
A search for transient reductions in the inflaton speed of sound in
cosmological data, and other topics
Torrado Cacho, J.

Citation
Torrado Cacho, J. (2015, March 31). A search for transient reductions in the inflaton speed of
sound in cosmological data, and other topics. Casimir PhD Series. Retrieved from
https://hdl.handle.net/1887/32593
 
Version: Not Applicable (or Unknown)

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/32593
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/32593


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/32593  holds various files of this Leiden University 
dissertation 
 
Author: Torrado Cacho, Jesús 
Title: A search for transient reductions in the speed of sound of the inflaton in 

cosmological data, and other topics 
 Issue Date: 2015-03-31 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/32593


A search for transient reductions
in the speed of sound of the inflaton
in cosmological data, and other topics

Proefschrift

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,

op gezag van Rector Magnificus prof. mr. C.J.J.M. Stolker,
volgens besluit van het College voor Promoties

te verdedigen op dinsdag 31 maart 2015
klokke 13.45 uur

door

Jesús Torrado Cacho

geboren te Badajoz (Spanje)
in 1984



Promotiecommissie:

Promotor: Prof. dr. Ana Achúcarro

Overige leden: Dr. J. Lesgourges (CERN, Genève, Zwitserland)
Dr. E.I. Zavala (Swansea University, Swansea, VK)
Dr. E. Pajer (ITF Utrecht)
Prof. dr. E.R. Eliel
Prof. dr. K.E. Schalm
Dr. W. Valkenburg

Casimir PhD series Delft-Leiden 2015-4

ISBN 978-90-8593-212-3

An electronic version of this thesis can be found at https://openaccess.leidenuniv.nl

Part of this research is supported by the Graduate School “Particle Physics at the
Energy Frontier of New Phenomena”, which is funded by the German Research
Foundation (DFG).

The cover shows a triangular section of Planck’s 2013 CMB sky (?), reflected
several times along its sides to form a 2-dimensional orbifold with the symmetry
of a hexagonal lattice, gathering both of the topics of this thesis (but bearing no
physical meaning).
The font used on the cover is Fjalla, Copyright 2011 by Sorkin Type Co, under
SIL Open Font license v1.1.

(?) Copyright: ESA and the Planck Collaboration. Reproduced here for educational purposes.
No endorsement from ESA is implied.

https://openaccess.leidenuniv.nl


To my parents, thanks to whom I am not just a physicist,
but a person in all its dimensions.

And to Berenice, who walked along the valley with me –
without your support this thesis would have never been possible.





Contents

Foreword 7

I Constraints on cosmic inflation with transient reduc-
tions in the speed of sound of the inflaton 11

1 Introduction 13
1.1 Background Cosmology – Large scale geometry of the universe . . 13
1.2 The horizon problem and the need for inflation . . . . . . . . . . . 18
1.3 Primordial perturbations . . . . . . . . . . . . . . . . . . . . . . . . 24
1.4 The Cosmic Microwave Background . . . . . . . . . . . . . . . . . 33
1.5 Constraining inflation with the CMB – parameter extraction . . . 39
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2 Localized correlated features in the CMB power spectrum and
primordial bispectrum from a transient reduction in the speed
of sound 57
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.2 Our test case – A gaussian in e-folds . . . . . . . . . . . . . . . . . 60
2.3 Methodology of the search . . . . . . . . . . . . . . . . . . . . . . . 62
2.4 Summary and analysis of the results . . . . . . . . . . . . . . . . . 64
2.5 Comparison with the search for features in Planck’s bispectrum . . 73
2.6 Conclusions and discussion . . . . . . . . . . . . . . . . . . . . . . 75
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3 Adding Large Scale Structure data into the search 85
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.2 Review of the model . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.3 Methodology and data sets . . . . . . . . . . . . . . . . . . . . . . 87
3.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.5 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . 93
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5



4 Peer-reviewed and published cosmological code 99
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.2 Arbitrary Primordial Power Spectrum for CLASS . . . . . . . . . 100
4.3 Interfacing of MultiNest into Monte Python . . . . . . . . . . 101
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

II Geometry of Heterotic Orbifolds 107

5 Classification of symmetric toroidal orbifolds 109
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.2 Construction of toroidal orbifolds . . . . . . . . . . . . . . . . . . . 111
5.3 Equivalences of space groups . . . . . . . . . . . . . . . . . . . . . 114
5.4 Classification of space groups . . . . . . . . . . . . . . . . . . . . . 121
5.5 Results: classification of toroidal orbifolds . . . . . . . . . . . . . . 122
5.6 Summary and discussion . . . . . . . . . . . . . . . . . . . . . . . . 128
5.A Details on lattices . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
5.B Two-dimensional orbifolds . . . . . . . . . . . . . . . . . . . . . . . 137
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Summary 147

Samenvatting 151

List of publications 156

Curriculum vitæ 159

Acknowledgements 161



Foreword

This thesis consists of two different parts, separating research projects carried out
in two different groups.

In the first and longest part of this thesis, we attempt to fit the signal for a
reduction in the speed of sound of the inflaton. In chapter 1, we shortly introduce
the topics discussed in this thesis, namely ΛCDM cosmology, transient reduction
in the speed of sound during inflation, and Bayesian statistical inference. After-
wards, we attempt to fit a particular hypothesis for the speed of sound reduction
using Cosmic Microwave Background data (chapter 2) and later adding Large
Scale Structure data to the search (chapter 3). Finally, in chapter 4 we present
two pieces of code that were elaborated for the research in this thesis, and later
released to the community.

In the second part, consisting solely of chapter 5, we present a classification
of all possible 6-dimensional symmetric toroidal orbifolds over which Heterotic
String Theory leads to a supersymmetric model. To do that, we made use of
standard crystallographic tools.
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Abbreviations

CMB Cosmic Microwave Background radiation

(C)DM (Cold) Dark Matter

ΛCDM Dark Energy, Cold Dark Matter cosmological model

EFT Effective Field Theory

FLRW Friedmann-Lemaître-Robertson-Walker, either meaning simply the so-
called metric, or the full homogeneous and isotropic cosmology

GR General Relativity

GSR Generalised Slow-Roll

GUT Grand Unification Theory

LSS Large Scale Structure

MCMC Markov chain Monte Carlo

pdf Probability Density Function (often in low caps)

QFT Quantum Field Theory

SRFT Slow-Roll Fourier Transform

SUSY Super-symmetry

WMAP(#) The Wilkinson Microwave Anisotropy Probe; a number # after it
refers to the data release corresponding to the #-th year of the survey.

WP WMAP low-` polarisation likelihood.
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