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Because all things balance – as on a wheel – and we cannot see nine-tenths of what is real,
our claims of self-reliance are pieced together by unpanned gold.
— Franklin D’Olier Reeve (1995), Coasting
There’s gold, and it’s haunting and haunting;
It’s luring me on as of old;
Yet it isn’t the gold that I’m wanting
So much as just finding the gold.
It’s the great, big, broad land ’way up yonder,
It’s the forests where silence has lease;
It’s the beauty that thrills me with wonder,
It’s the stillness that fills me with peace.
— Robert William Service (1907), The Spell of the Yukon

Preface
“But especially he loved to run in the dim twilight of the summer
midnights, listening to the subdued and sleepy murmurs of the
forest, reading signs and sounds as a man may read a book, and
seeking for the mysterious something that called – called, waking
or sleeping, at all times, for him to come.”
— Jack London (1903), The Call of the Wild
This PhD thesis is written as completion of my work at the Institut d’Astrophysique de Paris from 2012
to 2015. Three years ago, I started this project with heartfelt enthusiasm, but it turned out to be much more
than expected – an incredibly rewarding journey. This thesis is the report of this long process. It expresses my
vision – that I have had incredible trouble in organizing linearly – of the final scientific products.
Unfortunately, it cannot describe the thought process and the strange mechanism by which something out
in there in the Universe, be it a galaxy cluster, a scientific tool, or a concept – something that a month ago was
a stranger – becomes intimate. Neither does it capture my feelings during the long days – and nights – spent
in front of a black board, a paper or a computer, alone or in the lab: the sadness and tiredness with failed
endeavors, the bittersweet taste of learning I was wrong, the hope for good results, the joy for successes, and
the wonder at the elegance of the cosmos.
As a consequence, this preface takes the occasion to describe how this thesis came into being.

Stars and physical sciences
I have always thought that modern physics is fascinating. Not only does it manipulate extraordinary ideas
and concepts (quantum mechanics, relativity), it also deals with important societal issues (energy, natural
resources). In this respect, I am fascinated by how far the physical sciences, in just a few hundred years, have
taken us in our understanding of nature. Given this incredible evolution, it is amazing to realize that looking
at the sky – the amusement during the warm summers in ancient Greece – still gathers so much attention. This
strange mixture of tradition and modernity may be the reason why, as far as I remember, I have always had a
particular attraction for astrophysics.
For most of the history of humanity, cosmology was part of religion or metaphysics. Only recently did it
become a science, its peculiarity being the uniqueness of its object of interest – the Universe as a whole. The
idea that the entire Universe can be treated as a physical system was one of the most striking revelations of my
life as a student. It is commonly predicted that early 21st century cosmology is on the verge of a revolution.
In upcoming years, surprising or unexpected results may or may not be found, but I believe that cosmology
will stay one of humanity’s greatest intellectual endeavors, and certainly the one that has produced the deepest
description of the natural world as we find it.

Models and beliefs
Contrary to my long-held passion for the Universe, my interest in probability theory came in a rather
fortuitous manner. But faced with the immodest, enthralling questions of cosmology, one soon realizes that
there is no absolute truth, only beliefs. Colleagues showed me that this viewpoint makes all the problems of
modern cosmology appear in a very different light. Then, in a quick succession, reading about probability
theory, which truly is the “logic of science”, in the words of Jaynes (2003), made me realize that in the much
larger and permanent world of plausible reasoning, i.e. rational thinking in the presence of uncertainty, the
current problems of physics appear only as details: what matters is the road, not the destination.
Few, if any, of our ordinary-life beliefs are certain to the degree that we cannot imagine them being overthrown by sufficient contradictory evidence. Similarly, typical commonsense inferences rely on applying rules
that are general, but not universal. Therefore, deduction does not entirely characterize commonsense reasoning.
This thesis exploits theories of inductive and abductive logic, to draw and assess the strength of conclusions
from uncertain rules and partial evidence.
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Probability theory, when seen as an extension of ordinary logic, incorporates the description of randomness
but also statistical inference and becomes a field of logical unity and simplicity. It allows us to solve problems
of great complexity, and reproduces many aspects of human cognitive activity, often in disturbing detail. In
doing so, it captures something about how our minds operate when we form inductive judgments, of which we
may not be consciously aware. This aspect takes a very particular meaning when we deal with the Universe.

Why bother about this thesis?
This thesis focuses on methodology for the analysis of the large-scale structure of the Universe. I should say
from the beginning that the methods presented do not have the same degree of maturity as standard techniques
for the analysis of galaxy surveys. So why should the reader bother?
1. I believe that new solutions to complex problems involving both data and uncertainty are needed to exploit
the full potential of future, but also of existing surveys. However many data sets we record and analyze, if
we use the same old models without questioning them, we will always miss the same crucially important
feature that the experiment was competent to find, of which we may not be aware. If we want to detect
any phenomenon, we must have a data model that at least allows the possibility that it may exist.
2. Innovative methods also allow the possibility to crosscheck the validity of cosmological analyses that are
widely accepted. A false premise or a confirmation bias, when built into a model that is never questioned,
cannot be removed by any amount of new data. Only a fresh look can get rid of that.
In the hope to make progress in the analysis of the cosmic large-scale structure, this thesis tries to develop
a “healthy disrespect for tradition and authority, which have retarded progress throughout the 20th century”
(Jaynes, 2003).

How to read this thesis
The thesis is divided into four parts. Part I is a preparatory discussion on the analytical and numerical
description of the large-scale structure. The heart of this thesis is part II on Bayesian large-scale structure
inference and part IV on cosmic web analysis. The transitional part III focuses on the non-linear regime of
structure formation.
It is my hope that at least some chapters are written in a sufficiently engaging textbook style for graduate
students. This should be the case in particular for chapter 1 on structure formation, chapter 3 on Bayesian
statistics and appendix B on numerical simulations. There, except in section 1.1, I have struggled to avoid the
dreadful sentence “It can be shown that...” as much as possible. I have tried to give references to the original
literature whenever it is possible, but I certainly did not attempt a true bibliography as can be found in excellent
review papers on the large-scale structure and on probability theory. Chapter 4 describes the borg algorithm,
which is the basis of this entire thesis. It gathers information scattered through published journal papers, and
hence is also intended for reference use. The rest of the thesis directly draws from the research papers that have
been published during my PhD work: chapter 2 from Leclercq et al. (2013) and its addendum, Leclercq, Jasche
& Wandelt (2015b), chapter 5 from Jasche, Leclercq & Wandelt (2015), chapter 6 from Leclercq et al. (2013),
chapter 7 from Leclercq et al. (2015) and Leclercq, Jasche & Wandelt (2015c), chapter 8 from Leclercq et al.
(2015), chapter 9 from Leclercq, Jasche & Wandelt (2015c), and chapter 10 from Leclercq, Jasche & Wandelt
(2015a). There, the style becomes more succinct and the aim is rather to describe specific projects, give a guide
to the literature and report on the results obtained.
Considering that this thesis is a rare occasion to include whatever I want in a research work, I decided to
tackle the difficult task of choosing epigraphs. The various quotes spread throughout the thesis may or may
not have something to do with the main text. Some are inspirational, thought-provoking, some are openly
provocative, some can just be considered as Easter eggs, and some are just there for free.
The online version of thesis will be revised to correct for any mistakes, typographical and otherwise,
found after it goes to press and archiving. I will try to maintain a list of corrections on my website,
currently hosted at http://www2.iap.fr/users/leclercq/. Please feel free to send me any comments at
florent.leclercq@polytechnique.org.

vii

Cosmology is a journey
“Bien lire l’Univers, c’est bien lire la vie.”
— Victor Hugo (1856), Les Contemplations
Though physical cosmology is celebrating its first century, it is no relic of the past. We live unique and very
exciting times, when we expect to see a qualitative leap in our knowledge of the Universe within a lifetime. I
consider myself incredibly fortunate to be part of this adventure.
In my experience, the loneliness felt by some researchers is easily overcome in our field by a simple thought:
a cosmologist’s quest is the quest of all humanity. This is why, I believe, cosmology resonates with people all
around the world well beyond professional scientists, in different places and cultures. It touches everybody
intellectually, but also emotionally and spiritually, without prejudice. As probability theory says something
about how our mind works, physical cosmology tells us how we can think of ourselves as a species.
Before moving to the traditionally must-read acknowledgement section, I would like to quote Paulo Coelho’s
prologue to The Alchemist (1988). When Narcissus falls into the lake and dies, the lake weeps, and declares:
“I weep for Narcissus, but I never noticed that Narcissus was beautiful. I weep because, each time he knelt
beside my banks, I could see, in the depths of his eyes, my own beauty reflected.” When we look into the deep
Universe, the Universe also may be looking deeply into us.
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