ‘spikes’ in
log(probability). This emulates the findings of chapter 5, suggesting that the cause
of this may then be a feature of Normalising Flows which is not so easily avoided.
Alternatively, the spikes in the parameter space are physically motivated and are
manifestations of the true equation of state posterior; however it is unlikely that the
true equation of state posterior after the combination of 4 GW events is a multimodal
distribution with such sharp features. We know that individual GW events with
current GW detector sensitivity are relatively uninformative relative to the equation
of state (see chapter 4 section 4.5 for an example of a single event result) and so we
expect much of the equation of state posterior to be comparably probable. This is in
contrast to the small select regions of high probability and vast swathes of severely

improbable equations of state found in sections 6.3.2 and 6.3.3.

In order to test whether the features found in the combined equations of state
posterior are real or are features of the Normalising Flow, we suggest tests which
constitute future work. One example, would be to test such an analysis on an over-
simplified equation of state training data set. Chapter 5 introduced a new training
data set, and while the findings of this chapter were not unique to this data set (the
artificial structure discussed in chapter 5 was also found when using an equation of

state training data set of a different, and much more simplified, parameterisation), one
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could over-simplify the equation of state data so to test if it is the Flow’s modelling
of the training data which introduces complication. One could introduce a simple
n—dimensional Gaussian distribution as the equation of state data and perform
hierarchical analysis or, use straight line equations of state with minimal number of
parameters. This would simplify the equation of state data so that one can then
learn where the complication is introduced to the hierarchical analysis and where
the Flow begins to struggle. Alternatively, one could perform hierarchical analysis
with standard stochastic sampling techniques absent of the Flow and investigate
whether the multimodality is still present. While this would be computationally more
expensive and take more time, this analysis would be a definitive comparison of the

same conditions with and without the Flow.

6.4 Computational expense

We calculate the computational expense of such an analysis, including both the
original method discussed in section 6.3.2.1 and the later GMM results. Figure 6.4.1
presents the time taken in minutes to perform the MCMC run for inference of different
injected equations of state given information from different numbers of GW events. We
compare the performance of the original and GMM methods using the same simulated
equation of state and associated events and the performance of the GMM method on
different simulations. The figure shows an upwards trend in the time required for all
GMM analyses as the number of events increases. The time required for the original
method for small numbers of events (4, 8, 16 events) is substantially more than that
of the GMM method, highlighting the intrinsic computational burden for the initial
method in using a given number of samples per event and using the Flow and a GPU

for probability evaluation.

Figure 6.4.1 presents only the time taken to run the user-defined number of steps
of the MCMC algorithm. Therefore, the results for different simulations applying the
same GMM method should, in theory, be very similar given the MCMC has access
to the same probability function and is making the same evaluations of probability

albeit with different data. However the grey dots and the purple dots compare the

227



Average EOS, original method
001 o Average EOS, GMM method
Soft EOS, GMM method
Stiff EOS, GMM method
— 300
n
)
+—
=
A=
g
~— 200 (]
g °
=
100 - ®
~ A4
04«
101 102

Number of events

Figure 6.4.1: Plot of time taken vs. number of events for different MCMC runs
for various simulation studies associated to the ‘medium’, ‘soft’ and ‘stiff’ simulated
equations of state. We additionally include the inference of the ‘medium’ equation of
state using the original method.

time taken for both the original and GMM methods given the same information,
respectively. The time taken to combine information from 4 events for the original and
GMM methods are starkly different with around 100 minutes of difference between
the different analyses. This trend continues up to 16 events, the results of which have
been presented here. For the original analysis, the time taken to combine information
from 32 and 64 events is less than that of combining information from 8 events, a
discrepancy which can be afforded to using a different and faster GPU for this analysis.
Combining 128 events again used the same GPU as the combination of 32 events, and

so we note the clear difference in performance depending on the GPU used.

The computational time required to perform the GMM-based analysis follows a

consistent upwards trend with number of events. This analysis does not require the
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Flow training

Normalising Flow model | Time taken (minutes)
Pra(Q,0) 15.78
Peond (22/6) 25.95
pprior(g) 15.22

Table 6.4.1: Table of time taken in minutes to train regeneration (RG), conditional
(cond) and prior Normalising Flows for equation of state inference. We do not include
the training time of the PE Flow p(6|h) as this is an independent analysis.

GMM construction
No. of events | Time taken (minutes)

4 0.12

8 0.16

16 0.29

32 0.46

64 0.94

128 1.80

Table 6.4.2: Time taken in minutes to construct all GMMs for each equation of state
event posterior for different numbers of events.

Full pipeline inc. MCMC
\ Time taken (minutes)
No. of events || Flow (original) method | GMM method
4 125.73 4.55
8 224.79 25.55
16 252.10 34.40
32 158.05 107.72
64 191.20 193.23
128 424.85 175.97

Table 6.4.3: Table of time taken for all required parts of the pipeline for both the
original and GMM methods for different numbers of events. For the Flow (original)
method, this includes the time taken to train all the Flow models required (table 6.4.1)
and to run the MCMC for the given number of events. For the GMM method this
includes the time taken to train the equation of state conditional Normalising Flow,

construct GMMs for the required number of single event equation of state posteriors
6.4.2 run MCMC.

use of a GPU, and therefore as the number of events we are combining information
from increases, the number of GMMs we use the evaluate the probability of a given
Qprop. increases and the number of items we take the sum over likewise increases.
Therefore the increase in time is the increased computational load, which is overall

lightweight, and does not make use of a Flow.
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In the original method, a discrete quantity of posterior sample data from each
of the GW events is provided to the probability function, and therefore the GPU at
once. The GPU processes this data simultaneously, and can do so for any quantity
of data up to the memory limit of the GPU. Therefore we would expect a relatively
constant time taken for all runs with different numbers of events, especially in the
regime of relatively low numbers of events (and samples). Inference over 128 GW
events would mean ~ 2.3 X 10° numbers are passed to the GPU at once to then have
their probability evaluated relative to the Flow. The 128 event analysis was performed
on an Tesla V100 GPU, which has a memory limit of 32 GB. Therefore, processing
of ~ 2.3 X 10° numbers (assuming we used float16 numbers which are 2 bytes each)
would require 0.00046 GB, which is a fraction of the capability of the GPU. We do,
however, consider that analyses were performed on different GPUs, which is difficult
to be avoided in shared pools of computing resources. We discuss this next relative to

the time taken for different runs.

Discussion of computational cost until now has been based purely on the MCMC
algorithm. We present the computational costs of different required parts of the
pipeline in tables 6.4.1 and 6.4.2. Both methods use the regeneration and conditional
Flows, the training times given in table 6.4.1. Only the original Flow-based method
requires the prior Flow, likewise given in 6.4.1. Since all trained models for this
analysis are relatively lightweight, the training time is not a significant expense. All
models were trained using an NVIDIA GeForce RTX 3090 GPU. The time taken to
make a GMM which encompasses a single event posterior, given in table 6.4.2, is very
small, as each GMM was designed to be constructed of only 4 Gaussians, likewise for
the GMM which models the equation of state prior (this is not included in the table
but takes 0.01 seconds). While no Normalising Flow is used in the GMM method to
evaluate probabilities, mathematical operations in equation 6.2 were performed on
the GPU through default PyTorch operations. The full times required to train the
required Flows or GMMs for each analysis and then perform MCMC are given in table
?77?7. The times taken for the MCMC stage only for different workflows are presented in
6.4.1. In the original method, there is an upward trend in the time taken for 4 events

to 16 with then a dramatic drop off. We attribute this to a change in GPU, as the
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original method MCMC runs for combination of 32 and 64 events were completed on
an NVIDIA GeForce RTX 3090 GPU while all other runs were completed on either
NVIDIA GeForce RTX 2080 GPU (16 events) or Tesla V100 (128 and 8 events). Due
to computational constraints, it was not possible to complete all runs on the same
GPU with no competition for resources to truly compare the time taken, so we suggest

this as potential future work.

We compare the computational requirements of our result to that of similar
analyses. In [189] the authors build a pipeline for hierarchical inference of the NS
equation of state using a KDE method. They reuse PE samples from single event
analysis (a by-product of a GW observation), and then performs repeated equation of
state inference for each new BNS event observed, regularly updating the prior after
each observation. This details of this workflow is discussed in chapter 2 section 2.2.1.2.
The primary comparison here is to the time required for the analysis. The authors
quote that for inference of ~ 10 BNS merger events, their pipeline takes around 20
hours to 1 day to infer the overal equation of state. Alternatively [187] applies a
similar method of using a GPU to model single event posterior samples in 6 and
then compute the likelihood, which they combine given multiple sets of PE samples
from multiple BNS observations. By combining this information in the 6 space, they
wish to find relationships between macroscopic observables and then constrain the
equation of state in the m — A space. They demonstrate their results by combining
the information from 37 BNS merger events and, assuming their analysis completes
around 100 likelihood evaluations in nested sampling, their pipeline is estimated to
take around 13 hours. Our analysis is therefore highly competitive with other pipelines
in the time required to perform NS equation of state inference given observation of

O(10) BNS merger events, with our pipeline able to perform in a fraction of the time.

Given we have presented valid results for the combination of up to 8 and 16 events
for different simulations, we place this analysis to be valid for use in the upgraded
current generation of GW observatories. The current expectation of the number
of BNS events which will be observed during the fifth observing run of the current

ground based detector network is 28%‘% [299]. Our pipeline is therefore suited to
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operating during this observing run to combine information from the 10s of events
expected. We quote above the computational time and resources required to complete
the combination of information from 4 up to 128 GW events, such that, in future
work tackling the multimodality and difficult in sampling of the algorithm, one can

be aware of the computational requirements and expectations in advance.

6.5 Conclusion

Building on the results of chapter 5, we have demonstrated the use of a pipeline for
hierarchical inference of the NS equation of state given multiple observations of GWs
from BNS mergers. We demonstrate the performance of the pipeline in combining
information from the first two real BNS merger events, GW170817 and GW190425,
before applying to simulated events associated to known equations of state. We
also discuss the computational requirements of such an analysis relative to future

ground-based detector observing runs and compare to existing pipelines.

Chapter 5 demonstrated how we overcame issues with apparent artificial structure
in the learned mapping of the equation of state data by the Normalising Flow. What
appeared as peaks and troughs of probability in the equation of state data space were
tempered by, firstly, reducing the dimensionality of the autoencoded equation of state
data space and then subsequently by augmenting the training data through use of
an additional Normalising Flow. This was titled the ‘regeneration Flow’” and serves
as a cheap and effective way to generate more training data samples from a learned
distribution quickly using a Flow. The results of this chapter suggested that the
artificial features in the learned equation of state space has been eradicated through
these additions to the workflow and as such we had a Normalising Flow model which
could evaluate the probability of valid regions of the equation of state data space with

rational results.

In this chapter, we firstly demonstrate the results of the workflow in combining
information from the two real BNS merger events GW170817 and GW190425. While

GW170817 is the much louder event with the more constrained event posterior in 6,
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and therefore has the most potential for significant equation of state constraints, we
present results of the combined constraint given information from both events. We
present results in the 7—dimensional equation of state space, where we can see the
common volume of space both events’ posteriors occupy and the subsequent combined
posterior in agreement. We also project results into the P — p plane and find the result
occupies a smaller region of the plane than that of GW170817 results only, but assert

caution due to the difference in priors between comparative analyses.

We next introduce our method for inferring the equation of state of simulated
GW events associated to know equations of state. Firstly, we introduce data from
the work of Hu et al [3] who introduce a method to perform PE of long-duration
BNS signals, suited to the next generation of GW observation. Their work employs
another conditional Normalising Flow pipeline such that, once hours-long signals
from GWs of a BNS merger are observed, one can conditionally sample for posterior
samples of macroscopic observables . Their work also applies the method of chapter
4 in performing single event equation of state inference; through the rapid PE and
subsequent equation of state inference, both using Normalising Flows, the full analysis
from observation to equation of state inference can be performed in O(1) second. We
present the result of performing single event equation of state inference using the full
pipeline given two simulated signals of very different SNRs associated to the same
known equation of state. We demonstrate the results are in agreement with each
other and with the true equation of state, and find we achieve improved equation
of state constraint for the higher SNR signal. However, due to the similarity in the
results regardless of the significant difference in SNR of each of the measurements,
we highlight the need for hierarchical inference for any significant equation of state

constraint.

We therefore perform hierarchical inference using the Flows-based method given up
to 128 simulated BNS merger events associated to a known equation of state. We find
the sampling efficiency of MCMC is low in the combination of 4 events and decreases
further as the number of events increases. The sampling efficiency beyond 16 events

is 5% or less, suggesting the equation of state posteriors for the combination of any
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more than 16 events have not evolved beyond their initial proposition of walkers from

the equation of state prior.

Given the complications detailed in chapter 5 and the apparent complexity and
multimodality of the equation of state posterior given multiple events, we introduce
a new method which applies the findings from chapter 4 in sampling single event
equation of state posteriors as opposed to using the flow to evaluate proposed equations
of state. We therefore use a GMM to wrap single event equation of state posteriors as
well as the equation of state prior. Therefore, in hierarchical analysis, we can evaluate
the probability of a given proposed equation of state relative to each event’s posterior
and the simplified equation of state prior. Each event’s posterior and the prior is
represented by a superposition of only 4 Gaussians, so to be as generic as possible and
offer no opportunity for feature learning. The choice of using 4 Gaussians was made
to rapidly construct the GMM and remain generic. Using more Gaussians, perhaps to
model the single event posteriors more accurately, is suggested for future work. This
removes some ambiguity and complexity which is introduced by the nature of the
Normalising Flows; even though our Flow models were purposely built to be simple
and lightweight without the capacity for feature learning, is is clear that Flows are
still flexible in the case of complex problems. However, we find the GMM results are
somewhat comparable to that of the Flow result, but with improved stability. It is
therefore apparent that the equation of state posterior given combination of multiple
BNS merger events is naturally multimodal, and the equation of state prior removal
from single event results is a prominent effect, regardless how accurately it is modelled.
Given the improved stability and transparency of the GMM analysis compared to

that of the Flow, we choose to move forward with this tool.

We present results up to the combination of up to 16 events from 3 different true
equations of state (medium, stiff and soft), presenting the results in the 7—dimensional
equation of state result and projected into P — p. We find for the medium equation of
state, the equation of state posterior after the combination of 16 events occupies a
smaller volume of the 7—dimensional equation of state space than that of the 4 event

result, both of which are in agreement with the truth. In the P — p representation,

234



the 16 event result appears to project the multimodal 7—dimensional posterior into
multiple equation of state ‘branches’ which we deem not to be physically relevant but
a consequence of the multimodality of our estimate of the equation of state posterior.
While the branches are projections of real modes in our 7—dimensional equation of
state posterior, these are an artefact of our approach. The inferred posterior for the
stiff equation of state from the combination of 4 and 16 events are more comparable
in their 7—dimensional projection, but their projected equations of state to 90%
confidence in the P — p plane show more significant contraction in the posterior when
increasing to 16 events. Finally, the application to a ‘soft’ equation of state shows
disagreement with the true equation of state when increasing the number of events
beyond 4 events. The disagreement is present in both the 7—dimensional and P — p
representations, and appears to be a discrepancy due to the multimodality of the

problem.

We finally discuss the computational requirements of the workflow. While the
original method and GMM method are very similar in their components, the lack
of requirement of a Normalising Flow in the GMM method makes the analysis
significantly more efficient, where information from 4 events can be combined in less
than 10 minutes. The time required increases linearly with the number of events we
combine information over, owing to the number of simple computations required (equal
to the number of events). We use a GPU in the analysis to be able to accelerate these
operations. The original method requires the use of the trained Flow which we likewise
access via the GPU. This allows us to parallelise evaluation of probabilities, which
scales as number of events X number of posterior samples per events X dimensions of
the equation of state space. Therefore, the number of probability evaluations required
with minimal number of events is already significantly higher than the GMM method.
However, in the increase in number of events to order 100s, we expect the original
method to be competitive if not more efficient than that of the GMM method. As the
number of events increases, the number of operations performed in the GMM method
will increase linearly while the batch of operations performed on the GPU will get
larger, but the time taken to perform these operations on the GPU will not change,

due to the large memory and parallelisation.
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We finally compare the computational requirements of the GMM method to
existing analyses. Both the analyses that we compare to quote results from the
combination of O(10) events, a similar scale of investigation to the results presented
here. Our workflow is substantially quicker than the other pipelines we compare to,
but its validity is restricted currently to 16 events. Other examples need from 10
hours to 1 day to combine information from order 10 events, whereas the pipeline here
needs only ~ 1 hour to do so. Therefore, we project that, once sampling difficulties
and Flow complications are set aside, that the use of Normalising Flows as a tool for

hierarchical inference of the NS equation of state has much potential.
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Chapter 7

Conclusions

Observations of NSs with GWs, while a relatively recent discovery, have offered us a
new method through which to learn about NS matter. Our prior understanding of
high density supranuclear matter relied on the observation of EM emission from NSs,
most of which to date have been radio observations. Stemming from supernovae, NSs
are the most dense matter in the universe that we know of; we believe there to be a
solid external crust of nuclei arranged in a lattice structure, below which are layers
of neutron-rich matter, with ever-increasing density. GWs emitted from the merger
of a BNS system allows us to observe two NSs as they inspiral towards each other,
gradually pulling each other apart. In the late stages of merger, we can determine to
what degree the material in each of the neutron stars has been perturbed by measuring
the tidal deformability of the neutron star. By measuring this parameter, alongside
the masses of the two neutron stars, we can directly measure the effect of matter being
present in the system. To date, there have been two observations of such an event;
while the field of GW astronomy as a whole is fairly young, there have been almost
300 observations of GWs in total from the global ground based detector network, the
overwhelming majority of which being the mergers of two black holes. In chapter
1, we discussed the methods of GW signal modelling and how we employ Bayesian

analysis for GW PE.

In chapter 2, we introduced the concept of the NS equation of state, the universal
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relationship between pressure and density inside a NS. Through the equation of state,
we can communicate our understanding of the physics of neutron star matter, and
relate it to the macroscopic observables of a neutron star through the TOV equations.
Through an application of GR, we can solve equations of state to return relationships
between M and R of a NS and can solve for the tidal deformability, A, and can
integrate to do the reverse. We can model the NS equation of state through physical
theories of ultra dense nuclear matter or otherwise phenomenologically model the
equation of state, instead modelling the general shape and trend of the equation of
state. In using seeking to understand the equation of state, we have different means
through which we can explore it: nuclear experiment informs us about low density
physics, up to the maximal densities we can support in terrestrial experiments, and
we rely on astrophysical observation at higher densities. EM and GW observations
are our only method of directly observing ultra dense nuclear matter, however the
quality of our measurement of macroscopic observables is currently limited, and so our
resultant understanding of the NS equation of state is likewise limited. To conclude
chapter 2, we reviewed literature which applies GW observations of BNS mergers to
inferring the NS equation of state, and discussed expectations pre-GW170817 and

what has been possible post-detection.

To set the scene for the analysis performed in this thesis, we introduced ML
method for scientific data analysis in chapter 3. In modern astrophysical data analysis,
ML methods offer efficient solutions to handling large data sets and inferring broad
trends amongst the vast amounts of information. We introduced the building blocks of
neural network architectures and the best practices to follow in training and validation
network performance. We introduce conditional Normalising Flows, our main type of
neural network we discuss in this work. Flows are a type of generative ML model for
density estimation of complex data sets. By learning an invertible mapping between a
complex data space and an easy-to-sample-from distribution (like a standard Gaussian)
one can then sample from the simple distribution and conditionally map this to a
sample from the complex distribution. We also introduce autoencoders, which we
primarily use in this work for dimensionality reduction. An autoencoder is a neural

network with a bottleneck-like structure, which learns to encode training data to a
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reduced-dimensionality representation and then decode it back to its original form.
Once trained, one can operate in the latent representation at a reduced computational
cost, and then decode an inferred result back to the original data format. Machine
Learning has been used widely in GW data analysis in many areas of the field. It
has been used to supplement existing analyses in detection of GW signals themselves
and afterwards, inferring their parameters through PE. More recently, full Machine
Learning pipelines have been developed for detection and subsequent PE which
accelerate what is otherwise a time consuming and computationally heavy task. These
pipelines set the scene for next-generation GW detection, where the increased number

of signals observed will become a big constraint with current analysis methods.

Chapter 4 presented the first results of using a Normalising Flow for rapid inference
of the neutron star equation of state. From GW observations of BNS mergers, we can
measure the masses and tidal deformabilities of the two components of the merger, a
standard by-product of any PE performed on a BNS observation. As previously noted,
these parameters are direct measures of matter in the BNS system, and therefore are
parameters through which we can infer the equation of state. We trained a Normalising
Flow to map a compressed representation of phenomenologically modelled equation
of state data to a unit Gaussian, conditioned on neutron star observables, mass and
tidal deformability. Once trained, one can conditionally sample the Normalising Flow
using PE samples from GW observations of BNS mergers and return the equation of
state posterior associated to the observation. It takes ~ 0.1 second to conditionally
sample the Flow with one event’s worth of PE samples (on the order of 1000) to
return the relevant equation of state posterior. Alongside pre- and post-processing
steps, one can then return full equations of state in P — p associate to a single BNS
event in O(1) second. We applied the tool to inferring the equation of state given
observation of the first observation of GWs from a BNS merger, GW170817 and
found that the result broadly agrees with that of the LVK. We also demonstrated
the performance of the Flow via two simulation studies; one using a perfect BNS
measurement and another with simulated PE samples; results agree with the truth in
both cases. Our method is explicitly model agnostic; we choose to train on a given

equation of state morphology but could equivalently train on another, or on a mix of
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multiple models. The Normalising Flow does not learn parameters of the model itself
but rather a general behaviour of the equation of state, and the conditional mapping.
While single event equation of state inference is relatively uninformative with regards
to the equation of state, we have demonstrated a method which can facilitate rapid
communication with EM astronomers after GW observation. For improved equation

of state inference we require hierarchical inference.

To prepare for hierarchical analysis of the NS equation of state in next generation
observation of GWs in chapter 5, we firstly introduced new training data more suited
to the analysis. We introduced a set of unified equations of state with piecewise
polytropic high density and metamodel low density, with no assumption of a fixed
crust equation of state, to allow for the potential of inference of the crust equation
of state, as the literature states may be possible with next-generation detectors like
ET. Each equation of state in the training set also extends to its own maximum
pressure and density, allowing for full flexibility. These complex equations of state,
however, require a more sophisticated compression technique, and for this we employed
autoencoders. We train an autoencoder with two convolutional layers to map our
equation of state training data to a latent representation of 12 dimensions, allowing
us to maintain as many unique features of each equation of state as possible. We wish
to demonstrate that we can use a Normalising Flow also to hierarchically infer the NS
equation of state and introduce how we do so with hierarchical Bayesian inference.
For this, we require the Flow to be able to return the likelihood of a given equation of
state; given data from multiple GW events, we want to determine the probability of a
given equation of state. We used sampling algorithms to survey our 12—dimensional
equation of state space and evaluate the probability of regions of the space given our

data from multiple observations.

However, we found a significant discrepancy in using the Flow to evaluate the
probability of proposed equations of state, compared to the previous chapter where
we asked the Flow only to sample. We demonstrated the discrepancy on different test
cases, and demonstrated that it is not an issue of simple over-fitting of the network

or out-of-distribution data. Rather we determined that the Flow can identify some
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structure within the training and validation data, or the compressed representation
of it, the source of which is not clear. The structure appeared as peaks and troughs
of probability in the 12—dimensional space, and is a feature of both the conditional
Flow which maps equation of state data conditioned on macroscopic parameters
and the prior Flow, which maps the equation of state space only. By reducing the
dimensionality of the autoencoded latent space to 4 dimensions instead of 12, we
reduced the apparent effect of these features and found a significant drop in the
difference in probability between sampled points and proposed equations of state.
In addition to a possible over representation of the training data with too many
dimensions, we believe that perhaps we were limited in the amount of training data.
Therefore, we employed a regeneration Flow, an unconditional Flow trained to learn
the joint data and conditional spaces. Once trained, we can sample from this Flow
repeatedly during training and generate new training data samples. This allowed for
a theoretically infinite quantity of training data examples, but also data which has
some noise added which is intrinsic to the Flow. This further supports the reduction
in probability variation over the equation of state surface which the Flow has learned,
meaning the artificial structure is gone. By exploring some unexpected features which
made themselves known early in our investigations into hierarchical inference, we
could identify a serious behavioural problem in applying Flows to this problem which,

once solved, allowed for the use of Flows in hierarchical inference.

We reintroduced our hierarchical inference method and how we planned to apply
the Normalising Flow in providing the likelihood evaluation in hierarchical Bayesian
inference in chapter 6. We also used MCMC as a sampling method, such that we can
survey the now 7—dimensional equation of state space and used the Flow to find the
posterior probability at proposed regions of the space. We firstly presented results
on applying this method to the two BNS events GW170817 and GW190425. We
compared the result to the single event posterior of GW170817 returned by sampling
using methods from chapter 4. We found the combined posterior returns a smaller
volume of the equation of state posterior as expected, a result which is dominated
by GW170817 due to the higher SNR of the signal. For our simulation study, we

introduced data from the work of Hu et al. [3], who use a conditional Normalising
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Flow for rapid PE of BNS signals from next-generation detectors. For simulation
studies, we generated BNS events associated to known equations of state. Through the
pipeline of Hu et al., we can then generate PE associated to each of these equations
of state within ~ 1 second per event. We demonstrated the validity of the samples
and the simulation study by first following the method of chapter 4 and using the
conditional Flow sample the equation of state posterior given one event’s PE samples.
We found the equation of state posterior is in agreement with the truth, in both the

low and high SNR simulations.

We then performed hierarchical inference as previously outlined for three simulated
equations of state of varying softness/stiffness. For the mid-range injection, we found
the sampling statistics of MCMC are low in combining 4 events and decreases as the
number of events increases. The walkers in the algorithm appeared to find it difficult
to move across the space, and the low statistical quality of the sampling alongside
the 1— and 2—dimensional projections of the equation of state posterior suggest it is
severely multimodal. Given individual likelihoods are uninformative (as previously
shown, individual events do not strongly infer the equation of state), this suggests
the correct application of the equation of state prior for each event is a strong effect,

given that it gets worse with increased number of events.

Given the statistical figures of merit and the findings of chapter 5, we therefore
introduced a new method which goes back to the method of chapter 4 in using the
Flow to sample instead of evaluate the probability at points in the equation of state
space. By wrapping each event’s equation of state posterior from single event sampling
with a GMM, we made the event posteriors as generic as possible by representing
them by a superposition of Gaussians. We also represent the equation of state prior
with a GMM so to remain generic, and therefore evaluate the hierarchical posterior
via multi-event GMMs. The results of this method were comparable to that of the
Flow method results and appear to be more stable. Given this method cannot have
any hidden features or learning of structure as it is constructed purely of a small
number of Gaussians, we moved forward with this method. We found the combined

result for the average equation of state when combining information from 16 events
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shows a contracted posterior compared to that of the 4 event result, both of which
are in agreement with the truth. In projecting to P — p we found some structure in
the equations of state present which is a reflection of the multimodality of the result.
Assuming this is an artificial feature, we found the error in pressure at saturation
density decreases with increasing number of events. The stiff equation of state showed
different statistical behaviour but a result mostly in agreement with the truth, whereas
the soft equation of state was a more extreme example case, whose result does not
agree with the truth, especially as the number of events are increased. We owed
the disagreement with the truth to the difficulty of the sampling in the multimodal
approximation to the equation of state posterior. At its root, the problems are likely

to be due to the inaccuracy of the the Flow and GMM models.

However, the time required to complete such an analysis is competitive to similar
analyses in the literature. With the GMM method, the time required to combine
information over 4 events is around 45 minutes, for the full pipeline, and 50 minutes for
16 events. While these results make use of a GPU to accelerate simple computation,
the result for the full pipeline — including the training of different Normalising Flows
— the time required is significantly less for similar analyses which combine the same
order of magnitude of events. However given the nature of the analysis we believe

there is ample room for future work and development.

7.1 Future work

The future of GW astronomy has much to offer in improving our understanding of
the NS equation of state. As numbers of observations of GWs from BNS mergers
increase — additionally at improved levels of sensitivity — the work presented here may
be applied and improved to support this cause. The work of chapter 4 successfully
applies Normalising Flows to inferring the NS equation of state giving observation of
GWs from single BNS merger events. The rapid output of equation of state posteriors
in P — p once PE samples from the event have been released facilitates communication
with EM astronomers for follow-up studies. For improved rapid inference, one can

adapt on the work of chapter 6 section 6.3.1.1 in combining the pipeline of chapter
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4 with a ML-based PE pipeline, which can return both PE samples and subsequent
equation of state inference in O(1) second. Rapid equation of state inference after
a BNS merger event may inform astronomers of the type of EM emission expected
post-merger. By inferring the equation of state pre-merger, one can then make
EM astronomers aware of potential kilonovae or emission in a particular frequency
band. This allows for efficient follow-up and appropriate allocation of resources. The
pipeline can additionally be altered to account for equation of state inference of
NSBH systems, such that equation of state information from these types of events
is not overlooked, given the current limited number of BNS events. Finally, the
training of the pipeline can be improved to account for a larger range of equation of
state parameterisations. This would ensure the Flow model learns a broad variety of

equation of state morphologies and ensures the inference is flexible.

Chapter 5 presents new findings of applying Flows to high dimensional data of
limited quantity with potential artificial structure. If time had permitted, the initial
goal of further work would have been in applying different Flow architectures to the
problem. For example, Flows which learn to map lower-dimensional manifolds in
high dimensional spaces or continuous Normalising Flows are interesting alternatives
to consider when dealing with a complicated data set. Alternatively, it would be
interesting to run the workflow on a test case of mock equations of state, such as
straight lines with defined gradient and y—intercept, to investigate which feature the
Flow finds it easy to specify to. In the same vein, one could investigate different data
compression methods, which includes changing the architecture of the autoencoder.
While section 5.4.5 investigates different dimensionalities for data compression via the
autoencoder, more time to investigate this would have allowed for proper optimisation
of each of the lower dimensionality autoencoders. Chapter 5 also introduces the
regeneration Flow in section 5.5. Significant future work could be devoted to applying
this method to other astrophysical data analysis problems which are limited by data
quantity. Additionally, this tool could be beneficial to problems which have a potential
ML model in mind but whose training is limited by shortage of data, or whose training
does not seem optimal. The regeneration Flow offers a low-cost alternative to data

generation for virtually any problem.
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With regards to chapter 6, the primary goal of future work will be to improve the
efficiency and quality of the sampling methods. One option is to investigate alternative
sampling methods, perhaps those which are more sophisticated in nature and are
suited to high dimensional spaces. One example sampling method to test would be
MCMC with parallel tempering, which is suited to sampling in highly multi-modal
spaces. This would reduce the discrepancy in probability between the most and least
probable regions at the start of sampling, and gradually re-introduce the variability
after the walkers have had the opportunity to explore the space. Alternatively, due to
the flexibility of Normalising Flows as both a density estimation and a sampling tool,
one could investigate a method which does not require sampling algorithms at all,
but rather makes use of the efficiency of the Flow. This is extensive additional work.
Alternatively, in relation to chapter 5, one could investigate how best to represent the
equation of state and if the way the space is currently represented is optimal for our

sampling method.

Once the sampling efficiency is improved, there are a number of avenues for future
work with the tool introduced in chapter 6. These are highly important with regards
to the prospects of equation of state inference during the next observing run and
subsequently generation of GW detection. Once sampling methods or the accuracy
of the Flow/GMM models are improved, one can combine information from ~ 100
up to 1000 events quickly and easily. In chapter 6 section 6.4 we discussed the logic
for the computational requirements of the tool (if functional beyond ~ 16 events)
making use available computational resources (GPUs). We found that the extension
of the Flow-based method to higher orders of magnitude of events would be possible
within comparable timescales. Tests can be done to estimate the computational time
required for such an analysis, and what resources are best applied. Once completed,
we can therefore make a claim as to the quality of equation of state inference with
orders of magnitude more events than have been combined before. This allows us
to test the quality of different stages of the analysis; how well does the quality of
our data compression method matter in projecting a highly constrained equation of
state in P — p? Is it necessary to include the crust equation of state in inference? Are

we limited by the PE samples we have and the restrictions of our chosen pipeline?
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How many events do we need to make a statement of whether the equation of state is

either soft or stiff?

Throughout this work we have demonstrated the power of ML tools in allowing us
to infer the NS equation of state quickly and efficiently. As we look to the future of
GW observation, it is crucial that we consider the efficiency and flexibility that these
tools may offer us in allowing us to learn from our potentially vast numbers of future

GW events, and communicate with our peers for further discovery.
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Appendix A

We present the full 15—dimensional figures of those presented in chapter 5.
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Figure A1: Corner plot of 1- and 2-dimensional marginalised distributions of training
equations of state (blue), sampled points from the conditional Normalising Flow
(purple) and proposed equations of state (pink) from a Gaussian distribution with
o =0.5.
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Figure A2: Corner plot of 1- and 2-dimensional marginalised distributions of training
equations of state (blue), sampled points from the conditional Normalising Flow
(purple) and proposed equations of state (pink) from a Gaussian distribution with
o =0.1. We present the first 5 out of the total 15 dimensions.
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Figure A3: Corner plot of 1- and 2-dimensional marginalised distributions of the
15-dimensional training (purple) and validation (blue) data distributions used to train
the Normalising Flow. The contours represent 68%, 95%, and 99.7% of the samples
respectively.
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Figure A4: Corner plot of 1- and 2-dimensional marginalised distributions of valida-

tion equation of state data and noise-added validation equation of state data.
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Figure A5: Corner plot of 1- and 2-dimensional marginalised distributions of valida-
tion equation of state data and noise-added validation equation of state data.
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Figure A6: Corner plot of 1- and 2-dimensional marginalised distributions of a small
region of equation of state data space including region of maximum likelihood sample.
The grey contours are the training data prior, the blue points are points conditionally
sampled by the Flow. The light pink crosshair is the maximum likelihood sample
returned the Flow. The space is travelled from +0.01 around this point from the dark
pink to the purple crosshairs.
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Figure AT7: Corner plot of 1- and 2-dimensional marginalised distributions of points
from the equation of state training data prior (grey), sampled points from the Nor-
malising Flow (blue) and four proposed equations of state (pink, purple, green and
yellow) which we traverse between.
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Appendix B

In chapter 6 section 6.3, we describe the method for combining information from
multiple GW events using the conditional Normalising Flow for equation of state
inference. MCMC is used to traverse the equation of state parameter space, and at
each proposed location, the probability p(Q0) is evaluated for multiple values of 6
relative to multiple GW merger events. Given equation 6.1, we find the Monte-Carlo
average over the number of samples per GW event, as well as taking the product over
the number of events. Therefore, we must use enough samples per GW merger event
as to appropriately represent the true single event equation of state posterior, but not

too many so to become a computational burden.

Figure B1 shows how average log(probability) differs as we increase the number of
PE samples used per GW event. The orange line shows the average log(probability)
found when using all samples in the GW event. For almost all tests of different
numbers of samples, the range of average log(probability) values returned is consistent
with the average log(probability) if using all samples. We include the result of using as
little as 32 samples per GW event so to demonstrate the potential spread in error from
various different iterations of 32 samples from the full posterior set, which contains
10528 samples in total. Using less than 128 samples likely leads to an incomplete GW
posterior in the 4 dimensions that are of interest to this analysis. As expected, the
error in average log(probability) decreases in line with the truth as we increase the
number of samples used per event. We find the error in using 256 samples is reduced
from that of using 128 but is comparable to that of 512. The smallest amount of
error occurs beyond 2048 samples. However, as stated previously, we also have to be

cautious about the computational burden of using more sample per event.
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Figure B1: Plot of average log(probability) of Qsamp vs. number of samples when
sampling Qsamp ~ Peond (L2]6) given different random iterations of numbers of PE
samples 6 associated to a simulated equation of state of medium stiffness. The average
log(probability) found when using all (~ 10%) PE samples for the event is given by
the solid horizontal line.

Figure B2 presents the time taken to perform MCMC in combining information
from 4 GW merger events using a variety of numbers of PE samples per event. It is
clear the time required to combine information from more than 10% events become
prohibitive, as the analysis would take 3 times as long for a given number of events.
To parallelise the analysis and make it as efficient as possible, we batch the GPU
with all possible combinations of proposed equation of states and samples per event
possible. This allows us to parallelise all probability evaluations that the Flow must
perform on the GPU so the speed up the analysis. This process is discussed in chapter
6 section 6.1.1. However, this scales as number of events X number of samples X
number of dimensions. Therefore, if we increase the number of samples per event

drastically, we therefore sacrifice efficiency, and limit the number of events we can
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Figure B2: Plot of time taken vs. number of samples for various MCMC runs
associated to the inference of a simulated equation of state of medium stiffness given
information from 4 GW merger events with different numbers of samples per event.

combine information from quickly. This is of particular importance when we reach
orders of magnitude of events upwards of 103. Therefore, we choose to use 256 samples
per event so to remain as efficient as possible without inducing significant error. We
find 512 samples per event may have also been acceptable for the analysis, but choose
256 so to maximise efficiency, without any significant loss in error induced in the

Flow’s probability evaluation.
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Appendix C

Figure C1 illustrates the block diagrams of inputs and outputs to each of the 4 Flows
used in chapter 6. These are: regeneration (RG), conditional (cond), prior (7) and

PE. This is supplementary to the workflow diagrams in figures 6.1.1 and 6.3.6.
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Figure C1: Block diagrams of inputs and outputs of the 4 Normalising Flows used in
chapter 6. For conditional Normalising Flows, dotted lines represent evaluation of a
data space location given a condition, while solid lines represent conditional sampling.
For unconditional Flows, the bold line represents randomly sampling the Flow, and
dotted lines represent evaluation of a given data space location.
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