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J J Everything must be taken into account.
If the fact will not fit the theory
- let the theory go

— Agatha Christie
"The mysterious affair at Styles"






Preface

JJ ‘It is completely unimportant’, said Poirot.

"That is why it is so interesting’, he added softly.

Explaining the Universe is a complex and highly intricate process. I
like to think of it as a crime scene, with scientists acting as investiga-
tors.

It all begins with the right questions. Something has happened in
the distant or recent past, somewhere in the Universe, and we have to
understand what that was, why, and how the events took place. The
information is out there but far from evident. The clues are in the data
that we collect and analyze. It is not straightforward to distinguish
between what is essential and what is circumstantial.

Next, we develop theories and models to connect all the pieces of
evidence into a coherent narrative. What is more, we want our models
and theories not just to explain but also to predict new information
from data we have not yet observed. At its core, the pursuit of under-
standing is a structured investigation that follows logic, evidence, and
inference.

I have always had an interest in crime stories, but it was during
my PhD that I discovered Agatha Christie’s wonderful works. Her
adventurous life and immense production have paralleled my own
everyday investigations. It felt natural to have her books open the
chapters of my thesis. When I came across some of her sentences, I
had the perfect fit for each.

Q
L’Aquila, February 2025
Ulyana Dupletsa

— Agatha Christie
"The Murder of Roger Ackroyd"

I






Extended Abstract

This thesis explores the multi-faceted and promising science of grav-
itational waves (GWs) from compact binary coalescences (CBCs), fo-
cusing on the information they provide and how we can extract it.
Central to our work is the question: What is the data content of the
GW signals from CBCs, and how can we effectively analyze it to en-
hance our understanding of the Universe? This study addresses cur-
rent detector networks and next-generation (XG) instruments, linking
data analysis with multi-messenger (MM) applications and cosmology.

In the first part, the analysis centers on current detectors, using
data from the LIGO-Virgo-KAGRA (LVK) network. We explore spec-
tral siren cosmology by applying Hierarchical Bayesian Inference (HBI)
to simulated and measured data. A significant focus is on quantifying
the bias in the inferred Hubble constant value, Hy, that arises from
mismodeling the black hole (BH) population—specifically, the effects
of neglecting the redshift dependence of the BH mass spectrum. We
report a bias at 20 level, signaling the impact of the mass model. We
also show preliminary results from the O4a observational run, present-
ing the latest estimate of Hy and the impact of a new mass model that
encompasses all the observed CBCs, without the need to distinguish
between BHs or neutron stars (NSs). Being able to use all the available
GW events gives us tighter constraints on Hy, although still far from
the level of Planck or supernovae (SNe) results.

The second part shifts the focus to future GW observatories, with
the Einstein Telescope (ET) exemplifying XG capabilities. We thor-
oughly discuss forecasting analysis techniques based on the Fisher
matrix approximation, which is the current approach for assessing XG
detectors performance. In this context, we present the software tool
GWFish, which simulates GW detector networks and implements fast
Fisher matrix parameter estimation (PE). Additionally, we integrate
prior information into GWFish to study the interplay between Signal-
to-Noise Ratio (SNR) and parameter correlations effectively, testing it



VI

to be a reliable method for predicting detectors performance against
measured data from the LVK Collaboration.

GWFish is employed for several different applications related to the
rich ET science case. It is one of the two Fisher codes used for the
design comparison (ET-A versus ET-2L) paper of ET. Specifically, one
of the key aspects that we explore is MM astrophysics, evaluating the
prospects for synergy between GW and electromagnetic (EM) observa-
tories based on sky localization and pre-merger alerts analyses. This
work highlights the performance of different ET designs, particularly
stressing the role of the sensitivity at low frequencies.

Furthermore, we conduct an in-depth study of the joint GW and
kilonova (KN) detections using future EM telescopes like the Vera Ru-
bin Observatory, pinpointing which are the primary sources of uncer-
tainties in MM studies, from the GW network to population models to
the microphysics of NS systems.

Additionally, we investigate ET prospects for cosmological analy-
sis using both bright siren -Binary Neutron Star (BNS) events with
Gamma Ray Burst (GRB) counterparts- and dark siren -BBH events
along with the large scale structure (LSS) data as mapped through the
21 cm emission from neutral hydrogen (HI)- approaches to infer cos-
mological parameters up to redshifts as high as z ~ 3 in the dark siren
case. In both scenarios, we demonstrate the enormous potential of ET
in constraining cosmological parameters, thanks to the enhanced PE
and detection numbers.

This work builds a framework that links advanced data analysis
techniques, predicts detector performance, and includes MM observa-
tions and cosmological inference. The findings improve our under-
standing of GW astronomy, paving the way for future studies with
existing and XG observatories.
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Quverture

JJ Inall the world there is nothing so curious and so inter-

esting and so beautiful as truth.

Light has been our primary source of knowledge ever since the
first human-lit fire. Electromagnetic waves emitted by the Sun, dis-
tant stars, and even simple candlelight have provided valuable insights
into the world around us. From ancient civilizations that gazed at the
night sky to the invention of the first optical telescope to the observa-
tion of the cosmic microwave background, the very picture of the Uni-
verse’s birth, our ability to perceive the cosmos has evolved alongside
our technology and our mastery to harness the electromagnetic spec-
trum, far beyond the visible light, encompassing wavelengths from
low-frequency radio waves to highly energetic gamma rays.

Despite its success, information coming from electromagnetic ob-
servation has intrinsic limitations. Electromagnetic waves traveling
from distant sources to us might get absorbed, scattered, or completely
blocked. On top of this, objects like black holes do not ordinarily emit
light and might be bound to remain in the dark. We know there are
supermassive black holes at the center of galaxies because they can
bind and accelerate matter around them and cause electromagnetic
emission. However, our theory of stellar evolution also predicts stellar
mass black holes forming at the end of a massive star life cycle. Their
existence has been just one of the predictions of General Relativity, our
most successful theory of space and time. Until ten years ago.

September 14, 2015, unlocked an entirely new dimension. Another
prediction of General Relativity has been proven: the existence of grav-
itational waves. These are ripples in the fabric of spacetime, generated
by the most extreme cosmic events, such as the merger of black holes or
neutron stars, that propagate to us at the speed of light, mostly undis-
turbed, and carry information about the sources that generated them
in a way that electromagnetic waves never could. The first measure-
ment of gravitational waves is also the first direct proof of the existence

— Agatha Christie
"Three Act Tragedy"



of stellar-origin black holes. Until then, a strong indirect evidence for
the existence of black holes has been the observation of X-ray binaries.
Typically, these are light black holes, compared to the ones we observe
through gravitational waves, accreting matter from a companion star.

The first gravitational-wave event, dubbed GW150914, comes from
the merger of two black holes, of 36 M and 29M, at a distance of
roughly 400 Mpc from us, which corresponds to a redshift of 0.09. The
two LIGO interferometers, LIGO Hanford and LIGO Livingston, cap-
tured the signal. GW150914 is a history marking event. Since then, we
have observed tens of binary black hole systems, and our understand-
ing of the black hole population is advancing as never before. More-
over, thanks to the joint effort of three gravitational wave detectors, the
two LIGOs and Virgo, we were able to measure the first-ever binary
neutron star event, accompanied by electromagnetic emission, both
in the form of kilonova and the relativistic jet of a gamma-ray burst.
Many fields, from astrophysics to fundamental and nuclear physics,
are being revolutionized thanks to this one-only multi-messenger ob-
servation.

Gravitational waves have also revolutionized cosmology by provid-
ing a new way to observe the Universe. Unlike traditional standard
candle methods, which rely on electromagnetic signals and complex
calibration processes, gravitational waves are self-calibrated. This has
opened the era of the standard siren cosmology. Gravitational wave
detections can be used to map the entire expansion history of the Uni-
verse, shedding light on the nature of dark matter and dark energy.

Their potential extends far beyond what we can observe electromag-
netically. Light started providing information as soon as the Universe
became transparent, a moment captured by the cosmic microwave
background. With gravitational waves, we can probe the earliest mo-
ments of the cosmos, potentially offering insights into the inflationary
period that followed the Big Bang.

By analyzing the propagation of gravitational waves across cosmic
distances, we can test fundamental physics on scales that were once
purely theoretical. This provides new constraints on theories of quan-
tum gravity and potential deviations from Einstein’s theory of General
Relativity.

Gravity and electromagnetism are the only two interactions that
shape our everyday lives on the human scale. We see the world around
us thanks to light; our touch experience is electromagnetic interaction
among atoms. On the other hand, gravity, simply put, is what keeps
our feet on the ground and makes objects fall. However, even though
gravity dominates on astrophysical scales and is responsible for galax-
ies, clusters, and the whole large-scale structure of the Universe, it is



the most elusive of interactions. It is the geometry of spacetime itself,
shaped by the masses of all the objects in the Universe. Unlike electro-
magnetic waves, emitted by a broad range of astrophysical phenom-
ena, gravitational waves require cataclysmic events, the most extreme
conditions where spacetime is heavily perturbed. Gravitational waves
offer us insights into the most violent processes in the Universe.

Electromagnetic waves set the foundation of our understanding of
the Universe. Gravitational waves provide us with a new and com-
plementary observation window. The future lies in a synergy between
electromagnetic and gravitational wave observations, combined to de-
cipher what is still beyond our reach.

This thesis finds its place in times of discoveries and great expec-
tations. The new field of gravitational waves is blossoming, and the
research directions are many and rather promising. We have more
and more observations from the existing gravitational wave detectors,
and we are already planning for future interferometers. At the time
of this thesis, we are in the fourth observing run of data taking. Both
the LIGO detectors in the USA and Virgo in Europe are active and
detecting more and more mergers. The number of compact binary co-
alescences has overcome the first hundred events. Most of them are
binary black holes; a few are binary neutron star - black hole systems,
and two binary neutron stars, of which one only has an identified elec-
tromagnetic counterpart, GW170817.

In this work, we focus on cosmology and multi-messenger astro-
physics. We explore the information from current data and carry out
multiple forecast studies for the planned gravitational wave observa-
tories represented by the Einstein Telescope. From the cosmology side,
gravitational waves constitute a new probe that could eventually dis-
entangle the tension in measuring the expansion of the Universe. The
future is also bright from the electromagnetic side, with many planned
observatories that could join the Einstein Telescope in studying the
cosmos. With their enlarged bandwidth and sensitivity, the future in-
terferometers represent the potential for unique and great science.






1. Where do we stand?

J J The past is the father of the present.

— Agatha Christie
"Hallowe’en Party"

The following chapter provides a broad overview of where we stand with our understanding of the Universe from the
cosmological and gravitational points of view. Among the key questions are: Where does the information come from? What
are data telling us? What role do our assumptions play? What can we learn?

Despite significant progress, many longstanding and emerging questions remain unanswered. A pivotal development in
recent history, however, the beginning of the gravitational wave (GW) astronomy, has provided us with a whole new
observation point. This exploration began only a decade ago and has already led to significant advancements across fields,
from astrophysics to nuclear physics to cosmology. Beyond that, there is much more we can do and plan to do with
increasingly advanced detectors, ready to listen to the faintest sounds of the Universe.

This chapter is a working summary of much more detailed information provided in numerous books [Ryden, 1970; Misner
et al., 1973; Dodelson and Schmidt, 2020; Baumann, 2022; Maggiore, 2007; Creighton and Anderson, 2011; Maggiore,
20181, and major discovery research papers we refer to throughout the text.

1.1 An expanding Universe Contents

1.1 An expanding Universe 5
Our address starts from Earth, the third planet from our only star, o
. . . . 1.2 The gravitational wave (GW)
the Sun, in the Solar System, orbiting in one of the spiral arms of )
. o o window 14

the Milky Way, a vast galaxy containing hundreds of billions of stars.

Our galaxy, in turn, groups with tens of other galaxies in the Local 1.3 Thesis structure - 30

Group, which, together with thousands of more galaxies, builds an
even bigger cosmic structure out to the whole observable Universe.
Everything we observe and somehow understand, the ordinary matter,
as well as the mysterious dark matter, exists in an expanding Universe.
And the expansion, which is accelerating, is driven by what we refer
to as dark energy.

To describe our Universe, we start in Sec. 1.1.1 with its geometry
focusing on distance measurements. We relate the geometry with the
energy budget in Sec. 1.1.2. An overview of the standard cosmological
model is provided in Sec. 1.1.3 along with its primary problem, the
Hubble tension, described in the dedicated Sec. 1.1.4.



6 COSMIC CHIRPS

1.1.1 Isotropy and homogeneity

Complex and intricate interactions among various phenomena de-
fine our Universe. However, suppose we simplify our perspective by
treating entire galaxies as particles, ignoring that these particles have
internal structures or group together in clusters. In that case, we can
reveal the Universe’s highly symmetric structure and describe it with a
few fundamental principles [Misner et al., 1973]. From this large-scale
viewpoint, the Cosmological Principle applies: the Universe is isotropic
and homogeneous, meaning there are no special points or directions.
There is evidence of homogeneity in the distribution of galaxies in the
sky, and the Cosmic Microwave Background (CMB) provides us with
remarkable evidence for isotropy.

From the geometrical point of view, assuming homogeneity and
isotropy means idealizing that the curvature is the same everywhere.
As a consequence, we have three possibilities: a positive curvature for
a spherical Universe, a negative curvature for a hyperbolic Universe,
or no curvature for a perfectly flat Universe. The metric that describes
such a Universe is the Friedmann-Lemaitre-Robertson-Walker (FLRW)
metric [Friedman, 1922; Lemaitre, 1927]:

ds? = —c?dt* + a®(t)dI?, (1.1)
where
) +1 spherical
di? = 1drr2 +7r2d0? with k={ -1 hyperbolic (1.2)
R 0 flat

where thanks to isotropy, we have the radial coordinate r and the
sphere element d0)? to express a position in space. a(t), the scale
factor, describes the expansion of the Universe and R represents the
curvature scale at the present time.

In Eq. (1.1), we distinguish the temporal separation between events
—c?dt? and the spatial one a?(t)dI%, dependent on the three possible
geometries. The scale factor a(t) accounts for the expansion of the
Universe and relates comoving coordinates to the physical ones:

?physical =a(t) ?comoving (1.3)

The comoving coordinates are defined to evolve together with the
Universe so that objects” positions stay fixed. Conventionally, we set
that at present time a(ty) = 1. Starting from Eq. (1.3), we can evolve
the position of objects, e.g. a galaxy, in time and obtain the following



relation: .
drphysical o da

C]j}comovin
2 &
= =, 'comoving +a (t)

dt dt dt
a dycomoving (1.4)
= — . f)—=2
a arcomovmg + a( ) dt
= H?physical + 77peculiar
where we have defined the Hubble parameter:
a
H=- (1.5)

a
H7ppysical is known as the Hubble flow, i.e. the velocity resulting from
the expansion of space, and z_)’pecuhar is the velocity measured by an
observer who is comoving with the Hubble flow. The value of the
Hubble parameter today H(ty) = Hy is known as the Hubble constant.
It is customary to define its dimensionless version as:

_ Ho
100km s~ *Mpc~!

ho (1.6)
Equivalently, h = H/100kms~! Mpc~!.

Because of the expansion, any wavelength we receive is stretched
by the scale factor with respect to the emitted one. Therefore, we can
define the cosmological redshift z as:

1
1 = — .
tz=p 17)
with a(t) the scale factor at the emission time. For very low values of
z < 1, we can expand around t = #y' and get the Hubble-Lemaitre
law [Lemaitre, 19277; Hubble, 1929]:

Z r~ gHO = v~ cz~ Hyd, (1.8)

where d is the physical distance (also called proper distance) from us
to the observed object (see also Eq.(1.3)), and ¢ is the speed of light.
From now on, we will refer to distance quantities using the d notation.
v is also known as recessional velocity, i.e. the velocity at which every
object is moving away from an observer because of the expansion of
the Universe. For small redshifts it holds that v ~ cz.

There are several definitions of distance in cosmology, and we use
them depending on the problem we want to describe [Dodelson and
Schmidt, 2020]. In what follows, we assume k = 0, as observations are
consistent with a spatially flat Universe (see Sec. 1.1.3).

¢ Comoving distance: From the FLRW metric in Eq. (1.1), and as a
function of redshift, we can write the comoving distance as:

z cd?
dcomov'mg: 0 @ (1.9)
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*We start by expanding a(t) around the
present time to:

da

a(t) ~a(to) + (t — fo)ﬂ

tfl(t()
a(to)

Z

=a(to) + (t—to)

=1+ (t—to)Ho,
where we have used the fact that at present
%g; = Hp as from
Eq. (1.5). From Eq. (1.7), we can then write:
v
ll(f) 1+(t—f0)H0
~1—(t—to)Ho

time a(t)) = 1 and

1+z=

d
=1+ (to—1) ~ 1+ _Ho,

where (tg — t) is the difference between the
present time and the time when the light was

emitted (lookback time), and for z < 1, it can
d

be approximated as fo —t = £.
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It is useful when we are interested in the conformal time?® required
for radial propagation of light from the object to us.

o Angular diameter distance: When we know the transverse physical
size L of an object on the sky, then we can write its angular size as:

L
AG~ dphysical(z) (1.10)
assuming that Af < 1. We have already shown the relation between
comoving and physical distance in Eq. (1.3). Given its importance
related to angular measurements, we also call it the angular diame-

ter distance:
dcomoving

1+z

® Luminosity distance: When we know the intrinsic luminosity of an

dA(Z) = dphysical(z) = (1.11)

object, we can define its luminosity distance based on the observed
luminosity:
dL(Z) =(1+ Z)dcomoving (1.12)

In Fig. 1.1, we show the three distances as from Eq. (1.9), Eq. (1.11)
and Eq. (1.12), as a function of redshift. We assume the standard
Planck18 [Aghanim et al., 2020] cosmology (see next sections). We
want to highlight how, at low z, the three functions coincide and agree
with the Hubble law as in Eq. (1.8).

1.1.2  Universe’s energy composition

All the equations in Sec. 1.1.1 have been derived based on geomet-
rical assumptions and under Einstein’s theory of General Relativity
(GR) [Einstein, 1916]. The FLRW metric in Eq. (1.1) is an exact solution
of the Einstein’s equations:

G}H/ + Ag;,n/ = SZ[TGT]W/ (1.13)
where G, is the Einstein tensor, gy, the metric tensor, and Ty, the
stress-energy tensor. Ty, describes the energy content that shapes the
geometry of spacetime. G is the Newton's gravitational constant, and
A the cosmological constant.

If in Sec. 1.1.1, we focus on Gy, this section deals with the Uni-
verse’s energy content, Ty, and A, which governs the dynamics of the
scale factor. When characterizing the large-scale behavior of matter
and energy in the Universe, we idealize them as perfect fluids de-
scribed only by their energy density and pressure. From the conser-
vation of the stress-energy tensor, Ay T} = 0, we get the following
continuity equation:

L 0 P
p+3; <p+ c2) =0 (1.14)

>Conformal time 7 is a definition of time
rescaled by the scale factor as
dt
dn = —
0
Integrated, it corresponds to the comoving
distance divided by the speed of light.

106 L
s )

= 10° dcomoving ,/,

253-4 ........ da(z) //

o

Q

=]

o]

a2

A

Figure 1.1: Different distance defini-
tions, comoving, angular diameter, and
luminosity distance, as a function of red-
shift, assuming Planck18 cosmology ©
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where p identifies the different energy density components and P is
the pressure term. Eq. (1.14), can be rewritten using the Equation of
State (EoS) parametrization w = P/pc?:

% =-3(1+ w)%, (1.15)
which solution can be written as:
p =a30+w) (1.16)

From Eq. (1.13), we can derive the Friedmann equations [Friedman,
1922; Friedmann, 1924] linking the energy budget to the dynamics:

a\? 8nG Ac?
— :7p_7

(1.17)

Egs. (1.17), together with the continuity equation Eq. (1.16), describe
how the scale factor evolves with time. The different energy density
components entering the dynamics, according to the standard ACDM
model (see Sec. 1.1.3) are:

® Matter: comprises baryonic matter, i.e., the ordinary matter, made
up of electrons, protons, and neutrons; and dark matter (DM), all
the matter that is not baryonic. It only interacts gravitationally,
henceforth dark

® Radiation: the photon content

e Dark energy: energy content introduced to justify the Universe’s ac-
celerated expansion. It acts as a fluid with energy density pp =
AN/87G

| OPAQUE |TRANSPARENT
~———RD MD——

DED ——

G 3 min 10°yrs  3-10°yrs 7-10°yrs 3-10% yrs 6-10° yrs time
Z
<
=)
E ? ~ 3000 ~ 1100 ~ 10 ~2 <1 redshift
in) star
Inflation BBN eql\j;ﬁty CMB  galaxies forgégﬁon e%e?/i%y

The different components affect the Universe’s evolution differently
at different moments of its history. In Fig. 1.2, we show a schematic
representation of the milestones in the Universe’s history. The origins
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Figure 1.2: A schematic representa-
tion of the milestones in the Universe’s
history.  Shortly after the Big Bang,
the Universe is opaque and radiation-
dominated. The Universe becomes
transparent when the temperatures cool
down for photons to move freely. A
record of this is the CMB relic. After
that, the matter domination (MD) era
starts, until very recently, when the dark
energy causing the accelerated expan-
sion is prevailing. Freely adapted from
Fig.1.1 in [Dodelson and Schmidt, 2020]

0
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of our Universe are described by the hot Big Bang model, described
as an energetic explosion that initiates the evolution of the Universe
as we know it today. Shortly after the Big Bang, the temperatures are
extremely high and the Universe is opaque. It is the radiation dom-
ination (RD) era. When the temperatures cool down, photons start
moving freely, and the Universe becomes transparent. A record of this
is the CMB relic. After that, it is the turn of the matter domination
(MD) era, which lasts until very recently, when the dark energy caus-
ing the Universe’s accelerated expansion takes over. Now we are in
the dark energy domination (DED) era.

Usually, these components are expressed as a dimensionless ratio
of their present value with respect to what is called the critical energy
density, i.e. the energy density required to have a flat Universe:

3H}
Pcrit,0 = 871G (1.18)
In this way, we can define the abundance parameters today as:
O, = 9170 (1.19)
Ocrit,0

In Fig. 1.3, we show the composition of the Universe’s energy con-
tent today. According to the ACDM model, the baryonic matter ac-
counts for the ~ 5% of the energy, the DM for the ~ 27%, and the dark
energy (DE) for the remaining 68%.

Combining Eq. (1.19), together with Eq. (1.5) and Eq. (1.7), we can
write Eq. (1.17) as:

H(z) = Ho\/Qu(1+2)* + Oy (1 +2)* + Qa. (1.20)

Given the subdominant role of radiation today, we can simply write:

H(z) = Ho\/Qm(1+z)3+QA (1.21)
The flatness condition ensures that:
Qu+Qp=1 (1.22)

In the following sections and chapters, when we say we want to infer
cosmological parameters, we refer to Hy and (), under the assump-
tion of the basic ACDM model. It is noteworthy to mention that, a
straightforward extension of the ACDM model, relaxes the assump-
tion that w, as introduced in Eq. (1.16), is a constant (equal to —1) and
treats it as a free parameter:

H(z) = Ho\/ Qu(1+2)> + Qa1+ 2)31+0) (1.23)

This is referred to as wCDM model.

5%  what we know

dark matter

Figure 1.3: A diagram of the Universe’s
composition ©
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1.1.3 The standard cosmological model

Modern cosmology is based on the ACDM model. The standard
cosmological model successfully explains many observed phenomena
in our Universe, including its late-time accelerated expansion and the
presence of the CMB. ACDM states that the present Universe is de-
scribed by non-baryonic cold DM and a cosmological constant. All the
structures we observe today are generated during an inflationary pe-
riod at very early times (see Fig. 1.2). In the following, we review the
principles on which ACDM is based:

® The cold part of the DM component is required for DM particles to
manage to cluster efficiently in the early Universe. We have evi-
dence of DM coming from observations of rotation curves of galax-
ies [Rubin, 1983], galaxy velocities within clusters [Zwicky, 1933],
and lensing effects [Clowe et al., 2006]. Moreover, its presence is
required to justify the structures in the Universe. Without DM, the
Universe would have been much smoother. There are several candi-
dates to describe DM [Lin, 2019]. The most popular idea is that DM
consists of some kind of elementary particles produced at the early
stages of the Big Bang.

® The cosmological constant A is introduced in accordance with the ev-
idence suggesting that there must be some dark energy that causes
the accelerated expansion of the Universe [Riess et al., 1998; Perl-
mutter et al., 1999]. At the quantum level, we can think of empty
space itself as a source of energy for expansion. However, calcula-
tions done in quantum field theory on the expectation value of these
quantum fluctuations disagree by ~ 120 orders of magnitude with
what is required to explain cosmological observations.

e The inflationary period is required in the ACDM model to generate
the initial perturbations that eventually evolve in the structures we
observe today. Inflation occurs for a brief time in the very early
Universe and causes the scale factor to grow exponentially.

The simplest version of the ACDM model has six parameters:
{AS/ ns, HO/ W, Wy, Z?‘E}/ (1-24)

where A; is the amplitude of scalar perturbations, 7, the scalar spectral
index, Hy the Hubble constant, w;,,, = th% the cold DM density, wy, =
Qbh% the baryon density, and z,, the redshift at which the Universe
is half reionized after the formation of the first generation of stars.
Some simple extensions of ACDM include a non-vanishing curvature
or neutrino masses.

ACDM is the standard cosmological model because it has shown re-
markable agreement with complementary data sets. It is outstanding
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that with just six parameters, we are able to fit exceptionally well the
thousands of CMB multipoles, Baryonic Acoustic Oscillations (BAO)
data3, SNe observations, and structure formation data. As for the lat-
ter, the most straightforward description of the Universe starts very
smoothly. The primordial perturbations are produced and expanded
during inflation. These small perturbations grow during the MD era.
In this period, DM simply clusters because of the nature of grav-
ity. Eventually, in recent times, these perturbations stop being small
and become the non-linear structures that we observe today. More-
over, ACDM successfully describes the relative abundances of light el-
ements formed during the period of Big Bang Nucleosynthesis (BBN).

However, despite its success in describing our Universe’s composi-
tion, structure, and evolution, the ACDM model faces significant chal-
lenges that could reshape our understanding of fundamental physics.
The most striking one we will focus on in the next Sec. 1.1.4 is the
so-called Hubble tension.

1.1.4 The Hubble tension

The discovery of the Universe’s expansion by Hubble [Hubble, 1929]
can be classified as one of the most significant breakthroughs in astro-
physics. Since then, determining the Hubble constant has been one of
the primary goals in cosmology. Several measurements have been car-
ried out, using many different methods, to point to an unresolvable, at
least yet, tension, dubbed the Hubble tension.

We can distinguish two categories of measurements: the indirect
ones based on probes from the early Universe and the direct ones
based on probes in our local Universe. The Hubble tension is a dis-
crepancy between the locally measured and the cosmological inferred
expansion rate.

In Fig. 1.4, we list some measurements diving into the local and
early Universe probes. Many papers [Bernal et al., 2016; Verde et al.,,
2019; Knox and Millea, 2020; Di Valentino, 2021; Di Valentino et al.,
2021; Shah et al., 2021; Kamionkowski and Riess, 2023] have been pro-
duced on the matter, and we refer to those for a thorough discussion.
In a nutshell, as also from Fig. 1.4, we highlight two measurements
that recently became so precise to manifest a ~ 5¢ tension:

¢ Measurements from CMB [Aghanim et al., 2020] report:

Hy = 67.49 + 0.53km s 'Mpc~! (1.25)

¢ Measurements from predominantly the local distance ladder [Riess
et al., 2021], instead, read:

Hy = 73.0441.04km s~ 'Mpc~! (1.26)

3BAO are the result of the coupled acoustic
oscillations of baryons and photons before de-
coupling, leaving a distinct imprint on the ob-
served matter power spectrum.
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From a historical point of view, we show in Fig. 1.5 the time evo-
lution, as a function of the year of publication, of the value of the
Hubble constant and its uncertainty. The figure shows how the ten-
sion becomes evident very recently, thanks to the enhanced precision
of the measurements.

The lower value of Hy comes from the temperature and polarization
fluctuations measurements in the CMB. Within the ACDM model, we
try to fit the observed data to the model, and Hy is one of the free
parameters. Instead, the higher Hy value is a direct measurement ob-
tained using the recessional velocities, i.e. the distance to the standard
candle and the redshift of the host galaxy. As already said, the biggest
challenge is to measure distances. In the standard candle approach, the
galaxy distance is inferred from the apparent brightness of a standard
candle, the Type Ia SNe. Standard candles rely on a complex calibra-
tion process. Possible systematic errors have been carefully checked
and ruled out. The discrepancy between the two approaches might
be a hint to models beyond the standard cosmological ACDM model.
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Figure 1.4: Tension in years from differ-
ent methods. Figure adapted from Fig.1
in [Di Valentino, 2021]. A more extended
plot can be found in a subsequent review
by the same author [Di Valentino et al.,

2021]. ©)
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Figure 1.5: Time evolution of the Hy
tension: precision of the measurements
as a function of the publication year.
Adapted from Fig.1 in [Hu and Wang,
2023]. ©
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There have been, for example, proposals for modifications of the early
Universe dynamics [Karwal and Kamionkowski, 2016; Poulin et al.,
2018]. However, at the current status, CMB data are not precise enough
to distinguish between ACDM and alternative models [Kamionkowski
and Riess, 2023].

Among many promising research directions, the recent discovery of
Gravitational waves (GWs) [Abbott et al., 2016b] might also shed some
light on the Hubble tension question. This is discussed in Chapter 2.
The thesis aims to explore this new probe and discuss the potential
astrophysical and cosmological information in the GW data. In the
remaining part of this chapter, we provide a broad introduction to the
GW field, from theory to main sources to detection, with both current
and future interferometers.

1.2 The gravitational wave (GW) window

September 14, 2015, marks the birth of gravitational wave (GW)
astronomy. For the very first time, the gravitational signal coming
from the merger of two black holes (BHs) has been detected by the
two Laser Interferometer Gravitational-wave Observatory (LIGO) in-
terferometers [Abbott et al., 2009]. GW150914 [Abbott et al., 2016b] is
the merger of two BHs, of 36 M, and 29M,, at a distance of roughly
400 Mpc from us, which corresponds to a redshift of 0.09.

GWs are a prediction of the theory of GR [Einstein, 1916]. These are
disturbances of the spacetime geometry that propagate almost undis-
turbed at the speed of light. GR is a unified theory that encompasses
the Newtonian law of gravitation and special relativity into a unique
geometrical framework. Gravity is a geometrical description of space-
time, Gy, in the presence of a distribution of matter, T;,,. Accelerating
masses in a non-axisymmetric configuration emit GWs.

The first indirect evidence of GWs dates back to [Hulse and Taylor,
1975] and the observation of the binary system PSR B1913+16, com-
posed of a neutron star (NS) and a pulsar orbiting around the common
center of mass. Hulse and Taylor discovered that the observed orbital
decay of the binary system is in precise agreement with the energy
loss due to GWs.

However, given their extremely small amplitude, one century has
passed between prediction and direct detection of GWs. Even the most
violent processes, such as the merger of two BHs, produce a strain, i.e.
a relative change in length due to the passage of the GW, of the or-
der of 10721, Thanks to the advances in precision measurements, we
are now able to measure GWs using laser interferometers. Currently,
we have two GW interferometers in the USA, with two perpendicu-



lar arms of 4km each, one located in Hanford and the other in Liv-
ingston. A third interferometer, Virgo, with arms of 3km is operative
in Cascina, Italy. A fourth 3km arm detector, Kamioka Gravitational
Wave Detector (KAGRA), is located in Japan but not always operative
alongside the other three. Another LIGO detector will be built in India,
LIGO-India, in the near future.

The birth of GW astronomy allows us to study and test a plethora of
gravitational phenomena. On top of this, on August 17, 2017, the GW
interferometers detected a new signal that set yet another milestone.
The event GW170817 [Abbott et al., 2017c] is the merger of two NSs,
accompanied by the detection of both the kilonova (KN) and the short
Gamma Ray Burst (GRB) signals. GW170817 is the start of the multi-
messenger (MM) astronomy era.

Since then, we have completed three observing runs [Abbott et al.,
2019b, 2021a, 2023b] and are currently taking data for the fourth ob-
serving run. We now have more than one hundred events, mostly
Binary Black Holes (BBHs), a couple of Neutron Star - Black holes (NS-
BHs), and two Binary Neutron Stars (BNSs), even though just GW170817
with an electromagnetic (EM) counterpart. Given the increasing statis-
tics, we are entering the era of population studies.

Current detectors have limited sensitivity. For more than a decade
now, the scientific community has been planning the next-generation
(XG) of GW ground-based interferometers, like the Einstein Telescope
(ET) [Sathyaprakash et al., 2012; Maggiore et al., 2020] and the Cosmic
Explorer (CE) [Evans et al., 2021, 2023; Kalogera et al., 2021]. XG de-
tectors are one order of magnitude more sensitive, as shown in Fig. 1.6
where we compare the sensitivity* of the Hanford interferometer at
the time of the first detection and the planned sensitivity for ET.

In what follows, we provide a brief derivation of the GW equations
starting from the linearized GR theory in Sec. 1.2.1. In Sec. 1.2.2, we
describe the main sources producing GWs, focusing in particular on
compact binary coalescences (CBCs). Sec. 1.2.3 is dedicated to detect-
ing GWs. Then, in Sec. 1.2.4, we focus on the current GW detectors,
providing a summary of the observing runs and detected events. Last,
Sec. 1.2.5 introduces the planned future ground-based GW interferom-
eters.

1.2.1  GW theory in brief

Starting from Einstein’s equations as in Eq. (1.13), GWs are obtained
as a solution to their linearized form [Maggiore, 2007]. Far away from
dense objects, in fact, gravity is weak, and the metric tensor g, can be
viewed as a sum of a flat background metric 77, plus a small pertur-
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Figure 1.6: Comparison between the
sensitivity curve of the LIGO Hanford
interferometer at the time of the first de-
tection, GW150914, and the planned sen-
sitivity curve for the ET Q)

4In Fig. 1.6, we plot on the y-axis a quantity

called characteristic strain. For its definition,
we refer to the explanation box in Sec. 3.4.2.
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bation |, | < 1:

8w = Nuv + h;up (1-27)
In order to simplify Einstein’s equations, it is convenient to work in the
so-called harmonic gauge®, and with the trace-reversed metric pertur-

bation: 1
hyw = hyy — Em“,h, (1.28)

where the trace is defined as:
h= " hyy. (1.29)

Under these conditions, Eq. (1.13) and Eq. (1.27) reduce to a single
wave equation combined with the harmonic gauge condition:

Ok, — _l6nGT
SR (1.30)
0"hyy =0
where O is the d’Alembertian operator defined as:
Lo o2
o= —C—zat + V- (1.31)

Outside the source, which is where the propagation of GWs hap-
pens, Ty, = 0, and we get the wave equation:

Ohyy =0 (1.32)

We obtain that a perturbation of a flat spacetime propagates as a wave
traveling at the speed of light. Therefore, we have shown that Ein-
stein’s theory predicts GWs. The simplest solution of the wave equa-
tion, Eq. (1.32), in vacuum is a monochromatic plane wave:

; &
hyv = yvelkux ’

(1.33)
where Ay, is the polarization tensor, i.e., it contains information on the
wave amplitude and polarizations, whereas k, is the wave quadrivec-
tor, k¥ = (w/c,k).

Notice that we start with a symmetric 4 x 4 matrix hy,. Imposing
the gauge condition reduces the number of independent components
to six. Furthermore, there is some residual symmetry, as the gauge
condition holds under a further coordinate transformation, x’# = x* +
¢ as long as O¢" = 0. This allows us to impose four additional
conditions on hlﬂ// which define the so-called Transverse-Traceless (TT)
gauge.

In the TT gauge, and assuming that the propagation of the wave is
along the z-axis, we can write the plane wave solution:

0 0 0 O
0 h h 0 z
TT _ + X
h]ﬂ/ - O h>< 7h+ 0 COS((U(t - E)) (134)
0 O 0 O

5In the harmonic gauge, the following condi-
tion holds: )

0" hya =0
It is also called Lorentz gauge in analogy with
the Lorentz gauge in electromagnetism.



A GW has only two physical degrees of freedom corresponding
to the two possible polarization states. The gauge in which this is
manifest is the TT gauge. Here, the components of ,, are different
from zero only on the plane orthogonal to the direction of propaga-
tion; hence, transverse; and hy,, is traceless. Fig. 1.7 illustrates the two
independent polarizations of a GW. Between the two, there is a 77/2
phase shift.
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We can write a rather general form for Eq. (1.33), considering slowly
moving, i.e. v <K ¢, sources, and GWs propagating radially outward
from the source:

2G d? r
hij(t,r) ~ ;C—‘L@Qﬁ(w(t - E))’ (1.35)

where r is the distance between the source and the observer, the lumi-
nosity distance, as the one defined in Eq. (1.12), and Q;; is the second
mass moment, defined as:

Qi = /d?’fp(t,a_c’)xixj, (1.36)

with p(t,X) the density. Notice the quadrupolar nature of GWs: if
there is no second time-derivative variation of the quadrupole mo-
ment, there are no GWs®. The quadrupole moment is constant for a
stationary and spherical axisymmetric distribution of matter. To pro-
duce GWs, we need a certain degree of asymmetry: non-radial pulsa-
tion of stars, non-spherical gravitational collapse, and coalescence of
massive bodies.

In the box below, we provide a simple derivation of the GW strain
from an equal-mass binary system. We provide further details working
in the frequency domain in the next Sec. 1.2.3. Specifically, we will
discuss the parameters entering in the description of a GW signals,
both at the source and at the detector, along with the basics of GW
data analysis.
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Figure 1.7: Polarizations of a gravita-
tional wave signal. Effect on a circle of
test particles.

®We can also define a dipole moment for a
system of masses:

ﬁG = 2 Mjf[
i

which satisfies the conservation law of the to-
tal momentum of an isolated system:

d? .

—Dc =0

T
For this reason GWs do not have a dipolar
contribution.
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Example of GWs from a binary system

Suppose we have a binary system in the xy plane with orbital angular mo-
mentum along z, and 2a the orbital separation with a the semi-major axis.
The binary describes the angle w,,t during the motion. We can assume
that both members have mass m and also assume zero eccentricity.

We need to take the second time derivative of the quadrupolar mass mo-
ment. The density of the system can be described by:

2
p(t, %) = Y Pmid(x — x;)8(y — yi)é(2), (1.37)
i=1
since the masses are in the xy plane, and m; = my = m. The components

of the quadrupole are:

Q™ = 2ma? cos? (Wegnt) = ma®[1 + cos(2wompt)]
QY = 2ma’® sin(wegpt) cos(wt) = ma® sin(2wypt) (1.38)
QW = 2ma? sin? (woppt) = ma®[1 — cos(2worpt)]

The second time derivative is then:

€08(2worb (t = ¢))  sinwer (=) 0

.. 2G )
i~ 7;—4(2worb)2ma2 sin(2wop, (t— L))  —cosRwe(t— L)) 0
¢ 0 0 0
(1.39)

Notice from Eq. (1.39), the frequency of GWs is twice the orbital frequency.

Using the Kepler’s third law, wgrb = Gﬂ%’”, we can write the two polariza-
tions: -
16G° m 7
hy ~ —— cos(2worb (t — =)
c* ra c (i)
h ﬁﬂzsin(zw (t—"1y) 4
* ct ra orb c

We can also derive the amplitude of GWs:

1y o a\2 8GEm? o [ m \?(1kpc\ (1Rq
h= g (B+ik) "~ 10 (e ) (55) (52) e

h is called the GW strain and in time domain it is dimensionless.
From Eq. (1.41), we can see that for typical values of a binary system, the
GW amplitude is of the order of 10~21.

1.2.2  Sources of GWs: CBCs

In the previous section, we have seen that to produce GWs, we need
non-axisymmetric systems with a time-varying quadrupole moment.
However, given the small amplitude of the GW strain, because of the
G?/c* suppression as from Eq. (1.41), only massive and quickly accel-
erating systems are able to produce a detectable GW signal.

We distinguish between four possible sources of GWs:

o compact binary coalescences (CBCs): this type of source is the focus
of this thesis. Compact binaries are pairs of compact objects, like



BHs or NSs. They can form three different compact binary systems:
BBHs, BNSs, and NSBHs. The gravitational signal differs among
them, with some common features. The GW emission is divided
into three phases. The longest phase is the inspiral phase, where
the two objects are orbiting each other. Because of the emission of
GWs, they lose energy and shrink their orbit, with the gravitational
emission increasing in amplitude and frequency, until the merger
occurs. The result is a remnant compact object, either a BH or a
NS, that, shortly after the merger, undergoes the ringdown phase of
damped oscillations until settling into stability.

¢ Continuous GWs: these are expected to be produced by single spin-
ning massive objects such as NSs with a certain degree of asymme-

try

® Burst GWs: these come from short-duration sources, like hyperbolic
encounters between a single BH and a binary [Codazzo et al., 2023,
2024].

* Stochastic GWs: these are produced by the incoherent superposition
of signals emitted by different GW sources, either primordial or
astrophysical, that we might detect but cannot singularly resolve.

This thesis focuses on GW signals from stellar mass CBCs. We out-
line the main formation channels for BHs and NSs in what follows.
Depending on the formation history, the resulting systems have dif-
ferent properties. Conversely, these are precisely the properties we
want to infer at the population level from GW data to reconstruct the
formation channels.

Compact objects, either BHs or NSs, form at the end of the life cycle
of massive enough stars [Prialnik, 2010]. One of the critical ingredients
determining the final fate is the mass evolution of the progenitor. The
mass evolution is an intricate play between metallicity, stellar winds,
and binary mass transfer. As a rule of thumb, the lower the metallic-
ity7, the lower the mass lost due to the wind, and the more massive the
remnant [Vink et al., 2001; Heger et al., 2003; Belczynski et al., 2010;
Mapelli et al., 2011; Fryer et al., 2012; Mapelli and Bressan, 2013; Spera
et al., 2015; Chen et al., 2015].

In a nutshell, stars born larger than 8 M might end their life with
an explosion, depending on the binding energy of the star’s layers.
If the explosion occurs, i.e., we have the core-collapse SN, then some
material is lost, and the remnant, which could either be a BH or a
NS, is less massive. Instead, if we have a failed SN, we expect to
produce BHs more massive than 30Ms. The mechanisms are not yet
fully understood [Spera et al., 2015].
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7In astrophysics, metals are all the elements
heavier than Helium.
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A very interesting point is when we have a core-collapse SN, but
some ejected material has not reached the escape velocity and falls
back. In this situation, we might be able to produce remnants of mass
in the 3 —7M, which might be very light BHs. However, not all mod-
els produce remnants in this mass range. Also, from the observational
point of view, as we will see in Sec. 1.2.3, we do not find many objects
in this mass range, known as the lower mass gap.

When the initial star is extremely massive instead, its fate depends
on the mass of the Helium core the star can produce. If the Helium
core is above the 64M, we have a pair-instability SN that explodes
without leaving a remnant. We have a core-collapse SN or a direct
collapse if it is less massive. Pair-instability SN is the reason why we
have an upper mass gap, in the range 60 — 120M¢, in our observed
data. This is also the reason why systems like GW190521 [Abbott et al.,
2020c] with component masses falling in the gap, are likely to be a
second-generation merger.

Most massive stars come in binary systems, and the merging of bi-
nary systems is what we see with GW detectors. We distinguish two
main formation channels that produce compact binary systems [Mapelli,

2020]:
Isolated Ch I
[ sotare anne ] Figure 1.8: Isolated Channel: exam-
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e Isolated channel: as shown in Fig. 1.8, the evolution of a close binary
star system is mainly influenced by mass transfer during the Roche
lobe overflow and possibly the formation of a common envelope.
The efficiency of the common envelope phase is what determines
the successful formation of a compact binary. We will see its ap-
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plication in Chapter 4. The compact binaries produced through the
isolated channel have most likely similar masses and aligned spins.
On the BBH side, the expected masses are in the ~ 3 — 45M, range.

[Dynamical Channel}
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o » BH + MS
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® Dynamic channel: as shown in Fig. 1.9, a dynamical formation of a
compact binary most likely happens in dense environments such as
star clusters, where dynamical encounters with other objects in the
cluster constantly perturb binary stars. BBHs formed through the
dynamical channel are more massive than isolated BBHs and might
even fall in the pair-instability mass gap as a result of hierarchical
mergers. Additionally, the spins of dynamically formed compact
binaries are randomized.

As we will see in Chapter 4 when modeling a population of compact
binaries with population synthesis codes, like MOBSE [Mapelli et al.,
2017; Giacobbo et al., 2018] or SEVN [Spera et al., 2019; Mapelli et al.,
2020; lorio et al., 2022], both channels are taken into consideration.

1.2.3 GW detection

This section restricts the detection and analysis methods of GW sig-
nals coming from CBCs. CBCs emit GWs at frequencies at which the
current and the planned ground-based GW detectors are sensitive, i.e.
from a few Hz to kHz (see box below).
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Figure 1.9: Dynamical Channel: ex-
ample of BBH formation through the
dynamical channel. Figure adapted
from [Mapelli, 2020] (Figure 2, right
panel) ©
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The frequency of GWs

The link between the mass of a compact binary and the characteristic fre-
quency at which it emits GWs is given by the dynamical frequency f4yn, of
a self-gravitating system, and depends on its mean density [Schutz, 1997]:

Go GM 1/2
fdyn = ﬁ ~ (167IR3) ’ (1'42)

with M the total mass of the system and R its typical size. For a NS system,
e.g., of a few Mg and tens of km, f4y, ~kHz.

Notice that for a BBH, the typical size R is the Schwarzschild radius Rg =
ZC;’ZM . Therefore, the GW frequency scaling is inversely proportional to the

system’s mass:

1

MpgH
As a rule of thumb, the more massive the BH, the lower the frequency at
which it emits GWs.
Different detectors are optimized for different frequency ranges. Terrestrial
detectors, such as LIGO, Virgo, KAGRA, and the planned ET and CE, ex-
plore from Hz to kHz; proposals for lunar detectors as LGWA [Ajith et al.,
2025] are thought for the dHz band, while space detectors as LISA [Karne-
sis et al., 2024] will go to the mHz regime.

fdyn ~ (1.43)

The crucial problem in detecting GW signals is extracting them from
the much larger detector noise in which they are buried. A GW detec-
tor is a Michelson-Morley interferometer, and what is being measured
is the phase shift of the light recombined after traveling in the two
arms.

We have seen in Sec. 1.2.1, that the GW signal is a tensor hy,. At
the input of the detector, it gets combined with the detector tensor
D/, which depends on the detector’s geometry, and generates a time-
varying scalar quantity:

h(t) = DYhy(t) (1.44)

The detector’s output s(t) is recorded as a time series and is a combi-
nation of the true signal h(t) and noise n(t):

d(t) = n(t) + h(t). (1.45)

The noise generated inside a detector is characterized by a quantity
called strain sensitivity, which we generally plot and refer to as the
sensitivity curve. This is usually done in the frequency domain: under
the assumption that noise is stationary so that the different Fourier
components are uncorrelated, the detector’s noise is defined as:

(5 (NA(F)) = 8(F ~ F)3Sa(f), (1.46)

where 7i(f) is the noise as a function of frequency, and S, (f) is the
noise Power Spectral Density (PSD). Notice that the strain, either from



GWs or from noise, is dimensionless in the time domain and has the
units of Hz ™! in the frequency domain. From Eq. (1.34), hi;j combines
the two polarization modes. We can write them explicitly and char-
acterize the detector geometry accordingly. Therefore, we can rewrite
Eq. (1.44) in frequency domain as:

h(f) =hy(f)Fy + R (f)Fx, (1.47)

where F, and Fy are the detectors’ antenna pattern functions. These
describe the detector’s angular sensitivity; they depend on the detector
geometry, the position of the source in the sky, the time of arrival of
the event, and the polarization angle (see description below and in
Tab. 1.1). Eq. (1.47) can be written in both the time and frequency
domain. We will come back to this in Sec. 3.3.1.

In the following, given that in this thesis we work in the frequency
domain, we provide the main equations describing the GW signal of a
CBC in the frequency domain and the basics of its modeling.

The two polarizations of a GW signal, h4 and Iy« can be described
in terms of spherical harmonics. We already stressed the quadrupo-
lar nature of GWs, which correspond to the mode with ¢ = 2 and
m = 2. The other modes, generally called higher order modes, con-
tribute at second order. Analytical expressions that describe the GW
signal are called waveform approximants. The multipole expansion
is equivalent to expanding Einstein’s equation in the velocities of the
components of the binary [v/c], assuming that the sources are slowly
moving. This is the Post-Newtonian (PN) approximation, and the or-
der of the expansion is called the PN order, indicated as [v/c]*"N. At
1PN order, the expansion stops at v2/c2. We refer to [Maggiore, 2007]
for a comprehensive treatment. At the lowest PN order, and neglect-
ing the contribution of spins, we can write the expressions for the two
polarizations in the frequency domain:

cos?
hi(f) = A(f,dr, M) exp(ip(f, M)) {Hz(l)]

e (f) = A(f,di, M) exp(5 +ig(f, M) [cos(0)]

(1.48)

where the amplitude A(f,dr, M) is the same for the two polarizations.
They are modified differently by the inclination angle : dependence,
and the corresponding phases ¢(f, M) are shifted by /2.

The GW amplitude, as a function of frequency, depends on the dis-
tance to the source and the detector-frame chirp mass M:

G 5/6
A(f,dL, M) i% (1.49)
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Figure 1.10: Schematic view of rele-
vant angular parameters. N is the line
of sight, connecting the center of Earth
to the center of the elliptic orbit. L is
the orbital angular momentum of the bi-
nary, perpendicular to the orbital plane.
S; and S, are spin components, with di-
mensionless magnitude proportional to
a1 « |S1| and a5 « |S,|. tilt; and tilt,
are the angles between L and single spin
vectors, respectively. phij; is the angle
between L and the total momentum |
(sum of L, individual spins §1, §2 and
GR corrections). Last, phij; is the angle
between the projections of spin vectors
on the orbital plane. 6y is the angle
between the line of sight N and the to-
tal angular momentum T Oyn reduces
to the inclination angle ¢, when the spins
of the binary components are aligned to
the orbital angular momentum. Figure
from [Dupletsa et al., 2025] (Figure 7, au-
thored by UD) ©
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The phase can be written as:

3 (aGM\ % 1
( ) (1.50)

7T
YU M) =2nfte— T+ 2 (55 73

The GW signal depends on 15 parameters:
{M,q,dr,,RA,DEC, ¢, Y, t, a1, a2, tilty, tilty, phigy, phijr},  (1.51)

with the addition of {A1, A2} when NS systems are involved. We
provide a detailed description in Tab. 1.1. The parameters entering in
a GW signal can be classified into two categories:

* intrinsic parameters: masses, spins (these have six different compo-
nents, we show a schematic representation of them in Fig. 1.10),
tidal deformability parameters, A;, for NSs (these are directly linked
to the NS Equation of State (EoS))

* extrinsic parameters: location with respect to the detector, i.e. the sky
position represented by the RA and DEC parameters (see Fig. 1.11 for
an illustrative scheme), distance, merger time, orbital plane orien-
tation. A complete list of GW parameters for a CBC is provided in
Tab. 1.1.

The primary effect of the Universe’s expansion is to affect the masses
we measure at the detector. The source-frame mass gets redshifted,
and we can only directly measure the so-called detector-frame mass,
which carries a (1 + z) factor multiplying the source masses, making
the source-frame mass measurements degenerate with redshift. Mas-
sive systems at low z might mimic less massive ones at higher z. This
is the working point of the spectral siren method, which we discuss in
detail in Chapter 2.

Another relevant degeneracy is between the luminosity distance d;
and the inclination angle . As from Eq. (1.48), the observed ampli-
tude depends on both d; and . Sources that are face-on, meaning that
t = 0° or 180°, have a larger amplitude and produce a stronger sig-
nal, compared to edge-on source, for which ¢ = 90°. This means that a
nearby but inclined system can mimic a more distant but face-on sys-
tem, leading to uncertainty in distance estimation. We will come back
to parameter degeneracies in Chapter 3.

Based on these parameters, we can build a template bank, a set of
precomputed theoretical waveforms exploring different ranges. The
templates are then compared to observations, considering the noise
model of the detector. The analysis method we use to dig out the
GW signal from the noise it is buried in, as from Eq. (1.45), is called
matched-filtering. Matched-filtering works by computing the overlap

Celestial
Sphere

Equator
(DEC=0)

Ecliptic

Vernal Equinox

Figure 1.11: Schematic representation
of angular parameters that describe the
position of the source in the sky. RA and
DEC correspond, respectively, to the lon-
gitude and latitude on Earth, but in ref-
erence to the celestial sphere. The zero
reference for DEC is the Earth’s equator
projected onto the celestial sphere. In-
stead, the zero reference for RA is the
meridian on the celestial sphere pass-
ing through the intersection of the equa-
tor line and the ecliptic (vernal equinox).
Figure from [Dupletsa et al., 2025] (Fig-
ure 6, authored by UD) O
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Parameter ‘ Label Description

chirp mass M,  combination of detector-frame masses:
M, = (mm)*®

€7 (my+mp)175

mass ratio q ratio between the secondary m; and the
primary m; component masses, 0 < g <1

luminosity distance dr, luminosity distance to the source

theta_JN f;ny  angle between the line of sight N the total
angular momentum of the binary |

iota L when T: 0, 87n becomes the inclination angle

declination DEC  coordinate on celestial sphere corresponding
to latitude on Earth

right ascension RA coordinate on celestial sphere corresponding
to longitude on Earth

phase ¢ phase of the gravitational wave at the
coalescence

polarization angle Y rotation of GW polarizations reference frame
with respect to detector’s arms in Earth’s
frame

geocentric time te merger time, calculated as GPS time

a_1 a dimensionless spin magnitude of primary

component, defined as a; = ¢S/ Gm% with §;
the spin of the primary object

a_2 ap dimensionless spin magnitude of secondary
component, defined as a, = ¢S;/ Gm% with S,
the spin of the secondary object

tilt_1 tilt;  angle between the spin vector of primary
component and the orbital angular

momentum L

tilt_2 tilty  angle between the spin vector of secondary
component and the orbital angular

momentum L

phi_12 phi;p;  angle between the projections of the two spin
vectors onto the orbital plane
phi_jl phijp  azimuthal angle of the orbital angular

momentum L around the total angular
momentum T

Lambda_1 Aq tidal deformability of the first component in a
BNS system

Lambda_2 Ay tidal deformability of the second component
in a BNS system

Sky localization AQ) the sky localization area, dependent on the

constraints on RA and DEC

between the data, Eq. (1.45), and a template waveform so that the
Signal-to-Noise Ratio (SNR) is maximized [Maggiore, 2007]. The de-
tector output is filtered using a linear filter:

s= [ Tappre(s), (152

—00

where K*(f) is the filter function. When a signal is not present, we
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Table 1.1: List of GW parameters, en-
tering in the description of a GW signal.
The last two parameters, A1 and Aj ap-
ply to NSs only. For angular and spin
parameters, see Fig. 1.11 and Fig. 1.10.
Table from [Dupletsa et al., 2025] (Table
3, authored by UD)
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expect only noise:

N2 = [ s (RGP (1)

with S, (f) the detector sensitivity strain as defined in Eq. (1.46). For a
given template /(t), the optimal filter, or matched filter, is the one for
which the SNR is maximized:

S _ _{uh)
where u(t) is a function whose Fourier transform is given by:
- 1 o
a(f) = 35 () (1.55)
The inner product (-|-) is defined as:
fax ()b (f)
alb E4Re/ df ———==, (1.56)
< | > K fmin f S”(f) 5

where fiin and fmax define the frequency range over which the signal
spans. The optimal filter is obtained when:

K(f) :n({}) (1.57)

This directly defines the optimal SNR:

(;)Opt — ). (1.59)

A signal is considered detected if its optimal SNR is above a certain
detection threshold, which is usually set above the value of SNR = 8.

We extract the posterior distribution, p(6|d), of the signal parame-
ters, i.e. those listed in Tab. 1.1, from the raw data d using a Bayesian
parameter estimation (PE) approach [Thrane and Talbot, 2019; Chris-
tensen and Meyer, 2022]:

pidl) = "2, (159

where L£(d|6) represents the likelihood of the data given the source
parameters 6, 77(6) is the parameters’ prior, and Z(d) is the evidence.
For CBC modeled sources, and assuming that noise is stationary and
Gaussian, the likelihood function can be written as:

L(d]) o exp —%(d—h(@ﬂd—h(@)) , (1.60)

where the inner product (-|-) is the one defined in Eq. (1.56), and /()
is the waveform approximant we use to model the signal. This intro-
duction is the starting point of a more detailed discussion in the Fisher
matrix analysis context in Chapter 3.



1.2.4 Current detectors: the GWTC catalogs

As introduced in Sec. 1.2, the currently operating GW detectors
comprise the LIGO [Aasi et al.,, 2015] interferometers, Virgo [Acer-
nese et al., 2015], and KAGRA [Somiya, 2012; Aso et al., 2013]. In-
stead, GEO600, located in Hannover, is used for technological devel-
opments [Grote et al., 2013].

At the time of this thesis, the LVK Collaboration has completed
three observing runs, named O1, O2, O3a, and O3b, and are currently
in the second part of the fourth observing run, O4:

® O1 happened from September 12th, 2015 to January 19th, 2016. The
observed events have been published in [Abbott et al., 2016a].

¢ Oz2 took place from November 30th, 2016 to August 25th, 2017. To-
gether with the events from Oz, the first ever Gravitational-Wave
Transient Catalogue (GWTC), namely GWTC-1 [Abbott et al., 2019b]
has been officially released.

® O3a ran from April 1st, 2019, to October 1st, 2019; the data are
presented in GWTC-2 [Abbott et al., 2021a], then updated in GWTC-
2.1 [Abbott et al., 2024].

* O3bran from November 1st, 2019, to March 27th, 2020; all the public
data from the start of data taking to this date have been released as
GWTC-3 [Abbott et al., 2023b].

® Ogja lasted from May 24th, 2023, to January 16th, 2024

® O4gb has started on April 10th, 2024, and transitioned to O4c on
January 28th, 2025. A commissioning break is taking place from
April 1st, 2025 till June 4th, 2025. O4 is foreseen to end on October
7th, 2025.

Data from O1, O2, and O3 have been publicly relesead in different
catalogues, GWTC-1, GWTC-2, GWTC-2.1, and GWTC-3 [Abbott et al,,
2019b, 2021a, 2024, 2023b]. Now, we are in the process of preparing
the public release of data from Oga. Some insights from the upcoming
catalogue applied to cosmology are provided in Chapter 2, Sec. 2.5.

The number of events presented in the catalogues may vary depend-
ing on the detection pipelines and the chosen detection thresholds. We
report here the numbers as from the latest release of GWTC-3 [Abbott
et al., 2023b]. From O1, we report three BBH events. With Oz, we
add the first-ever BNS event GW170817, and 7 additional BBH mergers.
From O3a we have a total of 44 CBCs, among which a second BNS
event GW190425 with no identified EM counterpart and an asymmet-
ric mass event GW190814. As mentioned earlier, another notable event
from O3a is GW190521 which produced a final BH of around ~ 142Mg,
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falling in the Intermediate Mass Black Hole (IMBH) region [Abbott
et al., 2020c]. Finally, O3b has provided us with 36 more event, com-
prising three NSBH mergers, GW191219, GW200105 and GW200115.

These events have been selected to have the probability of being of
astrophysical origin greater than 50%, pastro > 0.5 (except for GW200105,
which has pastro < 0.5 but it is still included as a candidate of inter-
est). Other criteria are based on SNR detection threshold and the False
Alarm Rate (FAR). FAR quantifies the probability that an event might
occur by chance due to noise fluctuations. It is expressed as a num-
ber of events per unit of time, usually measured in years. A lower
FAR value means that the event is more likely astrophysical. Typical
values used in the LVK Collaboration are around FAR < 1yr~! for
BBHs, meaning that noise could mimic a similar signal once per year,
and FAR < 0.25yr~! for BNSs or NSBHs as they occur less frequently.
We return to this when discussing the event’s selection from Osa for
cosmological analysis in Sec. 2.5.

The majority of observed events are BBHs. The numbers at play
allow us to do population studies and infer some interesting proper-
ties [Abbott et al., 2021c], especially on masses and spins. The chirp
mass is a well-measured parameter, as the evolution of the frequency
scales as a power of M. We find that the BH mass distribution shows
features that can be explained with astrophysical processes, assuming
that the merging BHs originate from the collapse of massive stars. The
BH masses present clumps, most notably one around 10M and one
around 35M¢. We also observe a depletion of events roughly around
~ 5M that we call lower mass gap. We discuss in detail the modeling
of the BH mass spectrum throughout Chapter 2, and, in particular, in
Sec. 2.2. On the other hand, spins are poorly constrained®. Almost all
the events show x.f ~ 0, meaning that either spins are usually small,
or that we have an excess of spins lying in the plane, or a combination
of both. This might also give us information on the formation channel
(see Sec. 1.2.2).

The increased number of detections that we are experiencing with
O4 will allow us to put increasingly better constraints. O4 is expected
to end on October 7th, 2025. An additional observing run, Os, is
planned to take place in 2028.

1.2.5 Future ground-based detectors

The number of CBC detections expected for the XG instruments is
outstanding. Even though these numbers are highly uncertain, we
are talking about an order of 10° events per year [Maggiore et al.,
2020; lacovelli et al., 2022a; Branchesi et al., 2023], both for BBH and
BNS systems, and around 10% events for NSBH events. Plans in the

8 What is usually measured is a combination
of spins, called effective spin:

H11§1 + H12§2 T

Xeff = my + >

where m; are the masses, g,- the spins, and L
the orbital angular momentum. x.¢ varies in
[—1, +1], with |xegs| = 1 when the two objects
are maximally spinning and aligned with L,
Xetf = +1, or anti-aligned X = —1. Xer = 0
means either zero spins or spins in the plane
of the binary.



GW field include space-based, like Laser Interferometer Space An-
tenna (LISA) [Amaro-Seoane et al., 2017], Moon-based as Lunar Grav-
itational Wave Antenna (LGWA) [Ajith et al., 2025] and ground-based
detectors. We focus on the ground-based future interferometers, which
comprise the CE [Reitze et al., 2019; Evans et al., 2021] in the USA and
the ET [Hild et al., 2008, 2011; Punturo et al., 2010] in Europe.

In Fig. 1.6, we have already shown the one order of magnitude im-
provement in sensitivity with respect to the current interferometers. In
Fig. 1.12, we compare CE and ET reference sensitivities, highlighting
the extended sensitivity of ET at low frequencies. The XG detectors
provide an increasing number of detections, precision, and a wider
frequency band. With ET and CE, we will be able to observe larger dis-
tances up to the dark age of the observable Universe. In redshift, this
means going far beyond what we can currently reach, around z ~ 1,
up to z ~ 100, and exploring CBC mergers along the cosmic history.
The enormous increase of SNR for close events will enable accurate
PE, allowing great precision in GW astronomy. In general, thanks to
the enhanced precision of the source PE, among others, we expect to
be able to provide early warnings for BNS events and to localize them
well for MM studies [Banerjee et al., 2023; Branchesi et al., 2023]. The
future of GW astronomy is full of exciting discoveries.

All the second part of this thesis is devoted to the XG detectors and
their potential, from forecast analyses to assess detectors performance
for different science cases in Chapter 3, to MM studies in Chapter 4,
to cosmology in Chapter 5. Specifically, our primary focus is the ET.
Therefore, we provide a brief introduction, leaving the details to Chap-
ter 4.

The ET is a proposed European infrastructure. The frequency band
of ET is planned to span from as low as 2 Hz on the lower end up to
several kilohertz. The sensitivity at low frequencies is a key feature
of ET. The observation is thus extended to much lower frequencies
compared to current GW detectors, which leads to longer observation
times of individual CBC signals, and it will also make it possible to
observe larger-mass compact binaries well into the regime of IMBHs.
Long observation times enable stand-alone sky-localization measure-
ments by ET of NS binaries exploiting amplitude modulations due
to Earth’s rotation. Since the observed mass is the redshifted source-
frame mass, the low-frequency sensitivity will make it possible to ac-
cess BBH mergers in the early Universe where primordial BHs can be
discriminated from BHs of stellar origin [Ng et al., 2022, 2023; De Luca
et al., 2021].

The importance of low frequency is related to the design of ET. Since
seismic and Newtonian noise set the limit at the low end, the infras-
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tructure will be built underground to mitigate the noise contribution.
Moreover, ET is designed in the so-called xylophone configuration,
comprising two sets of interferometers, one for low and one for high
frequencies. The idea of physically separating the two comes from the
fact that the cryogenic temperatures of the low frequencies are incom-
patible with the high-power laser required to reduce quantum shot
noise at high frequencies. Additionally, resolving to a xylophone con-
figuration separates the technical challenges and risks.

Currently, two different configurations are being considered for ET:

¢ In its original configuration, ET has the geometry of an equilateral
triangle and 10 km laser-interferometer arms launching from each
of its vertices. It consists of 3 pairs of laser interferometers, each
including a low-frequency interferometer and a high-frequency in-
terferometer. This triangular configuration is expected to give it
unique capabilities concerning the measurement of GW polariza-
tions and parameters correlated with GW polarizations.

e The alternative proposal is to build two well-separated L-shaped
detectors, most likely of 15km arms. As for the triangular shape
case, the L-shaped ET will feature the xylophone configuration.

The first thorough study of the different designs for ET has been car-
ried out in [Branchesi et al., 2023], and a lot more work is in develop-
ment. We will present some of the studies in [Branchesi et al., 2023]
in Chapter 4, with a broader discussion on the design chosen for the
study in Sec. 4.1.

One of the crucial points of the planning of ET is its location. We
currently have three candidate sites: one in Sardinia, one in Saxony,
and one in the Netherlands. We provide more details in Sec. 4.1.2.
Nevertheless, the final decision has not yet been made and is out of
the scope of this thesis.

It is fundamental to stress that the planning and the construction of
an interferometer such as the ET is paramount for the scientific com-
munity and requires extremely careful and detailed considerations. In
the coming years, all the details will be finalized.

1.3 Thesis structure

This thesis addresses a series of interconnected questions spanning
the GW science with CBCs, covering aspects from data analysis to MM
applications and cosmology. At its core, the central question is: What
information do GW data from CBCs provide? Additionally, how can
we effectively analyze this information? This leads directly to explor-
ing the performance of both current and future detectors, evaluating



their ability to detect GW signals and the resulting implications for our
understanding of the Universe.

This thesis aims to cover some aspects of interest of the extremely
vast science case of the field of GW from CBCs. The primary goal is
data analysis applied to cosmology and MM astrophysics, with a spe-
cial focus on forecast analysis techniques for the XG GW instruments.

¢ On the side of the current detectors, in the first part of this thesis,
we study spectral-siren cosmology using both simulated and mea-
sured data with the LVK network. This is the topic of Chapter 2,
where we explore and apply the Hierarchical Bayesian Inference
(HBI) analysis for the inference of cosmological parameters, espe-
cially Hyp. In the first place, we quantify the bias on the Hubble
constant coming from a mismodeling of the BH population, given
a set of mock data. Specifically, we study the consequences of not
assuming, at the analysis level, a redshift dependence of the mass
spectrum even though the mock data has been generated assuming
one. This is the scope of the Mock Data Challenge (MDC) [Agar-
wal et al., 2024]. Additionally, we present some preliminary results
obtained with the recently measured data from Oga from the on-
going cosmology LVK Collaboration paper. In the latter, we do not
provide a comprehensive description of the analyses and results of
the paper, but only some hints focused on the spectral-siren topic,
highlighting the advantages of a new mass model that describes
both BHs and NSs under one framework.

e The future GW detectors, particularly the science case of the ET, is
the main focus of the second part of this thesis. This comprises three
chapters. The first is a detailed discussion of the analysis techniques
employed to study the capabilities of the XG detectors. The other
two are applications in the MM astrophysics and cosmology fields.

— Chapter 3 is the core of the work, as it addresses the forecast
analysis techniques [Dupletsa et al., 2023, 2025] developed in this
thesis, which found several applications in multiple works [Ron-
chini et al., 2022; Banerjee et al., 2023; Branchesi et al., 2023; San-
toliquido et al., 2024; Cozzumbo et al., 2025; Loffredo et al., 2025].

Chapter 3 sets the analysis setup for the forecast studies for fu-
ture detectors that we exploit in the subsequent two chapters and
that is used in the ET community. As we will explain in detail,
the Fisher analysis, based on Gaussian approximation, is a nec-
essary step to assess future detectors performance, as the cur-
rent Bayesian methods employed in the LVK Collaboration are
not yet ready for the amount and computational load of data as
expected from the XG observatories. Talking numbers, in an op-

WHERE DO WE STAND?

31



32 COSMIC CHIRPS

timistic scenario, a full Bayesian analysis of one event requires
some hours. Fisher analysis takes under one second per event.
Given that forecast studies are population studies, which implies
analyzing an order of 10%* — 10° signals at least, resolving to the
Fisher analysis gives us the best trade-off.

We comprehensively discuss the Fisher matrix analysis and in-
troduce the software GWFish, which implements it and simulates
different GW detector networks. Additionally, we explore en-
hancing the Fisher matrix analysis by incorporating priors into
the process. We address the interplay between SNR, parameter
correlations, multi-modalities, and priors.

— Chapter 4 is a direct application of the GWFish software to study
the capabilities of ET in the MM context. It features two works.

The first one [Branchesi et al., 2023] results from a considerable
effort inside the ET Collaboration. It provides the first compre-
hensive study of the different designs of ET, primarily comparing
the triangular and the 2L shapes and their impact on the scientific
output. This thesis only focuses on the MM part of [Branchesi
et al., 2023], which represents a milestone in the ET community,
together with a companion paper, the Blue Book, which is the
review process and which provides an even more detailed scien-
tific analysis of ET focusing on the specific science cases from all
the divisions of the ET Observational Science Board (OSB).

The second work is a short-author study [Loffredo et al., 2025],
which, in turn, expands on the MM section of [Branchesi et al.,
2023] by exploring the details of joint GW and kilonova (KN)
detections, studying the synergy between ET and the Vera Ru-
bin Observatory. In particular, we study the impact of different
assumptions at the population level (population synthesis and
mass modeling), at the microphysics level (the NS Equation of
State (EoS), and at the detection level (different GW networks).

- In Chapter 5, we go back to cosmology, which has come to be
one of the leitmotivs of this thesis. We focus on mock data with
future GW detectors.

On one side, we tackle the bright sirens science case with BNS
events, analyzing the hypothetical scenario of ET operating with
the current Gamma Ray Burst (GRB) detectors, Fermi-GBM and
Swift-BAT/XRT [Cozzumbo et al., 2025]. We quantify how the
constraints on cosmological parameters would be tighter thanks
to the technological advancements of ET. We also explore dif-
ferent cosmological models to assess the bias when the wrong
model is assumed and investigate some model-independent ap-
proaches to reconstruct the evolution of the DE.



On the other side, we explore dark siren cosmology with BBH
signals using the redshift information from the large scale struc-
ture (LSS) of the Universe, assuming that astrophysical BHs trace
the same underlying DM distribution [Dupletsa et al., nd, in
preparation]. In this work, we study the synergy between fu-
ture GW detectors like the ET and future radio observatories
like the SKA Observatory (SKAO). Specifically, we analyze the
constraints on cosmological parameters using the 3-dimensional
density fields of neutral hydrogen (HI) mapped thanks to the
21 cm line emission as a redshift prior for the BBHs events. Fo-
cusing on future detectors allows us to go to redshifts as high as
z ~ 3 and trace the Hubble parameter as a function of redshift.

The diagram in Fig. 1.13 offers an overview of the structure of this
thesis. This chapter has provided a broad introduction to the field, and
each of the four chapters includes tailored introductory material. All
the plots and figures presented in the thesis are reproducible thanks
to a link to their GitHub script ©.

At the beginning of each chapter, the author’s contributions are
specified. The Figures and Tables of this thesis produced by the
author in published papers report the specifics authored by UD. The
ones from unpublished work, specifically in Sec. 2.5 and Sec. 5.3,
represent preliminary work by the author. Some Figures do not refer
to any paper and have been produced by the author for illustrative
purposes specifically for this thesis.
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- Mock Data Challenge
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Figure 1.13: Outline of this thesis struc-
ture. It comprises two parts dedicated
to current and future GW detectors.
The chapters focus on specific science
cases. In particular, for current LVK
interferometers, we present the spec-
tral siren method for cosmological infer-
ence. Whereas for the future ones, after
a detailed analysis of the challenges of
data analysis with the XG detectors, we
present two wide science cases for the
ET, that of MM astrophysics and back to
cosmology €
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2. Spectral siren cosmology, with
LVK

JJ [1do not follow you, M. Poirot. -
Because you are deducing from things that you have seen.
Nothing can be so misleading as observation.

— Agatha Christie
"Death in the Clouds"

The following chapter is based on two papers, both of which are projects carried out inside the Cosmology division in the
LIGO-Virgo-KAGRA (LVK) Collaboration. The field of cosmology with gravitational waves (GWs) is wide and covers
different directions. I focus on the spectral-siren method in both the works presented here.

The first one is the Mock Data Challenge (MDC), set up to assess the robustness and quantify the systematics from
population modeling in inferring the Hubble constant. Inside the MDC project, I was in charge of the analyses with the
icarogw [Mastrogiovanni et al., 2024] pipeline to infer cosmological and population parameters from a set of mock GW
events; I carried out the post-processing of the results, for both the cosmological scenarios addressed in the study, and I
was a member of the paper writing team. The MDC paper [Agarwal et al., 2024] is a short-author paper inside the LVK
Collaboration, and it is currently under review in Ap].

The second work is only partially addressed in the last part of this chapter, as it is still in development. The project is the
LVK Collaboration paper on the cosmological results with the data from the first part of the fourth observing run, namely the
Oga data. The work is ongoing, and I am contributing both as a member of the analysis team, with the icarogw software,
and as a member of the paper writing team. This second part contains still unpublished LVK Collaboration data
from the Og4a observing run and must be treated as sensitive material.

2.1 Cosmic rulers: an overview Contents
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Measuring distances in cosmology is a centuries-long effort, start- 2.2 Spectral sirens: modeling the

ing from the ancient astronomers who used geometrical reasoning, mass spectra 39

as for the measurement of the Earth’s circumference by Eratosthenes . . .
2.3 Hierarchical Bayesian Infer-

ence (HBI) 40
2.4 Mock Data Challenge (MDC)

44
2.5 Cosmological constraints from

(around 240 BC), or the parallax method, and building, rung-by-rung,
a cosmic distance ladder, up to the discovery of Standard Candles and
Type Ia supernovae (SNe) [Leavitt and Pickering, 1912]. Each step of
the ladder relies on carefully calibrating the previous ones. The suc-
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cessive refinement of this process has allowed us to map the scale of
the Universe and its expansion.

Gravitational waves (GWs) from compact binary coalescences (CBCs),

being them Binary Black Holes (BBHs), Binary Neutron Stars (BNSs),
or Neutron Star - Black holes (NSBHs), are the only astrophysical
sources for which we can directly measure the luminosity distance,
without the need to rely on any calibration or distance ladder. GW
cosmology is a relatively recent field that dates back to a breakthrough
idea of [Schutz, 1986]. For the first time, GWs can be used as Stan-
dard Sirens [Holz and Hughes, 2005], as opposed to the historical Stan-
dard Candles that rely on sources like Type Ia SNe and on a complex
process of calibration [Tammann and Reindl, 2000]. GWs qualify as
cosmic rulers as they give a self-calibrated measurement of the lumi-
nosity distance parameter. They do not provide us, though, with a
direct redshift measurement. Since pinpointing cosmological parame-
ters, and among them, Hy, boils down, as from Eq. (1.9), Eq. (1.12) and
Eq. (1.21), to independent redshift-luminosity distance measurement,
and since from the gravitational side, we get the distance, we need
an independent measurement of the redshift to probe the expansion
history of the Universe. By combining GW data with bright, when an
electromagnetic (EM) counterpart has been identified, or dark, when
there is no EM data to rely on, sirens, we can estimate cosmological
parameters [Chernoff and Finn, 1993; Holz and Hughes, 2005; Dalal
et al., 2006; Abbott et al., 2017a; Chen et al., 2019; Abbott et al., 2023a].

So far, we had one bright siren measurement only, GW170817 [Ab-
bott et al., 2017¢], which led to an estimate of Hy [Abbott et al., 2017a]
compatible with other Hy measurements, as shown in Fig. 2.1. On
the other hand, the abundant observations of BBH systems provide us
with increasing statistics for applying the dark sirens methods. These
include the statistical host identification with galaxy surveys [Schutz,
1986; Fishbach et al., 2019; Soares-Santos et al., 2019; Gray et al., 2020;
Palmese et al., 2021; Gray et al., 2023]; spectral sirens technique [Cher-
noff and Finn, 1993; Taylor et al., 2012; Farr et al., 2019; Mastrogio-
vanni et al., 2021; Mukherjee, 2021; Leyde et al., 2022; Ezquiaga and
Holz, 2022; Mastrogiovanni et al., 2024; Leyde et al., 2024; Pierra et al.,
2024; Magafia Hernandez and Ray, 2024; Farah et al., 2025; Mali and
Essick, 2024]; cross-correlation techniques between GWs and galax-
ies [Mukherjee and Wandelt, 2018; Mukherjee et al., 2020, 2021; Bera
et al., 2020; Ferri et al., 2024]. A recent review in [Palmese and Mastro-
giovanni, 2025] gives an overall perspective on GW cosmology.

In the following chapter, we focus on the spectral sirens. The main
idea behind this specific dark siren method is to model the mass dis-
tribution and the merger rate to break the degeneracy between mass
and redshift. The chapter is organized as follows. We first give the
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Figure 2.1: Hp posterior as from the
GW170817 data. For Comparison, we
show the values obtained from the Cos-
mic Microwave Background (CMB) as
in [Aghanim et al., 2020] and from SNe
Type la [Riess et al, 2021]. Figure
adapted from Fig.1 in [Abbott et al.,
2017a] ©
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details of the spectral sirens method in Sec. 2.2 and its mathemati-
cal framework, which involves Hierarchical Bayesian Inference (HBI),
along with its numerical implementation in icarogw [Mastrogiovanni
et al.,, 2024] in Sec. 2.3. Next, Sec. 2.4 is the main focus of this chap-
ter. We report the setup and the results from the Mock Data Challenge
(MDC) [Agarwal et al., 2024]. The main objective of the MDC is to test
statistical and systematical uncertainties of the spectral siren method.
In particular, we want to assess the resulting bias on the cosmological
parameters if the underlying astrophysical black hole (BH) population
has a redshift-evolving mass spectrum when such an assumption is
not included in the analysis. Last, in Sec. 2.5, we briefly outline the
latest updates on the Hubble constant measurements from the most
recent data obtained in the LIGO-Virgo-KAGRA (LVK) Collaboration.

2.2 Spectral sirens: modeling the mass spectra

In spectral-siren cosmology, the redshift information comes from
the mass spectrum of the CBCs [Taylor et al., 2012; Mastrogiovanni
et al., 2021; Ezquiaga and Holz, 2022]. Spectral-siren cosmology needs
the source-frame mass distribution, which is linked to the observed
mass in the detector frame by the following relation:

(1+2)= i (2.1)

M sre

where m; and m; ¢, are the two component masses in the detector and
the source frame, respectively.

In Fig. 2.2, we show a few examples of possible mass spectra mod-
els. The presence of particular features helps infer redshift from the
source mass distribution. These can either be mass regions accumulat-
ing more BBHs, called peaks, hence names like POWER LAW+PEAK or
MutLtI PEAK; or points whose corresponding mass value is less likely
to be observed. Points where the power law changes are called breaks.
All these features might originate from astrophysical processes.

For the BBH population, for example, we expect a depletion of
sources in the mass range between ~ 50M and ~ 120M [Farmer
et al., 2019] due to the pulsational pair instability supernova (PISN)
process. The first population model for BBHs was a simple TRUN-
cATED model [Fishbach and Holz, 2017] (see subplot (a) in Fig. 2.2).
In this model, the BBH mass distribution is a Power Law (PL) between
a minimum, Mpyi,, and a maximum, #mayx, mass. The hard cut-off at
Mmin served to separate NSs from BHs, whereas the one at mmax is
due to the PISN. After the first part of the third observing run [Abbott
et al., 2021b], the TRUNCATED model had to be modified to accommo-
date more complex features. At first order, to better model the high-
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Figure 2.2: From top to bottom, we show
the main features of the mass spectra
models used in the LVK analyses, and,
in order of complexity, the TRUNCATED -
in subplot (a)-, the BROKEN POWER Law
-in subplot (b)-, the PowER LAW+PEAK
-in subplot (c)- and the MULTI PEAK -
in subplot (d) models. Figure adapted
from [Abbott et al., 2021b] (Figure 1) O
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mass BBHs the BROKEN POwER Law model has been introduced (see
subplot (b) in Fig. 2.2). Furthermore, a better fit to data is provided
by the POWER LAw+PEAK model (see subplot (c) in Fig. 2.2), in which
a Gaussian peak around ~ 30 — 40Mg is present. The presence of
this peak could be a smoking gun for the transition of BBHs produced
in isolated binaries, and subject to the PISN, to the ones formed in
hierarchical mergers [Mapelli, 2021]. We note that this transition is
still speculative. In the MULTI PEAK (see subplot (d) in Fig. 2.2), we
even allow for second-generation BBH mergers that create a second
peak at higher masses. For the specifics of each population model,
briefly described here, we refer to [Abbott et al., 2021b]. [Abbott et al.,
2021c] shows that, given the data from the first three observing runs,
namely GWTC-3, POWER LAw+PEAK seems the mass model preferred
by data.

One of the crucial assumptions in all of these models is that the
source-frame mass distribution is independent of redshift [Fishbach
et al., 2021]. Even though we expect some evolution with redshift be-
cause of, e.g., the metallicity evolution [Belczynski et al., 2010], if the
peak is due to PISN, we think that its location should not change much
with redshift [Farmer et al., 2019]. Moreover, given the current detec-
tors” sensitivities, we do not expect much evolution in any case, as
the redshift range we are able to explore is limited. Indeed, the cen-
tral part of this chapter will be dedicated to studying how biased our
cosmological inference may be because of the redshift-independence
assumption. This is, in fact, the scope of the MDC and will be thor-
oughly addressed in Sec. 2.4.

2.3 Hierarchical Bayesian Inference (HBI)

The statistical framework we need to work with is that of the Hi-
erarchical Bayesian Inference (HBI) [Vitale et al., 2020; Mandel et al.,
2019; Mastrogiovanni et al., 2024]. In layman’s terms, we have two
levels of inference: the first is the parameter estimation (PE) of the in-
dividual GW events, and the second is the population inference that
describes the observed set of GW events in a unified model depend-
ing on mass spectrum, rate, and cosmological parameters. HBI allows
us to infer the posterior distribution of the so-called hyperparameters®
given a number of observed GW events.

The core of the analysis is Poisson statistics. We recap the basics in
the box below and add the complexity levels needed to infer popula-
tion and cosmological properties from GW observations. The number
of GW events we can observe, at its essence, boils down to a count-
ing problem and thus satisfies Poisson statistics. However, the event
rate is not constant; it depends on several parameters. Therefore, the

*From now on, when using the term hyper-
parameters, we refer to the parameters enter-
ing at the population level of inference, in the
mass spectrum, rate, and cosmological mod-
els. This distinction is essential to differen-
tiate them from the parameters of individual
GW events, such as masses, distance, and so
on (the full list is provided in Tab. 1.1).
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Poisson process is called inhomogeneous (as opposed to the standard
homogeneous one). Moreover, we have to deal with selection biases since
we do not observe all the sources, but the nearest and loudest ones are
more likely to be detected, considering the limited sensitivity of our
detectors. Therefore, when modeling the mass spectrum, we have to
consider that the observed masses might not reflect the astrophysical
population. This is the so-called Malmquist bias [Malmquist, 1922],
and, if not accounted for, may lead to considerable discrepancies in
our results [Mandel et al., 2019]. Therefore, we are dealing with an in-
homogeneous Poisson process in the presence of selection biases. On
top of this, our GW dataset is not measured precisely but is affected
by noise.

Basics of Poisson statistics

A homogeneous Poisson process models the occurrence of discrete events
over a finite interval, which can be temporal or spatial. The key features of
this process are:

1. Independence: Events occur independently of one another

2. Constant Rate: The process is characterized by a constant rate A (thus
homogeneous), representing the average number of events per unit inter-
val

Given an interval of length ¢ (e.g., time or distance), the expected number
of events is At. The number of events within this interval, denoted as N(t),
follows a Poisson distribution:

e_)‘t()\t)k

pN(D) = k%) = ==,

k=0,1,2,... (2.2)

We will now see how starting from Poisson and accounting for in-
complete and noisy GW data, we build the hierarchical likelihood for
the HBI analysis in Sec. 2.3.1, and how it is numerically implemented
in the icarogw software in Sec 2.3.2.

2.3.1 The hierarchical likelihood

Given N,ps GW events, collectively specified as {x}, each of which
is described by its own set of parameters 6, the hierarchical likelihood
that describes the probability of observing the specific dataset in a
given time T, and given the set of hyperparameters A, is [Mandel
et al., 2019; Vitale et al., 2020; Mastrogiovanni et al., 2021, 2023, 2024]:

Nobs
£((x}1A) exp [Nl ]| [ Law (xl6, 4) %(A)dedt

Nobs dN
o exp [—Nexp(A)] ] Tobs/ﬁcw (xil0, A) ﬁ(A)dG,
i=1

(2.3)
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where, passing from the first to the second line, we have integrated
over the observing time, t, measured in the detector frame. First, notice
the same structure as in Eq. (2.2), where we have the term dependent
on the expected number of events Nexp in the observing time interval
Typs, and the product over the observed number of events N,s. Then,
we have two terms:

1. The individual GW event likelihood, Lgw (x;|6, A), which accounts
for how precisely we can measure the binary parameters from GW
observations;

2. The differential number of GW sources dé\t’ﬁ‘gc (A) modeling the
probability of the single event parameters 6 given the hyperparame-
ters A. The set of hyperparameters A comprises parameters modeling
the rate Apte, the source intrinsic parameters, as e.g. the masses,
Apop, as well as cosmological parameters like Hy and (), referred
to as A..

The latter is the core term in HBI. It can be rewritten to emphasize the
contributions from the rate and CBC population properties. We want
to stress that the dtdf term in the denominator refers to the measured
quantities, i.e. the ones in the detector frame. Instead, the parameters
entering the modeling of the CBC sources are the intrinsic ones, i.e. in
the source frame. The relevant ones are the source-frame masses, 11
and my, the spins x7 and X2, and redshift z(d; ), which depends on
the luminosity distance measurement:

dNesc (\y_ _dNese  y,
dtdo dtdmdydd; (2.4)
_ 1 dNCBC (A) i 4
14z dtsrcCln—:lsrcd%dZ |]|

where %Jrz accounts for time dilation, whereas the determinant of the
Jacobian matrix, |J|, is needed to pass from the detector to the source
frame quantities3. Distinguishing between the different contributions,
we end up with:

dNcpc
dtdéo

o z|Ac) 1
(A) = R0¢(Z|Arate)Pp0P(m5rC’X|AP°P)p§4|-ZC)| )

Ry is the local, at redshift z = 0, CBC merger rate, expressed as the
number density merger per comoving volume per time, [Gpc~3yr~!].
P(z|Arate) describes the redshift evolution of the merger rate and is
customary to parametrize it following [Madau and Dickinson, 2014]:

(1+2)7

14z |7
1+ [HZZP}

P(z|Arate) = P(z|7, K/Zp) = [1 +(1+ Zp)iryik] (2.6)

> These parametrization refers to the dimen-
sionless spin magnitudes, which can be de-
rived from the spin parametrization as in
Tab. 1.1 by:

Xi = ap cos(tilt;)

We included spins here for completeness,
even though we will neglect their contribu-
tion to the analyses presented in this thesis.

3 We gathered in a single vectorial notation
the two masses g, and the spins, ¥
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where we highlight the Arate hyperparameters. ppop (s, X| Apop) is the
source-rame mass (and spin) distribution, and it depends on the mod-
eling of the mass spectrum, e.g. the position and width of the Gaussian
peak in the POWER LAw+PEAK model. All the relevant hyperparame-
ters will be described in detail later on in the chapter. As an example,
focusing on the generic source mass model (ignoring spins), we have:

PpOp(”_isrC|Ap0p) = P(ml|Apop)P(m2|merpop)/ (2.7)

where we have to factorize between the two component masses and
enhance that m, < mj.

Last, p(z|A.) is the redshift prior, usually taken to be uniform in
comoving volume, p(z|A.) = dV./dz.

Selection effects enter in the evaluation of the expected number of
events Nexp:

dN
Nexp = obs / pdet dt(Cil;C( )d@ (2-8)
where pge is the detection probability:
paa(®) = | £(x0)dx, 29)
x€Edetectable

where the integration is carried out over all the individual GW events
likelihood in the set {x}.

Evaluating Eq.(2.9) is not straightforward. The customary approach
is to use Monte Carlo simulations of injected and detected events,
which are simulated based on the chosen hyperparameters A, as de-
scribed in [Mastrogiovanni et al., 2024], or make some simplifying as-
sumptions. In the latter, we may state that an event x is detectable if
its distance is below a certain threshold, depending on the sensitivity
of the GW detector [Gair et al., 2023]. pger would be 1 if detectors
were perfectly able to see all the GW events in the Universe. Instead,
they are sensitive to a subset of the parameter space defined by A.
This is why correcting for the selection bias [Abbott et al., 2021b] is
paramount. The mock events used to evaluate selection effects are
called injections. Recently, there have been efforts to model the detec-
tion probability analytically [Lorenzo-Medina and Dent, 2025].

Finally, the posterior on the hyperparameters A, which is the final
goal of a HBI, is given by:

p(Al{x}) o (A)L({x}A), (2.10)

where 77(A) denotes the prior assumptions on the hyperparameters.

2.3.2  Numerical implementation in the icarogw software

In icarogw, the two integrals in Eq. (2.3) for the hierarchical like-
lihood and in Eq. (2.9) for selection effects are evaluated numerically
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using Monte Carlo methods, as throughoutly explained in [Mastrogio-

vanni et al., 2024]. The likelihood of a single GW event x;, Law (x;]6, A),
is not accessible, because we only have the posterior samples from a

Bayesian PE software, such as Bilby. Since we know the prior, 77(6),

used to generate the posterior samples, we can numerically evaluate

the integral in Eq. (2.3) summing over the posterior samples where we

have undone the prior used to generate the samples:

Ns/i

16, A A~ — Y —— NI
1 Ns,i
=— ) wij
Ns,i =1 v

(2.11)

where N;; quantifies the number of posterior samples for the event x;,
and 7(0;,j|A) is the prior used to obtain the posterior samples.

The integral in Eq. (2.9) is analogously computed via Monte Carlo:

dN,
Nexp = Tobs/pdet(e) dtfllzc (A)d9

| Tops N1 dNCBc|.
ey (6;) dtde (2.12)

where Ngen is the total number of injections, whereas Ny is the de-
tected ones. 7inj(0;) is the prior used to generate the injections.

The final numerical expression for Eq. (2.3), as computed in icarogw,
is given by:

T b Nget Nobs Tb NS,[
In L({x}A) ~ _NO s Z sj+ Z In I\(]) S Zwi,j (2.13)
gen =] i=1 =1

S

Given the theoretical and mathematical framework of the spectral-
siren method outlined in this section, we will now present and discuss
the results from the MDC in Sec. 2.4 and will provide some hints from
the recent development with data from the first part of the fourth ob-
serving run, in Sec. 2.5.

2.4 Mock Data Challenge (MDC)

One of the crucial questions to investigate when inferring cosmo-
logical parameters with a new probe, as it is with GWs, is to assess
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both the impact of our assumptions and the robustness of our method.
This motivates the MDC work in [Agarwal et al., 2024]. On the one
hand, we study the possible sources of systematics in the spectral-siren
method implementation in icarogw. On the other hand, the main fo-
cus is to understand what is the extent of the bias, if any, introduced
by not considering the redshift evolution of the BH mass spectrum,
using detectors’ sensitivity as that of the LVK interferometers during
the fourth observing run. Already [Pierra et al., 2024] considered a
redshift-dependent mass spectrum. In [Agarwal et al., 2024], we sys-
tematically explore the problem and quantify the bias coming from the
mismodeling of the astrophysical BH population.

Since the scope of the MDC is two-folded, we distinguish between
two scenarios. The difference is at the data-generation level; the in-
ference, instead, is done under the same conditions. We proceed as
follows:

¢ The Vanilla scenario serves as our benchmark. We model the BH
population using the POWER LaAw+PEAK mass model without any
redshift evolution, and in recovering the hyperparameters’ posteri-
ors, we do not assume any redshift dependence either. We use the
Vanilla scenario to calibrate the technical setup of the inference
code and also to provide forecasts on the precision with which we
will be able to measure cosmological parameters.

¢ The Redshift-Dependent scenario serves to quantify the bias com-
ing from not assuming the redshift dependence when inferring the
hyperparameters, after the model, still POWER LAW+PEAK, used to
generate the data, is described by redshift-dependent parameters.

In what follows, we provide all the details of the MDC setup in
Sec. 2.4.1. After some validation checks of the reconstructed hyper-
parametrs’ posteriors in Sec. 2.4.2, we first discuss the statistical uncer-
tainties thanks to the results from the Vanilla case in Sec. 2.4.3. In
Sec. 2.4.4, we analyze the impact of the wrong assumptions about the
possible redshift-evolution of the astrophysical BBH population. Some
potential future directions are addressed in Sec. 2.4.5.

2.4.1 MDC setup

The setup of the MDC is summarized in the flowchart in Fig. 2.3.
We distinguish two steps: the simulation setup, in which we gener-
ate the GW data; and the analysis setup, where the single event GW
posteriors are used in the HBI framework, as explained in Sec. 2.3,
to infer the cosmological, population and rate hyperparameters using
icarogw [Mastrogiovanni et al., 2024].
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In the generation of the mock GW data posterior samples, we sim-
ulate 3 years of observations with detectors’ sensitivities as from the
first four observing runs in the Vanilla case, and 1 year of obser-
vations with detectors’ sensitivities as from the fourth observing run
only in the Redshift-Dependent case. Tab. 2.1 reports the specifics of
the simulation setup, the detectors’ reference run sensitivities, and the
corresponding duty cycles.

The mock data is generated with GWSim [Karathanasis et al., 2023].
All the hyperparameters entering in the rate, mass, and cosmological
models are drawn randomly from a fixed prior range before being
passed to GWSim. In the posteriors generation, with Bilby [Ashton
et al., 2019], we assumed a threshold matched-filter SNR of py,, = 10
for the Vanilla case and py,, = 12 for the Redshift-Dependent case. A
higher SNR threshold for the GW events in the Redshift-Dependent
scenario is to reduce noise contamination and limit statistical fluctu-
ations so that the effects of systematics coming from the population
mismodeling can stand out more clearly.

We want to stress that the MDC is blinded, meaning that the hy-
perparameters used for the data generation are not revealed as long as
the analysis with the HBI has not given the hyperparameter posteriors.
Only at this point are the recovered and the injected values compared.
This is meant to avoid any confirmation bias. In particular, ten differ-
ent sets of hyperparameters are drawn from the same prior range, and
ten sets of GW data are generated with GWSim. Only one of these data
sets is randomly chosen and analyzed with Bilby. The posteriors are
then used for the final analysis with icarogw. Bilby provides poste-
rior distributions for [M,, g, d, DEC, RA, 1, ¥, ¢. and t.] for each of the
analyzed GW events for both the scenarios, using the IMPRhenomPv2
waveform approximant [Husa et al., 2016]. As of those in Tab. 1.1, all
the other parameters are kept fixed by using a delta-prior. An exam-
ple event for each case, Vanilla and Redshift-Dependent, is chosen to
show the posterior distribution as obtained from Bilby. For the ana-

Figure 2.3: Schematic representation
of the MDC setup. Figure adapted
from [Agarwal et al., 2024] (Figure 1, au-
thored by UD) ©

Table 2.1: List of detectors and rel-
ative duty cycle used in the anal-
ysis for both the Vanilla and the
Redshift-Dependent scenarios. The sen-
sitivities considered in the analysis cor-
respond to the ones of the corresponding
observing run. Adapted from [Agarwal
et al., 2024] (Table 1)
Vanilla scenario: 286 events
(Tops = 3 years)

Detector ‘ Observation Run
‘ O1 Oz 03 (01
LIGO Hanford 06 06 075 0.75
LIGO Livingston | 0.5 0.6 0.75 0.75
Virgo - — 0.75 0.75

Redshift-Dependent scenario: 80 events

(Tops = 1 year)

Detector ‘ Observation Run
‘ O1 Oz 03 04
LIGO Hanford — - - 0.75
LIGO Livingston - - - 0.75
Virgo - - - 0.75
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lyzed parameters, instead, we used the standard priors used in LVK
analyses [Abbott et al., 2019b, 2021a, 2023b]. Example corner plots are
included in the Appendix A, and specifically, Fig. A.1 and Fig. A.2, for
the Vanilla and Redshift-Dependent cases, respectively. The GW data
posteriors serve for the single-event likelihood evaluation as described
in Eq. (2.3).

The GW data differ between the two cases in the value of the hy-
perparameters used to generate them. In both scenarios, we assume
BHs to have an astrophysical origin and model their population ac-
cordingly. In Tab. 2.2, we provide a list of all the used hyperparam-
eters, distinguishing among the cosmological, mass, and rate ones.
We describe each hyperparameter providing the injected values used
for the Vanilla and Redshift-Dependent cases. For the Vanilla sce-
nario we get 286 events over the three years of observation. For the
Redshift-Dependent one, we simulate 80 events over one year of ob-
servation. In both cases, the simulated number of events represents
the expected number of detections given the two rate models.

Injected Value

Description Vanilla Redshift-
Dependent
‘ ACDM Cosmological model ‘
Hy Hubble constant in [km s’lMpc’l] 67.8 173.28
Qy Matter energy density today 0.3 0.3
‘ Madau-Dickinson rate model ‘
0% PL exponent of rate (z < zp) 2.7 0.03
K (Negative of) PL exponent of rate (z 2 zp) 2.9 2.92
Zp Rate parameter (turnover point) 1.9 3.86
Ry Local merger rate in [GpC’Syr’l] 20 16.1
Power Law + Peak mass model
o PL index of primary mass 3.4 5.325 +
2.99z
B PL index of secondary mass 0.8 3.05 —
1.063z
Mmin minimum source mass in Mg 5 7.8+
0.324z
Mmax maximum source mass in Mg 100 87.58 +
17.16z
Om smoothing factor in M, at low-mass cut-off 4.8 3.19
Ug peak of the Gaussian in Mg, 35 40.9 +
2.84z
Ug sigma of the Gaussian in Mg, 3.9 7.63 +
2.70z
Apeak | fraction of events in Gaussian, in [0, 1] 0.04 0.04 +
0.43z

We assume the flat A Cold Dark Matter (ACDM) cosmological model.

Table 2.2: Summary of injected val-
ues used to model the GW events
for the two scenarios: Vanilla and
Redshift-Dependent. We provide a list
of all the used hyperparameters, distin-
guish among the cosmological, mass,
and rate ones. We describe each and give
the injected values used for the Vanilla
and Redshift-Dependent cases. Table
adapted from [Agarwal et al., 2024] (Ta-
ble 2, authored by UD)
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The rate is described with a Madau-Dickinson model as in Eq. (2.6).
Their hyperparameters are redshift-independent and different between
the Vanilla and the Redshift-Dependent cases. For the mass model,
instead, we use a POWER LAW+PEAK as shown in subplot (c) of Fig. 2.2,
assuming a linear redshift dependence of the hyperparameters for the
Redshift- Dependent case.

In the following, we provide the analytical expression for the POWER
Law+PEAK mass model [Abbott et al., 2019a, 2021b]:

p(ml,src|Ap0p) x [( 1- )\peak)P(ml,srC| — & mmax)

(214)
+ )Lpeakg (ml,src | Mg/ U_g)} S (ml,src |mmin/ ém)

The hyperparameters it depends on, and specifically the PL indexes «
and B, the mass range myin and Mmayx, the Gaussian G peak parame-
ters, g, 0g, the fraction of events in the peak /\peak/ and the smoothing
parameter Jy,, are listed and described in Tab. 2.2.

What changes between the Vanilla and the Redshift-Dependent
scenarios is that the mass model parameters in the latter case get a
linear dependence on redshift [Karathanasis et al., 2023]. The redshift
dependence of all the mass parameters is expressed as x(z) = xo + z€x,
where xg is the value at z = 0 (see Tab. 2.2 for the details of the chosen

values).
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We study a Redshift-Dependent scenario to take into account en-
vironmental effects on the stellar evolution. In fact, in [Dopcke et al.,
2013] and [Li et al., 2023], it is shown that in low-metallicity envi-
ronments, it is more likely to form more massive stars [Clarke and

Figure 2.4: Source parameters, the com-
ponents masses and luminosity distance,
distributions for the Vanilla, in the top
panel, and the Redshift-Dependent sce-
nario, in the bottom one. Figure adapted
from [Agarwal et al., 2024] (Figure 2 and
Figure 5) ©)
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Bromm, 2003; Dopcke et al., 2013]. Moreover, at higher metallicities,
stellar winds are generally stronger resulting in lighter remnants [Vink
et al., 2001; van Loon, 2005; Mokiem et al., 2007]. Therefore, we might
expect more massive BHs at higher redshifts. Mass-dependent delay
times should be also considered. Redshift-dependent BH mass distri-
butions have been already addressed in [Mukherjee, 2021; Karathana-
sis et al., 2023].

In Fig. 2.4, we show both the masses and the luminosity distance
distributions for the 286 events of the Vanilla model in the top panel,
and the 80 events of the Redhsift-Dependent scenario, in the bottom
panel. In both cases, the maximum injected redshift is zmax ~ 1.7.
Given the high Hj value for the Redshift-Dependent scenario, the dis-
tance distribution ranges in relatively smaller values. Moreover, for
the Redshift-Dependent scenario, there are fewer sources in the mass
interval between 10M, and 30M because of the steeper PL indexes
for both the primary and the secondary BH masses.

In Fig. 2.5, we show the dependence of the primary BH mass spec-
trum on the redshift value: notice the shift towards heavier BHs for
higher z values.

2.4.2  Reconstructing the hyperparameters’ posterior

Starting from the posterior samples of the GW events, for each of the
two scenarios, we reconstruct the posterior of the hyperparameters listed
in Tab. 2.2, using the HBI scheme with the icarogw software [Mas-
trogiovanni et al., 2024]. Within icarogw the sampling is done with
Bilby [Ashton et al.,, 2019] using dynesty [Speagle, 2020]. The pri-
ors we apply to the hyperparameters are listed in Tab. 2.3. In neither
case, we assume a redshift dependence in the analysis, and the pri-
ors we use are broad and uninformative. Between the two cases, just
three parameters, Hy, ji¢ and o, feature different prior ranges. These
were changed from the reference Vanilla ones after preliminary re-
sults were obtained and showed railing on either side of the prior
range for these three parameters. Therefore, Hy, jig, and og are sam-
pled from an enlarged prior interval with respect to the Vanilla case.
This is justified given the blinded nature of the MDC.

In the following, we first present the reconstruction of the posterior
distribution of the hyperparameters entering in the rate and mass model
for both the analyzed scenarios, and compare them to the distributions
from which the BBH populations have been sampled 4.

In Fig. 2.6, we show the rate reconstruction for the Vanilla scenario
on the left, and the Redshift-Dependent one on the right. In each
plot, the dark green-colored lines show the posterior samples from the
68% highest density interval (HDI). Instead, the orange lines represent

Figure 2.5: Evolution with redshift
of my as in the Redshift-Dependent
scenario analyzed in the MDC. Figure
adapted from [Agarwal et al., 2024] (Fig-
ure 3) ©

Table 2.3: List of priors used in the
analysis for both the Vanilla and the
Redshift-Dependent scenarios. Table
from [Agarwal et al., 2024] (Table 3, au-
thored by UD)

Priors
Vanilla Redshift-Dependent

Hy U(30,140) U(10,250)
Omo 4(0.1,0.9) U(0.1,0.9)

« U(1.5,12) U(1.5,12)

B U(—4,12) U(—-4,12)
Mmin U(2,10) U(2,10)
Mmax U(50,200) U(50,200)

Om U(0,10) U(0,10)

Hg U(20,50) U(10,80)

Og U(0.4,10) U(0.4,20)
Apeak u(o,1) u(o,1)

103 Uu(0,12) U(0,12)

K U(0,6) U(0,6)

% U(0,4) U(0,4)

Ro log4(1072,10%)  log{(1072,10%)

4 All the scripts used for the analysis in the
MDC are available on ©
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the rate distributions from which the BBH events were drawn. The
recovered distributions match well the injected ones.

The Vanilla mass distribution reconstruction is shown in Fig. 2.7-
(a). The rationale behind the plot is the same as in Fig. 2.6, where the
orange line represents the starting distribution and the dark green lines
the ones reconstructed from the posterior samples at 68% HDI.
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For the Redshift-Dependent scenario, shown in Fig. 2.7-(b), the re-
constructed posterior distribution features three orange lines (solid,
dashed, and dotted) representing different examples of the model at
three specific redshift values, as defined in Tab. 2.2. These redshifts
were chosen to lie near the centers of redshift intervals that would
result from dividing the events into three subsets containing approx-
imately equal numbers of events (see discussion around Fig. 2.12 in
Sec. 2.4.4).

The reconstructed rate and mass distributions for the Vanilla and
the Redshift-Dependent cases agree with our starting assumptions. In
what follows, the details of the reconstruction of single parameters are
presented.

As for the cosmological parameters posterior reconstruction, and,

Figure 2.6: Rate reconstruction for
the Vanilla scenario, on the left, and
the Redshift-Dependent scenario, on the
right. The orange lines represent the
two distributions from which the BBH
populations were sampled. The dark
green-colored lines, instead, are drawn
from the 68% HDI of the parameter
posterior distributions. Figure adapted
from [Agarwal et al., 2024] (Figure 6 and
Figure 17, authored by UD) €)

Figure 2.7: Mass reconstruction for
the Vanilla scenario, on the left, and
the Redshift-Dependent scenario, on the
right. In both subplots, the dark green-
colored lines are drawn from the 68%
HDI of the parameter posterior distribu-
tions. The orange line for the Vanilla
case represents the distributions from
which the BBH masses were sampled.
The three orange lines (solid, dashed, and
dotted), instead, represent the model at
three example redshift values, as defined
in Tab. 2.2. These redshift values have
been selected to fall in the middle of
the redshift ranges if we were to divide
the events into three sets with a similar
number of events each. Figures adapted
from [Agarwal et al., 2024] (Figure 7 and
Figure 16, authored by UD) ©)
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in particular, for the parameter of interest Hy, we have:

e For the Vanilla scenario, we obtain the following estimate of the
Hubble constant at the 68% C.L.:

Hy = 621’%{13 km sflMpc_l, (2.15)

which is within 1¢ compared to the injected value of 67.8 km s~ 'Mpc~!

e For the Redshift-Dependent scenario, we obtain, at the 68% C.L.:
Hp =103"35km s '"Mpc ™, (2.16)

which falls in the 2¢ region from the injected value of 173.28 km
s 'Mpc~!
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In Fig. 2.8, we show the posterior distribution for the Hubble con-
stant for both scenarios, the Vanilla one on the left, and the Redshift-
Dependent one on the right. In the corner plot, we highlight the dis-
tributions of the two parameters that mostly correlate with Hy: the
Gaussian peak parameters, jg, and 0. Both show a negative correla-
tion with Hy. This is explained as follows: larger values of o suggest
that more massive, in the source frame, BBH systems are more likely.
This implies the inferred redshifts are lower. Therefore, to accommo-
date such massive events at their observed luminosity distance, we
need lower values of Hy>. We find that degeneracies between cosmo-
logical and mass model parameters might shift the Hy value from the
true one, even if the model to generate the astrophysical BBH popula-
tion is the same used in the reconstruction analysis. The effect is minor
and within 1c.

In Appendix A, we show the full corner plots for all the 14 hyperam-
eters analyzed in the HBI framework with icarogw, for the the Vanilla

Figure 2.8: Reduced corner plot for the
Vanilla scenario, in subplot (a), and for
the Redshift-Dependent case, in subplot
(b), of Hy and parameters that mostly
correlate with Hp, namely p and oy.
The injected (true) values are plotted as
black lines. Figure adapted from [Agar-
wal et al., 2024] (Figure 8 and Figure 13,
authored by UD) O

5 We have to keep in mind the luminosity dis-
tance, redshift, and Hj interplay at low z (the
Hubble law as in Eq. (1.4)):

dp ~ H
From here, it is straightforward to understand
that if we measure a certain value for dj,
but the inferred redshift is lower because sys-
tems are generally more massive in the source
frame, we need a lower value for Hy as well.
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case in Fig. A.1, and for the Redshift-Dependent case in Fig. A.2. What
we can generally say is that, in both scenarios, leaving out Hp, which
deserves a separate discussion, provided in Sec. 2.4.4, almost all the
hyperparameters are recovered within the 1¢ region from the injected
values described in Tab. 2.2. Specifically, for the Redshift-Dependent
scenario, we consider as for the injected values the ones at z = 0. A
few parameters show a slight offset. These parameters are, in both
cases, &, Mmin, 0y, and 7. For the Redshift-Dependent case, we have to
add B, Apeak, and Zpeax to the list of hyperparameters recovered slightly
outside the 1o region. In the latter, the 7y value is particularly off, as
the injection itself is close to the border of the prior space. For the
Zpeak Value, instead, another badly recovered hyperparameter, the rea-
son lies in a low number of detected events at the injected value of
high redshift (we inject zpea = 3.86).

2.4.3 Vanilla scenario: statistical uncertainties

The Vanilla scenario serves as our reference study. Since the mod-
els used to draw and recover the BBH population are the same, we can
use the Vanilla setup to run some statistical tests and assess the ro-
bustness of the spectral-siren method, as it is implemented in icarogw.

As shown in Sec. 2.3, from Eq. (2.3), as well as from its numerical
version Eq. (2.13), the two primary quantities governing the hierarchi-
cal likelihood are the number of observed GW events, and the number
of detected GW in the calculation of the selection bias. In the follow-
ing, we present a series of checks on the two Monte Carlo integrals.

* Injection samples: number and realization: to study the robust-
ness of the HBI scheme, we examine the effects of both varying the
number of injections, that is, the number of GW signals used to eval-
uate selection effects, and their sample realization. The precision of
this estimation depends on the number of simulated injections rel-
ative to the number of observed GW events. Numerically, it comes
down to a Monte-Carlo sum (see the first term of Eq. (2.13)); we
expect to have more accurate results the larger the number of injec-
tions. We test this hypothesis using all the 286 events and varying
the number of injections in [104, 10°, 106]. We present the results for
Hy in subplot (a) of Fig. 2.9, and for all the hyperparameters in Ap-
pendix A.2 in Fig. A.3. We get very similar results with 10> and 10°
injections. With 10* injections, the posteriors start to deviate from
the injected values but still show good agreement. With 10° injec-
tions, instead, the integral is not able to converge. Usually, a rule
of thumb to have good numerical stability in evaluating the integral
for selection effects is that the effective number of injections, which
depends on the total one, should be at least 4 times the number
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of observed GW events (see [Farr, 2019; Talbot and Golomb, 2023;
Mastrogiovanni et al., 2024] for a detailed discussion on numerical
stability of the integrals in Eq. (2.13)). Since we use 286 observed
GWs, 103 injections are indeed too few.

In Fig. 2.9, we show similar results for Hy for different sample re-
alizations of the 10° injections, while in Fig. A.4 the analysis is re-
peated for the whole set of hyperparameters. The results do not show
any dependence on the realization of the injection sample.

GW events: number and sample realization: we want to study the
impact of the number of GW events on the hyperparameter posterior,
and, given a fixed number of GW events, the presence of outliers by
considering different event sample realization. In the first case, we
compare the results using different numbers of GW events, specifi-
cally [150, 180, 200, 220, 250, 286|, with 10° injections. In the previous
point, we assess that 10° and 10° injections produce the same out-
come and are sufficient to ensure the integral’s convergence. Anal-

Figure 2.9: Posterior samples distribu-
tion for the Hy parameter in a series of
statistical tests within the Vanilla sce-
nario. In the top two plots, we show the
impact of the injections to account for
the selection bias. The number of GW
corresponds to the total of 286. In sub-
plot (a), we vary the number of injec-
tions in [10%,10%,10°], while, in subplot
(b), we use different sample realizations
of 10° injections each. In the bottom two
plots, instead, we fix the number of injec-
tions used for selection effects evaluation
at 10°, and vary, in subplot (c), the num-
ber of GW events used for the HBI, and
in subplot (d), the GW events sample re-
alization using batches of 50 events. Fig-
ure adapted from [Agarwal et al., 2024]
(Figure 9, Figure 10, Figure 11, and Fig-
ure 12, authored by UD) ©
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ogously, we show the results for Hy in subplot (c) of Fig. 2.9 and
for all the hyperparameters in Fig. A.5. The results confirm that the
larger the number of observed events, the better the constraints.

The last test studies the GW events sample realization. Due to the
homogeneity principle, if no outliers are present, we expect results
with random deviations that statistically average out. To this scope,
we split the observed GW catalog into batches of 50 events and
analyze the resulting sub-populations with 10° injections. We show
the results for Hp only in subplot (d) of Fig. 2.9, and full ones in
Fig A.6. We find that there are no outliers in our sets of events.

2.4.4 Redshift-Dependent scenario: the role of wrong as-
sumptions

With the Vanilla case analyses, we have shown that the inference
pipeline is indeed robust. The statistical and sampling uncertainties
presented in Sec. 2.4.2 are under control. The inference does not show
biases when the model used to generate and recover the astrophysical
population of BHs is the same.

The second part of our analysis, the Redshift-Dependent scenario,
aims to quantify the bias from the mismodeling of the BBH population
at the analysis level by assuming redshift independence when the data
is generated under this assumption. Even though we use a specific
mass model, the POWER LAw+PEAK, the effects on the Hy inference
would happen with any other model, as there is a mismatch between
the simulation and the analysis setups.

In the Redshift-Dependent case, we indeed find a value for the
Hubble constant that lies in the 90th percentile, as shown in Fig. 2.8, at
a distance of 2¢ (if we approximate the posterior to a Gaussian) from
the injected value (see also the discussion in Sec. 2.4.2). We tend to
recover a lower value for Hy, and this is independent of the number of
GW events we use in the analysis, as we can see from Fig. 2.10. Here,
we vary the number of GW events with 10° injections for selection
effects evaluation. The inferred value of Hy is not closer than the 76th
percentile. Therefore, the statistical uncertainty due to fewer events
does not cause bias.

As we have already seen, a few other hyperparameters, «, B, Mmin,
Apeaks Zpeaks Mg, and og show about 1o discrepancy. Since, pg and oy
are mostly correlating with Hy, in Fig. 2.11, we show in black their
posterior distribution. There we compare the median of the recovered
distribution, shown in dotted black line, to the values of the parameters
at different redshifts, as in the colorbar, following the linear redshift
dependence described in Tab. 2.2. Indeed, the recovered values fall in
the range foreseen for the span in reshift of the analysis.

10° injections, No. of Events
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Figure 2.10: Posterior samples for Hy in
the Redshift-Dependent scenario, with
varying number of GW events. The
dashed black line represents the injected
value. Figure adapted from [Agarwal
et al., 2024] (Figure 18, authored by UD)
v}


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter2/case2_num_gw_events.ipynb

SPECTRAL SIREN COSMOLOGY, WITH LVK 55

25 020 25
0.08 20 20
o 5015
Z 0.06 155 = 155
i) 2 7 Z
o £ 5010 B
2 0.04 108 B 108
E - E -
0.02 05 0.05 05
0.00. 0.0 0.00 : 0.0
30 40 50 60 10 5 20
Hg [Mo] Og [Mo]

(a) Redshift-Dependent case: g (b) Redshift-Dependent case: oy

The key point of our analysis is to explore the impact of mismod-
eling the mass on the inference of the Hubble constant. To better un-
derstand the origin of the measured discrepancy, as we did in Fig. 2.5,
we divide our GW events into three redshift bins, with a nearly equal
number of sources in each group. In this analysis, we split the events
into three bins, redshift-wise, and evaluate the product over the ob-
served events as in Eq. (2.13). The selection function of the analysis
does not change, except for a reduction in Tps by one-third for each
group, since it does not depend on the index denoting individual GW
events. The redshift bins are z < 0.65, 0.65 < z < 1.05, and z > 1.05.
However, it should be specified that to obtain physically correct results
from the single bins, one should account for the selection bias properly.
The binned analysis serves to look into the single partial contributions
from the selected bins. It remains that multiplying the posteriors from
the three bins leads to the overall correct results, as those reported in
Fig. 2.8-(b).

In Fig. 2.12, we show the reduced corner plot for Hy, along with
tg and oy for the three redshift ranges. We observe that for the lower
redshift range, z < 0.65, the value of Hy matches very well with the
injected value of the Hubble constant as shown by the solid black line.
This is also valid for the other parameters yg and oy, strongly corre-
lated with Hy. However, as we move towards the two higher redshift
bins, the posterior on Hy moves towards lower values, and the posteri-
ors on pg and g move towards higher values, as a consequence of the
negative correlation we explained in Sec. 2.4.2. Since higher redshift
values correspond to intrinsically more massive mass distributions, an
analysis model that fails to account for this effect tends to assign higher
values to g and og. As a result, this leads to an inferred redshift that
is lower than the actual redshift.

The sources from the lowest redshift bin have minimal impact on
the redshift evolution of the mass model. Even though we are not as-
suming a redshift dependence in our analysis, the effects due to mis-

Figure 2.11: Posterior samples for g
and o from the Redshift-Dependent
scenario are plotted in black. The dot-
ted black vertical line represents the me-
dian of the distribution. The dark green-
colored region represents the values of
the injected pg, 40.9 + 284z, and o,
7.63 + 2.70z, at different redshifts spec-
ified in the colorbars, shown on the right
of each plot. Figure adapted from [Agar-
wal et al., 2024] (Figure 14 and Figure 15,
authored by UD) O
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z > 1.05
0.65 <z<1.05
z < 0.65

modeling are minimal. On the other hand, for sources in the higher
redshift bins, the redshift evolution of the y¢ and 0, parameters moves
the values by about 10% and 50% respectively towards a higher value
in comparison to the lowest redshift bin case, resulting into larger mis-
modeling. The inferred value of the Hubble constant Hy is shifted to-
wards a lower value compared to the injected value, as demonstrated
in Fig. 2.12. This decrease is largely due to a strong negative correla-
tion between the mass parameters, p¢ and 0y, and Hy. Consequently,
the inferred Hj is lower than the actual Hy value used in the simu-
lation. This effect becomes more pronounced for redshift bins above
z ~ 0.65, where changes in p¢ and o due to redshift are significant.
All our results, from both the Vanilla and the Redshift-Dependent
cases, are summarized in Fig. 2.13. These refer to the two reference
analyses involving 10° injections, using all 286 events for the Vanilla
case (shown in orange) and 80 events for the Redshift-Dependent case
(shown in dark green). The x-axis represents the inferred hyperparame-
ters, while the y-axis displays all posterior samples normalized by the
median value of each distribution to facilitate an easier comparison
across a single plot. The boxplots are structured to show the 1o range
of the data around the median in a darker shade and the 20 range in
a lighter shade. The whiskers extend from the minimum to the maxi-
mum values, encapsulating all the data points. Additionally, the black
triangles indicate the injected values normalized by the corresponding
median of their distributions. The text provides the median values of
the parameters along with their 68% confidence intervals. The same

Figure 2.12: Reduced corner plot
for Hy, pg and oy parameters for the
Redshift-Dependent scenario. We show
results obtained selecting events in three
different redshift ranges: z < 0.65,
0.65 < z < 1.05, and z > 1.05. The in-
jected values are shown in black. For pg
and oy they refer to the injected values
at z = 0 as in Tab. 2.2. Figure adapted
from [Agarwal et al., 2024] (Figure 19,
authored by UD) O
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information can be found in the two corner plots in Fig. A.1 for the
Vanilla scenario and Fig. A.2 for the Redshift-Dependent one.

Vanilla Bl Redshift-Dependent
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The plot in Fig. 2.13 also shows that the posteriors for yg and oy do
not exhibit significant deviations. However, even a slight variation of
10% in pg can result in a deviation of more than 1.5¢ for Hy from the
injected value, particularly due to sources located at greater distances.

The inferred parameters that describe the astrophysical mass dis-
tribution do not show any significant differences from the injected
parameters even when the true underlying model is unknown. This
means that even if the mass distribution changes slightly, the values
of pe and oy align well with the inferred posterior distribution. Con-
sequently, when analyzing different redshift bins of the GW sources,
there is no significant deviation in the mass distribution within indi-
vidual redshift bins mainly due to large error bars. However, the com-
bined posterior estimate of the Hubble constant reveals a noticeable
discrepancy from the true value.

The value of Hy is influenced by sources located at various redshift
ranges. Suppose there is a monotonic evolution in the mass distri-
bution of BBHs. In that case, whether increasing or decreasing, the
inferred redshift may start to deviate from the true redshift in a consis-
tent manner. Consequently, the estimated value of the Hubble constant
Hj will also monotonically increase or decrease.

In reality, using an incorrect model for the inferred mass distribu-
tion might still provide a reasonable understanding of the mass distri-
bution. However, this could lead to estimating Hy as lower or higher
than its true value, depending on whether the mass distribution is
increasing or decreasing with redshift.

Figure 2.13: Summary of results for
the Vanilla scenario (shown in orange)
and the Redshift-Dependent scenario
(shown in dark green). The findings are
based on two reference analyses involv-
ing 10° injections, using all 286 events
for the Vanilla case and 80 events for
the Redshift-Dependent case. The x-
axis represents the inferred hyperparam-
eters, while the y-axis displays all pos-
terior samples normalized by the me-
dian value of each distribution to facil-
itate an easier comparison across a sin-
gle plot. The boxplots are structured to
show the 1¢ range of the data around
the median in a darker shade and the 20
range in a lighter shade. The whiskers
extend from the minimum to the maxi-
mum values, encapsulating all the data
points. Additionally, the black triangles
indicate the injected values normalized
by the corresponding median of their
distributions. The text provides the me-
dian values of the parameters along with
their 68% confidence intervals. Figure
adapted from [Agarwal et al., 2024] (Fig-
ure 20, authored by UD) O
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In this analysis, although the injected Hubble constant Hj is set
to a high value due to the blinded nature of the MDC, the essential
finding regarding the impact of redshift evolution on mass distribution
remains valid, indicating a discrepancy in the inferred value of Hy.

2.4.5 Quantifying the bias: what’s next?

Exploring a Redshift-Dependent mass model aims to understand
its effects on cosmological inference. This is crucial due to our lim-
ited knowledge of how mass evolves over time, which is influenced by
complex BBH formation channels and their dependence on the metal-
licity of parent stars. The metallicity of the Universe varies signifi-
cantly with redshift, exhibiting a decreasing trend at higher redshifts.
Additionally, there is considerable variation in metallicity from one
galaxy to another. Consequently, alongside a consistent redshift evo-
lution, we can expect additional stochastic behavior in the masses of
BHs over redshift. This variability can result in a broad mass distri-
bution that diverges from any straightforward monotonic trend asso-
ciated with redshift.

In this MDC, we have considered a simple scenario of linear evo-
lution with redshift for the parameters controlling mass distribution.
However, in reality, the evolution of mass distribution can be signifi-
cantly more complex.

Quantifying the bias coming from the mismodeling of the astro-
physical population of BBHs is a first step in investigating the possible
sources of systematics. In the future, understanding the interplay be-
tween astrophysical assumptions and cosmological parameters will be
crucial, requiring better sensitivity and a higher number of events.

The study conducted in the MDC provides a framework for assess-
ing the reliability of a Standard Siren cosmology method and can be
expanded in various directions. In [Agarwal et al., 2024], for example,
we did not include the spins in our model. Generalizing the analysis
to include both mass and spins in the BBH mass model is the natural
continuation of [Agarwal et al., 2024]. There is, however, much more
to explore, from studying the impact of inaccurate waveforms [Kunert
et al., 2024], the systematics coming from the inclination angles esti-
mates [Miiller et al., 2024; Salvarese and Chen, 2024], from the peculiar
velocity of galaxies [Mukherjee et al., 2021; Nimonkar and Mukherjee,
2023], or the photometric uncertainty of the galaxies’ redshift [Turski
et al.,, 2023], to extending to other Standard Siren techniques.



SPECTRAL SIREN COSMOLOGY, WITH LVK 59

2.5 Cosmological constraints from O4a data

In the following section, we will give some hints from the cosmo-
logical analysis inside the LVK Collaboration considering the recently
concluded first part of the fourth observing run, henceforth Oga. Oga
data-taking occurred from May 2023 to January 2024 (see Sec. 1.2.4 for
a detailed description of observing runs in LVK). Together with the
data from the first three observing runs [Abbott et al., 2019b, 2021a,
2023b], we are now constructing the fourth catalogue of events, the
GWTC-4 catalogue.

We are not going into the details of the ongoing LVK cosmologi-
cal analysis as the work is still in development. The objective is to
show some preliminary results, limiting ourselves to the spectral-siren
method with the icarogw pipeline described in this chapter. We want
to showcase how the constraints on Hy are improving with the in-
creased amount of observations. Additionally, we want to emphasize
the crucial role of modeling the underlying population, which is the
main focus of this chapter. To this scope, we present a new mass model
that is being tested and used in LVK, which allows us to comprise all
the CBCs in one mass distribution without the need to distinguish be-
tween NSs and BHs, which might be problematic in some cases, as for
the GW190814 event [Abbott et al., 2020d], an asymmetric binary case,
where the heaviest component might either be a light BH, or a heavy
NS.

In Sec. 2.5.1, we present the data from GWTC-4 that is used to in-
fer cosmological parameters. In Sec. 2.5.2, we briefly address the new
mass model that describes BHs and NSs masses in a unified frame-
work. Additionally, we anticipate some Hj estimates with the spectral-
siren method. As stressed above, this section reflects the preliminary
nature of the analysis conducted inside the LVK Cosmology group. On
top of this, we report only a small subset of the results under study in
the LVK Collaboration paper.

2.5.1  Data selection for Oga cosmology

To ensure the purity of the data used for cosmological inference,
we filter the GWTC-4 catalogue by considering the events with a False
Alarm Rate (FAR) less than 1yr~! (see Sec. 1.2.4). This leaves us with
155 events®, of which 5 contain at least one neutron star. We are not ¢ These numbers do not represent the final se-
considering the only bright siren, GW170817. This allows us to more lection, which is ongoing.
than double the number of CBC events used in the previous cosmo-
logical analysis in [Abbott et al., 2023a], where 47 CBCs have been
used. From now on, when referring to Oga data, we mean the ones

that satisfy the selected FAR criterium.
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In Fig. 2.14, we show the mass and distance parameter space of
the GWTC-4 catalogue, distinguishing, in dark green, the events from
the previous three runs (these are also plotted separately in the upper
panel of each figure), and, in orange, the new events from the first part
of the fourth observing run. In the left panel, we plot the measured
luminosity distances and the total mass of the binary in the detector
frame. The error bars encompass the 90% C.L. In the right panel, we
show the binary’s masses in the detector frame. Comparing the new
events with the ones from the first three runs, we see that the covered
parameter space remains the same. We gain in statistics thanks to the
improved sensitivities of the LVK detectors.

2.5.2  Hy estimate with GWTC-4 data

In Sec. 2.2, we describe the mass models analyzed in LVK [Ab-
bott et al., 2021b,c]. These refer to the status of our understanding
as of the GWTC-3 catalogue. The preferred model was POWER Law +
PrAK [Abbott et al., 2021¢].

Currently, a new model is being used, encompassing both NSs at
the low mass end and BHs. Since it allows us to consider all the CBCs
observed so far in our spectral siren analysis, we manage to put tighter
constraints on the Hy value. We refer to it as the MuLTI PoP model.

In the analysis with GWTC-4, we use the new MuLTt1 Por model,
together with the Power Law + PEAk and the MULTI PEAK mod-

Figure 2.14: GWTC-4 data in the Mot —
d; parameter space, on the left; and the
mi-my parameter space, on the right. In
the top panels, we show, in dark green,
data from the first three observing runs,
while, in the bottom panels, we highlight,
in orange, the new events from Oga.
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els. The MuLTI Por model takes inspiration from some previous
works [Fishbach et al., 2020; Farah et al., 2022; Mali and Essick, 2024].
It features a BROKEN PowEeR Law, BPL, and two Gaussian Peaks.
A smooth transition between NSs and BHs is guaranteed by a break
located in a depletion region, called dip, which depth, representing
how well separated the two populations are, is one of the model’s hy-
perparameters. The analytical expression for the primary source mass
distribution is given by:

p(ml,src |Apop) & [(1 - )\peak)BPE(ml,src |mmin,NS/ Mmax,BH, — &1, X2, b)
+ Apeak/\peak,lowg (ml,src | Hglow, Ulow)
+ Apeak ( 1- Apeak,low ) g (ml,src | Mg highs high )]

X S(ml,src |Asmooth)r

where the BPL models the transition between NSs and BHs. It de-
pends on the maximum NS mass and the corresponding minimum
mass for BHs. a7 and ay are the two corresponding power law in-
dexes, while b defines the position of the break. S(11 grc|Asmooth) 1S
the smoothing function.

With the MuLTtr Por model, we are able to include all the 155
events. Instead, with the other two mass models, we cannot include
the events where at least one of the components might be a NS. For the
rate model, we use the Madau-Dickinson one [Madau and Dickinson,
2014].
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For the HBI inference with icarogw, we use large and uninformative
priors on all the hyperparameters. In Fig.2.15, we show the Hy posterior
from GWTC-4 data with the three different mass models. For compar-
ison, we plot the constraints coming from both Planck [Aghanim et al.,
2020] and SHOES [Riess et al., 2021] measurements, as well as the H

Figure 2.15: Hy posterior from GWTC-
4 data with icarogw. We consider three
different mass models: MuLTt: Pop,
PoweR Law + PEAK, and MULTI PEAK.
For comparison, we plot the constraints
coming from both Planck and SHOES
measurements, as well as the Hy poste-
rior with the POWER LAw + PEAK mass
model from the last LVK Cosmology pa-
per [Abbott et al., 2023a].
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posterior with the POWER LAw + PEAK mass model from the last LVK

Table 2.4: Table of Hy estimates (me-
Cosmology paper [Abbott et al., 2023a].

dian value) from O4a data with the three

We observe that with respect to the O3 results, we get tighter con- different mass models.
straints, and even more so with the MuLTI Por mass model, given Ho [k
m
that we can use a larger data set, comprising all the CBCs (although Mass model sflﬁ/lpcfl]
we are not including GW170817). In Tab. 2.4, we report the median (68%C.L.)
of the posterior distributions for the three cases and the symmetric
o MutTtI Por 71f%
68% C.L.
MuLTI PEAK 6972
POWER Law + PEAK 85137

The constraints we currently have are still insufficient to resolve the
tension between the Planck and SHOES results. However, the spectral
sirens approach holds significant promise for transforming upcoming
measurements into a valuable cosmological probe. The remaining part
of the O4 run is expected to yield better-measured events, thanks also
to the added contribution from Virgo. Several aspects are improv-
ing, including enhanced statistics, greater precision, more refined mass
models, and more robust analysis methods. As a consequence, we
are likely to see stronger constraints on key cosmological parameters,
helping to bridge the gap between the Planck and SHOES results. The
potential of spectral sirens to play a pivotal role in this effort under-
scores the exciting prospects for cosmology in the coming years, driven
by advancements in GW observations.
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3. Fisher Matrix Analysis

J J That would mean looking at the case from an entirely
different angle, I said.
Ome so often has to do that - about everything. Don’t you
think so?

— Agatha Christie
"Murder at the Vicarage"

The following chapter primarily discusses the two GWFish papers [Dupletsa et al., 2023, 2025]. GWFish is a software
developed for the simulation of detector networks and for forecasting purposes using Fisher matrices in the context of the
next-generation (XG) gravitational wave (GW) detector science. I contributed significantly to the software. In particular,
I took care of the waveform module, writing in Python the IMRPhenomD waveform approximant, and then integrating the
module with LALSimulation. My responsibilities included debugging, testing, and validating the software, as well as
creating quidelines and tutorials. For the first paper [Dupletsa et al., 2023], I was responsible for all comparisons with
Bilby and the study case analyses. In the second paper [Dupletsa et al., 2025], I developed the priors module and tested
it against real data from the GWTC-3 catalogue. Additionally, I took care of the testing and comparison of different Fisher
matrix codes, on the GWFish side, participating in activities within Common Tools division of the Observational Science
Board (OSB) in the Einstein Telescope (ET) Collaboration. This effort led to the corresponding chapter for the ET Blue
Book [Abac et al., 20251, a detailed analysis of the ET science, for which I was part of the writing team. GWFish has been
used in several scientific works in the ET community. Some of them are specifically addressed in the next two Chapters of
this thesis.

3.1 The challenge of the next-generation (XG) Contents

.1 The challenge of the next-

Since the first detection of a gravitational wave (GW) signal [Ab- 3 . i
] ; generation (XG) 65

bott et al., 2016b], we have been collecting a considerable amount of What is a Fish .
interesting data [Abbott et al., 2019b, 2021a, 2024, 2023b], which has 3-2 atis a Fisher matrix? 66

allowed us to make unprecedented breakthroughs in the GW field. 3.3 The GWFish software 71

The gravitational community, however, has already been planning for 3-4 Comparison with Bilby and
the future, both with potential upgrades of the current infrastructures reference studies 76

and with proposals for new interferometers. The improvement of cur- 3.5 Enhancing Fisher analysis
rent GW observatories include the two LIGO interferometers [Abbott with priors 86

et al., 2016b], Virgo [Acernese et al., 2015], LIGO India [Souradeep,
2016], and KAGRA [Akutsu et al., 2019]. The next-generation (XG) de-

65
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tectors include ground-based, like ET [Hild et al., 2008, 2011; Punturo
et al., 2010] and CE [Reitze et al., 2019; Evans et al., 2021], space-borne,
like LISA [Amaro-Seoane et al., 2017], and lunar proposals such as the
LGWA [Ajith et al., 2025] detector.

The XG GW detectors are expected to observe an unprecedented
amount of data [Maggiore et al., 2020; Branchesi et al., 2023], for which
standard analysis techniques [Ashton et al., 2019; Romero-Shaw et al.,
2020; Ashton and Talbot, 2021] are not a viable option, mainly due
to their prohibitive computational costs. Currently, the Fisher matrix
approximation [Cutler and Flanagan, 1994; Vallisneri, 2008] stands as
an efficient and ready-to-use forecast tool, allowing us to target the
science cases of future observatories at the population level. It is a
crucial component in the development of the scientific case for future
GW detectors.

In recent years, different Fisher matrix softwares have been devel-
oped. Starting from GWFish [Dupletsa et al., 2023], which we will ex-
tensively discuss in this chapter, we also have gwbench [Borhanian,
2021], gwfast [lacovelli et al., 2022a,b], TiDoFM [Li et al., 2022; Chan
et al., 2018]. The main differences between the codes are in their dif-
ferentiation and matrix inversion methods, which, as will be discussed
in the subsequent sections, are essential for the analysis. All the men-
tioned codes have undergone successful cross-checks within the Com-
mon Tools division in the Observational Science Board (OSB) of ET, and
produce similar results [Branchesi et al., 2023].

In the following chapter, we will first give a brief review of the
Fisher matrix analysis technique and its numerical implementation in
the GWFish software, respectively in Sec. 3.2 and Sec. 3.3. Then, we will
show the comparison between the Fisher results and the full Bayesian
analysis from Bilby, alongside some reference study cases in Sec. 3.4.
Then we will present an improvement of the Fisher analysis, thanks to
the integration of a prior module within GWFish as well as its validation
against measured data from the first three observing runs (the GWTC-
3 catalogue) in Sec. 3.5.

3.2 What is a Fisher matrix?

Before exploring the Fisher matrix analysis details, we will give a
working summary of the customary parameter estimation (PE) method,
expanding on what has already been introduced in Sec. 1.2.3. When
analyzing a GW signal, we want to reconstruct the source parameters.
These divide into intrinsic parameters, like the component masses and
spins (and tidal deformability if neutron star (NS) events are present),
and extrinsic ones, dependent on the relative position of the source
with respect to the observer. The last ones include the sky position



(RA and DEC), the time and phase at coalescence, the polarization and
inclination angles, and the distance. A comprehensive list is provided
in Tab. 1.1. As introduced in Sec. 1.2.3, according to standard Bayesian
analysis, properties of astrophysical sources from observed GW sig-
nals [Thrane and Talbot, 2019; Christensen and Meyer, 2022] are in-
ferred starting from the Bayes theorem:

p(6d) o< (6)L(d]), (3.1)

where the posterior distribution p(6|d) of a given set of parameters 6 is
obtained by combining the prior information 7(f) on that parameter
with the likelihood of observing the given data £(d|f). 6 denotes the
parameters entering the modeling of the GW signal. The data d (see
also Eq. (1.45)) is assumed to consist of both noise # and the true signal
h(6p), which depends on the unknown true parameters 6

d=n+h(), (3-2)

where h represents the waveform approximant chosen to model the
data, the noise is assumed to be Gaussian and stationary. The likeli-
hood L(d|6) is the one defined in Eq. (1.60) as the probability that the
observed data are described by the model parameters 6. This is equiv-
alent to the probability of a specific noise realization in the absence of
biases.

The standard Bayesian analysis estimates the signal parameters em-
ploying algorithms like Markov Chain Monte Carlo (MCMC) or Nested
Sampling [Speagle, 2020], to explore the parameter space and effi-
ciently sample the posterior. However, as introduced in the previous
Sec. 3.1 and in Sec. 1.3, its computational cost does not make it a suit-
able tool for XG forecasts.

The Fisher matrix analysis aims to quantify the information in the
data, given a model [Fisher, 1920]. The concept is straightforward: the
more peaked around the true parameter values a likelihood function is,
the better a parameter can be estimated. Mathematically, it is defined

B 021In L(6)
ljj=-E [89189] , (3:3)

as:

where £(6) is the likelihood function of the set § parameters, ... ]
is the expectation value taken over all possible observations, and I';; is
the Fisher matrix representing the information content on parameters
0; and 9]-, or, in other words, how sensitive the likelihood is to changes
in the parameters 6; and 6;. Its inverse provides an approximation to
the covariance matrix of the parameters.
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Applying the definition Eq. (3.3) to the GW likelihood in Eq. (1.60),
the expression simplifies to:

oh  oh
ij = <879i 879]->' (3-4)

The box below provides a step-by-step derivation of Eq. (3.4) from the
mathematical definition in Eq. (3.3). From the general definition in
Eq. (3.3), we expect the Fisher matrix to be a good guide to parameter
measurement precision in the limit of many repeated measurements
of the same parameter (the frequentist approach as explained in [Val-
lisneri, 2008]). We do not have such a luxury with GW observations.
We address this in the next Sec. 3.2.1.

From the mathematical definition to the gravitational Fisher

Starting from the definition in Eq. (3.3) and applying it to Eq. (1.60), we get:
e for the logarithm of the likelihood:

InL = ——=(d—h(6)|d — h()) + cst.

— N =

= [<d|d> n <h(§)|h<§)>] + (d|1(8)) + cst. (3:5)
1

= (d|n(8)) — 5 (h(®)|h(B)) +cst.

where we absorbed the (d|d) term into the additive constant since it is
independent of 6

e for the first partial derivative:

olnL , 9h(6) ~
96 <d|T@> - <h(9)|T91> (3-6)

e for the second partial derivative:

PInL , 9*h(0) on(6)  oh(6) 3%h(6)
36,00, = |aeiaej>_< 90 =56, ) — )|aeiae]-> 37)

When taking the expectation value of Eq. (3.7), we assume that the noise is
Gaussian. Therefore, (d) = h, and the first and last terms in Eq. (3.7) cancel
out, leaving us with:

o
r— E [a lnﬁ((}')} _on oh

a0.00, | ~ a6, a6, G8)

3.2.1  Fisher matrix and the linear signal approximation (LSA)

The Fisher matrix in the GW field corresponds to a linear signal ap-
proximation (LSA) [Vallisneri, 2008]. Even with a single measurement,
we can consider small perturbations of parameters around the true
value, 50, and perform a first-order Taylor expansion of the waveform



approximant:
0 ~ by + Ad
oh (3-9)

oAb
h(E) ~ h(B) + 55 A6,

where a sum is intended over repeated indexes, following the Einstein
summation convention. This is known as LSA. Following [Vallisneri,
2008], the likelihood in Eq. (1.60) can be expanded, and we get:

1 ah l ah 9
- :—1<n|n> —1 ABiF--ABf—Z(n|—>A0i
=exp 3 exp | —5 if 36;

[ 1
—exp |~ ()]

X exp {; (Aei - (r—l)ik<n|§9’1>> Tjj (Aef - (r—l)ﬂ<n|§;>>}

x exp [1< ol ) (T )l §§]>]

(3.10)
There are three terms?:

* Noise term: the first term depends only on the realization of de-
tector noise. It does not affect parameter estimation; it just sets an
overall normalization factor in the likelihood function.

e Gaussian term: the second one is a Gaussian centered? around
A8 = (T 1)j(n]
verse of the Fisher matrix. The Fisher matrix defines the width of

%% with the covariance matrix given by the in-

the likelihood peak. Larger values in the Fisher matrix mean the
likelihood is steeper; the derivatives are better resolved, so param-
eter uncertainties are better constrained. A smaller I'jj means the
likelihood is broader, and parameters have larger uncertainties.

* Noise-shifted term: the last term encodes how noise affects param-
eter estimation. However, this term is O(1) in the signal amplitude,
therefore subdominant with respect to the Gaussian term (see the
discussion on SNR in the following Sec. 3.2.2).

Therefore, we can rewrite the likelihood in the LSA as:

£ocexp |~ (86— (0t 20 ) 1 (06— (T nl g )|
(3.11)
This tells us that the Maximum Likelihood Estimator (MLE), A¢’, has
a mean given by:

E [A6;] = (F_l)ik<”|879]{>f (3.12)
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* After rewriting the likelihood in Eq. (1.60)
using Eq. (3.9), we have a quadratic and a lin-
ear term in Af. Applying the square comple-
tion technique, one can rewrite it as a Gaus-
sian centered in A0' = (T™1)u(n %). The
shift can be found by analogy with an exam-
ple quadratic expression like ax? — 2bx, where

a— Tjand b — (n %). Completing the

square sets x — x — %, which is the new value
around which the Gaussian is centered.

>The parameters’ value is shifted from the
true one because of noise.
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which averages to zero over many noise realizations, <n|%>|n =0,
centering the Gaussian at the true parameters’ value. The inverse of
the Fisher matrix gives the covariance:

cov (AB;, Ab;) = X = l"l.;l (3.13)

Therefore, in the Fisher matrix approximation, we can write the likeli-
hood as a multivariate Gaussian, centered around the true parameters’
value, 503:

L o exp [—; (§—§O)TF (g—é)oﬂ , (3.14)

The square root of the diagonal elements of the Fisher matrix inverse
then gives the parameters’ uncertainties. The off-diagonal terms quan-
tify correlations instead.

3.2.2  Fisher matrix and the high-SNR limit

The Fisher matrix approximation is valid in the high-SNR limit. We
can explain this going back to the likelihood in the LSA as in Eq. (3.10),
and, term by term, discuss their dependence on the SNR. From the
optimal SNR definition in Eq. (1.58), it is straightforward to see that it
scales as the waveform amplitude A (2 < A and therefore SNR « A).
Similarly, the derivatives of the waveform, gT,;i’ scale linearly with A as
well.

Therefore, we have that, for each contribution in Eq. (3.10):

* The noise term has no dependence on the signal strength, and so
no dependence on the SNR; both at high and low SNR, this term
remains unchanged.

e The Gaussian term scales as SNR?, since I';; = <% %> o SNR2.
i ! 99

The likelihood function becomes narrower the higher the SNR. This

means that the covariance matrix scales as ¥;; = 1"1.;1 [ and

that parameters’ uncertainties scale as 0; = /X; « sﬁ When
SNR is high, the likelihood function is sharply peaked, and param-
eters estimation is precise. At low SNR, parameters uncertainties
are large and the Gaussian approximation may break down. More-
over, the higher the SNR, the lower the contribution from the shift
term, (T~1);(n| %’;) x ﬁ, meaning that the Gaussian is centered

at the true parameters’ value.

* The noise-shifted term does not depend on SNR in the LSA, as the
waveform derivatives scaling with amplitude cancels out with the
one coming from the inverse of the Fisher (see Sec. 3.2.1).

In conclusion, at high SNR, the likelihood is peaked and the Gaus-
sian approximation holds; at low SNR, noise effects dominate, and

3In the Fisher matrix context, the true pa-
rameters’ value 6y is referred to as injec-
tions. These are not to be confused with the injec-
tions used to calculate selection effects throughout
Chapter 2.



the Fisher approximation may be problematic. However, correlations
among parameters, rather than low SNR, may limit the accuracy of
parameters’ errors under the Gaussian likelihood approximation (see
the next Sec. 3.2.3 and then Sec. 3.5).

3.2.3 Fisher matrix and priors

In the standard Fisher matrix analysis, we assume the priors on the
parameters to be uniform?. Since, in the high-SNR limit, the likeli-
hood is expected to be a highly-peaked function around the injected
values, no prior information is needed. In practice, correlations among
parameters can broaden the likelihood, and underestimation and over-
estimations of PE errors may happen [Rodriguez et al., 2013], as well as
overflows outside of the physical range of parameters>. Incorporating
prior information within the Fisher matrix formalism might mitigate
the problem. The multivariate Gaussian likelihood can be efficiently
sampled and combined with arbitrary priors in the Fisher approxi-
mation. A detailed study is carried out in [Dupletsa et al., 2025] and
discussed in 3.5.

3.3 The GWFish software

GWFish is a Fisher-matrix code developed to investigate PE capa-
bilities of future GW detectors. It is a robust and flexible detector
simulation software:

* [t combines frequency-domain GW models with time-domain sim-
ulations of GW detector networks®, under the stationary phase ap-
proximation. Taking into account the detector motion is crucial
when it comes to PE, especially for the sky localization [Grimm and
Harms, 2020; Chan et al., 2018; Cutler, 1998; Nitz and Dal Canton,
2021];

e [t can simulate from current ground-based detectors (LVKI) to fu-
ture ones, including terrestrial (ET and CE), space-borne (LISA) and
lunar (LGWA). A pictorial representation of the available detectors’
types is shown in Fig. 3.2.

¢ It can use all LALSimulation approximants supporting precession
as well as tidal deformation;

¢ It can simulate multi-band observations, combining the Fisher ma-
trices of different detectors;

¢ It takes several measures to reduce the impact of numerical errors
coming from the Fisher matrix PE errors.
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4In this case, we see the Fisher analysis from
the Bayesian point of view (see again [Vallis-
neri, 2008]).

5 Sometimes, the Fisher estimates are seen as
the lower limit of the covariance, the so-called
Cramer-Rao bound. However, as [Rodriguez
et al., 2013] and our results in [Dupletsa et al.,
2025] show, Fisher forecasts are not necessar-
ily tighter than full Bayesian PE results. This
might be linked to the unrealistic assump-
tion that the MLE is the true value. Degen-
eracies and multimodalities in the likelihood
cannot be disentangled with a Fisher analy-
sis and this might lead to underestimations
of the true uncertainties, which are better cap-
tured by a more flexible Bayesian approach.

GIWFISH

Figure 3.1: Logo of GWFish.

®GWFish also provides time-domain GW ap-
proximants, even if the frequency-domain
ones are the most used for forecast purposes.
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In what follows, we first provide in Sec. 3.3.1 a brief description
of how detectors and networks are implemented in GWFish, focusing
on the ground-based ones. Then we look into the numerical imple-
mentation of the Fisher formalism in 3.3.2. Application of GWFish are
examined in Sec. 3.4.

3.3.1  Simulating (a network of) detectors in GWFish

The simulation of a detector network must consider several aspects,
which are sorted into different categories within GWFish.

* Component: single components of a detector, as laser interferometer
for ground-based detectors, Time Delay Interferometry (TDI) chan-
nels for space LISA-like observatories, or accelerometers for lunar
detectors as LGWA. At this level, one has to take into account the
time-varying detector response to the GW signal, the noise model-
ing (the Power Spectral Density (PSD)), and the duty cycle?

e Detector: one or multiple components observing the same frequency
band and added as a group to a detector network

® Network: one or multiple detectors observing together; which at the
Fisher matrix level means a sum over the single detectors’ Fisher
matrices

The primary focus of detector simulation is the calculation of the
detector’s response. In this discussion, we will concentrate on ground-
based detectors. A broader discussion, including space and lunar de-
tectors, can be found in [Dupletsa et al., 2023] and references therein.
By default, GWFish applies the long-wavelength approximation to all
terrestrial GW observatories. This approximation assumes that the
arm-length of a GW detector is much smaller than the wavelength of
the GW signal. However, this assumption is not fully accurate above
one kilohertz for a 40 km detector, such as CE [Schilling, 1997; Abbott
et al.,, 2017b; Essick et al., 2017]. This feature is a detector property
and can be disabled when needed. When this setting is disabled, the
antenna pattern will vary at high frequency as well (the variation at
low frequency is, in any case, given by the Earth’s rotation).

The response of a detector also has to take into account the fact
that the detector’s orientation and position can change over time. The
change in orientation is particularly important to simulate. Since sig-
nals are represented in the frequency domain in GWFish, we need to
determine how to convolve the detector response with the signal. In
GWFish, we assume that there is a function t(f) that maps signal fre-
quencies to times. To derive this function, we assume the stationary
phase approximation, which is fundamental to most analytical mod-
els of compact binary signals and is known to provide very accurate

" Space
\\Detectors

Terrestrial
Detectors |

Moon
Detectors

Figure 3.2: Detectors available in
GWFish: terrestrial, lunar and space-
borne. The arrows indicate the motion
of the detectors, which is a fundamen-
tal feature simulated in GWFish. Figure
adapted from [Dupletsa et al., 2023] (Fig-

ure 1) ©

7 For a more realistic observing scenario, each
component of a detector can be assigned a
duty cycle. This is done by randomly sam-
pling in [0,1] and checking whether the out-
come is below (the component is on) or above
(the component is off) the duty cycle thresh-
old. The default one for most detectors is 0.85,
meaning that each component is active 85% of
the times.


https://github.com/u-dupletsa/PhDThesisPlots/tree/main/tikz_pictures/detectors

approximations of the Fourier spectrum of these signals [Droz et al.,
1999]. The time until merger as a function of frequency can be calcu-
lated from the lowest-order term of the phase ¢(f) evolution [Marsat
and Baker, 2018; Harms et al., 2013], and takes the following form (see
an example in Fig. 3.3):

1 dg(f) 5 (GM\ T
D="2"d5 = et <C3) /

Wi

= (3-15)

This approximation is acceptable since only the early phase of the
inspiral needs to be modeled accurately to account for the effects of
detector motion on PE. Once t(f) is calculated for a signal, it can be
used as a time vector for the simulation of the motion of the detec-
tors. The GW signal of a detector can then be written in terms of a
response tensor D;;(t(f)) contracted with the GW strain tensor Wi (f)
[Sathyaprakash and Schutz, 2009]:

h(f) = Dij(t(f))h (f), (3.16)

which is the equivalent in the frequency domain of Eq. (1.44). In the
case of terrestrial detectors, the actual frequency-dependent response
of a GW detector, e.g., any aspect going into detector calibration, is
included in the instrument-noise spectrum referred to as GW strain.

3.3.2  Numerical implementation

GWFish simulates PE through the Fisher-matrix formalism, which
is based on a Gaussian approximation of the likelihood function (see
Sec. 3.2 for the theoretical framework about the Fisher analysis). The
Fisher method is computationally efficient but numerically less sta-
ble than posterior sampling (see, for example, software like Bilby, to
which we will compare GWFish in Sec. 3.4). The numerical challenges
are related in the first place to the modeling of the waveform approx-
iamants, which we need to describe the signal analytically. The major
issues are posed by derivative computation (see Fisher matrix defini-
tion in Eq. (3.4)) and Fisher matrix inversion (see the relation between
covariance matrix, which gives us the PE errors and the Fisher matrix
in Eq. (3.13)). We separately discuss each of these points below.

Waveform modeling GWFish is integrated with LALSimulation [LIGO
Scientific Collaboration, 2020], and it can use all the waveform mod-
els available there. It also provides independent implementations of
the TaylorF2 [Isoyama et al., 2020] (until the 3.5 Post-Newtonian (PN)
order) and IMRPhenomD [Husa et al., 2016; Khan et al., 2016] approxi-
mants. We will not get into much detail about the approximant usage
with GWFish.
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Figure 3.3: Example of the t(f) func-
tion for GW150914-like signal, if observed
with ET ©
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Generally, it is important to understand the physics that the wave-
form approximants incorporate and the enormous impact that they
can have on PE. Current waveform models belong to either the Effective-
One-Body (EOB) or the Phenomenological families. EOB models rely
on semi-analytical resummations tuned to Numerical Relativity (NR)
simulations, whereas phenomenological waveforms are much faster
analytic fits to NR and Post-Newtonian (PN) data. In both cases, there
might be biases induced either because in some parameter regions NR
calibration points are sparse or because some physical effects are not
modeled, such as precession effects, higher-order multiples, or tidal
interactions. For example, a mismodeling of tidal effects can lead to a
biased estimate of the NS Equation of State (EoS) [Gamba et al., 2021].
At the sensitivity level of current detectors, statistical errors are domi-
nant. However, for XG interferometers systematic biases due to wave-
form modeling will become more and more relevant and need careful
consideration [Piirrer and Haster, 2020; Owen et al., 2023; Read, 2023;
Kapil et al., 2024].

Derivatives Waveform derivatives are carried out in a hybrid analytical-
numerical scheme. In GWFish, derivatives with respect to waveform
phase at merger ¢, merger time f., and source luminosity distance dy,
are calculated analytically. For all the other model parameters (masses,
spins, tidal deformation, sky location, inclination angle, polarization
angle), the derivatives need to be calculated numerically. This allows
the code to be computationally efficient and compatible with arbitrary
waveform models. Numerical derivatives are carried out at second-

8

order precision®, as shown in the following code snippet:

# shift target_parameter by a dp amount

# (of the order of le-5xtarget_parameter)

# roughly the cube root of numerical precision
self.pv_setl[target_parameter] = pv - dp / 2.
self.pv_set2[target_parameter] = pv + dp / 2

# Calculate signals at slightly shited target_parameter value
signall = det.projection(self.pv_setl, ...)

signal2 = det.projection(self.pv_set2, ...)

# output derivative

derivative = (signal2 - signall) / dp

Numerical differentiation, however, suffers from limitations of nu-
merical precision, e.g., some derivatives might be calculated from tiny
variations of potentially very large numbers, which is the case for the
waveform phase. Especially the component 277 ft. can take very large
numerical values. GWFish mitigates the impact of the large value of
27 ft. by eliminating this term in calculations of numerical derivatives
involving the phase of the waveform (all the parameters, except for RA,

8 GWFish uses the central-difference numerical
scheme for the derivative (see also the rela-
tive code snippet), which can be schematized
as:
x+h/2)—f(x —h/2
i = Ft /A= fx=h/2)

If we Taylor expand the two term at the nu-
merator and subtract them, we get:

3 /"
flx+h/2)— f(x—h/2) = hf'(x)+ %f (x),

which shows us that the derivative is second-
order accurate.



DEC, ¥, which just influence the projection of the waveform onto the
detector, and the ones for which analytical derivatives are straightfor-
ward). In other words, removing the global phase factor 271 ft. ensures
that the derivative reflects only the intrinsic shape change of the wave-
form. The t; term, in fact, is numerically large, and even though it
is the same for both the perturbed waveforms (see sidenote above), it
can distort the finite difference due to numerical errors in subtracting
nearly identical waveforms.

Fisher matrix inversion Another numerical challenge lies in the in-
version of the Fisher matrix, necessary to obtain the PE errors as in
Eq. (3.13). The main issue is that Fisher matrix might be close to sin-
gular. This happens when matrix eigenvalues vary over a huge range
(even over 20 orders of magnitude). This is linked both to the fact that
some model parameters can have a large range of numerical values,
e.g., 10% for masses in kg and values of order 1 for all angular vari-
ables. The situation can be mitigated by normalizing the Fisher matrix
[Parida et al., 2016], before inverting it:

1. Collect the diagonal elements d; = F;; of the Fisher matrix.

2. Divide row k of the Fisher matrix by /d;. Divide column k of
the Fisher matrix by /di. This leaves a matrix with diagonal com-

ponents around unity and all off-diagonal elements in the range
[—1,1].

3. Invert the matrix, then undo the normalization by applying the sec-
ond step to the inverted matrix using the same values for dj.

The code-equivalent of this procedure is shown below:

invertSVD(fisher_matrix):

thresh = 1le-10 # to discard very small eigenvalues
dm = np.sqrt(np.diag(matrix))

normalizer = np.outer(dm, dm)

matrix_norm = matrix / normalizer

# SVD decomposition

[U, S, Vh] = np.linalg.svd(matrix_norm)

kval = (S > thresh) # discard small eigenvalues

inv_norm = U[:, 0:kVal] @ np.diag(l./S[0:kVal]) @ Vh[0:kVal, :]

# undo the normalization
inverse_fisher_matrix = inv_norm / normalizer

inverse_fisher_matrix
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There is a remaining issue linked to signal-model degeneracies. To
address this issue, GWFish excludes all singular values lying below a
certain numeric precision threshold from the matrix before inverting
it [Press et al., 2007]. The main outcome of this step is to make the
matrix inversion robust with respect to all significant singular values
containing physical information. In cases where components of small
singular values need to be discarded, the waveform model is close to
degenerate with respect to at least one parameter pair, e.g., distance
and inclination angle can show strong correlations. The PE errors es-
timated for such strongly correlated parameters are typically substan-
tially different from PE errors coming out of a full Bayesian analysis.
For example, taking into account prior distributions in Bayesian anal-
yses can substantially improve PE in these cases. We will specifically
address the problem in Sec. 3.5, where we are discussing an enhance-
ment of the Fisher analysis by including priors.

In Fig. 3.4 below, we provide a schematic representation of the ra-
tionale behind how GWFish operates. First, we need to create an input
population file containing the GW injections. This involves generating
mock GW events and supplying their parameter values as specified in
Table 1.1.

Next, we must define the characteristics of the detector, including its
position, arm length, PSD, and other relevant details. In the main.py
file, these inputs are processed by relying on various modules within
the code. For reference, the schematic indicates detection.py, which
constructs the detector; waveform.py, which calculates the waveform
approximant; and fishermatrix.py, which manages the calculation
and inversion of the Fisher matrix.

The output consists of an Errors.txt file that provides the 1o un-
certainties for the parameters included in the Fisher matrix evaluation.
Additionally, the Fisher matrices and their inverses can also be out-
putted.

3.4 Comparison with Bilby and reference studies

We put to test the GWFish code by comparing the Fisher matrix out-
put to a Bayesian PE done with Bilby [Ashton et al., 2019]. This is
done in Sec. 3.4.1. We also showcase a low-SNR example event com-
paring the performance of Bilby and the limitations of a Fisher ap-
proach. Then we present some reference studies using the ET detector
to show the capabilities of GWFish. We compare PE outcomes using
different waveform models with both BBH and BNS mock popula-
tions in Sec. 3.4.2. We then focus on sky-localization estimates for ET



PSDs
detectors.yaml Main modules:
| detection.py
+ waveform.py
| fishermatrix.py
Injections
population_file.hdf5
Output:
Errors.txt
Fishers.npy
Inv_Fishers.npy

using both the events observed in GWTC-3 and mock BNS events put
at different distances, including a network with one or two CEs, in
Sec. 3.4.3. Last, we present a potential multi-banding analysis with ET
and LISA and the improvement in PE, especially for the sky localiza-
tion, in Sec. 3.4.4. All these results have been published in [Dupletsa
et al., 2023].

3.4.1 Bilby vs GWFish

We compare SNR and PE between Bilby and GWFish for four signals
observed with ET (see Table 3.1). Due to current constraints imposed
by Bilby, and by other state-of-the-art PE softwares, it is not possible
to carry out accurate Bayesian analysis of BNS signals for ET. This
is due to computational limitations. Standard representations of BNS
waveforms for ET would require about 10% samples due to the day-
long observation time of these signals with ET, and Bilby also does
not consider Earth’s rotation during the observation of GW signals for
waveform modeling (an effect that does not play a role for analyses
of compact binaries with current GW detectors). As a consequence,
we carry out our comparison for BBHs, which, in some sense, is also
more interesting since model degeneracies play a more important role.
We do the comparison for each signal with a random realization of the
detector noise in Bilby in order to compare the GWFish results with
a more realistic simulation of the Bayesian analysis. However, while
noise realizations can generally influence PE errors [Vallisneri, 2011], it
turns out that it has a negligible effect here since the SNR of all signals
is very high.

We compare four randomly sampled signals reported in Tab. 3.1.
Signals 1 — 3 have randomly sampled angular parameters, while the
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Figure 3.4: Basic structure of the GWFish
code ©
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‘ Signal 1 Signal 2 Signal 3, 3%
RA [rad] 0.375 3.026 4.154
DEC [rad] —0.363 —0.282 —-0.972
¥ [rad] 1.738 4.552 2.071
¢ [rad] 1.645 1.143 1.261
dr, [Mpc] 453 453 453
z 0.098 0.098 0.098
M1 src[Mo)] 10.0 30.0 60.0,10.0%
My sre[Me] 5.0 15.0 30.0, 5.0
t. [GPS] 1120381489.604 1124867056.193 1122192865.797
¢ 3.472 1.098 3.441
ap 0.729 0.729 0.729
a 0.620 0.620 0.620

fourth signal (Signal 3*) has the same parameters as Signal 3 except
for the two masses, which are the same as for Signal 1. The signals
are at relatively low redshift to make sure that the SNR is high. In
this case, the Gaussian approximation of the likelihood function is
expected to hold, but we will see, not entirely surprisingly, that PE
errors produced by GWFish and Bilby are still not identical. As for
the detector, we employ ET alone with its three components. For both
Bilby and GWFish, we are using the inspiral-merger-ringdown wave-
form IMRPhenomD from LALSimulation, setting the minimum frequency
to 10Hz and the maximum frequency to 1024 Hz. For GWFish, we in-
clude results with 2 Hz lower bound to show the impact of ET’s low-
frequency sensitivity on PE. The reason not to use a 2 Hz lower bound
for waveforms in Bilby is that Bilby enforces a frequency resolution
of about 1/(duration of signal), which means that the number of sam-
ples used for each waveform becomes very large even for BBHs with
a 2Hz lower bound compared to 10 Hz. Consequently, it would take
a prohibitive amount of time to complete the posterior sampling. Our
analysis uses a frequency resolution of 1/153 Hz for Signal 1, 2 and
3, and 1/108 Hz for Signal 3*. A simpler waveform model such as
TaylorF2 would have been inappropriate here since model degenera-
cies would be higher, especially when simulating BBH observations
involving only ET.

SNR results for these signals are summarized in Tab. 3.2. The SNR
values match between GWFish and Bilby with expected minor devia-
tions, for example, because GWFish simulates the effects of the rotation
of Earth on the waveform while Bilby does not.

For the PE comparison between Bilby and GWFish, we use the same
signals of Tab. 3.1. Posterior sampling requires to specify a prior on
the parameters (at the very least a uniform prior to constrain the rea-
sonable/physical range of parameter values). We used:

Table 3.1: Parameters of the signals
used for SNR and PE comparisons be-
tween Bilby and GWFish. The spin com-
ponents, a1 and ap, are assumed to be
aligned with the orbital angular momen-
tum. The third column refers to two dif-
ferent signals, where only the mass pa-
rameters change, leaving all the others
unchanged. Table from [Dupletsa et al.,
2023] (Table 1, authored by UD)

Table 3.2: The comparison between
SNR for the four different signals (see
Table 3.1) between Bilby and GWFish.
The IMRPhenomD waveform model is used
with frin = 10Hz and frmax = 1024 Hz.
The SNR reported here is the sum (in
quadrature) over ET’s three components.
Note that the SNR calculation with
Bilby is done using the same waveform
and the same instrument-noise spectrum
as for GWFish. The main objective of the
SNR comparison is to assess how well
the two simulations match in terms of
coordinate systems and detector models.
Table from [Dupletsa et al., 2023] (Table
2, authored by UD)

SNR
Signal Bilby GWFish
Signal 1 72.1 72.1
Signal 2 219 219
Signal 3 1038 1038
Signal 3* 236 236




¢ uniform in component masses priors for mass ratio and chirp mass
¢ uniform prior for the polarization angle ¥

* uniform prior on the merger rate in comoving volume (fixing the
prior on the luminosity distance dy )

¢ isotropic distribution in the sky (fixing the priors on RA and DEC)

¢ uniform prior for the cosine of the inclination angle

The other 8 parameters (6 spin components, phase and time) are given
a delta prior and therefore are not taken into consideration for poste-
rior sampling and are excluded also from the Fisher matrices. Bilby
results are obtained using the PEsummary package [Hoy and Raymond,
2021]. In Tab. 3.3, we report the recovered median values for the pa-
rameters and the relative errors at the 90% C.L. for Bilby. The pa-
rameter values reported for GWFish are the true waveform parameters.
GWFish outputs 1o PE errors, which are converted to the 90% C.L. in
Tab. 3.3, which can be done in Gaussian approximation by multiply-
ing the errors by 1.645. Moreover, under the GWFish results column,
for each signal, we have two results per parameter: the upper one is
obtained using fmin = 10 Hz, the lower one with fii, = 2 Hz. Starting
from 2Hz yields smaller uncertainties on the parameters by about a
factor 2.

Generally, there is good agreement between GWFish and Bilby PE
errors when taking GWFish results with 10 Hz low-frequency cut-off.
For example, mass errors match especially well. There are exceptions,
which are all connected to multi-modal posterior distributions, e.g.,
several errors estimated with Bilby are significantly larger since they
include the contribution of a second mode, which the Gaussian likeli-
hood approximation cannot reproduce. Interesting to point out is that
at least for these 4 signals, which all have very high SNR, i, d} are
both well estimated. This tells us that ET, as suspected in the past due
to its triangular configuration, is able to break the inclination-distance
degeneracy. It needs to be noted, though, that our small and high-SNR
sample of signals is not sufficient to draw general conclusions about
ET PE capabilities, and errors might also increase when spins, merger
phase, and time are included in the analysis. What we can conclude
from this table is that correlations between model parameters do not
necessarily invalidate the GWFish PE errors, which means that Fisher-
matrix-based analyses can produce useful estimates of PE errors.

Corner plots of the posterior samples with Bilby are shown in the
appendix in Figs. B.1 to B.4. These also report the contours from
GWFish estimates. We would like to highlight problems with the Bilby
PE for the low-mass system of Signal 1. This choice of parameters

FISHER MATRIX ANALYSIS

79



80 COSMIC CHIRPS

Signal 1 Signal 2 Signal 3 Signal 3*
Parameter| GWFish Bilby GWFish Bilby GWFish Bilby GWFish Bilby
+0.3 0.004 +0.69 +17
RA [rad] 03773 +3.5 3.0%0.004 +1.9 417069 2+0.28 4177 4.61045
0.37+0.18 C-18 3.0+0.0031 “<-0.009 411062 “C-0.11 411075 047
97018 -Y-0.0031 10,62 1075
+0.19 +0.0037 +0.64 +1.6
=0.367019 1 at11 | 028700037 g enr05a | 09706 1 qr032 | —097T06 [ ctosy
DEC [rad] 0361012 037015 0.28+0-0031 0827004 0.97+0:58 1.0%00s7 0.97107 087029
Y9012 —Y40-0.0031 Y7058 Y07
+0.3 +0.015 +0.45 +1
¥ [rad] 17703 90431 4570015 1.4+27 21543 2.0+0.064 2175 4.81046
g U asggr T | aagy PR | aggy PO
+0.12 +0.039 +0.005 +0.013
 [rad] 167012 1.9+0.044 1170039 1.1+0.048 13701005 3+0.001 137503 1.3+0.006
1~6+8'8;i 7 —0.045 l~l+8Agg} *=—-0.06 1»3+8'88§ *~—0.002 ]~3+8'88;1 *~—0.007
+390 +37 +6 +14
4537399 +70 45373 +53 4537¢ +1.1 453744 +4.7
dlMpel | N ST | w7 | s | 480
—241 ~29 -5 -6
+0.35 +0.46 +0.13 +0.11
my g [Mo] 107533 9.8+033 307046 301062 607013 6070095 10751 101011
LerelON - g+0.19 ©-038 30+026 —0.63 60012 ~0.092 107+0.061 -01
—0.19 —0.26 —0.12 ~0.061
+0.15 +0.2 +0.06 +0.046
My gre[Mo] 507015 491019 15703 15+017 307006 3010.04 5070046 5.0+0.046
2ere V0N 5 5+0.083 7016 15+0.11 -017 30+0.05 —0.04 5.0710026 -0.045
-U_0.083 —0.11 —0.05 V-0.026

led to a multi-modal posterior distribution for the two masses. This
happened with a rather broad prior on the mass values. We did not
manage to tune the settings of the posterior sampling algorithm to cor-
rectly sample the posterior, e.g., by changing the number of sampling
points or the correlation length. We then decided to reduce the width
of the mass priors to a value just small enough to avoid a multi-modal
distribution.

A Fisher matrix analysis is expected to break down when the signal
SNR is low. Therefore, we show here a case for SNR = 8, where once
again we compare Bilby to GWFish PE errors. We used the parameters
from Signal 3 for this analysis, but we increased its distance to obtain
SNR = 8. Since the observed masses now differ significantly from the
intrinsic masses, we report the analysis for the two masses in the de-
tector frame, instead of the source frame used in the previous analysis.
We used a frequency range from 10 Hz to 1024 Hz, with a frequency
resolution of 1/153.

Tab. 3.4 reports the results at 90% C.L. from both Bilby and GWFish.
In contrast to the high-SNR signals, GWFish does not accurately esti-
mate the errors for sky localization and polarization angles. The priors
of the model parameters play a more important role in low-SNR ob-
servations. A comparison with the full posterior obtained from Bilby
is shown in the corner plot of Figure B.s5.

3.4.2 TaylorF2 vs IMRPhenomD vs IMRPhenomXPHM

Next, we compare Fisher matrix results obtained with three dif-
ferent approximants: TaylorF2 [Buonanno et al., 2009; Isoyama et al.,

Table 3.3: Comparing measurement
uncertainties obtained with Bilby and
GWFish. We use the signals outlined
in Table 3.1 and IMRPhenomD as wave-
form model (fmin = 10Hz and frmax =
1024 Hz). The errors are at 90% C.L.. The
GWFish column presents two results for
each parameter: the upper one is ob-
tained starting from fuyi, = 10Hz, the
one below is obtained starting from a
The pa-
rameter values reported for GWFish are

minimum frequency of 2Hz.

the true waveform parameters, while the
values reported for Bilby are the median
values of the posterior distribution. Ta-
ble from [Dupletsa et al., 2023] (Table 3,
authored by UD)

Table 3.4: Comparison between Bilby
and GWFish for Signal 3 put at a distance
such that SNR = 8. The reported er-
rors are at 90% C.L. Table from [Dupletsa
et al., 2023] (Table 4, authored by UD)

| Bilby GWFish
RA [rad] 45702 41483
0.32
DEC [rad] | —0.66703% —0.97 +81
¥ [rad] 1.870% 2.1+54
1 [rad] 12701 1.3+0.6
dr [Mpc] | 68508726178 58115 64040
my [Mo] 61.3775 65.9 + 18
my [Me] | 352753 329+8




2020], and two phenomenological waveforms, IMRPhenomD [Husa et al.,
2016; Khan et al., 2016], and the IMRPhenomXPHM [Pratten et al., 2021]
one. The TaylorF2 model is the simplest frequency-domain approxi-
mant, which describes the inspiral phase and accurately only the early
inspiral, which is sufficient for estimates, e.g., of the chirp mass and
BINS localization through Earth’s rotation. We apply a high-frequency
cut-off at 4 times the frequency of the innermost stable circular orbit
fisco = 61971713 /(GM)? to approximately match the SNR obtained
with other waveform models. The IMRPhenomD model extends over the
full inspiral-merger-ringdown of a compact-binary signal, but there
are still constraints on the physics described by this model. For ex-
ample, it only models the fundamental mode of the GW signal and
systems with aligned spins. The purpose of this comparison is to
show how a waveform model affects PE, even at the simple level of
Fisher-matrix-based error estimates.

To highlight the model differences we display in Figure 3.5 the char-
acteristic strain (see explanatory box below) for the three waveforms
for Signal 2 (see Table 3.1) in comparison also with the ET sensitivity
curve. It can be observed that the IMRPhenomD model shows the char-
acteristic bump towards the merger frequency and provides a more
natural cut-off at high frequency. The IMRPehomXPHM clearly shows the
effects of including both precession and higher-order modes.

Characteristic strain

The characteristic strain, h.(f), is a key quantity in GW physics. Its ad-
vantage lies in being a dimensionless quantity that represents the effective
amplitude of a GW signal at a given frequency f [Moore et al., 2015]. It
incorporates both the strain amplitude and the frequency content. For the
gravitational wave strain /1, it means that:

he(f) = 2f1h|, (3.17)

whereas for the detector’s sensitivity curve we plot the quantity /f+/PSD.
It is then easy to interpret whether a signal is detectable or not: if the
following condition is met:

he(f) > \/fVPSD (3.18)

for some frequency range, then the signal is detectable in that range.
Additionally, the advantage is that the SNR is given by the area between
the signal spectrum and the noise.

L

To compare the two approximants, we start with 1000 BBH sig-
nals and 1000 BNS signals. We constrain the BNS redshifts to a max-
imum of 0.4 so that the SNR distributions for BBHs and BNSs are
similar. From these, 927 BBH and 966 BNS signals are seen with a
minimum of SNR = 8 using TaylorF2, IMRPhenomD, or IMRPhenomXPHM
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Figure 3.5: Example of the three differ-
ent waveform models in frequency do-
main compared in the analysis, using the
injection parameters of Signal 2 ©)
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LALSimulation approximants. The distribution of SNR values of de-
tected signals goes up to 200, peaking at 20. The signals are analyzed
with a frequency resolution of 1/32Hz. The analysis is carried out
with ET alone over a frequency range from 2Hz to 1024 Hz. The re-
sults are shown in Figure 3.6. We plot the ratios of the PE errors re-
covered for each of the parameters with TaylorF2 and IMRPhenomD as
histograms over the detected signals, in the left panel. We show a simi-
lar analysis for the IMRPhenomXPHM and IMRPhenomD approximants, and
show it in the right panel. The BBH results are in dark green, while the
BNS ones are plotted in orange. The upper plot in both panels shows
the ratio of SNR values, while the other histograms show the ratio of
the uncertainties on the other parameters.

TaylorF2 vs IMRPhenomD For BBH systems, the PE errors of the in-
dividual masses are underestimated with TaylorF2 (assuming that
IMRPhenomD generally yields more accurate results), while all other
parameters considered here are weakly biased towards larger errors

Figure 3.6: In the left panel, compari-
son between TaylorF2 and IMRPhenomD
approximants for BBH signals (in dark
green) and for BNS signals (in orange).
In the right panel, comparison between
IMRPhenomXPHM and IMRPhenomD wave-
forms. We analyze 927 BBH signals and
966 BNS systems observed by ET with
SNR > 8. The frequency range is from
2Hz to 1024Hz. The frequency reso-
lution used is 1/32Hz. We applied a
cut at 4fjs, for the TaylorF2 waveform.
The upper histogram shows the ratio be-
tween the SNR values. The histograms
below show the ratio of the PE errors.
The vertical dashed black line marks
the equal ratio case. Figure adapted
from [Dupletsa et al., 2023] (Figures 3
and 4, authored by UD) ©


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter3/waveform_cfr.ipynb

compared to IMRPhenomD. For BNS signals, there is no significant dif-
ference between the two considered approximants: the SNR values
are consistent between the two analyses, and only the sky-localization
errors are slightly underestimated with TaylorF2.

IMRPhenomXPHM vs IMRPhenomD The IMRPhenomXPHM approximant can
describe precession (not considered in this study) and higher-order
modes. The latter is well-known to have important consequences for
BBH analyses [Van Den Broeck and Sengupta, 2007; Khan et al., 2020],
and break the distance-inclination angle degeneracy [Usman et al.,
2019; Chen et al.,, 2019]. Here, a significant improvement of PE can
also be seen for a significant fraction of BNS signals. For about 5%
of BNSs, the sky-localization error is significantly reduced by up to a
factor 5 using IMRPhenomXPHM. For about 10% of BNSs, the distance er-
ror is significantly reduced by up to a few orders of magnitude. What
this means is that some BNS signals show strong correlations in the
likelihood between distance and inclination angle using IMRPhenomD,
and the higher-order modes described with IMRPhenomXPHM lead to a
suppression of these correlations.

All three approximants produce significantly different results for
the BBH signals. For the BNS, considering SNR and sky localization,
TaylorF2 vs IMRPhenomD produce almost identical results. However,
for a significant fraction of BNS signals, PE errors with IMRPhenomXPHM
are reduced compared to IMRPhenomD. The reduction is most substan-
tial for distance errors (10% of signals significantly affected) because
distance errors can be strongly correlated with errors of the inclination
angle. The IMRPhenomXPHM approximant takes considerably longer to
evaluate than TaylorF2 and IMRPhenomD (the latter two with similar
evaluation times) when using the LALSimulation package. We con-
clude that the choice of approximant is generally more important for
BBH analyses. For BNS signals, broad population studies can still be
carried out with IMRPhenomD or TaylorF2, but results especially for dis-
tance and inclination errors are more reliable for a significant fraction
of signals when using IMRPhenomXPHM.

3.4.3 Sky localization studies with ET

In the following, we present PE results obtained from GWFish focus-
ing on sky localization with ET.

A single detector can accurately localize a GW source if the obser-
vation is long enough so that the motion of the detector leads to am-
plitude and phase modulations of GW signals, which depend on the
direction of the source. This is the case for BNSs, which are observed
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for several hours with ET. Even lighter NSBHs and BBHs can be lo-
calized this way by ET. For specific signals as well as for the average
localization by Earth rotation, the localization errors depend on the
latitude of the GW detector. Sky localization is greatly improved if ad-
ditional detectors are present to form a network. In the latter case, the
information comes from measurements of phase differences between
signals observed in different detectors using the standard triangulation
technique [Wen and Chen, 2010].

Sky Localization in Fisher Matrix analysis

In Fisher matrix analysis, the sky localization is computed from the RA-DEC
covariance submatrix, which quantifies the uncertainty in the sky position.
Taking into account that the position is on a sphere, the uncertainty area at
1o is:

AQ = 7tcos(DEC)\/<7,%Acr,§Ec — (T, g (3.19)
To obtain the X% level of sky localization, one should multiply the value
obtained by GWFish by 2In (1 — X/100). This results in a multiplicative
factor of ~ 4.6 when considering 90% confidence level.

‘GW170817 GW190425 GW190707

Median SNR 710 190 230
Median sky-location error [deg?] (90% C.L.) 4.0 67 34
Masses [Mo] 1.46,1.27 2,14 12,84
Luminosity distance [Mpc] 40 160 800
Time until merger from 3 Hz [s] 26-10*  1.8-10* 930

In Tab. 3.5, we present an analysis of 85 signals from GWTC-3 [Ab-
bott et al., 2019b, 2021a, 2024, 2023b]. Only the merger time, masses
and distance are taken from the catalogue. Angular parameters are
drawn randomly, spins are set to zero. We simulate the observation of
these signals with ET. The simulation is done for 10 realizations of the
angular waveform parameters for each signal. Tab.3.5 summarizes the
median of the SNR values and sky localization that would have been
achieved with ET. The table only contains the signals whose sky local-
ization is within 1000 deg? for all random realizations of the angular
variables of the waveform. As expected, these signals are among the
lowest-mass systems in GWTC-3, which means that ET would have
observed them for a long time. Also, a low-mass BBH system like
GW190707 could potentially be detected before the merger occurs. We
used the IMRPhenomXPHM approximant to include the potentially impor-
tant higher-order modes, but for the signals reported in the table, the
sky-localization results would have been the same using TaylorF2 or
IMRPhenomD. The localization even of larger BBHs can be < 100 deg?,

Table 3.5: Median of the SNR values
and sky localization errors for simulated
observations of GWTC-3 signals with
ET. Only masses, merger times, and dis-
tances are taken from GWTC-3. The sky-
localization errors are evaluated for sev-
eral random realizations, and only the
signals with error < 1000 deg2 for all re-
alizations are shown in the table. Table
from [Dupletsa et al., 2023] (Table 5)



but it depends strongly on the values of angular parameters.

Next, we show in Fig. 3.7 the sky-localization results for BNSs at
90% C.L.. The results are presented as a fraction of signals localized
within a specific area in the sky. Each curve corresponds to 1000
BNS signals located at fixed luminosity distances. The BNS masses
are set to 1.4 + 1.4Mg, in the source frame. The plots confirm that
ET has unique sky-localization capabilities for BNSs, enabling multi-
messenger studies without other detectors. Still, it is also clear that the
localization capabilities of a network are far superior even if only one
other detector like CE is added. Nearer systems are better localized
and the network of ET 4 2CE manages to localize almost all of the in-
jected signals within 10 deg?. We find our results to be consistent with
previously published results, e.g., [Chan et al., 2018; Li et al., 2022].

3.4.4 Multi-band study: ET and LISA

In this section, we present a multi-band study of ET together with
LISA, whose observation band extends from about 0.1 mHz to 0.1 Hz.
We study an IMBH system of 4000Ms and 2000M in the source
frame at a distance of 1.2 Gpc, which both detectors can observe. The
masses are chosen large enough to move the signal across the full LISA
band within a few years. The other parameter values are the same as
for Signal 1. However, we add the remaining four spin parameters
(tilty = 091, tilt = 1.8, phi;; = 6.1 and phi; = 4.6) and use
the IMRPhenomXPHM waveform approximant, since higher-order modes
and precession might play a role. All the 15 parameters are analyzed.
Tab. 3.6 reports the results of the analysis with GWFish. We can see
that LISA provides better information about the component masses,
the source distance, and the sky localization, while the errors on the
angular parameters are similar. Interestingly, when the two detectors
are combined in a multi-band observation, then the sky-localization er-
ror and the errors on masses and luminosity distance are significantly
reduced compared to the individual errors thanks to the dominating
role of LISA. The opposite happens to the time parameter, which is
much better estimated with ET alone. Most other errors are reduced
more strongly (almost one order of magnitude) than expected from
averaging independent errors.

Certain analyses are currently not possible with state-of-the-art de-
tector simulation and Bayesian analysis software like Bilby due to the
prohibitive computational resources that this would require. For ex-
ample, if hundreds of thousands of GW signals need to be analyzed,
sometimes repeatedly, to study the effect of changes in population or
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Figure 3.7: Sky-localization capabilities
(90%C.L.) of future detector networks
including ET and CE. We used the LIGO
sites as locations for the two CE detec-
tors. Top: ET alone, middle: ET and one
CE detector at the LIGO Hanford site,
bottom: ET with two CE detectors at the
two LIGO sites. The sensitivity models
used here is the ET sensitivity formerly
known as ET-D [Hild et al., 2011], and
the 40km CE sensitivity [Evans et al.,
2021]. Figure adapted from [Dupletsa
et al., 2023] (Figure 5, authored by UD)
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‘ Injected Value OLISA OET OET+LISA

My sre [Mo] 4000 0.036 19 0.032

My sre [Mo] 2000 0.016 21 0.015
di, [Mpc] 1200 21 218 19

RA [rad] 0.37 0.022 0.029 0.0072

DEC [rad] -0.36 0.0082 0.046 0.0054

1 [rad] 1.6 0.010 0.040 0.0081

Y [rad] 1.7 0.015 0.040 0.0054

¢ [rad] 3.5 0.72 0.11 0.028

te [s] 1120381489.6 0.59 0.0050 0.0020
AQgqo, [deg?] 7.2 56 1.1
SNR 70.5 250 260

waveform models, then Fisher-matrix codes are the best option.

GWFish has indeed been used for several detailed studies. These
include the evaluation of the perspectives of multi-messenger (MM)
observations for ET, both as a single observatory and in a network of
other GW detectors, operating in synergy with o and X-ray satellites
using astrophysically-motivated populations of BNSs [Ronchini et al.,
2022]. Among others, GWfish has been used to study the possibility
of having a pre-merger alert and being able to detect the very high
energy prompt emission from BNS mergers using a combination of ET
and the Cherenkov Telescope Array (CTA) [Acharya et al., 2013].

GWFish is one of two codes, together with gwfast, that has been used
for an extended and comprehensive study of the ET design [Branchesi
et al,, 2023]. Moreover, a detailed study of BNS populations, with
different mass models and EoS, is performed with GWFish to assess the
prospects of optical detections from BNS merger with ET in synergy
with the Vera Rubin Observatory [Ivezi¢ et al., 2019] in [Loffredo et al.,
2025]. The results from these two works are extensively treated in
Chap. 4.

The next part of this chapter is devoted to improving GWFish to
include the implementation of a posterior-sampling algorithm starting
from Gaussian likelihood, with priors. This will upgrade one of the
strongest shortcomings of Fisher-matrix analyses while still avoiding
the large computational cost of a full Bayesian analysis.

3.5 Enhancing Fisher analysis with priors

In Section 3.2.3, we stressed how the Fisher matrix analysis typi-
cally assumes flat, uninformative priors, considering them unneces-
sary given the information content of a sharply-peaked likelihood.
However, we have also anticipated that parameter correlations can im-
pact the accuracy of parameter error estimates from the Gaussian like-

Table 3.6: Multi-band observation with
ET + LISA. We simulated an IMBH bi-
nary system of 4000M and 2000M ata
distance of 1.2 Gpc. The errors are given
at 1o and the sky localization is at 90%
C.L.. We used a frequency resolution of
1/16Hz for ET and 10~*Hz for LISA.
Table from [Dupletsa et al., 2023] (Table
6, authored by UD)



lihood approximation without priors, leading to broader likelihood
distributions.

Therefore, in this second part, we present a posterior sampling
method to include prior information in the Fisher analysis so that
posterior samples do not overestimate errors by orders of magnitude
[Rodriguez et al., 2013] potentially going outside the physical range
of parameters (see, e.g., in Fig. 3.8 the luminosity distance posterior
extending to negative values with a Fisher-only analysis).

The influence of including priors into standard Fisher analysis is
introduced in [Vallisneri, 2008], and implementation via a rejection
sampling algorithm has been proposed in [lacovelli et al., 2022a]. Some
hints of the importance of priors implementation are already present
in [Branchesi et al., 2023], mostly related to the inclination angle prior
in MM studies with BNS systems. Furthermore, including priors is
being exploited to ensure reliable distance errors, e.g., with a rejection
sampling method in the work of [Santoliquido et al., 2024] for machine
learning classification and with the method proposed in this work in
[Cozzumbo et al., 2025] to reconstruct the expansion history of the
universe in the bright sirens framework. This last work’s results are
discussed in Chapter 5

However, we recognize that if there are multimodalities as shown in
Fig. 3.9, they are not generally suppressed by including priors. Mul-
timodalities, which could arise from cyclic parameters, indeed pose a
delicate issue in the analysis.

In what follows, we first provide in Sec. 3.5.1 an excursus on the mo-
tivation behind choosing specific priors for parameters entering in the
description of a GW event. Then we describe in 3.5.2 a computationally
efficient method we implemented in GWFish to incorporate priors into
the standard Fisher analysis. We validate our method against the ob-
served catalogue of GW events from the LVK Collaboration in Sec 3.5.3
and we discuss the results and effects of the combined Fisher+Priors
analysis in Sec 3.5.4.

3.5.1  Choosing priors in GW analysis

In Tab. 3.7, we present an overview of the standard choice for GW
parameters’ priors in the LVK Collaboration [Abbott et al., 2019b, 2021a,
2024, 2023b]. These are the priors we will use throughout the analysis
presented in this second part of the chapter.

The usual mass parametrization of a GW event uses the chirp mass
M and mass ratio g as their behavior is more Gaussian and better
suited for a Fisher analysis. Their distribution, though, is assumed to
be uniform in the component masses, m; and my. The luminosity dis-
tance dj parameter is uniformly distributed in an expanding Universe,
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Figure 3.8: Example of a poste-
rior distribution for a parameter, like
the luminosity distance, that with
a Fisher analysis only goes outside
the physical range of the parameter
(down to negative distance values).
This figure is a zoom-in of Fig. B.5.
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Figure 3.9: Example of multimodali-
ties on angular parameter. Zoom-in
from Fig. B.1 for the Bilby results, as
multimodalities can only come out
of a Bayesian analysis. O
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meaning that we have to consider a uniform in comoving volume dis-
tribution and account for time dilation between source and detector
frame. The time of arrival t. of the signal is usually well constrained,
so that the uniform interval is tight. Angular parameters, instead, are
either uniform or uniform on the sphere, in their ranges. In App. B, a
detailed discussion and mathematical derivation of the different prior
choices is provided.

parameter ‘ units prior prior range

M Mo M [min, max]

q Mg G751 +q)%5 [0.05,1.0]

dr [Mpc] Uniform in [10,10000]
source-frame

0N [rad] Sine [0, 7]

DEC [rad] Cosine -5, +7]

RA [rad] Uniform [0,271]

¢ [rad] Uniform [0,27]

¥ [rad] Uniform [0, ]

te [s] Uniform [tc — 0.1, +0.1]

a - Uniform [0,0.99]

ap - Uniform [0,0.99]

tilty [rad] Sine [0, ]

tilty [rad] Sine [0, 7]

phip [rad] Uniform [0,271]

phijr [rad] Uniform [0,27]

3.5.2  An importance sampling algorithm to include priors

In the following, we outline the procedure to get the prior-informed
Fisher posteriors, starting from the Fisher likelihood as defined in
Eq. (3.14). In a few words, this consists of drawing likelihood sam-
ples and weighting them by their prior probability.

¢ The Fisher matrix directly provides the multivariate Gaussian like-
lihood function, e.g., the covariance matrix which is one of the out-
puts of GWFish. In our Fisher analysis, we work in the zero-noise
approximation and the likelihood is exactly centered on the injected
values.

* Some parameters (especially angles and spins), even with high SNR,
may still be poorly measured and show a largely-spread likelihood.
Consequently, when drawing likelihood samples, most samples lie
outside the physical range of parameters. Therefore, we sample di-
rectly from the truncated form of the Gaussian likelihood to prevent
drawing a large number of samples with null prior, which would
have to be discarded. In particular, we rely on the algorithm devel-
oped in [Botev, 2016]™°. This effectively accounts for the parameters’

Table 3.7: List of analytic priors for each
parameter entering the description of a
GW event. For a more detailed descrip-
tion of the parameters refer to Tab. 1.1.
Table from [Dupletsa et al., 2025] (Table
2, authored by UD)

° We slightly modified the python implemen-
tation of [Botev, 2016] publicly available on
github


https://github.com/brunzema/truncated-mvn-sampler?tab=readme-ov-file

boundaries, ensuring the samples are in their physical range. When
sampling from the truncated Gaussian we are not inverting again
the covariance matrix. The algorithm, instead, uses the Cholesky
decomposition.

e For each sample realization drawn from the likelihood, we evalu-
ate the prior probability, according to what has been discussed in
Sec. 3.5.1.

¢ In the final phase of the analysis, we construct the posterior distri-
bution. We start by evaluating the prior probability of each likeli-
hood realization. We use numpy’s random. choice [Harris et al., 2020]
function to select the prior re-weighted samples. The re-weighting
process favours samples with higher prior probabilities.

The outlined approach combines the information from the Fisher
analysis (via the likelihood) as from Eq. 3.14 with the additional in-
formation provided by the priors following Eq. 3.1. Computationally
speaking, including priors takes an overall time which is less than
twice the one of the standard GWFish analysis to draw 10* samples.
This assures the efficiency of the prior-informed Fisher matrix method
presented here."

3.5.3 Validation against GWTC data

We conduct an extensive comparison with real data to validate our
code and assess the impact of priors in standard Fisher analysis. To
this scope, we recreate the same conditions used for the LVK data anal-
ysis and produced our Fisher matrix results. We use the updated ver-
sion (v2) of the LVK publicly available GW event database present on
Zenodo [Research and OpenAIRE, 2013] including all the BBH merg-
ers from the first 3 observing runs [Abbott et al., 2019b, 2021a, 2024,
2023b]. Specifically, we use the cosmologically reweighted posterior
samples labeled as mixed_cosmo. In Tab. 3.8, we report the comparison
of the numbers between all the observed events and those we used in
our analysis. In total, we have analyzed 78 events. For a comprehen-
sive list of all the publicly available GW detections and why some of
them were not included in our analysis, see Tab. B.1.

The Fisher analysis of each event is carried out under the same
conditions the full Bayesian analysis is obtained. This means:

¢ Each event has its own detector network with specific sensitivity
curves at the moment of detection.

¢ The waveform approximant is the same for all the events and is
given by IMRPhenomXPHM [Pratten et al., 2021]. This is one of the
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"The code used to run the combined
Fisher+Priors analyses is publicly available
on GitHub ©). The priors modules have been
also integrated in the standard GWFish code
0.

GWTC-2.1 for O1 + O2 + O3a and GWTC-3
for O3b

Table 3.8: List of detected events dur-
ing the first 3 observing runs by the LVK
Collaboration, compared to those used
in our analysis (see Tab. B.1 in Supple-
ments to Chapter 3 for further details).
Table from [Dupletsa et al., 2025] (Table
1, authored by UD)

‘ O1 Oz O3a O3b ‘ tot

observed
included

3 7 44 36 | 90
3 6 3 33 | 78



https://github.com/u-dupletsa/GWFish-meets-Priors
https://github.com/janosch314/GWFish/tree/main
https://zenodo.org/records/6513631
https://zenodo.org/records/8177023
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waveform approximants used in the LVK collaboration for BBH
events, readily provided by LALSimulation [Husa et al., 2016].

¢ For each event, we take as injected values 30 different realizations™
randomly sampled from the posterior distributions of the LVK anal-
ysis. This choice is motivated by the widely spread and often multi-
modal posteriors LVK provides. Averaging over different realiza-
tions provides a more robust comparison.

e All the 15 parameters are included in the Fisher analysis: [M,, g,
dr, 9]Nr DEC, RA, ¢, ¥, t¢, a1, ap, tilty, tilty, phipp, phijl]' The
parameters represent the masses, in the form of chirp mass M,
(in detector frame) and mass ratio g, luminosity distance dy, the
inclination angle of the source with respect to the line of sight of
the observer )y, parameters describing the position of the source
in the sky (DEC and RA), the phase ¢ and the time of arrival of the
signal t., its polarization ¥, and the six parameters (a1, ap, tilty,
tilty, phijp, phijj) describing the spins of the two compact objects.
See Tab. 1.1 for details.

Starting from the Fisher results, we follow the outlined method to
obtain the posterior samples. The Fisher posterior samples, with and
without the addition of priors, are then compared to the ones obtained
with the full Bayesian analysis. Therefore, we have adopted the same
priors as the full Bayesian procedure to ensure consistent comparison.
The specific priors are reported in Tab. 3.7. Since we have 30 different
analyses for each event, the result of our comparison is a distribution.

In Fig. 3.10, we show an example event, the first ever detected GW
event, GW150914. We plot for each of the 15 parameters 3 sample sets:
in black the posterior samples provided by LVK, in dashed black the
median value of the LVK distribution, which, in this example plot, we
used as the injection for GWFish. We superimpose in dark green the
samples obtained from the Fisher analysis alone (likelihood samples)
as in Eq. 3.14 and, in orange, the samples we get after the inclusion of
priors following Eq. 3.1. It is worth noting how including the prior
information for some parameters, especially spins and angles, may
play a crucial role and restrict the uncertainty estimates by a large
amount.

Our main results are summarized in Fig. 3.11, Fig. 3.12 and in
Fig. 3.13. In Fig. 3.11, for each of the 15 parameters, we plot the ra-
tio distribution between the 90% C.L. we get from the Fisher analyses,
without (in orange) and with priors (in dark green), and the 90% C.L.
that was obtained with the full Bayesian approach. The events, placed
along the x—axis are represented by boxplots. The distribution me-
dian for each event is highlighted as a horizontal line in a darker
shade for both the analyses, with and without priors. In Fig. 3.12,

2 The number of realizations is chosen to be
at the same time computationally feasible and
provide enough statistics.
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we plot the medians of the distributions as a function of the total mass
of the binary (the median value in the detector frame). Furthermore,
the size of the dots is proportional to the SNR of the signal (ranging
in [~ 4,~ 25]), and the color shade indicates whether the event was
seen by 2 (lighter shade) or 3 detectors (darker shade). The SNR ob-
tained in each of the detectors and for the network are listed in detail
in Tab. B.1. Fig. 3.13 shows the corresponding histograms of the me-
dians of the 90% C.L. ratio distributions per event for each parameter,
with (in dark green) and without (in orange) priors.

We are not evaluating the distance between our and the LVK re-
sults in a distributional sense using, for example, the Hellinger dis-
tance, as this leads to a case-by-case and, within one event, parameter-
dependent results due to degeneracies and multimodality issues. Here
are the observations:

* mass parameters: The Fisher analysis tends to overestimate chirp
mass and mass ratio errors. The match with LVK results is better for
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Figure 3.10: GW150914 posterior distri-
bution of all the 15 parameters. Full
Bayesian parameter estimation results
from LVK are shown in black, while
GWFish results without (with) priors are
shown in dark green (orange). The verti-
cal dashed black line is the median of the
LVK posterior distribution, also used as
injection value for Fisher analysis. Fig-
ure adapted from [Dupletsa et al., 2025]
(Figure 1, authored by UD) ©


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter3/gw150914.ipynb
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the chirp mass. When priors are included, the match becomes very
good, and most of the bias of the error estimates (towards larger or
smaller errors) is removed.

luminosity distance: The Fisher analysis typically overestimates er-
rors of the luminosity distance. The inclusion of priors leads to a
good match with LVK results. When all three detectors are active
(see Fig. 3.14), the constraint on the distance measurement is already
done well by the Fisher analysis alone.

angular parameters: The inclusion of priors does not generally im-
prove the error estimates of RA, DEC, and the difference between
LVK results and Fisher analysis spans over two orders of magni-
tude. 6;n, ¥ and ¢ show a slight improvement from priors. We
address this specifically in the related paragraph below.

time of coalescence: The error on t. is already well estimated with
Fisher analysis alone. It is curious to observe that when priors are
included in the GWFish analysis, the errors of the merger-time esti-
mates can be significantly underestimated.

Figure 3.11: Distribution of ratios
between the 90%C.L. obtained from
GWFish results and the full Bayesian pa-
rameter estimation from LVK per each
event and per each of the 15 parameters.
Events are displayed along the x—axis,
and each subplot refers to a different pa-
rameter. Results obtained without (with)
priors are shown in dark green (orange).
The median value of each distribution
per event is indicated as a horizontal
line of a darker shade. Figure adapted
from [Dupletsa et al., 2025] (Figure 2, au-
thored by UD) ©
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* spin parameters: All the spin parameters are poorly constrained with
Fisher analysis alone. Including priors allows us to reproduce the
LVK results. Still, it should be noted that even the LVK results are
likely prior driven since the signals reported in GWTC carried very
little information about spins (with some exceptions).

Angular parameters and multimodality A full Bayesian analysis might
encounter multimodality issues. This happens especially when it comes
to angular parameters (see, for example, the ;5 parameter in Fig. 3.10).
Moreover, it is more evident when fewer detectors are involved, and
the SNR in each detector is low (below 4 — 5). Multi-modality cannot,
by definition, be a feature coming out of Fisher’s analysis, as it pro-
vides a Gaussian likelihood centered around the injected value. This
explains the ample range (up to two orders of magnitude) of the ratio
between the 90% C.L. obtained with GWFish analyses and the LVK re-
sults from full Bayesian analysis as shown in Fig. 3.11, Fig. 3.12, and
Fig. 3.13. Generally, the Fisher approximation tends to overestimate
the uncertainties, as seen from parameters like the chirp mass, the
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Figure 3.12: Median of the ratio
between the 90%C.L. obtained from
GWFish results and full Bayesian param-
eter estimation (LVK). Results obtained
without (with) priors are shown in dark
green (orange). The size of the markers is
proportional to the median of the SNR of
the network. Light (dark) shade refers
to two (three) detectors observing the
event. Figure adapted from [Dupletsa
et al., 2025] (Figure 3, authored by UD)
(v}


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter3/priors_scatter_plots.ipynb

94 COSMIC CHIRPS

[ GWFish GWFish + Priors
Mc q dL
}2}
g 101,
o
© 100 : —j ‘ ‘ : ‘ ‘ : ‘
101 100 10! 101 100 10! 10°1 100 10!
Fisher/LVK Fisher/LVK Fisher/LVK
DEC RA 9]1\]
[
5 1014 T
2 apdt ”an [ f"l’—l
© 100 : ‘ ‘ L : : ‘ ‘ ‘
10-1  10° 10! 101 10° 10! 10-1 100 10!
Fisher/LVK Fisher/LVK Fisher/LVK
¥ ¢ te
[
g 104 JIJLL;L‘ ﬁ Limm
o a "|
% 1001 i I 10 i ! | L : 1” i
101 10° 10! 101 10° 10! 10-1 10 10!
Fisher/LVK Fisher/LVK Fisher/LVK
aq an tilty
[2)
g 104
o
101 10° 10! 101 10° 10! 10-1 100 10!
Fisher/LVK Fisher/LVK Fisher/LVK
tilty phiqp Phi]L
j2}
g 104 ]
o
© o0l : = L= 1 : | S : | -
101 100 10! 101 100 10! 10-1 100 10!
Fisher/LVK Fisher/LVK Fisher/LVK

mass ratio or the luminosity distance. However, when a parameter
presents a multi-modal distribution in standard Bayesian analysis, the
Fisher analysis provides poor error estimates as it represents a single
mode. Therefore, the constraints from the Fisher analysis are likely to
be tighter. To this scope, we selected a subsample of events, for which
all 3 detectors were used and the SNR in each detector was around
4 or higher. This left us with 4 events, GW196701, GW200202, GW200224
and GW200311. The results are shown in Fig. 3.14. They confirm the
general trend discussed before: Fisher analysis alone gives broader or
comparable estimates when multi-modality is broken by having more
detectors in the analysis.

When it comes to sky localization with ET, multi-modality can also
be suppressed by observing signals for long periods of time. For ex-
ample, neutron-star binaries would be observed for hours up to a full
day, and this would allow the use of the amplitude and phase modu-
lations of the signal due to the rotation of the Earth to infer the source
location.

Figure 3.13: Histograms of the me-
dian of the ratio distribution between
the 90% C.L. obtained from GWFish re-
sults and full Bayesian parameter esti-
mation (LVK). Results obtained without
(with) priors are shown in dark green (or-
ange). Figure adapted from [Dupletsa
et al., 2025] (Figure 4, authored by UD)
(v}
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3.5.4 The role of priors in Fisher analysis

two main themes. The first concerns the interaction between SNR and
correlations, multimodality, and degeneracies, while the second fo-

cuses on the impact of prior information.

¢ Fisher-matrix analyses are always introduced as an approximation
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Our findings on the validity of Fisher’s approximation center around

valid in the high-SNR limit [Vallisneri, 2008; Rodriguez et al., 2013].
Our results suggest, instead, that the accuracy of the Fisher analy-
sis is mostly limited by model degeneracies and correlations among
parameters, rather than the SNR. Specifically, degeneracies pose a
major issue even if the SNR is high. It still holds that very low SNR
Fisher matrix analyses provide less accurate estimates of parameter
errors. We find that the Fisher analysis does well, with a trend to
overestimate uncertainties, confirming the findings of [Rodriguez
et al.,, 2013] (see Fig. 3.11, Fig. 3.12, Fig. 3.13). This is the case as
long as the parameters are not degenerate and the Bayesian anal-
ysis does not output multi-modal posterior distributions. By con-
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Figure 3.14: Same as in Fig. 3.12, but
here we show only those events detected
with all three interferometers and SNR
in all three detectors is = 4. The net-
work SNR for these events varies in the
range between g and 19. Figure adapted
from [Dupletsa et al., 2025] (Figure 5, au-
thored by UD) O
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struction, in fact, the Fisher analysis cannot represent multimodal
distributions. Therefore, when multimodality comes into play, the
Fisher analysis represents one of the modes (centered around the in-
jected parameter value), and this explains why the uncertainties are
sometimes better estimated with Fisher approximation than with
Bayesian analysis (see the angular parameters and hence sky lo-
calization). Multimodalities are not easy to deal with. Some in-
sights on the issue are given in [Roulet et al., 2022] where ad-hoc
reparametrizations are proposed.

* Adding priors improves the error estimates. Parameters like chirp
mass, mass ratio, and luminosity distance benefit from including
priors. Especially for luminosity distance, this assures that the pos-
terior does not extend beyond the physical range to negative values.
Priors” impact is even more evident for spin parameters, poorly con-
strained by Fisher analyses alone. This also happens in the full
Bayesian analysis, where some parameters, like spins, are as well
prior-driven.

On the other hand, regarding sky localization and angular param-
eters in general, including prior, the error estimates might only
slightly improve due to the inherent limitations of the Fisher analy-
sis in handling multi-modal distributions.

e There is, in fact, an interplay among priors, correlations, and SNR,
especially when few detectors are involved. In this case, the results
for angular parameters are prone to degeneracies. When the sky
localization suffers from multi-modality, the match between LVK
results and GWFish+Priors is generally worse. Especially the sky-
location errors produced by GWFish+Priors cannot be trusted in this
case. As we have shown in Fig. 3.14, however, degeneracies can be
effectively broken by having a network of 3 detectors, with a non-
negligible SNR in each of them (at least around 4). This not only
improves the match between LVK and GWFish+Priors results with
respect to sky localization but, in fact, improves the match with
respect to all parameters. This highlights the role of priors in tam-
ing degeneracies, and it indicates how well Fisher+Priors methods
work in the absence of important multi-modality in the posterior
distribution. In contrast, error estimates of mass parameters and
distance match the LVK results very well, even when the observa-
tion is made with only two detectors of the LVK network.

We conclude that a Gaussian-likelihood approximation is a valid
tool for providing estimates of parameter errors. However, it is crucial
to note that this method has limitations. To corroborate the findings,
more observations from 3-detectors need to be analyzed.



Our study in [Dupletsa et al., 2025] supports the results obtained
in all the science case studies carried out so far with Fisher-matrix
methods [Borhanian, 2021; Ronchini et al., 2022; Iacovelli et al., 2022a;
Banerjee et al., 2023; Branchesi et al., 2023; Loffredo et al., 2025], with
the exception of a few analyses that concern BBH localization with less
than three detectors.

We have shown throughout this chapter that Fisher analysis tools
are efficient for rapid PE and sensitivity forecasting. However, to face
the challenge of data analysis with the future XG detectors, we need
methods that go beyond the linear approximation and Gaussian like-
lihood. The ET community is managing the effort in the direction of
machine learning [Cuoco et al., 2021; Razzano and Cuoco, 2018; Cuoco
et al., 2024]. These comprise both tools for recognition and classifica-
tion of signals at detector level like in [Razzano and Cuoco, 2018], and
fast data analysis techniques [Cuoco et al., 2021, 2024]. A bridge be-
tween the Fisher approach and machine-learning-based algorithms is
analyzed in the work of [Santoliquido et al., 2025] for BBH signals at
high redshift. Looking ahead, improved forecasting tools will remain
essential for validating analysis strategies and guiding detector design.
At the same time, it is crucial to advance PE techniques in preparation
for when the ET becomes operational and begins collecting data.
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4. Multi-messenger astrophysics
in the ET era

JJ Any coincidence is always worth noticing. You can throw
it away later if it is only a coincidence.

— Agatha Christie
"Nemesis"

This chapter is based on two papers. The first one, [Branchesi et al., 2023], is a key paper in the Einstein Telescope
(ET) Collaboration. It is a paramount study that compares different designs of ET and their scientific output. The study
is a significant milestone in the planning process of the ET observatory. Within this major work, which involved the
efforts of many people, I produced the parameter estimation (PE) of the Binary Neutron Star (BNS) population using
GWFish [Dupletsa et al., 2023], one of the two codes employed for this paper, along with gwfast [lacovelli et al., 2022b].
The findings related to the BNSs constitute the majority of the second chapter of [Branchesi et al., 2023], which focuses on
the multi-messenger (MM) capabilities of ET and which I discuss in the first part of this chapter of my thesis. Additionally,
I analyzed the BBH population to compare and validate the results obtained with gwfast.

The second work [Loffredo et al., 2025] is a more detailed and in-depth follow-up to the MM chapter of [Branchesi et al.,
2023]. I am one of the three corresponding authors of this paper. 1 made a major contribution by producing all the PE of
several astrophysically-motivated BNS merger populations, considering different observing networks and interpreting the
gravitational results. The gravitational analyses, which I thoroughly present in the second part of this chapter, serve as the
foundation of the electromagnetic (EM) studies connected to kilonova (KN) microphysics and observations studied in the
paper [Loffredo et al., 2025]. Moreover, the catalogues with all the results of the gravitational analysis have been separately
released on Zenodo [Dupletsa et al., 2024]. The release of these catalogues holds significant importance for the science
community, as they provide valuable resources to enable studies evaluating next-generation (XG) detector achievements in
astrophysics, nuclear physics, and cosmology.

4.1 The Einstein Telescope (ET) design(s) Contents

As discussed in 1.2.5, the reference design of the Einstein Telescope 4.1 The Einstein Telescope (ET)

(ET) [Hild et al., 2008; Punturo et al., 2010; Hild et al., 2011] has a trian- design(s) 99

gular shape and includes three nested detectors, each with 10 km arms. 4.2 BNS localization and pre-

Each detector features a ‘xylophone’ configuration comprising two in- merger alerts 102
terferometers: one tuned towards the High-Frequency (HF), and an- 4.3 How EoS and mass model im-

other tuned towards Low-Frequency (LF). This first conceptual design pact BNS PE 109
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goes back to 2011. Still, only recently, thanks to the work in [Branchesi
et al., 2023], a detailed comparison of several different proposals for
the design and their scientific achievements has been systematically
carried out.

The main alternative to the triangle-shaped single ET detector is a
configuration composed of two well-separated L-shaped interferom-
eters (with arms oriented at 90°, instead of the 60° of the triangular
design). In Fig. 4.1, we show a schematic representation of the two
alternative designs. Throughout this chapter and in the literature, we
will refer to the triangle-shaped detector as ET-A, while the 2L config-
uration will be referred to as ET-2L.

Both designs, ET-A and ET-2L, retain the key features proposed
for ET: an underground observatory to reduce the seismic noise, with
cryogenic technology for the LF instrument, and a xylophone config-
uration to benefit from both the LF and HF capabilities. In [Branchesi
et al., 2023], we examine the performance of different configurations by
varying both the length of the arms - between 10 and 15 km for ET-A,
and between 15 and 20 km for ET-2L - as well as their orientation. The
orientation aspect concerns the ET-2L case, where we consider both
aligned and misaligned configurations, the latter at 45°.

Furthermore, we investigate the scientific implications should the
cryogenic technologies not be available, at least in the initial phases
of the detector, meaning that only the HF instrument would be opera-
tional.

The research conducted in [Branchesi et al., 2023] is thorough and
extended and was carried out within the Observational Science Board
(OSB) of the ET Collaboration. Building upon previous work refer-
enced in [Maggiore et al., 2020; Sathyaprakash et al., 2012; lacovelli
et al., 2022a], it explores the impact of various choices in geometry and
design, considering several scientific cases. The study covers detection
and parameter estimation (PE) capabilities for compact binary coa-
lescence (CBC)s, including Binary Black Hole (BBH), Binary Neutron
Star (BNS), and Neutron Star - Black hole (NSBH) populations, which
already provide a first reliable metric to compare different configura-
tions. Additionally, [Branchesi et al., 2023] examines the possibility of
detecting stochastic backgrounds, applications in astrophysics, funda-
mental physics, cosmology, and, nonetheless, the potential benefits of
the null stream’, a key feature of the triangular design.

In Sec. 4.1.1, we will give a brief description of the two sensitivity
curves of ET: the HF only, and the full cryogenic one, the LF, since
this will set the common ground for both the works presented in this
chapter. Then, Sec. 4.2, will be devoted to the multi-messenger (MM)
results from [Branchesi et al.,, 2023]. We will discuss, in particular,
the sky-localization capabilities of the different configurations and the

/\

Figure 4.1: Schematic draft of the two
main designs proposed for ET. A sin-
gle triangle-shaped observatory or two
L-shaped interferometers rotated by 45°
to one another. Both alternatives use the
xylophone configuration, visually repre-
sented in the figure using two distinct
colors for each arm. The same color
scheme is used for the corresponding
sensitivity curves in Fig. 4.2.

*In the triangular design, there exists a com-
bination of the outputs where the GW cancels
out, allowing for a signal-free channel.
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possibility of having pre-merger alerts in the context of ET operat-
ing in synergy with other electromagnetic (EM) observatories. In the
second part of this chapter, instead, we will build upon the MM re-
sults of [Branchesi et al., 2023] and present the extensive work done
in [Loffredo et al., 2025]. [Loffredo et al., 2025] expands the previous
results implementing several networks of gravitational-wave detectors
(ET operating with current and next-generation observatories), and
state-of-the-art mass and Equation of State (EoS) models for two as-
trophysical populations of BNS mergers. In addition, we develop a
refined modeling of kilonova (KN) emission and more realistic obser-
vational strategies. In Sec. 4.3, we focus on the gravitational results
and how the PE of the BNS events is affected by the NS microphysics
and population assumptions. In Sec. 4.3.4, we summarize the prospect
for MM studies with ET.

4.1.1 LF+HF sensitivity curves

In the previous section, we introduced the concept of the xylophone
design, which comprises two independent instruments operating un-
der different conditions. In a nutshell, the HF instrument is specifically
optimized for high frequencies and requires high laser power to reduce
shot noise in that range. Notably, it operates at room temperature. In
contrast, the LF instrument is optimized for low frequencies, requires
cryogenic mirrors, and has the advantage of not needing high laser
power. However, cryogenic technology is not straightforward and re-
mains challenging in the current state of the art.

» HFLF-cryo HF
10~ 1
— ETD \ — ET-D
o 107184 ET 10kmcryo | { || ET 10km HF
; —— ET 15km cryo ET 15km HF
EN 10-20 —— ET 20km cryo | { ET 20km HF
8102
< -
10-24 L\_J/ -
100 10! 102 103 10t 100 10! 102 10° 10t

f [Hz] f [Hz]

Until recently, the reference sensitivity curve for ET has been the ET-
D curve [Hild et al., 2011]. It is the basis for all ET studies, including
those in [Dupletsa et al., 2023] referenced in Chapter 3. Thanks to the
efforts of the Instrumental Science Board (ISB), two different sensitivity
models have been developed to update the ET-D curve and highlight
the challenges of achieving the cryogenic technology for the LF com-

Figure 4.2: ASD plots for different
ET scenarios and arm lengths. On the
left we show the HFLF-cryo sensitivity
curve, while on the right the HF one. In
both cases, we present the three differ-
ent arm lengths considered in [Branch-
esi et al., 2023], 10, 15, and 10km, and
we compare to the reference ET-D sen-
sitivity curve, which describes a 10 km
detector ©)


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter4/coba_sensitivity_curves.ipynb
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ponent. All the research described in this chapter uses the updated
sensitive curves.

The full cryogenic model, called HFLF-cryo, incorporates both the
HF and LF instruments. The HF one includes only the HF part. In
Fig. 4.2, we present the Amplitude Spectral Density (ASD) for the two
sensitivity models considering the 3 different arm lengths analyzed
in [Branchesi et al., 2023]*. We also compare these curves to the refer-
ence ET-D sensitivity curve.

4.1.2  Where will ET be located?

At the time of this thesis, there were two candidate sites: the Sos
Enathos3 site in Sardinia and the Mause-Rhine region, located at the
border of three countries: Germany, Belgium, and the Netherlands.

For the ET-A configuration, we consider the detector located in Sar-
dinia. In the case of the ET-2L configuration, we place one detector
in Sardinia and the other in the three-border region. The two obser-
vatories feature a ~ 1165km baseline. In Tab. C.1, among others, we
provide the latitude and longitude coordinates for both sites.

Recently, a third candidate site has emerged in the Saxony region
of Germany. The final location and design of ET are currently being
discussed and investigated.

4.2 BNS localization and pre-merger alerts

ET has enormous potential in the context of MM observations. ET
will bring BNS and NSBH merger detections from being rare and
nearby events of today to approximately 10° per year, extending the
detection distance beyond the star formation peak. For the closer
events, ET will provide unprecedent accuracy in determining source
parameters. Innovative EM observatories are planned to be opera-
tional in the ET era, and their synergy with ET will make the emerging
field of MM a mainstream of the Universe exploration.

Among the many EM observatories, we include the Cherenkov Tele-
scope Array (CTA) [Acharya et al.,, 2013], NewAthena [Cruise et al.,
2025], the Vera Rubin Observatory [Ivezic¢ et al., 2019], the James Webb
Space Telescope (JWST) [Gardner et al., 2006], the Extremely Large
Telescope (ELT) [Gilmozzi and Spyromilio, 2008], the Wide-field Spec-
troscopic Telescope (WST) [Mainieri et al., 2024], and the SKA Obser-
vatory (SKAO) [Weltman, 2020]. In particular, we explore in depth the
synergy with the Vera Rubin Observatory. This is discussed in Sec. 4.3.
Additionally, a synergy between ET and SKAO will be explored for
cosmological inference in Sec. 5.3 of Chapter 5 of this thesis.

BNS mergers, on top of being sources of GW signals, are associated

> The HFLF-cryo and HF sensitivity curves are
available here.

3 Usually it is written as Sos Enattos. How-
ever, in original Sardinian language, the dou-
ble t is not used, th is used instead.


https://apps.et-gw.eu/tds/?r=18213
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with both GRB and KN emissions. Observations of ET together with
EM observatories will probe the formation, evolution, and physical
characteristics of BNS systems in connection with KNe and Gamma
Ray Bursts (GRBs).

The GRB emission is produced by a relativistic jet and is beamed,
making it typically observable only when the jet is directed towards
the observer. Only a fraction of BNS mergers (the exact amount of
which is still uncertain) are expected to produce a jet capable of suc-
cessfully escaping the merger ejecta [Murguia-Berthier et al.,, 2014;
Ronchini et al., 2022]. In contrast, the KN emission is isotropic and
always present. During a BNS merger, neutron-rich matter from the
stars is ejected and the conditions allow for the rapid neutron-capture
nucleosynthesis [Eichler et al., 1989; Freiburghaus et al., 1999]. It is
the radioactive decay of these heavy nuclei that powers the quasi-
thermal emission known as the KN. With respect to a GRB, which can
have luminosities as high as 10°! erg s~ ! [Pescalli et al., 2016], the KN
emission is intrinsically faint, with a peak luminosity in the interval
10%° — 10* erg s~!. The KN emission evolves rapidly, on the scale of
days, and undergoes a characteristic color evolution, from UV /blue to
red/near-infrared [Li and Paczynski, 1998; Metzger et al., 2010; Kasen
et al., 2013; Barnes and Kasen, 2013; Grossman et al., 2014; Metzger,
2019]

Given the nature of the EM counterparts we are considering in this
work, namely KNe and GRBs, we need to distinguish redshift regimes.
KNe are intrinsically fainter than GRBs, meaning that we will be able
to do MM astronomy only in the local Universe up to redshifts z ~
0.3 — 0.4. The distant Universe, instead, will be accessible only thanks
to the beamed emission of GRBs.

Likewise, we will benefit differently from the two EM transients.
Observing GWs and KNe will allow us to study the nucleosynthesis
process and the chemical enrichment of the Universe, not to mention
the internal composition of NSs, e.g., their Equation of State (EoS).
With joint GW/GRB detections, instead, we will be able to probe
the structure and composition of the GRB relativistic jet, and notably,
given the high redshift till which we can detect GRBs, we will be able
to infer cosmological parameters across the cosmic history. In [Coz-
zumbo et al., 2025], we address the possibility to constrain cosmolog-
ical parameters using joint GW/GRB detections. This is the topic of
discussion in Sec. 5.2 of the next chapter, Chapter 5, devoted to cos-
mology with ET.

The primary metrics used to assess MM capabilities of ET comprise
BNS detection and sky localization. Detection boils down to SNR eval-
uation, and when the event’s SNR is larger than a threshold, it is con-
sidered detected, while sky localization requires PE. More details are
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provided in the following Sec. 4.2.1.

In what follows, we first present in Sec. 4.2.2 the sky localization
results as a function of redshift, and then, in Sec. 4.2.3, the pre-merger
alert possibility, which would allow detecting BNSs a non-negligible
amount of time before the merger occurs. Identifying the GW signal
before the merger is crucial to timely prepare the EM instruments to
detect prompt/early counterparts.

4.2.1  BNS population modeling and PE analysis setup

The catalogue of BNSs used in [Branchesi et al., 2023] has been
generated with the population synthesis code MOBSE [Mapelli et al.,
2017; Giacobbo et al., 2018]. We refer to [Branchesi et al., 2023] for
the population modeling details, and here we report the most relevant
information. We use a number of events corresponding to one year of
observations. The NS mass is uniformly distributed in [1.1Mg), 2.5M)|
in the source frame. The common envelope efficiency is set to &« = 3,
which, given the adopted evolution with redshift [Santoliquido et al.,
2021], yields to a local merger rate value of Ry ~ 250 Gpc 3yr~! con-
sistent with the LIGO-Virgo-KAGRA (LVK) findings [Abbott et al.,
2021c].

For PE with GWFish we use the IMRPhenomD_NRTidalv2 [Khan et al.,
2016; Dietrich et al., 2019] waveform approximant. We estimate the
uncertainties on the following parameters [mq, my, d;, 8], DEC, RA, ¢,
Y, tc, a1, az, A1, Ap]* (refer to Tab. 1.1 for parameters description). We
use SNR = 8 as the threshold for detection. We also assume a duty
cycle of 85% for each of the ET components (see discussion about duty
cycle and how it is implemented in GWFish in Chapter 3).

We take into consideration both the sensitivity curves described in
Sec. 4.1.1, HFLF-cryo and HF, with 4 different networks: ET-A with
either 10 or 15 km arms; and two 2L configurations, with 15 and 20 km
arms, and 45° misalignement. We did not consider the 2L aligned
configurations because aligned detectors give worse sky localizations.

We present the sky localization results in Sec. 4.2.2 and the analysis
of pre-merger alerts in Sec. 4.2.3.

4.2.2  Sky localization capability

The ability of GW detectors to localize sources in the sky signif-
icantly impacts the efficiency of searching for their EM counterparts.
This capability determines how many observations are needed to cover
the area where the GW signal originated, the amount of observational
time required, the sensitivity of the search, and the effectiveness of se-
lecting and removing contaminating transients. Therefore, good sky

+We considered the two aligned spin compo-
nents only, as we expect NSs to have small
spin magnitudes [Burgay et al., 2003]
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localization is crucial.

Fig. 4.3 shows the redshift distribution of the sky localization un-
certainty at 90% C.L. for all the detected BNS events. Different colors
represent the corresponding upper thresholds for the sky localization
errors, respectively, less than 1000, 100, 10, and 1 deg2. The dotted and
solid black lines show the injected and detected events (at SNR > 8),
regardless of their sky localization. The plots on the left have been
produced with the HFLF-cryo sensitivity curve, while the ones on the
right with the HF only one. For both sensitivity curves, we have simu-
lated all the 4 networks: the ET-A 10 km, the ET-A 15km, the 2L with
15 km misaligned arms, and the 2L with 20 km misaligned arms.

* Comparing the different geometries, we see that the ET-A of 15km
and ET-2L of 15km give similar results and have a better perfor-

Figure 4.3: Redshift distribution of the
sky localization uncertainty (given at the
90% C.L.) of the analyzed BNS popula-
tion. We present the results for all the
simulated networks, respectively, the ET-
A 10km, the ET-A 15km, the 2L with
15 km misaligned arms, and the 2L with
20km misaligned arms. The plots on
left refer to the full HFLF-cryo sensitiv-
ity curve, whereas the ones on the right
show the results with the HF curve only.
Figure adapted from [Branchesi et al.,
2023] (Figure 22, authored by UD) ©
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mance than the reference ET-A of 10km. The 2L with 20km arms
design has a performance that is almost 4 times better than the base-
line ET, managing to localize well at higher redshifts. These obser-
vations hold for both sensitivities.

e Comparing the plots left/right-wise, which means having or not the
cryogenic instrument, we see how without the LF part, we lose a sig-
nificant number of well-localized events, even at low redshifts. This
loss occurs because we can no longer use at its fullest the Earth’s
rotation to help localize the events. The decrease is more important
for the ET-A configurations with respect to the misaligned 2L ones.

HFLF-cryo
AQggo, (deg?) All orientation BNSs BNSs with 6, < 15°
A10 A15 2L, 2L, A10 A15 2L 2L
15 20 15 20
10 11 27 24 45 0 1 2 5
40 78 215 162 350 8 22 20 33
100 280 764 644 1282 26 74 68 133
1000 2112 5441 7478 13482 272 632 1045 1725

In Tab. 4.1, we again show the expected number of detections per
year with a sky localization uncertainty AQgge, deg2 smaller than a cer-
tain threshold (this time using 10, 40, 100 and 1000 deg2)5, with all the
4 different ET configurations with the HFLF-cryo sensitivity, but com-
paring the results from all the randomly oriented BNS systems, and
selecting the face-on only. The face-on systems are the ones for which
the viewing angle®, 6, is smaller than 15°. We make this selection be-
cause since we expect a fraction of the face-on systems to be able to
produce GRBs, which relativistic jet we assume to be perpendicular to
the orbital plane of the binary.

The corresponding results, obtained with the HF sensitivity curve
only, are presented in Tab. 4.2.

HF
AQggo, (deg?) All orientation BNSs BNSs with 6, < 15°
A10 A15 2L, 2L, A10 A15 2L 2L,
15 20 15 20
10 0 1 5 5 0 0 2
40 4 10 20 47 0 5 6 17
100 14 53 76 144 7 33 35 64
1000 145 548 1662 3378 80 336 672 1302

Distinguishing between randomly oriented and face-on systems al-

lows us to make the following observations:

Table 4.1: Expected number of de-
tections per year with a sky localiza-
tion uncertainty AQgO%(degz) smaller
than a certain threshold specified in the
first column. Results for the 4 detec-
tor networks and the HFLF-cryo sensi-
tivity curve. In the left part of the table,
we consider all randomly oriented BNS
systems, whereas, in the right part, face-
on systems only (see description in the
main text). Table from [Branchesi et al.,

2023] (Table 1, authored by UD)
5 The thresholds are connected to the FoV of

the EM instruments working in synergy with
ET.

®Since the inclination angle : spans in
[0°,180°], the viewing angle is directly ¢ if ¢ is
in [0°,90°], or itis |t —180°| if ¢ is in [90°,180°]

Table 4.2: Same as Tab. 4.1 but consider-
ing the detectors operating with only the
HF interferometers. Table from [Branch-
esi et al., 2023] (Table 2, authored by UD)
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o We confirm that also for face-on events, ET-A of 15km and ET-2L of
15km give similar results and have a better performance than the
reference ET-A of 10 km.

e When the LF instrument is not considered, we lose the well-localized
events, again with ET-A design being more penalized than the 2L
one. Still, when restricting our analysis to the face-on events, the
percentage by which well-localized events are lost is smaller. Ad-
ditionally, for the on-axis events, the ET-A design at full HFLF-cryo
sensitivity is comparable to 2L of 15km operating with the HF in-
strument, and outdone by the 2L of 20 km HF only. The results with
HF only sensitivity stress the importance of having the LF part.

4.2.3 Pre-merger alerts

Detecting and localizing BNS system during the inspiral phase, be-
fore the merger, enables the identification of potential EM emission
precursors. This allows telescopes to point to the GW source to cap-
ture the prompt/early EM emission. The first EM emission is crucial
for probing the central engine of GRBs. Doing so would significantly
enhance our understanding of various aspects, including jet compo-
sition, particle acceleration mechanisms, radiation, and energy dissi-
pation processes. On the KNe side, instead, detecting early emission
from KN events would provide valuable insights into the structure of
the outer sub-relativistic ejecta [Banerjee et al., 2020].

Having stated the advantages of pre-merger alerts for MM astron-
omy, we analyze the capabilities of ET to detect BNSs and provide a
good enough sky localization before the merger.

Table 4.3 presents the annual number of detected BNS mergers (un-
der the condition of SNR > 8), before merging, within a redshift of
z = 1.5, for the HFLF-cryo sensitivity curve. We examine three pre-
merger timeframes: 30 minutes, 10 minutes, and 1 minute before the
merger.

For each ET configuration, we give the number of detection below
10, 100, 1000 degz. The sky localization is reported at 90% C.L. The re-
sults include randomly oriented BNSs, and BNSs with a viewing angle
less than 15° (face-on). Detecting on-axis sources is crucial for identi-
fying the prompt or early beamed emissions linked to relativistic jets.
In [Banerjee et al., 2023], we extensively analyzed the prospects for
detecting the very high-energy prompt emissions from GRBs, which
have yet to be observed, by exploiting the synergy between ET and the
CTA [Acharya et al., 2013].

Focusing on well-localized events detected pre-merger with a sky
localization smaller than 100 deg?, we find that the ET-A of 15km out-
performs the ET-A of 10km and the 2L misaligned configuration with
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HFLF-cryo
) . AQgqe, All orientation BNSs | BNSs with 6, < 15°
Configuration
[deg?] 30 10 1 30 10 1
min min min min min min
10 0 1 5 0 0 0
ET-A-10km 100 10 39 113 2 8 20
1000 85 293 819 10 34 132
All detected 905 4343 23597 | 81 393 2312
10 1 5 11 0 1 1
ET-A-15km 100 41 109 281 6 14 36
1000 279 806 2007 33 102 295
All detected 2489 11303 48127 | 221 1009 4024
10 0 1 8 0 0 0
ET-oL-15km 100 20 54 169 2 7 26
1000 194 565 1399 23 73 199
All detected 2172 9598 39499 | 198 863 3432
10 2 4 15 1 1 2
ET-2L-20 km 100 39 118 288 7 19 47
1000 403 1040 2427 | 47 128 346
All detected 4125 17294 56611 | 363 1588 4377

15km arms. Its performance is comparable to the 2L configuration
with 20 km misaligned arms. Additionally, the 2L configuration with
15 km misaligned arms performs better than the ET-A configuration of
10 km. Notably, the results are consistent for on-axis events as well.

Tab. 4.4 illustrates the significant reduction in pre-merger alerts
without the LF interferometers. For all configurations of the ET, there
are no localized pre-merger detections, with only a few events having
sky localizations smaller than 1000 deg? per year occurring one minute
before the merger. Specifically, a handful of events show localizations
less than 100 deg? for the 2L of 20 km configuration.

In the context of multi-messenger astrophysics, the 2. misaligned
configuration with 15km arms offers significant improvements over
the already impressive performance of the baseline ET-A design, and
it is comparable to the ET-A of 15km. This advancement enables the
observation of many well-localized events, even at higher redshifts.
Specifically, the incidence of KNe associated with GW signals increases
significantly.

The enhanced localization of the 2L 15 km configuration compared
to the baseline ET-A makes searching for EM counterparts easier. This
improvement allows for implementing a galaxy-targeting strategy and
facilitates the efficient removal of contaminants.

For pre-merger alerts with sky localizations, the ET-A of 15km per-
forms better than both the baseline triangle and the 2L 15 km configu-

Table 4.3: Number of BNS mergers
per year detected (SNR > 8) before the
merger within z = 1.5 for the different
ET configurations with the HFLF-cryo
sensitivity curve. We show the num-
ber of detected events for 30, 10, and 1
minute(s) before the merger. For each
detector configuration, we consider dif-
ferent sky localization thresholds, within
10, 100, 1000 deg?, at 90% C.L. Table
from [Branchesi et al., 2023] (Table 3, au-
thored by UD)
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HF
) . AQgqe, All orientation BNSs | BNSs with 6, < 15°
Configuration
[deg?] 30 10 1 30 10 1
min min min min min min
100 0 0 0 0 0
ET-A-10km 1000 0 0 4 0 0 1
All detected 0 3 317 0 0 26
100 0 0 2 0 0 0
ET-A-15km 1000 0 0 10 0 0
All detected 2 8 891 0 1 84
100 0 0 0 0 0 0
ET-2L-15km 1000 0 0 7 0 0 3
All detected 0 7 743 0 1 69
100 0 0 3 0 0 0
ET-2L-20 km 1000 0 0 13 0 0 6
All detected 2 11 1535 0 1 146

ration, approaching the capabilities of the 2L configuration with 20 km
arms.

In a nutshell, the work in [Branchesi et al., 2023] shows us that:

e With respect to the current infrastructure of LVK, any ET design
would improve the current performance by orders of magnitude

¢ The misaligned 2L configuration of 15km seems to give the best
scientific return

¢ The LF part is crucial for several science cases

4.3 How EoS and mass model impact BNS PE

In the first part of this chapter, we focus on the evaluation of the
optimal ET design for MM studies. We focused on the sky localization
capabilities and the related possibility to send pre-merger alerts for
BNS sources, but we have not considered the impact of different EoS
and mass models on GW detection when modeling the BNS popula-
tion.

In this second part of the chapter, we examine in depth how uncer-
tainties in NS population properties and microphysics may influence
detection rates. In particular, we investigate the potential for detecting
optical emissions from BNS mergers using XG detectors. The results
are detailed in [Loffredo et al., 2025]. The EoS of the dense matter in-
side a NS has a direct impact both on the GW signal and on the ejected
matter, which is then responsible for the KN emission. Therefore, joint

Table 4.4: Same as Tab. 4.3 but for the
HF sensitivity ET. Table from [Branchesi
et al., 2023] (Table 4, authored by UD)
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KN/GW observations constitute a powerful tool to investigate the in-
side of NS sources.

So far, we had two relevant BNS detections. The first one, GW170817
was accompanied by an unequivocal EM counterpart, AT2017gfo [Ab-
bott et al., 2017¢,d], which gave us the first evidence that BNSs produce
KN emission and are responsible for the formation of the heavy ele-
ments in the Universe. The extended observational campaign allowed
us to follow the distinct color evolution of the KN, and the absorp-
tion features proved consistent with the presence of neutron-capture
elements. The second observation, GW190425 [Abbott et al., 2020a],
is again a BNS candidate, but without an observed EM counterpart.
The peculiarity of this system is its unusually high total mass, around
3.3Mg, with respect to the BNS systems in the Milky Way, observed
electromagnetically. This triggered the community to hypothesize the
higher-mass component of the system to be either a heavy NS or a light
BH [Kyutoku et al., 2020; Raaijmakers et al., 2021; Barbieri et al., 2021;
Camilletti et al., 2022; Dudi et al., 2022; Radice et al., 2024]. These are
two events on which we calibrate the KN modeling in [Loffredo et al.,
2025].

Besides these two isolated detections, no significant BNS candidates
have been detected during the fourth run of LVK. At the current status,
we expect LVK detectors to be able to observe eventual BNS events up
to z ~ 0.2 [Abbott et al., 2020b; Petrov et al., 2022].

Observatories like ET and CE from the XG GW network, instead,
will observe BNS mergers throughout cosmic history, allowing for pre-
cise parameter estimates for the nearest events. ET and CE will be
able to probe BNS mergers up till z ~ 4 with ET [Branchesi et al,,
2023], and z ~ 10 with CE [Evans et al., 2021, 2023; Gupta et al.,
2024], respectively. Innovative wide-field observatories, such as the
Vera Rubin Observatory [Ivezi¢ et al., 2019], will rapidly cover large
sky areas with unprecedented sensitivity, enabling the detection of
faint transients. Furthermore, spectroscopic telescopes, such as the
ELT [Gilmozzi and Spyromilio, 2008] and the Wide-field Spectroscopic
Telescope (WST) [Mainieri et al., 2024], will provide us with a precise
characterization of EM counterparts.

We carry out a three-step study. We start by examining BNS merger
populations with varying NS mass distributions and EoS. We model
the GW signals based on the properties of the sources. In the second
step, we analyze both the KN and the GRB emissions. To do this,
we simulate the KN ejecta using numerical relativity-informed fits,
taking into account the potential prompt collapse of the remnant into
a black hole and introducing new fitting formulas that are suitable
for more massive BNS systems, such as the aforementioned GW190425
system. We also ensure the optical afterglow emission from relativistic
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jets aligns with the observed characteristics of short GRBs. In the last
step, we estimate the number of detected optical signals by simulating
realistic observational strategies employed by the Rubin Observatory.

In what follows, we present all the GW signal modeling and PE.
To analyze the detection potential of the GW signals emitted by BNS
mergers, we consider various detector networks, including both cur-
rent and XG GW detectors. We describe the employed BNS population
in Sec. 4.3.1 and the GW analysis setup in Sec. 4.3.2. We discuss the
GW results in Sec. 4.3.3 and present an overview of what has been
discussed in [Loffredo et al., 2025] on joint GW /KN and/or GW/GRB
observations in Sec. 4.3.4.

4.3.1  BNS population and EoS modeling

The population of BNSs is obtained using the population-synthesis
code SEVN [Spera et al., 2019; Mapelli et al., 2020; lorio et al., 2022],
which takes into account both isolated and binary star systems. With
respect to the MOBSE code used in [Branchesi et al., 2023] (see Sec-
tion 4.2.1), SEVN is a more recent code that improves over the simpli-
fying fitting formulas used in MOBSE. SEVN implements single-star
evolution tracks to interpolate the status of the two stars in the binary
evolution.

The merger rate density, on the other hand, is derived using the
code of [Santoliquido et al., 2020], COSMORATE, which follows the
metallicity evolution outlined in [Madau and Fragos, 2017]. The dom-
inant source of uncertainty in compact binary coalescence (CBC) rate
modeling arises from the a parameter, which determines the efficiency
of the common envelope [Santoliquido et al., 2021]. To assess the im-
pact of varying common envelope efficiencies, we consider two values
for a: &« = 0.5 for a pessimistic scenario and « = 1.0 for a fiducial
scenario. Based on these assumptions, we generate two populations
corresponding to 71338 events for « = 0.5 and 363560 events for
« = 1.0, considering a redshift cut of z < 1. This results in a local
merger rate of 23 Gpcyr~! for & = 0.5, and 107 Gpcyr~—! for & = 1.0,
both of which are consistent with what is measured with LVK [Abbott
et al., 2021¢] and current LVK observations. This mass distribution is
currently supported by GW observations, including GW190425.

We determine the component masses of the NS binaries, 117 ¢, and
my sre, Using two distinct mass distributions: Gaussian and uniform,
illustrated in Fig. 4.4. The Gaussian distribution is characterized by
a peak value at 1.33 M and a standard deviation of 0.09 M. This
model is derived from a fit to the masses of NSs in binary systems in
the Milky Way [Ozel et al., 2012; Kiziltan et al., 2013; Ozel and Freire,
2016]. In contrast, the uniform mass distribution spans values from
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Figure 4.4: Comparison between Gaus-
sian and uniform mass distribution ©
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1.1Mp,up to a maximum mass, denoted as #max, where Msrc, max de-
pends on the selected EoS. We do not directly use the masses predicted
by the population synthesis code, as these are not compatible neither
with the galactic SN spectrum, which is Gaussian, nor the poorly re-
constructed one from the very few LVK observations, which is broadly
unconstrained but uniform. The reason lies in the poor prescription
for SN explosion mechanisms in the available population synthesis
codes [Giacobbo and Mapelli, 2018].

We consider two different EoS: APR4 [Akmal et al., 1998; Baym et al.,
1971; Douchin and Haensel, 2001] and BLh [Bombaci and Logoteta,
2018; Logoteta et al., 2021]. Both the EoSs used in our study are ob-
tained from first-principles calculations and are fully compatible with
the most recent astrophysical constraints on the NS mass, radius, and
tidal deformability. APR4 predicts Mg, max = 2.2M¢, and for BLh we
have msre,max = 2.1Mg, for the maximum mass Mgrc,max Of a cold
non-rotating NS7. These values are used to set the maximum mass for
our populations.

The tidal deformabilities, A1 and Aj, for each component of the
BNS, are determined based on the selected EoS and binary masses.
While the maximum masses values are similar, APR4 produces signif-
icantly more compact NS, with larger compactness and smaller tidal
deformability. These differences affect the amount of the ejected mate-
rial, typically larger for BLh than for APR4, and, as a consequence, the
properties of the KN emission.

Between the two EoSs, the mass distributions are identical in the
Gaussian case, while we have some higher masses for the APR4 EoS in
the case of the uniform one. When comparing APR4 and BLh, the most
significant difference is the tidal deformability, as shown in Fig. 4.5.

The BNS mergers are distributed isotropically in the sky, meaning
they occur uniformly in all directions. In other words, the inclination
of the orbital plane with respect to the line of sight is randomly dis-
tributed. This is obtained by uniformly sampling RA in the interval
[0,27t] and DEC uniform in cosine in [—71/2,+7/2] . The inclination
angle, 1, follows a uniform in sine distribution in [0, 7z]. The polariza-
tion, ¥, and phase ¢ angles are both uniformly distributed in the range
[0,271] (see the discussion in Appendix B).

To effectively sample the parameter space of BNS mergers prop-
erties and their GW and EM signals, we analyze catalogues of BNSs
observed in 10 years by an ideal instrument from Earth.

4.3.2  GW simulation setup

Starting from the populations of 10 years of BNS mergers as de-
scribed in the previous Sec. 4.3.1, we analyze all the mergers up to

7 We assume non-spinning NSs, since NSs in
binary systems are expected to have negligi-
ble spins [Burgay et al., 2003]
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Figure 4.5: Tidal deformability for the
primary component of the BNS popu-
lation, with @« = 1.0. Figure adapted
from [Loffredo et al., 2025] (Figure
A1+A2) O
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z = 1, and we associate to each merger a coalescence time, f, uni-
formly sampled between the year 2035 and the year 2045, which is
roughly the period when the XG ground-based observatories as ET
are expected to be operative. For each BNS merger, we inject a GW
signal described by IMRPhenomD_NRTidalv2 [Khan et al., 2016; Dietrich
et al.,, 2019], a state-of-the-art waveform approximant including tidal

effects.
INJECTION SETS

NETWORKS o« # events EOS Mass

distr.
E:ll:_i_lo tm LVKI APR4 (I;_Ial’lfs o
“ATtokm * 0.5 71338 futorm
ET-A-10km + 1CE BLh Gaussian
ET-A-10km + 2CE Uniform
E?zt_w llzm LVKI APR4 ?Jal’lfs o
215 km 1.0 363560 niorm
ET-2L-15km + 1CE BLh Gaussian
ET-2L-15km + 2CE Uniform

We consider different detector networks, including the current gen-
eration and the XG one. In Tab. 4.5, we describe the networks and
a summary of the properties of the populations we have used. From
Tab. 4.5, we have two common envelope efficiency values, two different
EoS and two different mass models. Together with the eight different
detector networks, this adds up to 64 simulations. We can distinguish
two groups of detector networks:

e ET-A with 10km arms, located in Sardinia: alone and in a net-
work with, respectively, 1CE, and the upgraded version (Os5) [Ab-
bott et al., 2020b] of the LVKI network. When using the network
of 2CEs, we locate one at the LIGO Hanford site and the second in
Australia (see Tab. C.1).

e ET-2L, misaligned at 45°, with 15km arms, one detector in Sardinia
and the second in the Netherlands, as in [Branchesi et al., 2023]: as
a single observatory and in the same network configurations as the
ET-A detector

For further details about the detector networks simulation, we re-
fer to Tab. C.1, where we have provided the precise location (latitude
and longitude), the sensitivity range, and curves. Here, in Fig. 4.6, we
show the plot of the ASDs for the different detectors used in the anal-
ysis. For both the ET configurations, we used as the starting frequency
2 Hz, while using 8 Hz, for all the other detectors. This does not mean,

Table 4.5: List of detector networks and
injections data sets used in the analysis.
Table from [Loffredo et al., 2025] (Table
2, authored by UD)
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Figure 4.6: Sensitivity curves used in
the analysis. The ET strain noise is the
HFLF-cryo one (see Sec. 4.1.1). ET-10
and ET-15 refer, respectively, to a 10 km
and a 15km detectors. The used sensi-
tivity curves are available here. Figure
adapted from [Loffredo et al., 2025] (Fig-
ure B.1, authored by UD) €)
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however, that these detectors will be sensitive down to such low fre-
quencies, as it is also evident from Fig. 4.6, where at low frequencies,
even the XG observatories show a rapid decline.

The parameter estimation of the injected GW signals by the vari-
ous detector networks is obtained through the Fisher matrix software
GWFish [Dupletsa et al., 2023]. We refer to Chapter 3 for a detailed
presentation and discussion of the Fisher matrix code.

A detection SNR threshold of 8 is applied for our analysis. All the
parameters [M, g, di, 1, RA, DEC, ¥, ¢, t., A1, Ay] are considered for
the Fisher matrix derivation. The uncertainties on parameters com-
ing from the covariance matrix are given at 1o. The sky-localisation
uncertainty, (g, is given as 90% credible region.

We implement a duty cycle of 85% independently for each of the
L-shaped detectors, and in each of the three nested detectors compos-
ing the triangle, so that we take into consideration a more realistic
scenario, where detectors are not operative all the time as occurs with
current GW detectors.

4.3.3 The role of EoS and mass model on GW detection

The different choices we make at the BNS population level, from
microphysics, e.g. the EoS, to mass distribution, have an imprint on
the GW signal that we might observe. In turn, this depends on the
network we use for the detection.

In Fig. 4.7, we show the SNR results for all the detector networks
considered in our analysis, fixing the results to the fiducial population
with the BLh EoS and uniform mass distribution. We show in the same
color the networks containing one of the two ET configurations, ET-A
or 2L, but distinguishing them by the style of line, solid for the 2L, and
dotted for the ET-A. The best network performance for both ET configu-
rations is when also 2CEs are operative, and, then, in descending order,
1CE, LVKI, and the standalone ET. Between the two ET geometries, the
2L gives a better outcome, confirming the findings of [Branchesi et al.,
2023]. If we instead fix the network, as shown for ET-A in Fig 4.8, and
compare the two mass distributions, we find that the uniform distribu-
tion yields higher SNR values. This occurs because sampling masses
from a uniform distribution generally results in a greater number of
more massive systems compared to sampling from a Gaussian distri-
bution centered at 1.33M, as is clear from Fig. 4.4.

In Fig. 4.8, we fixed the EoS to BLh, but same holds for APR4. We
have even higher SNRs with the uniform APR4 case, since APR4 allows
for even larger masses. At the SNR level, the comparison boils down
to privilege the model that accommodates more massive binaries. This
happens for the APR4 EoS, which predicts e max = 2.2Me, and uni-
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Figure 4.7: SNR distribution for the de-
tector networks analyzed in our study as
in Tab. 4.5. The reported results consider
the fiducial population, uniform mass
distribution, and BLh EoS. The colored
region excludes the events with SNR <
8. Adapted from [Loffredo et al., 2025]
(Figure 13, authored by UD) ©
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Figure 4.8: SNR distribution ET-A com-
paring uniform and Gaussian mass dis-
tributions. The reported results consider
the fiducial population and the BLh EoS.
The colored region excludes the events
with SNR < 80
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form mass distribution.

Fig. 4.9 shows the number of detections over ten years up to redshift
z = 1 for all the 64 cases analyzed in [Loffredo et al., 2025]. The top
panel reports the results for the fiducial population. Each subplot in
the panel shows the results for each one of the 4 mass distribution-
EoS combinations. Different colors represent different networks of ET,
with the solid linestyle for ET-2L networks, and the alike color but
dotted linestyle for the corresponding ET-A network. Tab. 4.6 report
the corresponding absolute numbers for the fiducial population, and
adding the two networks composed of LVKI only and 3 LIGO-like®
detectors with A# sensitivity [Fritschel et al., 2022].

Similar to the findings in [Branchesi et al., 2023], the ET-2L net-

Figure 4.9: Ten-year detection distribu-
tion as a function of redshift for the 8 dif-
ferent networks using the fiducial popu-
lation (@« = 1) in the top panel and the
pessimistic one in the bottom (x = 0.5),
showing all the 4 combinations of EoS
and mass distributions. For a given «
value, all the axes have the same scale.
Figure adapted from [Loffredo et al,
2025] (Figures. 10 and D.1, authored by
upo) ©

8We put the 3 LIGOs at the Hanford, Liv-
ingston and LIGO-India sites.
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NETWORKS APR4 BLh
Uniform Gaussian Uniform Gaussian

ET-A 191949 153726 186543 153632
ET-A + LVKI 198168 159203 192384 159087
ET-A + 1CE 316884 300098 314644 300043
ET-A + 2CE 348424 341191 347575 341164
ET-2L 251997 219780 247494 219676
ET-2L + LVKI 255215 223361 250869 223266
ET-2L + 1CE 332262 319490 330526 319446
ET-2L + 2CE 353506 348098 352836 348076
LVKI 1529 884 1403 883
A# 8349 4936 7645 4930

work outperforms the ET-triangle, which supports our observations
regarding the SNR. In various configurations, the total number of de-
tections up to a redshift z = 1 increases by approximately 30%, when
moving from ET-A to ET-2L. The detection capabilities of both the 2L
and triangle configurations of ET are significantly enhanced when they
operate within a network of detectors. Specifically, the number of de-
tections increases by around 3% when ET operates alongside existing
detectors, e.g. with LVKI at Os sensitivities. When ET-A is part of a
network with XG detectors, including either one CE (or two CEs), the
number of detections can rise by approximately 70% (90%). For ET-2L
configuration, the increase in detections is about 30% (40%).

Fig. 4.10 compares detection numbers for ET-A up to z = 1 across
different choices for the NS mass distribution and the EoS. For the uni-
form mass distribution, the number of detections increases by about
20 — 25% compared to the Gaussian mass distribution, regardless of
the EoS. This is expected due to the larger masses achieved by binary
systems with a uniform NS mass distribution.

When comparing the two EoSs, the differences in detection num-
bers are negligible. However, we do observe that APR4 yields a slightly
higher detection rate (by 3%) than BLh for the uniform mass distribu-
tion. This detail is emphasized in the zoomed-in region of Fig. 4.10.
The increased detection rate is primarily driven by the larger maxi-
mum NS mass supported by APR4, which results in louder GW signals.

These findings align with the analysis conducted by [lacovelli et al.,
2023], which noted an increased detection rate for EoSs with a higher
maximum mass, particularly under a uniform NS mass distribution.

The sky localization capabilities of ET, whether operating indepen-
dently or within a network of detectors, are summarized in Tab. 4.7
and Tab. 4.8 for ET-A and ET-2L, respectively. These tables present

Table 4.6: Number of BNS mergers de-
tected in ten years by several networks
of current and next generation detectors
for the fiducial populations (x =1.0). We
added two more detector networks with
respect to 4.5. Table from [Loffredo et al.,
2025] (Table D.1, authored by UD)
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Figure 4.10: Ten-year detection distri-
bution as a function of redshift for the
reference ET-A using the fiducial pop-
ulation (x = 1) and comparing differ-
ent NS mass distributions and EoS mod-
els. Figure adapted from [Loffredo et al.,
2025] (Figure 11, authored by UD) ©
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the number of detections made by various detector networks over ten
years, focusing on sky-localization accuracy, ()9, that is smaller than
specific thresholds. This is evaluated for both the pessimistic popula-
tion (¢ = 0.5) and the fiducial one (¢ = 1), for the analyzed NS EoSs
(APR4 and BLh) and NS mass distributions (uniform and Gaussian).

The results in the tables, Tab. 4.7 and Tab. 4.8, indicate significant
uncertainties in the absolute detection numbers stemming from varia-
tions in the common envelope efficiency. Compared to the pessimistic
one, the fiducial population results in five times more detections with
sky localization less than 100deg®. As previously noted, this aligns
with the limited observational constraints on the local BNS merger
rate.

By comparing Tab. 4.7 and Tab. 4.8, we observe that the ET-2L, when
operating as a single observatory, achieves better localization than ET-
A. Specifically, it detects 2.4 times more events within a sky localization
area of 100 deg®. This trend also holds when ET operates together with
current detectors, where ET-2L allows for 40 — 50% more detections
within 100 deg® compared to ET-A. The enhanced performance of
ET-2L in source localization is also evident when ET operates in a
network with one CE; in this case, ET-2L localizes better than 10 deg2
about 30 — 40% more events compared to ET-A. When ET is operating
with two CEs, the difference between 2L and triangle is negligible,
except for the events localized better than 1deg®. These results are
fully consistent with the findings of [Branchesi et al., 2023].

The number of well-localized events significantly increases when
ET operates within a network of detectors, as demonstrated in Tab. 4.7
and Tab. 4.8. For the fiducial population, the number of events local-
ized better than 100 deg” increases from a few hundred per year to
several thousand per year when ET operates with current detectors
LVKI rather than alone. ET will significantly benefit from the presence
of current detectors (mainly from the distant ones, while Virgo gives a
negligible contribution due to its vicinity), and the number of events
detected better than 10 deg?® will increase from a few tens to a few
hundreds per year.

Fig. 4.11 illustrates the advantages of detector networks in achieving
larger redshifts for well-localized events. With the addition of a net-
work of the XG detectors, the number of events localized better than
10 deg2 amounts to 10° (10%) per year for ET 4 1CE (ET + 2CE) up to
z~09-1.0.

The higher number of GW detections for the uniform mass distri-
bution compared to the Gaussian one results in a systematically larger
number of well-localized events in the case of uniform mass distri-
bution. Moreover, for a given luminosity distance, the accuracy of sky
localization tends to be higher in the uniform distribution scenario due

117
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to the presence of more massive systems, which generate higher SNRs.
Finally, also the NS EoS affects the number of GW detections at a
given sky localization. A comparison between the number of detected
events for APR4 and BLh at Qg9 < 100, 40, 20, 10 deg2 shows that
typically the number of detections increases for APR4 up to 4%, in the
case of Gaussian mass distribution, and 10%, in the case of uniform
mass distribution. This is because APR4 is more compact, therefore it
has smaller tidal deformability compared to BLh4, so the inspiral of
the GW signal lasts more time in the detector. Moreover, as mentioned
above, in the case of uniform mass distribution, APR4 supports a larger
maximum NS mass with respect to BLh providing systems with larger
mass, and thus larger SNR which can improve the sky localization.

Figure 4.11: Number of injected
events and events localized better than
100 degz, 40 degz, 20 degz, 10 degz, and
1 deg2 by the different detector networks
considered in this work for the fidu-
cial population obtained assuming the
BLh EoS and uniform NS mass distri-
bution. The left plots show ET-A, and
the right plots ET-2L. In App. C, we
show the same plots for BLh Gaussian
NS mass distribution, and APR4 uniform
and Gaussian NS mass distribution. Fig-
ure adapted from [Loffredo et al., 2025]
(Figure 12, authored by UD) ©
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Fig. 4.12 presents PE for a subset of parameters, namely luminos-
ity distance, inclination angle, chirp mass, and tidal deformability of
the primary component, based on the uniform mass distribution of
the fiducial population. The fop panel presents results using the BLh
EoS, while the bottom panel corresponds to the APR4 EoS. The x-axis
represents the relative errors on these parameters, whereas the y-axis
denotes the cumulative number of detections. Notably, PE accuracy
is significantly improved with ET-2L. compared to the triangular con-
figuration when each functions as an independent detector. Although
the improvement is less pronounced, it remains evident when ET is
integrated into a network of detectors. Moreover, it is worth empha-
sizing that substantial enhancement in parameter estimation is already

Figure 4.12: PE for a subset of param-
eters, namely luminosity distance, incli-
nation angle, primary component mass,
and tidal deformability of the primary
component, for the uniform mass dis-
tribution of the fiducial population with
BLh EoS in the top panel, and APR4 EoS
in the botton one. We show the rela-
tive errors on the parameters on the x-
axis and the cumulative number of de-
tections on the y-axis. Different colors
indicate different networks. The same
color and lifestyle schemes as in Fig. 4.9
apply. Figure from [Loffredo et al., 2025]
(Figures 13 and D6, authored by UD) O


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter4/kn_param_errors.ipynb
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achieved when ET operates in synergy with current detectors. This is
particularly important for the luminosity distance, a key parameter in
cosmological studies. This finding is pertinent to the redshift range
[0,1] considered in this study, as extending the analysis to higher red-
shifts would render the presence of current detectors ineffective in im-
proving PE. The parameter estimation accuracy further increases with
the inclusion of next-generation detectors, as reflected in the distribu-
tion of well-localized events across different redshift values.

In App. C, we show a plot analogous to 4.12, but for the Gaussian
mass distribution. The network of GW detectors plays a major role in
PE precision, whereas mass model and EoS are subdominant.

4.3.4 Summary of prospects for KN MM astrophysics

We investigate the potential of MM astronomy with XG detectors
by assessing the detectability of KNe and GRB afterglows associated
with BNS mergers. We explore scenarios where ET operates alone
or within a network of current and XG GW detectors and in synergy
with the Vera Rubin Observatory. Besides the impact of the choice of
the GW detector network, we explore different sources of uncertainty,
starting from the BNS merger rate quantified by the common envelope
efficiency parameter «, the NS mass model (Gaussian or uniform in
our analysis), and, at the microphysics level, the NS EoS, exemplified
by ours more compact APR4 or the less compact one, BLh.

We aim to quantify the impact of these sources of uncertainties as
they affect the KNe MM predictions and, consequently, observational
strategies. Our key findings are summarized as follows:

* ET (as single observatory in either of its configurations, ET-A or
ET-2L) operating with the Rubin Observatory will be able to detect
large numbers of KNe, up to 10 — 100 per year. The number of
MM detections significantly increases when ET is considered in a
network with current or XG observatories.

¢ The key parameter is the sky localization capability. It gives us a
criterion for events to follow up with the Vera Rubin Observatory.
The larger the number of detectors in the network, the better the
sky localization. The network of ET and LVKI increases the number
of optical counterparts detected by Rubin by an order of magnitude
with respect to ET alone. However, even if the ET+2CE network
gives better sky localization at higher redshifts, on the EM detection
part, we are limited by Rubin’s sensitivity, which drops significantly
for redshifts above ~ 0.3. This means that an upgrade of the current
detectors operating in a network with ET and working in synergy
with the Rubin Observatory delivers results similar to ET observing
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in a network with XG observatories.

® The uncertainty on the number of KN detections is largely domi-
nated by the poor knowledge of the local BNS merger rate, while
factors such as the mass model and EoS influence the results to a
lesser extent. However, we do observe some detectable differences
between the models we analyzed. In the Gaussian mass model case,
we detect more KNe with BLh EoS. In the uniform mass model, in-
stead, the situation is reversed. We can provide a preliminary ex-
planation for these observations, even though the interactions are
complex. In the first case, BLh predicts a higher ejected mass that, in
turn, produces brighter KNe. In the second case, the APR4 EoS pre-
dicts larger masses, resulting in a greater number of well-localized
events.

* The addition of the afterglow emission typical of short GRBs in-
creases the number of MM detections. The ET+2CE network shows
the best performance. It localizes well and at higher redshifts when
the afterglow emission, being intrinsically brighter than the KN one,
is still detectable.

Schematic outline of the observational strategy with Vera Rubin

As mentioned above, the sky localization capability plays a crucial role in
the follow-up observations with the Vera Rubin Observatory. In [Loffredo
et al., 2025] we plan to use target-of-opportunity (ToO) observations as the
most effective follow-up strategy. We, therefore, select among the detected
GW events those that are well-localized and accessible within Rubin’s sky
coverage. The localization threshold depends on the specific GW detector
network and is set to ensure that the number of follow-up targets remains
manageable, and in any case not exceeding 100 deg? for the sky localization
at 90%C.L.

In brief, the observational strategy uses a mosaic approach, tiling the lo-
calization region according to Rubin’s FoV of 9.6,deg2. Each GW source
is randomly assigned to one of the tiles, assuming a uniform distribution
within the localization area. Observations are carried out in two filters: g
(probing the blue part of the spectrum) and 7 (red), over two epochs within
2-3 nights after the merger, starting no earlier than 1.5,hours post-merger
due to limitations in early-time KN modeling. Each pointing uses a 600,s
exposure, with additional time budgeted for slewing and filter changes.
Two detection criteria are used: a one-epoch (1ep) criterion requiring de-
tections at least once in both filters in a single epoch, and a more stringent
two-epoch (2ep) criterion which requires the source to be detected in the
two filters in the first epoch and at least in the i filter in the second epoch.
The latter enables tracking color evolution to reduce contaminants.

The outlined strategy balances depth and efficiency, aiming to maximize
the number of GW events followed up with Rubin’s limited ToO time in
the era of XG GW detectors.
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In summary, the theoretical framework and simulations on the ET
capabilities to detect and estimate the parameters of BNS mergers de-
veloped in this thesis made it possible to evaluate the optimal design of
ET operating together with EM observatories and to evaluate in depth
the prospects of KN detection for ET operating with the Vera Rubin
Observatory. Our work makes a significant step forward in quantify-
ing theoretical uncertainties (merger rate, NS mass distribution, EoS)
affecting predictions for GW and MM detections and source character-
ization.

ET, especially in networks with XG GW observatories, will gener-
ate an extremely large number of alerts, making it prohibitive to follow
up every one of them. In our work, we explore selection based on the
sky localization. However, the prioritization of alerts to be followed
can be optimized and tuned to specific scientific cases by incorporat-
ing additional information on source parameters. To explore science-
dependent observational strategies and prospects, we made available
to the community the catalogues containing all our injected BNS pop-
ulations and the source parameters estimates for the 64 performed
simulations. All the catalogues are publicly available on Zenodo.


https://zenodo.org/records/13850416
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APRy BLh
Qop [deg?] Uniform Gaussian Uniform Gaussian
<100 266 233 272 233
< < 40 79 62 75 62
= <20 29 23 25 23
<10 8 6 8 6
<100 14946 10031 13873 9797
. o <M 5105 3159 4659 3074
e é <20 1808 1149 1673 1131
- <10 671 403 592 391
? <1 15 9 19 9
=
<100 41229 35355 40086 34950
o . < 21881 15848 20685 15490
£+Q <2 9505 5874 8741 5747
<10 3370 2012 3086 1985
<1 99 58 85 58
<100 62252 59712 61865 59525
o . < 54122 50462 53407 50088
£rg <20 44976 40266 43896 39742
<10 33336 27980 32070 27341
<1 2620 1587 2413 1548
<100 1295 1085 1261 1084
- <40 400 315 387 315
e <20 147 135 154 135
. <10 59 49 58 49
<100 74095 49000 69098 47662
L g <% 25246 15499 23009 15075
B+ <20 8904 5615 8205 5506
o 7 < 3221 2027 3007 1989
Tl' <1 105 71 103 71
iS4
<100 207029 176325 201449 174112
o . < 109116 77348 103009 75578
£rQ <20 46537 28731 42915 28127
<10 16231 9759 14893 9639
<1 514 309 466 307
<100 316613 303242 314298 302312
o <0 275354 256334 271701 254435
£rg <20 228395 204945 223353 202064
<10 169922 142069 163892 138734
<1 12829 7849 11713 7659

Table 4.7: Number of BNS mergers de-
tected by ET-A with 10km arms in ten
years with a sky localization better than
100 degz, 40 deg2, 20 degz, 10 deg2, and
1 degz. Table from [Loffredo et al., 2025]
(Table 4, authored by UD)
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APRy BLh
Qoo [deg?] Uniform Gaussian Uniform Gaussian
<100 636 543 623 539
] <40 173 144 164 144
E <20 64 50 63 50
<10 26 2 26 2
<100 21049 15144 19709 14604
L <40 6581 4112 6071 3993
S+ <20 2300 1469 2151 1429
R 1) 819 524 774 516
? <1 24 15 26 15
=
<100 36935 33298 36258 32974
g <40 22655 17904 21781 17574
o E:) <20 11699 7795 10952 7593
= <10 4437 2731 4062 2678
<1 128 74 112 73
<100 61800 60175 61527 60058
. < 40 55474 52339 54783 51981
o E:). <20 46874 42275 45786 41708
= <10 35058 29499 33707 28931
<1 2911 1810 2681 1753
<100 3065 2595 2977 2584
] <40 895 760 863 759
= <20 336 285 331 284
<10 140 123 138 123
<100 105210 75008 98629 72230
L <40 32600 20315 29938 19712
S+ <20 11400 7266 10577 7092
1) 4103 2628 3802 2591
Tl' <1 134 87 120 85
(54
<100 187619 168206 184000 166575
<40 114328 89433 109393 87665
a4 m <20 57718 37996 53790 37095
5YE 0 <10 21782 13429 20114 13166
<1 682 435 636 435
<100 312610 304213 311070 303455
g <40 280242 264039 277022 262179
o E:j <20 235691 211974 230760 209108
= <10 175625 147446 169663 144339
<1 13958 8619 12886 8400

Table 4.8: Number of BNS mergers de-
tected by the ET-2L with 15km arms in
ten years with a sky localization better
than 100 deg?, 40 deg?, 20 deg?, 10 deg?,
and 1 deg? respectively. Table from [Lof-
fredo et al., 2025] (Table 5, authored by
up)



5. Back to Cosmology, with ET

JJ To be sure means that when the right solution is reached,
everything falls into place. You perceive that in no other
way could things have happened.

— Agatha Christie
"The Clocks"

The next-generation (XG) gravitational wave (GW) detectors present exceptional opportunities in the field of cosmology.
This chapter explores the prospects for cosmology with the Einstein Telescope (ET).

In the first part, we examine potential scenarios involving the ET operating alongside the Fermi and Swift telescopes in the
observation of short Gamma Ray Bursts (GRBs), jointly with Binary Neutron Star (BNS) mergers. This work is published
in [CAP [Cozzumbo et al., 2025]. I contributed to gravitational data analysis and overall discussions.

The second part of this chapter focuses on ongoing research regarding the joint observations of ET and SKA Observatory
(SKAQ). The project aims to constrain cosmological parameters by inferring the redshift of Binary Black Hole (BBH)
mergers, observed with ET, thanks to the spatial distribution of hydrogen overdensities, measured with SKAO, under the
assumption that BBHs trace the hydrogen density field. I am leading the ongoing forecast effort [Dupletsa et al., nd, in
preparation] to investigate the synergy between ET and future intensity mapping (IM) surveys with SKAO. The list of
collaborators is included in the List of Publications, provided at the beginning of this thesis.

5.1 Probing the Universe’s expansion with the XG  Contents

GW observatories 5.1 Probing the Universe’s expan-
sion with the XG GW observatories

The next-generation (XG) gravitational wave (GW) interferometers 125

will be able to probe the Universe up to very high redshifts. Focusing 5.2 Cosmology with joint BNS

on the Einstein Telescope (ET) observatory, we will be able to observe and GRB observations 126

mergers from compact binary coalescences (CBCs) up to z ~ 100 [Ng .
5.3 Cosmology with BBHs and HI

et al., 2022, 2023; Branchesi et al., 2023]. The expected unprecedented ™M
130

sensitivity makes an instrument like ET ideal to probe the expansion

history of the Universe and trace H(z) as in Eq. (1.20) well beyond the
local Universe explored with current detectors. Moreover, this can give
us insights into the Hubble tension problem (see Sec. 1.1.4).

For a general introduction to cosmology with GWs, refer to Sec. 2.1
of Chapter 2. In the following chapter, we consider two scenarios,
focusing on bright sirens in the first part and dark sirens in the second.
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Regarding the observation of bright sirens with ET, we present the
work in [Cozzumbo et al., 2025], where we analyze the hypothetic sce-
nario of what constraints we could have put on cosmological param-
eters if ET were operating together with Fermi-GBM [Meegan et al.,
2009] and Swift-BAT/XRT [Gehrels et al., 2004] instruments, for the
last 20 years, specifically from 2005 to 2023, and observed the corre-
sponding GW signals from the merging Binary Neutron Star (BNS)
events. Since ET is planned to be operative for ~ 50 years, the amount
of GRBs observed over a 20-year time span looks like a plausible sce-
nario. In the work, we explore different cosmological models and GW
detector networks, and a model-independent approach based on Gaus-
sian Process (GP) methods. This is addressed in Sec. 5.2.

The second part explores the dark siren sector. Specifically, we in-
vestigate the synergy between GWs and the large scale structure (LSS)
of the Universe, exploring the potential of a detector like ET for the Bi-
nary Black Hole (BBH) detection on the gravitational side and SKA Ob-
servatory (SKAO) [Weltman, 2020] on the electromagnetic (EM) side.
SKA-Mid?, in fact, is expected to carry out intensity mapping (IM) sur-
veys of the LSS distribution up to redshift z ~ 3 [Bacon et al., 2020],
through the measurement of the 21 cm line emission from neutral hy-
drogen (HI). This is thoroughly discussed in Sec. 5.3.

5.2 Cosmology with joint BNS and GRB observa-
tions

The only so far bright siren event GW170817 [Abbott et al., 2017c¢,a]
has already shown us the great opportunity represented by the ability
to detect EM counterparts, despite the large uncertainties on the Hub-
ble parameter estimates. Moreover, GW170817 also provides us with
the first direct evidence of the link between BNS mergers and produc-
tion of short Gamma Ray Bursts (GRBs) [Ascenzi et al., 2021]*. This
is why we decided to explore how these constraints would shrink if
the catalog of GRBs associated with a BNS merger had a gravitational
counterpart. In other words, what if we had observed the correspond-
ing GW signals with a combination of different detectors, including
ET. This allows us to consider all the detected GRBs, roughly up to
z ~ 3, and simulate the corresponding GW data.

The scope of [Cozzumbo et al., 2025] is twofold. First, we compare
two different cosmological models, both in good agreement with the
observations. These are the standard A Cold Dark Matter (ACDM)
and the Phenomenological Emergent Dark Energy (PEDE) models [Li
and Shafieloo, 2019, 2020]. The latter is based on the same model
parameters as ACDM but assumes an emergent component of dark

* All the useful information is available on the
website.

>The link between BNS mergers and short
GRBs production is not straightforward. We
briefly discuss the recent developments in the
dedicated box.


https://www.skao.int/en

energy (DE) in the late Universe. In practice, in the ACDM cosmology,
the DE is assumed to be constant, whereas in the PEDE model, it fol-
lows a redshift-dependent Equation of State (EoS), according to which
the DE component phenomenologically emerges at late times, after
z < 23. Recent results from Dark Energy Spectroscopic Instrument
(DESI) [Adame et al., 2024; Calderon et al., 2024; Lodha et al., 2024]
have revived the interest in this model. Second, since we must rec-
ognize that alternative models to ACDM cannot deviate significantly
without compromising the fit to the Cosmic Microwave Background
(CMB) data, we opt for a model-independent, non-parametric, and
data-driven approach, based on machine learning (ML), and specifi-
cally on GP methods. This is done to reconstruct the DE phenomenol-

ogy. In what follows, we briefly discuss the mock data setup in Sec. 5.2.1,

and, in Sec. 5.2.2, some results from [Cozzumbo et al., 2025].

BNSs and GRBs: what'’s the link?

The historical classification of GRB progenitors is based on their duration,
defined by a parameter called Toy. This parameter represents the time span
during which 90% of the prompt emission is detected. Specifically, we
observe a bimodal distribution: short GRBs (Tgy < 2s) and long GRBs
(Tog > 2s) [Kouveliotou et al., 1993]. The two classes are associated with
two different progenitors. Short GRBs are linked to BNS mergers [Eichler
et al., 1989], while the long ones are associated with the collapse of massive
stars [Woosley, 1993; MacFadyen and Woosley, 1999], core-collapse super-
novae (SNe). The progenitor association is supported by the type of galaxies
GRBs are observed in: the long ones are mostly found in young galaxies
and accompanied by supernova transients, while the short ones are ob-
served in older galaxies, so compact objects had enough time to form, and
are associated to kilonova (KN) emission.

Nevertheless, the distinction based on duration is not quite accurate since
we have evidence of long GRBs, which are likely originated from BNS
mergers [Rastinejad et al., 2022; Troja et al., 2022; Levan et al., 2024]. The
current approach is to categorize GRBs based on their progenitor, classi-
fied in collapsars and non-collapsars. Non-collapsars are the ones associated
with BNS or Neutron Star - Black hole (NSBH) mergers, regardless of their
duration. One of the conditions to have a successful GRB launch [Murguia-
Berthier et al., 2014] is related to the creation of an accretion disk around
the central engine, which can happen if at least one of the components in
the binary is a neutron star (NS), namely BNS or NSBH mergers.

& J

5.2.1  Mock data reconstruction

The mock data is reconstructed starting from the catalogue of the
observed GRBs that are most likely associated with a BNS merger (see
box above) and for which we have a precise, with less than 10% of
relative uncertainty, redshift measurement of the corresponding host
galaxy. Moreover, based on the probability that the associated host
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3In the PEDE model, the redshift evolution
of the DE EoS is given by [Cozzumbo et al.,
2025]:

w(z) = — (1+ tanh [log;y(142)]) —1




128 COSMIC CHIRPS

galaxy is the correct one, we have three different catalogues, the fiducial
(with 38 events), the extended (with 54 events), and the very extended
(with 61 events), with a decreasing probability of correct host galaxy
identification.

We then associate to each of the observed GRBs a GW event. To this
scope, we sample the source-frame BNS masses uniformly in the in-
terval [1.1,2.1]Me. The sky position, RA and DEC, as well as the time of
arrival . are fixed by the GRB data. Phase and polarization angles are
sampled from their prior range as from Tab. 3.7. The inclination angle
1 is constrained to be uniform in cosine in the two possible intervals,
ie. [0°5°] and [185°,190°], since we can observe the GRB emission
only if the jet is pointing towards us. The six spin parameters and
tidal deformability are not considered and are kept fixed at zero. Last,
the luminosity distance is set from the measured redshift of the GRBs,
once we establish a cosmology (see Eq. (1.12)). The gravitational anal-
ysis is done with the Fisher matrix code GWFish with the addition of
priors [Dupletsa et al.,, 2023, 2025], and considering a duty cycle of
85% (see Sec. 3.3.1). We do not use a full parameter estimation (PE)
software like Bilby for both prohibitive computational costs and lack
of Earth rotation modeling (impactful in the case of long-lasting BNS
mergers), as discussed at length in Chapter 3.

The parameter we are most interested in is the posterior distribution
of the luminosity distance. The samples obtained from GWFish+Priors
analysis are interpolated with a kernel density estimator (KDE), after
the inclusion of uncertainties coming from peculiar velocity correc-
tions [Mukherjee et al., 2021; Nimonkar and Mukherjee, 2023] for the
nearby events for which this correction matters.

Starting from the luminosity distance posteriors, we perform a Markov
Chain Monte Carlo (MCMC) analysis with a likelihood that general-
izes the x? function [Cozzumbo et al., 2025], to reconstruct the distri-
bution on cosmological parameters.

Fiducial Extended Very Extended . .
Network Table 5.1: List of detections for the three
Zmax # events Zmax # events Zmax # events ) )

mock BNS catalogues, fiducial, extended,
LVK 0.248 8 0.248 10 0.248 10 and very extended, observed with differ-
LVKI 0.46 16 0.46 20 0.46 21 ent GW networks. We indicate the num-
ET-A, HF 1.37 30 1.465 40 1.465 43 ber of detected events (SNR > 8) and
ET-A 1.754 36 2.58 48 2.58 55 the maximum redshift achieved. Table
ET-A + CE 2.609 38 2.609 53 2.609 60 adapted from [Cozzumbo et al., 2025]
ET-2L, HF 1.754 36 2.58 48 2.58 54 (Table 1).
ET-2L 1.754 37 2.58 50 2.58 57
ET-2L + CE 2.609 38 2.609 53 2.609 60

In Tab. 5.1, we report the number of joint GRB/GW detections for
the three catalogues of events, fiducial, extended, and very extended, and



for the considered list of GW detector networks. For each case, we
highlight the largest achieved redshift. We consider an SNR thresh-
old of SNR > 8 for detection. We refer to the broad discussion
in Chapter 4 for the network configuration and sensitivity curves.
Briefly, when considering the LVK networks, we adopt the Os5 sen-
sitivities [Abbott et al., 2020b]. In the LVKI network, the three LIGOs
are upgraded to A# sensitivity [Fritschel et al., 2022]. If not else spec-
ified, the reference sensitivity for ET is the HFLF-cryo one, both for
ET-A and ET-2L (the 45° misaligned configuration). Otherwise, it is
the HF one (see Sec. 4.1.1). The location of the ET detectors is the same
as in [Branchesi et al., 2023] described in Chapter 4. The CE inter-
ferometer, instead, is placed in the LIGO Hanford site. The reported
detections are the same with both the cosmological models, ACDM
and PEDE.

From the results of Tab. 5.1, when a network of two XG detectors
is used, almost all the events are accessible and help us to put tighter
constraints on the cosmological parameters. This is addressed in the
next section.

5.2.2  Hy and dark energy constraints

The findings in [Cozzumbo et al., 2025] highlight the importance
of joint GRB/GW observations and, in particular, of measuring the
distant GRB sources along with their gravitational counterpart.

Network Fiducial Extended Very Extended
AHo/Ho  AQu/Qu AHo/Ho  AQuu/Qu AHo/Ho  AQu /O

LVK 0.055 1.8 0.055 1.8 0.055 1.8
LVKI 0.044 11 0.043 11 0.043 1

ET-A, HF 0.017 0.33 0.015 0.29 0.015 0.28
ET-A 0.013 0.22 0.011 0.19 0.011 0.18
ET-A + CE 0.0096 0.14 0.0081 0.11 0.0079 0.11
ET-2L, HF 0.014 0.25 0.012 0.22 0.012 0.2
ET-2L 0.012 0.19 0.0098 0.17 0.0096 0.15
ET-2L + CE | 0.0088 0.13 0.0075 0.11 0.0073 0.1

In Tab. 5.2, we report the cosmological constraints for the ACDM
model, showing the relative uncertainties on Hy and (), for the three
BNS catalogues considered in the work and for the GW detector net-
works listed in Tab. 5.1. Starting from the current GW detectors in
either their O5 or A# configurations, we find that due to the small
number of detections, the constraints on Hj are rather loose if com-
pared to either Planck [Aghanim et al., 2020] or SHOES [Riess et al.,
2021] results. At the same time, (), is practically unconstrained, given
the limited redshift coverage. With ET, we manage to achieve the high
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Table 5.2: Relative uncertainty on Hy
and Q) parameters with the ACDM
model for the three mock BNS cata-
logues, fiducial, extended, and very exteb-
nded, observed with different GW net-
works. Table adapted from [Cozzumbo
et al., 2025] (Table 3).



130 COSMIC CHIRPS

redshift events and any configuration of XG detectors spans the whole
redshift range of the GRB data and allows us to reach sub-percent pre-
cision on Hy. As expected, the constraints get tighter the more events
we consider in our analysis, going from the fiducial to the very extended
catalogue.

Tab. 5.2 is an illustrative example of the results presented in [Coz-
zumbo et al., 2025]. The observations for the constraints within the
ACDM model also hold for the PEDE one. The results are even more
promising if we combine GRB/GW data with the independent sets of
observations coming from SNe, like the Pantheon+ [Brout et al., 2022]
or the SHOES dataset [Riess et al., 2019], or the Baryonic Acoustic Os-
cillations (BAO) measurements [Beutler et al., 2011; Ross et al., 2015;
Alam et al., 2017; de Sainte Agathe et al., 2019; Blomqvist et al., 2019].

In [Cozzumbo et al., 2025], it is also shown that if the model used
to reconstruct cosmological parameters is different from the one used
to generate the data, e.g., using the PEDE cosmology to analyze the
data generated within the ACDM model, or vice-versa, we get bi-
ased results. This is a hint to the importance of considering a model-
independent and data-driven approach, which is indeed the second
main focus of [Cozzumbo et al., 2025]. GP methods based on non-
parametric analyses allow us always to retrieve the injected cosmology
and give us robust, less susceptible to bias results, not only in infer-
ring the cosmological parameters but also, and more importantly, in
reconstructing the DE evolution over redshift. Additionally, a model-
independent approach would help us to assess departures from the
ACDM model at more than 2¢ level in an entirely data-driven fashion.

In brief, the thorough analyses carried out in [Cozzumbo et al,,
2025] point to the relevance of a multi-probe and model-independent
approach in cosmology and showcase the significance of precise and
statistically relevant multi-messenger (MM) observations.

5.3 Cosmology with BBHs and HI IM

A new synergy is emerging between GWs and the LSS of the Uni-
verse. Along this line of research, we combine mock observations of
stellar-origin BBH mergers and HI IM to constrain the expansion his-
tory of the Universe. GW signals from BBHs provide direct distance
information, while HI's 21 cm line intensity maps offer a tomographic
view of the LSS of the Universe. Using 3-dimensional density fields of
hydrogen as a prior for GW events, we explore a novel dark siren-like
approach that allows us to trace the Hubble parameter as a function of
redshift [Dupletsa et al., nd, in preparation].

On the gravitational side, we focus on the upcoming XG GW de-
tectors, and specifically the ET, to ensure enough statistics, precise PE,



and access to high redshift events [Branchesi et al., 2023].

On the EM side, near-future single-dish IM surveys with the SKA-
Mid telescope will be capable of tracing the underlying dark matter
(DM) distribution at large scales up to redshift z ~ 3, strongly improv-
ing over similar surveys conducted with MeerKAT [Santos et al., 2017;
Wang et al., 2021] in terms of SNR and redshift coverage. IM measures
the 21 cm line emission from HI, to map the distribution of the under-
lying LSS. The measurements integrate the emission from unresolved
galaxies and the intergalactic medium [Kovetz et al., 2017; Scelfo et al.,
2022].

In the following sections, we present the preliminary results of our
work [Dupletsa et al., nd, in preparation]. In Sec. 5.3.1, we broadly dis-
cuss the LSS of the Universe and introduce the mathematical tools nec-
essary for its description. Sec. 5.3.2, outlines the simulated maps of HI
used in our analysis, highlighting two approaches: the linear regime
and the N-body simulations. We dedicate Sec. 5.3.3 to describe the
shot noise, which occurs when we sample a continuous distribution
through discrete realizations. Finally, Sec. 5.3.4 and Sec. 5.3.5 illustrate
the settings of the analysis and present some partial results from our
ongoing work. In Sec. 5.3.6 we outline the next steps in our analysis.

5.3.1  The large scale structure of the Universe

The cosmological principle (see Sec. 1.1.1), i.e. isotropy and homo-
geneity of the Universe, holds above a certain scale. However, we do
observe structures, like galaxies, clusters of galaxies, and so on. To
understand the LSS of the Universe, we have to deal with primordial
inhomogeneities and their evolution. The LSS we observe today re-
sults from the growth of the primordial quantum fluctuations of the
DM density field under the effect of gravity. The process is hierar-
chical, meaning structures start from small and evolve into larger and
larger ones. The DM field forms the so-called cosmic web, with dense
nodes and filaments, and the baryonic matter falls in its gravitational
potential.

On large scales, structures can be described analytically using the
linear theory since the fluctuations with respect to the background
density are small. On small scales, the process is highly non-linear
and can only be captured by numerical simulations.

The basic tools we use to characterize the statistical properties of the
LSS are the 2-point correlation function, the power spectrum, and the
angular power spectrum. In the rest of this section, we outline each of
them, highlighting the reciprocal relations.

We aim to describe the statistical properties of the DM density field.
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We start with the density fluctuation about the mean value:

s(x) = LB =P

P

(5.1)

with ¥ being a generic point in space, p(¥) the density at that point,
and p the average density. For a homogeneous density distribution,
the 2-point correlation function is defined as:

¢(7) = (6(x +7)o(%)) (5-2)

It quantifies the excess probability of finding another overdensity at a
distance 7 from what we have in ¥ with respect to what is expected for
a random Poisson distribution. We can also write &(¥) = &(r) under
the assumption of isotropy.
If we decompose Eq. (5.1) in Fourier modes, we get:
5(k) = / Pre*75(7), (5.3)
where k is related to the spatial scale as 27t/ A, with A setting the scale.
The 2-point correlation function in Fourier space then becomes:

- / P e~ 1% (F=F) / Prel¥ 7 (5(7)5(%
_ /d3xefif~(%7lz’)/dB;,eilz’?g(r)

—

= (270)*6p (k — K')P(k),

(5-4)

where 6p is the Dirac delta-function, and where in passing from
the second to the third line, we used Eq. (5.2). In the last passage, we
set the DM# power spectrum P(k) as the Fourier transform of the 2-
point correlation function. As for Eq. 5.2, the power spectrum depends
only on the magnitude of the wavenumber. Eq. (5.4) describes the link
between the power spectrum and the 2-point correlation function.

P(k) describes the variance of density fluctuations of DM. It is easy
to visualize it as a way of measuring how smooth or bumpy the Uni-
verse is at different scales. The wavenumber k sets the scale. Low k
means large scales and large k corresponds to small scales. The power
spectrum P(k) quantifies the variance at each scale. A high value of
P(k) at a specific scale indicates that structures of that size are strongly
present in the Universe.

In Fig. 5.1, we show the DM power spectrum today as a function
of k. We use CLASS [Lesgourgues, 2011; Blas et al., 2011], which simu-
lates the evolution of linear perturbations in the Universe, to compute
P(k) for the DM field at redshift z = 0. In dark green, we show the
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Figure 5.1: DM power spectrum at red-

shift z = 0: linear vs halofit ©)

4 Usually, the power spectrum is referred to as
the matter power spectrum comprising both
baryonic and cold dark matter. In our anal-
ysis, we only study the DM field and use
the DM power spectrum term. Nevertheless,
the tools outlined in this section apply to any

field.
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linear power spectrum. We see that at low k (large scales), the spec-
trum resembles the primordial scale invariant one predicted by infla-
tion, which follows a simple power law, P(k) ~ k", with n close to
unity. At the turnover point, around k ~ 0.027Mpc~!, we have the
passage between the scale-invariant form to a suppressed form. This
corresponds to the epoch of matter-radiation equality, where the ra-
diation pressure suppresses the small scales that re-enter the horizon
earlier. Then we have a series of wiggles. This is the effect of Baryonic
Acoustic Oscillations (BAO). The BAO manifest as a small preference
of matter to be separated by a typical scale, which creates a distintive
peak in the 2-point correlation function. In the Fourier space, the cor-
responding signatures is the series of wiggles in the power spectrum.
Last, at very high k, linear theory breaks: non-linearities kick in, and
the power spectrum is steeper than the linear one. Non-linearities are
addressed thanks to halofit models [Smith et al., 2003], as the one rep-
resented in orange in Fig. 5.1, or N-body simulations, as we will discuss
in Sec. 5.3.2.

The same properties of P(k) can be expressed as a function of an-
gular separation between points>. This leads to the angular power
spectrum. Similarly to how the Fourier transform breaks down spatial
distributions into sinusoidal components, spherical harmonics break
down angular distributions into components on a sphere. Each spher-
ical harmonic corresponds to a particular angular frequency. The in-
dex ¢ is the analogue of the wavenumber k: low /s corresponds to
large angular scales (big features on the sky); large ¢s correspond to
small angular scales (small features). The Cys coefficients represent
the power at each angular scale, i.e. they tell us how much fluctuation
exists at different angular scales. The angular power spectrum can be
obtained integrating the power spectrum through Bessel functions.

The fluctuations in Eq. (5.1) can be projected onto the sky surface
and written as a function of angular coordinates on a sphere. We refer
to RA and DEC altogether as Q) = Q)(RA, DEC):

(5(0) — p(Q) —p

- (5:5)
P
These can be expanded in spherical harmonics:
5(0) = Zaémyém(a)/ (5.6)

{m

where the ay,, coefficients encode the contribution to fluctuations at
each angular scale . The angular power spectrum is defined as the
variance of a,,, coefficients®:
1
Cr=sr— 2). .
¢ = 5rrg laenl) 57

m
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5In the box below, we provide a useful ap-
proximations to pass between k and angular
scales set by /.

¢ Note that the mean (a;,,) = 0 by definition,
since fluctuations have been rescaled by the
mean.
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From now on, we will work with angular power spectra. We must
specify that all the equations discussed so far, from Eq. (5.1) to Eq.(5.7),
are valid at each redshift bin if we imagine dividing the Universe in
shells redshift-wise.

Shell by shell, the angular power spectrum of the DM distribution
gives us all the necessary statistical information to reconstruct spatial
maps of 5(Q2).

As we will explain in Sec. 5.3.3, measuring the angular power spec-
trum boils down to discrete counts, e.g. we measure the positions and
corresponding masses of DM haloes. This means that when recon-
structing the angular power spectrum of the underlying DM continu-
ous field, we need to consider the Poisson noise due to the discreteness
of our tracer. The following relation holds:

C?bs _ Czrue + CZhOt (58)

Consequently, when comparing the theoretical angular power spec-
trum, as the one we can easily get from CLASS, with the angular power
spectrum coming from, e.g., N-body simulations, we need to subtract
the effects of shot noise correctly.

Link between k and ¢

We already said that the wavenumber k is related to the physical scale A of

fluctuations:
2

k= 1 (59)

It is usually measured as a comoving wavenumber in h Mpc ™.
When fluctuations are projected onto the sky, and we are dealing with the
angular power spectrum, then the multipole moment ¢ describes the angu-
lar scale of these fluctuations, and roughly the following holds:

o~ (5.10)

with 6 being the angular scale.
The connection between the 3D power spectrum and the 2D angular power
spectrum is given by:
L
kv ——m— (5.11)

dcomoving (Z ) ’
where dcomoving(z) is the comoving distance to the redshift z defined in
Eq. (1.9).
The relation in Eq. (5.11) is known as the Limber approximation and is
good for small angular scales. It is used to project the 3D power spectrum
P(k) into the 2D angular power spectrum Cy, assuming that only transverse
modes as of Eq. (5.11) contribute significantly. Nevertheless, it provides
good intuition at large scales as well.
For example, the peak we see in Fig. 5.1 at k ~ 0.02 corresponds to £ ~
200, which is the corresponding acoustic peak in the Cosmic Microwave
Background (CMB) angular power spectrum.




5.3.2 DM map reconstruction

Our work in [Dupletsa et al., nd, in preparation] aims at exploring the
synergy between GWs and the IM of HI. As a first approximation, we
assume that both GW sources and the HI field follow the underlying
DM field without any bias. Therefore, if BHs, for which, on the grav-
itational side, we can measure the luminosity distance, e.g. with ET,
are more likely to be found where there are HI overdensities, we can
use this information to pinpoint their redshift, which can be precisely
measured with the upcoming radio surveys as SKA-Mid. This gives
us the luminosity distance - redshift pair for cosmological inference.

Our starting point is the simulation of the DM distribution at differ-
ent redshift bins. Given that SKA-Mid frequency coverage will allow
tomography of the 21 cm line of HI up to z ~ 3 and ET can trace BBHs
up to even z ~ 100, we set our analysis for z € [0,3]. We compare
two simulated maps of DM distribution. Using CLASS, we work in the
linear regime and thanks to the functions in healpy [Gorski et al., 2005;
Zonca et al., 2019], we can simulate a realization of the DM maps from
the angular power spectrum output of CLASS. This can be done at each
redshift shell. Conversely, we use DM maps coming from an N-body
simulation since, where more realistic features, e.g. non Gaussianities,
are included.

As for the N-body DM maps, we use the Dark Energy and Massive
Neutrino Universe (DEMNUni) set of simulations [Castorina et al.,
2015; Carbone et al., 2016; Parimbelli et al., 2021] in their new high-
resolution configuration of HR-DEMNUni [Hernandez-Molinero et al.,
2024]. These simulations have been produced using the code Gadget-
3 [Springel, 2005]. They are characterized by a Planck 2013 [Ade et al,,
2014] baseline flat ACDM cosmology with different values of the total
neutrino mass and of the parameters characterizing the DE EoS. Con-
cerning the maps used in [Dupletsa et al., nd, in preparation], the model
considers only the massless neutrino flat ACDM case and a box with
side length of 500Mpch~! in comoving coordinates, with 2048 DM
particles and no neutrino particles. A full-sky lightcone from redshift
z = ( to redshift z ~ 8 is then built, corresponding to a total comoving
volume of approximately 3 x 10°Gpc® h=3. Around 39 billion haloes
are identified through the Friends-of-Friends (FoF) algorithm. We use
the DM haloes as a biased tracer of the underlying continuous DM
distribution.

In Fig. 5.2, we show three example maps of the distribution of the
DM haloes. From the simulation data, which provides us with the RA
and DEC positions of each DM halo, we choose a pixelization corre-
sponding to nside value of 128, and count how many objects fall into
each pixel. Numerically, we reconstruct the maps at each redshift by
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Figure 5.2: N-body maps at different,
progressively -from subplot (a) to (c)-
lower, redshifts, indicated above each
map. These maps describe the spatial
distribution of DM haloes with a pix-
elization choice of nside = 128. The col-
orbars at the bottom of each map indi-
cate the density contrast quantity 6(Q))
as in Eq. (5.5). The values get larger for
lower redshifts, as bigger structures have
had time to collapse, with respect to the
more uniform distribution at higher red-
shift values ©


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter5/n_body_maps.ipynb

calculating the over or underdensities of the number counts in each
pixel with respect to the mean value of objects per pixel”:

] N(z, pix) — Npix(2)
map(z, pix) = = , (5.12)
P( P ) Npix(z) 5
with )
_ Y PP N(z, pix
Npix(z) = ;p), (5.13)

npix
where pix represents a single pixel, while npix the total number of
pixels. Eq. (5.12) is the discretized version of Eq. (5.5).

Thanks to healpy, we generate the maps corresponding to the count
fluctuations as shown in Fig. 5.2. From Fig. 5.2, we observe large-scale
structures at low redshift. As we go at higher redshifts, the distribution
of structures becomes increasingly uniform.

Notably, beyond a certain redshift, we begin to observe what are
known as box replication effects. These effects occur because in N-
body simulations as DEMNUni it is customary to model the evolu-
tion of a finite-sized box at different redshifts. When constructing the
lightcone, a cut is done at a comoving distance that corresponds to
the analyzed redshift bin. When the redshift is sufficiently high, the
corresponding radius of the spherical shell may exceed the size of the
box. At this point, the boxes are tiled together using periodic bound-
ary conditions, which also guarantee the continuity of the structures.
This replication effect becomes more pronounced as more and more
boxes are needed to cover the sky at such large comoving distances. In
Fig. 5.3, we can observe the relationship between redshift and comov-
ing distance, in relation to the box size of the simulation. As we will
soon see, the replication effect creates large-scale fictitious structures
visible from the angular power spectrum.

In Fig. 5.4, we compare the theoretical angular power spectrum ob-
tained with CLASS under linear conditions and the one we compute
from the N-body maps from the DEMNUni simulation. We report the
results for each redshift bin in which we divided our simulation.

The dark green line shows the CLASS result for the linear angular
power spectrum. In orange, we present the angular power spectrum
reconstructed from the maps generated with DEMNUni, from which
we subtract the shot noise. Therefore, from CLASS, we directly have
the C'"® quantities. From our N-body simulation, we plot the Cj™¢ =
Cgbs — th(’t quantity. We specifically address the shot noise calculation
in Sec. 5.3.3.

From the comparison shown in Fig. 5.4, we see good agreement
at all redshift bins. The first bin only shows a significant shot noise
contribution at small scales. This is explained with the finite-size box
N-body simulation. Looking at the plot in Fig. 5.3, we see that the cov-
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7The nside parameter in healpy is related to
how many pixels are used to divide the sky.
When nside = 128, we have a total of 196608
pixels. Given that the whole sky has an area
of 47 sr, this pixelization choice allows each
pixel to cover approximately an area of less
than one square degree. A detailed descrip-
tion of how the healpy package works is pro-
vided here.
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Figure 5.3: Comoving distance as a
function of redshift. The orange line
shows the size of the box in the N-body
DEMNUni simulation €)
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ered distance is just a few tens of comoving Mpc at such low redshift.
As a result, in this volume, there are not enough objects with which
we can resolve the small structures. For reference, in Fig. 5.5, we show
the corresponding map, from which we see a few objects present, and
we can only resolve the large scales.

At high redshifts, the box replication plays a role, and we still see
some large-scale structures that are artificial due to the box replication
itself, as we have already observed from the map in Fig. 5.2.

From this result, we can say there is good agreement between the
linear and N-body angular power spectra if we account for the limita-
tions coming from the finite size of the box at very low redshifts. This
allows us to generate DM maps with CLASS, studying different cosmo-

Figure 5.4: Angular power spectrum:
comparing linear results from CLASS and
the reconstructed angular power spec-
trum from N-body maps of the DEMNUni
simulation. We report the results for
each redshift bin in which we divided
our simulation. The dark green line
shows the CLASS result for the linear an-
gular power spectrum. In orange, in-
stead, we present the angular power
spectrum reconstructed from the mass
maps from DEMNUni, from which we
subtracted the shot noise. Therefore,
from CLASS, we directly have the CJ™¢
quantities. From our N-body simulation,
we plot the CIfUe = C9Ps — C5hot quantity
9]
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logical scenarios without the need to run complex and time-consuming
N-body simulations. However, resolving to linear approximation, we
lose all the non-Gaussianities that N-body maps provide.

5.3.3 Shot noise

Shot noise arises because of the discreteness of sources when mod-
eling a continuous distribution. Both DM halos and GWs represent
discrete tracers of the underlying continuous DM density field. The
shot noise is related to the variance in the number count because of its
Poisson nature: counts of halos or galaxies or GWs fluctuate about a
mean value.

In what follows, we will refer to the DM halos to pinpoint a tracer,
but a similar reasoning applies to any other discrete tracer. Observa-
tions or simulations of DM involve counting the number of halos in
small sky regions dependent on the chosen pixelization. Since we are
working with the angular power spectrum, we will fix the redshift bin
and focus on the distribution over the sky.

Evaluating the shot noise means linking the statistical properties of
the tracers to their discrete nature. The number of halos in a pixel can
vary for two reasons:

1. The underlying dark matter density field 0(Q), where Q), as before,
depends on the two angular parameters RA and DEC

2. Random fluctuations due to the discreteness of the tracer

The angular distribution of halos in the sky can be expressed as a
fluctuation of the number density, which we can think of as the discrete
approximation to 6(Q}), and rewrite Eq. (5.5) to express the expected
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Figure 5.5: Map at the lowest redshift
bin z ~ 0.005. The colorbar at the bot-
tom indicates the density contrast quan-
tity 6(Q)) as in Eq. (5.5) ©
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number of objects at a given position in the sky:
n(Q) = gy [146n(Q)], (5.14)
where 7igyy is the mean number density of objects over the sky:

_ N
Ngky = e (5.15)

If we measure the number of halos in a certain direction, then we
expect:

ops () = Mirue (Q) 4 Poisson noise (5.16)

These fluctuations are reflected in the a;,, coefficients when expanding
in spherical harmonics:
b h

G = A + (5.17)
In a process governed by Poisson statistics®, the variance in the number
count is equal to the mean, i.e., figy. At the angular power spectrum
level, the Cys computation translates into summing over the indepen-
dent contributions of each halo. Therefore, the variance of the ay,,
coefficients due to shot noise is given by:

1
<|a§hot‘2> _ Czhot _

Im ﬁsky . (518)

This scaling reflects the fact that the more objects we observe, the
less significant the discreteness fluctuations, i.e., shot noise, become.
In other words, if 7igy is large, the random sampling better approxi-
mates the true continuous field. The result is also independent of ¢ as
shot noise is flat (scale-independent): it introduces uncorrelated fluc-
tuations at all angular scales equally. For a full derivation of Eq. (5.18)
see Appendix D.

5.3.4 Simulating the GW distribution

The maps of DM, either linear or from N-body simulations, are used
both as a probability distribution to simulate the spatial location of GW
sources and as a redshift prior in the final analysis phase to pinpoint
the BBHs redshift and infer cosmological parameters. The rationale is
the following:

e First, we distribute GW events on the sky at each redshift shell, ac-
cording to the probability given by the distribution of HI, which we
said is in a one-to-one correspondence with DM maps. In Fig. 5.6,
we show an example of the distribution of illustrative 500 GW events
following the probability given by the map.

8 See also the summary box on Poisson distri-
bution given at the beginning of Chapter 2.



-1 9.57677

* Second, we simulate the measured GW signals, by a parameter es-
timation (PE) of the parameters characterizing each event, namely
the ones described in Tab. 1.1. Since we are using a population of
BBHs as expected to be observed with ET, our parameter estimation
is performed under the Fisher matrix approximation with GWFish,
enhanced with priors [Dupletsa et al., 2023, 2025].

* We use the Hierarchical Bayesian Inference (HBI) scheme described
in Chapter 2, Sec. 2.3, to reconstruct the posterior on the cosmolog-
ical parameters. We use the icarogw [Mastrogiovanni et al., 2024]
pipeline. The HI maps enters in the rate modeling as explained in
the next Sec. 5.3.5.

In the remaining part of this section, we present a test on the distri-
bution of GW events when it follows the probability set by HI density
maps. We compare once again the angular power spectrum of the
hydrogen maps to the angular power spectrum we reconstruct from
the GW distribution. We expect the two to match, since we distribute
BBHs according the density of HI. We pick three example redshift bins,
and simulate five different numbers of GWs, namely 103, 10%, 10°, 10°,
and 107, at each redshift9. We present the results in Fig. 5.7. In the top
panel, we separately present the Cys from GWs and the corresponding
shot noise, in the same color but different linestyles: solid for C}?bs and
dashed for C?Olse. In the bottom panel, instead, we directly show the
C}r“e, where we have subtracted the shot noise. In both panels, the
solid black line represents the angular power spectrum of the HI field,
which, as we stated above, we assume to be in a one-to-one correspon-
dence with the DM field.

From Fig. 5.7, we see that we manage to reconstruct from the dis-
crete GW distribution an angular power spectrum that matches the HI
one, as expected. However, we are dominated by shot noise until a
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Figure 5.6: Illustrative example of the
distribution of 500 GW events on the HI
map, at redshift z ~ 0.035. The color-
bar indicates the density contrast quan-
tity 6(Q2) as in Eq. (5.5) ©

9 These numbers of GWs serve as an example
to study the impact of shot noise. Based on a
realistic rate, we would see ~ 10° BBHs per
year in all the redshift range
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5.3.5 Tracing H(z): preliminary results

In the following section, we present preliminary results on estimat-
ing the cosmological parameters with the machinery we presented in
the previous sections. For the time being, we focus on the Hubble
constant only and use 500 perfectly measured GW signals.

We work within the HBI framework outlined in Sec. 2.3 with the
icarogw pipeline. We set distance and position, i.e. the RA and DEC pa-
rameters, to the injected values without considering any measurement
errors. To inform the likelihood of the redshift of the gravitational
events, we use a modified Madau-Dickinson rate model [Madau and
Dickinson, 2014] to account for the HI distribution:

dNcge . dNcge 1 dMpy
dzdt = dMpgdtse 1 +z dzdQ’

(5.19)

where dé\i(éic defines the number of CBC mergers per redshift and de-

tector time. We can rewrite the first term as:

dNcpc

m = Ruy(z]y, K,Zp>/ (5.20)

Figure 5.7: Comparing the angular
power spectrum from the discrete dis-
tribution of different number of GWs to
the power spectrum used to realize a
DM distribution according to which the
GW sources have been distributed. In
the top panel, we separately present the
Cys from GWs and the corresponding
shot noise, in the same color but differ-
ent linestyles: solid for Cz’bs and dashed
for C?Olse. In the bottom panel, instead,
we directly show the C?“e, where we
have subtracted the shot noise. In both
panels, the solid black line represents the
angular power spectrum of the HI field,
which we assumed to be in a one-to-one
correspondence with the DM field. The
results are shown for three redshift bins
as an illustrative example ©
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Figure 5.8: Line of sight, fixing a ran-
dom pixel in the sky, distribution of the
HI mass as from the N-body simulations
in dark green. In orange, we compare it to
the averaged over sky distribution of the
HI mass €
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where 9(z|v, k,zp) has been introduced in Eq. (2.6) and Ry depends
on the HI distribution. The second term can be written as:

dMy  dMy dV. av.

dzd0 ~ av, dzao "V ga0- (521)

where pp(z,Q)) is given by the mass maps of HI. In Fig. 5.8, we com-
pare, in dark green, the impact of the % term as from the N-body
maps with what we would expect if the HI distribution was averaged

over the sky at each redshift, in orange. The spiky features of the gﬁgg

distribution help us constrain the redshift of GW events.
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In Fig. 5.9, we show our preliminary Hy posterior obtained with the
500 GW events, within the two scenarios for the redshift prior depicted
in Fig. 5.8, i.e., the HI distribution as from the N-body mass maps, in
dark green, and the averaged smoothed distribution, in orange. We fix
all the parameters except for Hy. We can see that under the simplified
analysis, using the HI maps, not only do we manage to recover the
injected Hy value (the one from Planck 2013 [Ade et al., 2014] used
for the N-body maps simulations), but we also recover it with great
precision. For comparison, we report the measurement from Planck
2013, which estimate of Hy is at the percent level. The posterior we get
using the average HI mass distribution is biased and mainly driven by
fixing the rate parameters.

5.3.6  Next steps

With our preliminary work, we have set up a framework for further
developments in the direction of synergies between GWs and HI IM.

We have showed the limits and advantages of linear approach with
CLASS and N-body simulations as with DEMNUni. As expected, we
have found that the maps obtained from CLASS under the linear ap-
proximation match well the ones from the N-body simulation DEM-
NUni. These two approaches go in two different directions:
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Figure 5.9: Preliminary reconstruction
of the Hy posterior using icarogw with
500 perfectly measured GW events. In
dark green, we show the results using the
N-body HI maps from the DEMNUni
simulation to model the GW rate. In
orange, instead, we compare it to poste-
rior we get assuming an averaged-over-
sky distribution of the HI mass across at
each redshift bin ©
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e Using CLASS, either in linear theory or in the halofit approximation,
we can explore and test different cosmologies, since the simulations
are fast computationally. For example, we can build maps under
different cosmological assumptions to test what bias we get when
distributing the GW events on maps obtained with one cosmology
and use maps constructed under a different cosmology as a prior
for redshift.

® On the other side, the computationally expensive N-body simula-
tions, such as the DEMNUni one, allow us to explore cosmic struc-
tures beyond the information contained in the power spectrum.
This provides us more realistic maps of the LSS, including also the
non-Gaussian features and higher order correlations, which are not
present in CLASS.

Moreover, all our assumptions so far are highly simplified. In the
first place, we are not accounting, for the time being, for proper PE
of GW events. We plan to do so and perform a HBI analysis varying
all the hyperparameters™ at play. Then, we are not assuming any bias
between the DM haloes and HI. Neither are we considering instrumen-
tal effects, e.g., the dish response. Including the latter would prevent
us from resolving small scales. However, given the resolution on the
gravitational side, we still expect the synergy between GWs and HI to
help in the estimation of the redshift of the GW events. Furthermore,
we can explore different biases, meaning that we can relax the assump-
tion that HI and GWs (even though affected by measurement errors)
follow one-to-one the DM distribution, which would also be more real-
istic. Additionally, we can take the direction of Cys and cross-correlate
GWs and the HI field to infer cosmological parameters.

The point to stress is that the synergy between GWs and HI is set-
ting a new field, and the paths of investigation are many and promis-
ing. The potential lies in the possibility to do tomographic studies,
redshift bin per redshift bin, of the 21 cm HI line and explore all the re-
lated advantaged with respect to what is currently feasible with galaxy
surveys.

See Sec. 2.3 in Chapter 2 for the definition
of hyperparameters



6. Conclusions

JJ Sometimes one sees things clearly years afterwards than

one could possibly at the time.

— Agatha Christie
"The Mysterious Mr. Quin"

This thesis explores the information content of the gravitational wave (GW) signals from compact binary coalescences
(CBCs), addressing current and next-generation (XG) ground-based detectors. Specifically, the research focuses on analyz-

ing GW events, applied, in particular, to cosmology and multi-messenger (MM) astrophysics.

In the following, we highlight the main questions the thesis is answering and its key findings, stressing the impact of the

research alongside its limitations. We also explore some of the open questions and future perspectives of the presented work.

The findings of this thesis contribute to several key areas of the
gravitational wave (GW) astronomy. Following the thesis structure, we
can group the main results distinguishing between current and future
GW ground-based detectors.

In the first part, we analyze mock and measured data from the
LIGO-Virgo-KAGRA (LVK) network, applying spectral-siren cosmol-
ogy techniques through Hierarchical Bayesian Inference (HBI). The
results from the Mock Data Challenge (MDC) [Agarwal et al., 2024]
show us the importance of refining the models that describe the com-
pact binary coalescence (CBC) population. In particular, we investigate
the open question about the dependence or not of the black hole (BH)
mass spectrum on redshift. We find that, if it is not correctly accounted
for, we get a bias in the inference of cosmological parameters, and Hy
in particular, which is currently the major focus, given the Hubble ten-
sion status. The work is the basis for further studies on the possible
sources of systematics we can get in cosmological inference with GWs.
The population model is based on simplifying assumptions that may
not fully capture the complexity of the underlying astrophysical pro-
cesses. The study can be developed into multiple directions for further
investigation, including much-refined details, e.g., spins, and explor-
ing the effects of additional astrophysical uncertainties.

Along this line, we show how the estimate of the Hubble constant
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improves because of more advanced modeling of the mass spectrum
using measured data up to the currently ongoing fourth observing run,
O4a’. In this case, a mass spectrum like the presented MuLt1i POP
one, that does not have to distinguish between neutron stars (NSs) or
BHs, manages to describe CBCs as a whole, avoiding leaving ambigu-
ous events, like GW190814 out of the analysis. Furthermore, it allows to
exploit all the observed CBCs in a common analysis.

We are gathering an increasing number of detections, and as we
collect more data, we can obtain more precise constraints, particularly
on cosmological parameters. Thanks to the GW events we are collect-
ing, we are making extraordinary advances in many fields, cosmology,
population studies, and fundamental physics, just to mention some of
interest to this thesis.

The second part of this work focuses on the next-generation (XG)
observatories, exemplified by the Einstein Telescope (ET). The poten-
tial for precision and discovery expected from a detector such as ET is
enormous. Given the extraordinary impact of a XG detector and the
need to assess its capabilities, the forecast studies require an analysis
framework of their own. We need data analysis tools capable of deal-
ing with the toll of computational power required for a XG detectors.
This is why the core of this thesis is the development of a fast and re-
liable analysis software, GWFish [Dupletsa et al., 2023, 2025]. GWFish is
a Fisher matrix parameter estimation (PE) software that simulates all
the different GW detector networks. It implements the Earth’s rotation
and goes beyond the long wavelength approximation. Additionally, it
can be used at its full capability, including the prior module, to take
into account the physical range and prior knowledge of the signal’s
parameters. We have exhaustively shown that there is a non-trivial
relation between the Signal-to-Noise Ratio (SNR) of a signal, the cor-
relations among parameters, and possible multi-modalities that might
create issues when analyzing GW events. GWFish has passed several
tests and stands as a reliable and fast method for forecast purposes.
The theoretical framework and data analysis developed in this thesis,
namely GWFish, have been applied in several works [Ronchini et al.,
2022; Banerjee et al., 2023; Branchesi et al., 2023; Cozzumbo et al., 2025;
Loffredo et al., 2025], where we explore multi-messenger (MM) and
cosmology perspectives for XG observatories.

GWFish has provided many interesting results. It is one of the two
Fisher matrix codes employed for the paramount work in the ET Col-
laboration that led to the first systematic study of the ET design and its
scientific implications [Branchesi et al., 2023]. GWFish provided the PE
for the Binary Neutron Star (BNS) population, and has been used to
cross-check all the Binary Black Hole (BBH) results. The impact of this

*1 am part of both the analysis and the pa-
per writing teams for the official Collabora-
tion Cosmology paper for O4a data.



work on the scientific community is vast. Moreover, we have currently
under review the follow-up work of the Blue Book, where GWFish has
been used to produce results for both the Common Tools and Multi-
Messenger Observations divisions®. Furthermore, it is now fundamental
to analyze the detector’s layouts within the ETO task force3, within
which we want to highlight the importance of considering all possible
outcomes and balancing the corresponding risks and opportunities.

Furthermore, investigating MM synergies emphasizes the need to
combine GW and electromagnetic observations to amplify the scien-
tific yield of the XG experiments. This thesis shows many of the MM
opportunities. From [Branchesi et al., 2023], we highlight the poten-
tial of using the precise sky localization and pre-merger detections
provided by ET to study joint observations of GWs and Gamma Ray
Bursts (GRBs) and kilonovae (KNe). In [Loffredo et al., 2025], we dis-
cuss the different sources of uncertainty entering the joint GW /KN
detection. Starting from the GW detector network, we outline the im-
pact of uncertainties coming from population synthesis, mass model-
ing, and the microphysics governing the neutron star (NS) Equation
of State (EoS). This work will be used as the starting point for cosmol-
ogy with the joint GW /KN observations. Going back to cosmology,
we have also shown the constraining potential of combining ET with
GRB observations in [Cozzumbo et al., 2025], and the great opportu-
nity represented by the synergy between the GW field and the study
of the large scale structure (LSS). Combining the potential of ET with
that of a radio survey instrument like SKA Observatory (SKAO) would
give us a unique chance to trace the Universe’s expansion history up
to high redshift.

The upcoming years will rapidly evolve in the GW astronomy, tran-
sitioning from current detector networks to XG observatories. The
methods and results presented in this thesis provide a solid founda-
tion for future studies to maximize these facilities” scientific output.

As we have seen, several promising directions for future research
emerge from this work. Improved population synthesis models will
enable more accurate cosmological measurements with spectral sirens.
Integrating machine learning into the PE pipelines could be the direc-
tion of future analysis techniques. Finally, the synergies between GW
observatories and future EM surveys such as the Vera Rubin Obser-
vatory will open new prospects for MM cosmology, offering unprece-
dented insights into the nature of the Universe.

In conclusion, this thesis advances our understanding of GW signals
from CBCs, linking data analysis techniques, detector performance
predictions, and MM applications.
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*I am part of the editorial and writing
team for the Common Tools division chapter;
and part of the writing team of the Multi-
Messenger Observations division chapter.

31 have recently been requested to be part
of the OSB liaisons to coordinate and an-
alyze the scientific risks connected to the
different proposed sensitivity curves related
to changes in the detector’s optical layout.
GWFish will be one of the two softwares -
together with gwfast- employed for the anal-
yses.






A. Supplements to Chapter 2

A.1 Vanilla and the Redshift-Dependent cases
corner plots

We report here the full corner plots showing the posterior distri-
butions and the correlations among the 14 hyperparameters, from the
cosmological, population, and rate models, obtained with icarogw.

¢ In Fig. A.1, we show the results for the Vanilla scenario. We use all
the 286 GW events and the 10° injections. Almost all recovered val-
ues fall in the 1o region around the injected hyperparameters values.
&, Mmin, Og, and 7, are slightly outside the 1c region, but still well
reconstructed.

¢ In Fig. A.2, we show the the Redshift-Dependent case results, ob-
tained with 80 GW events and 10° injections. In this case, besides
Hy, which is recovered at the 90% C.L. from the injected value, and
besides the parameters that also in the Vanilla case were slightly
off the 10 region, in this second scenario, there are two more param-
eters, B and Apeay, that are not recovered within 1¢. v is particularly
off, but this might be because the injected value is very close to the
border of the prior range.

A.2  Statistical tests for the Vanilla case: all pa-
rameters

We report the posterior distribution for all the 14 hyperparameters
from the statistical tests done with the Vanilla case. In summary,
Fig. A.3 tests the impact of the number of injections, Fig. A.4 tests the
impact of injection sample realization, Fig. A.5 tests the impact of the
number of GW events, and Fig. A.6 tests the impact of the GW event
sample realization.

149



150 COSMIC CHIRPS

o Omo

B

Mmin
[Mo]
s

Mmax

[Mo]
@ %

Tg Hg om
[Me] [Me] [Me]
% 9 5% %%

Apeak

Y

Ho=62087331:

Qo = 0424031
" Go L
o® s |
.
]
S «=370+%
o)
>
o p=06243
Vv
N
N \

min = 5.67* 04

%

x = 88.09718

- 1.63
om=415118

¥ &

b

\|

g = 3294730

7

)

& ¥

2008202

° ¥

1= 3.70+057

N

2,08
x=2.8712%

R NS
- y zp=14374%
] ce NS
4\ 3 F 900
I
n_____ L Ro=17711382
! o), 7
> J
© = o) 4 .
R R EEEERE L EE Q@ O Q,.\*'o,\fp D o v REEREEES
Hy 0m,[J o }5 Mmin Mmax om Hg Og /\peak Y K Zp Ry
[km s~ Mpc] [Mo] [Mea] [Me] [Me] [Me] [Gpe3yr~1]
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B. Supplements to Chapter 3

B.1 Bilby vs GWFish: corner plots
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Figure B.3: Corner plot comparing
Bilby, in orange, and GWFish, in teal,
posteriors for Signal 3 (see Tab. 3.1
and Tab. 3.3). Figure from [Dupletsa
et al., 2023] (Figure 8, authored by
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Figure B.5: Corner plot comparing
Bilby, in orange, and GWFish, in teal,
posteriors for Signal 3 at SNR = 8
(see Tab. 3.3 and Tab. 3.4). Figure
from [Dupletsa et al., 2023] (Figure
10, authored by UD) O
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B.2  List of GW events from GWTC-3

Table B.1: List of all observed events during the first 3 observing runs
by the LVK Collaboration. The runs have been split into 4 parts, high-
lighted by different shades of blue, and indicating respectively the
data-taking subdivision: O1 (3 events), O2 (7 events plus GW170817),
0O3-a (44 events) and O3-b (36 events). For each EventID we show
if the event is a BBH and, in this case, if it has the analysis with the
IMRPhenomXPHM waveform approximant. Furthermore, we specify if the
official data report the analytic priors used for the analysis. Finally, we
show what detectors have seen the event with the SNR of single detec-
tors and of the network (calculated with GWFish). The reported SNR
value is the median of the values obtained from the analysis over the
30 realizations. The last column signals if the event is included in our
analysis (in case not the reason why is specified under the column
Problem). Table from [Dupletsa et al., 2025] (Table 3, authored by UD)

EventID BBH IMRPhenomXPHM Priors Network GWFish SNR Problem Included
detectors — network
GW150914_095045 v v v [H1, L1] [19.4,13.8 — 23.8] - v
GW151012_095443 v v v [H1, L1] [64,6.0 — 8.7 - v
GW151226_033853 | v v [Hz, L1] [9.5,72 — 11.8] = v
GW170104_101158 | v v/ [H1, L1] 8.8,9.6 — 12.9] - v
GW170608_020116 v v X [H1, L1] - no priors X
GW170729_185629 v v v [H1, L1] [54,7.6 — 9.3] - v
GW170809_082821 v v v [H1, L1] [1.9,10.2 — 10.5] - v
GW170814_ 103043 v v v [H1, L1, V1] [34,13.3,42 — 14.4] - v
GW170818_022509 v v v [H1, L1, V1] [32,9.2,42 - 10.7] - v
GW170823_131358 | v v [H1, L1] (66,89 — 11.3] - v
GW190403_051519 v v v [H1, L1, V1] [3.8,5.1,1.1 — 6.4] - v
GW190408_181802 v v v [H1, L1, V1] [9.5,10.7,2.6 — 14.6] - v
GW190412_053044 v v v [H1, L1, V1] [9.9,154,3.3 — 18.8] 2 v
GW190413_052954 v/ v/ v/ [H1, L1, V1] 5.5,8.8,1.4 — 104] - v/
GW190413_ 134308 v v v [H1, L1, V1] [4.0,6.1,21 — 7.7 - v
GW190421 213856 v v v [H1, L1] [75,6.7 — 10.1] - v
GW190425_081805 X = = = - no BBH X
GW190426_190642 v v v [H1, L1, V1] 27,6.6,1.4 — 7.3] - v
GW190503_185404 v/ v v/ [H1, L1, V1] [5.7,7.2,23 — 9.6] - v/
GW190512_180714 v/ v/ v [H1, L1, V1] [6.2,10.1,1.4 — 12.0] - v/
GW190513_205428 v v v [H1, L1, V1] [74,82,1.8 — 11.3] - v
GW190514_065416 v v v [H1, L1] [45,5.1 — 6.6] - v
GW190517_055101 v v v [H1, L1, V1] [43,7.1,34 — 9.2] - v
GW190519_153544 4 v v [H1, L1, V1] [84,12.5,1.6 — 14.7] - v
GW190521 030229 | v v [Hz, L1, V1] (6.2,11.6,1.9 — 13.7] - v
GW190521_074359 | v v [Hz, L1] [11.5,20.7 — 23.4] - v
GW190527_092055 v v v [H1, L1] [3.5,5.2 — 6.8] - v
GW190602_175927 v v v [H1, L1, V1] [3.0,9.7,2.3 — 10.6] - v
GW190620_030421 v v v [L1, V1] [10.5,2.3 — 10.7] - v
GW190630_185205 4 v v [L1, V1] [14.4,51 — 15.3] - v
GW190701_203306 | v v [Hz, L1, V1] [43,63,43 — 9.0] - v
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[Hi1, L1] 163,73 = 9.8] - v

[L1, V1]

(125,25 — 12.8]

[H1, L1, V1] no priors

[Hi1, L1, V1] [6.8,8.5,2.9 — 11.3]

[Hz1, L1] [41,50 = 6.9]

[H1, L1, V1] [38,6.1,<1—71] - v

[H1, L1, V1]

[9.5,11.7,1.8 — 15.2] - v

[L1, V1] [13.3,2.5 — 13.8]

[Hi1, L1, V1] [45,52,11 — 6.9]
[H1, L1, V1]

no priors

[H1, L1, V1] [4.0,5.0,1.0 — 6.9]

[Hi1, L1] 39,65 — 82|

[Hi, L1, V1] [5.2,7.0,1.3 = 9.0]

[Hi1, L1, V1] [4.1,51,1.1 — 6.7]

[H1, L1, V1] [5.9,6.1,2.5 — 8.8

v/ [Hz, L1, V1] [5.3,6.3 — 8.4] v
v [Hi, L1, V1] (6.5,7.9,1.5 — 10.8] v
X

v [Hz, L1, V1] [5.5,6.2,1.4 — 8.5]

v [L1, V1] [182,3.4 — 18.6]

v v v [H1, L] [6.7,7.3 = 9.9] - v/

[H1, L1, V1] [7.7,89,41 — 12.6]

[Hi, L1, V1] [45,5.1,1.2 — 7.0]
[H1, L1, V1] [4.8,59,1.0 — 7.9]
[H1, L1, V1] [6.2,75,1.1 —9.7]
[Hi, L1] [5.1,54 — 7.7]
[Hz1, L1] (8.8,7.6 — 11.7]

[H1, L1, V1] [4.8,49,14 — 7.2]

[H1, L1, V1] [10.3,9.3,5.6 — 15.0]
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GW200316_215756 v v v [H1, L1, V1] [5.4,7.3,25 — 9.4]
GW200322_091133 v v v [Hi1, L1, V1] [25,21,<1 — 3.6

B.3  Prior selection in GW analysis

B.3.1 Uniform Prior: the uninformative choice

Most of the parameters characterizing a GW event (see Tab. 3.7)
have an uninformative uniform prior, meaning that given a physical
range of the parameter, any value in the interval is equally probable.
The probability density for a uniform distribution is given by:

7(0) = — 1

gmax - Gmin

(B.1)

where [Omin, Omax] is the range of the parameter 6. The probability
density is zero outside this interval, meaning values out of range are
excluded from consideration. Choosing this prior implies that no prior
knowledge favours one value over another within the interval.

M, and q: Uniform in component masses prior LVK analyses as-
sume a uniform in component masses prior, meaning that the joint
probability on my and my, 7w(my, my), is constant. Since we are getting
likelihood samples in Mpirp and g, it is necessary to reweight these
samples by the determinant of the Jacobian transformation to compo-
nent masses. This ensures that the probability remains uniform in the
m1-my plane:

7T(-/\/lchirpr q) = mt(my, my)|]|, (B.2)

where the following transformation matrix gives J, the Jacobian:

Iy omy
a-/\/lchirp aq (
= . B.3)
2
J am any
aMchirp aq

The determinant of the Jacobian, |, is:
1]l = Mchirpq_6/5(1 + q)2/5 (B.4)

given that:
mp = Mchirpq73/5(l + 17)1/5

(B.5)
my = ~/\/lchirp‘72/5(1 + q)l/S

Fig. B.6 shows how the distribution on the mass-plane changes if we
go from a joint prior that is uniform in M and g (the left plots in both
the upper and lower panels) to a joint prior that is uniform in m; and
my (the corresponding plots on the right).
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B.3.2  Angular parameters: Uniform on a Sphere prior

While a Uniform prior might be the unbiased choice in many con-
texts, we must consider the spherical geometry when dealing with
angular parameters describing positions on a sphere. To ensure a uni-
form distribution on a sphere, thus isotropy, of certain angular param-
eters, the right priors are the ones that are uniform in either Sine or
Cosine, depending on the physical range of the angular parameter in
consideration.

RA and DEC: a reference example We choose two well-known parameters
to explain how angular priors work: the position in the sky given by RA
and DEC (see Fig. 1.11). The azimuthal angle RA ranges in [0, 277] with
the zero reference given by the meridian passing through the vernal
equinox. The polar angle DEC ranges in [—7t/2, +71/2], with zero value
at the equator, positive values above and negative below. A uniform
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Figure B.6: The upper panel shows
the mj-my plane and, from left to
right, highlights how the distribu-
tion changes going from a uniform
in M and g prior to a uniform in m4
and mjy prior. The same is shown in
the lower panel, but in the M-g plane
0


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter3/chirp_mass_prior.ipynb
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distribution on a sphere implies an equal probability of finding an
object for any region on the sphere of equal area. This differs from
individually considering a uniform distribution for RA and DEC. The
reason is that lines of constant DEC, for example, are circles of different
sizes, the ones near the pole smaller than the ones near the equator.
A uniform prior in DEC would lead to a higher concentration of points
near the poles.

The correct approach is to consider the area element on the sphere:

dA = sin (% — DEC) dDECdRA

= cos(DEC)dDECARA (B.6)
= d sin(DEC)dRA

where we have accounted for the fact that DEC is not measured starting
from the north pole. From Eq. B.6, we can see that if RA is uniformly
distributed in [0, 27t], for DEC the distribution is uniform in Sine (DEC):

7t(sin(DEC)) o const (B.7)

where the constant can be found by integrating in the DEC range and
obtaining const = 1/2. We can change variable and directly obtain the
prior probability density for declination angle parameter:

71(DEC) = 7t(sin(DEC)) ‘dsm(DEc) ’
dDEC

. - - (B.8)
= Ecos(DEc) for — 5 < DEC < +
Angular priors in synthesis In general, azimuthal angles, like RA, follow
a uniform distribution in [0,27]. This holds for the phase ¢, the spin
parameters phij, and phij;, and the polarization angle ¥. The prior
on the polarization angle ¥, though, is uniform in [0, 7r]. The range is
not [0,27] due to the symmetry of the two GW polarizations, k4 and
h«. In fact, rotating the polarizations by 7t does not affect the physical
configuration of the system, as the polarization angle enters the signal
as sin(2¥) or cos(2¥). Taking the range of the polarization angle to be
between [0, 77| allows to avoid redundancy in parameter space, which
is particularly useful in Bayesian analysis.

The parameters 0jy, tilty and tilty, instead, follow a zenith-like
angular distribution as DEC. All three are uniformly distributed on the
sphere in the range [0, 7r]. This means their Cosine is uniformly dis-
tributed. For example, the prior distribution for the 6y parameter is
given by:

7‘[(9]]\]) = %Sin(eﬂ\]) for 0< 9]]\] <n (B.9)

which can be obtained in a analogous way as Eq. B.8 starting from
p(cos(DEC)) o const.

The dependence on the polarization angle en-
ters the antenna pattern functions:
F4 (RA,DEC,'¥) = F, o(RA, DEC) cos(2¥)
— Fy o(RA, DEC) sin(2%)
Fx (RA,DEC, ¥) = F. o(RA, DEC) sin(2¥)
+ F, o(RA, DEC) cos(2¥)
where the F, o(RA,DEC), Fx o(RA,DEC) are the
detector’s response to the plus and cross po-

larizations depending only on the sky posi-
tion of the source.



For a comprehensive visualization of the angles refer to Fig. 1.11
and Fig. 1.10, and to Tab. 1.1.

B.3.3 Luminosity distance

The prior for the luminosity distance parameter varies according to
different assumptions about the distribution of sources in the Universe.
In the following, we will explore some common choices.

Power Law In our comparison with LVK data, we used the Power Law
prior for the luminosity distance, given by:

m(dy) o« d? (B.10)

This choice implies that the number of GW sources is proportional
to the volume, assuming a uniform distribution of sources in space
without considering any redshift evolution. Since the volume of space
scales with the square of the distance (dV = 47rd%dd 1), the probability
density function is proportional to the square of the source distance.
The distance we consider here is the distance we measure, i.e. the
luminosity distance.

Choosing this prior assumes that farther events are more likely sim-
ply because they cover a larger volume, without accounting for the
expansion of the Universe.

Uniform in Comoving Volume If we want to account for the expan-
sion of the Universe, then we should choose the uniform in comoving

volume prior:
(d )O(dVC _dVe dz.
M7ddp T dz ddg

where we have made explicit the redshift dependence for easier calcu-

(B.11)

lations (see also Eq. B.15). For the derivative redshift with respect to
luminosity distance we compute the inverse, which is easier:

ddL - dL H01+Z
& itz ¢ HR) (B.12)

where H &
_Ho ? dz
dp = . (1+2z) o () (B.13)
and
H(z) = /(1 +2)30m + Q4 (B.14)

with QO and O being the dimensionless matter and dark energy
densities in the ACDM framework.

Eq. B.11 takes into account the geometry and the expansion of the
Universe. A Uniform in Comoving Volume prior favors redshifts where
larger volumes are available, in accordance with the cosmological prin-
ciple of a homogeneous and isotropic Universe.
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Uniform in Source-Frame Time Furthermore, if we want to assume
a constant event rate per unit of time in the source frame, then we have
to adjust for the shifting of source frame time:
1 dV, 1 dV; dz
m(dy) o« —— o = ———— (B.15)
14+zdd; 14z dz ddg
The (1 + z) factor accounts for the time dilation when passing from
source to detector frame:

dtsource _ 1

= (B.16
dtdetector 1+z )

This prior ensures a uniform event rate in the source frame.



C. Supplements to Chapter 4

C.1  Gravitational results: supplementary plots

Table C.1: Detectors list used for joint ET and KN analyses and their main
characteristics. Table adapted from [Loffredo et al., 2025] (Table B.1, authored

by UD)
IFO name ‘ Length [km] Country Lat [deg] Lon [deg] f min [Hz] Sensitivity curve
ET-A 10 Italy 40+ 31/60 9+425/60 2 ET-cryo-10km
ET-L1 15 Italy 40+ 31/60 9+25/60 2 ET-cryo-15km
ET-L2 15 Netherlands 50 + 43/60 54 55/60 2 ET-cryo-15km
CE1 40 USA 46 +30/60 —119+24/60 8 CE
CE2 40 Australia —25+30/60 152 +4/60 8 CE
LHO 4 USA 46 4+ 28/60 —119 —24/60 8 A-Plus (O5)
LLO 4 USA 30 +34/60 —90 — 46/60 8 A-Plus (O5)
Virgo 3 Italy 43 +36/60 10+-30/60 8 AdV-Plus (Os)
LIGO-India 4 India 19 +37/60 77 4+2/60 8 A-Plus (O5)
KAGRA 3 Japan 36 +25/60 137 +18/60 8 KAGRA (Os)
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[ ET-2L+2CE
i ET-A+2CE
106

[ ET-2L+1CE
ET-A+1CE

ET-2L+LVKI
ET-2L

it ET-A

[ ET-A+LVKI

Luminosity distance

Cumulative No.
of detections
—
()
s

100

Inclination angle

100

104,

102,

Cumulative No.
of detections

Chirp Mass

Tidal deformability 1

0 T T
10 105 102 10!

Relative error

105 102 10!
Relative error

(a) BLh Gaussian, « = 1.0

Luminosity distance =

Cumulative No.
of detections

Cumulative No.
of detections

Chirp Mass

Tidal deformability 1

Relative error

105 102 10!

10-° 102 10!
Relative error

(b) APR4 Gaussian, &« = 1.0

Figure C.1: PE for a subset of param-
eters, namely luminosity distance, incli-
nation angle, primary component mass,
and tidal deformability of the primary
component, for the Gaussian mass dis-
tribution of the fiducial population with
BLh EoS in the fop panel, and APR4 EoS in
the bottom one. We show the relative er-
rors on the parameters on x-axis, and the
cumulative number of detections on the
y-axis. Different colors indicate differ-
ent networks. Same color and linestyle
schemes as in Fig. 4.9 apply. Figure
from [Loffredo et al., 2025] (Figure D5,
authored by UD) €)


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter4/kn_param_errors.ipynb
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Figure C.2:  Number of injected
events and events localized better than
100 degz, 40 degz, 20 degz, 10 degz, and
1 deg2 by the different detector networks
considered in this work for the fiducial
population obtained assuming the BLh
EoS and Gaussian NS mass distribution.
The left plots show ET-A, and the right
plots ET-2L. Figure adapted from [Lof-
fredo et al., 2025] (Figure D2, authored
by UD) ©)


https://github.com/u-dupletsa/PhDThesisPlots/blob/main/chapter4/kn_sky_loc.ipynb
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Figure C.3: Number of injected
events and events localized better than
100 degz, 40 degz, 20 degz, 10 degz, and
1 deg2 by the different detector networks
considered in this work for the fiducial
population obtained assuming the APR4
EoS and uniform NS mass distribution.
The left plots show ET-A, and the right
plots ET-2L. Figure adapted from [Lof-
fredo et al., 2025] (Figure D3, authored
by UD) ©)
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Figure C.4: Number of injected
events and events localized better than
100 degz, 40 degz, 20 degz, 10 degz, and
1 deg2 by the different detector networks
considered in this work for the fiducial
population obtained assuming the APR4
EoS and Gaussian NS mass distribution.
The left plots show ET-A, and the right
plots ET-2L. Figure adapted from [Lof-
fredo et al., 2025] (Figure D4, authored
by UD) ©)
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D. Supplements to Chapter 5

D.1  General derivation of the shot noise term

The shot noise term arises when we observe a discrete number of
sources that describe an underlying continuous distribution. In gen-
eral, the more sources we observe, the more accurately we can approx-
imate the continuous field, which in turn reduces the contribution of
shot noise. In this section, we derive the shot noise contribution to the
angular power spectrum as entered in Cgbs = Cjrue + Czh(’t.

As in the main Chapter 5, we pinpoint dark matter (DM) halos, as
our discrete sources. The distribution of the number of halos in the
sky fluctuates around a mean value. The number count fluctuation of
DM halos can be expanded in spherical harmonics as follows:

T‘l(Q) —17 1% © 4
n(Q)=———S =YY" a,Ym(Q), (D.1)
Msky (=0m=—¢
where 6n(Q)) represents the fluctuations of the halo number, e.g. in
a given pixel, n(Q}) is the observed number of halos in the pixel, and
fisky is the average number density count?, given by:

_ N
nsky = E (DZ)
Conversely the harmonic coefficients a;,, can be written as:
a = [ on(Q)¥;,(Q)d0
sky
1 g (D'3)
= n(Q) — figey | Y, (Q)dQ,
i Ly [ =g i)

where Y}; represents the complex conjugate of the spherical harmon-
ics, and we used Eq. D.1 to pass from the first to the second line.
We can separate the two terms:

1
Apyy = n(Q)Y; (Q)dQ —
{m ﬁsky /sky ( ) ém( ) ﬁsky

/ g Vi (Q)dQ,  (D.g)
sky

where we can ignore the second term as it just contributes with a
constant for £ = 0 (no deviations from the expected average of number

*Since, numerically, we are dealing with a
discretization of the sky area, represented by
a certain number of pixels, the quantity that
enters the calculations is N/npix, where npix
represents the total number of pixels.
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counts) and is zero otherwise, following from the well-known property
of spherical harmonics:

/k Y (Q)dQ = V47150 00m,0- (D.5)
SKy
We want to focus on fluctuations instead. Therefore:
1 ,
gy = — / n(Q)Y;, (Q)dQ) (D.6)
nsky Sky

and we can write the number density of halos as a double (represent-
ing the RA and DEC position in the sky) Dirac delta function sum over
the single contributions:
o
n(Q) =} 9p(Q - Q) (D7)

i

Substituting Eq. (D.7) in Eq. (D.6), we get:

1 N
YY) (D.8)

Am = =
nsky i

Our goal is to compute the variance of the a,,, coefficients:

N

(el = —— L (Yon(0)?) D)

sky i

Since each halo position is independent of the others and equally prob-
able, we can write:

N ) N
Z<|Y€m(0i)| ) = i (D.10)
i
Therefore, given that 7y, = N/47:
C = () = o7 (D.11)

which is the expression we provide in Eq. (5.18).
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