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Abstract

The dark sectors of our Universe, dark matter and dark energy, together constitute about 96 % of the total energy content of
the Universe. To date, we only have observational evidence for their existence. What is still lacking is a complete theoretical
framework consistent with all observational data to embed a dark matter particle or component into the standard models
of particle physics and cosmology, as well as an explanation for the nature or origin of dark energy.

Since the discovery of these dark components decades ago, a variety of different theories have been proposed to
overcome the shortcomings of our current standard models. To assess the viability of these non-standard theories, they
ideally should be tested against all relevant available datasets. In this thesis, I show two examples of how cosmological
and astrophysical observables are used to constrain or even rule out non-standard cosmological models. Further, I present
the first software tool that provides a general framework to test non-standard physics with global fits to data from particle
physics and cosmology simultaneously.

The first example is minimally coupled covariant Galileons, a modification of General Relativity to explain dark energy
without the need for a fine-tuned cosmological constant. I demonstrate how the combination of constraints arising from the
integrated Sachs-Wolf effect and the propagation speed of gravitational waves can rule out all three branches of the theory.

The second example shows how the existence and parameter space of cosmic superstrings can be constrained. These are
the hypothesised fundamental building blocks of Type IIb Superstring theory, stretched out to cosmological scales during
the phase of inflation. The theory can be tested through the unique microlensing signature of cosmic superstrings when
crossing the line of sight of an observer monitoring a point-like source. I show how, based on simulations, we can estimate
the expected detection rates from observations of distant Type Ia Supernovae and stars in Andromeda; from these estimates
I assess the implications for the theory.

Finally, I present CosmoBit, a new module for the Global and Modular Beyond-Standard Model Inference Tool
(GAMBIT). \gambit allows the user to test a variety of extensions to the Standard Model of particle physics against data
from, e.g. collider searches, dark matter direct and indirect detection experiments, as well as laboratory measurements
of neutrino properties. CosmoBit augments this with the inclusion of cosmological likelihoods. This addition opens up
the possibility to test a given model against data from, e.g. the Big Bang Nucleosynthesis proceeding minutes after the
Big Bang, probes of the Cosmic Microwave Background ~ 380,000 years later, and (laboratory) measurements from the
present day, 13.8 billion years after the Big Bang. Including measurements that span several different epochs and orders of
magnitude in energy, the combination of CosmoBit with other GAMBIT modules provides a promising tool for shedding
light on the dark sectors of the Universe.
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inference.
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To everyone who's
been told

"You can't make it"

a thousand times.

You can.






Abstract

The dark sectors of our Universe, dark matter and dark energy, together constitute about
96% of the total energy content of the Universe. To date, we only have observational evidence
for their existence. What is still lacking is a complete theoretical framework consistent with
all observational data to embed a dark matter particle or component into the standard
models of particle physics and cosmology, as well as an explanation for the nature or origin
of dark energy.

Since the discovery of these dark components decades ago, a variety of different theories
have been proposed to overcome the shortcomings of our current standard models. To assess
the viability of these non-standard theories, they ideally should be tested against all relevant
available datasets. In this thesis, I show two examples of how cosmological and astrophysical
observables are used to constrain or even rule out non-standard cosmological models. Fur-
ther, I present the first software tool that provides a general framework to test non-standard
physics with global fits to data from particle physics and cosmology simultaneously.

The first example is minimally coupled covariant Galileons, a modification of General
Relativity to explain dark energy without the need for a fine-tuned cosmological constant.
I demonstrate how the combination of constraints arising from the integrated Sachs-Wolf
effect and the propagation speed of gravitational waves can rule out all three branches of
the theory.

The second example shows how the existence and parameter space of cosmic superstrings
can be constrained. These are the hypothesised fundamental building blocks of Type IIb
Superstring theory, stretched out to cosmological scales during the phase of inflation. The
theory can be tested through the unique microlensing signature of cosmic superstrings when
crossing the line of sight of an observer monitoring a point-like source. I show how, based
on simulations, we can estimate the expected detection rates from observations of distant
Type Ia Supernovae and stars in Andromeda; from these estimates I assess the implications
for the theory.

Finally, I present CosmoBit, a new module for the Global and Modular Beyond-Standard
Model Inference Tool (GAMBIT). GAMBIT allows the user to test a variety of extensions to
the Standard Model of particle physics against data from, e.g. collider searches, dark matter
direct and indirect detection experiments, as well as laboratory measurements of neutrino
properties. CosmoBit augments this with the inclusion of cosmological likelihoods. This
addition opens up the possibility to test a given model against data from, e.g. the Big Bang
Nucleosynthesis proceeding minutes after the Big Bang, probes of the Cosmic Microwave
Background ~ 380,000 years later, and (laboratory) measurements from the present day,
13.8 billion years after the Big Bang. Including measurements that span several different
epochs and orders of magnitude in energy, the combination of CosmoBit with other GAMBIT
modules provides a promising tool for shedding light on the dark sectors of the Universe.






Svensk Sammanfattning

De mérka sektorerna i vart universum, mork materia och moérk energi, utgor tillsammans
ungefir 96% av universums totala energiinnehall. Hittills har vi bara observationella be-
vis for deras existens. Det som fortfarande saknas dr en fullstdndig teoretisk ram som
overensstdmmer med alla observationsdata for att inbegripa en partikel eller komponent
av mork materia i standardmodeller av partikelfysik och kosmologi, samt en foérklaring till
naturen eller ursprunget av mork energi.

Sedan dessa moérka komponenter upptéacktes for artionden sedan, har en méngd olika
teorier foreslagits for att Gvervinna bristerna i vara nuvarande standardmodeller. For att
bedéma anvindbarheten hos dessa icke-standardteorier bor de helst testas mot alla rele-
vanta tillgdngliga data. I denna avhandling visar jag tva exempel pa hur kosmologiska och
astrofysiska observationer kan anvindas for att begrédnsa eller till och med utesluta teorier
bortom standardmodellen. Dessutom presenterar jag for forsta gangen mjukvara som kan
ge en allmén ram som testar icke-standardfysik med globala anpassningar for data fran
partikelfysik och kosmologi.

Det forsta exemplet dr minimalt kopplade kovarianten Galileons, en modifiering av
allménna relativitetsteorin for att modellera mork energi utan behov av en fininstlld kosmol-
ogisk konstant. Jag demonstrerar hur kombinationen av begransningar fran den integrerade
Sachs-Wolf effekten och utbredningshastigheten av gravitationsvagor kan utesluta alla tre
grenar av teorin.

Det andra exemplet visar hur existensen och parametern som rymmer kosmiska super-
strangar kan begréinsas. Dessa édr de grundlidggande byggstenarna i Type IIb superstringte-
ori som strackte sig till kosmologiska skalor under inflationsfasen. Teorin kan testas genom
den unika mikrolinsningssignaturen for kosmiska superstringar nidr de passerar siktlinjen
for en observator som Overvakar en punktliknande kélla. Baserat pa simuleringar uppskat-
tas forvintade antal detektioner fran observationer av de avldgsna typ Ia supernovor och av
stjarnor i Andromeda och fran dessa uppskattningar bedémer jag konsekvenserna for teorin.

Slutligen presenterar jag CosmoBit, en ny modul for GAMBIT, the Global and Modular
Beyond-Standard-Model Inference Tool. GAMBIT tillater anvindaren att testa en méngd
olika utvidgningar till standardmodeller for partikelfysik mot data fran till exempel acceler-
ator sokningar, direkta och indirekta detektionsférséker efter mérk materia, liksom labora-
torie métningar av neutrinoegenskaper. CosmoBit har utvidgat detta genom att inkludera
den kosmologiska sannolikheten. Denna utékning 6ppnar upp mojligheten att testa en given
modell mot data fran till exempel Big Bang Nukleosyntes som fortsidtter minuter efter Big
Bang, sonder for kosmiska bakgrundsstralningen 380,000 ar senare och laboratorie mét-
ningar fran idag, 13.8 miljarder ar efter Big Bang. Inklusive métningar som stréacker sig
over flera storleksordningar i energi och olika epoker, CosmoBit visar sig vara ett lovande
verktyg for att belysa universums morka sektorer.
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Preface

This doctoral thesis consists of three major parts: Part I is a general introduc-
tion to the relevant research topics. It contains a summary of two published
scientific papers, which are included in Part III.

Part II contains the description of CosmoBit, a GAMBIT module for com-
puting cosmological observables and likelihoods. GAMBIT, the Global and
Modular Beyond-the-Standard Model Inference Tool, is a software tool de-
signed to test various theories of physics beyond the Standard Model of particle
physics. The addition of CosmoBit opens up the possibility to simultaneously
test models against observations from particle physics and cosmology. My con-
tributions to GAMBIT presented in this thesis are centred around cosmological
aspects and problems. I will, therefore, not aim to give an introduction to nor
review of theories beyond the Standard Model of particle physics. Instead, I
will focus the discussion on cosmology. The paper associated with the release
of CosmoBit has not been submitted for publication at the time of writing.
Hence, Part II of this thesis is devoted to presenting the details of the project.

Parts of this thesis have been adopted from my Licentiate thesis ‘Invalida-
tion of Minimally Coupled Covariant Galileon Cosmologies’ This applies to
section 2.3 — 2.7, and section 3.4 as well as 4.1.

I use the metric convention (—,+,+,+) and natural units, in which k, =
h = c¢ = 1. The Planck mass is given by Mp?> = 87G and Greek indices run
from 0 to 3, while Latin indices run from 1 to 3. Bars over quantities denote
space averages except where otherwise indicated. The subscript 0 indicates
the present value of a time-dependent quantity, i.e. z(ty) = 0.

ix






Contents

Abstract . . . . . . i
Svensk sammanfattning . . . . ... ..o iii
List of Included Papers . . . . . . . . .. ... . ... ... ..... v
Acknowledgements . . . . .. ... vii
Preface . . . . . . .. ix
The Author’s Contribution . . . . .. ... .. ... ... ...... xiii
Abbreviations and Notation . . . ... ... ... ... ... .... XV

PArRT I INTRODUCTION & SUMMARY OF PUBLISHED ARTICLES

Introduction . . . . . ... Lo 1
2 The Evolution of the Universe in ACDM . . . . .. ... ..... 7
2.1 Inmitial Conditions . . . . . . . . . ... ... 8
2.2 The Early Universe and Big Bang Nucleosynthesis . . . . . 9
2.3 General Relativity . . . . ... ... ... . ... 13
2.4 Background Evolution . . . . . ... ... ... 15
2.5 Cosmological and Astrophysical Observables . . . . . . . .. 19
2.6 Cosmological Parameters . . . . . ... ... ... ..... 23
2.7 Observational Challenges and Tensions . . . . . ... ... 25
3 Models Beyond ACDM . . . ... ... ... ... ... .... 29
3.1 Non-Standard Initial Conditions: Inflationary Models . . . . 29
3.2 Non-Minimal Neutrino Masses in Cosmology . . . . . . . . 36
3.3 Non-Standard Radiation Content . . . . . . . ... .. ... 38
3.4 Non-Standard Gravity: Galileon Cosmologies . . . . . . . . 41
3.5 Cosmology with Cosmic Superstrings . . . . . . . ... ... 50
3.6 Connecting the Dots . . . . . ... ... ... ... ..... 61
4  Summary of Included Papers . . . . . . ... ... 65

4.1 Galileon Gravity in Light of ISW; CMB, BAO and H, Data 65
4.2 Prospects of Cosmic Superstring Detection through Mi-
crolensing of Extragalactic Point-Like Sources . . . . . . . . 72

Xi



PART II PROJECT SUMMARY

5 Statistical Inference and the Global and Modular Beyond-the-
Standard-Model Inference Tool (GAMBIT) . . . . . ... ... ..
5.1 Statistical Methods for Parameter Inference . . . . . . . ..
5.2 GAMBIT Models, Modules and Likelihoods . . . . .. ...
5.3 Design Principles of GAMBIT . . . . ... ... ... ....

6 CosmoBit: A GAMBIT Module for Computing Cosmological Ob-
servables and Likelihoods . . . . . ... .. .. ... ...
6.1 Executive Summary . . . . .. ... ... ...
6.2 Cosmological Models in CosmoBit . . . . . .. ... .. ...
6.3 Likelihoods in CosmoBit . . . . . ... ... ... ... ...
6.4 Practical Usage and Interfaces to External Libraries
6.5 Validation and Results . . . . . . .. ... ... ... ...

7 Conclusions . . . . . . . .

References . . . . . . . .

PART III PAPERS

A Galileon Gravity in Light of ISW, CMB, BAO and Hy Data . . .

B Prospects of Cosmic Superstring Detection through Microlensing
of Extragalactic Point-Like Sources . . . . . . . . ... ... ...



The Author’s Contribution

Paper A 1 led this analysis. I set up the pipeline to compare theoreti-
cal predictions of the integrated Sachs-Wolfe effect to various existing
datasets. Francesco Montanari wrote section 2, the introduction on
the spectra and observables we mainly used. Alexandre Barreira and
Miguel Zumalacarregui are the main contributors to section 3 on covari-
ant Galileons. Miguel Zumalacarregui ran and analysed the Monte Carlo
Markov Chains leading to Table 1 and Figure 3. I produced the results
from post-processing the Markov Chains and all remaining figures and
tables, where Alexandre Barreira contributed to the computation of the
likelihood from Baryonic Acoustic Oscillation data.

Paper B The idea for the project came from Ariel Goobar. The contact
authors of the article are David F. Chernoff and me. David F. Chernoff
provided a set of codes to carry out the simulations to estimate the
microlensing events sourced by cosmic superstrings of stars in M31. I
set up the pipeline to combine these codes and extended it to compute
the lensing rates of SNe Ia. I produced all figures but the right panel
of Figure 2. All results presented in the paper, except the simulations
leading to Figure 6, have been produced by me. David F. Chernoff wrote
the major part of the introductory chapters, 1 — 3, as well as appendix
A, B and E. The main contributions to chapter 4 and 5 came from Ariel
Goobar. I was the main contributor to chapter 6 and 7 in the main text,
and to Appendix C and D.

CosmoBit 1 lead this project together with Patrick Stocker. Being a mod-
ule of GAMBIT, CosmoBit was developed as a collaborative effort of the
GAMBIT Cosmology Working group, consisting of Csaba Balasz, San-
jay Bloor, Torsten Bringmann, Tomas Gonzalo, Will Handley, Sebastian
Hoof, Selim Hotinli, Felix Kahlhofer, Pat Scott, Patrick Stocker, Aaron
Vincent, Martin White, and myself.

I joined the project at the stage where a basic version of CosmoBit includ-

xiii



ing an interface to CLASS, the Planck likelihoods (plc), the MultiMode-
Code, and DarkAges had already been implemented by Selim Hotinli and
Patrick Stocker. I re-designed the first three of these interfaces to enable
a consistent treatment of different models and consistent communication
between the codes. This re-design enabled the possibility to use Mon-
tePython likelihoods as a further external library. The implementation of
the new interfaces to CLASS and MontePython were carried out by Sanjay
Bloor and me. I implemented the interface to AlterBBN; the treatment
of the relative covariance matrices was contributed by Patrick Stocker.
Sanjay Bloor, Sebastian Hoof, and Patrick Stocker solved technicalities
concerning the installation of the different external libraries on differ-
ent systems. Decisions which physics models to include were the result
of group discussions. The implementation was carried out by Patrick
Stocker and me. Patrick Stocker ran the validation scans. The presen-
tation of CosmoBit in Part II of this thesis is drawn upon the draft for
the paper in preparation ‘CosmoBit: A GAMBIT module for computing
cosmological observables and likelihoods” authored by the GAMBIT Cos-
mology Working group. Further, section 3.1 closely follows the discussion
from the paper draft.



Abbreviations

ACDM A Cold Dark Matter, the concordance model of cosmology

vGals cubic covariant Galileon with massive neutrinos
vGaly quartic covariant Galileon with massive neutrinos
vGals quintic covariant Galileon with massive neutrinos
BAO Baryonic Acoustic Oscillations

BBN Big Bang Nucleosynthesis

BSM Beyond the Standard Model

CDF Cumulative Probability Distribution Function
CMB Cosmic Microwave Background

CSS Cosmic Superstring

DE Dark Energy

DM Dark Matter

EMC Electromagnetic Counterpart

FLRW Friedmann-Lemaitre-Robertson-Walker
GAMBIT The Globular and Modular Beyond-the-Standard-Model Inference Tool
GNCs Galaxy Number Counts

GR General Relativity

GUT Grand Unified Theory

GW Gravitational Wave

IGM Intergalactic Medium

ISW Integrated Sachs-Wolfe effect
MCMC Markov Chain Monte Carlo
M31 Andromeda

MCMC Monte Carlo Markov Chain
ML Microlensing

MW Milky Way

XV



SNe Ia Supernova Type la

SM Standard Model of particle physics
uv Ultraviolet

WISE Wide-Field Infrared Survey Explorer



Chapter 1

Introduction

According to our current understanding the constituents of the Standard Model
of particle physics only contribute 4% to the total energy content of our Uni-
verse. To account for the other 96% additional energy components labelled
dark matter and dark energy are incorporated into the concordance model
of cosmology. Dark matter (DM) is introduced to explain, e.g. the shape of
galaxy rotation curves, gravitational lensing effects and structure formation.
The inclusion of dark energy, on the other hand, is necessary to incorporate
the observed late-time acceleration of the Universe into the concordance model
of cosmology, ACDM. The model of ACDM stands for a Universe filled with
collisionless cold dark matter (CDM) and a cosmological constant A driving
the accelerated late-time expansion, where General Relativity (GR) governs
the laws of gravity.!

To date the concordance model of cosmology has been extremely success-
ful: with only six free parameters the model can fit measurements from three
independent high-precision measurements yielding consistent result for the in-
ferred parameter values [8, 9]. These datasets are the temperature anisotropy
power spectrum of the Cosmic Microwave Background (CMB), distance mea-
sures from Type la Supernovae (SNe Ia), and the scale of Baryonic Acoustic
Oscillations (BAO).? This agreement is especially remarkable when consider-
ing that the CMB spectrum probes epochs from ~ 380,000 years after the Big
Bang, while SNe Ia are observed in the late Universe.

From an observational point of view, ACDM has received a slight setback
in the past years: a tension emerged between different techniques to determine

'For textbook introductions and reviews on dark matter refer to Refs. [1-5]. See,

e.g. Refs. [6, 7] for reviews on dark energy.
2See Ref. [10] for the constraints on ACDM including the latest measurements of the
CMB from the Planck satellite.
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the value of the present expansion rate of the Universe, the Hubble rate Hy.
Different results have been obtained through either local measurements [11—-
16] or by means of the CMB power spectrum detected by the Planck satel-
lite [10, 17]. Possible sources for this inconsistency between early- and late-
time measurements can be systematics in the locally measured value of Hy,
internal inconsistencies in Planck data, or a hint for new physics beyond the
assumptions and parameters of ACDM.

Turning to a theoretical perspective, the concordance model of cosmology
also leaves a few open questions: What is dark energy? If the cosmological
constant was simply to be interpreted as the vacuum energy density of empty
space, why is it several orders of magnitudes smaller than theoretically pre-
dicted? As GR is not quantisable, how can we describe gravity on a quantum
level? Besides being cold and collision-less, are there other properties of DM
affecting the evolution of the Universe?

The last question relates to an open question of the Standard Model of par-
ticle physics: if DM is composed of particles, how can these be incorporated
into the Standard Model? The lack of any convincing observational evidence
for the detection of a DM particle poses stringent constraints on possible un-
derlying theories.

Even beyond the question of the existence and identity of the DM particle,
the Standard Model (SM) of particle physics is not complete. The most com-
pelling evidence for the need for beyond-the-standard-model (BSM) physics
is the mystery of neutrino masses. The SM includes three massless neutrino
flavour eigenstates, v., v,, and v,;. However, oscillations between the differ-
ent flavour eigenstates have been observed in solar and atmospheric neutrinos,
leading to the conclusion that at least two of the eigenstates must be mas-
sive [18-20]. This observation has direct implications for cosmology: massive
neutrinos interact gravitationally and therefore affect structure formation and
— depending on their mass — can contribute to the energy budget of non-
relativistic matter in today’s Universe.

The unsolved questions regarding the foundations of the standard models
of cosmology and particle physics have led to much activity in proposing and
building new BSM models. At the same time advancing experimental methods
and technologies are giving us access to more and more datasets investigating
different aspects of fundamental physics. While it is essential to advance both
theoretical and experimental progress in these areas, one crucial part should
not be forgotten: testing the viability of new models against all available
data to assess whether the new theories can match the success of the current
standard models.?

3A brief comment to clarify the naming conventions: the term ‘Standard Model’ always
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This concern lies at the heart of this thesis: the test of various non-standard
models against different datasets to determine whether they can be seen as a
viable alternative to the standard model. This endeavour can be relatively
straight forward if one can find a prediction of a given non-standard theory
that is in clear contradiction with available data and the predictions of the
standard model. In this case, one can rule out the theory.

Assessing the viability of an alternative model gets more difficult when ex-
periments to detect distinct signatures of the specific non-standard theory need
to be designed. While a detection of such a signal has the potential to confirm
a prediction of the theory, a non-detection can often only set constraints on the
parameter space of the model.* In this case, an analysis comparing a model
to different datasets — that separately only have constraining power — can give
more conclusive results.

The practice of combining different datasets to perform parameter esti-
mates is generally referred to as performing ‘global fits’. The importance of
combining not only datasets from one but several fields can be seen by consid-
ering the example of a specific DM model: it might not only be constrained by
data from direct or indirect DM detection experiments but also from missing
energy searches at the large hadron collider (LHC), as well as cosmological
observables sensitive to properties of DM and its relic density in the Universe.
Hence, to extract the full wealth of information experimental data offer, the
results from different research fields need to be combined. Further, to decide
if one model is superior to others in predicting and describing observed phe-
nomena, all relevant datasets must be taken into account. Consequently, to
answer the question of whether a given model provides a better alternative to
another, global fits of both models need to be performed.

In this work I present three examples in which my collaborators and I apply
different strategies to test non-standard physics:

e Ruling out a theory with a conflicting dataset. 1 show how minimally
coupled covariant Galileons, a modified gravity model, can be ruled out
using cosmological and astrophysical observables. Covariant Galileons
are a modification of gravity that extend the standard scenario of GR by
adding a scalar degree of freedom [21-23]. The kinematics of this scalar

refers to the Standard Model of particle physics. On the contrary, I will refer to ACDM
as the ‘concordance model (of cosmology)’ to avoid any confusion between the two. When
referring to model extensions or generalisations, the term ‘BSM theories’ always stands for
theories beyond the Standard Model of particle physics. The term ‘non-standard physics’ is
applied to extensions of both models.

4Note that confirming a prediction of a theory is not the same as confirming a theory
itself. While the former can be achieved with a single measurement, the latter is a much
more complex.
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field drive the late-time acceleration such that no fine-tuned cosmological
constant needs to be included. The theory is divided into three differ-
ent branches with increasing numbers of parameters and complexity: a
cubic, quartic and quintic branch. All three branches of the covariant
Galileons naturally solve the Hubble tension [24]. The key phenomeno-
logical properties that differ from ACDM in Galileon cosmologies are 7)
a non-trivial evolution of the lensing potential after matter domination,
and 7/) an anomalous propagation speed of tensor perturbations. The
consequences of i) are that the cubic branch of the theory can be ruled
out. My collaborators and I showed this in Paper A; I will summarise
these results in Sec. 4.1. Property i) leads to the invalidation of the quar-
tic and quintic branch. Even though I did not obtain these results, I will
include them in the discussion in Sec. 4.1 for the sake of completeness.

Constraining a theory by probing distinct predictions. The existence and
parameter space of cosmic superstrings (CSSs), one-dimensional funda-
mental building blocks of string theory stretched out to cosmological
scales, can be tested using a unique signature: when a CSS crosses the
line of sight between an observer and a point-like source, the flux of
the source is instantaneously doubled. Once the alignment between ob-
server, string and source is broken, the flux will immediately drop back
to its original value. This immediate increase and decrease of the flux
makes the lensing events sourced by CSSs clearly distinguishable from
lensing events by any other known source. In Paper B, we estimate
the lensing rates sourced by CCSs of extragalactic optical sources: stars
in Andromeda and Supernovae Type la. Our results show that current
datasets can independently confirm constraints on the theory obtained by
other means. While current data are not sufficient to put more stringent
constraints on the theory, we show that targeted surveys can increase
the constraints on the theory and the probability of a detection.

Testing the viability of a theory with global fits. We extend the framework
of GAMBIT, the Globular and Modular Beyond-the-Standard-Model In-
ference Tool, with a new module, CosmoBit. This extension allows the
user to perform parameter scans of a variety of BSM models, testing
the theory against particle physics as well as cosmological observations.
The cosmology-related non-standard models are extensions of standard
ACDM that include, e.g. a treatment of neutrino masses consistent with
results from particle physics, non-standard neutrino temperatures, in-
flationary models, and annihilating or decaying DM models. Cosmo-
Bit makes various cosmological likelihoods available through interfaces
with external libraries; these likelihoods range from the abundance of
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light elements produced in the early Universe, to observations of the
CMB, and late-time observables like galaxy clustering. As a first ap-
plication, I use CosmoBit to constrain the mass of the lightest neutrino
to be my tignt S 0.058 €V (my 1igne S 0.056 €V) at 95% confidence level

assuming a normal (inverted) mass hierarchy. I present details of the
implementation, validation and results in Part II of this work.

This thesis is structured as follows: In Part I, chapter 2 briefly reviews
the concordance model of cosmology along with its central assumptions and
equations. I introduce the observables that support the cosmological concor-
dance model, open questions and unsolved problems. An introduction to the
extensions of ACDM relevant to this thesis is given in Chapter 3; in particu-
lar these are inflationary models setting the initial conditions of the Universe
(3.1), the effect of neutrino masses in cosmology (3.2), the addition of non-
standard radiation contents (3.3), modifications to GR focusing on Galileon
Gravity (3.4), and cosmology with cosmic superstrings (3.5). I briefly discuss
how these different extensions connect in Sec. 3.6

I provide a summary of the results from the included papers in chapter 4.
How minimally-coupled covariant Galileons can be invalidated by cosmological
and astrophysical observables is shown in Sec. 4.1. I discuss the constraints
on the parameter space of the models arising from CMB, BAO and ISW data
(summarising the results of Paper A), as well as from a gravitational wave
event with the observation of the associated gamma-ray burst. I summarise
the prospects of the detection of CCSs through the observation of microlensing
events of extragalactic point-like sources, the results of Paper B, in Sec. 4.2.

Part IT starts with Chapter 5 introducing statistical methods for param-
eter inference and GAMBIT, the Globular and Modular Beyond-the-Standard-
Model Inference Tool. In Chapter 6, I present the new module CosmoBit. 1
will first provide an executive summary of the module in Sec. 6.1. Sec. 6.2
serves to introduce the implemented models, and Sec. 6.3 gives an overview of
the implemented likelihoods. Details about the implementation and the usage
of the tool are given in 6.4. I present validation plots and first physics results
in 6.5. I close this part with a conclusion and outlook in Chapter 7.

Part III contains Papers A and B.

The topics covered in this work are quite broad. They range from a phe-
nomenological aspect of string theory to a modified gravity model and simulta-
neous global fits of particle physics and cosmology. An in-depth introduction
to all of these fields is not withing the scope of this thesis. Instead, the focus
of Part I is to introduce the broad underlying concepts and context to the
reader. I refer the interested reader to the included papers and the provided
references for more details.






Chapter 2

The Evolution of the Universe in
ACDM

The concordance model of cosmology, ACDM, is based on several major as-
sumptions:

o the Universe is isotropic and homogeneous on large scales (= 100 Mpc),

o the Universe was born in a Big Bang and the initial conditions for
structure formation are scale-free Gaussian scalar perturbations,

¢ the Standard Model of particle physics describes the standard mat-
ter and radiation content,

« an additional matter species, called cold dark matter (CDM), which
only interacts weakly with Standard Model particles is introduced to,
e.g. allow observed structures to form,

» General Relativity (GR) governs the laws of gravity, and

¢ the late-time acceleration is sourced by the constant energy density of
the cosmological constant, A.

In this chapter, I briefly review some aspects of ACDM, focusing on the theory
of gravity, the central equations for the background evolution of the Universe,
and key parameters and observables.! The first section, 2.1, focuses on the
initial conditions for the evolution of the Universe in the concordance model.
I discuss the principles of light element formation in the early Universe during
the epoch of Big Bang Nucleosynthesis in Sec. 2.2. Sec. 2.3 introduces the

IThis chapter serves only as a brief introduction to the concordance model of cosmol-
ogy. For textbook introductions to the topics refer to, e.g. Refs. [25-32]. Examples of
comprehensive lecture notes are Refs. [33-36].
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basic principles of General Relativity; the fundamental background equations
of cosmology are presented in Sec. 2.4. After that, I introduce some of the key
observables used to test and constrain the model of ACDM in Sec. 2.5. The
model parameters of ACDM are discussed in Sec. 2.6. I conclude this chapter
by commenting on present observational tensions in Sec. 2.7.

2.1 Initial Conditions

The cosmological principle states that the Universe is isotropic and homoge-
neous on large scales. However, the fact that solar systems and galaxies like the
one we live in exist show that this is not true on small scales. The predictions
of the concordance model, therefore, must include the formation of structures,
such as the ones we can observe today. The key to this lies in the first 1/1032
fraction of a second after the birth of the Universe: in the most popular theory
of the early Universe density fluctuations appearing on a quantum level were
amplified to classical scales in a phase of a rapid accelerated expansion, called
inflation. These small density fluctuations produced during inflation act as
the seeds for the formation of structures that we observe today.?

In ACDM one is usually agnostic about whether a phase of inflation took
place, and if so, how exactly it proceeded. No specific assumptions about the
underlying theory causing the beginning of the accelerated expansion, its end,
or how its energy is converted to the standard radiation or matter contents
(the mechanism of reheating), are made. Instead, one assumes that the density
perturbations providing the seeds for structure formation are given in the form
of the parametrised primordial power spectrum (PPS).

A power spectrum quantifies the variance of the deviation of a random
variable from its mean in Fourier space. Consider, e.g. density fluctuations
with respect to the mean density field p,

o pPE)=p _ [2 2) - ikE d3k
() = —5 = /5( ) @ (2.1)

with 6(k) being the Fourier transform of §(Z). The dimensionless power spec-
trum P (k) is then given by

A _ 2r?

(G § () = T

where 0p is the Dirac delta function. Both homogeneity and isotropy are
ensured by this form: the term dp(k— k') manifests homogeneity by forbidding

Pk)dp(k — k'), (2.2)

2For details on perturbations in the early Universe refer to Refs. [37-40].
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the correlation of different wave vectors k in Fourier space. Isotropy is ensured
as P(k) does not depend on the direction of k. The variance of the power
spectrum within a volume characterised by the window function Wg(k),

ch=r [ kéf)gﬂ(m W2(k), (2.3)

is commonly used as a measure of the amplitude of the power spectrum at a
given scale. If one was to consider the fluctuations within a sphere of given
radius R, the window function W3 (k) would take the form of a top-hat filter
for a three dimensional sphere.

The PPS Pr (k) quantifies the variations of the curvature fluctuations & in
the early Universe. These can be related to fluctuations in the density field. In
ACDM the dimensionless PPS is assumed to be scale-free and takes the form

Pr(k) = 4, (,f) 7 (24)

where k, gives the pivot scale, and the two parameters A, and n, parametrise
the amplitude and tilt of the PPS respectively. The parameters A; and n, are
fundamental model parameters of ACDM (see Sec. 2.6). Note that Pg(k) is
scale invariant for ng = 1.

As mentioned above, this specific parametrised form of the PPS is an as-
sumption of ACDM. It is, however, motivated by the shape of the PPS derived
from specific inflation theories. I will comment more on the motivations for
inflation and concrete examples of inflation models in Sec. 3.1. In the context
of the standard ACDM scenario, however, only the form of the PPS given in
Eq. (2.4) and the parameters defining the shape are important.

2.2 The Early Universe and Big Bang Nucleosyn-
thesis

Having set the stage for the evolution of the Universe by defining the initial
conditions, we move on to the physics in the early Universe and the phase of
Big Bang Nucleosynthesis. At early times, the Universe is in a hot, dense state
and particle interactions proceed fast enough to keep them in thermal equi-
librium. As the Universe expands and cools deviations from this equilibrium
will occur. This eventually allows for the onset of Big Bang Nucleosynthe-
sis (BBN). Starting a few minutes after the Big Bang, and lasting for only
about 20 minutes, BBN constitutes an important part of the evolution of the
Universe: during its course, the first light elements are synthesised from the
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primordial plasma. As the abundance of these light elements can be inferred
from measurements today, 13.8 billion years later, BBN provides the possibility
to test the physics of the very early Universe.?
An important concept during the evolution of the Universe is the concept
of the freeze out of an interaction. It can be understood as follows: the rate I'
of any reaction,
I' x (ov)n, (2.5)

depends on the interaction cross-section o, the particle velocity v, and the
number density of particles available for the reaction n. As the Universe ex-
pands, the temperature and number density of particles decrease, reducing the
interaction rate. Once the reaction rate drops below the expansion rate, the
reaction will not take place any longer, i.e. it will freeze out.

In the early Universe neutrinos are kept in thermal equilibrium with the
primordial plasma? via the weak interaction,

v+ et e, (2.6)

Once the temperature drops below ~ 2.7 MeV a few seconds after the Big
Bang, the weak interaction freezes out and neutrinos decouple from the photon-
electron gas. Hence, their temperature will evolve independently from the
other components.® In the absence of any other reaction, neutrinos will cool
and dilute as the Universe expands.
Photons and electrons are kept in thermal equilibrium until electron-positron

annihilation

et +e 2y (2.7)

becomes suppressed. This happens as soon as the photon energy becomes too
low to produce electron-positron pairs at T~ 2m, ~ 1 MeV, with m, being
the electron mass. The annihilations transfer energy to the photon gas. The
temperature of the already decoupled neutrinos will remain unaffected by this.

The temperature ratio between neutrinos and photons, 7, /T, can be
estimated with a simple calculation: entropy conservation before and after
electron-positron annihilation requires

/

Spr 4 s, + 5, =3, (2.8)

3For textbook introductions, see the relevant chapters of Refs. [31, 41, 42]; for pedagogical
reviews and lecture notes refer to Refs. [43-46].

4Thermal equilibrium of the primordial plasma means that the neutrino temperature,
T,, is equal to the electron and photon temperature, i.e. T, = T, = T,.

5That is, except for the dilution due to the expansion of the Universe that all species
experience.
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to hold. Here, s/, denotes the entropy of = before annihilation, s, is the entropy
of photons after e* annihilation. The entropy of a relativistic particle scales
with their internal degrees of freedom, g, and their temperature T' as o< g T°.
Fermions receive an additional factor of (7/8) with respect to bosons.® The
temperature ratio follows from the entropy conservation equation when using
the fact that before e* annihilation all involved particles were in thermal equi-
librium, hence T+ =T.- =T, =T". Thus s, = s, = (7/8) s/, and Eq. (2.8)

leads to

T ANV T,

- (7) _ v (2.9)
T 11 T,

The last equation holds as T represents the photon temperature after e* an-
nihilation, and 77 = T,, under the assumption that neutrinos decoupled in-
stantaneously once the weak interaction froze out. This means that neutrinos
did not receive any energy injection from the e annihilations. In reality, pre-
cise decoupling calculations show that this is not exactly true, as neutrinos do
not decouple instantaneously: electrons and positrons start annihilating before
neutrinos are completely decoupled and inject some of their energy into neu-
trinos. Hence, the neutrino-photon temperature ratio is in fact slightly higher
than the analytical expression given in Eq. (2.9), see Refs. [48, 49].

In the SM there is no other decay or reaction that adds to or removes energy
from photons or neutrinos after e* annihilation. Under this assumption, the
temperature ratio 7, /T, therefore, remains constant until the present day.

After neutrino decoupling and the annihilation of electron-positron pairs,
neutron-proton collisions and interconversion through the weak force still take
place. As neutrons are heavier than protons the neutron to proton ratio, n/p,
will decrease as the Universe expands. The exact value of n/p depends on the
interplay between expansion rate of the Universe, the strength of the weak
interaction, and the age of the Universe as the neutron is unstable and decays
with a lifetime of 7,, = 880.2 4 1.0 [50]. As we will see below, the ratio n/p is
an important quantity for calculating the predictions of element abundances
from the BBN. Hence, any modifications to the expansion rate, or changes
of the neutron lifetime will affect the predictions for the abundance of light
elements.

6The entropy and energy density of ultra-relativistic species can be derived from their
temperature using Bose-Einstein or Fermi-Dirac statistics for bosons and fermions respec-

tively. For bosons the entropy is given by sp = ¢ 21; T3 and the energy density by

pB = g;’“—;T“. The number of internal degrees of freedom of photons, electrons, and
positrons is 2. For the derivation of the expressions for the entropy and energy density
in the context of cosmology, refer to Refs. [28, 31, 42]; see Ref. [47] for a clear and explicit
summary.
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The chain reaction of the synthesis of light elements is started by the for-
mation of deuterium (2H) through neutron-proton collisions,

n+p— *H+7y, (2.10)

starting at a temperature of about 80 keV. The exact temperature depends
not only on the proton-to-neutron ratio, but also on the baryon-to-photon
ratio 7, as high-energy photons can photodissociate the newly formed deu-
terium. Hence, a higher abundance of photons will delay the onset of BBN.
The synthesis of deuterium is followed by the formation of *He, *He, 3H and
"Li through

’H + ?H — 3He + n,
H+%H— *H + p,
SHe + *H — “He + p,
He 4+ *H — "Li + 7. (2.11)

The production of subsequent elements heavier than the stable *He is highly
suppressed, as there is no stable element with atomic mass 5. The stable
atomic mass gap at 8 essentially prevents the efficient synthesis of any other
heavier element.

The epoch of BBN ends once the temperature falls below T ~ 30 keV.
After that, the production of heavier nuclei ceases owing to a lack of available
energy. The only mechanism to affect the number densities until stars form
and nuclear fusions start in their interiors, is the decay of unstable elements.

The observation of element abundances today offers a test for the physics
of the early Universe.” The theoretical predictions for the light element abun-
dances depend on

o the expansion rate in the early Universe during the epoch of BBN,
¢ the baryon-to-photon ratio 1 at the epoch of BBN,
¢ the neutron lifetime, and
¢ all relevant nuclear reaction rates.
The latter two are uncertainties that must be taken into account when calcu-

lating predictions for the light element abundances. The first two points are,
as we shall see in Sec. 2.4, determined by the cosmological model.

I will comment on the observational principle for these measurements in Sec. 2.5
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2.3 General Relativity

The simple laws of Newtonian dynamics are sufficient to describe gravitational
interactions of objects on Earth. However, they fail to provide a proper de-
scription of large, cosmological scales, or in strong gravitational fields. The first
hint that a description of gravity beyond Newton’s laws might be necessary
was discovered in 1856 when the mathematician Urbain LeVerrier observed an
anomalous perihelion motion of Mercury [51]. Albert Einstein gave a resolu-
tion to this problem in 1916: with the publication of the theory of General
Relativity (GR) [52] he presented a replacement of Newton’s laws that can
correctly describe the anomalous observation [53].

The basis of GR is the realisation of the equality of inertial and gravitational
mass, formulated in different equivalence principles:

o Weak Equivalence Principle. There is a universality between the free-
fall and the gravitational interaction for all particles. It is satisfied if
a space-time metric exists to which all matter species are universally
coupled. Free-falling objects follow geodesics of this metric.

e Finstein Equivalence Principle. The weak equivalence principle holds
and the laws of physics reduce to the ones of special relativity in all
freely falling local frames, independent of velocity or position.

o Strong Equivalence Principle. The validity of the weak equivalence prin-
ciple extends to massive gravitating objects, and in all freely falling
frames one recovers locally the same special relativistic physics, inde-
pendent of position or velocity.

Imposing the strong equivalence principle has two important consequences:
i) time passes more slowly in strong gravitational fields and i) the presence
of a gravitational mass bends the path of a passing light ray, an effect called
gravitational lensing. GR incorporates these effects, while the Newtonian limit
is correctly recovered in weak gravitational fields. However, the great difference
to Newton’s theory is that in Einstein’s theory gravity is described by a metric
that is related to the contents of the Universe via Einstein’s equations®

Guw + Agyy = 87GT), (2.12)

with the Einstein tensor G, = R, — %gm,R, the Ricci tensor R, the Ricci
scalar R, the metric tensor g,,, and the cosmological constant A. While the left-
hand side of the equation describes the curvature of space-time, the right-hand

8For a detailed review on how they were originally derived see, e.g. Ref. [54]. For textbook
introductions to GR, I refer the reader to Refs. [25, 30, 32, 55].
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side describes its content given by the energy-momentum tensor. Modelling
the content of the Universe as a perfect fluid, the energy-momentum tensor
simplifies to

TIW = (ﬁ +ﬁ)u,uuu +]§g,uu 5 (213)

with the isotropic pressure p, the relativistic mass-energy density p and the
tangent velocity 4-vector u*. The explicit time dependence is dropped for
simplicity, bars over quantities () denote their space average. The Einstein
Equations (Eq. 2.12) assure energy-momentum conservation: as the Einstein
tensor is divergence free, the energy-momentum tensor must be as well, leading
to V,T" = 0.

The cosmological constant is added to the left-hand side of Einstein’s equa-
tions to produce the observed accelerated late-time expansion of the Universe.
However, this term can also be moved to the right-hand side and included
in the energy-momentum tensor as a fluid with a negative equation of state,
w = p/p = —1. While these two scenarios are equivalent, models with a
time-dependent evolution of the equation of state parameter, w — w(t) yield
a different cosmological evolution than ACDM, and are commonly referred to
as Dark Energy (DE) models.

In addition to Einstein’s historical considerations that lead to the formula-
tion of GR [54], one can also derive the field equations of GR from an action-
based approach with the Einstein-Hilbert action (Sgn) and the action of a
matter field (Su)

M2
S = SEH + SM = %/dAlCC V=g (R - 2A) +/d4$ \V —gEM[gl“j,fgbm} s (214)

with the reduced Planck mass defined via Mp? = 87G, and the Lagrangian
Ly describing some matter field v,,,. Varying the action with respect to the
metric leads to the field equations given in Eq. (2.12).

Einstein’s field equations have a large number of exact solutions [56-58],
however, not all of them are physically acceptable or relevant [58-60]. No-
table exceptions of great relevance for astrophysics are, e.g. the Schwarzschild
solution [61] describing the gravitational field around a massive spherically
symmetric body in vacuum, or the Kerr solution describing a rotating axially-
symmetric black hole in vacuum [62].

The arguably most relevant solutions for cosmology are Friedmann-Lemaitre-
Robertson-Walker (FLRW) metrics [63-66], which describe the background of
a homogeneous and isotropic expanding universe with the line element

dr?

1— kr?

ds? = —dt* + a(t) < + r?(d6? + sin® 9d¢52)> , (2.15)
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where the scale factor a(t) represents the time evolution of the spatial part
of the metric and k sets the geometry of the Universe: closed (k > 0), open
(k< 0)or flat (k=0).

In a completely homogeneous and isotropic Universe described by the
FLRW metric, structures like stars, planets or galaxies would never form. To
explain their appearance, perturbations to the background evolution must be
considered. This is typically done by expanding the metric g,, around the
FLRW background, giLEW,

nv
G = G+ 0Gp (2.16)
where dg,,, parametrises the metric fluctuations.
Assuming that the Universe is flat and considering only scalar perturba-
tions, the perturbed line element in Newtonian gauge takes the form

ds? = —(1 +2W) dt* + a®(t) (1 — 2®) dx?, (2.17)

where dx represents the spatial part of the metric and the scalar fields ® and
U are the gravitational, or Bardeen, potentials. The sum of these potentials,
® + ¥, is commonly referred to as the lensing potential.

In general, vector and tensor perturbations can also enter Eq. (2.16). Vector
perturbations are usually small and decay quickly. Tensor perturbations, on
the other hand, manifest as gravitational waves and provide an observational
probe.

From fixing the metric in the Einstein Equations to the FLRW metric, and
the space-time content to be described by the perfect fluid energy-momentum
tensor (Eq. 2.13), we can derive the evolution of the cosmological background.
I will outline the results in the next section.

2.4 Background Evolution

The Friedmann equations, describing the background expansion of the Uni-
verse, can be derived from the time-time and space-space components of Ein-
stein’s field equation for the FLRW metric.® This yields

1\ 2 8¢ Ak
H 25(9) = T2 F 2.1
i = (" otk 219
i 4nG A
¢ - ——7; (h+30) + 3. (2.19)

9The time-time component is derived by choosing the indices ;4 = v = 0 in Eq. (2.12),
the space-space component is obtained by setting y = v = 4, where ¢ runs from 1 to 3.
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including the definition of the Hubble parameter H(t). The present value of
the Hubble parameter, H(ty) = Hy, is one of the model parameters of ACDM.
The value of Hy is commonly stated via the reduced Hubble rate h, defined via
Hy=100h km/(s Mpc). The scale factor a, measuring the relative expansion
of the Universe, is normalised to take the value 1 today. Hence, ag = a(ty) = 1,
yvielding the relation to the redshift z with a = 1/(1 + 2).1°

Using the conservation of energy and momentum, V, T = 0, the continu-
ity equation takes the form

= a — — =
pt3_(ptp)=p+3

SEES

p(l+w)=0, (2.20)

with the equation of state parameter w = p/p parametrising the relation be-
tween pressure and density.

The equation of state parameters for relativistic matter, non-relativistic
matter and the cosmological constant are given by w = 1/3, 0 and —1, respec-
tively. With these relations one can solve the continuity equation to obtain the
time evolution of the densities of the species: p.(t) = poa™, pm(t) = pmoa™
and pp(t) = A = const. Besides the densities of the contents of the Universe,
one defines the critical density p.(t) = 3 H?(t)/(87Q); physically it describes
the density of a sphere filled with matter in which the specific kinetic energy
exactly balances the gravitational potential.

The Friedmann equation (Eq. (2.18)) can then be re-written in terms of
the scale factor and the energy densities of the different species, Qo = pio/peo s
as

H*(a) = H} [Qro o+ Quoa + Qoa™? + QAO} = HJE?(a), (2.21)

with the definition of the curvature ‘density’ 4o = —k/H3. The matter
energy density (0 stands for the sum of the cold dark matter (Qeqmo) and
baryonic matter (€2,9) components, and €2, for the energy density in radiation.
Assuming that the Universe is spatially flat, as in the standard ACDM scenario,
the Friedmann equation for ¢ = tg reduces to 9 + Qo + Qa = 1.

From the form of the Friedmann equation given in Eq. (2.21), it is easy to
see that in the early Universe radiation is the dominant contribution to the
total energy density. As the Universe expands and a increases, contributions
from matter components will take over the leading contribution. Eventually, as

10The concept of redshift can be easily understood by considering the emission of a wave
with wavelength A\ at a given point in time. While the wave travels towards a potential
observer, the Universe expands, causing the wavelength to be stretched, i.e. A is shifted
towards the ‘red’; less energetic part of the spectrum. In line with this picture the redshift
at the present day is zero.
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a approaches unity, the energy density will be dominated by the contribution
from the cosmological constant.

The energy density of radiation after e* annihilation only receives contri-
butions from photons and ultra-relativistic neutrinos. It can be formulated in
terms of the temperature ratio of photon to neutrino from Eq. (2.9):

7(T,\"
1 Nurf o

5

pr(t) = p(0). (2:22)

This equation defines IV, as the effective number of ultra-relativistic fermions
with the same temperature as SM neutrinos. In ACDM this is fixed to
Ny = 3.045, slightly higher than the three generations of neutrinos in the
SM [48, 49]. This deviation is to account for corrections arising from precise
calculations of the neutrino temperature after decoupling. The corrections en-
ter as neutrinos do not decouple instantaneously and therefore receive some
energy from annihilating electron-positron pairs. Note that even though from
a physical perspective, the temperature ratio 7, /T, is modified, one commonly
incorporates the effects into Ny, the number of ultra-relativistic neutrino-like
species. In ACDM these two treatments yield mathematically the same results;
it is, however, crucial to realise that modifying the temperature ratio between
photons and neutrinos, and introducing an additional ultra-relativistic species
are two distinct physical scenarios.

The actual value of the energy density in photons today can be determined
by measuring the black body temperature of the photons from the Cosmic
Microwave Background (CMB). Using the Stefan-Boltzmann law this yields

O pewo  3HZ/(87G)’

4 TA
Q, P~0 0sBlcmB (2.23)

with the Stefan-Boltzmann constant ogp = 72/60 (in natural units). A mea-
surement of the CMB photon temperature allows one to calculate the number
density of photons today by using Bose-Einstein statistics, this yields

213
Ly

Ny = (224)

™

Another important quantity, especially for the predictions from BBN, is
the baryon-to-photon ration 1. Assuming all baryons appear in the form of
hydrogen, their number density is given by n, = py/m,,, with the proton mass
myp. In combination with Eq. (2.24), the baryon-to-photon ratio,

n=mny/n,, (2.25)
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can be calculated. By inserting typical values for these quantities today to
obtain 79, one finds that there are about one billion photons per baryon in the
present-day Universe. Note that in ACDM the value of 7 remains constant
after the conversion of electron-positron pairs into photons freezes out. Hence,
1 does not change between the epoch of BBN and today, i.e. 179 = 1BN-

Cosmological Distance Measures

Measurements of distances are, as we shall see in Sec. 2.5 when discussing
observables, of great importance in cosmology. Owing to the expansion of the
Universe, the distance between two objects is continuously changing, making
it necessary to exactly define what distance one is referring to.!! I briefly
introduce the most important cosmological distances. For more details on
distance measures in cosmology refer to Ref. [67], or cosmology textbooks and
lecture notes given in Refs. [25-36].

o Hubble distance. The distance light could have travelled in one Hubble
time ty = 1/Hy, given by Dy = ¢/ H,.

o Comoving distance. The distance along the line of sight between observer
and source comoving with the mean Hubble flow on a surface of constant
time, i.e. the coordinate distance dz. Photons travel on null geodesics,
ds = 0, therefore, adD¢ = —cdt = —cda/a.'? Hence,

= d2
Dc=D _— 2.2
¢ "o E(2) (2.26)

In a spatially flat universe, the transverse comoving distance Dy between
two objects is equal to the comoving distance, i.e. Dyy = Dg. The
comoving distance from the Big Bang to a given redshift Z is used to
calculate the event horizon, i.e. the region in space which has been in
causal contact up to 2. Regions outside this horizon could not have
exchanged any information due to the finite speed of light.

o Angular diameter distance. The relation between the physical transverse
size of an object and its angular size. It is calculated with the relation
DA = DM/<1 + Z).

"For clearness, I will only in this section explicitly write out all factors of c. After that,
I will return to natural units in which ¢ = 1.

12The minus sign in the definition ensures that D¢ increases away from the observer, while
the time and scale factor increase towards the observer.
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o Luminosity distance. The ratio between bolometric luminosity L and
flux S. The definition and its relation to the angular diameter distance
are:

D} =L/(4rS), Dy = (1+2)*D,. (2.27)

o Effective projected distance. 1t is defined to be

Dy = {(1 +2)2D2 CZZ

. (2.28)
i

In some analyses of Baryonic Acoustic Oscillations, it is used to increase
the signal-to-noise ratio, e.g. in Refs. [68-71].

2.5 Cosmological and Astrophysical Observables

After introducing the key concepts and equations of the evolution of the Uni-
verse, we now turn to observational probes of the underlying theory. The three
sets of independent observables leading to the current concordance model of
cosmology are the Cosmic Microwave Background, Baryonic Acoustic Oscil-
lations and Supernovae Type la. I briefly introduce the physical concepts of
these observations in the following. Additionally, I will discuss other cosmo-
logical and astrophysical probes that are relevant in the context of this thesis.
For a dedicated review of cosmological observables, see Ref. [72].

Temperature Anisotropies in the Cosmic Microwave Background
(CMB). After the initial conditions for the evolution are set, the Universe
expands and cools. At early times baryons and photons in the primordial
plasma were coupled via Thomson scattering. Through gravitational attrac-
tion the plasma collapsed towards over-dense regions. At the same time, the
expansion of the Universe and the radiation pressure of photons counteracted
this inwards pull, causing the photon-baryon plasma to undergo acoustic os-
cillations. These oscillations propagated with the sound speed ¢, through the
plasma. About 380,000 years after the Big Bang, the plasma cooled down
to a temperature where electrons and protons combined to neutral hydrogen,
called the phase of recombination; photons decoupled from baryons and could
travel almost entirely freely through the Universe. These relic photons are still
observable today and form the Cosmic Microwave Background (CMB) radia-
tion. They have an almost perfect black body spectrum with a temperature
of Temp = (2.7255 £ 0.0006) K, as determined by the COBE mission [73-76].
However, anisotropies at the level of 107° were also detected [77, 78]. These
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anisotropies carry imprints from the acoustic oscillations, primordial density
fluctuations, the evolution of the gravitational potentials and today’s structure
of the Universe through lensing effects. Thus, we can infer information about
structure formation, curvature and the background expansion of the Universe
from the CMB temperature anisotropy power spectrum.

One can extract even more information from the CMB by measuring so-
called F- and B-mode polarisations of CMB photons. These originate from
the anisotropy of CMB photons within the surface of last scattering; when
scattering off free electrons via Thomson scattering, this anisotropy leads to
a linear polarisation of the resulting radiation field. F modes are sourced by
scalar perturbations, i.e. perturbations in the density field. At linear order,
B modes are caused by tensor perturbations, i.e. gravitational waves. They
can, however, also be sourced by non-linear effects in the late Universe, such
as weak gravitational lensing. The overall polarisation signal is sub-dominant
compared to the temperature anisotropies and suppressed by several orders of
magnitudes. So far only B modes sourced by gravitational lensing have been
detected [79]. The detection of B modes from gravitational waves cannot be
explained by the standard initial conditions assumed in ACDM, and would,
therefore, constitute a hint of new physics.*?

Baryonic Acoustic Oscillation (BAO) scale. The acoustic oscilla-
tions in the photon-baryon plasma from the period before decoupling not only
left signatures in the photon distribution (and hence the CMB) but also af-
fected the baryon distribution. The largest comoving distance a sound wave
could have travelled before the time of baryon kinetic decoupling from pho-
tons, i.e. the sound horizon of the oscillation, is ~ 150 Mpc.'* This scale is
still imprinted in today’s large scale structure, providing a ‘standard ruler’ for
measuring the expansion of the Universe: the time evolution of the ratio be-
tween the sound horizon at baryon decoupling and the distance of an observed
galaxy (via Eq. 2.28) allows one to infer information about the expansion rate

3For a review about the search for B modes from tensor perturbations, see Ref. [80]. For
detailed reviews on CMB physics, see, e.g. Refs. [81-85].

MNote that the redshift of baryon kinetic decoupling from photons is not equal to the
redshift of photon decoupling: electrons and protons combine to neutral hydrogen once
the interaction rate of the reaction p* + e~ — H + v becomes smaller than the expansion
rate. This happens at redshift z, ~ 1100. After that, the number density of free electrons
decreases; hence, the Thomson scattering rate of photons on electrons decreases and photons
decouple. This takes place at redshift zqee ~ 1090. However, owing to the high photon-
to-baryon ratio, baryons are affected by the photon drag for a bit longer. The time when
baryons are released from the photon pressure is called the epoch of drag and takes place
at about zgrag ~ 1060.
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of the Universe at different redshifts.

Type Ia Supernovae (SNe Ia). Type la Supernovae are often referred
to as standardisable candles as the bolometric luminosity of their explosion is
standardisable [86-88]. This property makes them a valuable observable for
cosmology. In fact, it was measurements from SNe Ia that led to the discovery
of the late-time acceleration of the Universe [8, 9].

The standardisation of the flux allows one to compute the luminosity dis-
tance of an observed object via the first relation in Eq. (2.27). The second
relation connects the inferred luminosity distance to the expansion history
H(z). Hence, cosmological parameters can be constrained by comparing dis-
tances of low- and high-redshift SNe Ia.

Gravitational Lensing. An important consequence of GR is the concept
of gravitational lensing: photons passing massive objects get deflected from
their path, causing an observer to see only distorted images of the source. How
severe this distortion is, depends on the geometry of the alignment, and on the
mass of the foreground object acting as a gravitational lens. One distinguishes
three different types of lensing:!®

e Strong Lensing: The lens is so massive that the distortions of photons
emitted from a source behind it can be fully resolved. This leads to
one source appearing as either multiple different images or, in case of
perfect alignment, even as a ring around the lens. The measurement of
the time delay between the appearance of two images of the same source
can be used to measure the Hubble rate in the nearby Universe [90] (see
Refs. [14, 15, 91] for recent results).

e Weak Lensing: The lens is not strong enough to cause deflections lead-
ing to distinct observed images. However, the shape of the image of an
extended source (typically a galaxy cluster) will appear distorted. The
observation of a single, distorted source cannot provide any further in-
formation about the lens unless the exact, undistorted intrinsic shape of
the source is known. This information is, however, not accessible for us
as observers. Nevertheless, information about the lens can be inferred
by statistical means: the distortions seen in all images of sources around
a given lens will be correlated, allowing us to infer an estimate of the
foreground mass [see Refs. 92, 93, for the first detections of the signal].

15See Ref. [89] for a textbook introduction fully devoted to the topic of gravitational
lensing.
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e Microlensing: The foreground mass is comparably light, and the distor-
tions of photons are too small to be resolved, leading to an increased
measured flux compared to the flux of the unlensed object or a shift in
the apparent position of the object.

Integrated Sachs-Wolfe (ISW) Amplitude. The ISW effect probes
the time evolution of gravitational potentials [94, 95]. Photons that travel
through a gravitational potential well experience a blueshift when falling in
and a redshift when climbing out. If the potential stays constant in time,
there is no net effect. However, if the potential changes in time, the photon
will experience an additional blue- or redshift. The ISW effect on the CMB
photons is given by

" (2.29)

AT(ﬁ) :—/md o + @) |
T i on
with the conformal time at CMB release 7}, and the conformal time at the
observer 7jg. In a ACDM model with massless neutrinos the gravitational
potentials decay at early times, are constant during matter domination and
decrease again when the cosmological constant starts to take over. Hence, only
contributions from before and after matter domination are expected. Contri-
butions to the ISW effect prior to matter domination are called ‘early’ ISW
and from after ‘late’ ISW effect.

The late ISW effect contributes to the largest angular scales of the CMB
power spectrum. As the late ISW effect is sensitive to gravitational interaction
of photons after matter domination, it probes the times where a cosmological
constant, dark energy, or modified gravity, become relevant [96, 97]. However,
it is only sub-dominant in the CMB temperature spectrum. Further, being an
autocorrelation, the CMB temperature anisotropy spectrum is not sensitive
to the sign of the ISW effect. Therefore, it cannot discriminate whether the
potentials decay or increase.

To probe the sign of the ISW effect, and to increase its signal-to-noise ra-
tio, the cross-correlation between the CMB temperature spectrum and galaxy
number counts (GNCs) from foreground galaxies can be considered [98]. When
compared to data, the ISW amplitude is usually defined to be the summed
signal of this cross-correlation at the measured angular scales (with some ap-
propriate normalisation). This method provides the possibility to obtain in-
formation about the sign of the ISW effect. Furthermore, the evolution of
the gravitational potentials at different times can be probed by using galaxy
catalogues that cover different redshift ranges.

Light Element Abundances. The measurements of light element abun-
dances today allows us to probe the Universe at the phase of BBN when it was
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just a few minutes old (see Sec. 2.2). The observational principles are given
below, for more details refer to, e.g. Refs. [43, 45, 46, 99].

o Deuterium is observed through UV absorption lines within the solar sys-
tem, young galaxies, or the intergalactic medium. The observed abun-
dance yields a lower bound on the primordial abundance: deuterium is
destroyed as it is burnt to helium-3 in stellar interiors, while the abun-
dances generated by astrophysical production mechanisms lie orders of
magnitude below the primordial abundance.

o Helium-3 is produced and destroyed in stellar interiors. Therefore it is
difficult to infer the primordial abundance from the one measured today.
The abundance is relatively low, and it has so far only been measured
in our galaxy. Observations of *He are made via its hyperfine struc-
ture transitions in the galactic interstellar medium in ionised hydrogen
regions. The ground state of singly-ionised helium-3 is split into two
hyperfine structure states, a singlet and a triplet state. When transiting
from the former into the latter a photon with a wavelength of ~3.46 cm
is emitted [100].

e Helium-4 is produced in stars. Measurements of the primordial abun-
dance are therefore made in extragalactic regions with low abundances
of heavy elements, indicating little stellar activity. The helium-4 abun-
dance is measured through the emission of its optical recombination line
in ionised hydrogen regions.

o Lithium-7 gets destroyed at relatively low temperature in stellar interi-
ors. It can be produced via nuclear fusion and spallation in the interstel-
lar medium, but also through nuclear fusion in stars with metallicities!®
similar to the Sun’s. However, it has been discovered that at the sur-
face of very old, low metallicity galactic stars the lithium abundance is
almost constant, providing a possible measure for its primordial abun-
dance [101].

2.6 Cosmological Parameters

In the literature, ACDM is usually treated as a six parameter model with the
free parameters
{Wba Wedm s HO; Treios Asa ns} . (230)

16The metallicity gives an indication of the chemical composition of a star. It is quantified
via the ratio of the iron and hydrogen number densities.
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These are the physical energy densities of baryonic and dark matter today
(wy = Qu0h?), the Hubble constant, the reionisation optical depth, and the
amplitude and scalar spectral index of the primordial curvature perturbations
(see Eq. 2.4 for a definition of the latter two). Note that in some analyses the
angular acoustic scale of the first CMB peak, 6,, is used as a model parameter
instead of Hy. It is given by

0, =1r;/D%, (2.31)

where 77 is the sound horizon at recombination, and D% is the angular diameter
distance to recombination, taking place at redshift z, ~ 1100. If one uses 6, as
a model parameter, Hy is an inferred quantity. Note that 6, only depends on
background quantities. Hence, no perturbations must be evaluated to calculate
one of the parameters while the other is given.

In this six-parameter baseline model, the curvature of the Universe )y is
assumed to vanish. The reason is that the geometry of the Universe has been
measured to be flat up to high accuracy. In the latest Planck analysis, ) was
determined to be 0.001 + 0.002 [10].

Technically, the temperature of the CMB is also a free parameter. How-
ever, it is well constrained by COBE/FIRAS mission to be Teyp = (2.7255 +
0.0006) K [73-76] such that given the precision of current datasets its uncer-
tainty is negligible compared to the other parameters. Therefore it is usually
fixed to the central value, see, e.g. Refs. [10, 17, 102]. Nevertheless, it is im-
portant to note that this statement only holds for currently available datasets.
It has been shown that neglecting the errors of the CMB temperature mea-
surement can lead to a bias of 1% in the best-fit values of the cosmological
parameters [103]. Hence, it might be necessary to include it as a cosmological
parameter in future studies having access to more precise measurements.

Another a priori unknown parameter is the sum of the neutrino masses,
>>m,,. In most model analyses, this is commonly fixed to the minimal value of
0.06 eV [104]. The reason for that is that ACDM favours massless neutrinos
in analyses where the parameter is allowed to vary freely. From the observa-
tion of neutrino oscillations, we know that neutrinos are massive [18-20], so
the baseline analysis usually fixes ¥ m, to the minimum allowed value (see,
e.g. Refs. [10, 17, 102]).

Table 2.1 lists the values of the cosmological parameters as determined by
the Planck collaboration with the 2018 data release [105] of the CMB spec-
tra, CMB lensing and BAO data. The results show that the DM abundance
is about five times higher than the abundance of baryons. Further, the cos-
mological constant contributes about 70% of the total energy density of the
present-day Universe.

From these six baseline parameter values, quantities such as the age of
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Parameter Value in baseline ACDM

Wy 0.002242 £ 0.00014
Wedm 0.11933 £ 0.00091
Hy 67.66 £ 0.42 [km/s/Mpc]
In(10'0A4,) 3.047 £ 0.014

N 0.9665 £ 0.0038
Treio 0.0561 + 0.0071

Table 2.1: Cosmological parameters and their 68% confidence intervals
from the Planck 2018 analysis [10] obtained by combining the CMB spec-
tra, CMB lensing reconstruction and BAO data (corresponding to the last
column in their Table 2). In the baseline analysis Toyp = 2.7255 K, Q) = 0
and X m,, = 0.06 ¢V are fixed parameters. See Ref. [10] for analysis details.

the Universe (ty = 13.787 4 0.020 Gyr), the energy density in matter (€2, =
0.3111 £ 0.0056), or the cosmological constant (€2, = 0.6889 =+ 0.0056) can be
inferred. Another derived parameter is og = 0.8102 £ 0.0060, a measure for
the growth of density fluctuations from the early Universe. It is defined as the
variance of the matter power spectrum on a scale of 8 ! Mpc (see Eq. 2.3).
As one can also directly measure og through the observation of galaxy clusters
at different redshifts, it provides an important consistency check for the physics
of the early and late Universe.

2.7 Observational Challenges and Tensions

Despite its great success, the concordance model of ACDM does leave some
problems unsolved:

e Lithium problem. The lithium problem refers to the tension between the
primordial abundance of lithium-7 as theoretically predicted, and the
measured abundance. While measurements yield a value (1.6 £ 0.3) x
1071 [106] for the abundance of lithium relative to helium, predictions
from BBN assuming ACDM are (4.72 + 0.72) x 1071% [107]. Tt is still
unclear whether the problem is due to unaccounted-for nuclear reac-
tions during BBN, additional particles not included in the SM of par-
ticle physics, the astrophysical observations, or errors in the projection
from the lithium abundance today to the primordial abundance. See
Refs. [99, 108, 109] for reviews of the problem and Ref. [107] for an
assessment with recent data.
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e Small scale problems. The concordance model has several problems re-

lated to small scale structure; the DM distribution observed in the centres
of many halos is cored where simulations predict a cusp profile (core/-
cusp problem) [110], the observed number of satellite structures is lower
than the expectation from simulations (missing satellite problem) [111],
and the substructures which are obtained from simulations are too big to
not be seen (too big to fail problem) [112]. For more details and possible
solutions, see, e.g. Refs. [113-115].

CMB anomalies. Unexpected features exist in the CMB sky [105, 116
119]. These are, for example, a lack of correlation and variance on large
scales, a preference for odd parity modes, and an unexpected large cold
spot. For a detailed summary, refer to Ref. [120].

Growth rate of structure. Measurements of the growth rate of structure
(encoded into og) from different experiments lead to differences in the in-
ferred cosmological parameters. The Planck measurement [10, 17] yields
higher values for (), and og than the results from weak lensing probes
by the Kilo-Degree Survey (KiDS) with a ~2.6 o significance [121, 122].
The analysis from the correlation of weak lensing, galaxy lensing and
clustering signals from the Dark Energy Survey (DES) is also in tension
with the Planck data; Abbott et al. [123] found a ~ 1.7 ¢ tension, which
was confirmed by Raveri et al. [124], while Troxel et al. [125] pointed
out it could be relieved it further noise corrections are applied. The lat-
est analysis of cluster counts and weak lensing signal in the DES 1 year
data, using a different galaxy sample than Ref. [123], raises the tension
to 5.6 [126]. They perform a careful analysis of potential sources for
the discrepancy and find that it is likely caused by their modelling of
the lensing signal rather than by model inconsistencies of ACDM. The
results from the Subaru Hyper Suprime-Cam of galaxy clustering data
are in agreement with the values from the Planck CMB analysis [127].

Hubble constant. The value for the Hubble constant inferred from the
CMB by measurements of the Planck satellite, Hy = 67.66 £ 0.42 km/(s
Mpe) [10, 17, 102], is lower than the one from SN Ia in the local Uni-
verse [11, 16, 128]. Using the latest data, the local measurements of
Hy = 74.03+£1.42 yield a tension of ~4.4 ¢ significance [16]. Re-analyses
searching for inconsistencies in the SNe Ia and CMB data analyses re-
spectively could not identify errors in either analysis [129-135]. Analyses
using only light element abundances from BBN as probes of the early
Universe, omitting CMB data, find a similar discrepancy [136, 137]. Be-
yond consistency tests, many different explanations and models have
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been investigated and/or proposed to solve the tension; just a few ex-
amples are non-standard neutrino (self-)interactions [e.g. 138-143], early
dark energy models [e.g. 144-147], or modifications of GR [e.g. 24, 148~
150]. To date, no commonly agreed solution has been found.






Chapter 3

Models Beyond ACDM

Motivations to consider models beyond the standard assumptions and param-
eters of ACDM are diverse: they arise not only from trying to solve existing
theoretical or observational problems, but also from trying to gain a deeper
understanding of the laws that govern our Universe, and of its dominating
dark components. Hence, many models and theories that go beyond the con-
cordance model of ACDM have been built and tested. Examples are models
of inflation [151-158], cosmologies including effects of non-standard particle
physics [140, 142, 159-164], non-standard properties like self-interactions or
decays of the DM particles [165-168], replacing the cosmological constant with
a perfect fluid [169-171], and theories that modify the laws of General Rela-
tivity [171-177]. Even though some of these theories succeed in solving one
or more of the problems of ACDM, none of them has emerged as a serious
competitor so far.

In this chapter, I introduce the extensions of ACDM important in the
context of this thesis: inflation (Sec. 3.1), massive neutrinos (Sec. 3.2), ad-
ditional energy content in the form of radiation (Sec. 3.3), modifications of
gravity (Sec. 3.4), and cosmic superstrings (Sec. 3.5). I conclude this chapter
in Sec. 3.6 where I comment on (possible) connections between these different
extensions of ACDM.

3.1 Non-Standard Initial Conditions: Inflationary
Models

In the concordance model of cosmology, the initial conditions for the evolution
of perturbations in the Universe are assumed to be given by a perfectly Gaus-
sian distribution. In ACDM, one quantifies these perturbations in terms of
the primordial power spectrum of curvature fluctuations which follows a sim-

29
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ple power-law; it provides the seeds for the formation of gravitationally bound
structures that eventually evolve to form the structures we can observe today.
The most widely accepted scenario by which such perturbations would have
been generated is a phase of accelerated expansion in the early Universe. The
occurrence of this epoch of inflation not only provides an explanation for how
structures could have formed in an initially homogeneous Universe but also
solves other problems faced by ACDM: the flatness, horizon and monopole
problems. I explain these problems and how inflation can solve these next.
After that, I show how inflation can be realised with single-field models in the
slow-roll approximation. Finally, I discuss the observable signatures of infla-
tion models. For details going beyond this brief outline, I refer the reader to
Refs. [35, 178-181] for introductions in form of lecture notes, and to Refs. [37—
40] for textbook introductions.

3.1.1 Motivation

Quantitatively the requirement of an accelerated expansion can be formulated
by requiring that the second time derivative of the scale factor is positive,
i.e. @ > 0. Using the second Friedmann equation (Eq. 2.19) and setting A = 0,
one can translate the requirement on the evolution of the scale factor into a
condition for the pressure and density of the energy content of the Universe,
these are:

>0 < p+3p<0. (3.1)

As can be seen from (Eq. 2.19) this also implies that @ = aH increases, while
the Hubble radius 1/(aH) decreases. The latter is the key feature for solving
three other problems that ACDM faces in the absence of an inflationary phase:

e Flatness problem. The curvature of the Universe today, inferred from
observations, is close to zero, 2 = 0.001 £ 0.002 (see Sec. 2.6). A
small curvature contribution means that the sum of all other energy
components, (., must be close to unity. This becomes apparent by
re-arranging the Friedmann equation (Eq. 2.18) to

k k
Qtor — 1 = 22 (3.2)

In ACDM the expansion of the Universe is decelerating until the cos-
mological constant takes over and dominates the energy density in the
late Universe. During the phase of the decelerated expansion (@ < 0)
the scale factor only increases; hence, unless curvature is vanishing,
will be driven away from unity. Therefore extremely fine-tuned initial
conditions would be required to lead to the observed Qs ~ 1 today.
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An inflationary phase can solve this problem: @ increases during infla-
tion, setting (2o, close to unity without the necessity for any fine-tuning.
If inflation lasts long enough, one expects the observation of an almost
vanishing curvature term.

e Horizon problem. Assuming an evolution of the Universe as in ACDM,
one can calculate the particle horizon at the time of recombination, when
the CMB was released. This calculation indicates that only patches of
the sky of about 1° could have been in causal contact, which is in direct
contradiction to the observed uniform temperature of the CMB photons.
The existence of an early inflationary phase solves this contradiction.
During inflation, the comoving Hubble radius is reduced, so regions that
were in causal contact at early times are pushed outside the horizon.
After the inflationary phase ends, the Hubble radius increases. Modes
that were disconnected gradually enter the horizon again, explaining why
we can observe correlations on much larger scales than expected in a
universe without an early inflationary phase.

e Magnetic monopoles. At very early times, before the Universe was just
fractions of a second old (t;y < 107'!), the energies exceeded the ones
from any observational tests we have so far, e.g. from high-energy cosmic
rays or probes from the LHC. Hence, it is yet unknown how the laws
of physics behave at these high energies. Some theories, called Grand
Unified Theories (GUT), predict that all known gauge forces — the strong,
weak, and electromagnetic forces — can be unified above a certain energy
scale. If this is the case, phase transitions may take place when the strong
force separates from the other forces, or when other symmetries break.
One possible implication of such phase transitions is the production of
topological defects. In which form these appear depends on the details
of the phase transition; examples would be the existence of magnetic
monopoles, one-dimensional strings, or two-dimensional domain walls.
The masses of magnetic monopoles are estimated to be around 103 —
10'® GeV. In combination with their high predicted number density, these
objects would completely dominate the energy density of the Universe
today. However, the rapid expansion during an inflationary phase would
separate these monopoles sufficiently far from each other, diluting their
number density beyond current observational limits.

3.1.2 Slow-Roll Single Field Inflation

A simple way to model inflation from a theoretical perspective is by a scalar
field ¢ with a slowly-evolving potential. The slow evolution of the field, usually
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referred to as the inflaton, is required to ensure inflation lasts long enough to
solve the horizon, flatness and monopole problem. The inflaton potential then
determines the shape and properties of the primordial power spectrum.

The action of the inflaton, assuming a minimal coupling to gravity and a
standard kinetic term X = 1(8,¢)?, takes the form

So = [dlay/=g (X ~V(®)] . (3.3)

The requirement on the potential V(¢) is that it dominates over the kinetic
energy and other potential contributions to the stress-energy tensor. This
condition is equivalent to the requirement that in an expanding FLRW metric
¢ evolves, and keeps evolving, slow compared to the expansion of the Uni-
verse. Under these assumptions the continuity equation (Eq. 2.20) and the
first Friedmann equation (Eq. 2.18) read

b+ 3HG+V'(¢) =0 and H?:%[l

S Eeve). e

where the prime denotes a partial derivative with respect to the inflaton ¢.
A reformulation of Eq. (3.4) yields the definition of the so called slow roll
parameters €;,

€= —

H _8nG (do
H2 2 \dN

) and €41 = ¢;/(He;) . (3.5)

The parameter N gives the number of e-foldings of expansion and is defined
via dN = Hdt = dlna. Successful inflation requires that the first and the
second slow-roll parameter are much smaller than unity, i.e. e < 1 and €, <K
1. Alternatively, one can express the first two slow-roll parameters via the
potential of the inflaton as

_ M (VO e V@)
“‘2@%0 = Merggy (36)

using Mp? = 87G.

The scalar perturbations produced in slow-roll inflation take the form of
the primordial power spectrum which is assumed in ACDM (Eq. 2.4). Hence,
one can express the parameters A, and n, in terms of the slow-roll parameters,

1 v

5_1:2V_6V7 As:77~
" 1 ‘ 24 m2ex M,

(3.7)

The notation Z* denotes that the quantity Z is evaluated at the pivot scale
k.. However, the slow-roll parameters (Eq. 3.6) can in general be functions of
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the scale k. In that case n, does not take a constant value, as in ACDM, but
it is slightly ‘running’,

o1 dng(k)

In(k/k) + ... . (3.8)

Slow-roll inflation exhibits another feature that is not included in the sim-
ple assumptions for primordial fluctuations made in ACDM: beyond scalar
perturbations, tensor perturbations are generated. These tensor perturbations
can be parametrised via

k3 E\™
Pk = gl = A () (39)

with A; and n; parametrising the the amplitude and tilt of the spectrum, and
where |hy|? is the amplitude of tensor perturbations derived from the perturbed
FLRW metric, g, = gEVLRW + hy,,. With this, one defines the scalar-to-tensor
ratio:

r = Pyky)/Pr(ks) = 16 € . (3.10)

For a given form of the potential V(¢), one can calculate the spectral
index (Eq. 3.3) and the scalar-to-tensor ratio (Eq. 3.10). Constraints on these
quantities from measurements of the CMB spectra and the BAO scale can then
be used to test and rule out concrete inflation models, see, e.g. Refs. [151—
153, 182-184]

After the inflationary period, the Universe is assumed to fully thermalise
before the evolution according to the (standard) cosmological model sets on.
This phase of thermalisation is commonly referred to as reheating.! The end
of reheating, a,en, is given by [182, 185, 186]

k* _ Ay QAend Qreh H* aequq

=+ Zend Treh " Teded (3.11)

where k, = a,H, is the pivot scale at horizon crossing, a.nq is the scale factor at
the end of inflation, and aeq and Heq are the scale factor and Hubble rate at the
time of matter-radiation equality. Observations constrain the values of a and H
today and at matter-radiation equality; the values of H, and N, = In(aena/ax),
on the other hand, are set by choice of a specific model for inflation. The
model for the reheating process dictates the ratio aenq/awen. If no concrete
reheating model is assumed, the redefinition N, = In(ayen/ax) can absorb the
uncertainties concerning the reheating process. In this case, N, becomes an
independent inflationary model parameter.

1For a review on reheating, refer to, e.g. Ref. [155].
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3.1.3 Beyond Slow-Roll Single Field Inflation

Generally, inflation models can predict a more complicated form of primordial
density and curvature fluctuations than can be captured by a power-law with
running spectral index and the slow-roll approximation. If the slow-roll condi-
tions are not fulfilled, one must take perturbations to the FLRW metric into
account.

Further generalisations are to either allow for a non-standard kinetic term
or to introduce more than one inflaton field, leading to so-called multi-field in-
flation models. These models can yield different initial conditions: in standard
single-field models, density perturbations correspond directly to perturbations
of the metric, leading to adiabatic initial conditions (adiabatic as the entropy
remains constant). In contrast, more complex models can introduce isocurva-
ture modes, meaning that different species can be perturbed in different ways.
For example, a perturbation in the matter field, dp,,, could be exactly can-
celled by a perturbation in the radiation field, §p,. This cancellation leaves
the overall density perturbation zero and breaks the direct correspondence
between density and metric perturbations.

Since the original proposal of inflation and first pioneering studies [187-
196], a large number of different models have been proposed and investigated.
Popular examples are eternal inflation [197-201], natural inflation [202-205],
chaotic inflation [196, 199, 200, 206, 207], and hilltop models [208-211]. For
reviews of single-field models and comparison against data, refer to Refs. [151-
154]. For a review of multi-field inflation models and their observational sig-
natures, see Refs. [155-158].

3.1.4 Observational Signatures

Inflation gives rise to the initial curvature perturbations of the Universe. Hav-
ing taken place in the very early Universe, long before elements form or photons
decouple, there are no direct electromagnetic observables available to probe in-
flationary theories. Nevertheless, the perturbations generated impact the evo-
lution of the Universe, imprinting signatures on observables today. Examples
are:

e Angular scale of the first CMB peak. The angular scale of the first peak
of the CMB temperature power spectrum is sensitive to the nature of the
initial conditions: baryonic acoustic oscillations generated by adiabatic
modes follow a cosine. In contrast, purely isocurvature modes would lead
to an oscillation described by a sine function. Oscillations following a sine
function would shift the angular position of the first peak from ¢ ~ 220
in the adiabatic case, to about ¢ ~ 330 in the pure isocurvature case.
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The Planck measurement of the CMB places the first peak very close to
220, excluding the presence of pure isocurvature initial conditions [105].
The situation becomes more involved when adiabatic and isocurvature
modes are mixed. The exact position of the first CMB peak must be
evaluated on a case-by-case basis and can be used to constrain or rule
out models that generate isocurvature modes.

o B-mode polarisation of the CMB. Tensor perturbations in the early Uni-
verse would manifest as linear B-mode polarisations in the CMB (see
Sec. 2.5). In ACDM, assuming a primordial power spectrum with only
scalar perturbations, these types of B modes cannot be explained, pro-
viding a test for inflationary models. However, the expected amplitude
is small and suppressed by several orders of magnitude compared to the
temperature fluctuations in the CMB. So far no detection of B modes
sourced by gravitational waves has been made. Nevertheless, the non-
detection helps to rule out inflationary models by constraining the scalar-
to-tensor ratio r. Current limits arising from a combination of CMB and
BAO data yield r < 0.056 at a pivot scale of k, = 0.002 Mpc~! at 95%
confidence level [184].

e Primordial gravitational waves. Tensor perturbations created during in-
flation would leave a stochastic gravitational wave (GW) background.
Estimates from single-field slow-roll inflation models suggest that the en-
ergy density of these GWs today would be of the order of Qawo ~ 10712,
A direct detection of these is technically challenging and currently be-
yond the sensitivity of any ongoing GW observatories [212, 213]. The
stochastic GW background could, however, become detectable in the far
future by missions like the proposed Big Bang Observer (BBO) [214, 215].
Already in construction and currently planned to launch in 2034 is the
Laser Interferometer Space Antenna (LISA) [216], which is expected to
probe a frequency range of (107° — 0.1) Hz. In most scenarios, this is
orders of magnitude above the expected stochastic GW background sig-
nal. However, some inflationary models predict an amplified signal of
this stochastic background which would be in the detectable range of
LISA. Examples are the formation of primordial black holes or models
that incorporate additional degrees of freedom arising, e.g. from particle
production during inflation or spectator fields [217].
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3.2 Non-Minimal Neutrino Masses in Cosmology

The treatment of neutrino masses in the concordance model of ACDM is usu-
ally highly simplified: one massive neutrino with the minimum required mass
from oscillation measurements, 0.06 eV [104]. However, this is not a realis-
tic treatment for two reasons. Firstly, two different oscillations between mass
eigenstates have been observed, leading to the conclusion that at least two
neutrinos have non-zero mass eigenstates. Secondly, laboratory measurements
only constrain the absolute neutrino mass scale to be smaller than 1.1 eV [218§]
at 90% confidence level. Hence, there is no reason to fix the sum of the neutrino
masses to their minimal allowed value. Therefore, a straightforward extension
of ACDM is to include a physical treatment of neutrino masses, in line with
the observations from oscillation measurements. I will refer to these models
as YACDM to make it explicit that the neutrino mass sum is treated as a free
parameter. In this section, I will briefly outline why cosmological observables
are sensitive to the sum of neutrino masses. For detailed reviews of neutrino
cosmology, see Refs. [219-222].

The fact that neutrinos are massive and their mass is below 1.1 eV has im-
portant consequences for the background evolution of the Universe. At early
times, when the temperatures are high, neutrinos are ultra-relativistic and,
therefore, contribute to the radiation content of the Universe (€2, in the Fried-
mann equation, Eq. 2.21). As the Universe expands and cools, the massive
eigenstates will gradually become non-relativistic and start contributing to
the matter content (€,). For m, < 1.1 eV this happens after matter-radiation
equality. The exact time, however, depends on the neutrino mass: the higher
the mass, the earlier they become non-relativistic. Generally, the inclusion
of massive neutrinos means that one cannot compute the background evolu-
tion analytically and numerical tools are needed. Examples are the Code for
Anisotropies in the Microwave Background (CAMB) [223, 224] and the Cosmic
Linear Anisotropy Solving System (CLASS) [225, 226].

On the level of background quantities, the energy density in neutrinos to-
day, 2,0, and the value of the Hubble parameter Hy, are degenerate. Lowering
Q.0 can always be compensated for by increasing Hy such that the angular
acoustic scale of the first CMB peak will not change (see Eq. 2.31). Hence, a
direct, local measurement of Hy, independent from the CMB, can help to break
this degeneracy and increase the constraints on the sum of the masses, ¥ m,,.
In addition to that, measurements of the BAO scale at different redshifts add
information about the time evolution of the Hubble rate. In particular, the
combination of CMB and BAO data breaks a degeneracy between Hy and €,
allowing for better constraints on ¥ m,,.

Let us now turn to the effects of neutrino masses on scalar perturbations of
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the FLRW metric (Eq. 2.15). Neutrino masses contribute to the gravitational
potentials, affecting the evolution of the baryon-photon plasma in the early
Universe, and the matter distribution in the late Universe. As neutrinos only
interact weakly with other SM particles, they can travel through gravitational
potential wells relatively undisturbed whilst relativistic. This free streaming
leads to a damping of perturbations below a critical scale, set by the size
of the horizon when a neutrino species becomes non-relativistic. This free-
streaming scale Ag depends on the mass of the neutrino, the temperature at
which they become non-relativistic and on the energy density in matter. On
scales smaller than the free-streaming scale, neutrinos cannot be bound to
gravitational potentials owing to their large velocities. On scales larger than
the free-streaming scale, however, neutrinos cluster with baryons and dark
matter. Hence, massive neutrinos distribute power from small scales to larger
scales. Additionally, the baryon and DM perturbations on small scales will
grow more slowly compared to a scenario with massless neutrinos. Hence, the
linear growth rate of perturbations becomes scale-dependent. This also leads
to a decrease of the gravitational potentials even during matter domination.

The effects of massive neutrinos on the matter power spectrum are observ-
able: lensing of the CMB and galaxy clusters is sensitive to neutrino masses,
as the matter distribution along the line of sight, acting as a lens, is changed.
Beyond that, the modified time evolution of the gravitational potentials has
effects on the integrated Sachs-Wolf effect (see Sec. 2.5).

There are, however, complications when using cosmological data to con-
strain neutrino masses: the regimes in which observables add most constraining
power on massive neutrinos come from small, non-linear scales of the matter
power spectrum. Therefore results rely on the accurate modelling of these
non-linearities. This modelling is usually done with N-body simulations, for
example, the ‘halofit” model [227, 228]. A complication that arises is the pre-
cise modelling of baryonic feedback from ongoing galaxy formation processes
on small scales, see, e.g. Refs. [229-232]. The unknowns in these processes set
a lower limit on the matter power spectrum scales that provide reliable pre-
dictions. Hence, the range of the data most sensitive to the mass of neutrinos
cannot be used to obtain constraints so far.

Besides the challenges in obtaining theoretical predictions of the matter
power spectrum on small scales, further complications in the process of the
comparison to data arise. The density of galaxies does not perfectly trace
the over-densities of the total matter field. Therefore, a galaxy bias factor is
usually introduced to correct for the difference between the observed galaxy
densities and the theoretical expectation from overall density perturbations.
In most analyses, this biasing factor is either assumed to be constant or to
evolve proportionally to some power of the redshift. The presence of massive
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neutrinos, however, introduces a scale-dependent growth which must be taken
into account when modelling the galaxy bias. If not accounted for, this could
lead to a bias in the inferred cosmological parameters and bounds on neutrino
mass sum when using data from upcoming galaxy surveys [233, 234].

To conclude the section on neutrino masses, I want to stress a crucial point:
all bounds on neutrino masses inferred from cosmology are highly model-
dependent and should be interpreted as such. The model of vACDM is based
on several assumptions (see Chapter 2), all of which enter the calculation of
theoretical predictions and, therefore, have the power to affect the results of
parameter estimates. One example is the effect of non-standard momentum
distributions of the cosmic neutrino background radiation. Allowing for devi-
ations from a perfectly thermal distribution, the mass bounds can be loosened
by a factor of two [235]. Motivations for these deviations are particle decays
into neutrinos or vice versa [236-238|, neutrino self-interactions [140, 239-241],
or oscillations to sterile neutrinos [242-244]. Another example of the strong
model dependency of neutrino mass bounds inferred from cosmology is mod-
ifications of the underlying theory of gravity. As we shall see later, in Sec. 4
of this chapter, replacing GR by a scalar-tensor theory of gravity can shift the
allowed neutrino mass sum to a higher value, to obtain > m, > 0 from CMB
and BAO data at a more than 2o significance [24]. Hence, constraints on
the sum of neutrino masses arising from cosmological fits can serve as a con-
sistency test of the underlying assumed cosmology but cannot replace direct,
cosmology model-independent laboratory measurements.

3.3 Non-Standard Radiation Content

In the concordance model of ACDM, the radiation content of the Universe
only receives two contributions: from photons and — as long as they are ultra-
relativistic — from the three Standard Model neutrinos. Quantitatively, the
energy density (derived in Sec. 2.4, Eq. 2.22) is given by

7 (T
14+ Ny< | =

16)
for times after neutrino decoupling and before the heaviest neutrino becomes
non-relativistic. In this case, N, is equal to 3.045 in ACDM [48, 49]. After
the first neutrino becomes non-relativistic, it evolves as a non-cold dark matter
component, resulting in a decrease of N, and an additional contribution to
the radiation energy density, pucam (t) = 3 Pnedm (£)-

Heuristic approaches modifying the radiation content (given in Eq. 3.12)
are to i) alter the neutrino temperature 7, or ) allow extra contributions

pr(t) = p’Y(t) ) (312)
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from additional relativistic species, pq(t), i.e. so-called dark radiation. I will
briefly discuss both options in the following.

3.3.1 Neutrino Temperature

Modifications of the neutrino temperature arise in many extensions of standard
cosmology: any particle species that decays or annihilates after neutrino decou-
pling can transfer a fraction of its energy into the electron-photon plasma and
another fraction into neutrinos. Concrete examples are, e.g. self-interacting
DM models with light mediators [245-249].

Depending on the exact decay, energy can either be primarily injected into
the electron-photon plasma or into the ultra-relativistic neutrino component.
Such decays can, therefore, lead to a change in the temperature ratio 72 /T ’(y)
While T$ is well constrained by CMB measurements, so far there is no mea-
surement of the temperature of the cosmic neutrino background, T?, allowing
for more freedom for non-standard values in this parameter.

One can parametrise non-standard values of the neutrino temperature by
defining the ratio

T,
"y = RcDM (3.13)
where T,j\CDM is the neutrino temperature in ACDM, such that 7, is equal

to unity in standard ACDM. The simplest assumption is that r, is constant
since neutrino decoupling. It is, however, also conceivable that the neutrino
temperature changes after BBN, for example, due to the decays of a very long-
lived exotic particle species [249-253]. In such a case one generally expects
also the baryon-to-photon ratio 7, = ny/n, to differ between the epochs of
BBN and CMB formation.

3.3.2 Additional Ultra-Relativistic Species

The energy density in radiation can be enhanced due to the presence of addi-
tional relativistic species. These could be for example sterile neutrinos [242,
244, 254], light, millicharged WIMPS [255, 256], or from a decoupled dark
sector [250, 257, 258].

In analogy to the case of SM neutrinos, one parametrises the energy den-
sity of ultra-relativistic species in terms of the equivalent number of effective

neutrinos:
pur

T AN
B (ﬁ) P

Under the assumption that the additional radiation does not interact with any
of the other particle species, its only effect is to increase the Hubble rate during

(3.14)

ur =
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radiation domination. In particular, interactions between dark matter and
dark radiation, which can lead to late kinetic decoupling and a suppression of
small-scale structure [259-261], are not covered by the above parametrisation.
The presence of additional relativistic particles in this parametrisation is hence
largely equivalent to an increase in the neutrino temperature. It is important
to note, however, that dark radiation always increases p,, i.e. Ny > 0.

As for the neutrino temperature, it can be interesting to study scenarios
in which N, varies with time. In particular, N,, decreases whenever the tem-
perature drops below the mass of one of the additional exotic particles [262].
Conversely, an increase of Ny, can result from the annihilation or decay of
other particle species, as in the case of the conversion of dark matter into dark
radiation [263]. One can therefore introduce the two independent parameters
Ny sex and Ny cums, allowing Ny, to take different values today, at the time
of recombination and during BBN.

With these newly introduced parameters, the effective number of relativis-
tic degrees of freedom is given by

Negg = 7Ny, + Ny (3.15)

with NV, = 3.045 in the early Universe, where all three neutrino species are
ultra-relativistic.

Note that in terms of observable signatures, the two scenarios parametrised
here with r, and N, are completely degenerate. However, the underlying
physical source for the modification does matter when it comes to parameter
inference in a Bayesian framework as the prior ranges for the parameter must
be chosen appropriately.?

3.3.3 Observable Signatures

Changing the energy density in radiation has different observable effects at
different stages in the evolution of the Universe. In general, the radiation
component is the dominant contributor to the energy budget of the Universe at
early times. Hence, the effects of non-standard scenarios are more pronounced
in observables from the early Universe.

o Light element formation. The addition of ultra-relativistic degrees of
freedom and an increase of the neutrino temperature increase the Hubble
rate at early times (see Eq. 2.18). An increased Hubble rate means that
the various reactions relevant for BBN drop out of equilibrium at higher
redshift, which leads to a decrease in the number of neutrons available
for the formation of helium and hence, to a smaller helium abundance.

2See Sec. 5.1 for an introduction on Bayesian statistics and parameter inference.
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o Cosmic microwave background. An increase of the energy density in ra-
diation shifts the point of matter-radiation equality to a smaller redshift.
Hence, gravitational potentials have more time to grow before recombi-
nation, the amplitude of the first peak in the CMB is enhanced, and its
position 8* is shifted towards smaller angular scales. While the latter
effect can be compensated for by modifying other model parameters ac-
cordingly, N.g also increases the damping length of fluctuations, resulting
in a lower damping tail of the CMB, see, e.g. Refs. [264, 265]

o Large scale structure. A delay of matter-radiation equality by increasing
the energy in the radiation component also delays the onset of structure
formation. Modifications manifest as a change in the phase, and the
amplitude of the BAOs imprinted in the matter power spectrum, see,
e.g. Refs. [266, 267].

For more details on the effects of additional ultra-relativistic species on the
cosmological evolution, refer to Refs. [220, 222, 256, 267].

3.4 Non-Standard Gravity: Galileon Cosmologies

Theories attempting to change the laws of gravity must alter the field equa-
tions of General Relativity (GR). As there are many ways to do so, it can be
useful to tackle the problem with a systematic approach based on Lovelock’s
theorem [268, 269]. Lovelock’s theorem states:

‘The only second-order, local gravitational field equations derivable
from an action containing solely the 4D metric tensor (plus related ten-
sors) are the Finstein field equations with a cosmological constant.’

(Lovelock, 1971)

Therefore, any theory that aims to modify gravity by altering the laws of
GR from an action-based approach must modify or break at least one of the
requirements of Lovelock’s theorem. This provides different ansatzes to write
down extensions to GR by including

e non-local terms,
o higher dimensionality,
o higher order derivatives, and/or

o extra degrees of freedom.
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Another approach would be to abandon the action principle and treat gravity
as an emergent property, see, e.g. Refs. [270-272]. A sketch to give the reader
a broad, non-exhaustive overview of the variety of different possible models
is shown in Figure 3.1. For comprehensive reviews on modified gravity (MG)
theories and their phenomenology, refer to Refs. [171-177].

In this work, I will focus on the extension of GR by an extra scalar degree
of freedom. A large variety of these models are embedded in Horndeski’s
theory of gravity, the most general local, four-dimensional, Lorentz-invariant
scalar-tensor theory of gravity that keeps the equations of motions at second
order [273]. The Horndeski action reads

5
S = /d4$\/ —9g {EM[Q;UM 77Dm] + Z C?[gm/; ¢]+:| ) (316)
i=2
with £yr[g, ¥m] being the Lagrangian of the matter fields y,, and the La-
grangian densities

Ly = K(¢.X),
LY = —Gs(¢,X) 09,
L = Gi(6, X)R+Gux [(00) - 606" ,

‘C? = G5(¢7 X) G/,w(b#w - %GS,X((b, X) X
X [(D¢)3 + 2¢;MV¢;VQ¢;QN - 3¢;#V¢)?HV|:|¢:| .

The extra scalar degree of freedom is given by ¢ and its standard kinetic
term by X = —0,00"¢/2. A Horndeski model is fully specified by the four
arbitrary functions K, G3, G4 and Gj of the scalar and its kinetic term. Here,
G, x indicates derivatives with respect to X, and I introduced the notation
¢y = V, V0 and O¢p = V,VFp. See Refs. [274, 275] for the equations
of motion. To recover GR, one has to set G4(¢, X) to M2 /2 and all other
Horndeski functions to zero.

Examples of well studied scalar-tensor theories belonging to the Horndeski
class are quintessence [277, 278], k-essence [279, 280], f(R) theories [281-283],
covariant Galileons [21, 23], kinetic gravity braiding [128, 284, 285], or the fab
four [286-289].

One of the results of this thesis is to show how a combination of cosmological
and astrophysical observations can be used to rule out covariant Galileons
as a viable alternative to GR. This section serves as a brief introduction to
the model. T will first introduce the action of the model and discuss general
properties, followed by a discussion of the background evolution and model
parameters. Thereafter, I will comment on the imposed stability conditions
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Figure 3.1: Incomplete overview of the landscape of modified gravity
models. Covariant Galileons, the model investigated in more detail here,
can be found on the right border in the middle as a sub-class of Horndeski
models. Adapted with permission from Tessa Baker from Figure 3 in
Ref. [276].
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and important phenomenological properties of the minimally-coupled covariant
Galileon model.

3.4.1 Action of the Covariant Galileon Model

The Galileon model was initially constructed by Nicolis et al. [21] such that
in a flat space-time, up to total derivatives, the action is invariant under the
shift symmetry of the gradient of the scalar field,

Ot = 0 + by, (3.17)

where b, is a constant vector. According to Ostrogradski’s theorem [290], ghost
instabilities can arise if higher than second-order derivatives are contained in
the equations of motion.®> To avoid these unphysical states, the additional
terms allowed to enter the action are terms of the form [21]

L8 —¢, (3.18)
L3 o« X, (3.19)
L5 o X0Og, (3.20)
L o X [(06)? - (0,0,0)%] (3.21)
L o X [(O¢)* - 30¢(0,0,6) + 2(0,0,0)°] - (3.22)

Refer to [21] for the derivation of the equations of motion.

To generalise the model to non-flat space-times, a promotion of the partial
derivatives to covariant derivatives is required. However, this leads to the
presence of third-order derivatives in the equations of motion [22] and the
potential presence of Ostrogradski ghosts [290]. One can avoid the occurrence
of higher-order terms by introducing counter-terms that couple the Galileon
field to the Einstein tensor and the Ricci scalar [22]. These counter-terms lead
to an exact cancellation of the higher-order derivatives in curved space-times.*
The action of the covariant Galileon is given by

M2 5
5= [atev=g [;R S LG 0] 4 Lot . (3.23)
=1

3 will comment in more detail on Ostrogradski ghosts and further instabilities in
Sec. 3.4.3.

4Note that the inclusion of these counter-terms is sufficient but not necessary to obtain
ghost-free scenarios [291-293]. Second-order equations of motion, and, therefore, healthy
theories can also be obtained by imposing further constraints [291, 292, 294].
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with the Lagrangian densities

Lo — _01243¢7 (3.24)

LYY = X, (3.25)

L5 = Z%Xmﬁ, (3.26)

L5 = TEXTRA25X [(06) — 0™ (3.27)

Lo = %XQG,WW”— (3.28)
S0 X [(O)° 420,040 — 36,6™ D]

In this form, the standard term M3,/2 from the Einstein-Hilbert action is sep-
arated from the Galileon specific terms. The coefficients ¢; appearing in the
Galileon terms are constants and the free parameters of the theory. The intro-
duction of the mass scale M? = Mleg ensures that the Galileon parameters
are dimensionless. Note that the extra degrees of freedom are constants and
not arbitrary functions of ¢ and X as in the general Horndeski Lagrangian.
Further, there is no combination of the parameters ¢; for which a ACDM limit
is obtained [21].°

The couplings in £ and £§°" of the scalar field to the Ricci scalar and
Einstein tensor, respectively, are the counter terms that ensure that the equa-
tions of motion are kept at second order. Furthermore, the theory contains
derivative couplings, i.e. couplings between derivatives of the field and deriva-
tives of the metric, for example, the term proportional to X (¢ in £3. This
mixing of the kinetic terms of the metric and the scalar field is commonly
referred to as ‘braiding’.

The coupling of gravity to matter in the action (Eq. 3.23) is explicitly
assumed to be minimal; the matter Lagrangian only depends on the metric g,
and matter fields ¢, and there is no explicit occurrence of the Galileon field ¢.
I will only discuss this minimally-coupled case in the present work. Examples
with a non-minimal coupling to matter can be found, e.g. in Refs. [295, 296].

The action (3.23) can be divided into sub-classes of covariant Galileon
models by consecutively including the densities £;. 1 will follow the standard
terminology and refer to models that include contributions to the action up to
the L3 term as cubic Galileons. Similarly, quartic and quintic Galileons stand
for models including terms up to £4 and L5 respectively.

A noteworthy feature shared by the quartic and the quintic branch of the

5This is the case as the theory does not include a cosmological constant, i.e. A = 0. If
ones adds a cosmological constant term, the ACDM limit is reached for ¢; — 0.
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theory is that they predict an anomalous propagation speed of gravitational
waves [297]. This can be easily seen when considering the effective field theory
(EFT) formulation of Bellini and Sawicki [298]. Their formulation shows that
the propagation speed of tensor modes is generally not equal to the speed of
light in all Horndeski theories that include a coupling of the scalar to the Ricci
and/or Einstein tensor via £4 and/or Ls. Instead, tensor perturbations can
propagate slower, or faster than the speed of light, and the propagation speed
has a time dependences.

An appealing property of the covariant Galileon models is that they are
self-accelerating, i.e. the late-time acceleration can be solely generated by the
kinetics of the scalar field without the need for a potential term [21, 23, 299].
As these scenarios are the main ones of interest in the context of dark energy,
I will set the coefficient of the potential term, ¢y, to zero in the remainder of
this work.

3.4.2 Background Evolution and Model Parameter Space

The study of the background evolution of covariant Galileons requires to solve
the Friedmann equation (Eq. 2.18) and the equation of motion of the scalar
field numerically. However, an analytical expression would be preferable as the
numerical calculation can become computationally expensive. To calculate the
background evolution, it is further necessary to specify an initial condition for
the time derivative of the Galileon field, ¢ = d¢/dt.® Tt was shown that the
Galileon background evolution can be described analytically if the evolution is
chosen such that the product of the Hubble parameter and the time derivative
of the Galileon field is constant at all times [299], i.e.

Hq_ﬁ = constant = ¢H, (3.29)

where £ is a dimensionless constant. This represents the so called ‘tracker
solution’ [299].

Generally, cosmological solutions with different initial conditions (not cap-
tured by the tracker solution) yield different background evolution scenar-
ios [299]. Nevertheless, these converge eventually all to a common trajectory
described by Eq. (3.29) [299]. Furthermore, Barreira et al. [24, 300, 301] showed
that if a Galileon model is required to be cosmologically viable, in the sense
that it provides a good fit to the CMB temperature power spectrum, it must
reach the tracker solution before the late-time acceleration sets in. The dy-
namics of the Galileon field only become relevant at late times, giving rise

6Recall that ¢ indicates the spacial average of ¢.
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to the late-time acceleration. The modifications introduced at early times are
negligible. Hence, one can assume that the evolution of the background follows
the tracker solution at all times.

Assuming the tracker background evolution, one can derive an analytic ex-
pression for the Friedman equation [299, 302]. This is done by using Eq. (3.29)

to replace ¢ in the Friedman equation (with Q5 = 0) to obtain

pyO
1 2 3 § 4 5
+ 6CQ§ + 2c3€° + 204§ + 7cs87, (3.30)

E4(a) = <Qroa4 + Qmocf?’ + Ql,o py(a)) EQ(CL)

where E(a) = H(a)/Hy and €, indicates the energy density of neutrinos
today. Requiring that the Universe is flat gives the condition for the present
day

Q¢0

1-— QTO - Qm() - Q1/0
1 15
66252 + 2¢56 + 5c4§4 + Tesé (3.31)

allowing us to fix one of the Galileon parameters. A second model parameter
can be fixed by enforcing the tracker evolution in the background equations of
motion of the Galileon field, leading to

262 + 6363 4+ 18461 + 156565 = 0. (3.32)
With these constraints and the Friedman equation (Eq. 3.30), one obtains

the two equations that fully specify the background evolution of the Galileon
models [299, 301, 303]:

¢ = EHi/H(a), (3.33)
H(a)>2 1 K —4 -3 Pu(a)ﬂ
= = [ Qoa "+ Qnoa + Qo — +
< Hy 2 0 0 ’ Pro
B 9 1/2
5 (QTO a? + Qo a3 + Q0 p;<a)> +4 Q¢0 (334)
0

It is worth noting that the Hubble rate only depends on the energy densities
Q;0, but not on the Galileon parameters, ¢;. Therefore, they cannot be con-
strained by observables that only rely on background quantities, such as BAO
and SNe Ia data.
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Galileon Parameter Space

The analytical expression for the background expansion of the model on the
tracker solution (Eq. 3.34) considerably simplifies the numerical treatment.
However, another problem occurs when trying to constrain the Galileon pa-
rameter space: there is a symmetry under redefinition of the dimensionless
couplings [299, 301, 303,

cy — co/ B2,
cg — c3/ B,
cy — ¢4/ BY,
cs — c5/ B,
¢ — o8, (3.35)

where B is a constant real parameter. Owing to this degeneracy, any attempt
to obtain constraints on the Galileon parameters with a Markov Chain Monte
Carlo (MCMC) analysis leads to a stagnation of the likelihood in a region with
infinitely long tails in the model parameter space, as shown in Ref. [301]. The
authors suggest a solution, which is to fix one parameter to obtain scaling-
invariant quantities for the others. In the accompanying Paper A we followed
the approach of Ref. [24] and fixed the value of ¢, to —1.7

Hence, the five free Galileon parameters®

{6236376476575}? (336)

are reduced to just two free parameters, ¢4 and cs, by (i) the closure relation
requiring the Universe to be spatially flat (Eq. 3.31), (i) assuming that the
background evolution follows the tracker solution at all times (Eq. 3.29), and
(i) fixing ¢y to —1 to break the scaling degeneracy in the Galileon parame-
ter space. To be explicit: this means that the cubic branch of the Galileon
models has no more free parameters than ACDM, the quartic branch has one
additional parameter (¢4) and the quintic branch two (¢4 and ¢z).

"The reason to choose ¢y to fix over the other parameters is that in the test MCMC
chains of Ref. [24] it turned out that c¢o does not change its sign, contrary to cs, ¢4 and
cs. Therefore, fixing the sign of c3, ¢4 or ¢5 would exclude solutions that can fit the data.
Hence, generality can be maintained by requiring cs to be negative. The exact numerical
value of ¢y < 0 is arbitrary. One can simply rescale all parameters following Eq. (3.35) to
obtain a projection into the rest of the parameter space.

8Recall that the coefficient of the potential term c; is set to 0, such that the late-time
acceleration is driven by the dynamics of the Galileon field.
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3.4.3 Stability Conditions

To be a viable alternative to GR, a theory should not suffer from pathologies
like ghost or gradient instabilities. Ghost fields are instabilities that occur
when a degree of freedom does not have a minimum energy state, i.e. the
Hamiltonian is unbounded from below. Hence, ghost degrees of freedom can
carry negative energies. The pair production of a ghost and an ordinary par-
ticle will, therefore, lead to a rapid decay of the vacuum state which is fatal
for the viability of a theory. Gradient instabilities, on the other hand, arise
when the background evolves into a regime where the squared speed of sound
of perturbations is negative. This leads to unbounded exponential growth of
the perturbations on small scales [173]. On the level of the Lagrangian, this
can be avoided by requiring the spatial gradient of the extra field to have the
correct sign, i.e. the opposite sign to that of the kinetic term.

One special case of ghost instabilities are Ostrogradski ghosts [290].° These
linear instabilities arise from a non-degenerate Lagrangian'® that depends on
second (or higher) order time derivatives, in such a way that a partial integra-
tion cannot cancel this dependence in the Hamiltonian. Covariant Galileons
are by construction free from the Ostrogradski ghosts as the couplings of the
scalar to the Ricci scalar and Einstein tensor were introduced to keep the equa-
tions of motion at second order [22]. The authors of Refs. [297, 302, 305] de-
rived the conditions to avoid ghost as well as gradient instabilities. The reader
should refer to these works for the explicit expressions. A noticeable property
of these expressions is that for covariant Galileon models (and also all other
theories belonging to the Horndeski class), the conditions for avoiding ghost
and gradient instabilities depend only on background quantities. Therefore, it
is not necessary to solve the full perturbation equations to decide whether a
given combination of model parameters leads to a stable solution or not. In
the remainder of this work, I will only consider parameter combinations that
pass these stability conditions.

3.4.4 Phenomenology of Covariant Galileon Cosmologies

Galileon cosmologies have been confronted with CMB, BAO and SNe Ia data
to assess their cosmological viability, see, e.g. Refs. [24, 303, 306-309]. The
models are a late-time modification of gravity and do not have a ACDM limit,
so the cosmological best-fit parameters are generally not expected to be similar

9For a review of Ostrogradski’s theorem, see [173, 304].
WA Lagrangian L(Z,Z,Z) with & = (1, s, ..,zy) is non-degenerate if det (65.;25 ) #0
i
holds.
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to the ones of ACDM. I will briefly summarise the results of previous studies
to provide an overview of the phenomenology of minimally-coupled covariant
Galileon cosmologies:

¢ Quartic and quintic Galileons predict a propagation speed of tensor per-
turbations unequal to the speed of light [297, 308].

e The value of the Hubble constant inferred from the CMB is higher than
the one in ACDM and in agreement with local measurements from type
SNe Ia [11], as assessed in Ref. [24].

e A simultaneous fit to BAO and CMB data requires non-zero neutrino
masses (Xm, = 0.3 eV at 20) [24].

~

¢ The time evolution of the lensing potential can differ considerably from
the standard ACDM case: instead of a strict, scale-independent decrease
of the potential after matter domination, the potential can grow, stay
constant, decay, or show other non-trivial behaviours in Galileon mod-
els. This behaviour depends on the considered scale and model parame-
ters [24].

o A statistical invalidation of covariant Galileon cosmologies solely by cos-
mological observations through a combination of CMB, BAO, SNe Ia,
Hy and weak lensing data has been reported [310].11

For further details and studies of solar system constraints and non-linear
structure formation, refer to Refs. [21, 24, 297, 306, 308, 309, 311-313].

3.5 Cosmology with Cosmic Superstrings

String theory is a consistent framework to unify all of nature’s known forces
and matter contents. The basic idea of string theory is that the fundamental
constituents of matter are neither point-like particles, nor quantum fields, but
rather one-dimensional strings, appearing either open or as closed loops. To be
consistent, the theory must be formulated in more than just four dimensions;
to describe bosonic strings 26 dimensions are needed, for the description of
superstrings, incorporating supersymmetry, ten dimensions are necessary.

To explain what we can observe in four dimensions, there are different mech-
anisms to achieve a compactification of the additional dimensions appearing

1 This study was published after Paper A, and after the constraints on the models arising
from the observation of a GW and its electromagnetic counterpart. I will discuss the latter
two results in Sec. 4.1.
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in string theory. These mechanisms typically create many moduli, appear-
ing as scalar fields in the 4-dimensional, low-energy limit. For introductions
on (super)string theory and details on compactification mechanisms, refer to
textbooks and lecture notes [314-321]. For a clear conceptual introduction,
see Ref. [322].

There are different types of string theories differing in their symmetry and
compactification properties. In the following, we will consider type IIb super-
string theory, a parity-violating theory with oriented strings.

Besides offering a theory of gravity valid beyond the Planck scale, string
theory can also realise a phase of inflation in the early Universe. The mod-
uli from compactification provide many natural candidates to act as inflaton
fields. Heavy moduli with steep potentials reach their respective potential
minima relatively quickly, while light moduli with flat potentials take more
time to reach their respective minima. The modulus reaching its minimum
last can, therefore, act as the inflaton. It can not only drive the accelerated
expansion, but its potential can also fulfil the slow-roll conditions needed for
inflation to last sufficiently long. It is further conceivable that not only the last
modulus reaching its minimum acts as a single inflaton, but that the combina-
tion of several moduli leads to a realisation of inflation. Hence, string theory
can provide explanations for the origins of inflation in single and multi-field
scenarios. Refer to Ref. [323, 324] for more technical details on string theory
and inflation.

Many inflation scenarios from string theory share a common prediction: the
fundamental one-dimensional building blocks of string theory can get stretched
out to macroscopic size during the rapid phase of expansion [325]. If produced
towards the end of inflation, the superstrings start to form string networks, and
can still be present on cosmological scales in today’s Universe. These cosmic
strings can leave observable signatures, opening a window to observationally
test predictions of superstring theory.

The primary free parameter of cosmic strings is the dimensionless string
tension, Gu/c*.12 In analogy to strings in classical mechanics, the string ten-
sion quantifies the energy per unit length.

In the remainder of this chapter, I will first clarify the difference between
cosmic strings and cosmic superstrings. After that, I will give an overview of
the cosmological evolution of cosmic superstring networks, and the parameters
governing this evolution. Finally, I will discuss observational signatures and
current bounds on the model parameters of cosmic superstrings.

12To keep the discussion in line with the conventions in Paper B, I will use SI units in
this section.
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3.5.1 Cosmic Strings vs. Cosmic Superstrings

Cosmic strings can be produced by phase transitions in the early Universe.
These phase transitions can occur when gauge symmetries are spontaneously
broken. Examples of theories that exhibit such a symmetry breaking are grand
unified theories (GUTs). Inspired by the unification of the weak and electro-
magnetic force above a certain energy scale, GU'Ts are built to unify the strong
with the electroweak force above the so-called GUT scale (~ 101 GeV). Once
the energies in the early Universe fall below that scale, the symmetry all three
forces share is spontaneously broken; the strong force decouples from the weak
and electromagnetic force, resulting in a phase transition [326]. These phase
transitions can result in the formation of classic, GUT-scale cosmic strings
formed at the end of an inflationary phase [327]. Other phase transitions,
not necessarily related to GUTs, can lead to the production of classic cosmic
strings at other times with different, but fixed energy scales.

In contrast, cosmic superstrings are proposed to be the fundamental build-
ing blocks of the contents of the Universe, stretched out to macroscopic length
scales. A difference compared to field-theoretic cosmic strings is that cosmic
superstrings are produced with a spectrum of energies, and not at a fixed
energy scale. Conceptually, this can be understood as follows: cosmic super-
strings reside in throats of a warped, higher-dimensional manifold. Besides
model-dependent production details, the string tension we would observe in
our four dimensions depends on the exact location of the superstring in the
throat. Usually, superstrings are confined at the bottom of the throat, but can
move or oscillate around it [328-330]. These movements will cause the string
tension to appear to vary in time and/or along the string when observed in
3 + 1 dimensions.

The string tension of cosmic GUT-scale strings would be close to the Planck
scale. The tension of CSSs, however, can be much smaller and can be anywhere
between the Planck scale and experimental limits near the weak scale. Current
observational constraints set the limits Gu/c? < 1077, T will discuss where
these limits arise from in Sec. 3.5.4.

3.5.2 Cosmological Evolution of Superstring Networks

The clustering properties of cosmic strings and cosmic superstrings are simi-
lar: the strings interact with each other, cluster and form networks. Strings
that collide can either pass through each other or break and reconnect with
intercommutation probability Py. If a string collides with itself, it can form
a string loop. These closed string loops will emit (gravitational) radiation
and evaporate over time. A difference between networks composed of cosmic
strings and cosmic superstrings (CSSs) lies in the intercommutation probabil-
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ity. For classical strings, the intercommutation probability is equal to unity
(see [331, 332]), while CSSs intercommute with P, < 1. The reduced rate of
intercommutations has an important consequence: the number density of long
string loops is higher in networks of CSSs compared to networks of classical
strings.

Additionally, model-dependent factors can further increase the number den-
sity of CSSs. How large this enhancement is, is generally unknown. Chernoff
& Tye [330] (referred to as CT18 in the following) incorporated the model-
dependent uncertainties into the dimensionless factor

Np Ny
= 3.37
g Pint ’ ( )

where N7p is the effective number of throats in which CCSs reside, and N, is
the effective number of string species within a single throat. An interpretation
of the parameter G is to think of it as the effective number of CSS species. It
can range from unity to as high as 10*. The best estimate quoted by CT18 is
g = 100.

The results of network simulations of cosmic strings all exhibit a self-similar
scaling solution. The intercommutation, breaking and rejoining of CSSs pro-
ceeds with high efficiency, and the horizon scale is the only length scale that
characterises the string network at any given time [333]. On scales larger than
the horizon, long strings follow a random walk. Below the horizon scale, a
fixed number of long strings exist, while small closed string loops dominate
over long string segments [331, 334, 335]. The energy density of cosmic strings
remains a fixed fraction of the total energy density of the Universe. The scal-
ing solution does not depend crucially on the initial conditions. If more/fewer
strings are present initially, the collision rate increases/decreases such that the
number of strings per horizon volume reaches the scaling solution. Hence, the
scaling solution acts as an attractor (see Refs. [314, 320, 321] for reviews).

The results of the network simulations show that closed loops dominate the
number density of cosmic strings in volumes of astrophysical interest. Hence,
these closed loops are the most important component when it comes to ob-
servational signatures. Therefore, the following discussion focuses on string
loops.

The size of newly formed string loops is proportional to the scale of the
horizon. The earlier string loops form, the smaller their size. After formation,
closed loops start evaporating by emitting energy. This energy can either be
exclusively in form of gravitational waves (GWs) or, depending on the model,
also in form of axions or electromagnetic emissions. The parameter y quantifies
the fraction of gravitationally emitted energy. Assuming x = 1 in the following,
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the lifetime of the loop is

l/c
I' Gu/c?’

where [ is the invariant loop length, and I' the dimensionless effective decay
rate of string loops. CT18 perform numerical simulations and determine the
value of I" to be about 50. Omne can define the characteristic length I, =
[ (Gu/c?) cty, where ty indicates the age of the Universe. Any string loops
born with a length [ smaller than this characteristic length will have evaporated
by today.

Internal motions of strings, like rotations, vibrations and oscillations, pro-
ceed with the internal velocity v;. Initially, after loop formation, the internal
velocity is high, about 0.1 — 0.3 ¢, and decreases with time [334]. Hence, the
earlier a string forms, the slower its internal motion will be today.

Table 3.1 provides a summary of all (derived) parameters and quantities
important in this context for the derivation of the evolution of CSS networks
in the Universe.

The dependence of the networking properties on the string tension is the
following: strings of lower tension formed earlier, when the horizon was smaller.
Therefore, strings with lower tension have a smaller invariant length . Com-
pared to strings with larger tensions, low tension strings have a higher number
density today.

Assuming a cosmological model, the homogeneous distribution of cosmic
string loops can be simulated. CT18 provide an analytical approximation
to the distribution of the homogeneous number density of string loops per
logarithmic interval of loop length, (dn/dIn{)yem. It is

dn ) P fo2G g/ 5
=1.15 x 10 _ 1 kpe 3, (3.39)
(dlnl hom (1+x)%2 (x T's0 M—13)3/2

with x =1/1,, [, = 0.026 x 59 pt_13, and the definitions

Q@ f r
— = d Typ=—. 3.40
01’ fo2 02’ an 50 50 ( )

tige = (3.38)

_ Gpu/c?
H-13 = 10-18 °

Q.1

The inferred values from the simulations are I'sg = ag1 = fo2 = 1. It is safe to
ignore the numerical uncertainties on these values as they are small compared
to uncertainties in G, which range over several orders of magnitude.

Figure 3.2 shows the homogeneous distribution (Eq. 3.39) without super-
string enhancement, i.e. G = 1. The number density of string loops is high-
est at a loop length close to the characteristic length [,. For string tensions
Gu/c* $1079, the number density of string loops below galactic scales is not
suppressed due to loop decays.
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Parameter | Typical value/  Description

Definition
Gu/c? Gu/c* <1077 Dimensionless string tension. Observation-
ally constrained, see Sec. 3.5.4.
g 1<§G <10t Dimensionless effective number of cosmic su-

perstring species. Theoretical range from
Ref. [330], with best estimate G = 100.

Vi vi ~ 0.1 —0.3¢c  Initial internal velocity of oscillating strings
after formation; typical value quoted for
large loops after formation [334]. As the
Universe expands v; decreases.

@ a~0.1 Size of large strings relative to horizon
size [330].
f 0.05 < f<0.2  Fraction of strings forming large string loops

of invariant size | = «ct at time ¢. Esti-
mates from Refs. [336, 337].

X x <1 Fraction of energy evaporating string loops
emit into gravitational waves.
r 50 Effective dimensionless decay rate of loops

in networks. Depends on the geometry and
internal characteristics of the cosmic super-
string. Typical value quoted for a string loop
with y =1 [330].

B(p) 0 < f(n) <0.46 Fraction of strings clustering with DM.
Strings with higher tension cluster less;
hence, [(p) decreases with increasing ten-
sion. Quoted typical values arise from nu-
merical simulations of clustering properties,

see [330].

P 1/ (2¢) Fundamental loop period, where [ is the in-
variant loop length.

tiite (1/c) /[T (Gu/c?)] Characteristic lifetime of cosmic super-
strings.

Table 3.1: Relevant model parameters (upper part) and derived charac-
teristics (lower part) of cosmic superstrings.
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Figure 3.2: The number density of string loops per logarithmic interval of
length, (dn/dInl)pase, as a function of the loop length. This baseline dis-
tribution is given by the homogeneous distribution (Eq. 3.39) with G =1,
meaning no superstring enhancement is taken into account. The num-
ber density is shown for different string tensions, from Gpu/c* = 107% to
10~ (bottom to top) in powers of 1071. The network simulations leading
to these results are from Ref. [330], obtained by assuming a flat ACDM
cosmology. Figure from Paper B.

Integrating the homogeneous distribution of string loops over all loop length
[ yields the homogeneous string loop density in the Universe. It is given by

1/2
Qoop = 2.4 x 1071 (g}fsz) (040.11150713) , (3.41)

with the Hubble constant Hy = 100k km/s/Mpc. The fact that the loop
density $ioqp is so low poses challenges to experimental searches.

The homogeneous distribution is a good proxy to describe the string dis-
tribution on large scales. However, on small scales corrections reflecting the
actual clustering of matter must be taken into account. One can do this by
introducing a factor F that parametrises the string density enhancement due
to an enhancement in the DM density. The inhomogeneous density then reads

dn dn
= — 42
(dlnl>inhom F <d1nl>h0m 7 (3 )
with DM Jocal
DM, loca
F = B(u) € = () LoMocal (3.43)
PDM, cosmo

This includes the definition of £ which is parametrising the enhancement of
the local DM density (ppu,iocal) compared to the average DM density in the
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Universe (pp, cosmo). The factor 5(u) is a string tension-dependent quantity
resulting from numerical simulations. CT18 determined it to be 0 < () <
0.46, where the highest value of ~ 0.46 occurs for small string tensions with
Gu/c* =107,

With these ingredients, one can compute the inhomogeneous string loop
density (Eq. 3.43). This density distribution is important when searching for
signatures of cosmic strings in the late Universe. We will now turn to the details
of such an observable signature, microlensing sourced by cosmic strings.

3.5.3 Microlensing by Cosmic Superstrings

Imagine a long, thin string with cylindrical symmetry. If there are no internal
motions of the string, the string is invariant under a Lorentz boost along its
length. These properties give rise to an energy-momentum tensor of the object
in which pressure and density have the same magnitude, but opposite signs.
The tension acts as a negative pressure along the string length [338] leading to
a locally flat space-time around the string. However, internal string motions
break the Lorentz invariance. Globally, the internal movements and oscillations
of the string induce a cone-shaped space-time carving out a deficit angle on a
plane perpendicular to the cosmic string. This deficit angle, A®, depends on
the string tension and is given by 87Gpu/c? (see, e.g. Refs. [314, 339]). When
two photons on a parallel trajectory pass the string on either side, they are
both deflected towards the string.

For the alignment of a point-like source and a string with typical tensions
in the range 1071 < Gu/c® < 1077, the deflection scale of the two photons is
too small to resolved by an observer. The string induces a microlensing event
where the flux measured by the observer appears instantaneously twice as high
as the unlensed flux [338, 340, 341]. The geometry of this alignment is shown
in the left panel of Figure 3.3.

Owing to the internal oscillations of a cosmic string loop, a geometrical
alignment between observer, source, and the string does not give rise to just
one, but several microlensing events. While the oscillation proceeds with the
string’s internal velocity, v; ~ ¢, the centre-of-mass motion of a string bound
within a galaxy is about veom ~ 300 km/s. Hence, about Nyep = 0i/Vcom ~ 1000
repetitions of lensing events per alignment can occur during the time it takes
the string to pass the source, tpass ~ [/Vcom. The right panel of Figure 3.3
shows the repetition of microlensing events as an oscillating string passes the
source.

The feature that makes microlensing events sourced by cosmic strings
unique compared to the lensing by other known sources, is the instantaneous
increase of the flux. If the geometry allows one to approximate the source as
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Figure 3.3: Left panel: Visualisation of an alignment between observer,
cosmic string, and source leading to a microlensing event. The string
carves out a space-time wedge of the disk perpendicular to the string with
angle AO© = 87Gu/c®>. The string is depicted by the black solid line,
the blue shading represents the 3-dimensional space-time cone. For an
observer in front of the string, there are two paths the photons emitted
by a source within the deficit angle can take. For a string that lies at an
angle O, with respect to the line of sight, the observer will detect two
images of the source separated by the angle §¢ = 6, A© (1 — %). Here, d
is the distance between observer and string, and D is the distance between
observer and source. Right panel: Sequence of microlensing events caused
by a moving loop (blue lines) and a stationary source (red dot). The
internal oscillations of the loop occurring on time-scale o are shown on
the left. The projection of the area that is covered by the string loop as it
moves with its centre of mass velocity is shown in the middle. The time
scale for the loop to pass the source is given by ?,.ss. The dotted circles
depict the beginning and end of the passing. The sequence of the induced
microlensing events, as detected by the observer, are shown in the right
picture. The bottom line indicates the unlensed flux Fjy. The increased
flux measurements lie exactly a factor of two above the unlensed values.
Figure adapted from Paper B.
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a point source, the flux is enhanced by precisely a factor of two. In contrast,
a Newtonian mass acting as a lens leaves a different signal: if a string passes
the line of sight to a source, an observer would see a gradual increase followed
by a gradual decrease of the source’s flux. The maximum flux enhancement
depends on the mass of the lens, an exact factor of two is only a special case.
Hence, an indication for the presence of a cosmic string would be given by
the observation of an immediate doubling of the brightness of an object, and
ideally a consecutive observation of a sudden decrease to the initially measured
value.

The timescales on which microlensing events take place are important for
estimating how feasible a detection of such events would be. The duration of
one lensing event depends on the tension of the string acting as a lens and the
geometry. In particular, on the distance between observer and source D, the
distance between observer and string d, the string’s velocity perpendicular to
the line of sight veom, 1, and the angle of the string to the line of sight O,
From these quantities one can derive the lensing duration eps:

sGu . d d
tiens = 672 sin estra <1 - D) . (344)

Fixing the distance between observer and source, D, the lensing duration takes
its maximum value when the string is positioned directly in the middle, i.e. d =
0.5 D, leading to maximum lensing time

87Gu D
tlens,max - 02 sSin Hstrm . (345)

It is easy to see that lensing events last longer when sourced by strings with
higher tensions. The further away a source is from the observer, the larger
liens, max, Where the scaling with distance is linear. This yields fiens max ~
1 s for string tension Gu/c®> = 107'* when observing a source at ~ 10 kpc
distance. For a string tension of 107 the corresponding maximum lensing
time iS fiens, max ~ 2 h. An order-of-magnitude estimate for the time between
two microlensing events sourced by oscillations of a single string acting as a
lens is tosc ~ 1/ (2¢) ~ 42 p_q3 days for D ~ 10 kpc.

Knowing the typical timescales of microlensing events, one can design ex-
periments aiming to detect cosmic strings. Generally, the exposure time when
observing a source should be shorter than the typical lensing duration. If the
exposure time exceeds the duration of a lensing event, an observer can never
see the flux enhancement by a factor of two. Further, when choosing a target,
the string distribution along the line of sight should be as dense as possible to
increase the change of a detection.
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3.5.4 QObservational Signatures

Both types of strings, cosmic strings and cosmic superstrings increase the en-
ergy content of the Universe and interact gravitationally. These properties can
leave signatures in different observables, allowing us to test the existence of
cosmic strings:

o Light element abundances. Cosmic strings are an additional contribution
to the energy density in the Universe. As a direct consequence, the
additional energy source increases the Hubble rate. If this increase is
noticeable during the epoch of BBN, reactions governing the formation
of light elements drop out of equilibrium at earlier times. Hence, the
number of neutrons available for helium formation decreases, leading to
a decrease in the predicted helium abundance. Measurements of the
helium abundance, therefore, offer a probe for strings formed before the
end of BBN. The exact inferred bound on the string tension depends
on theoretical uncertainties like the intercommutation probability and
details of the production mechanisms of string loops, see, e.g. Refs. [342,
343].

o FEffects on the CMB power spectrum. Cosmic strings source tensor and
vector perturbations. If present in the early Universe, these perturba-
tions can be observed via B-mode polarisations of the CMB [344]. Fur-
ther, cosmic strings generate line-like discontinuities in the CMB temper-
ature map. This can be understood as follows: assume a string is moving
transversely across the sky between an observer and the surface of last
scattering with velocity veom. Owing to the deficit angle in the metric of
the cosmic string, photons passing behind this cosmic string will experi-
ence a blueshift, photons passing ahead of the string will be redshifted.
These fluctuations would be of order 6T/T ~ Gpu/c® veom [345]. The
non-detection of this effect in the Planck CMB temperature map leads
to the bound Gu/c? <8 x 107" at 95% confidence level [346].

o Gravitational wave background. Assuming cosmic strings emit the major
fraction of their energy through gravitational radiation, they contribute
to the gravitational wave background in the Universe. Hence, their pa-
rameter space can be probed by gravitational wave observatories such as
LIGO. Refer to Ref. [343] for recent constraints as low as Gu/c? < 10710
However, these bounds crucially depend on the precise modelling of the
properties of cosmic strings. These uncertainties also make it question-
able whether a signal should be expected within the much lower frequency
range tested by LISA [347].
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o Millisecond pulsars. Millisecond pulsars are spinning sources that emit
pulses at precise time intervals. They can be used to search for pass-
ing cosmic strings as gravitational waves in the frequency range 109 —
107 Hz in the line of sight would disturb the timing of the pulse, see,
e.g. Refs. [348-351]. The undisturbed observation of a pulsar for more
than twenty years leads to a stringent upper bound on the string tension
of Gu/c® < 1.5 x 107! at 95% confidence level [352, 353]. However, the
theoretical estimation of these signals highly depends on the underlying
assumptions about the gravitational wave emissions by cosmic super-
strings. Hence, a bound inferred from observations not requiring these
assumptions would be desirable in order to obtain an independent test.

o Weak lensing. Cosmic strings lead to the presence of vector perturbations
in the early Universe. Today, these could be observable in weak lensing
surveys, as vector modes would induce a rotation of the image of distant
galaxies [354, 355].

e Microlensing. Cosmic strings produce a distinct microlensing signal:
once a string passes the line of sight between an observer and a point-
like source, the measured flux is instantaneously increased by a factor of
two. Likewise, it decreases again to its original value once the string is
no longer aligned with the source and observer [338, 340, 341]. These
distinct microlensing signatures have been used to estimate constraints
on the parameter space of cosmic strings that arise from, e.g. observ-
ing quasars and galaxies [356, 357], compact radio sources [358], and
stars within our galaxy [359]. These constraints mainly rely on cluster-
ing properties of cosmic strings. Hence, microlensing searches can yield
an independent confirmation of bounds depending on details of gravi-
tational wave emission by cosmic strings. The expected constraints on
the string tension yield Gu/c®* < 107 with the observation of compact
radio sources [358], and Gyu/c? < 10710 with the observation of galactic
stars [359].

For more details on different possibilities to observe cosmic strings, I refer
the reader to Sec. 4.3 of Ref. [360] and the review given in Ref. [361].

3.6 Connecting the Dots

To conclude this chapter about models going beyond the assumptions of ACDM,
I will make a few general remarks on the bigger picture. At first glance, the
different models and theories introduced here — inflation models, cosmological
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signatures of BSM particle physics, modifications of gravity, and cosmologies
with cosmic superstrings — might seem disconnected in form and/or nature.

However, this is not the case: superstring theory is a higher dimensional
theory of gravity which can also realise a phase of inflation in the early Uni-
verse [e.g. 323, 324, 362]. Other approaches are to link the early and late epochs
of accelerated expansion by attempts to realise inflation with early dark en-
ergy models [e.g. 363-368] or to find a connection between dark energy and
string theory [147, 162, 163, 369-371]. More attempts to find a suitable can-
didate for the inflaton are suggested and realised by particle physics [372], for
example through the Higgs sector [e.g. 367, 373-376], and axion monodromy
models [e.g. 377-380]. Furthermore, by introducing new fields, for example in
the form of axions or supersymmetric partners of SM particles, string theory
may give rise to BSM phenomena, and has the potential to provide dark mat-
ter candidates [e.g. 162, 370, 381-384]. Yet another link between BSM physics
and cosmology could be a connection of mass-varying neutrinos and dark en-
ergy [e.g. 385-388]. Another example highlighting the profound connections
between the different fields are Standard Model-axion-seesaw—Higgs portal in-
flation (SMASH) models [160, 389, 390]. These models provide a dark matter
candidate in form of the axion, explain neutrino flavour oscillations through
the seesaw mechanism by introducing three right-handed neutrinos, and re-
alise inflation through the Higgs portal. The models further address the lack
of observations of strong CP violating processes and the matter anti-matter
asymmetry in the Universe.

Besides potential theoretical connections, degeneracies between the effects
of the different theories appear in their impact on observables. For example,
modified gravity theories can predict an enhanced matter power spectrum on
small scales compared to the standard ACDM scenario. Increasing the neu-
trino masses can counteract this effect, leading to predictions consistent with
current observations [e.g. 391-397]. Beyond the degeneracy between modified
gravity and the absolute mass scale of neutrinos, BSM particle physics has the
potential to alter cosmological predictions. Non-standard neutrino interactions
can raise the cosmological upper bound on neutrino masses (see Sec. 3.2), and
the constraints on the spectral index if the additional interactions are active
inflation [161]. Furthermore, decays of particles in the early Universe can de-
crease the temperature of neutrinos with respect to the photon temperature.
This temperature decrease effectively reduces the number of relativistic degrees
of freedom (see Sec. 3.3). Hence, such decays of exotic particles can open up
the parameter space for the presence of an additional ultra-relativistic species
like sterile neutrinos or radiation from the dark sector.

Therefore, it is crucial to be aware of the various connections and degenera-
cies between different non-standard (cosmological) models. Only considering
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one extension at a time could hide important effects. A more complete ap-
proach to the open problems in the SM of particle physics and cosmology might
help to find an answer to the long-standing question ‘what are dark energy and
dark matter?’






Chapter 4

Summary of Included Papers

In this chapter, I will summarise those parts of the results of this thesis that
are included as Paper A and Paper B. I will only discuss the main results, for
all analysis details I refer the reader to the publications included in Part III.

4.1 Galileon Gravity in Light of ISW, CMB, BAO
and H, Data

In the light of the remaining Hubble tension [10, 13, 16|, covariant Galileons
are an attractive alternative to ACDM: they are a self-accelerating model in
which the inferred value of Hy from fits to CMB and BAO data is naturally
consistent with the value obtained by local measurements.

Luckily, the Galileon phenomenology differs much from that of ACDM (see
Sec. 3.4.4), which means that its viability can be tested beyond just requir-
ing that it fits CMB, BAO and SNe la data. For example, the fit to these
datasets requires non-zero neutrino masses with a ~ 5o significance and a
central value of ¥>m, ~ 0.5 eV. Hence, tighter limits on the upper bound on
the sum of neutrino masses by future laboratory experiments (see Refs. [398—
401]) can constrain or rule out the model. Further, the non-trivial evolution
of the gravitational potentials allows us to test the theory’s validity through
measurements of the ISW amplitude in different redshift regions. Another op-
tion to test the model is to measure the propagation speed of gravitational
waves (GWs) as tensor perturbations are expected to propagate anomalously
in quartic and quintic Galileon models [297]. T will present details of how the
latter two options can rule out the viability of the considered Galileon models
in the remainder of this section.

In the following I summarise the results that my collaborators and I ob-
tained in Paper A. Except where indicated, all results are taken from Paper A.

65
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First, I discuss the constraints arising from fits to updated CMB and BAO
datasets. Afterwards I present the main results of our work: how the cubic
branch of Galileon cosmologies can be ruled out at ~ 8¢ significance. Fur-
ther, we set additional constraints on the parameter space of the quartic and
quintic models. We achieve this by making use of measurements of the ISW
amplitude derived from the cross-correlation of the CMB temperature spec-
trum with foreground galaxies from the Wide-field Infrared Survey Explorer
(WISE) survey [402]. The satellite scanned the whole sky and detected mas-
sive galaxies up to a redshift z ~ 1 with a peak of the distribution around
z ~ 0.3 [403]. In this work, we use the ISW data determined by Ferraro et
al. [404] from a sample containing ~ 50 million galaxies.

Numerical Treatment

Before starting to present the results, I will briefly comment on the numer-
ical treatment. We obtain all theoretical predictions for cosmological ob-
servables for the Galileon models by using the publicly available Boltzmann
solver hi_class [405, 406]. This is an implementation of the linear pertur-
bations of Horndeski’s theory of gravity within the Cosmic Linear Anisotropy
Solving System (CLASS) [225]. Bellini et al. [407] tested the implementa-
tion of covariant Galileons in hi_class and verified it against that in EFT-
CAMB [408, 409], and a private modification of CAMB [223, 224] from the
authors of Ref. [24, 301]. The predictions form all codes are consistent, for
more details refer to Ref. [407].

In hi_class, the background for the Galileon models is solved analytically
via the tracker solution (see Sec. 3.4.2). The linear perturbations are derived
by internally translating the Galileon model into the Bellini-Sawicki effective
field theory formulation of Horndeski’s theory [298]. The stability conditions
then take the form of Eq. (3.13) and (3.14) of Ref. [298]. The linear pertur-
bation equations as implemented into hi_class are given in Appendix A.2 of

Ref. [405].

Fit to CMB and BAO Data

We perform a Monte Carlo Markov Chain (MCMC) analysis with CMB data
from the Planck 2015 data release [17, 410] and with BAO data from the
BAO13 compilation® to update the constraints on the cosmological and model
parameters of covariant Galileons. Data from SNe Ia are not included in our

'Here and in Paper A the abbreviation ‘BAO13’ stands for the BAO scale measurements
from 6dFGS [69], SDSS DR7 LRG [411] and BOSS DR9 CMASS [71], which were used in
the Planck 2013 analysis [102].
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Figure 4.1: Marginalised constraints (1 —30) in the Hy — ¥ m,, plane re-
sulting from the MCMC analysis with CMB and BAO13 data for ACDM,
cubic and quintic Galileons. The horizontal shaded region indicates the
constraints on the Hubble constant from local measurements [11]. We
excluded the quartic model from the figure as the constraints are indistin-
guishable from the quintic case. Plot from Paper A.

analysis as measurements of the BAO scale offer a higher constraining power.
However, we explicitly verified that the inclusion of the SNe la Joint Light-
Curve Analysis (JLA) sample [412] does not give rise to a tension with the
other two datasets.

In our analysis, we treat the neutrino masses in ACDM as a free parameter,
as opposed to the baseline model from the Planck analyses [10, 17, 102] (see
Sec. 2.6). A priori, there is no motivation to fix the mass to one specific
value within the allowed range (0.06 €V < ¥m, < 6.6 eV [218]). Hence, we
only require the mass to be positive. Further, we assume three degenerate
mass eigenstates for all models. To explicitly emphasise that ¥ m,, is a free
parameter, cubic Galileons are abbreviated with vGalz, quartic models with
vGaly and quintic with vGals.

Our MCMC analysis from Paper A confirms the findings from the previous
literature (e.g. Refs. [24, 306, 413]): Galileon cosmologies can fit CMB and
background data from BAO measurements simultaneously if non-zero neutrino
masses are allowed. The resulting value for Hy is in agreement with the local
measurement from SNe Ia data from Riess et al. [11, 13] without any additional
prior. Figure 4.1 illustrates this by showing the two-dimensional marginalised
constraints on ¥ m, and H,.
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Figure 4.2: Left panel: Time evolution of the lensing potential (in arbi-
trary units) on the scale £ = 0.01 Mpc for ACDM and Galileons. Galileon
models with different model parameters are indicated with solid and dashed
lines (see the label of the right panel for the colours of the different mod-
els). To visualise the region probed by the data, the redshift distribution
function of the WISE galaxies is marked by the grey shaded region in
the left panel (with adjusted offset and normalisation). The corresponding
ISW signal from the cross-correlation of the CMB temperature anisotropies
with WISE galaxies [402] as measured by Ferraro et al. [404] is shown in
the right panel. Figures adapted from Paper A.

The BAO13 compilation that we used in this study does not include all
up-to-date measurements. More recent measurements? exhibit a ~2 o tension
with Galileon models. As combining datasets that are in tension in a joint
analysis can lead to inconsistent results [418], these newer results are not in-
cluded in the MCMC analysis of Paper A. However, the significance of the
tension is not sufficient to conclusively rule out Galileon cosmologies. For a
more detailed discussion of the tension with the newer BAO measurements,
the reader should refer to Sec. 5.4 of Paper A.

Constraints from Measurements of the ISW Amplitude

As discussed in Sec. 3.4.4, Galileon models can exhibit a non-trivial evolution of
the lensing potential after matter domination. A suitable observable to probe
this feature is the ISW effect. A strict increase of the lensing potential after
matter domination would cause the expected ISW signal to have the opposite

2SDSS DR7 MGS [414], BOSS DR11 Lya-auto [415], BOSS DR11 Lya-cross [416] and
BOSS DR12 Galaxy [417].
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sign compared to ACDM.? As the amplitude of the ISW power spectrum
has been measured to be positive at up to ~ 4o significance [404, 419-421],
Galileon models predicting a negative sign can be ruled out.

Figure 4.2 shows the freedom of the exact time evolution of the lensing
potential in Galileon models at a fixed scale. The plot displays the redshift-
dependent evolution of the lensing potential and the corresponding expected
ISW signal from WISE galaxies [404] for ACDM and different Galileon models.
It is easy to see that the Galileon models have the potential to predict a
different sign of the ISW amplitude within the redshift range of the WISE
galaxies when compared to ACDM. In Paper A we set out to answer the
question: Are there regions in the Galileon parameter space that are compatible
with CMB and BAO data, and at the same time pass the observational test
posed by measurements of the ISW amplitude?

To assess this, we post-processed the chains from the MCMC analysis with
CMB and BAO data by calculating the predicted for ISW amplitude for WISE
foreground galaxies, and compared it to the measured data from Ref. [404]. We
assume that the measurement of CMB, BAO13 and ISW data are independent.
The solid lines in Figure 4.2 correspond to this best-fitting Galileon models,
while the dashed lines indicate the best fit to CMB+BAO13 data only. If the
best-fitting model to all datasets does not provide an acceptable fit, a given
Galileon branch can be discarded as a viable theory of gravity.

Our results from Paper A for the different Galileon branches are:

e Cubic Galileons. We showed that the cubic sector of the minimally
coupled covariant Galileon model can be ruled out. We found no re-
gion in the parameter space predicting a positive ISW amplitude. The
best-fitting case is in 7.8 ¢ tension with the WISE measurement from
Ref. [404]. This poor fit is the cubic model shown with a solid line in
Figure 4.2. This strong tension dismisses the model as viable.

e Quartic and quintic Galileons. The models can be constrained but not
ruled out by ISW measurements from WISE galaxies [404]. The ex-
tra couplings in the actions of the theories and the larger freedom in
their model parameter spaces give the models more flexibility to fit
the data. The best-fitting models to CMB+BAO data predict a neg-
ative ISW amplitude, in tension with observations. However, there is
a region in the parameter space yielding positive amplitudes. This is
shown in Figure 4.3, which presents the two-dimensional marginalised

3Recall from section 2.6 that the ISW amplitude is the integral of the time derivatives
of the gravitational potentials. Hence, increasing instead of decreasing potentials cause a
change of sign in the signal.
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Figure 4.3: Marginalised 1 and 20 constraints on the Galileon parame-
ter space from CMB+BAO13 data for the quartic (left panel) and quintic
(right panel) model. The goodness-of-fit of the corresponding ISW am-
plitude from the post-processed models are indicated via the coloured y?
values; orange/red dots correspond to negative, yellow /green dots to mod-
els with positive amplitudes. Further, models yielding the best fit to ISW
data only are marked with a triangle, to CMB4+BAQO13 data with a rhom-
bus, and to the combination of CMB+BAO13+ISW data with a star. The
evolution of the potentials and the corresponding ISW amplitude of the
last two cases are, respectively, displayed with the dashed and solid line in
Figure 4.2. Figures from Paper A.
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| 100wy  weam  Ho  10°A,  n, Treio  2m, & 3

vGald | 2,193 0.1195 73.08 2.04 0.957 0.0439 0.44 2.60 -0.11
vGalb | 2204 0.1193 71.39 2.13 0.963 0.0647 0.63 2.58 -0.11

Table 4.1: Free cosmological and model parameters of the quartic and
quintic Galileon which provide the best fit to the combination of CMB,
BAO13 and ISW data. These models are indicated with a star in Fig-
ure 4.3; they lie within the ~1 o confidence region arising from the MCMC
constraints from CMB and BAO13 data. Table adapted from Paper A.

constraints on the Galileon parameter space from the MCMC analysis
with CMB+BAO13 data. We indicate the expected ISW amplitude for
each sampled point with colour. We mark the best-fitting models to
CMB+BAO13 data and to the combination with ISW data in the pa-
rameter space. The quartic and quintic best-fit cases correspond to the
solid lines shown in Figure 4.2. Table 4.1 lists the corresponding cosmo-
logical and Galileon parameters for these two best-fitting models. The
WISE ISW measurement strongly constrains the valid parameter space
of quartic and quintic models but does not rule the models out.

Propagation Speed of Gravitational Waves

This section contains a brief summary of studies that have been published
since Paper A, leading to an invalidation of the quartic and quintic Galileon
sector. The combination of the results from Paper A and the results from the
first measurement of the propagation speed of tensor perturbations, discussed
in the following, allows one to rule out all three branches of minimally-coupled
covariant Galileons.

The announcement of the detection of a GW event from the merger of two
neutron stars and the associated electromagnetic counterpart (EMC) [422-
424] provided the first tight bound on the propagation speed of GWs, ¢,. This
bound leads to stringent constraints and the invalidation of several modified
gravity models that predict an anomalous propagation speed of tensor pertur-
bations (e.g. Refs. [425-430]).* The quartic and quintic covariant Galileons
are among these theories, predicting a redshift dependent evolution of ¢,(z).

4Reviews on the consequences of this observation on a broader range of modified gravity
theories can be found in Chapter 10 of Ref. [176] and in Ref. [177].
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I will briefly discuss the consequences of the constraints on ¢, on the viability
of the models.

The signals from GW170817 and the EMC counterpart, GRB170817A,
were detected with a time delay of 1.7 s [422-424]. With the event having
taken place at a luminosity distance of ~40 Mpc at z ~ 0.01 [422-424], the
allowed fractional deviation of ¢, from the speed of light is constrained to be
smaller than ~9 x 1076 [426]. As the event has taken place fairly close to us,
one can argue that strictly speaking ¢, = 1 has only been determined to hold
today, i.e. cgo = 1.

The requirement that GWs propagate with the speed of light in today’s
Universe translates into a bound on the Galileon parameters, constraining |cq|
and |cs| to be smaller than about 10717 [426]. In comparison, the cosmological
constraints arising from CMB, BAO and ISW in Paper A are at the order of
1072 — 1073,

Technically, this leaves a region in the Galileon parameters space that is
in agreement with the constraints on c¢,9 and cosmological probes from CMB,
BAO, Hy and ISW data. However, this is not a favourable scenario compared
to ACDM as it requires fine-tuning of two additional model parameters. More
importantly, working around the GW speed constraint by requiring c,o = 1
was shown not to be robust against perturbations. Small changes would rein-
troduce the speed difference [425, 426]. Hence, quartic and quintic Galileons
do not provide a viable cosmological solution and can, therefore, be discarded
as a cosmologically viable alternative to GR.?

4.2 Prospects of Cosmic Superstring Detection
through Microlensing of Extragalactic Point-
Like Sources

String theory is often criticised for not being verifiable or falsifiable due to a
lack of observational signatures. The existence of cosmic superstrings, how-
ever, could open a potential window to the detection of distinct signatures
of the theory. These cosmic superstrings are the one-dimensional fundamen-
tal building blocks of the theory stretched out to macroscopic lengths scales.

5Note, however, that it has been pointed out that the energy of GW170817 is close to
the ultraviolet (UV) cut-off scale of Horndeski’s theories of gravity [431]. This opens the
possibility that a luminal propagation of GWs at the energy of GW170817 would not be
in contradiction to an anomalous speed below the UV cut-off. Future measurements from,
e.g. LISA [216], probe lower frequency ranges and can hence provide ultimate clarity on this
matter.
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Produced towards the of inflation, or shortly after it, these strings can have
lengths scales of galaxy size and survive until the present day.

To date, the most stringent constraints on the tension of cosmic super-
strings (CSSs) arise from the lack of detection of their gravitational-wave back-
ground radiation and the lack of time delays in signals from millisecond pulsars.
Both of these techniques rely on the modelling of gravitational wave emission
by CSSs. How much of their energy CSSs emit into gravitational waves is model
dependent and comes along with many uncertainties [343, 352, 353, 432]. Thus,
bounds not strongly relying on these assumptions could deliver an independent
test.

An example of a detection method that does heavily rely on the modelling
of evaporation channels, is the search for microlensing events by CSSs. One
can uniquely distinguish these microlensing events from events by any other
known source. Newtonian lenses cause a gradual increase and decrease of the
measured flux as they move into and out of the line of sight. In contrast,
microlensing by CSSs of point-like sources leads to an instantaneous doubling
of the measured flux once the string is aligned with the observer and source.
The main uncertainty of this method arises from the modelling of clustering
properties of superstring networks.

In general, microlensing events from CSSs will be rare, as constraints from
the CMB on additional energy content of the Universe set a tight bound on the
allowed abundance of these objects. The number and energy density of CSSs
are expected to be low: the latter is roughly 107! (depending on the string
tension, see Eq. 3.41). Therefore, it is important to design any ML search for
CSSs such that the number of strings that can act as a lens is maximised. To
achieve that it is beneficial for experiments to

1. target regions with high DM density along the line of sight, as CSSs trace
the DM distribution,

2. probe large volumes by choosing targets that are far away, and

3. have large statistics, through either a high number of observed sources
and/or a long survey duration.

Studies of lensing events on CSSs have focused on the detection of events
from sources within our own Galaxy [359], using compact radio sources [358],
or extended sources like quasars [433]. In Paper B we estimate the event rates
for extragalactic point-like sources in the optical. In particular, we consider
targets that are i) stars in our neighbouring galaxy Andromeda (M31), and i)
distant Supernovae Type Ia (SNe Ia).

The benefits of using stars in M31 as a target are twofold. Firstly, one
increases the probed volume with high densities compared to searches within
the Milky Way (MW). Not only CSSs confined in the halo of the MW, but
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also CSSs bound within the DM halo of M31 can cross the line of sight. This
addresses point 1 above. Secondly, there are several billion stars in M31, out
of which we can resolve about one million can as point sources. This addresses
point 3 above.

The advantage of searching for CSSs with distant Supernovae Type la
observations is the long line of sight. As SNe Ia can be several hundreds or
even thousands of Mpc away, the probed volume is large. This addresses point
2 above. Furthermore, as we shall see below, the timescales of the ML events
are such that usual observations of SNe Ia are sensitive to these events. In
addition to that, the expected brightness of SNe la is well known. Hence, a
flux enhancement of a factor of two is clearly noticeable. Consequently, no
survey strategies need to be adopted and one can readily use the data taken,
e.g. for supernova cosmology, to search for CSSs and constrain their parameter
space. The disadvantage of this method is that the CSS density along the line
of sight is relatively low. The strings acting as potential lenses move freely
through the intergalactic medium (IGM) and are neither bound nor clustered
within any halo. One goal of our analysis in Paper B was to assess whether
the reduced string density can be outweighed by probing large volumes when
it comes to detection rates.

Our resulting estimates for ML events sourced by CSSs do not crucially
depend on the modelling of the exact evaporation channels of the strings, unlike
GW background and millisecond pulsar timing constraints. Nevertheless, we
must make simplifying assumptions concerning the string loop dynamics and
parameters, as well as idealisations regarding observational technicalities. T will
comment on these in more detail below when explaining our the simulation
technique. Paper B provides an order-of-magnitude estimates of whether a
detection of CSSs through ML events of extragalactic stars or SNe la is feasible.
The goal was to gauge whether either current data can already set bounds
on the parameter space of CSSs, or if a detection of CSSs in the currently
unconstrained range of string tensions would be achievable with near-future
technologies.

In the following, I present the results that my collaborators and I obtained
in Paper B: an assessment of the prospect of the indirect detection of a CSSs
through ML events of extragalactic point-like sources. I will first explain how
we model the density profiles of DM and cosmic superstrings along the line of
sight. After that, I will comment on the timescales of the events, followed by a
discussion of the assumed survey setup, simulation technique and simplifying
assumptions. I will conclude this chapter by presenting the results of the event
rate simulations.
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Modelling of String Loop Density along the Line of Sight

The density of cosmic superstrings must be estimated to assess how many
strings an observer can expect to cross the line of sight to a source. We have
seen in Sec. 3.5.2 that network evolution simulations allow us to infer the
homogeneous distribution of cosmic strings (Eq. 3.39). Further simulations
of the clustering properties of strings with DM enable one to determine the
string loop distribution with knowledge of the DM density (Eq. 3.43). Hence,
we need to model the DM density profile along the line of sight from observer
to target. The choices that we make in Paper B are:

e Stars in Andromeda. When observing stars in M31 the line of sight passes
through the dark matter halo of the MW and the halo of M31. To model
this, we assume that both halos are spherical, where the density and mass
of the profiles scale as =%/ and r%/*, respectively. We set the matching
point of the two density profiles such that the total mass of M31 is twice
as high as the mass of the MW. Further, we assume a rotation velocity
of 220 km/s at radius r = 8.5 kpc in the MW and M31. Then, the DM
density profile as a function of the distance r from the centre of the MW
is given by

Tg% O<r<mn

PMW-—M31 = { 23/4 4
Boyoa 1 <7 < B,

where B = r; + ry is the distance to M31, with r, = 345 kpc, ro =
435 kpe, B = 780 kpc [434]. Further, A = 1.15 x 10° Mg, /kpc?, such
that the mass of the MW is 1.54 x 102 My and the mass of M31 is
3.08 x 10'2 M.

(4.1)

o Distant Supernovae. Type Ia Supernovae are extremely bright sources
and are visible up to high redshifts, currently up to z ~ 2.2 [435]. A
redshift of 2.2 corresponds to a light-travel distance of about 3000 Mpc.
Considering that the radius of the MW is about 17 kpc, the predominant
part of this distance lies within the IGM. Hence, we ignore the DM
enhancement within the MW and the host halo of the SNe Ia, and model
the DM distribution along the line of sight by the constant homogeneous
distribution:

pom () = Qo pe (4.2)
with Qpy = 0.25, p. = 3 HZ/(87G), and h = 0.7.

After setting the DM density distribution & = W, we can calcu-

late the string enhancement F = & 5(u) along the line of sight. Recall from
Sec. 3.5.2 that 0 < f(u) < 0.46 is a factor arising from simulations which
assess how well strings of a given tension cluster with DM. Figure 4.4 shows
the resulting DM and string distributions.
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Figure 4.4: DM density profile (£, dashed line) and string enhancement
(F = &€ B(p), solid lines) between the centre of the MW and the centre of
M31. The results are shown for different string tensions from Gy /c? = 1078
(blue, bottom) to Gu/c* = 107" (beige, top). Strings with lower tension
cluster more with dark matter, and, therefore, trace the DM distribution
better. The largest enhancement, about 10°, is in the centre of the re-
spective halos; the minimum value along the line of sight is F = 1, the
homogeneous limit. Figure from Paper B.

Timescales of Microlensing Events

The typical timescales of the ML events are a crucial factor when designing
experiments searching for CSSs: an observer might overlook possible events if
the exposure time (f,ps) is long compared to the lensing duration (tjens). The
observed flux magnification would be smaller than two, and not even detectable
if tiens < tops. On the other hand, lensing times could be much longer than
the total survey duration (T,s). In this case, the presence of the CSS could
only be revealed if the source’s brightness is known, as for SNe Ia. However,
if the brightness of the observed object is unknown (as in the case of stars in
M31), the magnification would not be noticed.

We calculate the maximum ML event duration for a fixed string tension
given the distance between observer and source (see Sec. 3.5.3 Eq. 3.45). The
left panel of Figure 4.5 shows these maximum timescales as a function of string
tension for different source locations.

An observer only sees the flux enhancement for the maximum lensing time
if a string is oriented perpendicular to the line of sight and is situated equidis-
tant from observer and source. In case of observations of stars in M31, this
is unlikely. The DM and string densities peak close to the centres of the MW
and M31, therefore, it is more likely for a string to pass close to either observer
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Figure 4.5: Left panel: The maximum duration of a microlensing event
as a function of cosmic string tension. The time scales are shown for dif-
ferent distances D between observer and source. The green line is relevant
for sources in M31, the purple lines show two representative distances of
SNe Ia lensed by strings in the intergalactic medium (IGM). Right panel:
Cumulative probability distribution function (CDF) for microlensing event
durations for distant SNe Ia lensed by CSSs in the IGM (purple line), and
stars in M31 (green line). We scale the CDF by the respective maximum
possible lensing time, tjens max- In the case of M31, we assumed the source
is located 8 kpc in front of the galactic centre in M31. The scaled CDF is
independent of the distance of the source for lensing by CSSs in the IGM.

Figure from Paper B.



78 Chapter 4. Summary of Included Papers

or source. To correct for this, we normalise the string density profile and in-
terpret it as a probability distribution function for the position of the lens.
Drawing sample positions from this, we calculate the ML event duration for
each drawn string position. Repeating this for ~ 10 positions yields a cumu-
lative probability distribution function (CDF) for the duration of the lensing
events.

The right panel of Figure 4.5 shows the CDFs for the observation of stars in
M31 and of distant SNe Ia. As expected, most lensing events of stars in M31 are
much shorter than the maximum event duration, as most strings reside close
to either observer or source. For a majority of the events tiens < 0.01 tiens, max-
Hence, most events will be shorter than 1 s for small string tensions, making
them challenging to detect. In contrast, the CDF for the lensing of SNe Ia by
strings in the IGM is relatively flat and events lasting fiens ~ tiens, max are not
unlikely. This is a reflection of the flat homogeneous density profile along the
line of sight.

Survey Set-up, Observation Criteria & Event Rate Simulation

To simulate the rate of expected ML events, we must assume a specific survey
strategy. I list our choices for source positions, exposure times, and survey
durations in Table 4.2.

Also given in Table 4.2 are the detection criteria. These are needed to de-
cide whether one classifies a measured flux as enhanced or not. For example,
stars can have intrinsic brightness fluctuations which one should not count as
flux enhancement when searching for CSSs. On the other hand, if the align-
ment of observer, CSS, and source happens during an exposure, the resulting
flux measure will not yield a factor of two enhancement. Assuming that the
alignment happened after 50% of the exposure time, and is not broken until
the end, the observer will measure a flux enhancement of factor 1.5. Requiring
a perfect sequence of zero enhancements, followed by a sequence of doubled
flux measurements, which is then again followed by an unenhanced flux mea-
surement, therefore, might be too stringent. Hence, we classify a flux measure
F' as not enhanced if it does not exceed F' (1 + 6y ). Likewise, a flux needs to
exceed F' (1 + dmax) to be classified as enhanced.

It is also likely that only one ‘edge’ of the ML event falls within the obser-
vation time. This means that the observer only detects a sudden flux increase
(rising edge) or a sudden flux decrease (falling edge) in two consecutive ob-
servation windows. Such an observation would reduce the significance of a
detection. We denote fully resolved events (detection of rising and falling
edge) by niens, the number of detections of only one edge by 7 eqge-

Given that lensing events of distant sources can last several years, it is
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‘ Stars in M31 Supernovae a
Source star at 8 kpc distance SNe at distances
from M31 centre 100 — 2000 Mpc
Survey 1 year, 2 hours/night 3 months, 5 times/night
repeated 1 s exposures repeated 30 s exposures
separated by 0.01 s separated by 1 h
Min./Max. Omin = Omax = 30 % Omin = Omax = 10 %
flux variation
for detection

Table 4.2: Our choices for the survey strategies used in the simulation of
the expected number of ML event detections. The first column indicates
the survey setup for the observation of stars in M31. The second column
lists our choices for the observation of SNe Ia. I will refer to the exposure
times as tops, and the time span between the end and beginning of suc-
cessive nightly exposures as Atqps. The criteria we apply to classify a flux
as enhanced or not are given by 0, and dpax (See main text for details).
Table adapted from Paper B.

possible that a SN Ia is lensed during its entire observable lifetime of ~ 3
months. Such an observation can still be an indicator for the presence of a
CSS as the theoretical brightness of SNe Ia is known. The number of these
continuously lensed events is denoted by n .

We calculate the expected number of ML event detections per source as

Njens = €lens f Tobs/N* ) (43)

where €., is the efficiency of a survey to detect ML events for a given string
tension, [ is the rate at which lensing events occur, T, is the time between
the first and last observation of a survey, and NV, is the number of sources.
Similarly, one can calculate the number of expected detections of rising and
falling edges, 7 cqge, and the number of observations of continuously lensed
objects, n cr.

We simulate the efficiency €5 to detect an ML event sourced by a CSS for
a given target at a distance D, a fixed string tension, and a set survey plan.
To do so, we assume that during the entire survey, one alignment between
observer, string and source takes place. The time at which this occurs, the
position of the CSS, and its angle with respect to the line of sight are randomly
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drawn. From these quantities, we can infer the duration of one lensing event
with the help of the CDF for the lensing timescales (see Figure 4.5). This
allows us to create a stream of the NV, time intervals where the flux of the
source appears enhanced.® Comparing the time intervals with enhanced fluxes
to the exposure times of the survey yields the measured fluxes. We apply the
defined observation criteria and count the number of rising and falling edges in
the vector of flux measures. This counting results in the number of predicted
observed events 7 iens, Medge and ncr,, given that a string crossed the line of
sight. By repeating this O(10%) times, we get an estimate of how efficient a
survey is expected to be in detecting a microlensing event by a CSS.

The rate per second at which lensing events occur, f‘, can be calculated as

- ! D /

F:/TL*TQde?”/dT/dl (i?) <d£f> :N*/ dr'dl (i?) <d£f> ;
0

(4.4)

where n,(r) is the density of stars, N, the total number of sources within
the probed volume, and (dn/dl)" the length spectrum of loops. The observer
is placed at the origin and strings acting as a lens lie between the observer
and source (0 < r" < r). The quantity d A, /dt¢ denotes the rate at which
a string loop covers an area perpendicular to the line of sight; it is averaged
over the orientation and motion of the loop in space-time, as well as over the
characteristic trajectories traced by different loops. The second equality holds
when assuming that the sources are confined within a narrow cone at fixed
distance D. With this rate I and the simulated efficiency, we can calculate
the number of expected events given in Eq. (4.3).

In all calculations and simulations, we assume that G, the factor parametris-
ing string theory unknowns regarding the number density of CSSs, is equal to
100. This assumption is based on the estimate from Ref. [336]. However, in
principle, G could be unity, or as large as 10,000. The uncertainty in this pa-
rameter, therefore, dominates all given estimates. However, the results can be
easily rescaled to any value of G, as the event rates are linear in G, i.e. G X Njeps.

In the analysis, we made several simplifying assumptions. We did not
account for uncertainties in the DM density distribution. Additionally, we
fix parameters of CSSs describing their clustering properties to their best fit
values from network simulations, instead of varying and marginalising over
them. Further, we assumed that different ML events are uncorrelated. This

6Recall from Sec. 3.5.3 that owing to internal oscillations of CSSs, one alignment can
lead t0 Nyep = ¥i/Vgom ~ 1000 microlensing events. Here v; and veom are, respectively, the
internal and centre-of-mass velocities of the string. For strings within the MW and M31,
we assume Vo, = 220 km/s, while strings moving in the IGM are assumed to move with
Veom = 600 km/s.
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means we did not take into account that a CSS that aligns with one star
could move on and give rise to another ML event of a neighbouring star. We
ignored cosmological effects in the event rate analysis for distant sources, such
as the increase of the DM and string loop densities with increasing redshift.
The latter two assumptions, neglecting event correlations and the cosmological
evolution, make our results more conservative. From a technical point of view,
we neglected detector and photon noise, extinction effects of the signal, and
the effects of sources being not perfectly point-like.” For a full list of the
underlying assumptions, I refer the reader to Appendix B of Paper B.

Results

Figure 4.6 summarises our main results. It shows the simulated number of
detections per point-like source depending on the string tension for two stars
located at different positions within M31, and for different distances of sources
lensed by CSSs in the IGM. One can understand the trends as follows:

o Sources in M31. Strings with high tension have a low number density and
do not strongly trace the DM abundance (see Figure 4.4). Therefore, the
abundance of these strings is too low to yield seizable lensing rates. The
rates increase with decreasing string tension, up until the timescales of
the events are too small to be captured by a survey with an observation
window of 1 s. This turnover happens at string tension Gu/c? = 10713,
If one considers an idealised survey, i.e. continuous monitoring of the
source with arbitrarily small time resolution, the theoretical detection
rate keeps increasing with decreasing string tension.

The rates for a source located 8 kpc behind the centre of M31 can be
more than two orders of magnitude higher compared to the rates for a
source located at 8 kpc distance to the centre on a plane perpendicular
to the line of sight. This is the case as the line of sight of the former
passes through the high-density core of M31. Hence, especially for low
tension strings, the string number density is higher when observing a
source behind M31’s centre, leading to higher detection rates.

e Distant SNe Ia. High tension strings give rise to longer lensing time
scales. For sources at distance 1000 Mpc, events can last longer than
a few decades for Gu/c® 2 107°. Hence, the higher the string tension,
the higher the probability of seeing a SNe Ia which is lensed during

“If the point-source approximation does not hold, the string only partially covers the
object. This partial coverage means only a fraction of the source is lensed, and the measured
flux enhancement is lower than a factor of two.
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its entire observable period of ~ 3 months. Therefore, the detection
rate of continuously lensed sources n ¢y, increases with increasing string
tension. However, n ¢, vanishes as soon as the total observation time
Tops = 3 months becomes larger than the event duration. In turn, the
chance of detecting the beginning or end of an alignment, quantified
through 7 cqge, decreases with increasing lensing duration, i.e. increasing
tension.

We derive the constraints on the string tension that arises from a non-
detection of a factor of two flux enhancement in the Pantheon dataset,
containing 1048 SNe Ia. The resulting constraints are indicated in Fig-
ure 4.6.

Based on the results from our simulations we can draw the following conclu-
sions: firstly, no available dataset of stars in neighbouring galaxies, or SNe Ia,
can constrain so far unprobed regions of the parameter space of cosmic super-
strings.

When observing stars in nearby galaxies short exposure times, and short
separations of observation windows, are beneficial. With current technologies,
exposure times of 1 s separated by just 0.01 s can be achieved. This would
require the observation of about 10° stars over the course of 1 year to constrain
string tensions of Gu/c* ~ 107'3) where this survey is most sensitive. With
a sample of about one million stars, the probed tension range expands to
10713° < Gu/c® < 107113,

The observation of distant SNe Ia is less promising for a possible detection
of ML events by CSSs. Our estimate shows that one would only expect about
one event in 107 —10® observations. These large numbers are not expected to be
reached with near-future surveys. However, a potential ML event sourced by a
cosmic string would clearly be visible in the standard observations of SNe Ia.
Hence, no adaption of survey strategies for the search for cosmic superstrings
is needed, and the possibility of a detection by chance remains.
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Figure 4.6: Simulated number of expected detections of microlensing
(ML) events sourced by cosmic superstrings (CSSs) as a function of string
tension for different source locations. Green lines refer to stars in An-
dromeda (M31), purple lines to distant sources lensed by CSSs in the in-
tergalactic medium (IGM). The lower z-axis indicates the string tension,
and the upper axis gives the respective maximum lensing durations for a
given source distance. Green values apply to stars in M31, purple values
to a source at D = 1000 Mpc. M31: shaded bands indicate the event
rates for a star located behind the centre of M31 (dark green) and a star
located in the plane perpendicular to the line of sight (light green), both
8 kpc from M31’s centre. The lower borders correspond to detecting a
fully resolved ML event (niens); the upper borders give the rates for de-
tecting only a rising or falling edge of the flux increase (neqqe). Dotted
lines indicate the number of events that could theoretically be detected
by an ideal survey with arbitrarily small time resolution. IGM: expected
number of detections for two different detection criteria. Firstly, ncqge, the
detection of a rising or falling edge of the flux increase. Secondly, n ¢y, the
observation of a constantly lensed object. Central line stands for a source
located at D = 1000 Mpc, the respective lower and upper border indicate
the numbers for sources located at 500 Mpc and 2000 Mpc, respectively.
Figure from Paper B.






Chapter 5

Statistical Inference and the Global
and Modular Beyond-the-Standard-
Model Inference Tool (GAMBIT)

One goal in fundamental research is to find models that reliably predict ob-
served phenomena. In this quest, one can ask different questions to gain more
information about the underlying laws dictating the outcome of observations.
Firstly, is a given hypothesis, for example, the existence of a new particle, con-
sistent with the data? This concerns hypothesis testing. Secondly, if a model
has free parameters, which combination of these parameters describes the ob-
served data best? This question relates to parameter inference. And thirdly,
given several models, do observations prefer one of them over the other? The
answer to this requires the performance of model comparison.

All of the techniques mentioned above are commonly applied in particle
physics and cosmology. These statistical analyses typically require the use
of computational tools. One example of such a software tool is GAMBIT,
the Global and Modular Beyond-the-Standard-Model Inference Tool. It is an
open-source software package designed to conduct parameter inference and
model comparison. A wide range of Beyond-the-Standard-Model (BSM) theo-
ries are readily implemented in GAMBIT and can be confronted with a variety
of experimental datasets from different fields of physics.

In will start this chapter by giving a brief introduction to methods for
parameter inference used in the context of GAMBIT in Sec. 5.1. Sec. 5.2
provides an overview of the models and likelihoods available for use within
GAMBIT. I will explain the key concepts of GAMBIT’s technical design in
Sec. 5.3.

85
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5.1 Statistical Methods for Parameter Inference

To investigate statistical questions, one can follow two distinct philosophies:
frequentist or Bayesian statistics. The frequentist approach to statistics inter-
prets probability in terms of the frequency of the occurrence of events. Take
the example of tossing a coin, where the outcome can either be heads H or
tails T. The estimate for the probability of the event H happening, i.e. P(H),
is then

P(H) = nH (5.1)

where ny is the number of times the coin landed on heads, and NV is the total
number of coin tosses. Observing ny = 30 when tossing the coin 100 times,
a frequentist will make a point estimate for P(H) of 0.3 based on this data.
In contrast, in the Bayesian approach, one defines a probability as the degree
of belief in a hypothesis. Before performing any experiment, one quantifies a
prior expectation of the outcome. In the case of flipping a coin, one could —
based on the geometry — assume that P(H) follows, e.g. a Gaussian distribution
centred around 0.5. Alternatively, if there was a reason to believe that the coin
is biased in either way, one could adopt an uninformative prior by assuming
that it is equally likely that P(H) takes any value between 0 and 1. After
performing the experiment, the Bayesian will update their degree of belief in
the given hypothesis. In general, this can lead to prior-dependent results.

In both the Bayesian and frequentist frameworks, probabilities obey Kol-
mogorov’s three axioms [436]. These axioms are i) probabilities are non-
negative and real numbers, i) the probability of at least one of the possible
outcomes happening is 1, and i) the probability of several disjoint events
occurring at once is equal to the sum of the probabilities of the occurrence of
each event. What differs, however, are important points when it comes to the
interpretation of probabilities and what kind of information one can extract
from data.

One crucial difference between the frequentist and Bayesian schools of
thought follows from the interpretation of probability. Frequentist probabili-
ties can only be used for statements about outcomes of processes that are, at
least in principle, repeatable. Bayesian probability, on the other hand, can be
used to express one’s degree of belief in any statement.

In the following, I will give a brief introduction to the methods of parameter
inference in both the frequentist and the Bayesian framework. For in-depth
textbook introductions and methods for hypothesis testing and model com-
parison, see, e.g. Refs. [437-440]. For discussions of statistical methods in the
context of cosmology refer to Refs. [418, 441-446].

An important definition in parameter inference is the likelihood. Consider
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a model M with a set of n continuous variables, 0, = {61,60,,...,0,}. Let D
denote the outcome of an experiment in the form of a dataset. One defines
the likelihood function as the probability of observing the data D given a set
of parameters 6,, of the model M. It is usually denoted as

L(D|M,6,). (5.2)

In a frequentist approach the combination of parameters 6, that shows
the best agreement with the data is inferred by searching for the combination
{01,02,...,0,} that maximises the likelihood in the multi-dimensional parame-
ter space. If a set of secondary, or nuisance, parameters is involved, one usually
reports the profile likelihood. Nuisance parameters are not of direct interest
in the analysis; for example they can parametrise calibration uncertainties
of a detector. To obtain the profile likelihood, one maximises the likelihood
function over the nuisance parameters, Quy,, i.e.

L(D|M,0,) = maxs, L(D|M,0,,a,). (5.3)

In the Bayesian approach the values for the preferred model parameters 0,
from a set of data D are inferred from the posterior distribution. It is given by

L(D|M,6,) P(6,| M)
£(D|IM) ’

where P(6,| M) is the prior, and £(D|M) is the evidence. The prior encodes
the prior knowledge about the probability of the value of a parameter 6;. This
information can come from previously performed experiments or from physi-
cal constraints, e.g. requiring that the mass of a particle cannot be negative.
The evidence follows from the requirement that the posterior is a probability
distribution. To ensure that the posterior obeys Kolmogorov’s second axiom,
the integral [ p(6,|M,D)d"d, must be equal to unity. The expression for the
evidence then follows from Eq. 5.4:

£(DIM) = /c(DyM, 6,) P(6,| M) "6, . (5.5)

The Bayesian equivalent to the profile likelihood, where the effect of nui-
sance parameters is incorporated into the estimate of the statistic of interest
in terms of the primary parameters, is the marginalised posterior. To obtain
the marginalised posterior one simply integrates the full posterior over the
nuisance parameters to obtain the posterior distribution for the parameters of
interest. To visualise the results of a parameter inference analysis, it is com-
mon to integrate over all but one or two model parameters, to show the 1- or
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2-dimensional marginalised constraints in terms of a specific parameter of pair
of parameters.

Beyond point estimates of the set of best-fitting model parameters, param-
eter inference techniques can also provide measures for the uncertainty of the
results. Frequentists quote maximum likelihood values with X% confidence
intervals. The interpretation of this is that when repeating the experiment
multiple times, X% of the time the data will be such that the true value of a
model parameter will lie within the confidence interval inferred from the data.
Bayesians indicate uncertainties with credible regions of X%. These regions
contain X% of the probability associated with the possible values of a model
parameter.

To sum up: in frequentist parameter inference analyses, one is interested
in maximizing the likelihood with respect to a set of model parameters. In
Bayesian analyses, the posterior distribution, proportional to the product of
likelihood and prior, is the quantity of interest. These differences have direct
consequences for the type of sampling algorithms that one needs to employ in
parameter inference. In the frequentist approach it is important to perform
fast optimisations to find the maximum of the multi-dimensional likelihood
function efficiently. In the Bayesian framework, one is interested in obtaining
a sample of the likelihood function across the parameter space to infer the
posterior.

5.2 GAMBIT Models, Modules and Likelihoods

GAMBIT offers a framework to confront different models with experimental
data by performing parameter inference and model comparison in Bayesian
and frequentist statistical frameworks. The design of GAMBIT is modular to
provide maximum flexibility when it comes to including additional models, like-
lihoods, and external libraries for the calculation of observables or likelihoods.
In the current public release v1.4.4, the implemented models and likelihoods
are mainly related to particle physics. I will present the extension of this
database to cosmological models and likelihoods in Chapter 6 of this thesis.
In principle, however, the framework of GAMBIT can be extended to confront
arbitrary models with data, even those not necessarily related to physics. The
source is available for download from http://gambit.hepforge.org under
the 3-clause BSD license.

The general idea of GAMBIT is not to reproduce already existing codes
to perform observable and likelihood calculations, but to make use of well-
tested, existing tools as external libraries and to combine them in a consistent
framework. These external libraries are called backends. While GAMBIT is
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written in C++11, backends can be implemented in different languages. GAM-
BIT supports interfaces to codes written in Python, Mathematica, Fortran and
C.

The model database GAMBIT provided in release 1.4.4 contains different
types of models. These are the Standard Model (SM) of particle physics,
models incorporating nuclear uncertainties of the SM, the extension of the
neutrino sector of the SM to right-handed neutrinos, models for the shape of
dark matter (DM) halos, axions and axion-like particles, Higgs portal models,
SM effective field theories, and supersymmetric extensions of the SM encoded
in the Minimal Supersymmetric Standard Model (MSSM). Family trees con-
nect all related models; for example, the Constrained Minimal Supersymmetric
Standard Model (CMSSM) is a special case of the most general implemented
MSSM model. Hence, the MSSM is a ‘parent’ model of the CMSSM, and a
translation function maps the parameters from the child model to the more
general case.

The different physics modules are responsible for calculating model pre-
dictions, observables and/or likelihoods. For example, the module DarkBit
includes all computations related to calculating the relic density of a DM par-
ticle, relevant cross-sections, and direct and indirect detection likelihoods. The
modules included in GAMBIT 1.4.4 are:

o SpecBit [447]: computation of masses and couplings of all SM and BSM
particles included in the theory under investigation. In terms of likeli-
hoods, the vacuum stability of a theory can be assessed.

o DecayBit [447]: calculation of particle decay widths and branching ra-
tios of all particles, including calculations thereof for BSM states. The
module offers likelihoods for the decay widths of SM particles to test the
predictions of a theory.

o PrecisionBit [447]: calculation of precision observables, for example, the
fine-structure constant, the strong coupling constant, or the Higgs mass.
Further, PrecisionBit includes likelihoods to compare these predictions to
experimental data.

o FlavBit [448]: computation of predictions and likelihoods of flavour physics
processes, for example, B meson decays or muon to electron conversion
inside nuclei.

o ColliderBit [449]: offers a range of likelihoods from the Large Hadron
Collider (LHC) and the Large Electron-Positron collider (LEP). For ex-
ample, from searches for supersymmetric particles, Higgs searches, and
missing energy searches for DM particles.

« DarkBit [450]: calculation of relic density of a DM particle and likelihoods
for laboratory (direct) as well as astrophysical (indirect) DM searches.
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 NeutrinoBit [451]: observable and likelihood calculation for constraints
on (extensions of) the neutrino sector of the SM.

In addition to physics modules, GAMBIT also has a module that is responsi-
ble for all tasks related to parameter sampling, ScannerBit [452]. It has all tools
for sampling the likelihood and computing associated posterior weights. Model
comparison analyses in the frequentist approach, by performing simulations,
and the Bayesian approach, through the calculation of the evidence, are also
supported. ScannerBit offers the user a choice between different built-in and
external sampling algorithms. For example, a regular Markov Chain Monte
Carlo (MCMC) algorithm (GreAT [453]), an ensemble MCMC algorithm (T-
Walk [452]), nested samplers (MultiNest [454, 455] and polychord [456]), and a
differential evolution optimiser (Diver [452]).

For more details, refer to the GAMBIT manual [457], the recent GAMBIT
review [458], and the respective module papers, Refs. [447-451]. For global
fit results obtained with GAMBIT, see Ref. [459] for an analysis of different
Higgs Portal models, Ref. [460] for a study of axions and axion-like particles,
Ref. [451] for right-handed neutrinos, Ref. [461, 462] for scalar singlet DM
models, Ref. [463-465] for studies of supersymmetric extensions of the SM,
or Ref. [466] for lepton-universal effective field theory fits to anomalies in B
meson decays.

5.3 Design Principles of GAMBIT

With GAMBIT the user can freely choose which model they want to constrain
with which combination of likelihoods. This flexibility poses several challenges:
on the one hand, one must ensure that model-dependent assumptions and
calculations are only used for models that they apply to. On the other hand, to
keep the code maintainable, no equation or calculation should appear multiple
times. Hence, the design of the framework must offer maximum flexibility and
minimum ambiguity at the same time.

The design of GAMBIT addresses the challenge of maximising flexibility
and re-usability by introducing the concept of capabilities and dependencies.
Each capability provides the result of a self-contained sub-calculation. For ex-
ample, this can be the mass or lifetime of a given particle, different interaction
cross-sections, or the DM relic density. If the result from another capability
is needed in the calculation, it can be accessed via a dependency on the re-
quired capability. For example, the calculation of the relic density requires the
knowledge of the masses and lifetimes of a number of particles.

Every capability can be provided by one or more module functions, which
contain the actual implementation of the calculation. While all module func-
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tions of a capability provide in principle the same result, e.g. the DM relic
density, the calculations given in the different module functions differ. The
results can either be obtained using different calculation techniques (e.g. ana-
lytical versus numerical computation) or be valid for different models. In the
latter case, the module function has a tag that indicates for which model(s) it
is valid.

Which module function is activated to provide a given capability in a spe-
cific run is automatically determined by GAMBIT’s internal dependency re-
solver. At the beginning of each run, the dependency resolver works out which
capabilities need to be evaluated to compute the chosen likelihoods and ob-
servables from the model parameters. In this process, the dependency resolver
automatically respects the model dependency of functions, and it only activates
functions if they are consistent with the given choice of models. If ambiguities
exist, or if dependencies cannot be resolved, e.g. due to a missing external
library, the dependency resolver will exit with an informative error message.
All inputs for a GAMBIT run, such as likelihoods, models, scan settings are
specified in a YAML file.!

For an overview of how a GAMBIT run proceeds conceptually, see Fig-
ure 5.1. Figure 5.2 shows a simple example of a dependency tree of a GAMBIT
run using only the module CosmoBit. I will present the models and likelihoods
introduced by the new module CosmoBit in the next chapter.

L'YAML (YAML Ain’t Markup Language) is a data serialisation language developed to be
easily readable and writeable by humans.
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Figure 5.1: A conceptual overview of a GAMBIT run: based on the mod-
els, likelihoods and scan settings specified in the YAML file, the dependency
resolver assesses which module functions and which calculations from ex-

ternal libraries need to be evaluated in which order.

The results of the

likelihood evaluations for one parameter point are passed through the core
to ScannerBit, which controls the model parameter values for each evalua-
tion according to the sampling algorithm chosen by the user. Figure from
Ref. [457], used with permission.
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Figure 5.2: Dependency tree of a simple GAMBIT run. The boxes stand
for the capabilities that are evaluated. Below the capability names (printed
in red), the return type, the function used to provide the capability, and the
module it is implemented in are indicated. The evaluation order follows the
arrows. The arrows also show the different dependencies: for example, the
function compute_ BBN_Loglike, providing capability BBN_LogLike, has
a dependency on the capability BBN_abundances. In this specific exam-
ple, GAMBIT evaluates the Planck CMB likelihood (Planck_lowl_loglike)
and the BBN likelihood using abundance measurement of light elements
(compute_BBN__LogLike) to constrain the model parameters of ACDM and
the SM neutrino masses (StandardModel_mNudiff_parameters). Note that
CosmoBit passes the computed primordial helium abundance (here calcu-
lated by the backend AlterBBN [467, 468]) consistently to the Boltzmann

solver (CLASS [225, 226] in this example).






Chapter 6

CosmoBit: A GAMBIT Module for
Computing Cosmological Observables
and Likelihoods

The practice of carrying out combined likelihood analyses of multiple datasets
to compare models and estimate their parameters is well established, both
in cosmology and particle physics. Packages such as CosmoMC [469, 470],
MontePython [471, 472], and Cosmosis [473] provide the ability to use combi-
nations of observables from, e.g. large-scale structure (LSS), Supernovae Type
Ia (SN Ia), Big Bang Nucleosynthesis (BBN) and the cosmic microwave back-
ground (CMB) to constrain a number of different cosmological models. These
range from the canonical ACDM cosmology, to theories of inflation, dark en-
ergy, additional neutrinos, exotic energy injection, and many others.

On the particle physics side, ‘global fitting’ frameworks such as GAM-
BIT [457, 458], MasterCode [474] and HEPFit [475] allow phenomenologists
to carry out combined fits to data from the Large Hadron Collider (LHC),
direct and indirect dark matter searches, flavour physics, precision Standard
Model (SM) measurements, and neutrino physics. These have been applied
to a number of different theories for physics beyond the SM (BSM), ranging
from supersymmetry [463-465, 476, 477] to extended Higgs sectors [459, 461,
462, 478, 479], axions [460] and additional neutrinos [451]. Many of these BSM
scenarios have additional cosmological implications not accounted for in the
particle physics fits. Examples are inflationary implications of different axion
theories, impacts on BBN of decaying heavy relics, and effects of neutrinos on
the power spectrum of cosmological perturbations at small scales. Likewise,
most beyond-ACDM theories are effective theories describing the impacts of
new states on cosmology, with completions in terms of concrete BSM models
leading to a host of potential signals in traditional particle physics experiments.

95
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To date, no package has been developed for combining the wealth of cosmo-
logical and particle physics datasets available, to constrain theories from both
sides simultaneously. In this chapter, I present CosmoBit, the first development
in this direction. CosmoBit is a cosmology module within GAMBIT, providing
observable and likelihood calculations for BBN, the CMB, LSS, SNe Ia and
other cosmological probes. When combined with existing GAMBIT modules
specialised for neutrino [451], collider [449], flavour [448], dark matter [450]
and precision [447] physics — as well as a host of advanced statistical sam-
pling algorithms accessible via the ScannerBit module [452] — CosmoBit allows
one to use GAMBIT to perform joint cosmological and particle global fits.

CosmoBit is open source and will be part of the GAMBIT 1.5 release, avail-
able to download from http://gambit.hepforge.org. Note that while the
majority of the development has been finished at the time of writing, we have
not release the code yet. In the following, I will describe the code in its cur-
rent state. Even though we do not plan to make further essential changes,
the reader should be aware that design revisions (e.g. changes in naming con-
ventions or interfaces) could be made before the initial release. Therefore, I
recommend that the reader consults — once published — the CosmoBit module
paper for the final technicalities. CosmoBit will be released under the terms of
the standard 3-clause BSD license.!

This comprehensive chapter starts with an executive summary given in
Sec. 6.1. The summary provides a broad conceptual overview of the mod-
els, likelihoods and external libraries that, in combination, form the heart of
CosmoBit. I will then discuss the details of each of these points individually.
Sec. 6.2 addresses all models introduced with CosmoBit, Sec. 6.3 observable
and likelihood calculations, and Sec. 6.4 technical details about the imple-
mentation and use of external libraries. In the end, I will present validation
analyses and first results in Sec. 6.5.

6.1 Executive Summary

CosmoBit introduces a range of new models, likelihoods and interfaces to ex-
ternal libraries (backends). Before going into details, I will give an executive
summary of the newly introduced features. For each of these points, I provide
a reference to the specific section where the respective details are covered.

The different models the user can test with CosmoBit are organised in dif-
ferent family trees and model groups. These are:

o Cosmological models defining the cosmological baseline parameters of

thttp://opensource.org/licenses/BSD-3-Clause.
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ACDM. [Definitions — Sec. 6.2.1]

« Inflation models dictating the shape of the primordial power spectrum.
[Definitions — Sec.0.2.2]

o Neutrino mass parameters to include massive neutrinos with realistic mass
splitting. [Definitions — Sec. 6.2.3]

o Additional energy in radiation allowing the user to vary the baryon-to-
photon ratio and the effective number of relativistic degrees of freedom
at different times. [Definitions — Sec. 6.2.4]

o Energy injection into the primordial plasma in the early Universe by an-
nihilating or decaying dark matter models. [Definitions — Sec. 6.2.5]

o Cosmological nuisance parameters needed if likelihoods with nuisance pa-
rameters are in use. [Definitions — Sec. 6.2.6]

Figure 6.1 gives an overview of these model groups. The user can easily infer
which backend they need to install for scans of a specific model (group) from
the graphic.

The likelihoods the user can employ to test the implemented models range
from probes of the early Universe to tests of the late Universe. The options
in CosmoBit are not limited to the standard combination of CMB, BAO and
SNe Ia likelihoods. Further options like measurements of light element abun-
dances probing the epoch of BBN, weak lensing and galaxy clustering mea-
surements are also available for use. To avoid simply re-implementing existing
likelihood calculations, we utilise two external libraries:

o plc: the official Planck likelihood code [480, 481]. Serves to compute
CMB likelihoods for the temperature, polarisation, and lensing spectra.
[Likelihoods — Sec. 6.3.2; technical details — Sec. 6.4.7]

o MontePython: a parameter inference package for cosmology [471, 472].
Provides access to an extensive database of different cosmological likeli-
hoods. [Likelihoods — Sec. 6.3.3; technical details — Sec. 6.4.5]

Refer to Sec. 6.3 for more details on the exact datasets used for the likelihood
calculations.

To calculate the likelihoods mentioned above, the computation of theoreti-
cal predictions for the respective observables is required. We obtain these from
well-tested, public external codes:
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« MultiModeCode: a tool to compute the primordial power spectrum (PPS)
for different (multi-field) inflation models [482, 483]. The PPS encodes
the initial spectrum of perturbations in the early Universe which can
leave observable signatures on cosmological observables. [Technical de-
tails — Sec. 6.4.6]

¢ AlterBBN: a code to compute the abundances of light elements formed
during BBN for different non-standard physics scenarios [467, 468]. [Like-
lihood calculation — Sec. 6.3.1; technical details — Sec. 6.4.2]

o CLASS: the Cosmic Linear Anisotropy Solving System [225, 226]. CLASS
solves the Boltzmann equation in order to determine the evolution of the
linear power spectrum, primarily during the recombination epoch. This
is required for predicting various cosmological observables. [Technical
details — Sec. 6.4.3]

e ExoCLASS: an extension of CLASS incorporating exotic electromagnetic
energy injection into the CMB [484]. These effects can be sourced by
annihilating or decaying DM models and would leave signatures in CMB
spectra. The technical details and usage are analogous to the CLASS
interface.

o DarkAges: a tool to compute the efficiency of energy injection by ex-
otic particle decays or annihilations [484]. The computed efficiencies are
an input required for ExoCLASS to compute cosmological observables.
[Technical details — Sec. 6.4.4]

Table 6.1 provides an overview of the different backends and their purposes.
Note, however, that the modularity of GAMBIT allows the user to replace any
of these backends by a different external library of their choice. For example,
instead of using CLASS for the computation of cosmological observables, one
could implement an interface to CAMB [223, 224]. Likewise, the calculation of
the primordial element abundances can be provided by, e.g. PArthENoPE [485,
486] instead of AlterBBN.

Some backends can help to decrease the runtime of a fit if a scanner sup-
porting the use of fast-slow parameters is employed. This functionality allows
different sets of parameters to be changed with a different frequency, such
that ‘fast’ (typically nuisance) parameters — used for calculations that evalu-
ate quickly — are changed far more frequently than ‘slow’ parameters necessary
for calculations requiring longer runtime. If from one point in parameter-space
to the next no parameter changing the outcome of a calculation is modified,
GAMBIT skips the computation; instead, it reports the previously-computed
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Figure 6.1: Overview of all models relevant to the use of CosmoBit. Ar-
rows mark child-to-parent relations from child models to their parents.
Models are grouped into different categories indicated by different colours.
Besides the use of a cosmological model (blue), the inclusion of all other
models is optional. The black boxes indicate which external library (back-
end) the user needs to install for the respective model choice.
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Backend ‘ Capabilities & Purpose ‘ F/S ‘ Allowed Models
AlterBBN Calculate light element abundances | v | LCDM, LCDM_ theta,

— Helium abundance for CLASS run extra__radiation,
— BBN Likelihood StandardModel_mNudiff
CLASS Calculate cosmological observables v | LCDM, LCDM_ theta,
— Planck likelihoods extra__radiation,
— MontePython likelihoods StandardModel_mNudiff
ExoCLASS As CLASS but can also be used with | v/ | +AnnihilatingDM__general,
annihilating and decaying DM mod- +DecayingDM__general
els
DarkAges Calculate spectrum & efficiency of | v | AnnihilatingDM__general,
energy injection into CMB DecayingDM__general
— passed to ExoCLASS
MontePython | Calculate cosmological likelihoods X | cosmo_nuisance.., except
cosmo__nuisance_Planck..
MultiMode Calculate primordial power spec- | X Inflation__..
trum
— passed to CLASS
plc Calculate Planck likelihoods X LCDM, LCDM__theta,

cosmo__nuisance__Planck..

Table 6.1: Overview of the roles and capabilities of the backends inter-
faced with CosmoBit. The table also indicates which backends can exploit
the use of fast-slow (F/S) parameters by skipping their respective calcula-
tion if no input parameter has changed from one point to the next in pa-
rameter space. The last column provides a list of models that are allowed
to be used with the respective backend. The model extra_radiation is an
abbreviation for the model etaBBN_rBBN_rCMB_dNurBBN_dNurCMB.
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results. Currently, only computations provided by AlterBBN, CLASS, Exo-
CLASS and DarkAges support this feature. We plan to support the fast-slow
functionality natively in a future release of GAMBIT, such that it is employed
in all likelihood calculations.

In the following sections I will give more details about the implemented
models and their parameters, the implemented likelihoods, and the technical
details concerning the backend interfaces.

6.2 Cosmological Models in CosmoBit

In this section, I will move through the different model groups in the sequence
cosmological models, inflationary models, neutrino mass treatment, additional
radiation, and nuisance parameters.

When using GAMBIT in practice, the user can obtain information about
each model and its parameters by typing ./gambit <model_name>.

6.2.1 Standard Cosmology — LCDM

The concordance model of ACDM traditionally has six free parameters. In
CosmoBit, we include a seventh parameter: the temperature of the CMB as
measured today, Tomp-

The inclusion of the CMB temperature as a fundamental parameter gives
the user full flexibility in the exact treatment of Teyp. It is common to
fix Tcyp to the mean value inferred from the COBE/FIRAS measurement,
Tomp = 2.72548 £ 0.00057 K [487]. However, with the increased precision
of future surveys, this treatment can lead to a bias in the estimates for other
cosmological parameters from parameter inference [103]. Hence, we choose an
implementation that provides the freedom to fix Toump, use a Gaussian prior
or likelihood arising from the monopole measurement, or to vary Toyp inde-
pendently from any prior measurement.

Further, we provide the option to use the angular acoustic scale of the first
CMB peak (6*) as a free parameter instead of Hy. In terms of physics, these
models are equivalent. It is left to the user to choose their preference.

Without any further specification, the treatment of neutrino masses will
default to a simplified model: one massive neutrino with the minimum re-
quired mass of ¥m, = 0.06 eV. This default behaviour is consistent with the
‘baseline’ model of the Planck 2015 & 2018 analyses [10, 17]. In this case,
no additional ultra-relativistic species are considered, so a photon-to-neutrino
temperature ratio of 0.71611 is assumed, and N, takes the value of 2.0328.
These choices lead to the standard scenario of Nyg = 3.046 in the early Uni-
verse, and ¥ m,, /Q,0 = 93.14 h? eV [48]. To avoid this simplified treatment, the
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user can include the model StandardModel_mNudiff in the scan. The model pa-
rameters are the neutrino mass splittings and the mass of the lightest neutrino;
refer to Sec. 6.2.3 for details on this model.

The implemented cosmological models and their parameters are:

LCDM: T_cmb, omega_b, omega_cdm, HO, tau_reio, n_s, 1nl0A_s.

Standard ACDM with 7 free parameters: the temperature of the CMB as
measured today, T_cmb, the rescaled baryon energy density today, omega_b,
the rescaled energy density of cold dark matter today, omega_cdm, the
Hubble rate today in km /(s Mpc), Ho, the optical depth to reionisation,
tau_reio, and the tilt and amplitude of the scalar primordial power spec-
trum, n_s and 1n10A_s, respectively.

LCDI\/I_no_primordiaI: T_cmb, omega_b, omega_cdm, HO, tau_reio.

As LCDM but without any information about the primordial power spec-
trum. To be scanned in conjunction with an inflationary model, which
provides the primordial power spectrum to pass to CLASS.

LCDM_theta: T_cmb, omega_b, omega_cdm, 100theta_s, tau_reio, n_s, 1nlOA_s.

As LCDM but replacing the free parameter Hy with 0* = r*/d%, the
angular acoustic scale of the CMB multiplied by a factor of 100.

LCDM_theta_no_primordial: T_cmb, omega_b, omega_cdm, 100theta_s, tau_reio.
As LCDM_no_primordial but using 6* = r*/d’ instead of H.

6.2.2 Inflationary Models and Parameters

This section introduces models supported in CosmoBit that go beyond a simple
parametrisation of the PPS with Ag and ns. These inflationary models include
natural and Starobinsky inflation, plus various versions of single-field inflation
with a monomial potential,

V(p) = A Mp " % . (6.1)

Currently, only single-field inflation models assuming instant reheating are
implemented. This makes Npyot, the number of e-folds over which inflation oc-
curs, a derived parameter (via its relation to instant reheating, as in Ref. [488]).
In CosmoBit, we use the MultiModeCode to compute the PPS. It can solve
equations of motion for multi-field models and non-instantaneous reheating
scenarios, but the first release of CosmoBit will not support these features.

There is one important thing to note: whenever an inflationary model is
used the cosmological model may not include any assumptions regarding the
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shape of the PPS. Instead, the inflation model and its respective parameters
dictate the form of the PPS. Hence, the inclusion of an inflation model requires
the use of a cosmological model without primordial parameters. These models
are LCDM_no_primordial and LCDM_theta_no_primordial, which correspond
to the baseline ACDM model without the two parameters A, and n.

The supported inflationary models are:

Inflation__InstReh__1mono23: lambda.

A single-field model with monomial potential, with n = 2/3 in eq. (6.1).

Inflation_InstReh__1linear: lambda.

Single-field inflation with a linear potential, with n =1 in eq. (6.1).

Inflation__InstReh_1quadratic: m_phi.

Single-field inflation with a quadratic potential, with n = 2 and AMZ, —
m7 in Eq. (6.1).

Inflation__InstReh__lquartic: 1lambda.

Single-field inflation with a quartic potential, with n =4 in eq. (6.1).

Inflation__InstReh_1natural: 1ambda, f_phi.

Natural inflation, in which the inflaton is a pseudo Nambu-Goldstone
boson of a broken global symmetry [489, 490] resulting in a potential of
the form V(¢) = A\ My, [1 4 cos (¢/ f4)].

Inflation__InstReh_1Starobinsky: lambda.

Starobinsky inflation results from adding an R? term to the Einstein-
Hilbert action, which is generically expected to appear due to corrections
arising from quantum gravity [187]. When transformed to the Einstein
frame, this corresponds to a single-field inflation model with potential

V(g) = X M) |1 — emV2/30/Mn }

6.2.3 Neutrino Masses

The user can choose to consider a realistic treatment of neutrino masses by in-
cluding the model StandardModel_mNudiff in the scan. This inclusion disables
the simplified default assumptions made in the baseline ACDM model.

In the absence of any non-standard energy injection or radiation content,
the number of ultra-relativistic species today, V., is set to 0.00641, and the
temperature ratio between photons and neutrinos is not modified. This leads
to the standard value of Neg = 3.046 in the early Universe.
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StandardModel_mNudiff: mNu_light, dmNu2i, dmNu3l.

A realistic model of all three Standard Model neutrinos parametrised
by the mass of the lightest neutrino, mNu_light, the squared mass split-
ting from the second to first (dmNu21) and third to the lightest neutrino
(dmNu31) in eVZ

By fixing the sign of dmNu31, one can choose the neutrino mass hierarchy:

for a scan only considering the normal (inverted) hierarchy dmNu31 should
be strictly positive (negative).

6.2.4 Non-Standard Radiation Content

We include a general model which captures extensions related to a non-standard
value of AN.g and a non-standard baryon-to-photon ratio at the epoch of BBN.
The model is called etaBBN_rBBN_rCMB_dNurBBN_dNurCMB. The modifi-
cations to Neg can arise from either changing the temperature ratio between
photons and neutrinos or from introducing additional ultra-relativistic species
(see Sec. 3.3 for details). Whenever a model parameter name of the most gen-
eral model does not appear in the name of a child, the parameter value takes
its respective standard value from ACDM, as described below.

etaBBN_rBBN_rCMB_dNurBBN_dNurCMB: eta_BBN, r_BBN,r_CMB, dNur_BBN,
dNur_CMB.

Most general model allowing modifications to the baryon-to-photon-ratio
at the end of BBN (eta_BBN), introducing additional ultra-relativistic de-
grees of freedom during BBN and CMB release (dNur_BBN and dNur_CMB),
and changing the neutrino temperature, parametrised by the tempera-
ture ratio 7gen(cMB) = TBSM/TSM at BBN (recombination).

rBBN_rCMB_dNurBBN_dNurCMB: r_BBN, r_CMB, dNur_BBN, dNur_CMB.
As etaBBN_rBBN_rCMB_dNurBBN_dNurCMB but with ngpn set equal
to the value at recombination, encoded in wj, (equal to 19 in ACDM).
dNurBBN_dNurCMB: dNur_BBN, dNur_CMB.
As rBBN_rCMB_dNurBBN_dNurCMB but with no BSM modifications
of the temperature of neutrinos, rcyp = ey = 1.
rBBN_rCMB: r_BBN, r_CMB.

AsrBBN_rCMB_dNurBBN_dNurCMB but with no extra ultra-relativistic
degrees of freedom at either BBN or recombination, this means that
ANy,cmB = ANy ey = 0.
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rCMB: r_cus.

As rBBN_rCMB but with the same ratio of neutrino temperatures at the
end of BBN and at recombination, rcyp = TBBN-

dNurCMB: dNur_CMB.

As dNurBBN_dNurCMB but with a constant number of extra ultra-
relativistic degrees of freedom between the end of BBN and at recombi-
nation, ANy cmB = ANy BBN-

etaBBN: eta_ BBN.

As etaBBN_rBBN_rCMB_dNurBBN_dNurCMB but with no contribution
to AN.g from neither ultra-relativistic species nor a change of the neu-
trino temperatures, i.e. rcpp = ey = 1 and ANy cv = ANy N =

0.

6.2.5 Energy Injection

The first version of CosmoBit allows the user to consider two common scenarios
of energy injection into the CMB: energy injection through s-wave annihilating
dark matter or energy injection through a decaying subcomponent of dark mat-
ter. The parameters describing these scenarios are the dark matter mass m,,
the fractional abundance £, and either the thermally-averaged cross-section
(ov) (for annihilating DM) or the particle lifetime 7 (for decaying DM).
Further model-specific dependencies are the spectrum of injected electro-
magnetic particles and the resulting dimensionless efficiency functions f.(z, z.).
The efficiency functions link the energy injection rate per unit time and volume

(dd‘igt depﬁ) to the energy deposition rate (% inj) via
d2E d2E
D) = fulz,z) - . 6.2
ava,, (o) = ) ] () (62)

Here, z denotes a given redshift, x. the free electron fraction, and the subscript
c indicates through which channel — ionisation, excitation, or heat — energy
is deposited into the primordial plasma. For each given model, we must eval-
uate the functions f.(z,z.). In CosmoBit, we employ the code DarkAges for
the calculation of f.(z,z.) (see Sec. 6.4.4). The backend ExoCLASS [484] is
responsible for calculating the predictions for cosmological observables taking
these types of early-time energy injections into account.

The models implemented in the first release of CosmoBit and their respec-
tive parameters are:
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AnnihilatingDM_general: mass, sigmav.

Most general scenario of energy injection by s-wave annihilating dark
matter. The mass is given in GeV and the thermal averaged cross-section
sigmav = (ov) in cm®/s. This scenario implicitly assumes that the particle
in question constitutes all of dark matter. The fractional abundance £ is,
therefore, implicitly assumed to be equal to unity. For scenarios where
the annihilating species is a fraction of dark matter, the cross-section
should be scaled by &£2.

AnnihilatingDM_mixture: mass, sigmav, BR.

Dark matter annihilates into electron-positron pairs with a given branch-
ing ratio BR. The kinetic energy of the products is m, — m,, annihilation
into photon pairs proceeds with branching ratio (1—BR). The kinetic
energy of the resulting photons is m,. No radiative corrections are as-
sumed.

AnnihilatingDM_photon: mass, sigmav.
Child of AnnihilatingDM_mixture where dark matter annihilates exclu-
sively into a photon pair, i.e. BR = 0.

AnnihilatingDM__electron: mass, sigmav.
Child of AnnihilatingDM_mixture where dark matter annihilates exclu-
sively into an electron-positron pair, i.e. BR = 1.

DecayingDM__general: mass, lifetime, fraction.

Most general scenario of energy injection by a decaying subcomponent
of dark matter. The mass is given in GeV and the lifetime in seconds.
The fractional abundance € is the value at production, before any decays
have taken place.

DecayingDM__mixture: mass, lifetime, fraction, BR.

Dark matter subcomponent decaying into electron-positron pairs with a
given branching ratio BR. The kinetic energy of the products is “5* —me,
decay into photon pairs proceeds with branching ratio (1—BR). The
kinetic energy of the resulting photons is %*. No radiative corrections
are assumed.

DecayingDM_ photon: mass, lifetime, fraction.

Child of DecayingDM_mixture where the dark matter subcomponent de-
cays exclusively into a photon pair, i.e. BR = 0.
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DecayingDM_eIectron: mass, lifetime, fraction.

Child of DecayingDM_mixture where the dark matter subcomponent de-
cays exclusively into an electron-positron pair, i.e. BR = 1.

6.2.6 Cosmological Nuisance Parameters

Various cosmological likelihoods require the inclusion of additional nuisance
parameters in the scan. We implement these as separate models. As a classic
example, consider a study including CMB, BAO scale and SNe Ia likelihoods.
Among these three likelihoods, two come with nuisance parameters: the Planck
2018 CMB likelihoods [10], and the Pantheon dataset comprising the redshift
and light-curve parameters of 1048 SNe Ia [491]. The two nuisance parameter
models and their respective parameters are:

cosmo__nuisance_Pantheon: M.
Nuisance parameter for the Pantheon likelihood [491], where M is the
absolute magnitude of a Type Ia Supernova.
cosmo__nuisance_Planck_lite: A_planck.

Nuisance parameter for Planck ‘lite’ CMB likelihoods with marginalised
foregrounds; this requires only the use of one nuisance parameter encod-
ing the absolute calibration, Apjanck-

All other nuisance parameter models implemented in CosmoBit are listed in
Table 6.2. See the following section, 6.3, for more details on the respective
likelihoods.
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Model Name Number of  Likelihood
cosmo__nuisance_.. Parameters Name(s)
[Provided by plc]:
..Planck_TTTEEE 34 Planck CMB TT-TE-EE
.Planck_TT 16 Planck CMB TT
..Planck_lite 1 Planck lite
[Provided by MontePython]:
JJLA 4 JLA
..Pantheon 1 JLA_ simple, Pantheon
..BK14 10 BK14
.ISW 16 ISW
..ska 10 skal_lensing, skal_ pk,
ska2_lensing, ska2 pk,
skal IM_ bandl,
skal IM_band2
..euclid__pk 4 euclid_ pk
..euclid_lensing 1 euclid_ lensing
..CFHTLens_correlation 1 CFHTLens_ correlation
..kids450_qe_likelihood__public 7 kids450__qe_ likelihood_ public
..dummy 10

Table 6.2: List of all implemented cosmological nuisance parameter mod-
els, the number of free parameters they each possess, and the name of the
likelihood they appear in. The backend plc provides the likelihoods in the
upper part of the table; the backend MontePython [471, 472] provides the
likelihood calculations in the lower part. To obtain detailed information
about the model parameters and their physical meanings, use the command
./gambit <model_name>. We provide the model cosmo_nuisance_dummy
as an example for the user of how to add a new nuisance parameter model.
All new functions and files associated with these examples contain detailed
comments and instructions for potential developers.
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6.3 Likelihoods in CosmoBit

In this section, I present the likelihoods currently available for use in CosmoBit.
These likelihoods probe a range of different cosmological epochs. I will discuss
likelihoods probing the phase of BBN by measurements of light element abun-
dances first. After that, I will turn to the included CMB likelihoods, followed
by an overview of likelihoods made available through the interface to Mon-
tePython. I provide a summary of the most important likelihoods in Table 6.3.
The reader should refer to the references in this table for details regarding the
original studies and likelihood calculations.

6.3.1 Light Elements from Big Bang Nucleosynthesis

To obtain theoretical predictions for the light element abundances, we use the
software tool AlterBBN [467, 468]. It allows the user to vary, e.g. the baryon-
to-photon ratio, the number of ultra-relativistic degrees of freedom, and the
neutron lifetime. Other modifications available for use include a modified
expansion rate sourced by, e.g. early DE, additional entropy injection from
non-standard particle decays, and decaying scalar fields. AlterBBN evaluates a
nuclear reaction network containing 100 different reactions and computes the
abundances of all light elements from hydrogen up to oxygen (1°0), as well
as the full covariance matrix arising from correlated theoretical uncertainties
of the different abundances. The inclusion of these theoretical uncertainties is
essential for the likelihood calculation.

The likelihood function arising from the abundances of n different species
is

log £ — —% (6= d) G (6 — ) + (27)" det Cioy] - (6.3)
Here, d and t are the vectors of length n containing the measured and the the-
oretically predicted abundances, respectively; det Co; denotes the determinate
of the total covariance matrix Ci,;. The covariance matrix is composed of con-
tributions from theoretical and observational uncertainties, Ciot = Cops + Cineo-
Note that C,,s is a diagonal matrix as the measurements are uncorrelated. The
diagonal elements are the squares of the respective 1 ¢ uncertainties.

The user can choose which light element abundance measurement(s) they
want to include in likelihood calculation. A valid choice is any (sub)set of
deuterium, helium-3, helium-4, and lithium-7. The default treatment is to
include only deuterium and helium-4. The central values and their respective
1 o uncertainties normalised to the hydrogen abundance are D/H = (2.547 +
0.025) x 107°, and He4/H = 0.245 4+ 0.003 (recommended values from the
Particle Data Group [498]). See Sec. 6.4.2 how to customise this choice.
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Likelihood Brief Description Nuisance External
Params  Library
BBN Light element abundance measurements for 0 AlterBBN
D, “He, 3He and “Li, see Sec. 6.4.2.
CMB
BK14 Likelihoods from BICEP2/KECK array 10 MP
(2014) [492].
Planck Planck 2018 [481] and 2015 [480]:
Low-{ Planck low-{ likelihood, TT, EE, TTEE. 1 plc
High-¢ Planck high-¢ likelihood, TT, (TTTEEE). 16 (34) plc
High-¢ ‘lite’ Planck high-¢ lite likelihood, TT, (TT- 1 plc
TEEE).
lensing Planck lensing likelihoods. 1 plc
SNe Ia
Pantheon Pantheon sample including 1048 1 MP
SNe Ia [491].
BAO scale MP
WiggleZ Likelihood from the WiggleZ dark energy 0
survey reconstruction of the baryon acous-
tic feature [493].
BOSS Baryon Oscillation Spectroscopic Survey 0 MP
(BOSS), CMASS and LOWZ DRI10 &
11 [71], Lymann alpha DR 10& 11 [416],
combined DR 12 sample [417].
Weak lensing
KiDS Tomographic weak lensing Kilo-Degree 6 MP
Survey (KiDS) likelihood from [122].
CFTHLenS Likelihood from the Canada-France- 1 MP
Hawaii Telescope Legacy Survey
(CFHTLenS) [494].
Galaxy clusters
SDSS Likelihoods based on the Sloan Digital Sky 0 MP
Survey (SDSS)DR 4 [495] and DR 7 [496].
WiggleZ Likelihood from the WiggleZ dark energy 0 MP

survey power spectrum analysis [497].

Table 6.3: Table with a selection of available likelihoods in CosmoBit. For
details on how to include likelihoods in the scan, refer to Sec. 6.4.1. Beyond
the here listed likelihoods, all likelihoods implemented in MontePython 3.3
are available for use in CosmoBit. See Sec. 6.4.5 for the description of the
MontePython interface with GAMBIT.
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6.3.2 Anisotropies in the Cosmic Microwave Background

To calculate likelihoods related to the CMB spectra, we use the Plik likeli-
hoods published within the Planck Likelihood Code (plc) [480, 481]. Using plc,
we gain access to the full set of the Planck 2015 and 2018 likelihoods, i.e. the
low-¢ and high-¢ likelihoods for the temperature and polarisation spectra, as
well as the lensing likelihood constraining the CMB lensing potential.

The Planck likelihoods contain nuisance parameters to account for uncer-
tainties related to the instrument calibration and signal contamination. There
are 34 extra parameters when using high-¢ polarisation likelihoods and 16 when
employing only the temperature anisotropies. To reduce the number of dimen-
sions in a parameter scan, the plc package also contains a lite (lightweight)
version of the high-¢ likelihoods. In this lite likelihood, the foregrounds are
already marginalised over, meaning that only one nuisance parameter remains:
Aplanck, the absolute calibration.

Note that the Planck marginalised lite likelihoods was constructed to re-
duce the number of nuisance parameters involved in the likelihood calculation
for a standard ACDM model. It should, therefore, be used with care when
considering extensions to ACDM or alternative theories, as a priori, it is not
given that this simplification is a valid approximation for any given model.

Refer to Refs. [480, 481] for details on the likelihood calculation. I provide
a documentation of the plc usage within GAMBIT in Sec. 6.4.7.

6.3.3 Overview of Likelihoods Available via MontePython

To provide a variety of additional, well-tested cosmological likelihoods, Cos-
moBit interfaces to MontePython [471, 472]. MontePython is a tool to perform
parameter scans of cosmological models. It allows the user to choose between
different sampling algorithms and offers an extensive library of cosmological
likelihoods. Within CosmoBit, we are only interested in the latter feature, the
likelihood calculations and not in the sampling functionality. Likelihoods that
are entirely implemented in MontePython can be used out-of-the-box within
CosmoBit.?

This interface provides access to various probes of the Universe: the user
can include probes of the background evolution through measurements of re-
cession velocities of SNe Ia, and the BAO scale. The inclusion of weak lensing
and galaxy clustering data offer probes of the linear matter power spectrum.
Measurements of the ISW effect through cross-correlations of the CMB tem-

2This excludes the Planck and WMAP CMB likelihoods as they require the installation
of additional libraries. The Planck CMB likelihoods are made available within CosmoBit
through the interface to plc.
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perature spectrum with foreground galaxies probe the time evolution of grav-
itational potentials. Table 6.3 provides an incomplete selection of likelihoods
and datasets included in MontePython.

Besides testing a model against already available datasets, MontePython
also allows the user to forecast the sensitivity of future experiments. Examples
of this are cosmic shear and galaxy clustering forecasts for Euclid and the
Square Kilometer Array (SKA) [499, 500].

For an up-to-date compilation of all available likelihoods, I refer the reader
to the MontePython website.? I describe how we extract the likelihoods from
MontePython, and how the user can include the likelihoods in an analysis with
GAMBIT in Sec. 6.4.5

6.4 Practical Usage and Interfaces to External Li-
braries

In this section, I aim to give the reader practical instructions on how to use
the features of CosmoBit within GAMBIT. I will start with a quick-start guide
for the installation and a simple first run. I then detail the interfaces to the
different backends in alphabetical order (AlterBBN, CLASS, DarkAges, Mon-
tePython, MultiModeCode, plc). T will provide practical usage information for
all of these backends, and technical details primarily for the parts where I have
been one of the leading contributors to the implementation.

6.4.1 Quickstart

In the following, I provide a quick-start guide for a simple test run of CosmoBit
with the example YAML file $GAMBIT/yaml_files/CosmoBit_quickStart.yaml. This
includes an explanation of the configure and installation steps for GAMBIT,
how to install all backends relevant for running CosmoBit, and how to start
the scan. The example YAML file includes additional comments on each of its
entries. The user can find a more detailed explanation of all the features that
CosmoBit introduces in CosmoBit_tutorial.yaml.

To run the example provided in CosmoBit_quickStart.yaml one must first
configure and build GAMBIT. After downloading GAMBIT, run the following
command from the GAMBIT base directory:
mkdir build

cd build
cmake -D WITH_MPI=0ON ..

3https://brinckmann.github.io/montepython_public/
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# n = number of cores to use for build
make -jn scanners

cmake ..

# n = number of cores to use for build
make -jn gambit

The flag -D WITH_MPI=0N enables parallel computation with several MPI pro-
cesses. The step make -jn scanners will install all available scanners that are
implemented in the ScannerBit module [452].

The user can download and build all external codes interfaced with Cos-
moBit by executing

make alterbbn classy darkages montepythonlike multimodecode plc

in the build directory. This command will download the default version of each
backend. The user can choose different versions by adding the version number,
for example, with make classy_exo_2.7.2 to build ExoCLASS version 2.7.2.

To start a scan with, e.g. two MPI processes running in parallel use the
command

mpirun -N 2 ./gambit -f yaml_files/CosmoBit_quickStart.yaml

6.4.2 Interface to AlterBBN

AlterBBN is used to compute the relic abundance of light elements from BBN.
Currently, in CosmoBit the primoridal element abundances are used for two
purposes: %) to pass the helium abundance, which is an initial condition for
reionisation calculations, to CLASS, and i) to provide the theoretical predic-
tions and errors for the BBN likelihood if requested.

Practical Usage

The user can choose to include the calculation of the BBN likelihood with the
following entries in the YAML file:

ObsLikes:

# Likelihood from light element abundances from BBN,
# isotopes to include can be specified in the Rules
# section as shown below
- purpose: LogLike

capability: BBN_ LogLike

module: CosmoDBit

# (optional): add element abundance + error to output
- purpose: Observable
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capability: Deuterium__abundance

- purpose: Observable
capability: Helium__abundance

- purpose: Observable
capability: Helium3_abundance

- purpose: Observable
capability: Lithium7 _abundance

- purpose: Observable
capability: Beryllium7 _abundance

Rules:

# (optional): choose which light element abundance measurements
# are used for the likelihood calculation,
# all values given relative to the Hydrogen abundance
# and passed with [<mean>, <1 sigma uncertainty>]
- capability: BBN_ LogLike
options:

Yp: [0.245, 0.003] # default value

H2: [2.547e-5, 0.025e-5] # default value

Li7: [1.6e-10, 0.30e-10] # not included by default

The rule sets which element abundances are to be used for the likelihood
calculation by the capability BBN LogLike. If this rule does not exist, the
default behaviour is to include deuterium and helium with the values indicated
in the example. These default values are the recommended values from the
Particle Data Group [498]. In principle, the user can also include the helium-3
measurements in the likelihood calculation. However, owing to difficulties in
inferring the primordial value from today’s measurements, the use of helium-3
is not recommended for cosmological tests [498].

Technical Details

AlterBBN stores all settings and assumptions relevant to the primordial el-
emental abundance calculation within the C structure named relicparam. It
contains the values of any (model) parameters needed for the abundance calcu-
lation. Examples of cosmological model-dependent parameters are the baryon-
to-photon ratio after BBN (eta0), the number of ultra-relativistic degrees of
freedom (dnu), or density and temperature of an additional dark component.
Examples of technical settings are, e.g. related to numerical integration meth-
ods (failsafe), or different methods for the theoretical error calculation (err).
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To have access to these settings, we make the relicparam structure available
for use within GAMBIT by including it as a backend type.*

The interface between CosmoBit and AlterBBN is set-up as follows:

1)

Set AlterBBN input parameters, capability AlterBBN_Input.
Function AlterBBN Input, type: map_str_dbl. All parameters and settings
to be passed to AlterBBN are collected in a map from parameter name
to the respective value. Currently, these are eta0, dNnu, and Nnu, the
effective number of SM Neutrinos. Additionally the user can pass values
for the precision parameters err and failsafe as run options. The default
values are 1, and 0, respectively.

[Note for developers: to add a new model that requires additional input
settings implement these changes here. Location: CosmoBit.cpp, header
definition in CosmoBit_rollcall.hpp.]

Get primordial element abundances, capability BBN_abundances.
Function compute BBN abundances, type: BBN_Container. Gains access to
the AlterBBN input through a dependency on AlterBBN Input (step 1).
The resulting input map is passed as an argument to the backend re-
quirement cale nucl_err (step 3). Through this call to calc nucl err the
vector BBN_abund and matrix BBN_covmat storing the primordial element
abundances and their covariances are filled. These results are stored
within the type BBN Container (see Table 6.4) such that they are accessi-
ble for other capabilities within GAMBIT.

[Note for developers: model independent. Location: CosmoBit.cpp, header
definition in CosmoBit_rollcall.hpp.]

AlterBBN function to compute relic density abundances.
BE_CONVINIENCE_FUNCTION calc_nucl err (map_str_dbl &, double*, doublex*).
Receives the AlterBBN input map, the unfilled abundance vector BBN_abund
and covariance matrix BBN_covmat as input arguments. An instance of the
relicparam structure is created and passed together with the input map
to the backend convenience function fill cosmomodel (step 4). The latter
function handles the model-dependent setting of input arguments. After
that, the AlterBBN internal routine nucl erris called to fill BBN_abund and
BBN_covmat with the predicted element abundances and their covariances.
Returns 0 if the calculation was successful, 1 if unsuccessful.

[Note for developers: model independent. Location: AlterBBN_2.X.cpp,
header definition in AlterBBN_2.X.hpp.]

4In Backends/include/gambit/Backends/backend_types/AlterBBN.hpp.
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4) Pass input parameters to AlterBBN.

BE_CONVINIENCE_FUNCTION fill_cosmomodel (relicparam*, map_str_dbl &).This
function takes an instance of the relicparam structure and the input map
created in AlterBBN Input (step 1) as argument. All parameter values
contained in the input map will overwrite the defaults of the correspond-
ing relicparam structure members.

[Note for developers: if the user would like use any additional AlterBBN
features, the rules to pass the corresponding settings must be added here.
Location: AlterBBN_2.X.cpp, header definition in AlterBBN_2.X.hpp.]

5) Compute BBN likelihood, capability BBN LogLike.

Function compute BBN _LogLike, type: double. Has a dependency on the
BBN abundance calculation (step 2). Through this dependency we gain
access to the abundance calculation results stored in the BBN Container.
From these results, we calculate the BBN likelihood as described in
Sec. 6.3.1.

[Note for developers: model independent. Location: CosmoBit.cpp, header
definition in CosmoBit_rollcall.hpp.]

Additionally, we provide capabilities to compute the deuterium abundance
(called Deuterium__abundan (:(3), helium abundances, (U(ilvf’umin,bundancc for helium-
4 and Helium3_abundance for helium—?)), lithium (L//fth'/?urn,’/7(1,/)'1”/,(1(171/(:(%), and beryl-
lium (Beryllivm?7 abundance). They each have a dependency on the capability
BBN_abundances and provide a vector with the calculated mean (first entry)
and the uncertainty (second entry) of the respective abundance.

6.4.3 Interface to CLASS

We implement the interface between GAMBIT and CLASS using the Python
wrapper for CLASS, called classy.> We chose this over the option of a direct
interface to the relevant C structures and functions through shared libraries.
The C interface would allow GAMBIT full access to all structures and their
members, as well as the control to run every single CLASS module.® While
this access and control is not possible through the Python interface, using
the Python wrapper comes with other significant advantages: firstly, it makes
the interface version-independent. This version independence means that if

SHence, the make target to build the interface to CLASS is called classy. This is to be
explicit about our use of the Python wrapper for the interface.

6CLASS is separated into different modules, each responsible for different physics. For
example, the background module solves the background equations, and the spectra are
computed in the spectra module.
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Type Name Purpose

BBN_Container

int NNUC private, number of element abun-
dances computed by AlterBBN

vec<double> BBN_abund private, vector of length NNUC+1 to be
filled with element abundances

vec<vec<double>> BBN_covmat private, covariance matrix of element
abundances with dimension NNUC+1 x
NNUC+1

map_str_int abund_map private, map from element name to

the respective position in BBN_abund
vector, e.g. ‘H2” — 3

double get BBN abund(int i) return the it" element of BBN_abund
double get_BBN__covmat(int i, return the (i,j)th element  of
int j) BBN_covmat

Table 6.4: Members and attributes of the type BBN_Container. The
main purpose is to store the results of AlterBBN in a type accessible to
module functions in CosmoBit. The member abund_map is a hard-coded
map between the name of an element and its position in the abundance
vector and covariance matrix. This is to avoid mistakes when accessing
the result for a particular element and to make the code more explicit.

relevant input parameters of a given CLASS version are known to its Python
wrapper, no new code needs to be produced to interface this alternative CLASS
version with GAMBIT. This makes it easy to use (privately) developed exten-
sions of CLASS for non-standard physics scenarios. Secondly, the use of the
Python wrapper provides the possibility to easily use cosmological likelihoods
implemented in MontePython (see Sec. 6.4.5 for the usage and technical de-
tails.)

The CLASS versions interfaced in GAMBIT 1.5 are CLASS 2.6.3, 2.9.3, and
ExoCLASS 2.7.2.

At the moment, CLASS is the only Boltzmann solver interfaced with GAM-
BIT. However, our design of the interface is such that all CLASS-specific ca-
pabilities and functions are clearly separated from capabilities that could,
in principle, be resolved by a different source code. Hence, the set up al-
lows for the possibility to implement interfaces to other Boltzmann solvers,
e.g. CAMB [223, 224] with minimum effort.

In the following, I will first give some practical usage information. After
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that, I provide a user guide on how to interface a new version of CLASS and
instructions on how to pass input parameters for a new model to CLASS. 1
will then give details on the patches we apply to CLASS and finally explain
technicalities of the interface to CosmoBit.

Practical Usage

GAMBIT’s dependency resolution automatically takes care of creating a dic-
tionary containing all input parameters for CLASS. These input parameters
depend on the settings specified in the YAML file: on the one hand, the in-
cluded models decide which model parameters CosmoBit passes CLASS; on the
other hand, the chosen likelihoods dictate the run-specific settings (e.g. which
spectra need to be computed). As CosmoBit sets and passes these values au-
tomatically, in practice, the user does not need to know about any CLASS
specific syntax, settings or functions.

The only likelihood-dependent setting that the user needs to set themselves
is the information whether they want to include MontePython likelihoods in
the scan or not (see Sec. 6.4.5 for more details on the MontePythonLike inter-
face). This is done by choosing which function is used to pass CLASS input
parameters from CosmoBit to the CLASS frontend. The Rules section in the
YAML file must contain one of the following two options:

Rules:

# Initialisation of input arguments for CLASS if no
# MontePython likelihoods are in use
- capability: classy_final input

function: set classy input

# .. OR ..

# Initialisation of input arguments for CLASS if
# MontePython likelihoods are in use
- capability: classy_final input
function: set_classy input_with_MPLike

The latter ensures sure that CosmoBit passes potential run options required by
the chosen MontePython likelihoods to CLASS. If the user chooses the wrong
function to resolve this capability, GAMBIT will inform them which choice is
the right one in the context of their specific YAML file.

If the user wishes to pass any additional settings to CLASS, they can achieve
this specifying the settings in the Rules sections of the input YAML file — for
example, the entries

Rules:
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# Pass additional run options to CLASS
- capability: classy_baseline__params
function: set classy baseline__params
options:
classy_dict:
back_integration_stepsize : 7.e-3
tol_background_integration : 1.e-2

result in a CLASS run with increased precision for the background integration.
The user can pass any input parameter that is understood by the respective
CLASS version’s Python wrapper through this option. If one specifies conflict-
ing values for a parameter, CosmoBit will exit with an error identifying any
problematic entries. Such a conflict can occur if, for example, the user tries to
overwrite a model parameter, or passes an option that conflicts with a setting
required by one of the likelihoods in use.

Adding a New CLASS Version

CLASS is under continual development, and new versions with new features
are regularly released. Several forks of CLASS, including more non-standard
cosmological scenarios and models have been developed.” To make it easy for
the user to use these extensions with GAMBIT, I will explain how to add an
interface to a new CLASS version. I recommend implementing any version
— even if forked and extended with respect to the public CLASS repository
— as a different version of the classy backend. For example, we implement
ExoCLASS 2.7.2 as version exo_2.7.2, and my_CLASS version 4.2.0 should be
implemented as classy version my_4.2.0.
The steps to be followed are:

1) Set the default backend location. This is done by adding an entry
for the new version to config/backend_locations.yaml.default:

classy:
2.6.3:
./Backends/installed/classy/2.6.3/1ib/classy_2_6_3.py
my_4.2.0:
./Backends/installed/classy/my_2.4.0/1lib/classy_my_4_2_0.py

2) Add the download and installation commands for CLASS version
my_4.2.0 t0 cmake/backends.cmake. Copy the ExoCLASS example and re-
place the version name, download link, and md5 checksum. Remove all

"Just a few examples are ExoCLASS [484], hi_class [405, 406], and CLASS-PT [501].
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commands related to patches if you do not need to use any feature re-
quiring a CLASS patch. If patches are required, the user must provide
these.

3) Create a header and source file for the frontend interface to the new
CLASS version.® Simply copy and rename the file for the default classy
version and replace the version name. The source file is entirely version-
independent, only the version numbers in the header file must be modi-
fied, these are the last two lines of:

#define BACKENDNAME classy
#define BACKENDLANG Python

#define VERSION my_4.2.0
#define SAFE_VERSION my_4_2_0

After rerunning CMake, the user can build their CLASS version by typing make
classy_my_4.2.0 in the build directory. All structure members, input param-
eters and methods that are known to the Python wrapper of the new version
will be automatically available for use within GAMBIT.

Setting CLASS Input for a New Model

If the user wishes to implement a new cosmological model, they must pass
the corresponding parameters and settings to CLASS. In this section, I will
give an outline of how to do this. I will use the example of a new model
called DE_model with two model parameters: wo_f1d and wa_fid. These are
commonly used to parametrise the time evolution of the equation of state of
a perfect fluid modelling DE.

1) Add a capability to set all model-dependent parameters for the
CLASSrun(h@E:cM&wfpnumMumﬁDE;nmdd).T%e}wadm‘ddhﬁﬁonto
be added to Cosmobit_rollcall.hpp reads:

#define CAPABILITY classy_parameters_DE_model
START_CAPABILITY
#define FUNCTION set_classy_parameters_DE_model
START_FUNCTION(pybindl1l::dict)
ALLOW_MODELS (DE_model)
#undef FUNCTION
#undef CAPABILITY

Note that the macro ALLOW MODEL (DE model) allows the user to access the
model parameters DE_model through the *Param dictionary.

8The header files are in Backends/include/gambit/Backends/frontends/, source files
in Backends/src/frontends/ .
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2) Implement the module function set classy parameters DE_model which
provides the capability defined in step 1). To do so add the following
lines to CosmoBit.cpp:

void set_classy_parameters_DE_model(pybindll::dict &result)

{

using namespace Pipes::set_classy_parameters_DE_model;

// make sure that nothing is retained from the previous
// parameter combination
result.clear();

// add model-specific CLASS settings to input dictionary:
// set energy density of cosmological constant to O

// .. and let CLASS infer the energy density of the

// perfect fluid

result ["Omega_Lambda"]l = 0;

result["Omega_£f1d4"] = -1;

// set model parameters for parametrised time evolution of w
result["w0O_f1d"] = *Param["wO_f1d4"];
result["wa_f1d"] = *Param["wa_£1d4"];

3) Give the function that collects all input parameters for CLASS access
to the new input parameters which were set in step 2). One can
achieve this by adding a MODEL_CONDITIONAL_DEPENDENCY to the function
sel_classy_baseline_params. This requires the addition of the line

MODEL_CONDITIONAL_DEPENDENCY(classy_parameters_DE_model,

pybindi1l::dict, DE_model)

to the declaration of set_classy baseline_params in CosmoBit_rollcall.hpp.

Add the new input parameters to the CLASS input dictionary com-
posed in the function set classy baseline_params. The user can acomplish
this by adding the following lines to the source code of the function in

CosmoBit.cpp:

// if the model is in use
if (ModelInUse("DE_model"))

{

add additional entries to dict passed to CLASS

// the dictionary result contains all previously added

// parameter values.

// (input consistency checks only executed in first run)
merge_pybind_dicts(result,*Dep::classy_parameters_DE_model,
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first_run);

Patches Applied to CLASS

In the first release of CosmoBit, there are two scenarios in which we need to ap-
ply patches to CLASS: whenever working with ¢) inflationary models for which
an external source provides the primordial power spectrum, or ;) annihilating
or decaying DM models injecting energy into the CMB. The former requires
us to pass the primordial power spectrum, the latter to pass annihilation coef-
ficients in form of arrays to CLASS. In both of these scenarios we pass pointers
to the respective arrays to CLASS. The patches that we apply to accomplish
that are:

¢ Additional primordial spectrum type pointer_to_Pk. In the stan-

dard version of CLASS, the user can choose different options for how
to compute the primordial power spectrum. This is done by setting
the input parameter P_k_ini type to the desired option (e.g. analytic Pk,
inflation H, ..). We add the additional option pointer_to_Pk. If this
option is chosen, CLASS skips the computation of the primordial power
spectrum.’ Instead, three arrays are passed to CLASS with the new op-
tions k_array, pks_array, and pkt_array, holding values of the wavenumber
k, the amplitude of scalar modes, and tensor modes respectively. Ad-
ditionally, the length of the arrays needs to be passed through the new
input parameter 1nk_size.

This patch is needed whenever the user scans LCDM_no_ primordial in
combination with any Inflation_.. model.

Additional energy injection coefficient types pointer_to_fz_channel
and pointer_to_fz_eff. ExoCLASS provides different options for the cal-
culation of the efficiency functions of energy injection into the CMB by
decay or annihilation of exotic components. The user can choose the
calculation mode with the input parameter energy_deposition_function.
We add two additional options for this parameter: pointer_to_fz_channel
and pointer_to_fz_eff. If a decaying or annihilating DM model deposit-
ing energy into the CMB is scanned, CosmoBit automatically passes one
of these options to ExoCLASS. Which option CosmoBit chooses depends

9This calculation is done in the function primordial init in the CLASS source file
source/primordial.c.
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on the operation mode of DarkAges.!® In any case, the relevant energy
efficiency functions are passed to ExoCLASS and stored internally.

This patch only applies to ExoCLASS and is needed whenever the user
scans a decaying or annihilating DM model (DecayingDM__general or An-
nihilatingDM__general) in combination with a cosmological model.

o Passing arrays to CLASS. Both of the additional CLASS input op-
tions described above make it necessary to pass arrays computed within
GAMBIT to CLASS. As we use the Python wrapper for the interface to
CLASS, every entry that is included in the Python input dictionary will
be converted to a string with a pre-defined maximum length before be-
ing passed to (the C code) CLASS. To avoid problems associated with
potentially exceeding this limit we pass pointers directly to CLASS. To
achieve this, we convert the memory address of the array’s first element
to a string, pass it to CLASS through the Python dictionary, and then
convert the string back to a memory address within CLASS. We copy
the entries of the passed arrays to the entries of the respective arrays
within CLASS. The creation of these hard copies is necessary to avoid
interfering with any of the code’s internal memory management and to
avoid double free corruptions.

This patch is needed whenever one of the two functionalities mentioned
above is in use.

Technical Details

The Python wrapper for CLASS is implemented in the Python package classy.
This package provides a Python class named Class. It is common, to instan-
tiate the object as cosmo in CLASS examples; I refer to this object as cosmo
for clarity in the following section. The object cosmo provides all necessary
functions to run CLASS. For communication between C++ and Python within
GAMBIT, we use pybind11.!

The first important part of the CLASS the interface to GAMBIT is that
CosmoBit must create a CLASS input dictionary reflecting all model- and
likelihood-dependent choices. To achieve this, we implement several different
capabilities, each gathering the relevant input parameters for different models
and storing them in Python dictionaries. These dictionaries map the parameter
names in CLASS syntax to the corresponding input values. The capabilities
created to set CLASS input parameters are:

10Refer to Sec. 6.4.4 for an explanation of the two different operation modes.
"Uhttps://github.com/pybind/pybind11
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e classy NuMasses Nur input to set parameters related to neutrinos and
ultra-relativistic species,

e classy primordial _parameters to set the primordial helium abundance abun-
dance and parameters related to the primordial power spectrum,

e classy baseline_params for model parameters of LCDM_no_primodial, and

e classy PlanckLike input for the correct CLASS settings if any of the Planck
likelihoods are in use.

CosmoBit composes the final input dictionary for CLASS, input_dict, in the
function providing the capability classy final input. We store the input_dict as
a member of the type Classy_input which provides some useful methods for
convenience. See Table 6.5 for details on this type.

The second important part is the classy frontend. Here, the static object
cosmo provides all necessary functions to steer CLASS: setting the input pa-
rameters (cosmo.set(input_dict)), running CLASS (cosmo.compute())7 cleaning
the structures (cosmo.struct_cleanup()), and requesting computed quantities
(e.g. cosmo.lensed_c1() for the lensed CMB spectra). We implemented back-
end convenience functions to return relevant CLASS outputs. Besides the CMB
spectra, these convenience functions return, e.g. the angular and luminosity
distances to a given redshift, or the linear growth rate.

The CLASS call is initiated in the backend initialisation function. This
initialisation function has a dependency on the capability classy final input,
through which we gain access to the input dictionary created within CosmoBit.
Note that unless CLASS is called for the first time during a scan, CosmoBit
compares the current values of the input parameters to the ones used in the
previous CLASS call. If the contained parameter values are equal, CosmoBit
skips the CLASS run. To fully exploit the time one can save through this
feature, the scanner in use must support to sample ‘fast’ (usually nuisance)
parameters before changing ‘slow’ cosmological parameters.

6.4.4 Interface to DarkAges

To compute the efficiency of energy injection into the CMB, we provide an
interface to DarkAges. Refer to Ref. [484] for a detailed description of the
code.

In the regular usage of ExoCLASS, DarkAges 1.0 is called internally at
runtime. To allow for more flexibility and modularity, we employ DarkAges
as a standalone code and use the results as external inputs for ExoCLASS.
The code calculates the efficiency functions f.(z,z.) (Eq. 6.2) by means of the
convolution of the particle spectra of injected photons, electrons, and positrons.
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Type Name Purpose

Classy_Input

pyDict input_dict private, dictionary filled with all inputs
to be passed to CLASS

pyDict get_input_dict ( ) return input_dict

string print__entries_to_logger ()  return string with all entries of input_dict
to be sent to logger

string add_dict (pyDict add_dict) add all elements from add_dict to

input_dict, return string with duplicated
keys for cross-checks

void clear () clear all entries from input_dict
bool has_key (string key) check if key is already contained in
input_dict
void add_entry (string key, add key and val pair to input_dict,
string val) overloaded with types double, int and
vector<double> for val
void merge__input__dict (pyDict merge entries from extra_dict into
extra_dict) input_dict

Table 6.5: Members and attributes of the type Classy_Input. The main
purpose is to fill the member input_dict with all settings and parameters
that need to be passed to CLASS. An instance of this type is created in
CosmoBit and the entries from different (model-dependent) functions can
add and merge values into it. This is done by using the function add entry
or merge_input_dict. Note that the latter function contains CLASS specific
rules about how to treat duplicated entries.

In version 1.0 of DarkAges, the table of channel-dependent efficiency func-
tions f.(z) is derived by using the transfer functions of Slatyer et al. [502].
In this calculation, the redshift-dependent ionisation fraction z, is assumed
to evolve as in the standard ACDM case without additional energy injection.
This assumption can lead to an underestimation of the effect on the IGM
temperature in cases where the modifications in z, deviate from the canonical
value [503]. One can circumvent this problem by assuming that the efficiency
function factorises as

fe(z,e) = Xe(we) - ferr(2), (6.4)

where x.(z.) is the fraction of energy deposited into each of the deposition
channels as a function of the ionisation fraction [502]. Release 1.2 of Dark-
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Ages contains this improved factorised approach. This version is available in
CosmoBit such that the user can choose between calculating f.(z, z.) from the
transfer functions or with the factorised approach.

DarkAges is written in Python, and the interfaced version works with Python
2 and 3. In the following, I provide a practical usage guide.

Practical Usage

The interface to DarkAges is very compact and requires no additional YAML
input. The dependency resolver will automatically enable the use of DarkAges
whenever a model injecting energy into the CMB is in use. The energy injec-
tion efficiency needed by ExoCLASS for the calculation of the CMB spectrum
is calculated automatically. By default, DarkAges will calculate the table of
energy injection efficiencies separated into the five deposition channels consid-
ered in Ref. [502]. If the user wishes to use the effective efficiency function
ferr(2) instead, the input option f_eff_mode can be set accordingly in the Rules
section of the YAML-file.

The available options are:

Rules:

# (optional): additional options for DarkAges
# all set to their respective default value
- capability: DarkAges 1_2 0 init
options:
f_eff mode : false # true to calculate f_eff(z) rather then f_c(z)
print_table : false # print the table to stdout. Useful for debugging
z_max : 1.e7 # Continue the efficiency table up to given redshift

6.4.5 Interface to MontePython

GAMBIT has its own dedicated scanning module, ScannerBit. Hence, the Cos-
moBit interface to MontePython serves to make use of MontePython’s extensive
bank of likelihoods. We do not use any of the sampling machinery MontePython
offers. The interface has the sole purpose of enabling the user to use public
or private MontePython likelihoods out-of-the-box when performing parameter
scans with GAMBIT.

We designed the interface such that GAMBIT loads all MontePython likeli-
hoods at runtime. This means that if the user implements a new MontePython
likelihood, there is no need to re-compile or add any new code to GAMBIT.
I will first provide a practical usage guide and comment on more technical
details after that.
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Practical Usage

Like all GAMBIT likelihoods, the MontePythonLike likelihoods to be used for
a scan must be specified via the YAML file. In the current implementation of
the interface, all MontePython log-likelihoods are summed up in the capability
MP__combined_ LogLike and treated as one contribution to the total likelihood.
To use MontePython likelihoods, the obsLikes section in the YAML file must
contain the entries:

ObsLikes:

# Use MontePython likelihoods in scan
- capability: MP_combined LogLike
purpose: LogLike

# (optional, but recommended): print a breakdown of each likelihood
# component in the above total InL to the output file
- purpose: Observable

capability: MP LogLikes

type: map_ str_dbl

The capability MP_Observables provides the possibility to compute and store
likelihood values that GAMBIT does not add to the total likelihood (which
drives the parameter sampling). This feature can, for example, be useful to
test how the scanned model performs when compared to a dataset that is not
independent of a dataset already used for driving the parameter scan. The
specification for this ObsLikes entry is similar to the likelihoods:

ObsLikes:

# Add these lines to compute MontePython likelihoods
# which are not to be added to the total LogLike
# => these do not drive the scan
- purpose: Observable
capability: MP_Observables
type: map_ str_dbl

The user must specify which exact likelihoods shall be used in the Rules section:

Rules:

# Choose which MontePython likelihoods are computed
- capability: MP__experiment_names
function: set MP_experiment_names
options:
# Likelihoods that drive the scan
Likelihoods:
Pantheon: default
bao_smallz_2014: default
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# (optional): compute likelihoods that do not contribute to 1nL;
# they will only be printed
Observables:

hst: path/to/custom/settings/for/hst_likelihood.data

# Add likelihood-specific input arguments to CLASS input
- capability: get_classylnput

function: init_classylnput_with_MPLike

module: CosmoDBit

The value default for the chosen likelihoods means that the MontePython default
.data settings file is used.!? If the user wishes to use non-standard settings,
they can specify a path relative to the GAMBIT installation directory to a
custom settings file for the respective likelihood.

In the second setting, choosing the function init classylnput with MPLike for
the capability get classylnput is essential for every run in which MontePython
likelihoods are used in conjunction with CLASS. It ensures that GAMBIT adds
likelihood-dependent input settings to the input arguments for CLASS. Hence,
the user does not need to specify which spectra or quantities must be computed
by CLASS for the likelihood calculations.

The user must ensure that all nuisance parameters needed for a specific
likelihood are scanned over as well. These nuisance parameters are included
by including pre-defined models with the corresponding parameters in the
scan. The naming convention is such that the nuisance parameters used by
example_like are defined in the model cosmo_nuisance_example_like. To in-
crease user friendliness, GAMBIT automatically checks if this is the case and
exits with an error message indicating the missing parameter and which model
needs to be included. Similarly, if the user requests a likelihood that does not
exist in the MontePython installation folder at run time, CosmoBit will exit
with an error and print all currently available likelihoods to the terminal.

Technical Details

To maintain the modularity of GAMBIT, MontePython is neither allowed to
control the parameter sampling nor to execute a call to CLASS internally. All
information is centrally stored and administrated by CosmoBit. To achieve
this, we have modified the Likelihood and Data classes implemented in Mon-
tePython. When executing the download and build step for MontePython,
GAMBIT copies the alternative implementations to the installation directory

12The default settings are saved within the folder Backends/installed/
montepythonlike/3.3.0/montepython/likelihoods/<1likelihood_name>/<likelihood_
name>.data.
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and applies a patch. This patch replaces the import of the original Mon-
tePython Likelihood class by our alternative definition. Note that a result of
this patching procedure is that the specific installation of MontePython in the
GAMBIT backends directory cannot be used as a standalone program.

Let me briefly explain the purpose of the two MontePython objects that we
use within CosmoBit:

e Data class. In its original version this class centrally manages various in-
formation, e.g. related to parameter sampling, MontePython run options,
and the likelihood calculations. Out of these, we only need the latter
feature within CosmoBit. The initialised Data object is passed to every
Likelihood initialisation function and collects all likelihood-dependent in-
put parameters for CLASS. Examples of such likelihood-dependent inputs
are the calculation of the matter power spectrum at a specific redshift
or a minimum number of computed multipoles in the CMB spectra.
MontePython stores these input options for CLASS within the Python
dictionary cosmo_arguments, which is a member of the Data object. Fur-
ther, the pata object contains a dictionary storing all current values of
cosmological nuisance parameters (mcmc_parameters).

e Likelihood class. For each MontePython likelihood a derived class that
inherits from the Likelihood class is implemented. The name of this class
matches the likelihood name. To be more explicit: for the calculation of
the likelihood boss_bao the class boss_bao is implemented. Each of these
Likelihood classes has an initialisation function and a function called
loglike(). Both of these take an instance of the pata object as an input
argument. In the initialisation step, potential data files are read in, and
if the calculation of the likelihood requires any specific CLASS settings,
these are added to the cosmo_arguments dictionary of the Data object. The
loglike() function computes and returns the logarithm of the likelihood,
LogLike. In addition to the Data object, the function loglike() takes the
results of a CLASS run stored in the global cosmo Python object as an
input argument. The cosmo object provides access to all theoretically-
predicted observables computed by CLASS.

The patch for these two objects for the use within GAMBIT removes all
dependencies on MontePython command-line arguments, input and output
streams, as well as calls to CLASS. These MontePython features are not needed
as all input settings, writing of output files and calls to other backends are
managed by GAMBIT.

The individual steps executed in GAMBIT when MontePython likelihoods
are used are:
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Set likelihood names, capability MP_caperiment names.

Function set MP experiment names, type: map_str_map_str_str. Create a
map from the YAML file input mapping all likelihood names in use to
i) their purpose, LogLike to drive scan or Observable to just compute and
report the value, and i) to the path to the .data file containing the Mon-
tePython settings for the likelihoods in use. This step is only executed
once, before the first parameter point is calculated.

Set nuisance parameter values, capability parameter dict for MPLike.
Function pass_empty parameter dict_for MPLike, type: pyDict. If none of
the active likelihoods requires the use of extra nuisance parameters, the
dependency resolver will automatically choose this function to satisfy the
capability. It simply passes an empty dictionary.

Function set_parameter dict_for MPLike, type: pyDict. Save the current
value of all nuisance parameters to the dictionary mcmc_parameters man-
aged by the pata object. The function has access to all nuisance param-
eters through the ALLOW_MODELS macro in the rollcall header definition.
[Note for developers: to implement a new nuisance parameter model for a
MontePython likelihood, it must be added to the list of allowed models for
this capability in the header. Location: CosmoBit.cpp, header definition
in CosmoBit_rollcall.hpp.]

Get CLASS input settings, capability cosmo_args from MPLike.
Function init_cosmo_args from MPLike, type: pyDict. Get all arguments
for a CLASS run required by the active likelihoods in the form of a
Python dictionary. We do this by initialising the Data object and all re-
quested Likelihood objects by using the list of all active likelihood names
obtained in step 1). After all likelihoods are initialised, the dictionary
cosmo__arguments of the Data object contains all the necessary run options.
This step is only executed once, before the first likelihood calculation of
the first parameter point.

Pass settings to CLASS, capability classy final input.

Function set classy input_with MPLike, type: pyDict. Add all likelihood-
specific input arguments to the input dictionary passed to CLASS. The
likelihood-specific input arguments obtained in step 3) are merged into
the input dictionary containing all other CLASS input parameters.

Calculate individual likelihoods, capability calc MP_LogLikes.

Function calc_MP_LogLikes, type: MPLike_result_container. During the
first run, GAMBIT creates a static const object of the custom type
MPLike_data_container. We define this type to store the initialised Data
object and a map from likelihood name to respective Likelihood object,
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see Table 6.6 for more details. The Data and Likelihood objects are only
initialised once and saved during the entire GAMBIT run. CosmoBit then
iterates over the requested MontePython likelihoods and queries the Log-
Like value for each likelihood separately. We obtain these results by a
call to the BE_CONVINIENCE_FUNCTION get MP loglike (step 6). The individ-
ual likelihood values are added to a map from likelihood name to the
respective calculated LogLike value. This map is stored within the type

MPLike_result_container.

6) MontePython likelihood calculation, capability cale MP LogLikes.
BE_CONVINIENCE_FUNCTION double get MP LogLike (MPLike_data_container,
<py0bj &, str). The three arguments of the function are an instance of
the object MPLike_data_container, the cosmo instance of CLASS’s Python
object, and the likelihood name like_name. The Data and the Likelihood
object can be extracted from the MPLike_data_container with the help of
like name. We can then calculate the likelihood in one line:'

double LogLike = <likelihood_object>.loglkl(cosmo, mplike.data);

7) Calculate combined likelihood, capability MP_Combined LogLike.
Function calc MP _combined_LoglLike, type: double. Finally, all individual
LogLike values contained in the like_name-to-LogLike map constructed in
step 5) are added up. This sum is the combined likelihood contribution
from all MontePython likelihoods included in the scan.

6.4.6 Interface to MultiModeCode

The shape of the primordial power spectrum parametrised by A, and n,, and
typically adopted with ACDM is purely phenomenological. In CosmoBit, we al-
low the user to either scan phenomenological parameters of the parametrised
primordial power spectrum, or an inflationary sector given a concrete infla-
tion model. When considering an inflationary model, it is not meaningful
to scan over the parameters A, and m,. Therefore, any scans of an infla-
tionary scenario must be performed in combination with the GAMBIT model
LCDM_no_primordial.'* See Sec. 6.2 for details on the cosmological and infla-
tionary models within GAMBIT.

To compute the primordial power spectra, CosmoBit provides an interface
to the inflationary solver MultiModeCode [483]. It is a Fortran 95/2000 pack-
age capable of solving equations of motion of the background, and first-order

13For the sake of clarity I exclude some additional necessary pybind1l1-related syntax.

14 Alternatively, the user can scan LCDM_theta_no_ primordial.
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Type

Name

Purpose

MPLike_data_container

pyObj

map_str_pyobj

data

likelihoods

Python object storing an instance of the
MontePython Data object

a map from likelihood name to the
initialised MontePython Likelihood ob-
ject

MPLike_result_container

map_str_dbl logLike_results private map from likelihood name to
LogLike value. Contains all likelihoods
driving the scan
map_str_dbl obs_results private map from likelihood name to
LogLike value. Contains all likelihoods
treated as observables, these are not
added to the total LogLike driving the
scan
void add_logLike (string like, add key like with value logLike to
double logLike) logLike_results map
void add_obs (string obs, add key obs with value loglike to
double logLike) obs_results map
map_str_dbl get_logLike results () return member logLike_results
map_str_dbl get_obs_results () return member obs_results

Table 6.6: Members and attributes of the types MPLike_data_container
and MPLike result_container. The former is initialised as const static
and stores the MontePython Data object and a map from likelihood name to
the respective MontePython Likelihood objects during the entire GAMBIT
run. The type MPLike_result_container is for storing and accessing the
likelihoods and observables computed with MontePython in the form of a
map from likelihood/observable name to LogLike value.
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CosmoBit type | Member variable and description ‘ C++ Type

Primordial_ps | k, wavenumbers k std: :vector<double>
P_s, scalar power spectrum Ps(k) std: :vector<double>
P_t, tensor power spectrum P;(k) std: :vector<double>

Parametrised_ps | A_s, amplitude of scalar perturbations As | double

n_s, scalar spectral tilt ns double
r, scalar to tensor ratio r double
N_pivot, number of e-folds double

Table 6.7: Table describing the member variables of the classes
Primordial_ps and Parametrised_ps. Each variable has a Corresponding get-
ter and setter function, get_<variable> and set_<variable>.

perturbations for single and multi-field inflation models with canonical kinetic
terms and minimal coupling to gravity. MultiModeCode is an improvement of
the single-field inflationary solver ModeCode [482], which is also implemented
in CLASS.

Practical Usage

When scanning an inflationary model, the user has the option of returning
either the full power spectrum to CosmoBit (to pass to CLASS) or parameters
describing the shape of the power spectrum. These are governed by the types
Primordial_ps and Parametrised_ps, respectively. The names of the member
variables for both power spectrum classes in CosmoBit are detailed in Table 6.7.
Given the parametrised form of the power spectrum, CLASS will recompute
the full power spectrum internally. Therefore, to avoid computing the power
spectrum twice, we recommend passing the full power spectrum to CLASS.
Furthermore, passing the full power spectrum contains physics not captured by
the parametrised spectrum, such as the running of the spectral index. Hence, if
the user wishes to explore the full phenomenology of a given inflationary model
— specifically models beyond slow-roll — passing the full power spectrum is
advised.

The Primordial_ps type hold vectors of k values with corresponding values
of P(k) for scalar and tensor perturbations.'® The user must set the following

15For the single-field inflation models included in this release of CosmoBit, isocurvature
modes do not exist. Isocurvature modes can become important in multi-field inflationary
scenarios and should be passed to both Primordial_ps and CLASS if considered.
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YAML entries to select the full power spectrum:

Rules:

# Pass arrays (k, P(k)) to CLASS
- capability: classy_primordial_parameters
function: set_classy_parameters_primordial_ps

Alternatively, for the parametrised version of the power spectrum, the ap-
propriate YAML entries are:

Rules:

# Pass A_s, n_s and r to CLASS
- capability: classy_primordial_parameters
function: set_classy_parameters_parametrised_ps

6.4.7 Interface to plc

The plc backend makes the Planck 2015 and 2018 likelihoods available for use
within CosmoBit. Running the command make plc in the GAMBIT build di-
rectory will download and configure plc 3.0. The commands make plc_data_3.0
and make plc_data_2.0 will lead to an automatic download of the Planck 2018
and 2015 data, respectively.

The relevant YAML settings in the to use the likelihoods are:

ObsLikes:

# Choose which Planck likelihoods to use in scan
# and which function shall be used to satisfy it
- purpose: LogLike

capability: Planck_lowl loglike

function: function_Planck _lowl TTEE_ 2018 loglike

- purpose: LogLike
capability: Planck__highl_loglike
function: function_Planck _highl TTTTEE 2018 loglike

- purpose: LogLike
capability: Planck lensing loglike
function: function_Planck_lensing 2018 loglike

The different Planck likelihoods for high and low-£ as well as lensing can be
fulfilled by different module functions, depending on which exact combination
of data the user wants to include. See Table 6.8 for all available options.
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Capability Available Functions Nuisance
Planck__.. Parameters
Planck__lowl_loglike lowl_TT_2015_ loglike 1
.lowl_TEB_2015_loglike 1
.lowl_TT_2018_loglike 1
.lowl_EE_2018_ loglike 1
.lowl_TTEE_2018_loglike 1
Planck _highl_loglike | ..highl_TTTEEE_2015_loglike 34
..highl_TTTEEE_2018_loglike 34
..highl_TTTEEE_lite_2015_ loglike 1
..highl_TTTEEE_ lite_2018_loglike 1
..highl_TT_2015_ loglike 16
..highl_TT_2018_loglike 16
.highl_TT_lite_2015_ loglike 1
.highl_TT_lite_2018_loglike 1
Planck__highl_loglike | ..lensing_2015_loglike 1
..lensing_2018__loglike 1
..lensing_marged_2018_ loglike

Table 6.8: Overview of capabilities and functions to compute CMB like-
lihoods published by the Planck collaboration. Likelihoods with E and/or
B in the name include measurements of the CMB E- and/or B-mode po-
larisations. The lowl likelihoods cover the multipole range 2 < ¢ < 29, and
highl the range 30 < ¢ < 2508. For details on the 2015 likelihoods, see
Ref. [480], for the 2018 likelihoods, see Ref. [481].

6.5 Validation and Results

6.5.1 Validation

To validate our implementation, we reproduce the results obtained and pub-
lished by the Planck collaboration [10]. The constraints we reproduce are on
the ACDM baseline model arising from different combinations of CMB and
BAO scale likelihoods. In the baseline model the six standard parameters of
ACDM are varied, the CMB temperature today is fixed to 2.7255 K [76], the
neutrino mass sum is fixed to 0.06 €V, and one assumes that there is only one
massive neutrino species, i.e. ¥ m, = m, = 0.06 eV.

The Planck likelihoods we use in the validation analysis are from the tem-
perature anisotropy spectrum, F-mode polarisation, and CMB lensing. The
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Figure 6.2: Comparison of one-dimensional marginalised constraints on
ACDM baseline model (Xm, = 0.06) as published by the Planck collab-
oration, Ref. [10, Table 1], and the results obtained with CosmoBit. The
datasets included in this analysis are CMB lite TT,TE,EE+lowE likeli-
hoods involving one nuisance parameter.

BAO scale measurements are from the 6dF galaxy survey [69], the SDSS main
galaxy sample (MGS) [414] and the BOSS DR12 anisotropic consensus re-
sults [417]. These analyses validate our interface to plc used for the CMB
likelihood calculations, the interface to CLASS used for the computation of
the predicted evolution of cosmological distances and CMB spectra, and to
MontePython through the use of the BAO likelihoods.

In Figure 6.2, I show the one-dimensional marginalised posterior distribu-
tions for all six model parameters, comparing the results from Planck [10] and
CosmoBit for an analysis including CMB temperature and polarisation data.
Table 6.9 provides an overview of the resulting constraints on the ACDM model
parameters for several different likelihood combinations. All results agree well
within their 68% error margins.
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Parameter TT+lowE TT, TE,EE TT,TE,EE TT, TE,EE+lowE
+lowE +lowE+lensing  +lensing+BAO
H® 67.01+£0.91 67.39+0.61  67.37 4 0.54 67.68 + 0.42
a 66.88+£0.92 67.27+0.60  67.36 & 0.54 67.66 + 0.42
100wS® 2.215+0.021 2.237+0.015  2.238 +0.014 2.243 +£0.014
100w}! 2.2124+0.022 2.23640.015  2.237+0.015 2.242 +0.014
100wSE 12.044+0.21  12.02+£0.14  12.01 +£0.12 11.936 + 0.094
100wl 12.06 +0.21  12.0240.14  12.00 +0.12 11.933 + 0.091
1007SE 5224080  5.43+0.78 5.44 4 0.75 5.63 + 0.72
100721 5.22 +0.80 5.44 070 5.44+0.73 5.61+0.71
In (1010 4,)%P | 3.041+£0.016 3.046+0.016  3.045 4 0.014 3.048 +0.014
In (1010 4,)"" | 3.0404£0.016 3.045+0.016  3.044 4 0.014 3.047 +£0.014
100nS® 9.64+0.56  9.66 4 0.43 9.66 + 0.41 9.68 + 0.37
1001} 9.63+0.57  9.654 0.44 9.65 + 0.42 9.67 +0.38

Table 6.9: Validation of CosmoBit results. A comparison of the official
Planck results and the results obtained with CosmoBit for the 68% con-
fidence intervals of the six ACDM baseline model parameters with fixed
¥ m, = 0.06 eV. We show the constraints on the six ACDM model param-
eters obtained with CosmoBit (upper rows, marked with superscript CB)
and the corresponding results published by the Planck collaboration [10,
Table 2] (lower rows, marked with superscript Pl). The constraints arise
from a combination of different CMB likelihoods (column 1 — 3) and the
combination of CMB and BAO data (column 4). The BAO compilation
consists of the measurements of the BAO scale by the 6dF galaxy sur-
vey [69], the SDSS main galaxy sample (MGS) [414], and the BOSS DR12
anisotropic consensus results [417].

6.5.2 Results

As a first application, I use CosmoBit to set constraints on the lightest neutrino
mass using data from cosmology and particle physics. In addition to the six
free parameters of ACDM, I also vary the lightest neutrino mass and the two
neutrino mass splittings. In CosmoBit this corresponds to a scan including
the two models LCDM and StandardModel_mNudiff. I perform two analyses,
one assuming a normal neutrino mass hierarchy (NH), and one an inverted
hierarchy (IH). The CMB temperature is fixed to the monopole measurement

The likelihoods I use in this fit are:
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o Neutrino oscillation data. One-dimensional Ax? tables for the nor-
mal and inverted mass hierarchy from the NuFit collaboration (release
3.2 [504]). Their results are obtained from fits to data from solar, atmo-
spheric, reactor, and accelerator experiments. Refer to Ref. [504] for the
full list of experimental data included, and Ref. [505] for details on the
likelihood calculations.

e Primordial element abundances. Abundance measurements of deuterium
and helium as probes of BBN. I use Yy, = 0.245 4+ 0.003 for the he-
lium [506] and D = (2.527 £ 0.030) x 107 for the deuterium abun-
dance [507], where both values are normalised to the hydrogen abun-
dance.

o CMB spectra. Planck lite high and low ¢ temperature and polarisation
data as well as CMB lensing [481].

o BAO scale. Measurements from the 6dF galaxy survey [69], the SDSS
main galaxy sample (MGS) [414], the BOSS DR12 anisotropic consensus
results [417] and the measurement at redshift z = 0.73 from the WiggleZ
survey [493]. The two WiggleZ measurements at z = 0.44 and z = 0.60
are excluded to avoid overlap with the volume probed by the BOSS DR12
sample, covering redshift z = 0.38, 0.51 and 0.61.

o Supernovae Ia. Pantheon compilation [491] including 1048 SNe Ia.

Table 6.10 shows the prior ranges as used in the scan.

The likelihoods listed above, in combination with the prior choices, lead
to the following constraints: the upper bound on the lightest neutrino mass
assuming a standard ACDM cosmology is m,, 1ighe < 0.055 €V at 95% confidence
level for a normal mass hierarchy. For an inverted hierarchy, the mass bound
is My, 1ignt < 0.056 €V at 95% confidence level. Figure 6.3 shows the one- and
two-dimensional marginalised constraints on the Hubble constant Hy and the
neutrino mass parameters.

The bounds presented here are tighter than the ones obtained in a sim-
ilar analysis by Loureiro et al. [508] (referred to as L19 in the following).
The authors of L.19 also combine neutrino oscillation data from NuFit with
cosmological probes from BBN, CMB, BAO and SNe Ia data to obtain an
upper bound on the lightest neutrino mass. Their result is m,, j;gne < 0.085 eV
(M 1igne < 0.078 €V) at 95% confidence level assuming a normal (inverted)
mass hierarchy. In their analysis, L19 fixed the neutrino mass splittings to
their respective central value from particle physics constraints. As this removes
two degrees of freedom in the parameter space, one would naively expect the
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Model ‘ Parameter Range Prior Type
ACDM | Hy 50, 80] flat
wh [0.020, 0.024] flat
Wedm [0.10, 0.15] flat
(1019 45)  [2.5, 3.5] flat
ns [0.90, 1.10] flat
Treio [0.004, 0.20] flat
V-Iasses | My, light [107°, 10] log
Am3, [5x 1072,10 x 107°] flat
(NH) Am?, [0.002,0.003] flat
(IH) AmZ, [-0.003,-0.002] flat
Nuisance | Aplanck [0.9,1.1] flat
M [-20, -18] flat

Table 6.10: Parameter ranges and prior types used in the analysis to
obtain an upper bound on the lightest neutrino mass. The ranges for the
neutrino mass splitting Am3, are given assuming a normal mass hierarchy
(NH), and an inverted (IH), respectively. The nuisance parameters are the
absolute calibration for the Planck ‘lite’ CMB likelihoods, Apjane:, and the
absolute magnitude of SNe Ia.

results of LL19 to be more stringent than ours. However, there are two differ-
ences in the choice of data. While I use the same BBN and SNe Ia data as
L19 in my analysis, the CMB and BAO datasets differ.

e CMB spectra. L19 used the CMB temperature, lensing and polarisation
likelihoods from the Planck 2015 data release [480]. I performed the
analysis with CosmoBit using likelihoods from the 2018 data release [481],
offering more constraining power.

e BAO data. In the analysis with CosmoBit, I used the geometrical con-
straints from BAOs through measurements of the BAO scale at differ-
ent redshifts. 119 used a re-analysis of the BOSS DR12 data leading
to constraints on the angular power spectrum of galaxy number counts
(GNCs) in 13 different redshift bins [509]. In contrast to the geometrical
BAO probes, the GNC power spectrum carries information about the full
shape of the matter power spectrum. However, in the process of the data
analysis, several uncertainties need to be modelled, and cuts need to be
made. Uncertainties that require modelling are, for example, the galaxy
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Figure 6.3: Constraints on Hy, the lightest neutrino mass m,, iight, the
neutrino mass splitting Am3, and the absolute value of Am3,. Results for a
normal mass hierarchy are shown in purple, and results for an inverted mass
hierarchy in green. The constraints arise from a parameter scan including
likelihoods from neutrino oscillation experiments provided by the NuFit
collaboration [505], the abundances of helium and deuterium from BBN,
CMB temperature anisotropies, lensing and polarisation data [481], BAO
scale measurements [69, 414, 417, 493], and SNe Ia data [491].
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bias, redshift error dispersions, or spectroscopic redshift errors. To take
uncertainties regarding these factors into account, nuisance parameters
must be added. In total, the BAO likelihood from Ref. [509] that L19
used introduced 28 additional nuisance parameters. In addition to that,
cuts that remove non-linear scales from the data were made. In princi-
ple, non-linear scales provide the most constraining power on neutrino
mass parameters. However, the removal of these non-linearities from the
data is necessary as the signal in non-linear regimes is dominated by
shot noise. Hence, with current data and analysis techniques, the use of
BAO scale measurements, as I have done here, adds more constraining
power to neutrino mass parameters than the use of data encoding the
full shape of the matter power spectrum. See, e.g. Ref [510] for a direct
comparison of constraints on the sum of neutrino masses arising from
BAO scale measurements and full power spectrum probes.

Owing to these differences in the likelihood choice, the results obtained with
CosmoBit provide a more stringent upper bound on the mass of the lightest
neutrino than the results from Loureiro et al. [508].






Chapter 7

Conclusions

‘If simple perfect laws uniquely rule the universe, should not pure
thought be capable of uncovering this perfect set of laws without having
to lean on the crutches of tediously assembled observations? True, the
laws to be discovered may be perfect, but the human brain is not. Left
on its own, it is prone to stray, as many past ezamples sadly prove. In
fact, we have missed few chances to err until new data freshly gleaned
from nature set us right again for the next steps. Thus pillars rather
than crutches are the observations on which we base our theories;’
(Martin Schwarzschild, 1958 in Structure and Evolution of Stars [511])

From its infancy, modern cosmology has been driven by data. In the
last century, the concordance model of cosmology has undergone two ground-
breaking changes of direction triggered by experimental data. The first was
the observation of galaxy rotation curves, which led to the realisation that
the mass of galaxies is dominated by an invisible component called dark mat-
ter [512-516]. The second game-changing finding was the discovery that the
expansion of the Universe is neither slowing down, nor constant, but in fact,
accelerating. This discovery was made by combining the measurements of re-
cession velocities of Type Ia supernovae (SNe Ia) with data from the cosmic
microwave background (CMB) and baryonic acoustic oscillations (BAOs) [8, 9].
Only the combination of these three independent datasets could provide con-
vincing evidence for the late-time acceleration of the Universe, and lead to
yet another addition to the cosmological model: a contribution labelled dark
energy responsible for driving the accelerated expansion.

The discovery of dark matter and dark energy has led to the formulation
of the concordance model of cosmology, ACDM. Together these dark com-
ponents contribute about 95% of the energy content of the Universe but are
only included in ACDM as effective descriptions lacking a consistent theoreti-
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cal origin. Since the formulation of the concordance model we have gathered a
wealth of data, not only to probe and constrain the parameter space of ACDM
but also to test concrete alternative theories that provide possible explana-
tions for dark matter or dark energy. This has allowed us to narrow down such
possible alternative models, to slowly get to the bottom of the fundamental
theories governing our Universe and the mystery surrounding its dominating
dark components.

In this work, I presented two concrete examples of how one can use ob-
servables from different underlying physical phenomena, and different epochs
of the evolution of the Universe, to probe or even rule out models involving
non-standard physics. Paper A shows how a modified gravity model can be
ruled out. In Paper B, we investigate the prospects of detecting cosmic super-
strings through microlensing of extra-galactic stellar sources. In Chapter 6,
I presented the first tool to test models beyond the concordance model of
cosmology and theories beyond the Standard Model of particle physics, using
cosmological and particle physics data simultaneously.

Firstly, I showed how minimally-coupled covariant Galileons can be invali-
dated as a viable alternative to GR. Covariant Galileons [21-23] extend GR by
introducing an extra scalar degree of freedom. The kinematics of this scalar
can give rise to an accelerated late-time expansion of the Universe without the
need to include a fine-tuned cosmological constant. Galileon models do not
have a GR limit and, therefore, yield different cosmological parameter values
compared to ACDM when confronted with data. If massive neutrinos are al-
lowed, Galileon cosmologies provide a fit comparable to ACDM to CMB and
BAO data, and the value inferred for the Hubble constant is consistent with
local measurements [24].

Covariant Galileons are divided into cubic, quartic and quintic branches,
in increasing complexity. The simplest, cubic, branch introduces in addition
to the kinetic term of the scalar a derivative coupling between the scalar field
and the metric. Quartic models add a coupling of the scalar to the Ricci scalar
and quintic models to the Einstein tensor. The latter two models share the
phenomenological property of predicting an anomalous propagation speed of
gravitational waves, ¢, [297]. Another difference between Galileon models and
ACDM is given by the non-trivial time evolution of the lensing potential after
matter domination. While the potential decreases in ACDM on all scales,
the behaviour is scale-dependent in covariant Galileon models, allowing for a
deepening of the potential at late times on small scales [24].

In Paper A, we utilised the behaviour of the lensing potential in covariant
Galileons at late times to test the viability of these models. An observable
that directly probes the time evolution of the potential is the amplitude of the
integrated Sachs-Wolfe effect (ISW). Using the cross-correlation of the CMB
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temperature spectrum and galaxy number counts, the ISW amplitude has
been measured to be positive at ~4 ¢ significance [404, 419-421]. This result
is in agreement with the prediction from ACDM, as the decreasing lensing
potential after matter domination gives rise to a positive signal. Hence, models
with rising potentials — predicting a negative ISW amplitude — are in strong
tension with observations. This is the case for cubic Galileon models. My
collaborators and I showed in Paper A that cubic Galileon models that fit
CMB and BAO data are in tension with the measurement of the ISW effect
at more than 7. The constraints arising from ISW measurements are not as
stringent for quartic and quintic Galileons: their parameter space can only be
constrained. Viable regions remain that fit ISW as well as CMB and BAO
measurements.

Quartic and quintic Galileon models share the phenomenological property
of predicting an anomalous propagation speed of gravitational waves, ¢, [297].
This deviation of the propagation speed of gravitational waves (GWs) dis-
qualifies the models as cosmologically viable [308, 425-430, 517, 518]. The
tight constraints on the measurement of ¢, from a neutron star merger and
its associated electromagnetic counterpart [422-424] make the theories incon-
sistent with observations. Hence, all three branches of the minimally-coupled
covariant Galileon can be considered ruled out.

Secondly, I discussed the results obtained in Paper B. In this study, my
collaborators and I assessed the prospects of the detection of cosmic super-
strings (CSSs) by the observation of extragalactic point-like sources. CSSs are
the theoretical one-dimensional constituents of superstring theories stretched
out to galactic scales. These objects leave a distinct microlensing signature
when crossing the line of sight between an observer and a point-like source: as
long as all three are aligned, the observed flux is an exact factor of two larger
than the unlensed flux. The increase and decrease at the beginning and end of
the alignment happen instantaneously, and not gradually as with Newtonian
lenses. No other known astrophysical object produces a microlensing signal
similar to the immediate factor-of-two enhancement caused by a CSS acting
as a lens. The detection of such a signal, or a lack thereof, can, therefore, be
used to probe the existence and parameter space of CSSs.

In Paper B, we estimated the expected detection rate of microlensing events
by CSSs when observing two different types of targets: i) stars in Andromeda,
and 77) distant SNe Ia. The allowed energy density of CSSs can be constrained
by the remaining parameter space that CMB measurements leave for the pres-
ence of additional energy contents in the early Universe. In general, CSSs are
expected to cluster with DM but are also present in the intergalactic medium
(IGM) with lower number densities. To maximise the chances of detection,
one should design searches to target sources where the number of CSSs along
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the line of sight is as high as possible. We try to achieve this by

i) increasing the part of the line of sight that passes through dense, galactic
halos. This applies to the observation of extragalactic stars, as the line
of sight passes through the Milky Way and the halo of the host galaxy.

i1) increasing the absolute length of the line of sight. We aim to achieve
this by considering SNe Ia, which we can observe at distances of order
1000 Mpc.

One result of our analysis is that existing observations of extragalactic stars
or SNe Ia catalogues cannot constrain the parameter space of CSSs. In the
case of i) extragalactic stars, the timescales of the ML event are expected
to be much shorter (< O(1s)) than the exposure times of typical surveys
(2 O(10s)). This mismatch of timescales leads to a dilution of the enhanced
signal. We estimated the number of expected detections for a survey with a
shorter exposure time, which increases the sensitivity for the detection of a
microlensing event by a CSS. We assume observation windows of 1 s separated
by 0.01 s. If observations with such a survey are made for two hours per night
over the course of a year, the observation of one million stars will probe string
tensions in the CSS tension range 10735 < Gu/c* < 105, When considering
it) standard strategies for the observation of SNe Ia, the timescales of the
microlensing events and the survey strategy match. However, the statistics of
current and future datasets are not high enough. Sample sizes of 107 — 108
would be needed to probe string tensions in the range 1072 < Gpu/c? < 107°.
These large sample sizes are not expected to be reached with future facilities
like the LSST [519].

I have shown examples of how one can use cosmological and astrophysi-
cal to test signatures of non-standard physics phenomena. However, there is
still a variety of different models of dark energy [171-177], dark matter and /or
physics beyond the Standard Model (BSM) [2, 520-524], that has not been con-
fronted with all available data yet, or can only be constrained by them. In the
near future we will gain access to new cosmological data from, e.g. upcoming
surveys like DESI, WFIRST, Euclid, SKA or the LSST [519, 525-528], future
GW detectors (e.g. IndIGO, KAGRA, LISA [216, 529, 530]), or improved mea-
surements of the CMB [531-534]. Additionally, particle physics experiments
also offer a source of information relevant for cosmology: direct [e.g. 535-539]
and indirect [e.g. 540-545] searches for DM, missing energy searches at particle
colliders [e.g. 546-548], and laboratory measurements of neutrino masses and
their properties [e.g. 218, 398, 549-556].

Many non-standard particle physics phenomena probed in laboratory and
indirect searches also leave signatures in cosmological observables. For ex-
ample, non-standard neutrino self-interactions during inflation can affect the
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shape of the primordial power spectrum. Another example is the existence of
light right-handed neutrinos, which can be tested with probes from Big Bang
Nucleosynthesis (BBN) and the CMB, as they would manifest as additional
ultra-relativistic species in the early Universe. A third example that is relevant
in cosmology and particle physics is the set of models of dark matter particles
that decay or annihilate in the early Universe. If these decays/annihilations
take place during the epoch of BBN or recombination, they provide an addi-
tional source of energy and can leave imprints in today’s observables of light
element abundances and the CMB. These links between cosmology and parti-
cle physics show that tests of non-standard physical phenomena benefit from
the combination of probes from both fields.

In Part II of this thesis, I presented the first tool that allows one to test a
variety of non-standard physics scenarios against likelihoods from cosmology,
astrophysics, and particle physics simultaneously. We achieved this by develop-
ing CosmoBit: a module to compute cosmological observables and likelihoods
within the framework of the Global and Modular Beyond-the-Standard-Model
Inference Tool (GAMBIT). GAMBIT is a tool that provides different scanning
algorithms to perform parameter inference and model comparison for a wide
range of BSM models. The different modules of GAMBIT offer access to ob-
servables and likelihoods from different fields of physics: while CosmoBit is
responsible for cosmology-related calculations, DarkBit [450] computes observ-
ables and likelihoods relevant for dark matter searches, NeutrinoBit for neutrino
experiments [451], ColliderBit [449] for collider searches, and FlavBit [448] for
flavour experiments. PrecisionBit, SpecBit, and DecayBit [447] serve to provide
predictions for precision observables, spectra & branching fractions, and decay
widths, respectively.

The module CosmoBit adds several groups of new models and likelihoods
to the framework of GAMBIT. Besides the addition of the standard ACDM
model, the user can also test several extensions thereof:

« inflation models predicting the shape of primordial curvature and density
fluctuations,

e neutrino mass models consistent with results from neutrino oscillation
measurements,

¢ models that include additional energy content in the form of radiation
in the early Universe, and

o annihilating and decaying dark matter models.

These modifications can leave imprints on cosmological observables from differ-
ent epochs of the Universe. The cosmological likelihoods provided by CosmoBit
are
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o probes of the phase of BBN, ~ 3 minutes after the Big Bang, through
measurements of light element abundances,

e probes of the epoch of recombination, ~ 380,000 years after the Big
Bang, through measurements of anisotropies in the CMB, and

o late-time probes from observations of for example galaxy clusters, or
recession velocities of SNe Ia.

The computation of cosmological observables and likelihoods are not di-
rectly implemented in CosmoBit. To avoid replicating existing code, and to
minimise the possibility of errors, we make use of well-tested and established
external libraries. We use CLASS [33, 226] for the computation of cosmolog-
ical observables like the CMB spectra, AlterBBN [467, 468] to calculate the
prediction for primordial light element abundances, and plc [480, 481] for the
computation of CMB likelihoods using data from the Planck satellite. Addi-
tionally, we provide an interface to MontePython [471, 472] which gives access
to an extensive database of cosmological likelihoods. These likelihoods include
weak lensing probes [122, 494, 557], galaxy clustering analyses [495, 497], and
measurements of the BAO scale [71, 417, 493, 558, 559].

As the first application of CosmoBit, I set constraints on the mass of the
lightest neutrino using cosmological data and data from neutrino oscillation
experiments. In this analysis, I use the neutrino oscillation likelihoods from
the NuFit collaboration [504, 505]. The included cosmological likelihoods are
probes from abundance measurements of helium and deuterium, CMB temper-
ature, lensing and polarisation data from Planck 2018 [481], SNe Ia data from
the Pantheon compilation [491], and measurements of the BAO scale and the
growth of structure [417, 497]. Assuming a normal mass hierarchy, the result
is My, tight < 0.055 eV at 95% confidence level. For an inverted mass hierarchy,
I obtain m,, jigne < 0.056 €V at 95% confidence level.

Beyond the constraint on neutrino masses, CosmoBit offers a lot of exciting
applications. Non-standard neutrino self-interactions not only leave signatures
in laboratory probes [e.g. 218, 549-556], but also on the primordial power spec-
trum [161], the formation of light elements during BBN, the CMB, and the
temperature of the cosmic neutrino background today [140, 143]. By combin-
ing likelihoods made available through CosmoBit and NeutrinoBit [451], one
can perform a joint analysis of these constraints. Similarly, the user can probe
the parameter space of axion-like particles (ALPs). Depending on the lifetime
and production mechanism, ALPs can have impacts on cosmological and astro-
physical probes: they can inject energy during BBN, affecting the formation of
light elements, or during recombination, leaving imprints on the CMB. From
an astrophysical perspective, ALPs can cause photon bursts in SNe explosions,
alter the transparency of the IGM, and the course of stellar evolution. These
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astrophysical likelihoods are available in DarkBit [450, 460] and can easily be
combined in an analysis with the cosmological probes provided by CosmoBit.

In the future, GAMBIT will also support the addition of new models through
a Lagrangian level tool, GUM (GAMBIT Universal Models) [560]. This means
that the user will be able to add any model to GAMBIT by simply specifying the
Lagrangian of the theory. All calculations and code for likelihood evaluations
of direct and indirect dark matter experiments, collider searches and energy
injection into the CMB will be produced automatically. This will open up
the possibility to easily test various dark matter models against data from
cosmology and particle physics simultaneously.

Cosmic late-time acceleration and the nature of dark matter remain two
of the biggest mysteries in physics. New generations of experiments, designed
to shed light on these strange phenomena, will start operating in the near
future. These experiments are diverse and probe many different underlying
physical phenomena, as well as energy, length and time scales. Some of these
experiments hold the potential for a definite direct detection of, e.g. a dark
matter particle. Other probes can only tighten error bars to constrain or
rule out alternative theories. A measurement of a statistical anomaly in one
of these experiments would not be particularly meaningful. However, this
can change if different independent experiments, potentially even from various
fields of physics, show anomalies in favour of the same theory. Hence, we can
only extract the full wealth of information held by available datasets when the
problem is approached from a global perspective: through the inclusion of all
relevant datasets in parameter estimation and model comparison. Considering
only a limited range of experimental data could let us overlook important
new features. Hence, in case of a continued lack of any direct detection of
non-standard physics, the performance of global fits with the right tools could
provide what we have been searching for in recent decades: a guidepost to
understanding the dark components of our Universe.
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