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Introduction

On August 17th 2017, at 12:41:04.4 UTC [I], the Advanced LIGO and Virgo
observatories reported the detection of a Gravitational wave (GW) from a Binary
Neutron Star (BNS) merger. Just 1.74 s after the GW luminosity peak, a short
Gamma-ray burst (sGRB), named GRB 170817A, was detected by both the Fermi
Gamma-ray Burst Monitor and the Anti-Coincidence Shield of the Spectrometer of
the International Gamma-Ray Astrophysics Laboratory. This joint detection was the
first solid evidence of BNS being precursors to sSGRBs, a theory that had remained
speculative for years.

GW170817 is a textbook example of how multi-messenger observations of BNS events
can be used to study the cosmos and the formation of compact objects. Thanks to
the sGRB, it was possible to identify the host galaxy of the BNS source. From the
host galaxy, it was possible to measure the redshift of the GW event (z = 0.009727).
With the BNS luminosity distance, derived solely from the GW signal, and the
redshift, inferred from the galaxy, it was possible to measure the expansion rate of
the universe, namely the Hubble constant (Hy). Specifically, Hy was determined to
be 70.013%0 slf\ﬁ)c at a 68% credible interval [2]. Besides the cosmic expansion, it
was also possible to obtain stringent constraints on the speed of gravity. This was
possible thanks to the measurement of the GW-sGRB time delay.

The enhanced sensitivities for future detector networks are expected to exponentially
increase the rate of GW detections. Unfortunately, the current forecast for the
number of joint GWs with identified host galaxy detections will decrease as the
sensitivity of the GW detectors improves. For instance, the ET is designed to detect
BNS mergers up to redshifts z ~ 5, expecting around 6 x 10* events annually, of
which, for hundreds we will jointly detect GW-sGRB, while only for ~ 10 will we be
able to identify the host galaxy [3]. In fact, as we detect GWs from distant sources,
identifying the host galaxy, especially faint ones, becomes challenging, even if an
associated SGRB is detected. During the ET era, BNS events with observed sGRBs
but unidentified host galaxies will be commonly observed. Thus, it is crucial to
develop methods that are able to study cosmology and speed of gravity even in the
absence of a redshift measurement from the source’s host.

This thesis has two objectives: The first objective is to check if future GW-sGRB
detection will allow us to jointly infer the speed of gravity and prompt time delay
distribution using joint observations of time delay and luminosity distances from
BNS.

The second objective is to develop a new method to constrain Hy from joint GW-
sGRB detection in the absence of a direct redshift z measurement from the host
galaxy. The general idea is to obtain from the observed GW-sGRB time delay an




2 Contents

implicit redshift evaluation, which, when combined with the luminosity distance
derived from the GW, can be used for cosmology evaluation.

I will begin the dissertation by introducing, in Chapter [} the background knowledge
on which my thesis work is based. In particular, I will provide an introduction
to cosmology and Binary Neutron Star merger emissions: short Gamma-ray burst
gravitational waves. I will then conclude this part by describing the detection of
GW170817, with its physical consequences, and the main thesis objectives.

In Chapter [2] I will describe how GWs and sGRBs are detected. This is a crucial
aspect when simulating joint detection of GWs and sGRBs, I will discuss current
and future GW detectors. Then I will present the Gamma-ray detector Fermi-GBM,
whose sensitivity was used for this study.

In Chapter |3 T will describe how I generated a mock catalog of joint GW-sGRB
detections from future GW detector observing runs (04, O5, ET). I will begin by
describing the simulation of a BNS population. Then, I will discuss how to generate
and detect GW and sGRB signals, and I will present the prompt time delay models
used for this study. I will then conclude this part with a short description of the
simulated catalog.

Then, in Chapter [4] I will show how to infer population parameters from the mock
catalogs. To do so, I will present the formalism of Bayesian Hierarchical Inference,
which allows us to reconstruct an astrophysical population from observed data.
I will then proceed by describing icarogw, a Phyton tool developed to perform
Hierarchical Bayesian Inference, and I will show how it can be applied to the context
of this thesis work.

Finally, in Chapter [5} I will present forecasts for the inference of cosmology, prompt
time delay distribution, and speed of gravity from the mock catalogs generated
according to Chapter [3] I will briefly present the priors used for the analysis, and
then I will discuss which combination of these population parameters we will be able
to infer: the speed of gravity, the cosmology, and the prompt time delay distribution.



Chapter 1

Introduction to Cosmology,
Gravitational Waves and
Electromagnetic Counterparts

In this chapter, I will introduce the background knowledge on which my thesis work
is based. In Section I will provide an introduction to cosmology and some of
its open questions [4]. In Section I will briefly sum up Binary Neutron Star
Mergers (BNS) and their Emission, focusing on short Gamma-ray Bursts (sGRBs)
and Gravitational Waves (GWs) [0, [4]. In Section I will describe how the
expression of the observed time delay between GWs and sGRBs from a BNS merger
is affected by possible deviations from General Relativity [6]. In Section I
will focus on the detection of GW170817 and its main physical consequences [7} 2].
This observation in both gravitational and electromagnetic waves started the age of
gravitational-wave multi-messenger astronomy. Finally, in Section I will state
the main thesis objectives in light of current background.

1.1 Cosmology

The standard cosmological model, commonly referred to as the ACDM model, is
another successful test of Einstein’s General Relativity (GR).

The model incorporates a cosmological constant A representative of dark energy and
provides a robust description of our observable universe, accounting for its observed
accelerated expansion.

The ACDM model is based on the so-called Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric, which describes the universe as homogenous and isotropic on large
scales (> 150 Mpc) [4]. A central parameter to the ACDM model is the scale factor
a(t). The scale factor describes how the universe is expanding with respect to the
cosmic time ¢ and can be used to calculate physical distances Dppys(t) in terms of
comoving distances Dc.om, namely

Dphys(t) = a(t) Dcom- (1.1)
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The line element of the FLRW metric is:
2

"
1 — kr2

ds? = —cdt? + a*(t) ( + r?df* + r? sin® 9d¢2> (1.2)
where 7 is the comoving distance, ¢ the speed of light, § and ¢ are the angular
coordinates, and the curvature constant k is dimensionless and takes the values k =
0,+1. The parameter k = 0 represents a geometrically flat universe. Observational
evidence such as galaxy survey data or gravitational lensing of the Cosmic Microwave
Background [8] points to a flat universe. Thus, for this work, we will assume a flat
universe where k£ = 0.

The evolution of the scale factor can be linked to physical quantities through the

Einstein equations:
81G

G = =5 T (1.3)

where G is the Newton’s constant, G, is the Einstein’s tensor and T, is the
stress-energy tensor. For a homogenous and isotropic universe, the stress-energy
tensor is

—p 0 0 0
0 P 0 0

Tw=19 0o P o (1.4)
0 0 0 P

where p is the energy density and P the pressure term. The energy density is the
sum of all the contributions of dark matter. dark energy, and radiation.

In the flat ACDM model, by solving the 00 component of Einstein’s equations we
obtain:

(2) =i owts 27 o 05

where Hy is the Hubble Constant, i.e. the expansion rate of the universe today (which
is also related to the critical density p. through H? = %pc), Q,, is the current
non-relativistic matter density parameter and Q) = 1 — Q,, is the cosmological
constant dark energy density parameter.
The Hubble parameter is the expansion rate of the universe and it is defined as
@—H(z)—ﬂ\/g (14 2)3 + Qp = HyE(2) (1.6)
alt) = Hoy/im A= Holu(z). .
Another fundamental concept of Cosmology is the redshift. Consider two photons
emitted in an infinitesimal time interval dts by the same source, propagating towards
an observer situated at a fixed comoving distance r from the source. From Eq[I.2]
given that light rays traverse null geodesics, we derive the following equation:

tatdta ¢ ta  dt
/ c— = / c— (1.7)
terdts  a(t)  Jr, a(l)
where t4 and tg + dtg represent the arrival times of the two photons to the observer.

From this equation, we can deduce that:

dty  dt,
afta)  al(ts)

(1.8)
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Or, equivalently,
alta) ,, _ 1
a(ts) a(ts)

where we chose the scale factor for the present epoch a(t4) to be 1. Here, z is what
is known as the redshift parameter.

dty =

dty = (1 + 2)dt, (1.9)

1.1.1 Hubble Tension

A significant discrepancy exists observationally between measurements of the Hubble
constant derived from the Cosmic Microwave Background (CMB) [9] and those from
local observations using Standard Candles [10].

A Standard Candle is an astronomical object with known intrinsic luminosity and for
which it is possible to measure the redshift. These sources can be used to measure
distances in the universe.

Using the relation between the luminosity in the observed frame Lgps and the one in
the source frame Lg

dBops 1 dhvgs 1 dE,

Lobs = = = —. 1.10
D5 dtors Ltz di (1+ 2)2 dts (1.10)
We can write the observed flux F of the Standard Candle as:
L Ly L,
F o= obs (1.11)

4nD? ~ 47xD?(1+ 2)2  47DZ

where D is the proper distance and Dy, is the luminosity distance which is defined
as:
D =D(1+2) (1.12)

Thus, by comparing the known luminosity of a Standard Candle to its observed flux,
we can determine its luminosity distance.
The luminosity distance is a function of both redshift z and Hubble constant Hy [4]:

c(1+2z) [* d7

Dy = . 1.13
g Hy Jo E(¥) (1.13)
In the low redshift limit z < 1 this equation becomes:
c(1+2) [ d
Dy = -
Ho Jo E(2) (1.14)
_cz
~m,

It then follows that a joint measurement of the spectroscopic redshift and the ob-
served flux will allow us to set constraints on Hy. Type Ia supernova measurements
from the Supernova Hy for the Equation of State Experiment (SHOES) [10] measured
Hy=T7324+1.74 R

Another probe to measure the universe’s expansion is the Cosmic Microwave Back-
ground (CMB) radiation. The CMB radiation is the afterglow of the Big Bang
and it is a snapshot of the universe when it was just 380,000 years old. Analyzing

the CMB gives us insight into the early conditions and parameters of the universe,
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including Hy.

The Planck satellite, launched by the European Space Agency, provided one of the
most precise measurements of the CMB. By studying the spectra of temperature
fluctuations of the CMB [9], the inferred value for the Hubble constant was found to
be Hy = 67.74+0.46 .

However, Hy measurements using standard candles have yielded different results.
In fact, the Planck and SHOES results exhibit an inconsistency at 3o level. FiglT.]]
shows how measures of Hy came to a tension during the years. This discrepancy
between the values from different methods is what’s referred to as the Hubble tension.
The cause of this tension is currently one of the most significant debates in cosmology.
The tension might either indicate the presence of new physics at cosmological scales
or rise from a hidden systematic in one of the experiments. Gravitational waves
open a new avenue to shed light on this tension.

82.5 1
T rorecast
200 KP GW170817 Behicia
' SHOES
775 N CPH HST+ HGS/I?A
SHOES | GAIA2
G 75.0 1 { % } *
=
u 72.5 A
= x ®
nV4
= 70.0
T w3
W5 15 x BNS
67.5 1 II ()
w1 w7 WOLo, ¢ P18 pIs4
65.0 P13 1BAQ i
62.5 1 % Dist. Ladder e ACDM X Std. Sirens
2000 2005 2010 2015 2020
year

Figure 1.1. Depiction of the Hubble tension. Blue stars correspond to measurements of
HO in the local universe with calibration based on Cepheids. Red dots refer to derived
values of HO from the CMB assuming ACDM. Green crosses are direct measurements of
HO with standard sirens. The Figure is adapted from [I1].

1.2 Binary Neutron Star Merger

A Binary Neutron Star (BNS) is composed of two Neutron Stars orbiting around
each other. Neutron Stars are one the most dense objects in the universe. Each
star has a mass of Myg ~ 1 — 3 Mg, radius of Ryg ~ 10 — 12 km, and an average
density of p ~ 1014 =25, We will now outline different types of radiations from BNS

that allow for the BNS observation.
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1.2.1 Electromagnetic Emission

In a general scenario involving BNS mergers, the emission of electromagnetic (EM)
radiation is expected alongside gravitational waves (GWs). The standard model for
EM emission is depicted in FiglT.2] with different EM emission components. Below
we describe in general the formation dynamics of the various EM counterparts. The

GRB
Shocked s Afterglow
interstellar
medium (|
GRB

) Prompt emission

Jet Cocoon
; Shock
Breakout
Blue
KN
) <
Wind + hydro & ’_J_rr
Ejecta /4

GRB central
Engine

Figure 1.2. Artistic representation of the scenario following BNS merger [5], when an
accreting Black Hole is formed. The red component denotes the tidal ejecta, the blue
component the hydrodynamic and wind ejecta, the purple component the jet and the
yellow component the matter of the ejecta heated by the jet (cocoon). The different
components are not represented in scale.

jet of material expelled from the merger moves through a dense circum-burst medium
formed by the remaining material of the merger (blue component in Fig. During
this process, the material in front of the jet is heated and moved aside to form a hot
structure known as a cocoon (yellow component in Fig. The cocoon can exert
transverse pressure to confine and further collimate the jet [12, [I3], 14]. Assuming
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sufficient energy, the jet eventually emerges from the surrounding cocoon at a radius
on the order of ~ 10'° cm. If unsuccessful, the jet can be choked. At the distance
range of 10 — 10'6 cm, the jet dissipates part of its kinetic energy by interacting
with the interstellar medium. The interaction results in the emission of a gamma-ray
burst (GRB). As the jet decelerates, it shocks the interstellar medium (in light blue
in Fig. [1.2)), resulting in a fading synchrotron emission from X-ray to radio known
as the GRB afterglow. It has to be noted that the actual geometry and dissipation
mechanics involved in the GRB and its afterglow production still present some open
questions.

The remaining matter (blue and red components in Fig. , emitted during the
merger and unbound from the central remnant, is rich of free neutrons and neutron-
rich nuclei.

The remnant forms an ideal site for the r-process nucleosynthesis of heavy elements,
whose radioactive decay heats the material [I5], [16]. The thermal emission from this
ejecta generates an EM transient known as a kilonova (KN). Additionally, the shock
onto the interstellar medium of these mildly relativistic and sub-relativistic outflows
could theoretically power a synchrotron emission, expected to be observable in radio
frequencies [17].

1.2.2 Gamma-ray Burst

Gamma-ray bursts are high-energy transient astrophysical sources of extragalactic
origin. Their non-thermal spectra peak at energies between 10 keV and 10 MeV.
The ~-ray flaring activity, or the prompt emission, typically lasts for less than a
hundred seconds showcasing a wide variety of morphologies in its light curve [I8].
This prompt emission phase is then followed by a fainter afterglow across the entire
EM spectrum that decays in time.

Currently, we classify GRBs in two classes: short GRBs (SGRBs) lasting from ~ 0.3
s to a few seconds and long GRBs (LGRBs) lasting ~ 30 s [I9]. SGRBs have a harder
spectrum, while LGRBs have a softer spectrum. This indicates that, within the
gamma-ray domain, SGRBs exhibit higher energy emissions, while LGRBs display
lower energy emissions.

Typically the energetic emission of a GRB is modeled with an isotropic energy, i.e.
the energy that the source would emit if it was symmetric. The isotropic equivalent
energy of the burst, derived from the y-ray fluence and the source’s distance, can
reach E, 150 ~ 10°* erg for the most energetic GRBs [20, 2I]. However, there
is compelling evidence to suggest that the emission is not isotropic but beamed
[22] 23, 24]. The real energy is thereby reduced by a factor equal to the solid angle
of collimation %, restricting it to the range 10% — 105! erg [24].

SGRBs and LGRBs are sourced by different progenitors, as determined through the
studies of the GRB energy, redshift distribution, properties of their afterglow, their
host galaxies, and recent observations of gravitational waves (GWs) [25], 26 27]. On
one hand, evidence of supernovae signatures in the late-time optical afterglow of a
fraction of LGRBs observations, and the location of LGRBs in bright star-forming
regions of their host galaxies suggest that massive stars (masses M > 20M) are the
progenitors of LGRBs [28], 29].

On the other hand, the progenitors of SGRBs reside in galaxies with a lower star
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formation rate and are associated with an older star population. Thus, they are
expected to be sourced by older progenitors than those of LGRBs [30]. Astrophysical
events that meet the requirements to be progenitors of SGRBs include mergers of
NS-NS or NS-BH binaries [31], 32, 133] (see Fig. [1.3).

The first solid evidence of BNS being the progenitors of sGRB came with the joint

Progenitors

external shock

1 internal shocks
—_— -—

T plasma shells
collapse
{

. prompt emission
into a black hole
10 c¢cm afterglow

106 cm

merging

Figure 1.3. representation of the basic model of the GRB [5]: the core-collapse of a massive
star or the coalescence of a BNS leads to the formation of an accreting BH, which
launches an ultra-relativistic outflow in the form of a jet. Internal dissipation of the jet’s
kinetic energy through shocks produces the prompt emission in the keV-MeV range. The
forward shock of the jet with ambient medium forms the afterglow radiation observed in
the X-ray, optical, and radio bands.

detection of the GW signal from the BNS merger, GW170817, by the Advanced
LIGO and Virgo interferometers and the sGRB, GRB170817A, by the y-ray detectors
FERMI-GBM and INTEGRAL [7].

1.2.3 Gravitational Waves from Inspiralling Compact Objects

Binary Neutron Stars are also GW sources. GWs are perturbations in the spacetime
metric that, according to Einstein’s GR, propagate at the speed of light. Being
very weak, GWs were only detected in 2015 but now they are rapidly becoming a
new way to explore the cosmo. For the sake of brevity, here I will just review some
fundamental properties of GWs from BNS mergers. A more complete discussion can
be found in [4].

Consider a binary system of two stars moving on a circular orbit around their
common center of mass. For simplicity, we will assume that the two stars with
masses m1 and my are point-like and have an orbital separation lg. The total mass
M is defined as

M =mi+me (1.15)

and the reduced mass p is
m1ma

w (1.16)

m1 + mo
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We assume the weak-field, slow-motion approximation to hold, where the orbital
motion is described by Newtonian gravity laws. Then, the GW signal emitted at a
time ¢ by a binary system moving on a circular orbit, and located at a distance r
from the observer, is given by:

BT (1) = —hy ATT (t _ Z) (1.17)

ho, the instantaneous wave amplitude, is given by

B 4uMG?

ho = (1.18)

loctr

and A;f';-T (t-1) = Pijr AR (t — L), where P is the projector to the Transverse
Traceless (TT) gauge (in which the gravitational strain tensor has two degrees of
freedom: h4 and hy). The tensor A;; is given by:

cos2wit sin2wigt 0
Ajj = | sin2wgt —cos2wit 0], (1.19)
0 0 0

where wy, is the Keplerian orbital speed. The GW is emitted at twice the Keplerian

frequency, i.e.
wg 1 |GM
=g =— = —|—a. 1.20
vew =20k =~ = =y B (1.20)

Fig. shows the characteristic time evolution of both the amplitude and frequency
of GWs originating from BNS mergers. In the adiabatic regime, where the orbital

x10~18

0.0

strain

~ 200 1

100

few (Hz

0 T T T T T T T T
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 —0.2 -0.1 0.0 0.1
time (s)

Figure 1.4. GW signal of the compact binary coalescence GW150914. The GW strain
(above) and the GW frequency (below) are plotted as a function of the time before
merging. The Figure was adapted from [I1]

parameters do not change significantly over numerous periods (this condition is met
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for BNS systems significantly far from merging), the system compensates for the
energy lost in GWs by changing its orbital energy. As a consequence, the orbital
separation [y decreases with time as:

_ 1/4
lo(t) = Iin (1 - f) , (1.21)

Cc

where lo(t = 0) = lp,in is the orbital separation at some initial time ¢ = 0 and ¢, is

the coalescence time: _
7256 G3 uM?’

(1.22)

As the binary approaches the merger, the orbital frequency decreases and the wave
frequency changes as (see Fig3.1)

0 £\ /8 i 1 |GM
vaw(t) = vaw (1 — tc> ;where vaw = p @y (1.23)

If we write Equation (1.23]) in the form

o tc 3/8

using Equation ([1.22]) one can show that

, 538 [ 3 \°/8
vewty® = S (GM ) (1.25)
and vgw(t) can be written as

538 1 3\ 1 13/8
vaw(t) = (GM> Lc_t] . (1.26)

In addition, since the orbital distance decreases according to Eq. (1.21)), from
Eq. (1.18) it follows that the wave amplitude changes with time as

_ 4uMG?  4uMG wic (t)2/3 B A72/3G5/3 A5/3 2/3

ho(t) = l(t)chr — rct GY3MY3 rct rew: (1.27)

Where we define
(m1m2)3/5

M1/5

as the chirp mass of the binary. Egs. and demonstrate that the frequency
and the amplitude of the emitted signal from a binary system during the inspiral
phase increase over time. This characteristic resembles the chirp of a bird, hence
the term chirp for both this part of the signal and M.

M = PP M0 = (1.28)
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1.2.4 GWs from Binaries at Cosmological Distance

GWs that travel in an expanding universe display some important characteristics
that make them optimal probes to measure the universe’s expansion. Here i will
derive these properties following [4]. Let me define

53/8 [ 3\

then, Eq. (1.26)) can be rewritten as

K
vaw(t) = 1 (1.30)
and
. 3 K . —-11/3 3 —8/3
Vew = g i 7 Yewraw = gho (131

Using the definition of K this last equation becomes

8t [(GM\®/8 8/3 8. -11/3
which can be solved for M and gives
S5 1 . _113) P

The chirp mass can thus be derived by observing the wave frequency and its time
derivative during the inspiralling part of the signal.

When considering a source located at cosmological distance, it is no longer viable to
assume the propagation of the gravitational wave in Minkowski’s spacetime. The
effects of cosmological expansion have to be taken into account. The frequency of
the gravitational wave (y&'{,sv) measured at the detector will differ from the frequency

(vaw) emitted by the source:
obs _ YGW

Yew = 142
where z represents the usual cosmological redshift. Additionally, the observed time
separation between two pulses is rescaled according to dtons = (14 2)dten. Following
Eq[1.33] we can calculate the chirp mass for an observer sitting on earth as

(1.34)

Ars5 1 d  obs —11/3 8/
Mops = rel [967r8/3 <dtobs VGW) (Vobs) } . (1.35)
From Eq we derive
d /0bs (Vobs )—11/3 8/5 _ [V—II/SD ]3/5 % (1 + 2) (1 36)
dtope GW GW — Yagw YGW ) :

and we can thus express Mg as

A/75 1 B ) 3/5
Mobs = 5 (9(5778/3”(;\12\}/3’/(“]‘]> X (142) =M x (1+2) (1.37)
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Thus, the observed chirp mass M,y is related to the true chirp mass M (given by
Eq by a redshift factor. In other words, a cosmological observer measures a
redshifted mass.

It can be shown [4] that the amplitude of a GW propagating in the curved background
of an expanding universe has the same form as that of a wave propagating in
Minkowski’s space (Eq. , with the radial distance r replaced by the proper
distance D at the time t. Hence, the amplitude of the wave emitted by a compact
binary inspiral is

B 47T2/3G5/3 M

ho(t) T X X (Muaw ()3 (1.38)

C

Let us now express Eq in terms of detector frequency V&'%;SV and chirp mass M.
It then follows that

47T2/3G5/3 Mobs
= X
4 D(1+ 2)
N C4 % DL

ho(t) X (Mobsy(()}}iisv)z/g

(1.39)

X (Mobsyg%sif)w:i'

where Dy, = D(1 + z) is the luminosity distance of the source.

Let us summarize the main message of this Section. From the GW frequency it is
possible to obtain a measure of the redshifted, or detector, chirp mass. Then, from
the GW amplitude in EqT.39] and the detector chirp mass it is possible to obtain a
measure the luminosity distance.

GWs are the only known sources for which it is possible to measure the distance.
To get the distance they do not require any sort of calibration. This makes GWs
optimal sources for cosmological studies.

However, with GWs we cannot measure the redshift. In this thesis, I will study an
innovative method to obtain the redshift information.

1.3 Modified Gravity

One potential solution to address the Hy tension (see Section is to consider
modifications to GR at cosmological scales. A multitude of modified gravity models
have been proposed. GWs can provide a good probe for these models.

In this thesis, I work with models that conserve the usual FLRW background for
the cosmic expansion (Eq. : in other words, gravity acts on a perturbative level
on tensor perturbations, namely GWs. We make the assumption that the evolution
of the scale factor a(t) adheres to standard ACDM cosmology.

We also assume that modifications of gravity act on large scale and therefore they
only affect the propagation of the GW and not its emission. The propagation of a
GW can be modified in three ways: by changing the speed of gravity, its damping,
or adding extra polarizations. Here we focus on modifications of the speed of gravity
and leave the rest to GR.

We start with a modified GWs dispersion relation given by

IuwP"'p” = —Balcpl, (1.40)
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where g, is the metric tensor, while
p" = (E/c,hk/a,0,0) (1.41)

denotes the four-momentum of GWs emitted at r.on and propagating radially
towards the observer. In this context, & is the comoving (costant) wave number, B,

are parameters encoding GR deviation, while |p| = y/g;jp'p? = hik/a. The dispersion
relation in Eq. [I.40| can be rewritten as

2 2 o
B =2l “;' + B, <ch|k|> . (1.42)
a a

This dispersion relation depends on the physical momentum pp, = k/a. In the
absence of the coefficients By, Eq. [[.42 reduces to the standard dispersion relation
for a massless particle in GR. For a = 0 and By # 0, Eq. is the dispersion
relation for the massive graviton with By = mgc4 (in eV?2). Different theories predict
different values for the coefficients B, which generally depend on conformal time
[34].

Let us rewrite Eq. in term of the GW phase velocity cr as

h2|]€|2

E? = h2w? = cA(n,k/a)

1+ |Ba y( h'j‘) 1 (1.44)

We expect GWs to travel almost at the speed of light. They thus satisfy

hk a—2
yB< L') <1. (1.45)

Then from Eq. [[.43]it follows that

(1.43)

where

cr(n, k/a) =

~ c— 1.46
w ~ Ca ( )

This implies that the frequency of the emitted GW fS&W is related to that of the
observed GW ffw by the usual redshift relationship

atq) f§V =~ a(ts) f&V (1.47)

where the subscript “s” indicates the source and “d” the detector. We can thus
identify the GW redshlft with the usual photon redshift z of Eq. [I.9] This allows us
to write

Jfa

k ~ %w(nd)a(nd) = 2%; (1.48)

since today a(tg) = 1. Therefore, the phase velocity obtained from Eq. can be
expressed in terms of the detected GW frequency as

E(n, fa)a) =c |1+ a; (fd) ] , (1.49)

a
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where 4
&j = Bj2(2wh)’, (1.50)

and j = a — 2. The dimensions of [a7] are Hz™/. The radial propagation velocity of
the waves is given by

dr p" ok 1 vaw  ldr
g _2r - - -

(1.51)

dt — pt a aw a adn

where the group velocity vgw can be written as

vaw ~ ¢ [1 - % (fd)j] . (1.52)

a

To derive this expression we used the approximation of Eq. For instance, for
massive gravitons where j = —2, we have &_o = By(2wh)~2 and cr > ¢, yet the
group velocity vgw is lower than c.

In this thesis, we will consider 7 = 0, namely modifications of gravity that introduce
a GW speed # ¢ that does not depend on the frequency of the GW. The fact that
the speed of gravity is not ¢ will introduce a time delay between the GW and the
EM emission.

By setting j = 0 Eq. [[.52] becomes:

Vaw ¢ { - O;j} . (1.53)

it immediately follows that &g can be written as

VGW — VEM
VEM

do = 2 (1.54)

with vgy = ¢ the speed of light.

We now compute the time delay at the detector between a GW and GRB emitted
at two different conformal time 7y from the same source located at a fixed comoving
distance reom. We recall that the definition of conformal time is:

ts !
n = /O e (1.55)

We begin by considering a GW, which is emitted at n$" and received at ngw, with
a detected frequency ff’w Using Eq. we can write:

ng™ g™ 1. 1. oW aw
TcomZ/ngw VGde:/ngw c|ll—zbag|ldnp=c 1—5040 [775 — 1 } (1.56)

2
Proceeding similarly for the GRB we derive:

GRB GRB

_ [ _ [ _ [ GRB _ . GRB
Tcom = /778GRB VEM d77 - /77§RB c d77 = {773 Ns } . (157)

Since the source is at the same comoving distance, we can equate Eq. and Eq.
[I.57] By doing so, we can write the conformal time delay at the detector between
GWs and GRB as:
GW-GRB ewerp 1 [
AW R — AgEWORE o [ (1.58)

ngWw
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To a good approximation, the GWs are emitted and detected on timescales consider-
ably smaller than the cosmological timescale (the variational timescale of a). As a
consequence, we can write the time delay, denoted as Ath‘GRB, as:

A

ALGW-GRB _ (1 | yA(GW-GRB %Tz (1.59)

where AtSGW'GRB is the time delay at the source, and T; is the lookback time, i.e
the time elapsed since the light we observe was emitted from a source of redshift z,
and is defined as:

z 1
T, = dz ———r 1.60
= (1.60)
Where, in the low redshift limit z < 1, the right-hand side of this equation can be
rewritten as:

(1.61)

1.4 GW170817

The GW event GW170817 was detected by Advanced LIGO and Virgo on 17th
August 2017 [I] at 12:41:04.4 UTC and it is consistent with the merger of a BNS.
Following the GW event, a series of EM signals were detected. The detection of
GW and EM counterparts is depicted in Fig. After just (1.74 £ 0.05) s from
the GW luminosity peak, a short gamma-ray burst, GRB 170817A, was identified
by both the Fermi Gamma-ray Burst Monitor and the Anti-Coincidence Shield
of the Spectrometer of the International Gamma-Ray Astrophysics Laboratory
(INTEGRAL) [36].

The probability of the near-simultaneous spatial and temporal occurrence of these
phenomena happening by pure chance was proved to be 5.0 x 10~8 [7], reinforcing
the hypothesis of BNS mergers as precursors to SGRBs.

Subsequently, a Kilonova was observed spanning from X-rays (9 days after the
merger) to radio (16.4 days after the merger).

1.4.1 LIGO-Virgo Observation of GW170817

GW170817 marks the first GW observation from a BNS coalescence [35]. The event
was initially observed as a single-detector trigger in the LIGO-Hanford. Automated
comparison of the single-detector trigger with the Fermi-GBM Gamma-ray Co-
ordinates Network notice immediately enabled the identification of the temporal
proximity of GRB170817A with GW170817.

The combined observations from aLIGO and AdV allowed for a highly accurate sky
position localization to an area of 28 deg? with a 90% confidence level (green area in
Fig. [L.6]). A time-frequency representation of the LIGO data containing GW170817
is shown in the upper panel of Fig. The GPS time of the GW170817 merger
was measured to be T3V = 1187008882.43.

In terms of mass components, assuming dimensionless spins with magnitude up to
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Figure 1.5. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo
(optical detection), and the follow-up observations are shown on each row by messenger
and wavelength relative to the time ¢. of the gravitational-wave event. The names of
the relevant instruments, facilities, or observing teams are collected at the beginning of
the row. Pictures are shown of the first detections in the GW, ~-ray, optical, X-ray, and
radio bands. Figure adapted from [35].

0.89, the 90% credible intervals are my € (1.36,2.26) Mg and mg € (0.86,1.36) Mg
with a total mass of 2.82J_r8:§g M. If the dimensionless spin is limited at magnitude
0.05, then the masses intervals become m; € (1.36,1.60) Ms, ma € (1.17,1.36) M),
and the total mass is 2. 74+8 8} Mg. These findings align well with all currently
known binary neutron star systems [37, [38].

The event distance, solely derived from the gravitational wave data, is reported to be
4078, Mpc, making GW170817 the closest gravitational wave event ever recorded [I].
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Figure 1.6. Final localizations [7]. The 90% contour for the final sky-localization map from
LIGO-Virgo is shown in green. The 90% GBM targeted search localization is overlaid
in purple. The 90% area determined with Fermi and INTEGRAL timing information
is shaded in gray. The zoomed image also shows the position of the optical transient
marked as a yellow star. The axes are right ascension and declination in the Equatorial
coordinate system

The GW data restrict the inclination angle ¢, the angle between the total angular
momentum of the system and the line of sight, to be anti-aligned, with cost < —0.54

.

1.4.2 Speed of Gravity

It is possible to constrain the speed of gravity by using Eq. From Eq. we
find that in the local universe, i.e z < 1, the lookback time T; can be written as a
function of the luminosity distance Dyp:

T, ~ 2L (1.62)

By using this relation and Eq. we can write:

Atg — At
26#

Qg =
Dy,

(1.63)
where Atg and Atg are the GW-GRB time delay at the detector and source respec-
tively.

We remind the reader that:
VGW — VEM (1.64)

VEM

Qo =2

with vaw GW’s group velocity and vgy = ¢ speed of light.

Eq. is less constraining for smaller distances, therefore, as done in [7], we
conservatively use the lower bound on the luminosity distance measurement Dy, = 26
Mpc [1].

Assuming conservatively that the GW luminosity peak (merger) and the sGRB were
emitted at the same time (attributing the entirety of the (1.74 £ 0.05) s time delay
to a faster GW signal) gives us an upper bound on «y.
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To set a lower bound on é&g, we assume a prompt time delay Ats of +10 s, namely
the GRB is prompted 10 seconds before the GW. This is a deliberate choice in [7]
and motivated by the uncertainties we currently have on GRB prompt emission.
These assumptions led to the following constraints [7]:

A
—3x107% < =5 < 47 x 10716 (1.65)
VEM
The impact of the intergalactic medium dispersion on the gamma-ray photon speed
is negligibly small, with an expected propagation delay many orders of magnitude
smaller than these constraints on vaw.

1.4.3 Hubble Constant

The multi-messenger observation (encompassing GWs, sGRBs, and optical tran-
sients) of GW170817 allowed us to identify its host galaxy: NGC4993 in the Hydra
constellation [7]. From the host galaxy, it is possible to measure the redshift of the
GW event (z = 0.009727).

Given a measure of the BNS luminosity distance (derived solely from the GW signal)
and the redshift (inferred from the galaxy), it is possible to measure the cosmology.
This method bypasses the need for any cosmic “distance ladder” [39], enabling
GW analysis to directly measure the luminosity distance, without intermediate
astronomical distance measurements.

To method used to constrain Hy from the multi-messenger observation of GW170817
is the following: at nearby distances (< 50 Mpc) Hj is well approximated by the
expression Dy = ICLTz (see Eq. .

Then, having determined the luminosity distance and redshift from the GW and
EM data, the Hubble constant Hy was found to be 70.01%%0 511{\2?)(: (68% credible
interval) [2]. This estimate, derived by using Bayesian analysis, aligns with other
measurements of this quantity, such as CMB measurements from Planck and Type
Ia supernova measurements from SHOES (see Section [L.1.1)).

Comparing this result with the previous measurements suggests that, despite the
potential influence of varying systematic uncertainties on each method, we do not
currently observe any systematic difference between GW and established EM-based
estimates.

1.5 Summary and Goal of this thesis

As we have seen in the previous Sections, multi-messenger observations of BNS
mergers offer a great opportunity for testing the speed of gravity and cosmology.
To test the speed of gravity we just need the joint observation of a GW and GRB.
The speed of gravity can be constrained with the distance inferred from the GW
and the detected time delay (provided a prompt time delay model).

For the cosmology, we need the additional measure of the galaxy host redshift. This
thesis has two objectives:

o Asshown in Section[I.4.2] the joint observation of GW170817 and GRB170817A
was used to constrain the speed of gravity by applying conservative fixed bounds
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for the prompt time delay At distribution. Thus, the first objective of this
work is to check if future observations will allow us to jointly infer the speed
of gravity and prompt time delay distribution using joint observations of time
delay and luminosity distances from BNS.

The second objective is to develop a new technique to constrain Hy in the
absence of a direct redshift z measurement. To understand how, consider the
Equation for the time delay between GW and GRB at low redshifts:

ao Dy,

AtGWVERB — (1 4 2 ) AtGW-ORB 1. 5
C

(1.66)
From a single joint observation of GW-sGRB, we can measure both Dy and
At,. If the value of Aty is known and &g = 0, then it is possible to obtain an
implicit redshift evaluation to use for cosmology.

Of course, we do not know the distribution of At; and we will fit for it. This
method is inspired by the source frame mass method that uses the same idea
but applies it to the chirp mass Mops = M x (1 + 2) [40].
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Chapter 2

Principles of detections for GWs
and sGRBs

In this Chapter, I will introduce the detection processes for GWs and GRBs. This
introduction is necessary to understand the next Chapter, where I will describe how
I performed the simulations for this thesis.

I will begin the Chapter by describing how to detect GWs, and current and future
GWs detectors (LIGO, Virgo, Einstein Telescope) [411 [42} [43], in Section Then,
in Section I will describe the v-ray detector Fermi-GBM [44]. Finally, in Section
I will report on the latest studies for future prospects of EM-GW detectors [3].

2.1 GWs detection

Gravitational waves induce changes in the proper distance between objects, while the
objects themselves remain at rest locally. In GR, the changes exhibit an opposing
sign for orthogonal directions, as shown in Fig. [2.1] The effect can be measured as a

t=0 t=1/4 t=1/2 t=3t/4
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Figure 2.1. The effect of gravitational waves on the distances between objects [45]. While
the mirrors remain locally at rest the metric gets changed by the gravitational wave.
The figure shows the effect of a sinusoidal gravitational wave with period 7, for different
times t. The distances measured between the mirrors change by +dL.

relative length change 0L/L and it is generally smaller than 10722,
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GW detectors are based on the concept of a Michelson interferometer as depicted in
Fig.[2:2] A laser beam is split into two beams that traverse the interferometer arms.

| o |

Laser

Figure 2.2. Michelson interferometer principle for gravitational wave detection.

Since the GW is changing the arms’ length, the two beams of light will take a slightly
different time to travel along the arms and recombine at the beam splitter. Given
the two different travel times, the recombined beam will show an interferometric
pattern that can be detected on the photodetector at the output.

Despite the straightforwardness of the measurement principle, achieving optimal
sensitivity necessitates the minimization of all influences that could alter the ge-
ometrical or optical arm length, or generate a signal that mimics a gravitational
wave in the detected photo-current. As a result, these instruments are extremely
sophisticated and complex.

The basis for current and next-generation GW detectors is a dual recycled Fabry-
Perot arm cavity Michelson interferometer. Given that a Michelson interferometer
with a kilometer-scale arm length fails to provide the sensitivity required for GW
detection, modern GW observatories integrate multiple optical cavities with a Michel-
son interferometer to enhance sensitivity. Consequently, two Fabry-Pérot optical
cavities are incorporated into the arms, which consist of input mirrors and end mir-
rors, effectively extending the interferometer’s arm length. For instance, in KAGRA
(see Section for more details), the arm cavities augment the effective arm length
by a factor of approximately 1000, resulting in a GW sensitivity improvement by
the same factor.

2.1.1 Signal-to-Noise Ratio

A metric for the detection of GW signals is the Signal-to-Noise Ratio (SNR) [41]. The
SNR measures the signal strength with respect to the detector’s noise fluctuations.
These fluctuations can be described by the power spectral density S, (|f|), where f
is the frequency. The power spectral density quantifies the noise fluctuations with
respect to the frequency, i.e. S, (|f]) = (|f(f)|?), where fi(f) is the Fourier transform
of the noise signal and (-) denotes the average over noise realizations.

The amount of detector noise determines the strength of the weakest detectable
signals and thus, the maximum distance at which a BNS can be observed.

Let h(t) be the detector response to a gravitational radiation signal from any source.
For a detector noise with power spectral density S,(|f|) the SNR squared p? is
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defined to be:

B * h(f)h*(f)
22 = 4 Re l/o Wdf} (2.1)

where A is the Fourier transform of the detector response and h* is its complex
conjugate. If p is sufficiently large then one can assert with high confidence that a
GW has been detected. Typically, when we get an SNR of p > 4.9 in each detector
for a three-detector network, a GW has been detected with confidence greater than
99%146].

In general, the combined signal-to-noise ratio p for a network of detectors is defined

p= >0 (2.2)

where pq is the SNR in the a* detector.

2.1.2 Antenna Patterns

A single interferometric gravitational-wave detector cannot measure both polariza-
tions of GW, but only a linear combination of the two given by:

B(t) = Fy (8,0, 6,60 (1) + Fx (1,6, 6,9)hx (1) (2.3)

F, and Fy are the antenna pattern response functions of the interferometers to the
two polarizations of the wave hy and hy [47]. They describe the relative sensitivity
of the detectors in different directions, and they are functions of the time t, the
source sky location (6, ¢), and the polarization angle 1. These functions reach the
maximum value of 1 when the polarization of the GW aligns perfectly with the
detector arms.

By defining an overall antenna pattern F', Eq. 2.3 can be written as:

: Fx
h(t) = F(cos& hy(t) +siné hy(t)), F=\/F? + F2, tanf = F, (2.4)
It can be shown that F' is independent of the polarization angle F' = F(t,0, ¢) and it
thus measures the sensitivity of the detector with respect to different sky locations.
Fig. plots F' for an L-shaped interferometer such as Virgo (panel on the left)
and for a triangular ET (panel on the right).

2.1.3 2" Generation GWs Detectors

The Advanced LIGO (aLIGO) [48] and Advanced Virgo (AdV) [49] detectors operate
as enhanced “L” shaped Michelson interferometers, having arm lengths of 4 km and
3 km respectively. The former comprises two detectors situated in Hanford, WA,
and Livingston, LA while the latter is situated in Cascina, close to Pisa, Italy. Fig.
shows a photograph of the Advanced Virgo detector.

The GEO 600 detector [50], a British-German interferometric GW detector (with
lower sensitivity than aLIGO and AdV), is equipped with 600 m arms and located
near Hannover, Germany. KAGRA is an underground laser interferometer with
3-km arms, situated in the Kamioka Observatory, Gifu Prefecture, Japan. A crucial
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Figure 2.3. Antenna pattern of ET (right panel) compared to that of Virgo (left panel)
[45]. ET is assumed to be at the same location as Virgo. Note that Virgo is a single
L-shaped detector while ET consists of three V-shaped interferometers rotated relative
to one other by 120 deg.

Figure 2.4. Aerial view of Advanced Virgo. The "L" shape of the detector is clearly visible
here.

feature of KAGRA is its cooling system, designed to maintain the large mirrors
of the interferometer at cryogenic temperature (approximately 20 K) to mitigate
thermal noise [51].

In 2011, proposals for the installation of one of the Advanced LIGO Hanford de-
tectors at a new observatory in India were presented by the LIGO Lab and the
IndIGOb5 consortium [52]. In 2015, this interferometer was put into long-term storage
in preparation for its intended use in India. The Indian government approved the
LIGO-India project in February 2016. The planned operation for this detector,
identical to the configuration of the other LIGO instruments including any upgrades,
is anticipated to commence in 2025. The current scheduled plan for the advanced
GW detectors is depicted in Figf2.5] Below we highlight the past, current, and
future observing runs for 2"4 generation detectors.
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Figure 2.5. The planned sensitivity evolution and observing runs of the aLIGO, AdV, and
KAGRA detectors over the coming years. The colored bars show the observing runs,
with achieved sensitivities in O1, O2, and O3, and the expected sensitivities given by
the data in Fig. [2.6] for future runs. Uncertainty in start or finish dates is represented
by shading.

1. O1: The first observing run (O1) began on September 18, 2015, and concluded
on January 12, 2016, with engineering period data of sufficient quality to be
incorporated into the analysis. This implies observational data was collected
from September 12, 2015, to January 19, 2016. The two detectors involved
in this run were Hanford (H) and Livingston (L), achieving an 80 Mpc BNS
range. During this run, 3 Binary Black Hole (BBH) mergers were detected.

2. O2: Subsequently, the second observing run (O2) began on November 30,
2016, and terminated on August 25, 2017. It was preceded by an engineering
run which began on 31 October 2016 at Livingston and on 14 November
2016 at Hanford. The delay at Hanford was to facilitate extra commissioning
activities. The achieved sensitivity was a BNS range of typically 80-100 Mpc.
The AdVirgo interferometer [49] joined O2 on August 1, 2017, hence, forming
the three-detector network LIGO-Hanford, LIGO-Livingston, and Virgo (HLV)
for the concluding month of the run. AdV reached a BNS range of 30 Mpc.
GW170817, the first detection of a BNS merger, was localized to a 90% credible
region of 16 deg?. The enhanced accuracy is due to the addition of AdV to
the network. During this run, 10 BBHs were detected.

3. O3: The third observing run, extending from April 1, 2019, to April 21, 2020,
primarily collected data from the three-detector network (HLV) of aLIGO and
AdVirgo. It comprised two main operational phases: O3a (April 1, 2019, to
October 1, 2019), and O3b (November 1, 2019, to March 27, 2020), with a
month-long maintenance break in between. Initially, KAGRA was expected
to join O3 but this plan was altered due to the COVID-19 outbreak. Instead,
KAGRA and GEO 600 operated during an extended observing phase, O3GK,
from April 7 to April 21, 2020. The median values of the BNS range over
the entire observing run were 108 Mpc, 135 Mpc, and 45 Mpc for Hanford,
Livingston, and Virgo respectively during O3a, and 115 Mpc, 133 Mpc, and 51
Mpc during O3b for the same detectors. The median values of the BNS range
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over the O3GK period were 0.66 Mpc for KAGRA and 1.06 Mpc for GEO 600.
During this run 90 compact binaries were detected.

Future observing runs are anticipated to involve the upgraded aLIGO and AdV de-
tectors, referred to as A+ and AdV+ respectively. Such upgrades will enhance LIGO
and Virgo’s range compared to the aLIGO and AdV detector design sensitivities. In
Fig we show the expected sensitivities for current and future observational runs.
These sensitivities will be used for this study.
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Figure 2.6. Power Spectral Density (PSD) as a function of frequency for current (04) and

future observational runs (O5, ET).

1. O4: The fourth observing run (O4) began on May 24, 2023. The observing

run will last 20 calendar months including up to 2 months of commissioning
breaks for maintenance. It will involve a four-detector network with the two
aLIGO instruments at 160-190 Mpc; Phase 1 of AdV+ at 70-100 Mpc. In the
last months of the observational run, KAGRA is expected to reach a sensitivity
> 10Mpec.

O5: The fifth observing run (O5) is planned to start in late 2026 or early
2027, and extend till 2030. O5 will incorporate the A4+ upgrade for the aLIGO
instruments and the AdV+ Phase 2 upgrade for Virgo. With the addition of
an upgraded aLIGO interferometer in India by 2025, a five-detector network is
expected to be operational. The target range for alLIGO is 240-325 Mpc and
for AdV it is 150-260 Mpc. KAGRA is expected to operate at a sensitivity
range of 25-128 Mpc.

2.1.4 Einstein Telescope

The Einstein Telescope (ET) is a proposed third-generation ground-based GW de-
tector in Europe [43] [45]. It represents an advancement from second-generation
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detectors like aLIGO, AdV, and KAGRA. It is predicted that ET will begin oper-
ation around the mid-2030s. The sensitivity of ET, compared to its predecessors,
is anticipated to increase by an order of magnitude across the detection frequency
band that is currently available to ground-based detectors, varying between 10 Hz
to a few kHz. Moreover, ET will give access to the low-frequency band in the region
~ 2 —10 Hz.

For frequent and precise observations of low-frequency sources, an extension of the
detection range towards lower frequencies is also required. To achieve the desired
sensitivity, ET will need to harness all state-of-the-art technologies, pushing them
to their technical limits.

To achieve the sensitivity goal the detector’s size must be increased beyond the
3 km (for Virgo) and 4 km (for LIGO) size of current devices. It also requires
positioning the detector underground where the seismic noise is far less than on the
surface. Only by increasing the arm length to 10 km can the influence of unavoidable
displacement noises be lowered to a tolerable level.

In its final configuration, the ET will comprise of three nested detectors arranged in
a triangular shape with the angles between the arms being 60°, thus differing from
the traditional L-shaped geometry of earlier detectors. Fig. 2.7 shows a schematic
view of the ET Observatory. This layout is uniformly sensitive to both polarisations

Figure 2.7. Schematic full view of the optical layout of the ET Observatory [53] It consists
of 3 pairs of km-scale interferometers positioned such that they form a triangular shape.
Each interferometer pair represents one wide-band detector, in which one interferometer
is optimized for gravitational waves at low frequencies and the other for high frequencies.

of the GW and shows a more isotropic antenna pattern, as shown in Fig. 2.3 The
overall frequency range will span from 3 Hz to several kHz. Each detector will
contain two interferometers - one optimized for detecting low-frequency gravitational
waves (i.e., < 100 Hz) and the other for the high-frequency range (i.e., > 100 Hz).
Every interferometer will possess a classical dual-recycled Michelson topology with
Fabry-Perot arm cavities. Figure [2.6] shows the sensitivity curve for ET.

The resulting sensitivity in comparison to a single 90° detector (such as aLIGO and
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AdV) depends on the source location in the sky and its orientation, as the angular
antenna pattern (see Fig. and the polarization dependence (independent in the
triangular case) influence the signal strength differently.

On average the sensitivity of the triple 60° detector is slightly better than a single,
optimally oriented 90° one.

2.2 The Fermi Gamma-ray Burst Telescope

Here we briefly describe the Fermi Gamma-ray Burst Monitor [44] which is the
instrument with which we model our simulation studies.

On 11 June 2008, a Delta II heavy rocket transported the Gamma-ray Large Area
Space Telescope into orbit. By August of the same year, both the Gamma-ray Burst
Monitor (GBM) and the Large Area Telescope (LAT) were fully operational. The
satellite was then renamed the Fermi Gamma-ray Burst Space Telescope (FERMI),
in tribute to Enrico Fermi’s groundbreaking work in high-energy astrophysics.

Fig. shows the FERMI observatory configuration while Fig. shows the
actual observatory before lunch. More than 13 years later, the observatory remains
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Figure 2.8. Overview of Fermi Gamma-ray Burst Space Telescope and its scientific
instruments [54].

operational, with the instrument performance exceeding its initial state. Fermi’s
instruments observe - rays from sources as close as Earth’s atmosphere to as distant
as high-redshift GRBs.

The Fermi Large Area Telescope (LAT) detects «y rays that interact by pair production
in the field of an atomic nucleus, using measurements of the electron-positron pair
to derive arrival time, arrival direction, and energy for individual photons [55].

For this work, however, we will focus on the Gamma-ray Burst Monitor.

2.2.1 Gamma-ray Burst Monitor

The GBM detects hard X-rays and ~y rays as they interact with scintillation crystals
[54]. The ~-rays produce light in the scintillation crystal which is then detected with
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Figure 2.9. Photo of Fermi Gamma-ray Space Telescope atop the rocket before launch.

an attached photomultiplier tube. The number of photons produced in the crystal
is proportional to the energy of the v ray.

GBM comprises two types of detectors: twelve Thallium activated Sodium Iodide
detectors (Nal(Tl)), oriented in groups of three on the corners of the spacecraft, and
two Bismuth Germanate (BGO) detectors, one on each side of the spacecraft. This
arrangement allows GBM to detect GRBs in any part of the sky not blocked by the
Earth that roughly corresponds to a field of view of 500 deg?

The Nal(T1) detectors consist of a cylindrical crystal with a 12.7 cm diameter and
1.27 cm thickness coupled with a 12.7 cm diameter photomultiplier tube (PMT). A
Beryllium entrance window enables these detectors to be sensitive to energies from
8 keV to 1 MeV.

The BGO detectors each consist of a cylindrical crystal with a 12.7 cm diameter
and length. A PMT is coupled to each end of the BGO crystal, providing better
light collection than a single PMT. The BGO detectors have an energy range from
200 keV to about 40 MeV, bridging the energy ranges of the GBM Nal detectors
and the Fermi Large Area Telescope (Energy range:20 MeV — >300 GeV). Fig.
and 2.11] show the two detectors.

In the 10-1000 keV energy band (this range matches the one chosen in the Fermi
Gamma-ray Burst catalogs [56]), the GBM has a flux threshold of ~ 0.5 - 5212
Signals from each GBM detector are processed by the digital processing unit and
digitized into 4096 linear energy channels. If the signal exceeds a programmable
threshold, the peak height of the pulse is measured and converted into energy channel
and 8 energy channel data types. The primary data from GBM are packaged into
two types, continuous data, and trigger data, as Flexible Image Transport System
files at the GBM Instrument Operations Center in Huntsville, Alabama.

2.3 Multi-messanger prospects for ET

BNS events with detected sGRBs and unidentified host galaxies will be commonly
observed in the ET era. ET is designed to detect BNS coalescences up to z ~ 5 with
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Figure 2.10. Fermi GBM Nal Detector [54].

Figure 2.11. Fermi GBM BGO Detector [54].

an estimated rate of 6 x 10* events annually. The detection range reaches the peak
of the star formation rate, thereby covering the vast majority of BNS coalescing
in the universe. This will enable the exploration of their formation mechanisms,
evolution, and population rate. Fig. [2.12] shows the expected redshift distribution of
GW detections by ET. Moreover, the high-frequency sensitivity of ET will grant
access to the gravitational wave signal of the merger phase that is inaccessible to
second-generation detectors, providing detailed insights into the internal structure
of neutron stars and their equation of state.

When considering ET+Fermi-GBM, it was predicted that 68J_r}§% of all the sGRBs
with a detectable prompt emission will also have a detectable GW counterpart [3].
For this configuration, we thus expect 33J_rﬁL joint GW-SGRB detections per year.
In general, the y-ray missions that are more suited to maximize the joint detection
rates are those with a large field of view and best sensitivity around MeV energies (as
is the case for FERMI-GBM). However, another parameter to take into account is the
localization accuracy by the EM detectors, which defines what are the instruments
that are able to drive the follow-up observations by ground-based telescopes, which
is crucial for obtaining the source redshift.

For this reason, instruments such as X/Gamma-ray Imaging Spectrometer on board
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Figure 2.12. Histogram of the joint ET+Fermi-GBM detections (red), together with the
distribution of injected BNS (blue), the mergers detected by ET (orange), the mergers
detected by Fermi-GBM (green). The histogram is normalized to Ni,j = 10%, which is
the number of injected BNS mergers in the viewing angle range 0° < 0y, < 15° and in
the redshift range 0 < z < 4. Figure adapted from [3]

the Transient High-Energy Sky and Early Universe Surveyor (THESEUS) [57] 58]
(up to now it is just a mission concept), with a proposed localization accuracy < 15
arcmin, will play a crucial role in the observation of v-ray and X-ray counterparts,
by detecting per year between IOJ_FZ well-localized SGRBs (with detectable GW
counterpart) up to high redshifts, for which also the host galaxy can be identified

[3].
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Chapter 3

Generation of the GW-sGRB
Mock catalog

In this chapter, I will describe the procedure we followed to generate a mock catalog
of joint GW-sGRB observation (see FigJ3.1)). I will begin by describing the simulation

Calculation of the sGRB and Prompt Time

BNS Simulation ——— GW SNR —_—> Delay Generation

!

Calculation of the sGRB

GW-sGRE catalog ‘€ Errors Generation |« Peak Flux

Figure 3.1. Scheme of the procedure followed to generate the GW-sGRB mock catalog.

of a BNS population in Section Moving on, in Section [3.1.1]T will discuss the
model for the detection of the GW signal [59]. In Section I will treat the problem
of generating both sGRB signal and GW-sGRB time delays in the source frame
[60, 61]. In Section[3.3] I will focus on the detection of sGRB [62]. Finally, in Section
I will briefly describe the simulated catalog.

For generating the mock catalog, we chose a flat ACDM cosmology whose parameters
match those derived from the final full-mission Planck measurements of the CMB
anisotropies [63] (HO = 67.66Smc,ﬂm = 0.315), and we assumed the speed of
gravity to be equal to ¢ (&9 = 0).

3.1 BNS simulation

The first step of this study was to simulate a BNS population. This was achieved by
developing a Python code capable of drawing BNS parameters relevant to GW and
GRB emission. The parameters of interest are: right ascension «, declination §, the
orbital inclination angle ¢, the polarization angle 1, the single component masses
and spins m1,ma, X1, X2 and the merger redshift z. In the following, I list which
population models have been employed to draw BNS parameters.
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. The celestial coordinates, right ascension « and declination 4, are sampled from

an isotropic distribution in the sky since we expect BNS mergers to equally
happen in all directions. The right ascension « is uniformly distributed in the
interval [0, 27|, while cos ¢ is uniformly distributed in [—1, 1] (this corresponds
to p(9) o sind).

. The cosine of the inclination angle ¢ (angle between the BNS total angular

momentum and the line of sight) is uniformly sampled in the interval [—1;1].
This corresponds to an isotropic distribution of the inclination angle with
respect to our line of sight.

. The polarization angle 1) (angle between the direction of hy and some reference

direction) of the GW signal is uniformly sampled from the interval [0, 27).

. The single component masses m; and msg are uniformly distributed in the

interval (1,3) Mg, with the condition mg < my. This assumption is consistent
with the last rate models inferred from the LVK detections during O3 [64].

. We assumed all NSs to be spinless x1 = x2 = 0. This is consistent with the

expectations from BNS since they are low-spinning objects.

. The BNS merger rate as a function of redshift has not yet been measured.

Typically we parametrize the rate as:

AN _ dN dV,
dzdt,  dV.dts dz

(3.1)

where t¢ is the source-frame time and V. is the comoving volume, i.e. a volume
measurement in comoving coordinates. In this work, we assume that the
evolution of the merger rate % is perfectly known to follow the Madau-
Dickenson star formation rate (SFR) [65]:

_R() _ U € k) L
O(z) = Z - =0+ +z)" ]1+(1112)M (3-2)

where the model parameters (v, k, z,) are set to (2.7, 6.0, 2.0) respectively,
while Ry is the BNS merger rate per Gpc™> yr~! today. The parameters chosen
are in agreement with the Binary Black Hole (BBH) merger rate inferred from
0O3. The BBH rate has been measured and found to be proportional to
%z) o (14 2)*7 [64]. The redshift dependence of the Madau-SFR is depicted
in Fig. At low redshifts, the rate increases as (1 + z)7. It then reaches a
peak around z = z, and it then decreases as (1 + z)~*. The Python code is
able to generate BNS mergers up to a maximum, user-defined, redshift value
Zmax- Depending on the detector network configuration (see Section , we
chose zmax = 0.1 for O4, 0.2 for O5, and 2 for ET, ensuring the redshift range
is deep enough to capture all detectable events.

In Eq the comoving volume V,.(z) as a function of redshift is given by:

dve
dz'dQ)’

Vi(z) = /0 * dQd (3.3)
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Figure 3.2. Madau-Dickinson rate ®(z) = R}gj) and values of z,.x for each detection

sensitivity. The vertical dashed lines are the maximum redshift measurements z,.x used
for this simulation. Their values differ with respect to the detector network configuration:
04, O5, or ET.

where:

dve(z) & 1 { z dy r
dzdQ — HE E(z) LJo E(¥)

We calculate the differential of the comoving volume with astropy [66].

(3.4)

In Table 3:1] we report the BNS parameters with their distribution.

Table 3.1. List of BNS population parameters with their distribution model and range as
described in Section IBEI

Parameter | Distribution Model | Distribution range
a Uniform [0,7)
cos Uniform [-1,1]
COS L Uniform [-1,1)
P Uniform [0,27)
mi, ms Uniform (1,3)Mg
X1, X2 Fixed to 0
z Madau [0,2maz)

3.1.1 GW Detection

To assess the GW detection we use a SNR criterion. If the observed network SNR is
greater than 12 we assume the signal to be detected. This is a conservative threshold
for the detection of GW events.
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The first step to calculate the optimal GW SNR is to calculate the luminosity
distance. With this quantity and the other binary parameters of the previous
Section, we can adopt a simplified model to compute the optimal SNR. We use the
0-th post-Newtonian order approximation of the SNR [41] which is given by:

442
ngt = D—% {Fi(t, o, p, ) (1 4 cos® 1) + 4F%(t, a, p, ) cos® L} 1 (3.5)

5/6
A= ’/9% (%) en2/3, (3.6)

while M, is the redshifted chirp mass, Dy, is the luminosity distance, ¢ is the
inclination angle, and Fy and F are the antenna patterns for each detector network
configuration (see Section for their definition). We computed the antenna
patterns with pycbe [67].

The noise curve of the detector is encapsulated in I which integrates the detector’s
power spectral density S, (f) as follows:

where A is given by

fisco f_7/3

= 10 Hz Sn(f)df’ (37)

where fisco is the orbital frequency of the innermost circular orbit for the BNS system
and is approximately 4.4 kHz (Mg /Miot), with Mo being the total mass of the BNS
system at the observer.

The optimal network SNR is then given by

p?)pt,net = Z pcz)pt,a (38)
«

where popt.o is the optimal SNR in the a'® detector.

However, the optimal SNR is not the one that we observe as noise fluctuations can
change its value. To mimic this effect we draw an observed SNR from a Gaussian
distribution with 02 = 1 centered around the true SNR. The selection criterion is
then applied to the observed SNR. For this work, we use the detector sensitivities of
the next observational runs of aLIGO-AdV [04, O5] and of ET (see Table 3.2 for
more details and Fig2.6] for their PSD). We assume that the detectors have 100%
duty cycle.

3.2 sGRB and Prompt Time Delay Simulation

We approach the simulation of the sGRB signals by establishing several simplifying
assumptions for the physical properties of sSGRBs. First, we assume that the matter
ejected from a BNS merger emits radiation in the form of an axisymmetric gamma-
ray jet, parallel to the orbital angular momentum. Consequently, the inclination
angle ¢ of the BNS accurately represents the viewing angle of the sGRB. The jet
viewing geometry is depicted in Fig[3.3]

Secondly, we assumed that every BNS merger can produce a sGRB and that sGRBs
have a universal jet structure. This assumption is motivated by the fact that a
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Table 3.2. List of Detector Networks used for this thesis work. See Fig for the detector

sensitivities.
Detector Networks | Single Detectors Location
LIGO Hanford Hanford, Washington, USA
04 LIGO Livingston | Livingston, Louisiana, USA
Virgo Cascina, Italy
LIGO Hanford Hanford, Washington, USA
05 LIGO Livingston | Livingston, Louisiana, USA
LIGO India Maharashtra, India
Virgo Cascina, Italy
ET 3 x ET Detectors Ttaly
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Figure 3.3. Jet viewing geometry as described in Section Figure adapted from [7].

universal structured jet model of sGRBs is consistent with the observed distribution
of viewing angles [68].

We chose a simplified model to describe the sGRB luminosity with respect to its
geometry and the observer. The intrinsic luminosity of a sSGRB L(¢; 05, Liax) was
set to depend solely on the viewing angle ¢ of the observer, the luminosity at the
center of the jet Lya.x and the jet aperture angle 8p. More precisely, we chose a
Gaussian model for the jet luminosity:

L(L; 037 Lmax) = Lmaxe 29% . (39)
The parameters involved in our GRB simulations are:

1. The intrinsic luminosity L(t;0p, Liax) in the source frame, as a function of

viewing angle. We assume a universal angular dependence for all SGRBs, hence

L .
I Is the same for every jet.
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2. The width of the jet, . For a Gaussian jet, it’s just the standard deviation
of the angular profile. The value chosen for 0p is 4.5° [62], which is compatible
with other SGRBs with a known jet opening angle[69, [70].

3. Lmax is drawn from a log-normal distribution with a mean of 5 x 10°! erg
s~1 and width of 0.56 dex, following the method of Salafia et al. [71]. This
distribution is consistent with most of the observed sGRBs with known redshift
[7]. Even though the angular dependence of the jet luminosity is assumed to
be universal, drawing L.y from a distribution allows for variations in the
overall luminosity of different sGRBs. These variations are the product of
different energy reservoirs in the remnants or different component masses in
the progenitor systems.

4. 1 is the viewing angle, or the inclination of the system relative to our line of
sight. It is defined as the angle between our line of sight to the binary system
and the system’s angular momentum.

Fig[3.4] shows the isotropic equivalent luminosity of three Gaussian jet models with
different 0p values. As the viewing angle departs from the direction orthogonal to
the orbital plane, the sSGRB luminosity becomes highly suppressed.
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Figure 3.4. Luminosity of three Gaussian jets, with g = 2.5°,4.5°,6.5°, as a function of
the inclination angle ¢.

Besides the sGRB luminosity, we also need to model the GW-sGRB prompt time
delay distribution. We decided to model the prompt time delay distribution as
a Gaussian due to the large uncertainties on the actual prompt time delay At
distribution. Zhang et al. [61] suggest a prompt time delay range: 10 ms to a few
seconds. However, beyond this specific range, the knowledge about the prompt time
delay distribution remains unknown. This is mainly because of two factors: an
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incomplete knowledge of the sGRB jet formation mechanism and the fact that only
one such event (GW170817) has been detected so far.

In this work, we assumed the prompt time delay to be distributed according to 3
different Gaussian models. These Gaussian have means ua; = 1.7 s and standard
deviation equal to oa; = [1.7,0.17,0.017] s respectively.

The motivation for assuming three different values of oa; is that we want to study
how the constraints on the speed of gravity and cosmology are affected by the
“sharpness” of the prompt time delay distribution. In general, we expect that a
“sharper” At distribution will improve our ability to constrain both z and &g.

In Section we showed that the observed time delay Atg is expressed as the sum
of two terms: the time delay predicted by GR, Atqgr = Ats x (1 + 2), and an
additional term representing non-GR effects, Atq, non-gr o< &p. Then, if we assume
GR to hold (&y = 0), the redshift z can be written as:

L Atg
Aty

1, (3.10)

and the uncertainty associated with a measure of z is given by:

2 2
9 OAtd o AtAtd>
oL = : 3.11
? (Ats>+( At? (3:11)
where oa¢ g ~ 0.05 s is the measurement error on Atg, while oa; is the spread of the
prompt time delay distribution. Consequently, a “sharper” At distribution leads to
more accurate estimates of the redshift z. If we consider non-GR effects (&g # 0),

following the previous reasoning but with a few additional steps, we can easily prove
that a smaller oa; results in stricter constraints on both z and &g.

3.3 sGRB detection

To model the sGRB detection we use a Fermi-GBM like experiment. We consider as
detected only bursts that have a peak photon flux, calculated in the 10-1000 keV
energy band, exceeding 5 Er}; 7. This is a conservative threshold when compared to

the Fermi-GBM threshold of 0.5 - Sﬁlz.

Short GRB spectra typically exhibit an observer frame peak energy distribution
centered between 0.5 and 1 MeV. In this work, we assume that all the energy is
emitted at the flux peak.

In order to compute the energy of the peak flux we use the following E,~L(¢; 05, Lnax)

correlation [62]:

E L
logy (p> =q+mlogyy | —=5 e (3.12)
670 keV 1052

where F), is the sGRB peak energy in the source frame and the parameters ¢ and m
are set to 0.034 and 0.82, respectively. To compute the peak flux in the observer
frame, it is assumed that the entire luminosity is radiated at F,.

Then, the peak flux is:
L 1

F =
P 4nD? E,(1+ 2)

(3.13)
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In summary, a sGRB is considered detected if the peak flux surpasses the detection
threshold of 5 %z and FE, falls within the 10-1000 keV energy band.
For each simulated GRB, the following scheme is followed:

e First, the luminosity distance Dy and inclination angle ¢ of the BNS are
sampled following the procedure described in Section [3.1}

e Second, as described in Section [3.2] we sample the luminosity at the center
of the jet Lyax. Using ¢ and L,y the intrinsic luminosity L(t;0p, Linax) iS
derived.

o Third, using the E,~L correlation, a peak energy value £, is assigned.

 Finally, using the source luminosity L, peak energy E,, and luminosity distance
Dy, the peak flux F), in the observer frame energy band (10-1000 keV) is
obtained.

3.4 Catalog of Simulated GW-sGRB Detections

The procedures described in the previous Sections were used to generate a catalog
of joint GW-sGRB detections for the O4, O5, and ET detector networks. Here we
will discuss the population distribution obtained from these simulations, focusing
on three parameters that are crucial to this study: the luminosity distance Dy, the
inclination angle ¢, and the observed time delay Atg.

Fig. and show the fractions, in the cosmological inclination angle (cost)
- luminosity distance (D) space, of BNS mergers for which we detect GWs and for
which we simultaneously detect both GWs and sGRB relative to a mock catalog of
N = 108 simulated BNS mergers. The three Figures vary with respect to the GW
detector network configurations: 04, O5, or ET. Upon analyzing the figures, it is

Scatter plot of cost and D, Normalized Histogram of D, Normalized Histogram of cost

e Undetected

10 mm  Undetected 20 s Undetected
© GW Detection m= GW Detection me GW Detection
075 o GW-sGRB Detection s GW-sGRB Detection 35 m=s GW-sGRB Detection
.
8
050 4@ —_ —
[ °\° o\o 30
o < <
0.25
) I D 25
s o 6 i >
S 000 S S %
o c c
0.25 8 4 8
= =15
& i 8
0.50
o ] m
2
0.75
1.00 P~ e
oL I , - ——
[ 100 200 300 400 0 100 200 300 400 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Dp [Mpc] Dy [Mpc] cost

Figure 3.5. O4 detector network: fraction of BNS mergers for which we detect GWs and for which we jointly
detect GWs and sGRBs relative to a mock catalog of N = 10° simulated BNS mergers. Left panel: fraction of
BNS merger detection in the cost — Dy, space. Center and Right panel: normalized histogram of the luminosity
distance and inclination angle for the different BNS merger detections.

evident that the distributions of BNS mergers, for which we detect both GW and
simultaneously GW-sGRB, exhibit two pronounced peaks centered approximately
at cost ~ —1 and cost ~ 1. This is a direct result of the dependence of the GW
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Figure 3.7. ET detector network: fraction of BNS mergers for which we detect GWs and for which we jointly
detect GWs and sGRBs relative to a mock catalog of N = 10° simulated BNS mergers. Left panel: fraction of
BNS merger detection in the cost — Dy, space. Center and Right panel: normalized histogram of the luminosity
distance and inclination angle for the different BNS merger detections.

SNR and the GRB intrinsic luminosity on the inclination angle ¢, which is expressed
in Eq3.5 and Eq3.9] From these equations, we can deduce that the likelihood of
detecting GWs and sGRBs is maximized when the orbital angular momentum of the
BNS mergers is either aligned or anti-aligned with the line of sight of the observer.
From Fig. and we observe that ~ 55% of GW detections in O4 and ~ 45%
in O5 have a detectable sGRB emission. The detected BNS mergers reach luminosity
distance values of up to Dy, ~ 300 Mpc for O4 and Dy, ~ 800 Mpc for O5.

For the inclination angle ¢, we find that GW detections cover the entire cost range,
while for joint GW-sGRB detections, we will be unable to detect BNS mergers in
the range cost € (—0.75,0.75).

From Fig. [3.7 we observe that ~ 5% of GW detections in ET have a detectable sGRB
emission. For GW detections, the observed BNS mergers reach Dy ~ 11000 Mpc,
while for joint GW-sGRB detections, they reach a value of Dy ~ 3000 Mpc.

Fig. show the fractions, in the luminosity distance (Dy) - detected time delay
(Aty) space, of simulated BNS mergers for which we detect GWs and for which we
jointly detect both GWs and sGRBs relative to the same mock catalog as the one of
the cost — Dy, distribution Figures.
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We can observe how, for all plots, an increase in Dy, is associated with a shift as well
as a broadening in the observed time delay Aty distribution. This is a consequence
of their shared dependency on the merger redshift, z (refer to Sections and .
The Dy, - Aty distribution could then be used to extract implicit redshift information
from a set of detected time delays and luminosity distances. Intuitively, if we can
measure the Dy, - Aty relation we will be able to say something about the redshift
and underlying cosmology.

However, as can be seen from Fig. for BNS merger events detected by either
04 or O5, the observed time delay distribution does not evolve significantly with
the luminosity distance. Moreover, for cases in which o q/Aty is high, it will be
difficult to appreciate the evolution of At; as a function of Dy,. For such cases, the
effect of the redshift is very small and it will likely be difficult to measure it in the
upcoming chapters.
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Figure 3.8. Scatter plots of the Dy, — Aty relation for a mock catalog of Nyps = 108 simulated BNS mergers. Each plot
corresponds to a particular detector network configuration: O4, O5, or ET. For the prompt time delay distribution,
we set ooy = 0.17 s. The blue points represent undetected events, while the orange points are the fraction of
detected ones. Here detection means joint GW-sGRB observation. For these plots, we used the BNS merger catalogs

of FigP3.5 Fig[3.6)and Fig[3.7]



43

Chapter 4

Analysis

In this Chapter, I will describe how to infer the population parameters from the
mock catalogs of the previous Chapter.

I will begin the Chapter in Section with a general description, following [72], of
Bayesian Hierarchical Inference. Then, in Section I will discuss how to generate
errors and posterior samples for the simulated observables. In Section [4.3] I will
present icarogw, the Python tool that I used to infer the population properties for
this work [73]. Finally, in Section I will describe in detail the method used to
carry out this analysis.

4.1 Bayesian Hierarchical Inference

In this work, we introduce a selection bias on GW-GRB detections by setting a
threshold for both GW SNR and sGRB photon counting. In fact, as discussed
in the previous chapter, the selection cuts prevent us from observing the entire
astrophysical distribution in the + — Dy, space and creates a non-trivial observed
distributions.

The goal of Bayesian Hierarchical Inference [72, [74] is to reconstruct the astrophysical
population from observed data by fitting population parameters such as Hy and &q.
Bayesian Hierarchical Inference allows us to compute the likelihood of obtaining
Noyps observed events, each one described by a set of measured data J; (i € [1, Nops)),
given a set of population parameters X

Here, I do not derive the full expression of the Bayesian hierarchical likelihood;
instead, I provide a brief discussion to explain how it is connected to this thesis
work.

Given a set of population properties X, such as Hy and &g, the hierarchical likelihood
of obtaining N,,s GW detections in a data collection {cf}, where for each event d: is
the noisy measurement of the true GW parameters 9_;, is expressed as

o - Nobs v > > dN - .
LR = e New D T / L0, X)Xy di dtg. (4.1)

In the above equation, Nexp(X) is the number of expected GW detections, while
L(d;]6, X) is the GW likelihood, which quantifies how well we can measure § and X
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from a single event detection d. The quantity d d§ is the source rate in detector time

tq. The likelihood of Eq. [A1] is similar to the one of a Poisson process; however, it
incorporates selection biases. By assuming a m(Nexp) < 1/Nexp prior on the expected
number of detections, Eq. can be written in a more compact form:

—

i (4|A) dd dt, )

- N-(01X) db dty”

Noww [ L(dif 0, X) 2%

L{d}N) = -
({di}|N) U5

where pdet(ﬁ )\) is a detection probablhty that includes all selection thresholds. The
detection probability pget (0 )\) is given by:

Paen(f, ) = / £
d>threshold

where we integrate over the detectable values of d (above detection threshold).

Let us now calculate the rate. For this work, the single event parameters g are the
luminosity distance Dy, and the detector GW-GRB time delay Aty. Then, in Eq.
the rate model is

—

g, \)dd (4.3)

=

AN  dN
dtddé dtddDLdAtd '

(4.4)

However, all our population models are written in terms of source frame parameters
(see the previous Chapter for more details), namely Ats and z. We then need to
perform a change of variables. The detection rate is written in terms of the source
rate as:

dN AN dt, 1 dN 1
dtqdDpdAty ~ dtdzdAt, dtgdetp_s  dt,dzdAty (14 2)2[20L]

(4.5)

In the above equation, a factor 14%2 results from the difference between source-frame

ts and detector-frame time ¢4, while detJp_,g is the determinant of the Jacobian
associated to the change of variables between the detector and source frames:

oD
detJp_,g = |—L(1 +2)] (4.6)
with: 5 » ( )
Dy, o Dy (z c(l+z 1
92 1+: ' Hy E() (47)

In Eq. the factor ﬁﬁfsdts is the source rate in terms of the redshift z and
prompt time delay Ats. This can be written as:

dN dN dV,
dtsdDrdAt, dt dV. dz

— Prop(Ats|X), (4.8)

where ppop(Atg|X) is the prompt time delay Gaussian distribution, which was de-

scribed in Section @ The rate, as discussed in Section is given by #]J\/p =

R(z, X) = Ro®(z, X), where ® is the Madau parametrization, while Ry is the merger
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rate today (see Section |3.1] for more details).
Putting everything together, the detector rate model can be rewritten as:

dN - dV, . 1
M R N) Y o (At ) 19
dtqdDr,dAty (Z’ ) dz ppop( S‘ ) ) 8DL| ( )

By substituting Eq. [4.9]in Eq. we find that the full expression of the hierarchical
likelihood is given by:
zﬁs J £(di[ D, Ata, N Rz, X) G ppop(Ats| ) =
= [ paet(Dr, Atg, NR(z, X) %ppop(Ats‘X)m dDpdAty dty’
Oz

(4.10)
where z is to be understood as a function of the luminosity distance Dy, and the
cosmological model.

ﬁ d_DLdAtd dtd
L{di}[A) = =

4.2 Errors and Posterior Samples Generation

In real-world experiments, the measurements of luminosity distance and time delay
are recorded by an experimental apparatus contaminated by noise. As such, both the
luminosity distance and detector time delay are not perfectly measured. Typically,
errors for GW signals are generated using complex Bayesian sampling techniques,
which rely on sampling from the GW likelihood. For this study, however, in order to
ease the computational load, we chose to use simplified likelihood models to generate
erTors.

For each simulated value of the luminosity distance, we decided to generate the
"noisy” value of Dy, by using the following likelihood [75]:

Lnoise (DI D) = N (D™ | = D™, 0 = 0.2 - DY) (4.11)

where DU is the true physical value of the luminosity distance (Dy, in the previous
section), while D%bs is its measured noisy counterpart. For detected time delays Atg,
we decided to sample the noise from a Gaussian distribution:

Looise(AtPS| ALY = N (AP | = At o = 0.055). (4.12)

where the small standard deviation reflects the high precision with which we can
measure the GW-sGRB time delay in real experiments, such as in the case of
GW170817.

We also remember that noise fluctuations in the detector alter the observed SNR
relative to its intrinsic value which is given by (see Section [3.1.1)):

4A*
ngt = 3 {Ff_(t, o, p, ) (1 4 cos® 1) + 4F%(t, a, p, ) cos® L] I (4.13)

To include this effect, for each simulated event, we sample the observed SNR from a
Gaussian distribution with standard deviation of 1:

»Cnoise(pobs|ptrue) = -/V‘(pobs‘,u = Ptrue, 0 = 1) (414)
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Given Eq[4.11] [4.12] and [4.14], the overall GW likelyhood of Eq. is given by:

£(pobss DY, AL |ptraes DI, AHFI) = L(DG D) L(ALPS ALF) L (pobs] pirue)-
(4.15)
However, in icarogw, for each GW detection, we need to provide posterior sam-
ples (PEs), namely the possible values of (At D) from which the observed
(Atgbs,DEbs) were generated. PEs are sampled from the posterior
p(ﬂtrue, D%ue’ Atfirue|pob37 Dobs’ Atgbs)‘
Before going on, we note that piyye is a function of DY (see Eq. . For this
study, we assume that we can perfectly measure all BNS parameters of Eq. [£.13]
except Dy. Then, if all other BNS parameters are known, piue can be directly
derived from D{™¢. We can thus work with a posterior that is a sole function of
Die and Atffue. Using the Bayes theorem, the posterior on D¢ and At&rue is
given by:

( true Attrue|Dobs tObS) _ ( obS|Dtrue)£(Atzbs|At(tjrue)
X L(pobs| prue (D)) mpp(DE™, Atg'e)  (4.16)

We used a rejection sampling technique to draw PEs from Eq. [£.16] In doing so, we
used uniform priors for D™ and A¢f"e.
In Fig. we show the corner plots for the posterior samples of D™ and At"®

for a signal with SNR pops = 13 and one with SNR, pops = 102. The true values of

SNRp=13 1 Y sNRp=102

Aty [s]

O

Vv @"0 S {po ’L\’QQ ’O‘,,,c:»?,b R I RIC R
Dt [Mpc] Atg [s] D [Mpc] Atg [s]

Figure 4.1. Posterior samples of D¢ and At for a signal with SNR pops = 13 and one
with SNR pops = 102. Both events have been detected by ET. The red lines represent
the true values of D} and Atfme.

Die and At are usually included in a reasonably credible interval. It has to be
noted that the only Gaussian posterior is the one on At'f"®. The posterior on Di{™"®
has a non-trivial structure, which is the result of the dependency of the likelihood’s
standard deviation on D and the inverse proportionality of p'¢ to D, This
usually results in an asymmetric posterior for high distances.
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4.3 Numerical Evaluation of the Hierarchical Likelihood
with icarogw

The hierarchical likelihood in Eq. incorporates several crucial quantities to
the inference problem. In the following, I will outline how we can compute these
quantities and use them to calculate the full hierarchical likelihood.

The first central quantity is the single-event GW likelihood ﬁ(d;‘é: X) In general,
we are provided with N ; posterior samples (PEs) which are drawn via stochastic
sampling from the following distribution

— —

p(0d;, X) o< L(d;|0, X)mpr(6), (4.17)

where WPE(g) is the prior used to generate the samples. In layman’s terms, PE
samples represent the possible true values of 9 given the observed ones d. We can
thus evaluate the likelihood integral in the numerator of Eq. - by summing
over PE samples:

N;
dN o ~ 1
;|0 (AN)do ~
[ edion =5

i\ (4.18)

where the index i refers to the event and the index j to the posterior samples of the
events. Here, w; ; is a weight of dimension equal to the number of events generated
per unit of time.

Since Eq. is evaluated with a finite sum over posterior samples, we introduce
a numerical stability estimator, which is the effective number of posterior samples

per event 7 [76]:
N .

(32 wij)?
Nefti = ~ o (4.19)
25wy

This estimator quantifies how many samples per event are contributing to the
evaluation of the integral. Typically, in population analyses such as [T7], it is
required to have at least an effective number of posterior samples equal to 20 for each
event and population model supported by the analysis. If this requirement is not
met, we assign a null likelihood to the population model, as the model’s reliability
cannot be confirmed.

The second central quantity is the normalization factor in the denominator of
Eq. Thorm, which accounts for selection biases. This integral is a function of
the detection probability. Typically, we lack an analytical form for the detection
probability. The current approach to assess selection biases is to use Monte Carlo
simulations of injected and detected events, commonly referred to as "injections"
[78]. Injections help evaluate the accessible volume within the parameter space and
correct for any selection bias.

We can thus compute the integral in the denominator of Eq[4.10] through Monte
Carlo integration over detected injections:

Ndet Ndet

1 dN 1 1
Lnorm ~ N _ - = T (4.20)
gen j=1 dthj 7Tinj (9]) gen
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where Nget are the detected injections out of Nge, total injections generated from a
prior mip; (6). Here, s; is a weight with the dimension of a rate of events. However,
it’s important to note the fundamental difference with Eq. the injection prior
Tinj (5) must be correctly normalized to obtain a reasonable value of Nge. While
an incorrect normalization of 7pg(8) used in Eq. results only in an overall
normalization factor to the overall hierarchical likelihood [76] .

In a similar way to Eq. [£.19] we can define a numerical stability estimator, the

effective number of injections:

Nao 2
=% ]

N, -1 N,
Zj:dit 532‘ - Ngeﬂ(zj':dit 51)2]

Nefi.inj = [ (4.21)

A standard value for numerical stability is Nefinj > 4Nobs. In summary, putting
everything together, we find that the hierarchical likelihood of Eq. [.I0] can be
rewritten as:

o o 1 Ndet Nobs 1 Ns.i
In[L({d}|N)] ~ —=NopsIn | — " s;[ + Y In > wi (4.22)
Ngen j=1 i=1 Ns,i j=1

4.3.1 Structure of the code

The Inferring Cosmology and Astrophysics with Observations of Gravitational
Waves (icarogw) is a Python tool developed to infer the population properties of
compact binary coalescences (CBCs) observed through GWs [73]. icarogw uses a
user-friendly Python environment for performing Hierarchical Bayesian Inference,
which requires few essential “ingredients”: (i) PE samples from a finite number of
observations, (ii) a set of injections for calculating the explorable volume in the
parameter space, and (iii) a rate, or parameter population distributions model.

icarogw contains a range of modules used for numerically computing the hierarchical
likelihood of Eq. The modules are separated into core and support modules.
The core modules are necessary for calculating the hierarchical likelihood, even when
applying icarogw for non-GW applications. The support modules are composed of
utility functions, which may be used by the core modules. These modules predomi-
nantly contain functions for GW applications. A general description of the modules
is as follows: the wrappers.py module contains Python classes dedicated to the

events production rate df]\;é" It is essential for each rate class to specify which are
d

the event-level parameters 6 and the population-level parameters X. In addition,

instructions for updating the rate model from the population parameters X are also

included in each rate class.

The posterior_samples.py module hosts classes for allocating PE samples which

represent possible true values for the event parameters. In parallel, the injections.py
module contains a class used to assign the injections required for the assessment of

selection bias. Both the single-event PE samples and injections are expected to be

provided with the prior samples used for their generation.

The hierarchical likelihood used by the Python package bilby [79] is contained within

the likelihood.py module.
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In the schematic view of the icarogw modules (Fig. , the core modules are
displayed in red boxes while the support modules are highlighted in a yellow box.
The logic of icarogw operation proceeds in the following sequence:

Are 5 - Used to
passe Weighted calculate

posterior_samples.py to samples w’L ]
(events) \»\@"5’ (rates) ?
<€

Wrappers.py
(population models)

likelihood.py

- . Weighted
injections.py Ao
- : i injections S 4
EARETlS, Are i (rates) J Used to
passed 3 Support calculate

o ! functions

! Support functions
oo All other modules

Figure 4.2. icarogw modules structure [73] Core modules used for the general hierarchical
Bayesian inference are colored in red, while support modules mostly used for GW
applications are colored in yellow. The green boxes highlight the computation of the
rate weights which are needed for the calculation of the hierarchical likelihood.

1. First, injections and PE samples are allocated using classes from injections.py
and posterior_samples.py.

2. Second, these injections and PE samples are passed to the population models in
the wrappers.py module to evaluate the coefficients w; ; and s; defined in Eq.
If required, support modules can be invoked, e.g. for utilizing cosmological
models or specific probabilistic distributions. The most common routines stem
from the priors.py module, which contains probabilistic models, and the
cosmology.py module, containing routines for cosmological calculations.

3. Finally, the calculated rate coefficients w; ; and s; are sent to the likelihood.py
module to compute the hierarchical likelihood as per Eq, icarogw calcu-
lates two numerical stability estimators for each population model: the effective
number of posterior samples for each event in Eq. and the effective number
of injections in Eq. [£.21] If the numerical estimators fall below the user-set
threshold, Icarogw outputs In[£({d}|X)] = —oo, thus rejecting the population
model.

4.4 Extension and Application of icarogw to Time De-
lays

As stated before, icarogw has primarily been developed for GW science involving
CBCs. Hence, the module wrappers.py in icarogw already includes coded CBC
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merger rate models (expressed in terms of source frame masses and redshifts).
However, before this work, icarogw did not contain either rate models or utilities
capable of handling GW-GRB time delays.

One of the first steps in my thesis work was to implement in icarogw utility functions
to compute the time delay in modified gravity for both the source and detector
frame. I then implemented the rate model defined in Eq.

This rate is handled by the custom class time_delay_rate() in the wrappers.py
module. The initialization of the rate model requires a cosmological model, a model
for the prompt time delay distribution, and a model for the rate evolution in redshift.
As discussed in Section [3] we initialized the source rate model with a standard flat
ACDM cosmology, a Gaussian prompt time delay distribution, and a Madau-SFR
rate for the merger redshift (see List. .

cw=icarogw.wrappers.FlatLambdaCDM_wrap (zmax=10.) #Initialize a
wrapper for the cosmological model

tdw=icarogw.wrappers.time_delay_prior_gaussian() #Initialize a time
delay Gaussian model

rw=icarogw.wrappers.rateevolution_Madau() #Initialize a Madau model
for the rate

rate_model = icarogw.wrappers.time_delay_rate(cw,tdw,rw,scale_free=
True) # Collate everything in one single rate, note the flag
scale_free that tells we don’t want to use RO/

Listing 4.1. source model inizialization.

In order to evaluate the hierarchical likelihood and correct for selection bias, we
need to generate both a set of PE of injections.

In icarogw, the process of generating a set of detected injections is logically equiva-
lent to the one of creating a set of observed events, albeit with certain distinct choices.
We must generate the injection set from a prior wide enough so that we are sure
that our injection set captures all possible values of the noiseless GW parameters
g that we might be able to detect even with noise fluctuations. Remember that
injections are used to measure the fraction of detectable events.

The approach we used is the following: we generate a set of Ny, BNS events
(with joint GW-sGRB emission) in the exact same way as in Section [3| Thus, the
luminosity distance D" is generated from the usual Madau-Dickinson prior [65].
However, the At§" values are directly generated from a flat prior with different
ranges for different detection scenarios. These ranges are chosen to be wide enough
to capture all detectable observables.

We then save the noiseless 6 =(D4re, Atie) values for each event with observed SNR
and peak Flux above the detection thresholds. These are our injections. For this
work, we chose Ngen = 10°. We load the set of PE samples and injections into the
posterior_samples_catalog() and injections() classes respectively (see List.
and List. . Both the PE samples and injections are passed along with their gen-
eration priors. The injections() class requires the prior to be correctly normalized.

# Icarogw wants that you store all the PE in a dict of
posterior_samples classes

posterior_dict = {}

for i in range(len(pe_lum_distance)): # Loop on all the events you
detect
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posterior_dict[str(i)] = icarogw.posterior_samples.
posterior_samples ({
’observed_time_delay’: pe_observed_time_delay[i],
’luminosity_distance’: pe_lum_distance[i]

}, # You need to provide the PE in a dict, IMPORTANT field of
the dict is
# equal to the variable needed to evaluate the rate
prior=np.ones (2000) # PE have been generated with uniform
prior, so here
# I pass a constant. NOT IMPORTANT if not normalized
)

2 posterior_dict = icarogw.posterior_samples.posterior_samples_catalog(

posterior_dict)

Listing 4.2. allocation of PEs in the posterior_samples_catalog() class.

injections_dict={’observed_time_delay’:inj_observed_time_delays,’
luminosity_distance’:inj_lum_distance} # Initialize the dictionary

# Here we initialize the injection set

inj=icarogw.injections.injections(injections_dict,
prior=inj_prior,
ntotal=len(inj_lum_distance),
Tobs=1)

Listing 4.3. allocation of injections in the injections() class.

We initialize the hierarchical likelihood using the PE samples, injections, and rate
model, to derive the posterior on the Aty distribution, &g, and HO (we assume all
other parameters involved in the rate as known). To accomplish this, we employ
a Markov Chain Monte Carlo (MCMC) algorithm, specifically the emcee sampling
algorithm from bilby, to sample these parameters.

4.4.1 EMCEE

FEmcee, or the MCMC Hammer, is an ensemble-based Markov chain Monte Carlo
(MCMC) sampling tool [80, [79].

This algorithm utilizes a modified version of the Metropolis-Hastings (M—H) algo-
rithm [811, [82] with the inclusion of a parallel stretch move [83]:

1. Initialization: An ensemble of “walkers” is initialized, each representing a
point in the parameter space .

2. Movement (Parallel Stretch Move): For each walker i at time step ¢, a
new position z;(t 4+ 1) is proposed. This position is a random step from the
current position of another randomly chosen walker x;(¢):

.%'i(t + 1) = .Z‘j(t) + Z x [.%'z(t) — iL‘j(t)]. (4.23)

Here, Z is a stretch factor following a distribution p(Z) = ﬁ if Z €L, a] and

0 otherwise, where a > 1 is a scale parameter, typically set to 2 [83].

3. Probability Calculation: The posterior probability of the proposed position
is calculated P(x;(t 4+ 1)|D) (here D represent the observed events).
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4. Decision (Metropolis-Hastings Acceptance Rule): The Metropolis-

Hastings rule is applied to decide whether to move the walker to the proposed
position. The acceptance probability («) is calculated as:

a = min(1, (P(z;(t + 1)|D)/P(z;(t)|D)) x (Z2"1)). (4.24)

If a equals or exceeds 1, the proposed move is always accepted. If « is less than
1, the proposed move may still be accepted, but only with a probability of «.
This provision allows for occasional exploratory moves towards less probable
positions, mitigating the risk of local maxima entrapment.

. Repetition and Convergence: Steps 2-4 are iteratively performed until

the walker ensemble’s distribution aligns closely with the target probability
distribution. The final positions of the walkers then provide estimates of the
parameters and their uncertainties.

In this work, for all different inference Scenarios, we chose to run emcee for 10000
iterations using 10 independent Markov chains.
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Chapter 5

Forecast on Speed of Gravity
and Cosmology

In this Chapter, I present the results derived from applying the inference scheme
of Chapter [] over the mock catalog of joint GW-sGRB observations, described in
Chapter |3l This scheme is employed to estimate the following population parameters:
speed of gravity &g, Hubble constant Hy, and prompt time delay distribution
parameters (Lag, OAr)-

I will start the Chapter by describing the data and priors used for the inference
process in Section Then I will discuss the 3 different inference Scenarios
considered for this thesis:

o Scenario I: joint inference of (&g, as, oar), with Hy fixed to the Planck value,

i.e. Hy=67.66 [63].

o Scenario II: joint inference of (Hy, ua¢, oar), with &g fixed to the GR value,
i.e., (3[0 = 0.

o Scenario III: joint inference of all four parameters (&g, Ho, At OAL)-

I will analyze the results for Scenarios I, II, and III in Sections [5.2] and
respectively.

5.1 Data and Priors Used for the Analysis

For this work, we chose to analyze sets of Nyps = [4, 10,100, 1000] detected events,
generated according to Section |3} The choice to start with Ny,s = 4 detections is
motivated by the fact that in Scenario III, where we jointly infer 4 parameters, it
would be impossible to jointly constrain all parameters with less than 4 observations.
Each set will differ by the number of observations N, the detector network con-
figuration [0O4, O5, ET], and the standard deviation of the prompt time delay At
distribution oa; = [1.7,0.17,0.017] s.

For the prompt time delay distribution, I used a uniform prior between [0, 5] s for
the mean pa; and a flat-in-log prior between [1073,10] s for the standard deviation
oa¢- The choice to use a flat-in-log prior within this range stems from the different
At parameters: oa; = [1.7,0.17,0.017] s. The flat-in-log distribution guarantees
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a uniform prior distribution across all these orders of magnitude. For the Hubble
constant, we chose a uniform prior distribution between [30,140] km/s/Mpc. Fi-
nally, for &g we used a uniform prior with a range dependent on the detection and
simulation Scenario, spanning an order of magnitude from ~ 1071° to ~ 107!, The
value of the remaining population parameters is fixed for all inference Scenarios. In
Tab. we list the population parameters with their prior distribution. For the

Table 5.1. List of priors for the population parameters as described in Section

Parameter True Value Prior Distribution | Distribution range

LAt 1.7s Uniform [0,5] s
OAL [1.7,0.17,0.017] s logUniform [1073,10] s

Hy 67.66 km/s/Mpc Uniform [30,140] km/s/Mpc
Qupr 0.315 Fixed

Qg 0 Uniform Variable

y 2.7 Fixed

k 6 Fixed

2p 2.4 Fixed

hierarchical analysis, we used 2000 posterior samples for each event. The posterior
samples encode our uncertainties on the true value of the luminosity distance Dy,
and the observed time delay Aty and they are generated according to Section
Also, it is crucial to set a threshold value for both the numerical stability estimators
Negr,pr and Neginj. These two thresholds quantify the minimum number of injections
and PEs per event that are necessary to evaluate the selection biases. If, for a given
population model, we do not reach these numbers the MCMC will not accept the
population model.

For this work, following [73] we set the following thresholds: Negpr > 20 and
Negrjinj > 4Nopbs. During our runs, we never experienced any problem with Neg in;.
However, for 1000 GW signals, and true value of oao; = 0.017 s, we were unable to
impose Neg,pr > 20.

The sharpness of the prompt time delay At (Gaussian) distribution and the large
number of detections significantly increase the chances for at least one noisy mea-
surement of the observed time delay At}°"¢ to deviate considerably from the true
values At'f"® distribution. This is depicted in Fig. As a result, the weights
w; j, calculated over the PEs of such noisy measure At}°"¢, are more likely to yield
extremely small or zero values). This is what prevents us from getting Negpr > 20
for each single detected event and it makes the computation of the hierarchical like-
lihood numerically unstable. To solve this problem, we opted to lower the threshold
and set Negpr > 5 just for these particular Scenarios. However, this constraint is
insufficient to ensure numerical stability. As a consequence, the results of this type
of case are not as reliable as the others.
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Figure 5.1. Schematic view of the problem encountered in this Section. Since oa; =
0.017s < 0.05 s, The PE distribution of the noisy measurement Atg‘)ise only partially
overlaps with the true value A¢'f"¢, making the numerical integration difficult.

5.2 Scenario I: Joint Constraints on Speed of Gravity
and Prompt Time Delay Distribution

For Scenario I, we find that future observations will allow us to jointly constraint
the speed of gravity and the prompt time delay distribution.

In Tab. we report our forecasts on the constraints for (&g, puas, oat), while,
Fig. shows the relative error on the parameters that we obtain as we analyze
more GW-sGRB events. All parameters are found within 3¢ of their true values.
We find that the speed of gravity can be constrained with an uncertainty Aég of
order ~ 2-10716 — 10719 (see Tab. . These constraints are up to 10* times better
than those derived from the GW170817 measurement (refer to Section [I.4.2)). In
other words, we find that we will be able to jointly constrain the speed of gravity
and prompt time delay distribution. Moreover, the strength of the &g constraints
depend on the number of observed events Nypgs, and on both the detection (04, O5,
ET) and prompt time delay model (oa; = [1.7,0.17,0.017] s) Scenarios.

In fact, the Bernstein-von Mises theorem [84] asserts that under mild assumptions
(such as the smoothness and continuity of the likelihood and prior distribution)
and with a large sample size Ny, the posterior distribution converges to a normal
distribution centered at the maximum likelihood estimate with a standard deviation
x \/ﬁ. For &y, this gaussian regime is qualitatively reached when Nps 2 4.

We find, in agreement with Section that a "sharper" prompt time delay At
distribution, i.e. oa; is 10 (100) times smaller than oa; = 1.7 s, decreases the
uncertainty of an &y measure by a factor, which averaged over both the detection
Scenarios and the observations numbers with Ngpg 2 10, is equal to ~ 0.1 (0.035).
Meanwhile, we find that using more sensitive detectors will improve the constraints
on ¢&g. Specifically, O5 will be able to constrain &g 2 times better than O4, while
ET will constrain it 5 times better.
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Figure 5.2. Precision for Scenario I on the population parameters when we combine
more and more joint GW-sGRB detections. Each row of subplots represents a deduced
population parameter (&g, pas, oa¢) while each column represents a distinct configuration
of the detector network (04, O5, ET). Each subplot shows 3 curves; one for each prompt
time delay model (oa; = [1.7,0.17,0.017] ).

The measures of the prompt time delay mean ua; and standard deviation oa; are
constrained with an uncertainty of ~ 0.6 — 0.01 s and ~ 0.5 — 0.005 s respectively.
As for Gg, the strength of these constraints depends on both Ny and the prompt
time delay model Scenarios.

Also, we find that, for the oao; = 1.7 s Scenario, the Gaussian convergence is qualita-
tively reached when Ngps 2 100 and Ngps 2 10 for pa; and oy respectively. This
result holds true for all detector network configurations and it implies that with 4
detected events we will not be able to jointly constrain the speed of gravity and
prompt time delay distribution.

From our results, we derive that, for the oo, = 0.17 s Scenario, ua; and oa; reach
the asymptotic regime when Nypg = 10 and Nops 2 4.

While, for the ooy = 0.017 s Scenario, the Gaussian regime is reached when Ny, 2 4
for both prompt time delay population parameters.

The uncertainty of the (uas, 0a;) measurements varies with the “sharpness” of the
prompt time delay distribution in the same way as the uncertainty of &y.
Moreover, from Fig. [5.2 we conclude that the constraints on the prompt time delay
population parameters are almost independent of the GW detector sensitivities.
As an example, in Fig[5.3] we present the joint posterior distribution for 100 events
detected by ET. The interplay between source-frame time delay parameters and the
speed of gravity is clearly evident in Fig[5.3] The posterior distribution exhibits a
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Figure 5.3. Joint and marginalized posterior distributions for &g, ua; and oas in the case
of 100 events detected by ET and true value of oo = 0.17 s. The orange lines represent
the true value of the parameters.

strong correlation between the determination of &y and pa¢. Indeed, the determi-
nation of pua; influences the estimation of &g in the following way: considering the
expression of the detected time delay, as shown in Section [I.3] a lower & must be
compensated by a higher source-frame time delay to keep the observed time delay
value fixed at its detected value.

5.3 Scenario II: Cosmology and Prompt Time Delay

For Scenario II, we find that we will be able to constrain Hy with hostless joint
GW-sGRB detections. In Tab. we report our measurements of (Hy, ia¢, Oar)
while Figure [5.4] shows the error on these parameters. Again, all parameters are
recovered to within 3o of their true values. By observing the marginalized posterior
distribution for Hy, we find that, for the ooy = 1.7 s scenario, we will not be able to
measure the Hubble constant.

However, for the oap; = 0.17 s scenario, we will be able to measure Hy with
Nops 2 1000 for O4-O5 and Ny 2 100 for ET.

Finally, for the oa; = 0.017 s scenario, we find that even for 100 events detected by
O5 it might be possible to constrain Hy with this method.

As an example, for Ngps = 1000, ET and oa; = 0.017 s, we obtain a value for the
Hubble constant of Hy = 64.702:%21511‘\}[’;‘”. In general, from Tab. we observe that
the constraining power on Hj increases as the detector network sensitivity improves.
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Figure 5.4. Precision for Scenario II on the population parameters when we combine more
and more joint GW-sGRB detections. Each row of subplots represents a deduced popu-
lation parameter (Ho, pat, oa¢) while each column represents a distinct configuration of
the detector network (04, O5, ET). Each subplot shows 3 curves; one for each prompt
time delay model (oa; = [1.7,0.17,0.017] ).

Using the O4 scenario as a benchmark, we find that for O5 (ET) the uncertainty on
the Hp measurement decreases by an average factor of ~ 0.6 (0.2). Instead, with
respect to the oa; = 0.17 s Scenario, we find that, if oa; is 10 times smaller, the
uncertainty of an Hy measurement decreases by an average factor of ~ 0.3.

The prompt time delay parameters pua; and oas are constrained with an uncertainty
of ~ 0.2 —0.008 s and ~ 0.5 — 0.002 s, respectively. These values depend on the
number of detected events and the prompt time delay distribution.

By comparing Fig. 5.4 with Fig. 5.2 we find that the qualitative behavior for these
two parameters is analogous to what was found in Scenario I. In Fig. [5.5] we show the
joint posterior distribution for 100 events detected by ET. The posterior distribution
shows a strong correlation between the measurement of Hy and pa;.

We remind the reader that, for this inference Scenario, &g is fixed to its GR value
A9 = 0. Thus, the observed time delay simplifies to (see Section :

Atd = Ats(l + Z) (51)

As a consequence, since lower Hy values lead the observed BNS to lower redshifts,
[a; must increase to keep Aty fixed to its detected value.

In general, we also observe a weak correlation for the pairs (Hp, oa¢) and (uag,
oat). In fact, a larger Hy results in a larger spread of the BNS redshifts. Then,
(see Eq. an increase in Hy also widens the spread of Aty beyond the actual
observed range. To reconcile this, the standard deviation of the prompt time delays
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Figure 5.5. Joint and marginalized posterior distributions for Hy, pa: and oay in the case
of 100 events detected by ET and true value of oo = 0.17 s. The orange lines represent
the true value of the parameters.

oa¢ needs to be reduced. Then Hy is correlated with both pa; and oay: this induces
a correlation between them in the marginalized posterior distribution.

5.4 Scenario I1I: Cosmology, Speed of Gravity and Prompt
Time Delay

For Scenario III, we find that we will be unable to jointly constrain all four population
parameters. In Tab. we report our measurements of (&g, Ho, tias, oa¢) while
Figure [5.6] displays the error on these parameters obtained from analyzing more GW-
sGRB events. All parameters are recovered to within 3o of their true values. The
parameters Gg,ua; and oa; are constrained with uncertainty of ~ 210716 —5.10719,
~ 0.5 —10.005 s and ~ 0.5 — 0.005 s respectively. These values depend on the number
of observed events, the detector network and the prompt time delay model.

By observing both Fig. [5.6] and [5.2] we derive that the qualitative behavior of these
three parameters is analogous to what was found in Scenario I. Specifically, by
observing the marginalized probability density functions for &g, we deduce that the
Gaussian regime is qualitatively reached when Nyps 2 4 for all detection and prompt
time delay model scenarios.

Instead, for Hy, we find that, for each detector and prompt time delay model
Scenario, we will not be able to measure the Hubble constant since N, = 1000
detected events are not sufficient to reach Gaussian convergence.
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Figure 5.6. Precision for Scenario III on the population parameters when we combine
more and more joint GW-sGRB detections. Each row of subplots represents a deduced
population parameter (&g, Ho, piat, oa¢) while each column represents a distinct configu-
ration of the detector network (04, O5, ET). Each subplot shows 3 curves; one for each
prompt time delay model (oa; = [1.7,0.17,0.017] s).

This is a consequence of the fact that the marginalization on &g is contributing to
the error budget of Hy and vice versa. In other words, the Cosmology and the GW
speed are correlated with each other. The two parameters are degenerate, since
different combinations of their values can result in the same observed time delay.
We can easily understand how this degeneracy leads to the (&g, Hp) correlation by
drawing parallels to the correlations of the (&g, pas) and (Hog, pa¢) pairs discussed
in the previous 2 inference Scenarios. As an example, In Figl5.7, we show the joint
posterior distribution for 100 events detected by ET.



5.4 Scenario III: Cosmology, Speed of Gravity and Prompt Time Delay 61

|

km
pc
%
-
o

Hg’
frr"

Hatls]

oatls]

i

Hog ’M’% Hatls] oails]
Figure 5.7. Joint and marginalized posterior distributions for &g, Ho, pat and oa in the

case of 100 events detected by ET and true value of ooy = 0.17 s. The orange lines
represent the true value of the parameters.
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Table 5.2. Parameter measurement results for Scenario I. We divide the measurements by
number of observation N, and detection (04, O5, ET) and prompt time delay model
[1.7,0.17,0.017] s) Scenario. If the "-" symbol appears, it means that Gaussian

(UAt =

convergence was not reached for the inferred parameter.

O'At = 17 S
Ngbs | Detector Network &g - 10716 LA [s] oat [8]
04 —0.15 £ 2.47 — -
4 05 —0.80 £ 1.35 — -
ET —0.388 + 0.357 — —
04 139+ 075 — 142703
10 05 —0.515 £ 0.547 - 21505
ET ~0.040 £ 0.153 1377050
04 0.318 & 0.375 1. 45+8 o 1607573
100 05 0.125+0.217 | 1.187039 | 1.807 515
ET —0.0139 £0.0819 | 1.70702) | 1.777015
04 —0.215+0.133 | 1.907919 [ 1.7370:01
1000 05 —0.0289 £ 0.0603 | 1.7870 12 | 1.60705;
ET 0.01434+0.0253 | 1.6879 15 | 1.717003
oar =017 s
Ngyps | Detector Network o - 10716 pat [s] oat [s]
04 0.0l £ 1.52 — 0.3170.5
4 05 0.009 =+ 0.267 - 0.1970. %
ET Z0.0500 + 0.0487 0.03700%
04 —0.396 + 0.217 2. 18*8 o1 021750
10 05 —0.133+£0.085 | 2.0870%7 | 0.21750;
ET 0.0416 + 0.0420 1.397532 | 0.3470 0%
04 0.0087 £0.0416 | 1.68705 | 0.167001
100 05 0.0095+ 0.0208 | 1.717052 | 0.16670 937
ET 0.00638 £ 0.00886 | 1.627005 [ 0.1807 0070
04 —0.0113 +0.0154 | 1.727002 [ 0.1657 008
1000 05 —0.00404 + 0.00653 | 1.717003 | 0.17475002
ET —0.00646 + 0.00261 | 1.757052 | 0.1657 0502
oa; = 0.017 s
Nops | Detector Network Go - 10716 pae 8] oae [s]
04 —0.0110 + 0.0849 1.6970- 82 0.017003
4 05 —0.0342+0.0755 | 1.707905 | 0.017003
ET 0.0008 & 0.0138 1707007 0.017507]
04 0.0673 £ 0.0492 1.6370% 0.017051
10 05 0.0107 £ 0.0179 1.667 505 0.017007
ET —0.0078 £ 0.0107 L7708 | 0.01270003
04 —0.0084 + 0.0175 1707052 [ 0.022709%
100 05 —0.00280 4+ 0.00638 | 1.70709; | 0.01070 501
ET —0.00232 £ 0.00193 | 1.727007 | 0.0147950%
04 —0.00070 + 0.00547 | 1.69875:50% | 0.01975-002
1000 05 0.00223 +0.00197 | 1.7157050% [ 0.016790001
ET —0.00298 + 0.00113 | 1.72070-553 | 0.01270-50
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Table 5.3. Parameter measurement results for Scenario II. We divide the measurements by
number of observation N, and detection (04, O5, ET) and prompt time delay model
(oar = [1.7,0.17,0.017] s) Scenario. If the "-" symbol appears, it means that Gaussian

convergence was not reached for the inferred parameter.

onr = 1.7s
Nops | Detector Network | Hy [km/s/Mpc] | pae [8] oat [s]
04 — - -
4 05 — - -
ET — - -
o - - 1.737031
10 05 - — 2237000
ET _ — 1.281_8:;1%
04 - 1765010 [ 1.59%013
100 05 - 1427018 | 1767013
ET - 1637057 [ 1.7970 17
04 - 1.6650.00 | 1.7470.01
1000 05 — 1707007 [ 1.607002
ET - 1917008 | 1.8670,07
onr=0.17 s
Nobs | Detector Network | Hy [km/s/Mpc] pae [s] oAt [s]
04 - 1557013 | 0.24704%
) OF = 1727000 | 014700}
ET - L9IT0TR | 0.05%00
04 - 1797008 | 0.267008
10 05 = L6770% | 0.2470%7
ET - L6170 [ 031704
04 - 1687005 | 0157071
100 05 - L7150 | 0.16270003
ET 740471530 1.6470°0¢ 0177057
04 56.167 1537 1727500 1 0.1677000
1000 05 62.4075 13 1.710% 0020 | 0-170%07002
ET 60.597553 1737002 170.0167 70558
oar = 0.017 s
Nebs | Detector Network | Hp [km/s/Mpc] pae 8] oAt [s]
04 - 1.66700; | 0.017007
4 05 = L7178 [ 0.017007
BT = 1.70700e | 0.017001
o1 - L6507 | 0.0127508
10 05 - 1.65 001 | 0.017007
BT - 1777010 70,0147 001
o1 - 1.69% 005 | 0.010% 003
100 05 60447753, [ 1.71F005 [ 0.018%0 008
ET 63.697 251 1727001 | 0.01570:003
04 68.027 500170570007 70,018 70002
1000 05 70507550 | 17027103 | 0-020 705
ET 64707 -1 [ 1710700057 0237000
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Table 5.4. Parameter measurement results for Scenario III. We divide the measurements by
number of observation N, and detection (04, O5, ET) and prompt time delay model

(UAt =

convergence was not reached for the inferred parameter.

[1.7,0.17,0.017] s) Scenario. If the "-" symbol appears, it means that Gaussian

OAt = 1.7s
Nops | Detector Network Go - 10716 Hy [km/s/Mpc] |  pas [s] oae [s]
04 —0.11 +2.49 — — -
4 05 —0.81 £ 1.23 — - -
ET —0.396 + 0.396 - -
01 1.39 £ 0.78 - — 1.407030
10 05 —0.502 £ 0.574 = — 215705
ET 0.042 £ 0.175 - 130705
04 0.300 = 0.390 - 1. 45*8 1 | L58T0 4
100 05 0.089 £ 0.235 - 1247520 [ 1.767 013
ET ~0.0200 £ 0.0824 - 1.747081 1-79f8}é
04 —0.193 +£0.136 - 1.8870 18 1 1. 747008
1000 05 —0.0352 & 0.0678 - 1767512 | 1.587 908
ET 0.0284 = 0.0208 — 1667915 | 1.8670%0
onr =017 s
Nops | Detector Network G - 10716 Hy [km/s/Mpc] | pat [s] ot [s]
04 0.016 + 0.838 - — 0317075
4 05 ~0.002 £ 0.276 - - 0.197578
ET ~0.0832 % 0.0610 - 0.037505
04 —0.422 + 0.220 — 2. 19*8 15 | 0.2170:07
10 05 —0.159 £+ 0.096 — 2117932 | 0217908
ET 0.0346 + 0.0473 - 1397057 | 0.327007
04 —0.0116 £ 0.0469 - 1.69705 [ 0.15370515
100 05 —0.0059 + 0.0292 — L7100 [ 0.15875013
ET 0.0035 + 0.0179 — 1617507 [ 0.18270 0%
04 —0.0277 £ 0.0258 - 1727052 10.166 70508
1000 05 ~0.0067 £ 0.0191 - L7170 [ 0.175500%
ET 0.00558 + 0.00937 - 17470021 0.178700%
oan; = 0.017 s
Nobs | Detector Network Go - 10716 Hy [km/s/Mpc] pa [s] oat [s]
04 —0.0453 + 0.0892 — 1747510 1 0.017093
4 05 —0.0459 £ 0.0857 - L7970 | 0.0
ET —0.0163 £ 0.0260 - L7150 1 0.017907
04 0.0607 + 0.0648 — L617508 | 0.017002
10 05 0.0039 + 0.0271 — 1657001 | 0.0170%;
ET —0.0277 £ 0.0289 - 1797006 | 0.01570 06
04 —0.0049 + 0.0231 — 1.687051> 1 0.02070052
100 05 —0.0111 + 0.0226 — L.707505 | 0.02270 008
ET 0.0069 + 0.0122 — 1737955 | 0.01870 58
04 —0.0105 + 0.019 - 171375098 1°0.01770:98
1000 05 0.0047 £ 0.0165 — 1.69570 002 | 0.01770-003
ET 0.00978 + 0.00541 — 171275000 1 0.0167505%
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Conclusion

In this thesis I studied if it will be possible to constrain the speed of gravity,
the universe expansion, and prompt time delay distribution from joint GWsGRB
observations. The results obtained allow us to conclude that it will be possible to
jointly constrain the speed of gravity and prompt time delay distribution and to
infer the Hubble constant without the need for a redshift measurement.

I began this dissertation by presenting the background knowledge necessary to
understand this work: cosmology, GR deviations, GW and sGRB emission from
BNS. Then after discussing the detection process of GWs and sGRBs, I presented
the procedure followed to generate mock catalogs of joint GW-sGRB detections. 1
performed extensive simulations, considering 3 possible detection networks (04,05,
and ET), 3 prompt time delay models Aty (oa; = [1.7,0.17,0.017] s), and 4 different
observing scenarios with 4, 10, 100, and 1000 joint GW-sGRB detections. For
each case, I generated realistic errors on the luminosity distance estimates and on
the observed time delay between GWs and sGRBs. I then used these catalogs to
jointly infer the speed of gravity, the prompt time delay distribution, and the Hubble
constant.

First, we observe that for all catalogs and inference Scenarios, the parameters
true values lie within a 30 confidence region of the posterior. Also, we find that a
"sharper" prompt time delay distribution (smaller oa;) increases the constraints on
all 4 parameters. Meanwhile, enhancing the sensitivity of the GW detector network
only increases the constraints for the speed of gravity &¢ and cosmology Hp.

In general, the results show that, for Ny = 100, we will be able to jointly constrain
the speed of gravity and the prompt time delays across all detector sensitivities
and prompt time delay distribution models. In fact, Nons = 4 detections, while
sufficient to constrain the speed of gravity, are insufficient to infer the prompt time
delay parameters. As an example, we predict that, with 100 detections observed
during O4 and a true value of oao; = 1.7s, we will set a constraint on &g of order
O(10717) (100 times better than the current measurement from GW170817) and
also reconstruct the mean and standard deviation of the At, distribution with 60%
and 16% precision respectively.

Furthermore, our study shows, that for specific GW detector networks and prompt
time delay distribution models, we will be able to infer the cosmology Hy without the
need for a direct redshift measurement. To set constraints on the Hubble constant, we
require a significantly larger dataset Nops 2 100 compared to the speed of gravity case.
For instance, with 100 events detected by ET and standard deviation oa; = 0.17s,
we measure Hy = 74.71% K The sensitivity of the Einstein Telescope will reach

—14 s Mpc*
this detection number (we expect ~ 100 joint GW-sGRB detections per year for

Y
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ET). In the extreme case of 1000 events detected by ET and standard deviation
oar = 0.017 s, we measure Hy = 64.70;%%3 S mc. This measure can be combined
with the one from other GW sources (e.g. galaxy catalogs) to further improve the
Hjy measure.

Finally, by observing the results, we find that, when jointly inferring the cosmology,
speed of gravity, and prompt time delay distribution, we will not be able to constrain
Hy for any of the GW-sGRB catalogs considered in this work.

In conclusion, these findings show the potential of applying this new method to
future cosmological analyses. As we move forward, with observation runs such as 04,
05, and ET expected to detect numerous GW signals at large redshift, this method
could prove to be particularly useful when precise source localization becomes more
challenging.
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